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Abstract

Canada participated in the Generation IV nuclear reactors with the Supercritical Water-
Cooled Reactor (SCWR) concept. This work focuses on the numerical studies of the fluid
flow and heat transfer of the supercritical water in the nuclear reactor fuel bundle, and the
construction of the linear dynamic model and the design of the control system for the

Canadian SCWR power plant.

Firstly, the fluid flow and heat transfer of the supercritical water in the vertical tube and
the rod bundle is numerically investigated to evaluate whether the existing turbulent
models could successfully caption the wall temperature variations at supercritical
conditions by comparing the numerical results with the experimental data. The turbulent
models that have better performance are modified using a variable turbulent Prandtl
number model. The application of the proposed turbulence model shows a great
improvement in the prediction of the wall temperatures under supercritical conditions.
Accordingly, the full-scale simulation of the fluid flow and heat transfer of the supercritical
water flow in the reactor fuel rod bundle was performed by the proposed turbulent model.
The results show that the circumferential cladding surface temperature distribution is
extremely non-uniform and the maximum cladding surface temperature for each fuel rod
also shows large differences. In addition, the effects of operating conditions on the heat
transfer of upward supercritical water flow in the reactor fuel bundle are studied
numerically. The wall temperatures generally increase with the increase in the inlet
temperature, heat flux, or the decrease in the mass flux. Buoyancy-affected zones mainly

exist at the region around the pseudocritical temperature.

In this work, the design of the feedback control system for the SCWR is also carried out.
The dynamic relationships between inputs and outputs of the reactor are obtained through
transient computational fluid dynamics (CFD) simulations. The designed feedback control
system can regulate the reactor back to the design point timely. Finally, a linear dynamic
model for the entire SCWR power plant is developed, which includes the reactor, feedwater

pump, outlet plenum, main steam line, turbine, and condenser. The dynamic characteristics



of the system and the steady-state interaction between different inputs and outputs of the
system are analyzed. The control system for the SCWR power plant is constructed and the

performance of the control system is satisfactory.

Keywords: SCWR, Prandtl number, numerical simulation, wall temperature, heat transfer,
feedback control, control system



Summary for Lay Audience

As the growth of earth’s population and the adverse impacts from global climate change,
the demand for energy is increasing. Nuclear energy is prominent among all energy
supplies with the advantages of clean, safe and cost-effective under appropriate use. The
Supercritical Water-Cooled Reactor (SCWR) concept is one of six Generation IV nuclear
reactors, which uses supercritical water as the coolant. In the reactor core, the heat
produced by the nuclear fission process is absorbed by coolant. Given the peculiarity of
thermophysical properties of supercritical water and the geometry of the flow channel, the
heat transfer phenomenon in the supercritical water rod bundle is still not well-understood.

Firstly, the heat transfer of supercritical water in different vertical channels is numerically
investigated by the existing turbulent models. Considering operating conditions and
variations of thermophysical properties, a new variable turbulent Prandtl number model is
developed to describe the heat transfer characteristics. Next, the numerical simulation of
the upward supercritical water flow in the reactor rod bundle is performed to investigate
the fluid flow and variations of wall temperatures. The gradient of the cladding surface
temperature along the circumference is found large. Furthermore, influences of operating
pressure, inlet temperature, heat flux, and mass flux on the heat transfer in the reactor fuel
bundle are studied. The findings of this study show that wall temperature generally
increases as the increase in the inlet temperature, heat flux, or the decrease in the mass flux.
On the other hand, buoyancy-affected zones mainly exist at the region where
thermophysical properties of supercritical water exhibit sharp changes. In addition, the
buoyancy-affected zone is reduced with the increase in the inlet temperature, heat flux, and
mass flux. This work also presents the design of a feedback control system for the SCWR.
It is found that the designed control system can regulate the reactor to the original operating
point timely when the reactor is subjected to disturbances. Finally, the control system for
the entire SCWR power plant is also constructed. The performance of the control system

is evaluated and it is satisfactory.
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Glossary’

Critical point: the point in which the distinction between the liquid and vapor
phases disappears, i.e. both phases have the same temperature, pressure, and
specific volume or density. The critical point is characterized with the phase-state
parameters: Tcr, Per and ver, which have unique values for each pure substance.
Supercritical fluid: is the fluid at pressures and temperatures that are higher than
the critical pressure and critical temperature. However, the term of supercritical
fluid usually refers to the fluid when the pressure is higher than the critical pressure,
but the temperature could be lower than the critical temperature.

Supercritical steam: refers to water when both the pressure and temperature are
higher than the critical values.

Normal heat transfer (NHT): can be characterized in general with a heat transfer
coefficient (HTC) similar to those of subcritical convective heat transfer far from
the critical or pseudocritical regions, when they are calculated according to the
conventional single-phase Dittus-Boelter-type correlations: Nu = 0.0243 Re%8pro4,
Enhanced heat transfer (EHT): is characterized with higher HTC compared to
those for NHT. Hence, wall temperatures are lower within some part of a heated
channel or within the entire heated length. The EHT regime includes peaks or
“humps” in the HTC profiles near the critical or pseudocritical points.
Deteriorated heat transfer (DHT): is characterized with lower HTC compared to
those for normal heat transfer (NHT).So, wall temperatures are higher within some
part of a heated channel or within the entire heated length.

Pseudocritical point: is the point at a pressure above the critical pressure and at a
temperature (Tpc > Ter) corresponding to the maximum specific heat at this
particular pressure.

Pseudocritical line: is the line, which consists of pseudocritical points.

1. L. Pioro, "Supercritical-Fluids Thermophysical Properties and Heat Transfer in Power-Engineering
Applications”, in Advanced Supercritical Fluids Technologies. London, United Kingdom: IntechOpen, 2020
[Online]. Available: https://www.intechopen.com/chapters/71403 doi: 10.5772/intechopen.91474.
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1. Introduction

1.1.Nuclear reactors

Traditional power generation includes fossil fuel power generation and hydroelectric
generation. Because of the limited fossil fuel resources and the problem of global warming,
many countries are reducing the percentage of the traditional power generation methods.
Nuclear power, wind power, solar power, geothermal power are vigorously developed in
recent years to meet the increasing energy needs. The nuclear power accounts for a
significant portion of these energy resources.

The first nuclear power plants commenced operations in the 1950s and the design of the
reactors has gone through several developmental stages. The thermal cycle in the nuclear
power plant is similar to that in a fossil power plant, while the main heat source is the
nuclear fission in the reactor . In the nuclear fission process, the nucleus of an atom splits
into two or more smaller nuclei and release huge energy. The heat released by the nuclear
fission can convert the coolant into steam. The steam then drives the turbine to produce
electricity by the generator. Fig. 1.1 shows the general timeline of the existing four
generations of the nuclear reactors. Generation | reactors (1950 - 1965) are basically
prototypes. The commercial reactors were built later since the 1970s, which stands for
Generation 11 (1965 - 1995), such as boiling water reactors (BWR), pressurized water
reactors (PWR), Canada Deuterium Uranium (CANDU) reactors. Generation 111 (1995 -
2010) are the nuclear reactors in operation nowadays and the thermal efficiency of the
water-cooled plants is 30% - 36%. Generation I11+ (2010 - 2025) are the reactors with
improved parameters with evolutionary design improvements. The thermal efficiency
could be up to 38%. Generation 1V was proposed in 2002 and planned to be in operation
after 2025, aiming to achieve the goals of highly economical, enhanced safety and minimal
waste. Generation 1V International Forum (GIF) determined six promising reactor concepts:
Gas-Cooled Fast Reactor (GFR), Lead-Cooled Fast Reactor (LFR), Molten Salt Reactor
(MSR), Sodium-Cooled Fast Reactor (SFR), Supercritical Water-Cooled Reactor (SCWR),
Very-High-Temperature Reactor (VHTR) [1].
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Figure 1.1: Timeline of the development of nuclear reactors [1]

1.2.Supercritical fluids

The application of supercritical fluids in different processes has been developed for more
than 60 years. Initially, scientists used the hydrothermal processing of supercritical fluids
for creating various crystals, and now it has been widely used in the industrial production
of single crystals [2]. The application of supercritical fluids then was extended to
thermodynamic processes. In the 1950s, supercritical fluids were used in fossil power
plants to increase their thermal efficiency. The thermal efficiency of power plants with the
combination of Brayton gas-turbine cycle and subcritical-pressure Rankine steam-turbine
cycle can be up to 62%. With the supercritical steam at a pressure between 23.5 MPa and
38 MPa and the turbine inlet temperature of 540 - 625°C, the thermal efficiency can be up
to 55% [3]. In addition, supercritical fluids can be used in the heat pump systems, as a fuel
in nuclear rockets and supersonic transport, a refrigerant in refrigerating systems, as a
coolant of superconducting electronics and power transmission equipment, and for the

transformation of geothermal energy into electricity.
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Figure 1.2: Pressure - Temperature - Specific Entropy diagrams for water

Supercritical fluid is a fluid at a temperature and pressure above its critical point. The P-T-
S diagrams of a fluid and water are shown in Fig. 1.2 (Courtesy of Dr. I. Pioro). For the
water, the critical temperature is 374°C and the critical pressure is 22.1 MPa. The term,
supercritical water used in the present study, includes both the supercritical water and the
compressed water. Despite the supercritical fluids do not undergo phase change, all
thermophysical properties of the supercritical fluids experience drastic changes in a narrow
band of temperature. This can lead to high complexity in the fluid flow and heat transfer
characteristics. The variations of the thermophysical properties of water at P = 25 MPa are
depicted in Fig. 1.3. The specific heat reaches the maximum value at a point for a given
pressure. This point is defined as the pseudo-critical point. Carbon dioxide, water, helium,
and refrigerants are the most extensively used supercritical fluids in the industries and labs
[4]. Compared with water, the critical temperatures and pressures of carbon dioxide and
refrigerants are much lower. Thus, they are usually used in experiments, which could
reduce the costs of experiments. In order to safely and efficiently use the supercritical water
in nuclear power plants, it is necessary to understand the specific physics of the

supercritical water flow and heat transfer mechanism.
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Figure 1.3: Thermophysical properties of water at P = 25 MPa

1.3.Supercritical Water-Cooled Reactor

The studies of the possibility that supercritical water could be used in nuclear reactors
began in the late 1950s and early 60s [4]. Although some design concepts were proposed,
the relevant studies were terminated with the development of PWRs and BWRs. In a PWR,
a steam generator and a pressurizer are needed. While in a BWR, the steam separation and
recirculation system is used. With the development of the technology of Light Water
Reactors (LWR), the application of supercritical water in nuclear reactors is starting to
draw attention again. SCWRs are light-water-cooled reactors that operate above the critical
point of water. The reactor core can have either thermal or fast-neutron spectrum. A typical
SCWR system is presented in Fig. 1.4, which is a once through direct steam cycle, i.e. the
superheated steam exiting the reactor flows to the turbine directly. Consequently, steam
generators and separators, as well as recirculation pumps are not needed. Four Generation
IV International Forum members are signatories for the SCWR reactor: Japan, the
European Union, Russia, and Canada. Among them, Japan [5] and the European Union [6]
adopted pressure-vessel-type, while Canada proposed pressure-tube-type [7]. In addition,

China is also developing and constructing its own SCWRs.



Compared with existing water-cooled reactors, the design of SCWRs has some advantages.
The construction costs are reduced because of less components. The coolant in SCWRs
undergoes higher increase of enthalpy in the reactor core. To produce the same thermal
power, the core mass flow in SCWRs is significantly decreased. In addition, the thermal
efficiency of SCWRs can achieve 44% or more, which is higher than the existing water-
cooled reactors (34 - 36%) [1]. However, the design concept also brings some requirements
that need to be met to ensure safety of the nuclear reactors at supercritical conditions, such
as the limitation on cladding temperatures, the transient heat transfer behaviors in the

reactor, and the reliability of the control system.
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Figure 1.4: An example of SCWR system [1]
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2. Literature Review

2.1.General theory

The increased interest in SCWRs has motivated research in the study of heat transfer
behavior of supercritical fluid flows in channels. Strong variations of thermophysical
properties of supercritical fluids bring strong coupling between the flow and temperature.
Within the narrow band of temperature around the pseudocritical point, the thermal
conductivity and density falls quickly with the increase in the temperature. The significant
density variation results in the intensive buoyancy effect and flow acceleration. This would
consequently suppress turbulent diffusion and could lead to heat transfer deterioration.
Meanwhile conversely, the fall-off of the viscosity could contribute to the increase of
velocity and Reynolds number, consequently boosting the flow and heat transfer. As
described in the last chapter, the specific heat has the maximum value at the pseudocritical
point, which implies that the heat absorption at the pseudocritical temperature is stronger
than other temperatures. Either normal heat transfer, heat transfer deterioration or heat
transfer enhancement could appear because of the non-monotonic effects of different
thermophysical properties. This result in the heat transfer behaviors of the supercritical
fluids more complicated than those of ordinary fluids. Therefore, it is essential to
understand and accurately predict the heat transfer mechanism of supercritical fluids before

the applications of supercritical fluids in thermohydraulic designs.

2.2. Heat transfer of supercritical fluids in channels

Heated flows in channels are frequently encountered in practical systems and at the same
time used in research purpose to understand the flow physics. Many dimensionless
parameters are used to evaluate the heat transfer characteristics of supercritical water in

channels. Some of them are described here.



Reynolds number (Re) is used to predict the flow regime. It is the ratios of inertial forces
to viscous forces within a fluid, thus it quantifies the relative importance of these two types

of forces in specific flow situations. Re is defined as [1]:
Re= —=— (2.1)

where p is density, kg/m3, U is the flow speed, m/s, L is the characteristic length, m, which
is the hydraulic diameter in pipe flows, x is the dynamic viscosity of the fluid, kg/m-s or

Pa-s, and G represents the mass flux, kg/m?-s.

