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Abstract

A series of integral heat transfer measurements in a square annular flow passage were performed for
bulk water temperatures of 175-400°C with an upward mass velocity of 315 and 1000 kg/m’s and
heat fluxes of 0, 220, and 440 kW/mz, all at a pressure of 25 MPa. Measured mean and turbulent
velocities in conjunction with simulations with the CFD code FLUENT show that buoyancy effects
cause a significant reduction in turbulent quantities at a radial location similar to what is called the
law of the wall region for isothermal flow.

1. Introduction

The supercritical water reactor (SCWR) has been selected as one of the next steps in nuclear reactor
designs [1]. The SCWR is essentially a light water reactor (LWR) operating at higher pressure
(25 MPa) and higher exit temperature (510°C) with the goal of increasing the thermal efficiency
from 33% to 44% while building upon the well established LWR’s and supercritical fossil plant
designs. The coolant enthalpy passes above and beyond the two-phase dome, remaining single
phase, but undergoing large changes in its thermophysical properties. A significant amount of
research on heat transfer to supercritical fluids has been carried out over the past 50 years and has
been summarized by Pioro et al. [2]. Experiments have shown that upward flowing, variable
property fluids can cause deterioration in heat transfer. Hall [3] suggested that deterioration was
caused by changes in the shear stress and derived an expression for the wall shear stress for a
variable property fluid. From this, a criterion (Jackson’s criterion) was developed to identify
significant changes in the shear stress due to radial gradients in density (buoyancy effects).
Buoyancy effected heat transfer is not unique to supercritical fluids and can occur at subcritical
pressures. A significant amount of subcritical mixed convection heat transfer research was done in
Russia and summarized by Petukhov et al. [4]. However, there has recently been an increasing
amount of work in this area as summarized by Jackson [5], where Jackson used the laser Doppler
velocimetry (LDV) technique to measure local, instantaneous velocities under conditions of
deteriorated heat transfer. Additional velocity measurements were done by Kang et al. [6] using R-
113 as a coolant, and by Wardana et al. [7] using air. In an effort to further study heat transfer at
supercritical pressures, a Supercritical Water (SCW) heat transfer facility was built at the University
of Wisconsin-Madison with optical access for local measurements of turbulent velocities and
density [8]. Additionally, heat transfer simulations were carried out with the Computational Fluid
Dynamic (CFD) code FLUENT, which, along with the experimental data, are used to explain the
fluid flow characteristics resulting in the deterioration in heat transfer.

2. Experimental facility

A SCW heat transfer facility has been built at the UW-Madison to allow for a detailed study of heat
transfer to SCW in a circular and square annular geometry. The loop (Figure 1) has dimensions of
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approximately 2 m wide by 3 m tall and is made of 4.29 cm inner diameter Inconel 625 piping. A
3.3 m long Fuel Element Simulator (FES) with a diameter of 1.07 cm spans the entire right leg of
the loop and protrudes out both ends. This design permits the use of 16 thermocouples, evenly
spaced, along the inner cladding of the 1.01 m heated length. The center portion of the right leg of
the loop serves as the test section, allowing a 76 cm entrance length for both upward and downward
flow studies. The circular annular test section geometry is a 1.07 cm diameter FES within a 4.29 cm
diameter flow channel. The square annular test section geometry is a 1.07 cm diameter FES within
a 2.88 cm wide flow channel. The FES is centered within the flow channel with six spacers; four of
which are located on either side of the tees and two that are 5 cm from either end of the heated
section. The FES can generate up to 50 kW, giving a maximum, uniform heat flux (Q”) of
1.5 MW/m®. A pump capable of operating at supercritical conditions generates mass velocities (G)
in the range of 200 to 2000 kg/m’s. The current configuration is upward flow; however the facility
was designed for flows in either direction with only minor modification. The facility is capable of
operating at any steady state heat flux condition by using a variable heat removal system made up of
copper cooling coils. Eight copper coils of various contact area are tightly wrapped to the Inconel
piping. Heat removal by the cooling coils can be set to match that supplied by the FES by simply
controlling the number of coils receiving cooling water and controlling their respective flow rates.
A description of the mean velocity and turbulence measurement system and technique is given
elsewhere [8].
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Figure 1 Heat transfer loop with a circle or square annular geometry test section.