Prandtl number (Pr) is used to measure the relative effectiveness of momentum and energy
transport by diffusion in the velocity and thermal boundary layers. It is defined as the ratio
of momentum diffusivity to thermal diffusivity as shown in the following [1]:

_V__Hp _CpH
P e = e (22)

where v is the kinematic viscosity of the fluid, m?2-s, « is the thermal diffusivity, m?-s, k is

thermal conductivity, W/m-K, and c,, is specific heat capacity, J/kg-K.

Nusselt number (Nu) is defined as the ratio of convective to conductive heat transfer at a

boundary in a fluid. It can be described as [1]:
NU=—=— (2.3)

where h is convective heat transfer coefficient (HTC), W/m?-K. Nu = 1 denotes pure
conduction heat transfer and larger Nu represents more convection heat transfer. One well-

known empirical correlation for calculating Nu is the Dittus-Boelter equation [2].



2.2.1. Heat transfer in tubes

2.2.1.1. Experimental studies

The experimental studies on supercritical fluids were mainly focused on two aspects:
finding the heat transfer mechanism at supercritical conditions and develop heat transfer
correlations for supercritical fluids. Earliest experimental research on the heat transfer of
supercritical fluids can be found in the 1950s and 1960s [3-6]. This was motivated by the
idea of supercritical fossil-fueled power plants. Researchers used carbon dioxide or water
to conduct the experiments. They investigated the flow in vertical heated tubes at
supercritical conditions in order to obtain the wall temperature and heat transfer coefficient.
The comparisons for upward and downward flows at the same operating conditions
indicated the effect of buoyancy on the heat transfer characteristics of supercritical fluids
[6, 7]. An interesting heat transfer phenomenon found by Yamagata et al. [8] was that the
heat transfer coefficient increases rapidly in the pseudocritical region. It reaches the peak
value at the pseudocritical point at low heat flux conditions in both vertical and horizontal
tubes. The magnitude of the peak value decreases with the increase in the heat flux and
pressure. However, at high heat flux conditions, the heat transfer coefficient shows a lower
value in the pseudocritical region when the flow rate is low. Based on the experimental
data, different heat transfer characteristics for supercritical water were defined [9]. In the
normal heat transfer condition, the temperature difference between the wall and the bulk
fluid generally shows no great change with the increase of enthalpy. Consequently, the heat
transfer coefficients do not vary too much at a fixed heat flux. Heat transfer enhancement
in one area is characterized by moderately increased wall temperatures and the condition
that the temperature difference between wall and the bulk fluid gets smaller and then
reaches a minimum value. Hence, the heat transfer coefficient goes up with the increase in
the bulk enthalpy and reaches a maximum value. Heat transfer deterioration condition
refers to the condition that the wall temperatures increase significantly and the temperature
differences between wall and bulk fluid arise with the increase of bulk fluid enthalpy,
meanwhile the heat transfer coefficient plunges. Wang et al. [9] also found that heat transfer
deterioration occurs at higher heat fluxes based on their experimental study. This supports

the phenomenon observed by Yamagata et al. [8]. Hall and Jackson [10] proposed that the
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heat transfer deterioration is a result of the modification of the shear stress distribution near
the wall in the pipe. Tanaka et al. [7] considered both the buoyancy force and acceleration
effect for a fluid forced through a vertical tube in their study. It was observed that the
effects of the buoyancy force and acceleration on the turbulent forced convective heat
transfer in vertical tubes are similar, which results in a sharp decrease of the shear stress,
even to a negative value near the wall. Consequently, the velocity profile shows M shape
which indicates that peaks are in the near wall region. The results from a later experimental
study by Kurganov et al. [11] also proved such velocity profiles.

Although the heat transfer deterioration mainly caused by a strong buoyancy force, it can
also occur in the forced convection condition when the buoyancy effect is negligible, such
as high heat to mass flux condition [12]. Under this type of heat transfer deterioration
condition, the fluid temperature is not in the pseudocritical region. Therefore, the flow
direction does not matter too much. But, in the mixed convection with strong buoyancy
effect, whether the flow direction is downward or upward is important. It was found that
the heat transfer deterioration is found only in upward flows. In the downward flows, the
buoyancy effect typically enhances the heat transfer. The flow acceleration effect
contributing to heat transfer deterioration was discovered in both upward and downward
flows. Researchers found that the buoyancy effect caused by the radial gradients of density

and the axial gradients of density leads to the acceleration effect for vertical flows [13, 14].

Since 1970s, the experimental studies of supercritical fluids in the tubes were conducted
mainly in vertical direction flows, and some in horizontal direction flows under different
operating conditions, such as operating pressure, inlet temperature, heat flux, and mass flux
[8], [15-29]. In these studies, the velocity and temperature profiles were investigated and
compared. Based on the experimental data, researchers attempted to propose heat transfer
correlations for supercritical fluids for decades. The most widely used correlation at
subcritical pressures for forced convection is the Dittus-Boelter correlation. This
correlation is intended for smooth tubes with small temperature differences between wall

and the bulk fluid, and it is sensitive to the variations of thermophysical properties. It might
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predict unrealistic results at some supercritical flow conditions, especially near the
pseudocritical points, based on the studies by Mokry and Pioro [30, 31]. Numerous heat
transfer correlations were developed for supercritical fluids in heated tubes. Yoo and Pioro
[32—34] both did extensive and thorough reviews on the correlations developed for the heat
transfer of fluids, including water, carbon dioxide, helium in heated tubes at supercritical
conditions. However, the applicability of each correlation varies with the operating
conditions and it is hard to find one correlation that can successfully predict all heat transfer
characteristics, the normal heat transfer, enhanced heat transfer, and deteriorated heat

transfer. Further details of the heat transfer correlations are readily available in [32-34].

2.2.1.2. Numerical studies

Experiments at supercritical pressures requires cutting-edge equipment and appropriate
measuring techniques, and thus are very expensive. Therefore, the cost-effective
Computational Fluid Dynamics (CFD) approach become popular in studying supercritical
fluids for decades [35-50, 78]. The objectives of these studies are to provide a detailed
fluid flow information and more accurate predictions of heat transfer in supercritical fluids.
After validation with the experimental data, CFD can serve as a supplement to the
experimental studies. The approaches used to solve the conservation equations which
govern the flow field in the CFD simulations can be generally classified as: direct
numerical simulations (DNS), large eddy simulations (LES), and the Reynolds-averaged
Navier-Stokes simulation (RANS). In the DNS approach, all flow motion scales need to be
solved without modeling. Thus, the applicability is limited to relatively small geometries
for research use due to the extremely high computational cost. In the LES approach, based
on the filtering functions differentiating larger and smaller eddies, larger eddies are solved
directly while smaller eddies need to be modelled. Despite LES is more applicable than
DNS in the study of supercritical fluids, there are still limitations on Re with less than
approximately 20000 for large flow geometries [78]. Thus, the RANS method is the most

widely used in the numerical studies of the supercritical fluids.
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At the beginning, Bellmore & Reid [35] developed a method of density fluctuations in the
equations of turbulent transport in Prandtl’s mixing length model for predicting heat
transfer of para-hydrogen for upward flows in tubes near critical point. The numerical
results showed a good agreement with experimental data over a range of inlet conditions,
heat flux, and mass flux. The velocity profiles showed M shapes due to the effect of
thermophysical properties near the critical point, as observed in previous experiments [7],
[11]. Bellinghausen & Renz [36] conducted the numerical studies including the
gravitational effect in the flow in vertical heated tubes filled with supercritical R12 by using
the low-Re k- models developed by Jones & Launder [43, 44] to resolve the flow in the
near wall region. The behavior that gravity-driven buoyancy effects tend to relaminarize
the flow near the wall in the pseudocritical region could be predicted quite well. Another
numerical study was done by Koshizuka et al. [45] using the same models for simulating
supercritical water in a vertical tube. The heat transfer coefficient and calculated
deteriorated heat flux agreed well with those from the experimental study by Yamagata et
al. [8]. He et al. [46] simulated the heat transfer of supercritical carbon dioxide in a vertical
mini tube by using several two-equation low-Re k-e models. Compared with respective
experimental results, although most of these models can capture the effects of strong

influence of buoyancy on heat transfer, the onset of the effect could not be well predicted.

The standard k- model [47] is sensitive to free stream conditions. Menter [48] proposed
the shear-stress transport (SST) model which combines the advantage of the k- model in
the bulk flow and the low-Re treatment of the boundary layer in the near wall region. This
attracts the interest in applying k- models in the simulations of the heat transfer in
supercritical fluids [37-39], [49, 50]. In these simulations, although the w type models with
automatic wall treatment generally failed to predict the heat transfer coefficients in the near
pseudocritical region, they performed better than the low-Re k-¢ models. In the two-
equation models, like k-e and k- models, the turbulent viscosity is assumed isotropic
indicating that the ratio between Reynolds stress and mean rate of deformation is identical
in all directions. This assumption can cause problem in predicting anisotropic behaviors in

complicated turbulent flows. The Reynolds stress model (RSM) solves the individual
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components of the Reynold stress directly without this assumption, which resulted in
increased interest in the use of RSM investigating supercritical fluids in heated tubes [39—
42], [50]. Compared with other isotropic models applied in the simulation of heat transfer
in supercritical carbon dioxide and supercritical water flows in heated tubes, RSM
generally could achieve better agreement with the experimental results [39]. Nevertheless,
extensive numerical studies of RSM used in different operating conditions are still needed

to assess the applicability conditions.

2.2.2. Heat transfer in channels with multiple fuel rods

2.2.2.1. Experimental work

In the 1990s - 2000s, enthusiasm in new experimental studies were aroused by several
reasons [34]: 1) experimental data of supercritical fluids in simple tubes can not represent
directly those in rod bundles because of the difference in geometry; 2) experimental
technology has been improved; 3) the hydraulic diameters of supercritical fluids in the
proposed rod bundle are less than those in tubes/pipes. In recent years, a limited number of
experimental studies were devoted to heat transfer of supercritical fluids in annuli and
simplified rod bundle simulators [13], [51-64]. The channels were mostly heated with an
electrical current. In general, the flow geometries are annulus, 3, 4 and 7 rod bundles. The
heat transfer regimes including NHT, EHT, and DHT all could occur, and it varies with
operating conditions. In the studies by Razumovskiy et al. [51], [57-59], heat transfer
coefficients obtained in the experiments of supercritical water in annulus and 3 rod bundles
were compared with those calculated by the Dittus-Boelter correlation for the tube flow. It
was found that the difference between the experimental and calculated heat transfer
coefficients is not significant, and there is no significant increase in the heat transfer
coefficient although multiple rods exist in the flow channel. However, the onset heat fluxes
of DHT for annulus, 3 and 7 rod bundles were 1.6 - 1.8 time higher than those in bare tubes
with the same operating parameters. Chen et al. [56] studied heat transfer of supercritical
water in a 3-rod bundle. The experimental results of wall temperatures showed that there

were large gradients in circumferential wall temperature distributions while the gradient
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significantly decreased when the bulk fluid temperature approaching the pseudocritical
temperature. In addition, the wall temperature is higher in the central subchannel between
rods while lower in the corner/edge subchannel region. Richards et al. [62] conducted
experiments of supercritical freon R-12 in vertically oriented 7 rod bundle. The bulk fluid
temperatures along the axial locations and wall temperatures of the central rod at three
circumferential locations for 20 cases were presented. The results proved that all three heat
transfer regimes could appear in the rod bundles, which supports the conclusions drawn by
Razumovskiy et al. [51], and generally no single correlation could predict HTC profiles
within £ 50%. Experimental studies in [13], [52-56], [63, 64] were for the heat transfer of
supercritical water in annuli and rod bundles. It was observed from the experiments in
square annular flow geometries [13], [63], that DHT depends on hydraulic diameter and
there were wall temperature oscillations when the bulk fluid temperature approaching the
pseudocritical point. Square annular rod bundles are not widely seen in the industry
applications. On the other hand, experiments were also conducted in circular annular
channels by [52], [55], [63, 64]. The results generally showed that the effect of operating
pressures on wall temperatures can not be ignored and DHT is more severe in a narrower
gap. 2x2 rod geometry were used recently [53, 54]to investigate the heat transfer of
supercritical water in rod bundles. It was shown that the wall temperature distributions
along fuel rods are not uniform, which could result from the changes of the subchannel
flow area around the rods. However, higher wall temperature is in the corner/edge
subchannel while lower region is in the central subchannel region between rods. This is
opposite to the experimental results from Chen et al. [56]. It can be concluded that the flow
geometry strongly affects the heat transfer characteristics of supercritical water in rod
bundles.

2.2.2.2.  Numerical work

Although the experiments of supercritical fluids could provide the macroscopic data of heat
transfer, it is still important to investigate the detailed flow and turbulent behaviors which
lead to different heat transfer regimes. Therefore, CFD methods have been widely used to
predict the behavior of supercritical water flow and heat transfer in rod bundles. The DNS
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method is seldomly used in the investigations of supercritical water in rod bundles. Instead
of the DNS methods, the LES method has been used by some researchers. Fischer et al.
[65] performed the LES simulations on a single fuel pin through the spectral method.
Merzari et al. [66] and Brockmeyer et al. [67] consecutively used Nek500 code to simulate
the flow in a 7-pin reactor geometry. Brockmeyer et al. [68] applied STARCCM+ software
to perform the simulation using the LES method in a 19-pin flow geometry with a shortened
rod length. Recently, Goth et al. [69] employed the same code to investigate the flow
behaviors in a 61-pin geometry. Although the LES method is more applicable than the
DNS in the study of nuclear reactor, there are still some limitations. The Reynolds number
should be less than around 20000 for large flow geometries [78]. In the industrial
applications, the Reynolds number of the flow in the reactor usually exceeds this number.
Thus, the RANS method is widely used in the numerical study of the high turbulent

supercritical water flow in the nuclear reactor.

The numerical studies by RANS simulations for the supercritical flow in rod bundles have
been investigated by several researchers [70-75]. Zhao et al. [70] used OpenFOAM to
simulate a 7-pin flow geometry with the k- SST turbulence model for different operation
conditions. Zhang et al. [71] simulated the heat transfer and flow of supercritical water in
a 37-element horizontal arranged SCWR under steady state condition and found that the
anisotropic turbulent model, the RSM, behaves much better than the isotropic model in
predicting the cladding surface temperature. Furthermore, Han et al. [72] further applied
the same model in the vertical channel with multiple fuel rods. Other similar investigations
can be found in [73, 74]. The heat transfer characteristics in different type channels were
investigated. A recent validation study of the RANS models for different fuel rod
assemblies was performed by Dovizio et al. [75]. It was found that the RANS could be a
reasonable approach to simulate flows in fuel assemblies. There are also several numerical
studies for flows in rod bundles, but the operating conditions are not supercritical
conditions [76-78]. Despite the operating conditions are not supercritical, the effects of
cross-section geometry and Re on the flow and heat transfer can be investigated. The
simulation results from Bovati et al. [78] showed that the axial velocity distribution in the



16

cross-section of the fuel bundle is more uniform with the increase in Re. In addition, a

higher cross-flow was observed at the same time.

2.3.Control systems for SCWR

Based on the experimental and numerical studies in heat transfer of supercritical water,
deteriorated heat transfer accompanied with the increase in the wall temperature could
threaten the safety of a nuclear reactor. Thus, a reliable control system is necessary to
promptly regulate the reactor operating condition at a desired point when there are
disturbances. The idea of the supercritical water-cooled reactors (SCWR) is based on
established techniques of the boiling water reactors (BWR) and supercritical fossil power
plants (SCFPP). The SCWR uses the once-through direct cycle, which is similar to the
BWR and supercritical operating pressure, which is similar to the SCFPP. In addition, the
high heat to mass flux ratio in the rod bundle and dramatic changes of thermophysical
properties at the supercritical conditions bring the complexity for the design of the control

system.

The earliest control system designs for reactor operating at supercritical conditions were
done by Nakatsuka et al. [79] for the supercritical fast reactor (SCFR) and Ishiwatari et al.
[80-81] for the high temperature supercritical pressure light water-cooled thermal reactor
(SCLWR-H). The reactor is subjected to disturbances of three inputs: feedwater flow rate,
position of control rods, and the turbine control valve opening, respectively. The outputs
of the reactor, including operating pressure, main steam temperature, and reactor power
were analyzed. According to the responses, the most influenced input and output paring
was identified without considering the cross-couple effects. The structures of controllers
were multiple single-input single-output (SISO) feedback control loop designs. With the
designed control system, the outputs of reactors were regulated against the disturbances.
There are typically two operating modes in nuclear power plants, reactor-following-turbine
and turbine-following-reactor. In the reactor-following-turbine mode, the pressure of the
main steam in turbine is governed by the reactor power and the output of the electric power
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is regulated by the turbine control valves. In this mode, the reactor should respond promptly
to load change. In the design of once-through cycle, the strong fluctuations of the steam
flow rate and the temperature of the supercritical water in the reactor core could lead to
thermal stress on fuel rods and pressure vessel. In contrast, the pressure of the main steam
in turbine is controlled by the turbine control valves and the output of the electric power is
governed by the reactor power in the turbine-following-reactor mode. Although the reactor
is slow to respond to load change in this mode, the operation can be relatively stable. In
the case that safety is the main aim of nuclear reactors, the control strategies for reactor
operating at supercritical conditions mainly adopted the turbine-following-reactor
operation mode [80-83]. Sun & Jiang [82] used one-dimensional thermal hydraulic model
to simulate the transient response of outputs for the Canadian SCWR. A least-square
system identification method is used to construct a dynamic model representing the
dynamic behaviors of inputs and outputs of the reactor. For a multiple-input multiple-
output (MIMO) reactor system, the cross-coupling relationship among inputs and outputs
at the steady state is first determined by the relative gain array (RGA) [84]. RGA is the
normalized form of steady state gain matrix of a MIMO system which measures the effects
of the specific input on an output with respect to its effect on other outputs. The most
interacted input & output of the system is chosen according to the RGA results. Based on
this method, Sun et al. [83] adopted the direct Nyquist array method to decouple the system,
so that the dynamic relationship of inputs and outputs of the reactor is in a diagonally
dominant form. The work by Sun et al. [83] was based on one-dimensional thermal
hydraulic model of the reactor, which cannot represent the full-scale flow and heat transfer
behavior of the supercritical water in a reactor. Maitri et al. [85] implemented the same
control methodology as that by Sun et al. [83] while used the simulation results by CFD to
obtain the dynamic relationship between inputs and outputs of the reactor. Despite the flow
was simplified from rod bundle flow to tube flow, the study identified that CFD simulations
could be adopted to obtain the linear dynamic models for Canadian SCWR. Decoupling
the MIMO system to a diagonally dominant form could reduce the interaction between
outputs and inputs, however, the effects of cross-coupling were not obvious except for the
control on the outlet steam temperature of the reactor [86]. In addition, decoupling

methodology is very sensitive to the accuracy of the linear dynamic model of the system
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which make it not commonly utilized in industrial control system. Han et al. [87] used the
same CFD assisted control system design approach that used by Maitri et al. [85] for heated
channels in a 37-element Canadian SCWR. The construction of dynamic models was based
on the results from a full-scale CFD simulation. The performance of design control system
was evaluated by combining the control system into CFD simulation process to form the
closed loop control. The results showed that the deigned control system could adjust the

system to the desired operating point in time.

2.4.Motivations and Objectives

In all of the CFD studies discussed up to this point, different turbulent models have been
assessed against the available experimental data. It has been assumed that the turbulent
Prandtl number is a constant. The performance of the turbulent models varies case-by-case,
which mainly depends on the operating conditions, such as types of supercritical fluids,
heat to mass flux ratio, the geometry of the flow channel, and the flow direction. The strong
buoyancy and thermal acceleration effects caused by the strong variations of the thermal
physical properties of the supercritical water near the pseudo-critical point should be
considered in the CFD simulations. Besides, the Reynolds analogy assumption used in the
above numerical studies is doubtful since the molecular Prandtl number changes sharply at
supercritical conditions [88-95]. It is also worth to point out that the flow channel in the
actual nuclear reactor includes multiple heated fuel rods, which leads to a complicated heat
transfer phenomenon. The turbulent Prandtl number (Pr;) is crucial for predicting the heat
transfer phenomenon in the channel at the supercritical condition. Thus, it is necessary to
include all the relevant parameters to construct a new variable Pr; model for the

supercritical water, which is complemented in this study.

Canadian SCWR has not been built yet, but the fuel assembly concept has been determined.
The fuel bundle of the Canadian SCWR consists of 64-element two-ring fuel rods. For each
ring, 32 fuel elements are distributed circumferentially around the insulated central flow

tube [96]. There is still lack of the investigation of the thermo-hydraulic behaviors of the
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supercritical water in the 64-elelment fuel bundle. In this work, the flow and heat transfer
of the supercritical water in the 64-elelment fuel bundle is investigated numerically by the
RANS approach and the detailed fluid flow and heat transfer phenomenon for the

supercritical water in the fuel rod channels are presented.

As discussed before, even in rod bundles, the heat transfer regime could be different based
on the flow geometry. There are many operating parameters that could influence the flow
and heat transfer of the supercritical water in the 64-element Canadian SCWR rod bundle.
Effects of different operating pressures, inlet temperatures, heat fluxes, and inlet mass flow

rates on the heat transfer regime are investigated in this work.

There has not been a control system design focusing on the heat transfer characteristics in
the rod bundle for the 64-element Canadian SCWR now. Based on the CFD simulations,
the dynamic relationship between inputs and outputs of reactors will be established in this
work. The maximum cladding surface temperature, which is an important parameter for
the safety operation of the reactor, is chosen as one of the outputs. A feedback control
system will be constructed for the 64-element Canadian SCWR and its performance for the

reactor subjected to disturbances of outputs will be evaluated.

In this study, the dynamic model for the entire Canadian SCWR power plant will be
constructed, which includes the feedwater pump, reactor, turbine and condenser. The
dynamic models of subcomponents in the cycle [84], i.e. the outlet plenum, main steam

line, turbine control valve, are also included in the proposed control system.

2.5.0utline of the thesis

The remaining chapters of this thesis will be presented as follows:
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« Chapter 3: A modified turbulent model for the supercritical water flows in the vertical
upward channels is presented. The key contributions in this chapter are the extensive
evaluations of the existed conventional turbulent models and the development of a new

variable turbulent Prandtl number model.

« Chapter 4: The numerical simulation of fluid flow and heat transfer of supercritical water
in the 64-element Canadian SCWR fuel bundle by the modified turbulent model is
presented. The key outcome of this chapter is filling the gaps of the investigation of the

thermo-hydraulic behaviors of the supercritical water in the 64-elelment fuel bundle.

» Chapter 5: Parametric studies on heat transfer of supercritical water flows in the 64-
element Canadian SCWR fuel bundle are presented. The results of this chapter could help
understand the heat transfer regimes of supercritical water in the rod bundles at various
operating conditions.

» Chapter 6: A design of the feedback control system for the 64-element Canadian SCWR
assisted with CFD simulations is presented. The key contributions of this chapter are filling
the gaps of control system design for the 64-element Canadian SCWR and it is the first
time the important parameter, the maximum cladding surface temperature is chosen as one

of the outputs.

 Chapter 7: The control system for the entire SCWR power plant is constructed in this
chapter. The key outcome of this chapter is to provide a substantial control strategy for the

SCWR power plant under full load operating condition.

 Chapter 8: A summary of the contributions of the present study and directions for the

future work.
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3. A Modified Turbulent Model for the Supercritical Water

Flows in the Vertical Upward Channels¥

Nomenclature

Symbols

Cp Specific heat, J/kg-K

D Diameter of a tube, m

g Gravitational acceleration, m/s?

G Mass flux, kg/m?s

k Turbulence kinetic energy, m?/s?

L Length, m

P Pressure, Pa

Pr Prandtl number

q Heat flux, W/m?, kW/m?
Temperature, °C

u Velocity, m/s

y Distance from the wall, m

y* Nondimensional distance from the wall,
yr=-t

Z Axial location, m

Greek Letters

a Thermal diffusivity, m?/s

€ Turbulence kinetic energy dissipation,
m?/s®

T A version of this chapter entitled “A Modified Turbulent Model for the Supercritical Water Flows in the
Vertical Upward Channels” has been published in J. Supercrit. Fluids, vol. 187, p. 105632, Aug. 2022.
https://doi.org/10.1016/j.supflu.2022.105632.
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Subscripts

cr

Acronyms

CFD
NHT
DHT
MAE
RE
RNG
RSM
SCWR
SD
SST

Dynamic viscosity, Pa - s
Kinematic viscosity, m?/s
Thermal conductivity, W/m - K
Density of a fluid, kg/m3
Turbulent Prandtl number for k
Turbulent Prandtl number for ¢
Turbulent Prandtl number for w

Specific dissipation rate, 1/s

Critical

Inlet

Mean
Pseudo-critical
Turbulent
Wall

Computational Fluid Dynamics
Normal Heat Transfer
Deteriorate Heat transfer

Mean of Absolute Error
Relative Error
Renormalization Group
Reynold Stress Model

Supercritical Water-Cooled Reactor

Standard Deviation

Shear Stress Transport
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3.1.Introduction

The supercritical water-cooled reactor (SCWR) is one of the proposed six Generation IV
reactors [1]. The working fluid used as the coolant in the fuel bundle of the Canadian
SCWR core is the supercritical water. The thermal physical properties of the supercritical
water change dramatically near the pseudo-critical point (as shown in Fig. 3.1) [2]. The
abnormal heat transfer phenomenon, either the heat transfer enhancement or the heat
transfer deterioration could appear in the upward channels at the supercritical condition [3—
6]. When the heat transfer deterioration happens, the heat transfer coefficient is lower,
which may lead to higher wall temperatures that might be above the maximum allowable
temperature for the cladding surface of the fuel rods. Therefore, an accurate prediction of
the wall temperature is very important before the fuel assembly is put into use in the reactor.
Thus far, several researchers have made efforts on both the experimental and numerical
studies on the fluid flow and heat transfer of the supercritical water in the circular tube [7—
17]. The works showed the effects of the buoyancy and the thermal acceleration due to the
sharp variations of thermal physical properties of the supercritical water near the pseudo-

critical point might be the main reasons of the abnormal heat transfer phenomenon.