3. Results and discussion

3.1 Integral heat transfer measurements

Figure 2 shows a subset of the experimentally measured wall temperatures versus bulk fluid
enthalpy for heat transfer experiments performed over a wide range of boundary conditions along
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with wall temperature predictions from Jackson’s Nusselt correlation [9]. Each group of data points
represents a separate set of experimental conditions. It should be noted that, for each experiment,
the axial bulk temperature (Ty,) change is relatively small (<5°C) due to the test conditions and large
hydraulic diameter of the test section. The first graph shows that the high mass velocity
(1000 kg/m’s) data matches well with Jackson’s correlation for high and low heat flux for bulk inlet
temperature spanning the pseudocritical temperature (T, = 385°C at 25 MPa). The second graph
shows that at lower mass velocities (315 kg/m’s), deterioration in heat transfer can occur resulting in
wall temperatures significantly increasing above that predicted by Jackson’s correlation. For
example, at a heat flux of 220 kW/m?, the wall temperatures agree well with that predicted by
Jackson’s correlation for bulk temperatures above and well below the pseudocritical temperature.
At a bulk temperature just below the pseudocritical temperature, the data shows a rise and recover
spanning wall temperatures from ~400°C to 450°C. When increasing the heat flux to 440 kW/m~,
the range in bulk temperature in which deterioration in heat transfer occurs increases, especially for
bulk temperatures less than the pseudocritical temperature. The reason for this is detailed in
sections 3.2 and 3.3. The next section discusses the mean and turbulent velocity measurements for a
single experiment that exhibits deterioration in heat transfer.

Bulk Temperature (°C) Bulk Temperature (°C)
50(2)73.8 3306 3709 384.2 390.2 4114 460.1 0 01 15 231 331 382 395
Il Il Il Il Il T L . Il 5 1
" Nu (Jackson)
475 Q" (kWi | —— Q" =440 kW/nf i P
440 — Q" =220 kWind
o 4501 1 O 9901G=315kgnfs %
e Jackson Cor. 220 QE; P =250 Bar i
QL 425 e 4
2 2
T 400- ] € 4004 ]
g g
& 3751 . 5
= =
§ 350 - E § 3004 E
325- T. G=1000 kg/nts
300 | P =250 Bar 200 . : 1774 . 1806
1200 1500 1800 2100 2400 2700 3000 500 1000 1500 2000 2500
Bulk Enthalpy (kJ/kg) Bulk Enthalpy (kJ/kg)

Figure 2 Heat transfer data compared with Jackson’s Nusselt correlation for high (1000 kg/m’s) and

low (315 kg/m’s) mass velocity.
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3.2 Mean and turbulent velocity measurements

Figure 3 shows an example of what could be considered a mild deterioration in heat transfer. The
experimental conditions are G =300 kg/m’s, T, = 175°C and Q”= 220 kW/m’. The wall
temperature increases over the first 0.5 m and then decreases. At ~0.7 m the wall temperature
undergoes a similar increase and then decrease in wall temperature.
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Figure 3 Heat transfer data and FLUENT simulation for an experiment that exhibits what can be
considered a mild deterioration in heat transfer.

Figure 4 shows the mean axial velocity, axial and radial turbulence intensities, turbulent shear stress,
turbulence production, and turbulent diffusivity profiles radially from the heater rod surface (R-R;)
at an axial location of 0.5 m of the heated section for the experiment shown in Figure 3. Figure 4
shows that the addition of a heat flux causes an increase in the mean axial velocity in the near wall
region relative to the isothermal case. The increase in velocity is caused by buoyancy effects
associated with the increase in near wall fluid temperature. Because water has constant properties
for the isothermal case, the shape of the velocity profile in a log scale indicates the important
regions described in non-dimensional scaling. The measurement nearest to the wall is found to be at
non-dimensional distance of about y" = 8. The boundary between the law of the wall region and the
buffer layer (y" ~30) is identified in the Figure 4a. These locations aid in the understanding of the
profiles seen in the axial and radial turbulence for the isothermal case (Figure 4b, 4d). Both
turbulent components behave similarly in the bulk of the flow, meaning that there are low
turbulence levels in the bulk of the flow where the velocity gradients are small. As the wall is
approached, the turbulence exhibits a peak and then begins to decline due to the viscous effects at
the wall. When a heat flux is present, both turbulent components again behave similarly, however,
non-dimensional locations for the case with a heat flux aren’t as easily determined because of the
variable properties. The turbulence increases in the bulk of the flow (R-Ri > 2), while the peak in
turbulence is shifted closer to the wall. A similar effect is seen in the turbulent shear stress. The
zero crossing of the turbulent shear stress shifts toward the heated wall indicating that the peak in
axial velocity is also shifting toward the heated wall.