Extensive experimental studies using the supercritical water in the vertical upward tube
have been made by several researchers, such as the works by Shen et al. and Pioro [10],
[12, 13]. Most of the studies focused on the investigation of the heat transfer characteristics
or developing the heat transfer correlations at the supercritical conditions. However, there
were just a few experimental works for the supercritical water in the upward fuel bundle
of the reactor [14], [18-21] until now. In addition to the experimental studies, researchers
have performed many numerical studies by the CFD simulations of flow and thermal field
in the supercritical water channels [7-10], [22—-24]. Most of the CFD studies applied the
Reynolds-averaged Navier-Stokes approach. Different turbulent models have been
assessed against the available experimental data. The performance of the turbulent models
varied case-by-case. It mainly depends on the operating conditions, such as the heat to mass
flux ratio, the geometry of the flow channel, and the flow direction [14], [25]. Among them,

the heat to mass flux ratio plays a dominant role. However, there is no general consensus
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on the criterion of the heat to mass flux ratio for the onset of the heat transfer deterioration.
Due to the limited experimental data under the supercritical conditions, the turbulent
Prandtl number was assumed to be a constant in the previous CFD simulations. The
dramatic variations of the thermal physical properties near the pseudo-critical point makes
the predictive assessment more difficult. The strong buoyancy and thermal acceleration
effect caused by the strong variations of the thermophysical properties of the supercritical
water near the pseudo-critical point should be considered in the simulations. Most turbulent
models used in CFD simulations were developed for incompressible and constant-property
flows. For conventional fluids without large variations of thermal physical properties, Pr;
can be treated as a constant based on the Reynolds analogy assumption, ranging from 0.8—
0.9. However, the Pr; changes sharply at supercritical conditions [26—-33]. Therefore, an
appropriate treatment of the turbulent Prandtl number at the supercritical condition is
needed. There are no available experimental data of Pr; for the supercritical fluid now.
Several Pr; models have been proposed in literatures. Myong et al. [27] proposed a
variable Pr, model for the heat transfer in a fully developed turbulent pipe flow which was
heated by a constant heat flux. The fluid used in the numerical simulations were not
mentioned. Two Pr; models were put developed by Kays and Crawford [28, 29]. The
parameters used in the models were derived from the experimental studies on the heat
transfer of transformer oil, water, air, but, not under a supercritical condition. Tang et al.
[30] introduced a variable Pr, model for the heat transfer of the supercritical carbon
dioxide in the upward tube. Kong et al. [31] then assessed the accuracy of Tang et al.’s
model for the heat transfer of the supercritical water in the upward tube. The results showed
the prediction is not satisfactory. This seems to signify that the difference of the critical
parameters may lead to the variations of the turbulent Prandtl number although the heat
transfer characteristics of supercritical fluids are similar. Jiang et al. [32] and Bae [33]
developed similar Pr, models for supercritical carbon dioxide and supercritical water in
circular tubes. The models were both functions of non-dimensional distance from the wall
(y*). After investigating the accuracy of the previous turbulent models, Kong et al. [31]
introduced a new variable Pr; model considering the effects of the pressure, turbulent
viscosity, and molecular Prandtl number for the heat transfer of the supercritical water in

an upward tube. The predictions of the wall temperatures by this model are satisfactory
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except for deteriorated heat transfer operating conditions where there are still large

discrepancies.

The objectives of the present study are (1) to propose a new variable Pr, model for
supercritical fluid flows, (2) to find the best existing turbulent models for the prediction of
the wall temperature in the supercritical flow channels, and (3) to modify the existing

turbulent models using the proposed variable Pr; model.
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Figure 3.1: Variations of thermophysical properties of water at P = 25 MPa

3.2.Numerical modeling

3.2.1. Configuration of the flow channels

In this work, the experimental data used for the assessment of the simulations of the
supercritical water in the upward circular tube and the multiple fuel rods channels are from
Mokry et al. [34] and Li [14], respectively. The experimental uncertainties of the wall
temperatures for Cases 1 - 3 are + 3.0% and Cases 4 - 5 are + 1.5°C. The configurations of
these two types of channels are shown in Fig. 3.2 and the geometrical and operating

parameters used in all simulations are listed in Table 3.1.
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(@) Circular tube

(b) Cross-section view of the 2x2 fuel rod channel

Figure 3.2: Experimental flow channels used in the study

Table 3.1 Geometrical and operating conditions of difference cases used in the
simulations

Case# | D(mm) | L(m) P Tin G Qw quw/G Heat
(MPa) | (°C) | (kg/m3) | (kW/m?) | (kJ/kg | transfer
) condition

1[34] | 10 4 241 | 350 | 1503 590 | 0393 | NHT
2[34] | 10 4 239 | 350 | 1002 681 | 0.681 | NHT
3[34] | 10 4 241 | 350 203 129 | 0635 | DHT

4[14] 8 1.328 25 339.6 795.1 1007.6 | 1.267 NHT

5[14] 8 1.328 25 340.1 451.2 551.6 | 1.223 DHT
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3.2.2.Numerical model and governing equations

The numerical simulations are carried out by the commercial software ANSYS FLUENT.
The governing equations of the fluid flow and heat transfer of the supercritical water in the
channels are the conservation of mass, momentum, and energy. The Reynolds averaged

form of the governing equations can be described as [35]:

opt _
5 =0 (3.1)
dpuw) _  oep @ , om '
ax] o 6xi+ ax] ('uax] puluj) + Pgi (32)
o (v _ 0 Cplt\ 0T
o, (W p&pT) = a_xi[(“ 2 a—xl] (3.3)

where u is the velocity, T is the temperature, u is the dynamic viscosity, p is the density, 1
is the thermal conductivity, cp is the specific heat, p is the turbulent viscosity, Prt is the
turbulent Prandtl number. Four turbulent models are applied in this study to solve the
Reynolds stress term, including the realizable k- model [34], the RNG (renormalization
group) k- model [34], the k-w SST model [35], and the Reynolds Stress Model [35].

The transport equations for the turbulent kinetic energy (k) and the dissipation rate (¢) in

the realizable k- model are given as [35]:

0 -2 Ke) Ok B
a—xi(pkui) = o (u+ ak) 2%, + G + Gp — pe+ Sk (3.4)

0 =2 He) 92 _ e e
2 (peu) = o= |(u+ 2) 22| + pCiSe = pCrgTm + CletCop+ Se (5)

where Gy, is the generation of the turbulent kinetic energy, G, is the generation of the
turbulent kinetic energy due to buoyancy, S, and S, are user-defined source terms, C;=

7 _ ok _ _1,0u; | 0y
max [0.43, m], n=S-,8=/28,;5;, S; = E(a_xj +a—x’i), C,, Cis 0y, and o, are

constants.
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For the RNG k-& model, the transport equation for k is the same as that in the realizable k-

& model while the transport equation for the dissipation rate (¢) is different [35]:
(pg l) - (aeﬂeffa )+ Cls (Gk + CSsGb) CZep R + S (3 6)

Cupn (1-1/70) s

where R, Py rCa—

no» B, C, and C,, are constants.

The transport equations for k and the specific dissipation rate w, which is the rate at which
turbulent kinetic energy is converted into thermal internal energy per unit volume and time,

in the k-w SST model are expressed as [35]:
7 (Phu) = 5o (29 5D + G = Y+ S, (3.7)
2 pou) = =+ (u+2922y + G, - Y+ Dy + S, (38)
ax; ax; 0o’ 9Xj
where G, and G, are the generations of k and w, respectively, Y, and Y, are the

dissipations of k & w due to turbulence, D, is the cross-diffusion term.

As for the Reynolds stress model, the transport equation can be written as [34]:

] ] C : ' ’
oxr <puku J> = "o [puwu, + p (6k1ul + 6lku]>] +
N— e

Cij =Convection DTj = Turbulent Diffusion

P a [ - ' A A
pronl Lo <“”1>] —P(ulu ’+ Y, ka) —pB(gi,6 + gju,6) +

- Gj; = Buoyancy Production
Dy, ij = Molecular Diffusion Pij =Stress Production i yaney
(% _j) — %aﬁ _2 Q (u(u( & + ulu/ &; ) +
0x; 9x,; Oxy 0xy P2 (U U, Eikem 1“mSjkm
N— —— — _ . .

¢jj =Pressure Strain eij=Dissipation Fjj =Production by System Rotation

Suser (3.9)
N

User—Defined Source Term
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The modeling of the above terms is explained detail in [35]. In the numerical simulations,
the mesh near the wall in the radial direction is refined until y* =~ 1 at the first node from
the wall so that the enhanced wall treatment method can be applied. The thermophysical
properties of supercritical water from the NIST standard REFPROP database 9.1 [2] were
implemented into Fluent by using piecewise-linear function of temperature. The SIMPLEC
solution algorithm is used for the pressure-velocity coupling and the QUICK method is
used for the spatial discretization in the simulations. The grid independent tests were also
performed for each geometry in the simulations. In all the simulations of the present work,
the heat flux applied on the walls are assumed constant and uniform. The thermophysical

properties of the supercritical water are from [4].

3.3.Evaluation of standard turbulent models

Five experimental cases are selected in the study to assess the performance of different
turbulent models, among them Cases 1- 3 are for the flows in an upward circular tube and
Cases 4 -5 are for flows in upward multiple fuel rods channels. Since an accurate wall
temperature prediction of the fuel rod in the reactor is significant for the design and safety
of the SCWR, the wall temperatures are compared with the experimental data in the present

work.

3.3.1. Flows in the upward circular tube

The comparisons of the numerical results for the wall temperatures with different turbulent
models and the experimental data as well as the relative errors are presented in Figs. 3.3 -
3.5.

It is obvious that most of the selected turbulent models can predict the wall temperature
variations from the entrance to the exit of the circular tube reasonably well in Cases 1 and
2 except that the Realisable k-¢ model overpredicts the wall temperatures in Case 2. In
Case 3, the Realisable k- model and k- SST model show a good agreement with the

experimental data in the entrance region (z = 0 - 0.5 m), while all selected turbulent models
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except for the RNG k-e model behave well near the exit region (z = 3 - 4 m). None of the
turbulent models can give good predictions for the wall temperature in the middle region
of the tube (z = 0.5 - 3 m) where the experimental wall temperature increases along the x
direction and reaches a peak value at z = 2.25 m, however, all models cannot predict a peak
temperature in this region and the predicted wall temperatures are much lower than the
experimental data. The RNG k- model predicts the lowest the wall temperature compared
with other models. Other three turbulent models could capture the wall temperature
variations near the exit (z=3 m - 4 m) quite well. Both the k-w SST model and RSM show
a drastic wall temperature increase near the inlet, which does not agree with the
experimental data. Cases 1 and 3 have the same operating pressure and the inlet
temperature, but different heat to mass flux ratios. However, the selected turbulent models
at the high heat to mass flux ratio condition (Case 3) cannot predict the wall temperature
distribution as well as that at the low heat to mass flux ratio condition (Case 1). For the
cases with the same inlet temperature and similar heat to mass flux ratio (Cases 2 and 3),
the deviations between the predicted results by different turbulent models and the
experimental data become larger at the lower mass flux condition (Case 3) where heat

transfer deterioration happens.
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Figure 3.3: Comparison of the predicted wall temperatures by different turbulence models

with the experimental data for Case 1
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Figure 3.4: Comparison of the predicted wall temperatures by different turbulence models
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Figure 3.5: Comparison of the predicted wall temperatures by different turbulence models
with the experimental data for Case 3

3.3.2. Flows in upward 2x2 fuel rod channel

Figs. 3.6 - 3.7 show the comparison of the predicted wall temperatures using different
turbulent models for the 2x2 fuel rod channel with the experimental data. The sudden drop
and then sharp increase in the wall temperature near the entrance observed in the
experimental data in Case 4 are not predicted by any of the turbulent models as shown in
Fig. 3.6. For Case 4, the k-w SST model underestimates the wall temperatures in the region
z = 0.6 m - 0.8 m while other turbulent models overpredict the wall temperatures. In the
region z = 0.8 m - 1.1 m, all models behave well except the k-w SST model gives much
higher wall temperature than the experimental data. The Reynolds stress model performs
quite well both qualitatively and quantitively while both the RNG and Realizable k-¢
models predict lower wall temperatures than the experimental data in the regionz=1.1m

- 1.2 m. For Case 5, the RSM gives much higher wall temperatures than the experimental
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data in the region z = 0.4 m - 0.6 m. All other three turbulent models cannot predict the
wall temperature drop in the region z = 0.4 m - 0.6 m, which was observed in the
experimental data. However, they all can capture the wall temperature distributions well in
the region 0.6 m - 1.2 m, except for the sudden wall temperature drop at z = 1.0 m as shown
in the experimental data. In addition, the RSM generally gives a high wall temperature
prediction, but it can reproduce the drop and increase trend of the wall temperature near z

= 1.0 m, which was observed in the experimental data.

Table 3.2 shows the relative errors between the numerical and experimental wall
temperatures for all the cases mentioned above. It can be seen that the errors of the
predicted results for Cases 4 and 5 are higher than Cases 1 - 3. This might attribute the
complexity of the flow in a shield side of a tube bundle than the internal flow in a tube.
The flows in such tightly packed nuclear reactor rod bundle have unique regimes, which
not appear in the tube flow in simple channels [35]. Strong transverse and large-scale
motions could be observed in the narrow gaps between the neighbouring fuel rods or
between a fuel rod and the surrounding adiabatic walls [8], [20-23]. The heat and
turbulence transfer in the near rod region, especially in the boundary layer, may not be
accurately predicted by the conventional turbulent models. Among all cases, the average
error from the RNG k-e model is higher than the other three turbulent models. Therefore,
the Realisable k- model, k-w SST model and the Reynolds stress model will be modified

further to improve the performance.
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Table 3.2 Relative errors between the numerical and experimental results for the wall

temperature
RE= |Dwnum—Twexp) 5 10094
Case# wexp
Model Realisable k- | RNGk- ¢ k—w SST RSM Average
&
Error (%) | MAE | SD | MAE | SD | MAE | SD | MAE | SD | MAE | SD
Single tube
1 055 |065| 1.38 | 0.66 | 0.34 | 044 | 035 | 040 | 0.66 | 0.54

28

24

20

16

-
N

Error (%)
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2 544 256 | 194 | 163 | 156 | 0.75| 1.22 | 1.06 | 254 | 15

3 280 | 251 | 444 | 243 | 239 [332| 1.70 | 2.04 | 283 | 2.58

Average_ | 293 | 191 | 259 | 157 | 143 |150| 1.09 | 117 | 2.01 |1.54
Single
tube

Tube bundle
4 6.34 | 436 | 9.28 | 7.25| 896 | 5.63 | 6.57 | 526 | 7.79 | 5.63
5 401 |315| 3.39 | 247 | 3.07 | 266 | 475 | 528 | 3.81 | 3.39

Average | 518 |3.76| 6.34 | 486 | 6.02 | 415 | 566 | 527 | 58 |451
Tube
bundle
Average | 3.83 | 265 | 409 | 289 | 3.26 | 256 | 292 | 281 | 353 |2.73

MAE - Mean of Absolute Error; SD - Standard Deviation; RE — Relative Error

3.4.Modified turbulent models

3.4.1. Turbulent Prandtl number

The discrepancies between the numerical results and the experimental data for supercritical
fluid flow and heat transfer can be due to the improper treatment of the momentum and
heat eddy diffusivity at the supercritical conditions. The turbulent Prandtl number used in
the governing equations is a non-dimensional parameter which measures the relationship
of the momentum eddy diffusivity and the heat transfer eddy diffusivity. It can be defined
as:

beo /P _ MeSp (3.10)

Pr., = = =
Tt T Moy A

In the energy equation, Eq. (3.3), the diffusion can be rearranged as:

(A2 1= G+ = o k(e+ )] G

0x; Pry¢ axi] 0x; cp” Ox; 0x; Pr Pry / 0x;
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Thus, the heat transfer is influenced by both Pr and Pr;. The term P—lr stands for the heat

e/
PT't

transfer contributed by the molecular conduction and the term represents the heat

transfer contributed by the turbulent mixing. Thus, it can be concluded that the heat transfer

contributed by the turbulent mixing will increase if the turbulent Prandtl number decreases.

For the flow in the near wall region, especially in the viscous sublayer, it is known that
U:/u < 1. The molecular conduction plays a dominant role in the heat transfer [38].
Similarly, the heat transfer contributed by the turbulent mixing dominates in the high
Reynolds number core flow region since u,/u > 1. However, in the buffer layer near the
wall region, where u,/u =~ 1, the heat transfer contributions by the molecular conduction
and turbulent mixing are in the same magnitude. Thus, it is necessary to determine the Pr;

realistically, so that the heat transfer contributions can be accurately predicted.

Pr; is commonly assumed as a constant, 0.85 or 0.9 in the existing turbulent models, whose
value was based on the experimental or direct numerical simulations for common fluids.
This is generally accurate for fully developed turbulent flow. However, the thermal
physical properties of the supercritical fluid vary sharply near the pseudo-critical region. It
is irrational to still assume Pr; as a constant under the supercritical condition, especially if
the fluid undergoes the dramatic variations of properties in the buffer layer. There is no
experimental data of Pr; for the supercritical water to date. Most of the proposed Pr;
models for the supercritical fluids in the previous studies [30-33] are for the supercritical
carbon dioxide in the tube flow. The Pr, model proposed by Kong et al. [31] was for the
supercritical water flow and heat transfer inside a tube. They assessed the existing turbulent
Prandtl models in their study and then compared the performance of their proposed model
with the existing models. Generally, the Pr; model proposed by Kong et al. achieved better
prediction accuracy than the existing models. Thus, Kong et al.’s Pr; model is selected
here to be modified further for the supercritical water flow and heat transfer in rod bundles.

The Kong et al.’s model is given as:
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0.4 U/ <0.2
Pr,={0.3+0.03 X (P/P,) X Pr X (us/p) 02<pu/pu<10 (3.12)
0.85 U/ > 10

Number of researchers pointed out that the heat to mass flux ratio may be the key factor
that affects the heat transfer phenomenon [7-8, 10-11,15-19]. Thus, a new variable Pr;

model based on Kong et al.’s model is developed in this study as below:

0.4 U/ < 0.2
Pr,={0.3+0.03 X (P/ P,) X Pr X (us/u) X (q/G) 0.2 < u,/u<10
0.85 U/ u > 10

(3.13)

where q is in kW/m? and G is in kg/m?s. The proposed turbulent model with the variable
Pr; model given in Eq. (13) will be assessed first by comparing the predictions of the wall
temperatures with the experimental data for the case with a heat transfer deterioration in a
tube flow [39], which was used in the study by Kong et al [31], as well as the numerical
results from Kong et al [31]. Since k- SST model was used in the work by Kong et al
[31], it is also used here for the comparison purpose. Fig. 3. 8 presents the comparison of
the predicted wall temperature distributions using the proposed variable Pr; model with
the experimental data [39] and the numerical results from Kong et al [31]. It can be seen
that the numerical results using the proposed Pr, model gives much better prediction than
the results from the Pr; model by Kong et al.’s [31] compared with the experimental data
as shown in Fig. 3.8. However, this is just for one low heat flux and low mass flux tube
flow case (quw/G = 0.784). Therefore, the performance of the proposed variable Pr; model
will also be assessed under different operating conditions of tube flows and the fuel rod
channel flows as well as for other turbulent models. Thus, the proposed variable Pr; model
is used with the Realisable k- model, the k- SST model and the Reynolds Stress model
to simulate the fluid flow and heat transfer of the supercritical water in both the upward

flows in tubes and the channel with multiple fuel rods.
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Figure 3.8: Comparison the predicted wall temperatures using the proposed model with

3.4.2. Results and discussions

the results using Kong’s model [31] and the experimental data [39]

The five cases listed in Table 3.1 are applied here to evaluate the performance of the

modified turbulent models. Figs. 3.9 - 3.11 are the comparisons between the numerical

results by the original and modified turbulent models and the experimental results for the

upward circular tube (Cases 1 - 3). Figs. 3.12 - 3.13 are the comparisons for the upward

2x2 fuel rod channel (Cases 4 - 5). The relative errors between the numerical and

experimental results are presented in Table 3.3.
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Figure 3.9: Comparison of the predicted wall temperatures by the original and modified

turbulence models with the experimental data for Case 1
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Figure 3.11: Comparison of the predicted wall temperatures by the original and modified
turbulence models with the experimental data for Case 3
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Figure 3.13: Comparison of the predicted wall temperatures by the original and modified
turbulence models with the experimental data for Case 5

It is obvious that the modified Reynolds stress model shows a great improvement on the

predictions of the wall temperature and could predict the general trend of the wall

temperatures well in all cases. However, it should be noted that all the modified turbulent

models still underpredict the wall temperature at the center region in Case 3. For the

multiple fuel rods channel, although the modified RSM can predict the wall temperature

reasonably well, there are some fluctuations in the wall temperatures at the exit region in

Case 4. The modified RSM gives the best agreement with the experimental data compared

with other turbulent models.
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Table 3.3 Relative errors between the numerical and experimental results for the wall
temperatures

RE = (—TW'“;I“_TW“*X") x 100%
Case# e
Model Realisable SST _ RSM _ Average
_modified modified modified
Error (%) MAE SD MAE SD MAE SD MAE SD
Single tube
1 1.33 0.72 1.79 0.99 0.31 0.28| 1.14 |0.66
2 4.54 2.45 1.25 1.11 1.27 0.85 2.35 1.47
3 3.01 2.10 3.09 1.26 3.62 1.93| 324 |1.76
Average_ 2.96 1.76 2.04 1.12 1.73 1.02| 224 |1.30
Single
tube
Tube bundle
4 6.05 3.62 7.17 6.60 4.60 504 | 594 |5.09
5 4.81 3.34 1.95 1.59 1.88 1.24| 288 |2.06
Average_ 5.43 3.48 4.56 4.10 3.24 3.14| 441 |3.58
Tube
bundle
Average 3.95 2.45 3.05 2.31 2.34 187 | 311 |[221

3.5.Conclusions

In this study, a correlation for the variable Pr; is developed. The realisable k- model, k-
@ SST model and RSM are modified by using the variable Pr; instead of constant Pr;, to
improve the performance of the numerical models for supercritical fluid flow and heat
transfer. The assessment of the proposed turbulent models is carried out for the

supercritical water flows in both the upward circular tube and the upward channel with



58

multiple fuel rods. The wall temperatures predicted by the modified Realisable k- model,
the k-w SST model and the RSM with the new variable Pr, are strongly improved
compared with the standard Realisable k- model, the k-« SST model and the RSM. The
modified RSM gives the best agreement with the experimental data than other modified
turbulent models. The future work will focus on improving the modified RSM
quantitatively through the calibrations of the constants used in the model with more

experimental data at various operating conditions when they are available.
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4. Numerical Simulation of the Fluid Flow and Heat Transfer

of the Supercritical Water in the 64-element Canadian SCWR

Fuel Bundle

Nomenclature
Symbols

Cp Specific heat, J/kg-K

g Gravitational acceleration, m/s?

k Turbulence kinetic energy, m?/s?

P Pressure, Pa

Pr Prandtl number

T Temperature, °C

u Velocity, m/s

y* Nondimensional distance from the wall, y* = uvLy (y:

distance from the wall,m)
Z Axial location, m

Greek Letters

P Turbulence kinetic energy dissipation, m?/s®
U Dynamic viscosity, Pa - s
A Thermal conductivity, W/m - K

p Density of a fluid, kg/m®



Subscripts
cr

t

Acronyms
3D
CFD
DNS
RNG
RSM
SCWR
SST
LES
RANS

RSM

66

Kronecker delta tensor, §;; =1 ifi=}j, 6;; =0ifi #]j

Specific dissipation rate, 1/s

Critical

Turbulent

Three-dimensional

Computational Fluid Dynamics

Direct Numerical Simulation
Renormalization Group

Reynold Stress Model

Supercritical Water-Cooled Reactor

Shear Stress Transport

Large Eddy Simulation

Reynolds-Averaged Navier-Stokes simulation

Reynolds Stress Model
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4.1.Introduction

Supercritical Water-Cooled Reactors (SCWRs) were proposed as one of the six Generation
IV nuclear reactors [1-2]. The Canadian SCWR core concept is based on the pressure tube
reactor design. A potentially improved thermal efficiency at a reduced price and lower
maintenance are the motivation of the investigations on the heat transfer mechanism.
During the past few years, several researchers have conducted experimental studies on the
supercritical water flows in the circular tubes [3 —10]. The heat transfer mechanism varies
with operating conditions and there is no common consensus on the experimental results
for the criteria of the heat transfer deterioration. Recently, limited experimental studies
were conducted for the supercritical water flow in a channel with fuel rods [11-13]. The
experimental data for the supercritical water flows in the fuel rod channels in the open
literature are quite limited. Because of the cost of producing more detailed velocity and
heat transfer data inside the rod bundle, the computational fluid dynamics (CFD) method
has been used for investigating the fluid flow and heat transfer phenomenon in the

supercritical water channels for many years [14-18].

Several approaches can be used to solve the conservation equations which govern the flow
field in the CFD simulations, including the direct numerical simulations (DNS), the large
eddy simulations (LES), and the Reynolds-averaged Navier-Stokes simulation (RANS).
Since the DNS needs to solve all flow motion scales, the applicability of the DNS is
restricted to relatively small geometries due to the high computational cost. Thus, DNS is
not commonly used in the study for nuclear reactors. Some researchers conducted the LES
simulations for nuclear reactors. Fischer et al. [19] performed the LES simulations on a
single fuel pin through the spectral method. Merzari et al. [20] and Brockmeyer et al. [21]
consecutively using Nek500 code to simulate the flow in a 7-pin reactor geometry.
Brockmeyer et al. [22] applied STARCCM+ software to perform the LES in a 19-pin flow
geometry with a shortened rod length. Recently, Goth et al. [23] employed the same code
to investigate the flow behaviors in a 61-pin geometry. Although the LES is more
applicable than the DNS in the study of nuclear reactors. There are still some limitations.

The Reynolds number should be less than around 20000 for large flow geometries. In
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practical applications, the Reynolds number of the flow in the reactor usually exceeds this
number. Thus, the RANS method is widely used in the numerical study of the high
turbulent supercritical water flow in nuclear reactors. Several turbulent models can be used
in the simulation of supercritical fluid flows. Jones and Launder [24] first proposed the
standard k-¢ turbulence model for the condition of the fully developed turbulent flows
where the influence of the molecular viscosity is not considered. To be applicable in a
wider class of flows than the standard model, the renormalization group theory (RNG) k-&
model using a mathematical technique was developed [25]. Subsequently, the realizable k-
& model was developed [26], which differs from the standard one in satisfying certain
mathematical constraints on the Reynolds stress in order to be consistent with the physics
of the turbulent flow. It shows better performance for the flows involving rotation and the
boundary layers under strong adverse pressure gradients. Wilcox [26] presented the
standard k-w model. This model shows an improved performance for the boundary layer
under strong adverse pressure gradients. Later, the k-w shear stress transport (SST) model
was proposed by Menter [27]. The modification is that the linear constitutive equation of
the standard k-w allows the k-w model used in the boundary layer region while the k-¢
model used for the free stream region. Kim et al. [28] investigated the vertical upward
supercritical water flow in a heated tube by selected turbulent models: standard, RNG, and
realizable k-e models, standard k-w and k-w SST models. The numerical results were
compared with the experimental data from Yamagata et al. [29]. Although the RNG k-¢
model with the enhanced wall treatment showed the best performance, the predictions of
the wall temperatures are not satisfactory. The above two-equation turbulent models are
based on the assumption of the isotropic eddy-viscosity. The Reynolds stress model (RSM)
closes the Reynolds-averaged Navier-Stokes equations by solving transport equations for
the Reynolds stresses directly and together with an equation for the dissipation rate without

the isotropic hypothesis.

The numerical studies by RANS simulations for the supercritical flow in rod bundles have
been investigated by several researchers recently. Zhao et al. [30] used OpenFOAM to

simulate a 7-pin flow geometry with the k- SST turbulence model for different operation
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conditions. Zhang et al. [31] simulated the heat transfer and flow of the supercritical water
in a 37-element horizontal arranged SCWR under steady state condition and found that the
anisotropic turbulent model, the Reynolds stress model, behaves much better than the
isotropic model in predicting the cladding surface temperature. Furthermore, Han et al. [32]
further applied the same turbulence model for the simulation in the vertical channel with
multiple fuel rods. Similar investigations can also be found in [33, 34]. The heat transfer
characteristics in different type channels were investigated. A recent validation study of
the RANS models for different fuel rod assemblies was performed by Dovizio et al. [35].
It was found that the RANS could be a reasonable approach to study this kind of fuel

assemblies.

However, there is still lack of the investigation of the thermo-hydraulic behaviors of the
supercritical water in the 64-elelment fuel bundle. Since the Canadian SCWR is still not
put into use, there is no experimental data in the literature now. In this work, the
supercritical water flow in the 64-elelment fuel bundle is investigated numerically by the
RANS approach and the detailed fluid flow and heat transfer phenomenon for the
supercritical water flow in the fuel rod channels are presented. The CFD simulations are
carried out by the commercial software ANSYS FLUENT.