To better understand the physical importance of these trends, the turbulent production and turbulent
diffusivity of momentum are shown in Figures 4e and 4f. In the very near wall region (radially out
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to ~0.5 mm), the turbulent production and diffusivity are equal to or greater than the isothermal
case. In non-dimensional units, this occurs out to y+ = 50. Further out into the flow, the values are
less than the isothermal case. Each figure is missing a data point at ~2 mm from the wall. This is
due the fact that the turbulent shear stress and velocity gradient used in the calculation are
essentially zero, so the associated uncertainties result in an erroneous data point. Progressing further
into the bulk of the flow, the values are again larger than in the isothermal case. These results mean
that during deterioration, there are actually increases in the production and diffusion of turbulence in
the very near wall region. However, further out into the flow, starting at a location of about 0.5 mm,
the buoyancy effect inhibits production and the diffusion of momentum into the bulk of the flow.
The effects on the diffusion of momentum are also likely happening to the diffusion of heat. The
turbulent Prandtl number is defined as the ratio of the diffusivity of momentum and heat and is
typically assumed to be ~1. Recent measurements by Kang et al. [6] suggested that this assumption
holds true for variable property heat transfer. This means that both the diffusivity of momentum and
heat transfer, are reduced during deterioration at a radial position equivalent to what is called the
law of the wall region for isothermal flow. While the difference between the deteriorated and
isothermal case is not large, it must be remembered that the measurements are made at an axial
location where the heat transfer is beginning to improve and wall temperature is decreasing.
FLUENT simulations presented in the next section are used to gain further insight into how these
fluid flow characteristics evolve over the length of the heat section.
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3.3 FLUENT simulations

For the mild case of heat transfer deterioration presented above, a FLUENT simulation was
performed to gain an understanding of the evolution of the fluid flow characteristics. Figure 3
shows the axial evolution of the axial wall temperature simulated with FLUENT. While
computational fluid dynamics are not currently able to accurately simulate deterioration in heat
transfer, FLUENT is able to reasonably simulate the wall temperature profile for this simple case.

The fact that deterioration occurs in mixed convection heat transfer is quite clear when considering
simulations of the turbulence evolution along the heated wall in Figures 5 and 6. The vertical lines
in the axial wall temperature graph represent the axial location where the radial profiles of the fluid
temperature, mean velocity, turbulent shear stress, and diffusivity of momentum occur. The
evolution of the fluid flow characteristics can be broken up into three parts.

First part (Figure 5, axial length x =0 — 0.2 m). As the fluid enters the heated section, the near wall
fluid begins to increase in temperature. This increase in temperature is associated with a decrease in
density. Because the near wall density is lower than the density of the fluid in the bulk of the flow,
the near wall velocity begins to increase due to buoyancy forces. This initially forms a flatter
velocity profile, meaning that the velocity gradient is moved into the very near wall region where
molecular viscosity effects dominate. The lack of velocity gradient in the typical law of the wall
region drastically reduces the diffusion of momentum and heat, which prevents transport away from
the near wall region, causing the wall and near wall fluid to further increase in temperature and
further increases the density difference. The axial evolution of the fluid temperature profile (from
0.2 to 0.4 m) indicates that as the turbulent diffusion is reduced, the temperature within ~1.1 mm of
the wall increases while the bulk fluid temperature remains unchanged. Initially there is a positive
feedback between the evolution of the axial wall temperature and the deterioration in heat transfer.
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Figure 5 Simulated evolution of the wall temperature and turbulence parameters at different axial
positions; spanning the evolution of the deterioration process (first half of the heated section).