4.2.Numerical Procedure

4.2.1. Configurations of the Canadian SCWR

The Canadian SCWR core is proposed as shown in Fig. 4.1. There are 336 fuel channels
in the Canadian SCWR core and generate a total 2540 MW thermal power. The fuel bundle
of the Canadian SCWR consists of 64-element two-ring fuel rods. For each ring, 32 fuel
elements are distributed circumferentially around the insulated central flow tube. The
cross-section view of the fuel bundle is presented schematically in Fig. 4.2. The coolant
supercritical water flow absorbs the heat produced by the fuel rods in the fuel bundle. The

operating pressure is 25 MPa.
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Figure 4.2: Cross-section view of the 64-element fuel assembly

4.2.2. Computational domain and mesh generation

_# Fuel elements

70

The flow in the fuel rods region is upward. In this study, only quarter of the region with

fuel rods in the fuel bundle is considered because of the symmetry to reduce the
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computational time. The computational domain and the mesh generated are shown in Fig.
4.3. The geometry specifications are shown Table 4.1. The thermal physical properties of
the supercritical water were calculated by the physical property software (National Institute
of Standards and Technology, NIST) and added to the ANSYS fluent using piecewise
linear fitting method. Fig. 4.4 shows the two types of subchannels in the flow channel, the
inner central subchannels between fuel rods and the edge subchannels.

(a) Computational domain

(b) Mesh

Figure 4.3: Computational domain and mesh of the fuel bundle
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(a) central subchannel

(b) edge subchannel

Figure 4.4: Central subchannel and edge subchannel

Table 4.1 Geometry specifications of the computational domain

Parameter Dimension (mm)
Inner fuel rod diameter 95
Outer fuel rod diameter 10

Heated length 5000
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4.2.3. Numerical model and governing equations

The governing equations for this three-dimensional steady state flow and heat transfer are
conservations of mass, momentum and energy, which are shown in the Reynolds averaged

form as follows [37]:

opu,

=0 (4.2)
opmm) __op
o, = Tom T ( o~ PWW) + pgi (4.2)
oT
— (ul pCpT) = —[(/1 + C;):tt) a_xl] (4.3)

The modified Reynolds stress model with the variable Pr; for supercritical fluid flows
proposed in a previous study [38] is used in the simulations of the supercritical water flow
in the 64-element fuel bundle. The Reynolds stresses, — puju/, are solved by the Reynolds
stress model to close the momentum equation. The transport equations for the Reynolds

stress model can be described as:

0 0 [ —
O—Xk(puku{u]’) = Py [pu{u]’ujc +p'(8,ul + Slku]’)]

CijEConvection DT,ij = Turbulent Dif fusion

u Uu; - N
ax [,u (u uj)] (u uka +u]uka ) —pﬁ(giuj’e +gju{9)

Gij = Buoyancy Production

Dy,ij = Molecular lefuswn Pjj =Stress Production

(0w Oy ou, 6u] — —
+p _+_x — 2u axkax —Zka(u]umeikm+ulumsjkm)

¢ij =Pressure Strain  €ij=Dissipation

Fij =Production by System Rotation

+ Suser (4.4)

User—Defined Source Term
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Because of the drastic changes of the thermal physical properties of the supercritical water,
the turbulent Prandtl number is not a constant value [38, 39], which is expressed as a

piecewise function:

0.4 Us/u < 0.2
Pr,={0.3+0.03 x PL;T X B X (us /1) X(q/G) 02 <pu:/u<10
0.85 us/u>10

(4.5)

where q is in kW/m? and G is in kg/m?s. The enhanced wall treatment is selected for the
near wall treatment with the RSM and mesh is fine enough to ensure y* = 1 near the wall.
ANSYS Fluent software is applied in this study to perform the computational fluid
dynamics simulations. The reference pressure is 25 MPa. The inlet velocity is 1.05 m/s and
the inlet temperature are 350°C, respectively. The heat flux on the fuel rod is assumed
uniform and the wall surfaces are set as no-slip boundary condition. A mesh sensitivity
study is conducted. The simulations using three different meshes with increasing the
number of cells are executed. Table 4.2 presents the characteristics of the meshes and the
comparison of the respective simulation results. It can be seen that the relative differences
of the simulations results are small and decreases with the mesh becoming finer.
Considering the accuracy of the simulation results and the cost of the computation, mesh 2
is employed in this simulation to investigate the flow physics in the rod channel.

Table 4.2 Mesh characteristics and the comparison results

Mesh Cells Maximum Relative Outlet Relative
ID wall difference | velocity difference
temperature between | magnitude between
(°C)atz = | consecutive (m/s) consecutive
4.8m meshes (%) meshes (%)
1 6139234 808.77 12.05
2 11419161 813.41 0.574 11.67 3.154
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3 19578137 814.09 0.0836 11.73 0.514

4.3.Results and Discussions

4.3.1. Velocity profiles

The streamwise velocity profile in the cross-section at the outlet is provided in Fig. 4.5,
which demonstrates the primary feature of the flow field. It is found that the distribution
of the streamwise velocity component is similar along the circumferential direction and the

streamwise velocities at the inner subchannels are higher than those at edge subchannels.
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Figure 4.5: Distributions of the streamwise velocity at the outlet (m/s)

Fig. 4.6 displays 6 lines (Lines 1 to 6) along the radial direction, which are used for
quantitative comparisons in subsequent plots. These lines span the gaps between the inner
wall and rod, between the rods, and between the rod and outer wall from the inner wall to

the outer wall. The radial distribution of the streamwise velocity profiles along these six
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lines are provided in Fig. 4.7. As expected, the velocities are higher in the region away
from the walls and decrease sharply toward the near wall region. And the gradient of the
velocity decrease along the radial direction at edge subchannels (lines 1, 3, 4, 6) are smaller
than those at central subchannels (lines 2, 5). The dramatic decrease in the velocity near
the wall could deteriorate the heat transfer from the wall to the free stream and

consequently cause higher wall temperatures.
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Figure 4.7: Plots of the streamwise velocity along lines (m/s)

4.3.2. Reynolds stresses

Reynolds stresses were also extracted from the domain. Fig. 4.8 provides the distributions

of the normal Reynolds stresses at the outlet and the normal Reynolds stresses along each

line are provided in Figs. 4.9 - 4.10. As expected in wall-bounded shear flows, the

streamwise normal Reynolds stress is the dominant component throughout most of the

domain. It shows that the normal Reynolds stresses are generally larger in the central
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subchannels than those in the edge subchannels, and the streamwise Reynolds stresses have
dual peaks at the same magnitude near the rods in the central subchannels. While in the
edge subchannels, the peak value exists near the edge, except for the distributions along
line 3, the peak value is near the rod. The lateral stresses follow a similar pattern but with
reduced peaks due to less production from the mean shear.
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Figure 4.8: Distributions of the normal Reynolds stresses at the outlet (m?/s?)
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4.3.3. Secondary flow

The lateral secondary flows in rod bundles are important for inter-channel mixing and heat
transfer, and the results of the simulation confirm that there is non-organized lateral motion
in the flow at the outlet, presented in Fig. 4.11. The cross flows show that in the edge
subchannel, such as near rod #1, the flow is moving towards the rod, whereas in the center
subchannel, such as near rod #7, the flow is moving toward the center of the subchannel,
which provides further evidence of the existence of gap vortex in the subchannels [40-41].

(a) Streamline
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(b) Zoom-in region near rod # 1 (c) Zoom-in region near rod # 7

Figure 4.11: Streamline of flow at the outlet
4.3.4. Bulk temperature & wall temperatures
The bulk temperature of the supercritical water at the cross section along the axial direction
is shown in Fig. 4.12. The fluid temperature increases along the upward flow direction. Fig.

4.13 depicts the distribution of the cladding surface temperatures on the fuel rods in the

entire domain.
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Figure 4.12: Bulk temperature along axial direction
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The maximum and minimum cladding surface temperatures along the circumference of the
fuel rodsat z=2.5m, z=3.75m, and z = 4.8 m are also shown in Figs 4.14 - 4.16. The
bulk fluid temperatures at these three planes are 448.4°C, 573.9°C, and 713.3°C,
respectively. It is found that the maximum cladding surface temperaturesatz =2.5m, z =
3.75m, and z = 4.8 m occur at fuel rods #4, #4, and #12, respectively, while the minimum
cladding surface temperatures appear at fuel rods # 1, #4, and # 4, respectively. The results

show that the largest circumferential cladding surface temperature difference is 166.5°C at

Z = 4.8 m of fuel rod #7.
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Figure 4.13: Cladding surface temperature distributions in the fuel bundle



(b) Minimum

Figure 4.14: Maximum and Minimum cladding surface temperatures along the
circumference of the fuel rods at z=2. 5m (°C)
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(b) Minimum

Figure 4.15: Maximum and Minimum cladding surface temperatures along the
circumference of the fuel rods at z=3.75 m (°C)
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748.0

(b) Minimum

Figure 4.16: Maximum and Minimum cladding surface temperatures along the
circumference of the fuel rods at z=4.8 m (°C)
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The axial cladding surface temperature distribution at the fuel rods #1, # 4, #7 & #12 are
shown in Fig. 4.17. The circumferential cladding surface temperature difference at x-y
plane increases along the axial location. Fig. 4.18 presents the cladding surface temperature
distribution along the circumference for fuel rod # 7 at z = 4.8 m. It can be concluded that
the higher wall temperatures always exist at the center subchannel fluid region. Although
the maximum cladding surface temperature at the selected axial locations is below the
recommended value (850°C), the maximum wall temperature for each fuel rod is quite

different and the temperature of the circumferential direction is very non-uniform.
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4.4.Conclusions

In this study, CFD studies were performed using turbulent model with a modified turbulent
Prandtl number to simulate the full-scale 3D flow and heat transfer of the supercritical
water in the bundles with fuel rods. The fluid flow and heat transfer phenomena in the rod
bundle have been clarified, especially the possibility of the existence of the gap vortex in
the edge subchannels. This phenomenon might be due to the intrinsic aspects of the
turbulence and geometry of the flow subchannels. The fluid bulk temperature and the wall
temperatures of the fuel rods generally increase along the axial flow direction. It is
observed that the circumferential wall temperature distribution around the fuel rod surface
is extremely non-uniform and the maximum cladding surface temperature for each fuel rod
is also different. The maximum cladding temperature and the circumferential distributions
are significant for the safety design of the assembly of the nuclear reactor, notably when
there are accidental disturbances. Thus, a more appropriate thermal power distribution for
each fuel rod based on the present work is needed. In addition, the respective experimental

work is needed in the future to validate the numerical results.
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5. Numerical Investigations of the Effect of Operation

Conditions on the Heat Transfer of the Supercritical Water in

the Canadian SCWR Fuel Bundle

Nomenclature

Symbols
Bo" Dimensionless parameter, Bo™ = Gr / (Re34Pr08)
Cp Specific heat, J/kg-K
D Diameter of the tube, mm
g Gravitational acceleration, m/s?
G Mass flux, kg/m?-s
Gr Grashof number
m Mass flow rate, kg/s
P Pressure, Pa
Pr Prandtl number
q Heat flux, W/m?
Re Reynolds number
T Temperature, °C
u Velocity, m/s
X; Position vector
y* Nondimensional distance from the wall, y* = uvLy

Axial location, m



101

Greek letters

0 Circumferential degree
VI Dynamic viscosity, Pa‘s
8ij Kronecker delta tensor, 6;; =1 ifi=j, §;; =0ifi #j
A Thermal conductivity, W/m-K
p Density of a fluid, kg/m®
Subscripts
b Bulk
in Inlet
pc Pseudocritical
t Turbulent
W Wall
Acronyms
DHT Deteriorated Heat Transfer
NIST National Institute of Standards and Technology
RSM Reynold Stress Model
SCWR Supercritical Water-Cooled Reactor

SIMPLEC Semi-Implicit Pressure-Linked Equations-Consistent
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5.1.Introduction

Supercritical water was first considered as the working fluid in the concept of the
supercritical fossil-fueled power plants in the 1950s. Later in the 1960s-1970s, some early
studies were conducted to find the possibility of the supercritical water used in nuclear
reactors [1-5]. The thermophysical properties of the supercritical water undergo significant
changes within around + 25°C in the vicinity of the pseudocritical temperature. Fig. 5.1
shows the variations of thermophysical properties of the supercritical water versus
temperatures at different pressures [6]. The specific heat increases first and then decreases
with the increase in the temperature. The temperature corresponding to the peak value of
the specific heat is the pseudocritical temperature. The pseudocritical temperatures and
corresponding peak values of the specific heat at different pressures are presented in Table
5.1. At a given temperature, the fluid with a higher specific heat absorbs more heat. It is
found that the pseudocritical temperature increases with the pressure while the maximum
value of the specific heat decreases with the increase of the pressure. Similar variations of
density and thermal conductivity are observed. The density and thermal conductivity
decrease with the increase of the temperature and the gradient of the reduction is relatively
large near the pseudocritical temperature. The density decrease could increase the effects
of the buoyancy force and the flow acceleration. In addition, the reduction of the thermal
conductivity would also impair the heat transfer. Generally, the density and thermal
conductivity increase with the pressure. However, there is a peak in the thermal
conductivity near the pseudocritical temperature when the pressure, P = 23 MPa, which is
similar to the peak in the specific heat at the same pressure. But there are no peaks in the
thermal conductivity at other pressures. The dynamic viscosity decreases with the increase
in the temperature when the temperature is less than 400 - 410°C. Near the pseudocritical
point, the dramatic decrease of the viscosity could lead to a significant increase in the
velocity of the fluid and the Reynolds number. It is also shown that the dynamic viscosity
slightly increases with the increase in the temperature before the pseudocritical points.
When the temperature is higher than the pseudocritical temperatures, the viscosities at

different pressures gradually increase and become almost the same after 500°C. All of the
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variations of the thermophysical properties listed above results in different heat transfer

characteristics of supercritical water at various operating conditions.