Second part (Figures 5 and 6). As the wall and near wall fluid temperature increases and buoyant
forces further act on the fluid, the peak velocity increases and shifts toward the heated wall. The
velocity gradient between ~1 to 4 mm goes from a flattened profile at an axial position of 0.2 m to a
profile with significant increase in velocity gradient at 0.6 m. This transition causes the diffusion of
momentum in the bulk of the flow to increase and expand into the near wall region (Figure 5). The
increased diffusion allows the energy to be removed from the near wall region causing the wall and
near wall fluid temperature to decrease and the bulk fluid temperature to increase (temperature
profile at 0.6 and 0.8 mm, Figure 6). As a consequence, the density difference between the inner
and outer wall decreases, reducing the buoyancy force. As the peak velocity decreases and shifts
away from the inner wall, the diffusivity will begin to decrease again, although its changes lag
behind the changes in the velocity gradient. This decrease in diffusivity will again cause the wall
temperature to increase, explaining the oscillatory shape of the wall temperature for both simulation
and experiment. For large hydraulic diameter experiments, the bulk temperature isn’t increasing
significantly so these oscillatory changes in velocity gradient and diffusivity might continue in the

axial direction. This type of wall temperature profile can be seen in experiments by Kenning et al.
[10].
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Figure 6 Simulated evolution of the wall temperature and turbulence parameters at different axial
positions; spanning the evolution of the deterioration process (second half of the heated section).

Third part (not shown). The radial gradient in density is lost as the bulk fluid temperature passes
through the pseudocritical temperature. The loss of density difference forces the velocity gradient to
pass through a flattened profile to reach a velocity profile similar to that seen in isothermal flow.
Thus, a wall temperature increase would be expected to be seen due to this effect. In an experiment
performed by Hall et al. [11] using carbon dioxide as a surrogate fluid, a large localized spike in
wall temperature occurred near the beginning of the heated section. Following this, as the bulk fluid
temperature approached the pseudocritical temperature; a more broadly shaped wall temperature
increase was seen. Burke et al. [12] demonstrated a similar wall temperature profile, but also
measured radial mean axial velocity profiles at several axial locations. The initial increase in wall
temperature was caused by a flattening in the mean axial velocity gradient (first part) followed by a
recovery in the heat transfer as the peak in the mean axial velocity increased and shifted toward the
heated wall (second part). As the bulk fluid temperature increased toward the pseudocritical
temperature, a more gradual decrease in the heat transfer coefficient was observed and is associated
with a transition of the mean axial velocity back to the typical profile seen in isothermal flow (third

part).

The results of this work illustrate the complicated changes in fluid flow characteristics that cause
deterioration in heat transfer. It also illustrates a deficiency in almost all integral heat transfer
experiments aimed at measuring deteriorated heat transfer in supercritical pressure fluids. To
understand this last statement, consider one channel in a SCWR with an inlet and outlet temperature
(320°C to 625°C) spanning the pseudocritical temperature (385°C). The amount of power needed to
heat water over this entire temperature range typically prohibits operating an experiment at these
conditions. Instead, experiments are performed in short test sections with limited amounts of power
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such that they operate over a limited temperature range. This means a series of experiments must be
performed with incremental increases in inlet temperature to cover the entire temperature range.
This is acceptable for high mass velocity experiments where forced convection dominates the heat
transfer. This is not true for low mass velocity experiments where buoyancy affects alter the fluid
flow characteristics. Experiments performed over limited temperature ranges will not reproduce the
local velocity profile and fluid flow characteristics that develop axially along the heated section and
significantly affect the heat transfer. If it is important to know the heat transfer under conditions
where deterioration may be present, then an experiment that spans the entire temperature range must
be performed such that the evolution of the fluid flow characteristics are correctly captured.

4. Conclusion

A series of integral heat transfer measurements in a square annular flow passage were performed for
bulk water temperatures of 175-400°C with an upward mass velocity of 315 and 1000 kg/m’s and
heat fluxes of 0, 220, and 440 kW/mz, all at a pressure of 25 MPa. Detailed mean and turbulent
velocity measurements show that the turbulence, diffusivity of momentum, and likely the diffusivity
of heat, are reduced during deterioration in heat transfer at a radial position equivalent to what is
called the law of the wall region for isothermal flow. For the simple case of deterioration
investigated in detail, FLUENT simulations offered qualitative insight into changes in fluid
temperature and turbulent velocities responsible for the axial evolution of the wall temperature.
Experiments investigating deterioration in heat transfer must be performed at conditions spanning
the entire temperature range of a SCWR such that the evolution of the fluid flow characteristics is
correctly captured.
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