The supercritical water-cooled reactors (SCWRs) were proposed as one of the six
Generation 1V nuclear reactors since 2002 [7], which have regained researchers’ interest
in the heat transfer characteristics of the water at supercritical pressures. Many

experimental and numerical studies have been devoted to the heat transfer of supercritical
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Table 5.1 Pseudocritical temperatures and corresponding peak values of the specific heat
at different pressures [6]

Pressure Pseudocritical Peak value of
(MPa) temperature (°C) specific heat
(kJ/kg-K)
23 3775 284.3
25 384.9 76.4
27 392.0 43.9
29 398.7 30.9

water in different flow channels, including horizontal and vertical tubes, and rod bundles.
Three types of heat transfer regimes could occur: normal heat transfer, deteriorated heat
transfer, and enhanced heat transfer [6], [8—11]. According to these studies, several
operating parameters are found influencing the heat transfer of the supercritical water in
channels, such as operating pressure, inlet temperature, heat flux and mass flux, heat to
mass flux ratio. The heat transfer deterioration mostly exists at high heat fluxes or low mass
fluxes conditions. In the existing studies of the supercritical water in the horizontal tubes
[5], [12—14], the results generally showed that there are large differences between the top
and bottom wall temperatures. This can be explained by the buoyancy effect due to the
significant decrease of the density in the near wall region. In the present study, the
investigations of heat transfer of the supercritical water in vertical channels will be carried

out.

At a supercritical pressure, the dynamic viscosity and thermal conductivity are higher at
higher operating pressures. The experiment results [15-17] indicated that the heat transfer
coefficient generally increases with the decrease in the pressure when other operating

parameters are kept constant. However, contrary results were also observed by Gang et al.
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[18]. Their results showed that the heat transfer coefficient increased with the increase in
the pressure when the mass flux, G = 350 kg/m?-s while decreased with the increase in the
pressure when G = 1000 kg/m?-s. This opposite trend was assumed due to the heat transfer
deterioration occurring at G = 350 kg/m?-s when the operating pressure, P = 23 MPa. Some
researchers [18-20] claimed that the heat transfer coefficient would increase with the
pressure when the heat to mass flux ratio is relatively high. In such condition, the heat
transfer deterioration due to the buoyancy effect prevails over the heat transfer
enhancement by the pressure changes. There are limited studies on the effects of the inlet
temperature on the heat transfer of supercritical fluids in channels [21, 22]. The
investigations on the heat transfer phenomenon of supercritical water in the rod bundles
conducted by Podila et al. [21] indicated that the increase of the inlet temperature could
effectively restrain the occurrence of the heat transfer deterioration.

The effects of heat flux on the heat transfer of the supercritical water in channels were
investigated by several researchers [5], [12], [15], [18-19], [23-25]. In these studies, the
influence of the heat flux on the heat transfer was investigated at different bulk fluid
temperatures and the wall temperatures. When the heat flux rises, both the fluid
temperature and wall temperature would go up accordingly. When the fluid temperature
is near the pseudocritical temperature, the sharp increase of the specific heat and decrease
of viscosity could enhance the heat transfer. On the other hand, when the wall temperature
is higher than the pseudocritical temperature, the density, thermal conductivity, and
specific heat of the fluid near the wall could be much lower, which in turn deteriorate the
heat transfer between the wall and the fluid. With a relatively lower heat flux, the enhanced
effect on the heat transfer contributed from the fluid temperature overwhelms the
deteriorated effect on the heat transfer caused by the wall temperature when the fluid
temperature is near the pseudocritical temperature and wall temperature is slightly high
than the pseudocritical temperature. Conversely, at relatively high heat flux condition, the
deteriorated effect on the heat transfer due to the wall temperature prevails over the
enhanced effect on the heat transfer caused by the fluid temperature when the fluid

temperature is near or slightly higher than the pseudocritical temperature and wall
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temperature is appreciably higher than the pseudocritical temperature. In addition, the
effects of buoyancy and flow acceleration due to the significant density drop are more
obvious at a higher heat flux. This further makes the effects of heat flux on the heat transfer

of the supercritical water in channels more complicated.

The effects of the mass flux on the heat transfer of the supercritical water in channels were
investigated by several researchers [14], [25-28], [30], [31-33]. Generally, under a
relatively high mass flux condition, the heat transfer is improved with the increase in the
mass flux. However, under a low mass flux condition, the heat transfer is found impaired
with the increase in the mass flux. In the investigations on the heat transfer of the
supercritical water in an inclined upward tube by Yin et al. [34], they found that the wall
temperature at the top of the cross section decreased with the increase in the mass flux.
However, the wall temperature at the bottom of the cross section increased with the
increase in the mass flux (G = 600 - 900 kg/m?-s) at first and then decreased with further
increase in the mass flux (G = 1200 kg/m?-s). Therefore, the effect of the mass flux on the
heat transfer of the supercritical water in channels is different for high and low heat flux.
Many efforts were made to use the heat to mass flux ratio (g/G) to determine the criterion
for the prediction of the onset of the heat transfer deterioration [24], [29], [31], [35, 36].
Some researchers proposed the occurrence of the heat transfer deterioration when the heat
flux to the mass flux ratio, g/G > 0.6 - 0.9 kJ/kg within the range of G = 310 - 1830 kg/m?-s
and P = 22.5 - 29.4 MPa and others proposed g/G > 0.81 - 1.21 kJ/kg at P = 22.5 - 29.4
MPa for the onset of the heat transfer deterioration. There are obvious differences in the
proposed heat to mass flux ratio for the heat transfer deterioration in the literature.
Therefore, a simple heat to mass flux ratio might not be able to exactly represent the onset
of the heat transfer deterioration since the complicated heat transfer of the supercritical

water in channels under different operating conditions.

Existing studies on the effects of different operating parameters on the heat transfer of the

supercritical water in channels mainly focus on the tube flows. One study was for a 2x2
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rod bundle [27]. Because of the difference of the geometry in heated surface, the results
from existing studies on the heat transfer of the supercritical water in simple channels
cannot be regarded directly applicable in the fuel bundle in engineering applications. In
this study, the investigations of the effects of various operating parameters, including the
operating pressure, inlet temperature, heat flux, and mass flux on the heat transfer of the
supercritical water in the 64-element fuel bundle in the Canadian SCWR were conducted.
In addition, the buoyancy effect on the heat transfer at under different operating conditions

was also evaluated.

5.2.Numerical model

5.2.1. Physical model and boundary conditions

To investigate the heat transfer characteristics of the supercritical water in the fuel bundle,
numerical simulations are conducted in the present study. The cross-section views of the
physical model of the fuel bundle and the computational domain used in the simulation are
shown in Fig. 5.2. The rod bundle design used in this work consists of 64 fuel rods, which
are arranged in a two-ring configuration with 32 elements circumferentially distributed in
each ring [37] as shown in Fig. 5.2 (a). The diameters of the inner and outer fuel rods are
9.5 mm and 10 mm, respectively. The supercritical water flows vertical upward in the
channel. The length of the channel is 5 m. Due to the symmetry of the fuel bundle, the
computational domain is reduced to a quarter of the fuel bundle to reduce the computational

time, which is presented in Fig. 5.2(b).

The boundary conditions of the simulations are summarized here. The inlet mass flow rate
and the inlet temperatures are specified as inlet boundary conditions. The outflow are used
for the outlet boundary condition. At the wall, no slip and the uniform heat fluxes are

specified.
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(a) Physical model of the fuel bundle (b) Computational domain

Figure 5.2: Cross- section view of the fuel bundle

5.2.2. Governing equations and turbulent models

The convective heat transfer of the supercritical water in the fuel bundle is considered as a
steady state in this study. The governing equations for the three-dimensional steady state
flow and heat transfer are conservations of mass, momentum and energy. They are

presented as follows in the Reynolds averaged form [38]:

% —0 (5.1)
a(puu;) ap 0 ou; T
TS oty UG AU+ b, &2
o _ 0 Cpht) OT
B_xi (ul pCpT) T ox; [(/1 + Pr ) axi] (5:3)

The Reynolds stress model (RSM) with the variable turbulent Prandtl number (Pr;)
proposed in the previous study [39] is used in the present work to simulate the heat transfer

of the supercritical water.
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The transport equations for the RSM can be described as [38]:

aixk(pukTu]’) = —;Tk[pu{u]’u,’( +p'(8,ul + 61kuj’)] +

CijECOTlUECtiOTl Dt,ij = Turbulent Dif fusion

axk [/’t oxp (u{u],)] —P (uluk 0xy - tu Il( gui) _pﬁ('glm + g]m) +

Gij = Buoyancy Production

Dyij = Molecular Dif fusion Pjj =Stress Production

!
p’ a_u{ + % —
0x; ax,
~———
¢;j =Pressure Strain

ou’ ou/ - -
——L =200 (WU Eigem + U UMEjrm) +

Fij =Production by System Rotation

axk axk

N ——
gjj=Dissipation

Suser (5:4)

User—Defined Source Term

And Pr, is treated as a variable and calculated as:

0.4 U/ u <0.2
Pr,={0.3 +0.03 x Pi X P. X (q/G) X (pe/p) 0.2 < u/u <10
0.85 e/ > 10

(5.5)

The enhanced wall treatment is used to model the near wall region and the mesh near the
wall is refined to allow y* around 1, as shown in Fig. 5.3. All the simulations use the mesh
with 13,463,031 cells, which gives grid independent results based on previous work [40].
The finite volume method is used to solve the governing equations. The Fluent software
from ANSYS is used for the simulations. The thermophysical properties of the supercritical
water from the NIST standard database 9.1 [41] were implemented into the Fluent solver
by using a piecewise-linear function of the temperature. The SIMPLEC scheme is used for
the pressure-velocity coupling and the QUICK method is used for the discretization of the
convection terms. The convergence criteria of the residuals are set to 107° to ensure
sufficient accuracy. Table 5.2 illustrates the operating parameters of all cases for the 64-
element Canadian SCWR fuel bundle in this work. The heat flux is assumed uniform for

the fuel rods.
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Figure 5.3: Near wall mesh

The comparison of the wall temperatures between the simulation results and experimental
data by the RSM with the variable Pr; turbulence model for the upward supercritical water
flows in a bare tube (Cases # a - ¢) is shown in Fig. 5.4 and in a rod bundle (Cases #d - €)
is shown in Fig. 5.5 [39]. The comparisons show that this turbulence model can give

reasonable simulation results. Therefore, it is used in this study.
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Figure 5.4: Comparison between the simulation results and experimental data for the
supercritical water flow in a bare tube
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Figure 5.5: Comparison between the simulation results and experimental data for the
supercritical water flow in a rod bundle



Table 5.2 Operating parameters for different cases
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Case # Pressure Inlet Heat flux Mass flow Heat to
(MPa) temperature (kW/m?) rate (kg/s) mass flux

(°0) ratio

1 25 350 879.93 3.93

2 23 350 879.93 3.93

3 27 350 879.93 3.93

4 29 350 879.93 3.93 1.02

5 25 340 879.93 3.93

6 25 360 879.93 3.93

7 25 370 879.93 3.93

8 25 350 600 3.93 0.70

9 25 350 700 3.93 0.81

10 25 350 800 3.93 0.93

11 25 350 879.93 6 0.67

12 25 350 879.93 8 0.50

13 25 350 879.93 12 0.33

14 25 350 879.93 15.7 0.26

15 25 350 879.93 20 0.20
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5.3.Results and discussions

5.3.1. Bulk fluid temperature distributions under different operating conditions

Fig. 5.6 shows the bulk fluid temperature along the axial flow direction in the fuel bundle
at different operating conditions. The axial bulk fluid temperature generally increases with
the increase of the inlet temperature and the heat flux, while decreases with the increase of
the inlet mass flow rate. When it comes to the axial fluid temperature distribution at
different operating pressures, the temperature decreases when the operating pressure
increases from 25 MPa to 29 MPa, while there is little difference in the fluid temperatures
at 27 MPa and 29 MPa as shown in Fig. 5.6(a). At the condition of 23 MPa, the variation
of the fluid temperature along the axial location is much less than those at other
supercritical pressure conditions. This might be due to the fact that the specific heat at P =
23 MPa is more than four times higher than those at other supercritical pressure conditions

when the fluid temperature is between 375°C and 380°C as shown in Fig. 5.1.
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Figure 5.6: Comparisons of the bulk temperature distributions along the axial direction at
different operating conditions

5.3.2. Effects of operation conditions on the heat transfer

To investigate the details of the heat transfer in the fuel bundle, rods #1, #4, #7, and #8 are
chosen. The circumferential wall temperatures at the axial location, z = 4.8 m and the axial
wall temperature distributions are presented to investigate the heat transfer in the fuel
bundle.

5.3.2.1. Effect of the operating pressure

Figs. 5.7 and 5.8 show the effect of the operating pressure on the cladding surface
temperature distributions in the circumferential and axial directions, respectively. It can be
seen that the wall temperature increases drastically from 370°C to 740°C at z = 4.8 m, when
the operating pressure increases from 23 MPa to 25 MPa. However, when the pressure
increases from 25 MPa to 27 MPa, the wall temperature decreases from 740°C to 575°C at

z = 4.8 m. When the pressure increases further from 27 MPa to 29 MPa, the distributions
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of wall temperature in both circumferential and axial directions are almost the same, which
might be due to the fact that the thermophysical properties of the supercritical water do not

change much when the pressure is far away from the critical point.
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Figure 5.7: Circumferential wall temperature distributions at z = 4.8 m under different
operating pressures
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5.3.2.2. Effect of the inlet temperature

The circumferential cladding surface temperature distributions at z = 4.8 m at different
inlet temperatures are plotted in Fig. 5.9. The circumferential wall temperatures generally
increase with the increase of the inlet temperature as shown in Fig. 5.9, as well as the axial

wall temperatures, as shown in Fig. 5.10.
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Figure 5.9: Circumferential wall temperature distributions at z = 4.8 m under different
inlet temperatures
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Figure 5.10: Wall temperature distributions along the axial direction under different inlet

temperatures
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5.3.2.3. Effect of the heat flux

Variations of circumferential wall temperatures and axial wall temperatures at different
heat fluxes are presented in Fig. 5.11 and Fig. 5.12, respectively. The wall temperatures

increase with the increase of the heat flux.
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Figure 5.11: Circumferential wall temperature distributions under different heat fluxes
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Figure 5.12: Wall temperature distributions along the axial direction under different heat

fluxes
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5.3.2.4. Effect of the mass flow rate

Fig. 5.13 shows the circumferential wall temperature distributions at different mass flow
rates. The wall temperature decreases with the increase in the mass flow rate up to 12 kg/s.
When the mass flow rate is higher than 12 kg/s, the changes of wall temperatures are much
smaller compared with those when the mass flow rate is less than 12 kg/s. Similar trends
of variations of wall temperatures are also observed in the axial direction, as presented in
Fig. 5.14.
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Figure 5.13: Circumferential wall temperature distributions under different mass flow
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Figure 5.14: Wall temperature distributions along the axial direction under different mass
flow rates

5.3.3. Effects of buoyancy on the heat transfer at different operating conditions

Fig. 5.15 presents the circumferential wall temperature distributions at z = 4.8 m and the
axial wall temperature distributions of rod #1 at z = 2.4 - 4.8m for Case # 1 (P = 25 MPa
and Tin = 350°C) at the design operating conditions of 64-element Canadian SCWR with
and without considering the effect of buoyancy (gravity). It can be seen that the difference
between cases with and without gravity is small. This indicates that the effect of buoyancy
on the heat transfer for supercritical water in the vertical fuel rod bundle can be ignored at
the design operating conditions.

The heat transfer in the fuel bundle flow can be mixed convection, including both natural

convection and forced convection. The behavior of a natural convection process depends
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on the Grashof number (Gr), which approximates the ratio of the buoyancy force to the
viscous force acting on a fluid. In another aspect, the role of the Reynolds number (Re) in
the forced convection is the same as the Gr on the natural convection. When analyzing the
mixed convection, the effect of the buoyancy force on the mixed convection is
approximately characterized by the ratio of Gr and Re. Several criteria have been proposed
in previous studies. One criterion is Gr/Re? [42]. The effect of the buoyancy force can be
ignored when Gr/Re? < 0.1 [42—45]. Jackson and Hall [45] proposed Gr/Re?’ to evaluate
the effect of buoyancy force for the supercritical carbon dioxide in a vertical tube. It will
be a buoyancy-free region if Gr/Re®’ < 10 [46]. This criterion has been verified reliable
for the upward supercritical water flow in vertical tubes [44], [45], [47-49]. In addition,
the dimensionless parameter, Bo™ is also used to investigate the effect of the buoyancy
force on the heat transfer in vertical tubes [48], [50, 51] and it is defined as follows:

Bo" = Gr/ (Re**%5pr08) (5.6)

The effect of the buoyancy force on the heat transfer cannot be ignored when 5.67 x 107 <
Bo"< 8 x 10®. In the present study, the above-mentioned three dimensionless parameters
(Gr/Re?, Gr/Re?’ and Bo") proposed for pipe flows in the literature are used to evaluate the
effect of the buoyancy force on the heat transfer at different operating conditions (Cases
#1 - 16). The objectives are to verify whether the criteria work for the heat transfer of the
supercritical water in the fuel bundle and further evaluate the effect of the buoyancy force
on heat transfer of the supercritical water in the 64-element SCWR fuel bundle under

different operation parameters.
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Figs. 5.16 - 5.19 present the variations of Gr/Re?, Gr/Re? and Bo", along the axial direction
for different cases. Based on the criteria of Gr/Re? and Bo", the buoyancy force effect is
negligible for all cases, while based on the criterion of Gr/Re?’ both buoyancy-affected
and buoyancy-free zones exist along the axial direction. The buoyancy-affected zones exist
at the entrance region for all operating parameters. As seen from Fig. 5.16b, the buoyancy-
affected zone is at around z = 0 - 1 m for all pressures (23 MPa - 29 MPa). This is due to
the sharp decrease of the density at around z = 0 - 1 m, as shown in Fig. 5.1. Figs. 5.17b
and 5.18b show that with the increase of the inlet temperature and the heat flux, the
buoyancy-affected zone is reduced. It is reasonable because the pseudocritical region
where the gradient of density is large is narrowed with the increase of the inlet temperature
and heat flux. Results shown in Fig. 19b indicate that the buoyancy effect on the heat
transfer of the supercritical water in the fuel bundle can be ignored when the mass flow

rate is greater than 6 kg/s.
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Figure 5.16: Variations of Gr/Re?, Gr/Re?’ and Bo" along the axial direction at different
pressures
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Figure 5.17: Variations of Gr/Re?, Gr/Re?" and Bo" along the axial direction at different

Gr/Re?

inlet temperatures

0.08 |-

0.06

0.04

0.02

T T T T T T

——q = 600 kW/m?
——q = 700 kW/m?
——q = 800 kW/m?

———q =879.93 kW/m? 1

0.00




3.0x10°

2.5x10°

2.0x10%

Gr/Re?”

1.5x10°°

1.0x10°

5.0x10°

0.0

8.0x10°°

7.0x10°

6.0x10°

5.0x10°

Bo’

4.0x10°°

3.0x10°°

2.0x10°°

1.0x10°®

0.0

——q =600 kW/m?
——q = 700 kW/m?
——q = 800 kW/m?
~———q = 879.93 kW/m? 4
- — Gr/Re?*’=10°

z (m)
(b) Gr/Re?7
1 ¥ I X 1 . I .
——q =600 kW/m? 1
——q =700 kW/m? A
——q =800 kW/m?

———q = 879.93 KW/m? |

(c) Bo”

140

Figure 5.18: Variations of Gr/Re?, Gr/Re?’ and Bo" along the axial direction at different

heat fluxes
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Figure 5.19: Variations of Gr/Re?, Gr/Re?’ and Bo" along the axial direction at different
mass flow rates

5.4.Conclusions

The heat transfer of the supercritical water was investigated in the 64-element Canadian
SCWR fuel bundle under different operating conditions using previously validated RSM
with the variable Pr,. The effects of the operating pressure, inlet temperature, heat flux,
mass flux were analyzed. The wall temperature generally increases with the increase in the
inlet temperature, increase in the heat flux, or decrease in the mass flux. When the operating
pressure is away from the critical pressure, the wall temperatures does not change much
with the change of pressure. Since the buoyancy effect contributes to the heat transfer
deterioration, several criteria in the literature for evaluating the buoyancy effects for
supercritical water flow in heated tube, Gr/Re?, Gr/Re*’, and Bo”", were also examined in
this study. These criteria for the supercritical water in the 64-element SCWR fuel bundle
at different operating conditions were compared and discussed. Based on the criteria

Gr/Re? and Bo", there is no buoyancy-affected region under all operating conditions
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considered in this study. Based on the criterion Gr/Re?’, the buoyancy-affected zones exist
at the entrance region (z = 0 - 1m) where the fluid bulk temperature (Ty) is close to the
pseudocritical temperature (Tpc) and other regions along the axial direction are buoyancy-
free zones where Ty, > Ty at all pressures (23 MPa - 29 MPa). With the increase of the inlet
temperature and the heat flux, the buoyancy-affected zone is reduced. The results for
different mass fluxes indicate that the buoyancy effect on heat transfer of the supercritical

water in the fuel bundle is negligible when the mass flow rate is greater than 6 kg/s.
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6. Construction of a Feedback Control System Based on CFD

Nomenclature

Symbols

Gru1

Gr12

Gr13

Gra1

Gr22

Gr23

Gra1

Gra2

Simulations for the 64-element Canadian SCWR

Gravitational acceleration, m/s?
Mass flux, kg/m?-s

Transfer function from the outlet mass flow rate to the inlet

mass flow rate

Transfer function from the outlet mass flow rate to the inlet

temperature

Transfer function from the outlet mass flow rate to the heat

flux

Transfer function from the outlet temperature to the inlet

mass flow rate

Transfer function from the outlet temperature to the inlet

temperature

Transfer function from the outlet temperature to the heat

flux

Transfer function from the maximum wall temperature to

the inlet mass flow rate

Transfer function from the maximum wall temperature to

the inlet temperature
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Grss Transfer function from the maximum wall temperature to
the heat flux

Kb Derivative gain
Ki Integral gain

Kp Proportional gain
P Pressure, Pa

Pr Prandtl number
q Heat flux, W/m?
S Complex variable in Laplace transform
t Time, s

T Temperature, °C
U Input variables

u Velocity, m/s

Y Output variables

Greek Letters

M Dynamic viscosity, Pa - s

p Density of a fluid, kg/m3
Subscripts

cr Critical

in Inlet



out

max

Acronyms
CANDU
CFD
LWR
SCFPP
SCFR
SCWR
SISO
RGA

RSM

Outlet
Reactor
Turbulent
Wall

Maximum

Canada Deuterium Uranium
Computational Fluid Dynamics

Light Water-Cooled Reactor
Supercritical Fossil-Fueled Power Plant
Supercritical Water-Cooled Fast Reactor
Supercritical Water-Cooled Reactor
Single-Input-Single-Output

Relative Gain Array

Reynolds Stress Model
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6.1.Introduction

Supercritical water-cooled reactors (SCWRSs) are nuclear reactors that operate at pressures
and temperatures above the critical point of water (22.1 MPa, 374°C). The SCWR is one
of six Generation IV nuclear reactor concepts that is under development in several
countries [1]. The concept of the SCWR is proposed based on the mature technologies of
existing supercritical fossil-fueled power plants (SCFPP) and light water-cooled reactors
(LWRSs). Thus, the reactor coolant system in the SCWR is similar to that in the SCFPP,
which is a once-through direct cycle. The main advantages of SCWRs are the potential of
improved thermal efficiency and relatively simple plant system with fewer major
components. The Canadian SCWR is a supercritical light water-cooled pressure-tube type

nuclear reactor. The fuel channel of the reactor is vertically placed.

Since the thermophysical properties of the supercritical water vary significantly near the
pseudocritical region, the understanding of dynamic characteristics of SCWRs is essential
for the design and analysis of the control system. A few studies on the control system
design for supercritical water-cooled type reactors have been conducted [2-10]. The
earliest study of the control on the SCWR was conducted by Nakatsuka et al. [2] for the
supercritical water -cooled fast reactor (SCFR) and then similar design method was applied
in the further study [3] for the supercritical high temperature thermal reactor. The stepwise
responses of the reactor systems were analyzed with added perturbations. Based on the
analysis, the relationship of inputs and outputs of the reactor system was obtained, and the
control system was established accordingly. The results showed that the reactor with the
control system can operate stably when disturbances were added. Sun [4-6] linearized the
dynamic process in the reactor system and proposed a simplified one-dimensional dynamic
model for the CANDU SCWR system. The dynamic characteristics of the control system
were analyzed and the control relationship were the same as in [2, 3]. Based on these studies,
Sun [7, 8] also used different control methods, such as feedback controller, feed-forward
controller [7] and linear parameter-varying controller [8] to further improve the
performance of the control system. In order to construct a feedback control system, a linear

dynamic model is needed. The physical process is normally nonlinear. Therefore, several
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approaches can be used to linearize the process depending on the property of the process.
If there is analytical solution for describing the physical process, the Taylor series
expansion can be used and then only the linear terms are used. If experimental data are
available, a linear dynamic model of the process can be obtained by system identification
techniques depending on dynamic behaviors of inputs and outputs through introducing
small perturbations at the design point. However, when the above two methods are not
feasible, full scale computational fluid dynamics (CFD) simulations could be used instead
to describe the physical process. Maitri et al. [9] derived the dynamic relationships of inputs
and outputs of the reactor by using the numerical results from CFD simulations of
supercritical water flow in the heated tube. Perturbations were introduced and linear
dynamic models were constructed and validated. Although the flow of the supercritical
water in the reactor was simplified as a two-dimensional tube flow, this work proved that
CFD simulations could be used as the method to obtain dynamic relationships between
inputs and outputs of the supercritical water flow in the reactor. Studies used the similar
methodology could be found in [11-13] for other transient physical processes. Han [10]
used the full scale three-dimensional CFD simulations of the supercritical water flow in
the rod channels instead of the flow in a single tube and implemented a feedback control
system. The performance of the control system has been evaluated around the operating
point. In order to ensure the safety of a nuclear reactor, the maximum cladding surface
temperature is an important parameter. The heat transfer characteristics of the supercritical
water in the rod bundle directly influence the cladding temperature. Although the 64-
element Canadian SCWR concept was proposed, there is still lack of studies in the design

of the control system.

Therefore, in this study, we first obtain the dynamic relationships of inputs and outputs of
the heat transfer process in the rod bundle and construct the linear dynamic models
accordingly. This is followed by the design of the feedback control system design for the
simplified thermal hydraulic models of the 64-element reactor and the performance

evaluation of the control system.



155

6.2.Reactor and its mathematical models

6.2.1. Configurations of 64-element fuel bundle of the Canadian SCWR

The fuel bundle used in the study is the newest proposed vertically oriented 64-element
two-ring rod bundle [14] and the cross-section view of the fuel bundle is shown in Fig. 6.1.
The fuel rods are symmetrically distributed with 32 rods in each ring. The heated length is
5 m. Operating parameters of the 64-element Canadian SCWR are summarized in Table
6.1[14, 15]. The main heat transfer process in the reactor mainly occurs in the fuel bundle,
which directly influences the safety of the reactor since the temperature in the reactor
depends on the heat transfer process. Three controllable inputs of the reactor are the inlet
mass flow rate of water, inlet temperature of water, and the heat flux on the fuel rod. The
controlled outputs are the outlet mass flow rate, outlet temperature, and the maximum
cladding temperature. Before constructing the control system, the relationship between
inputs and outputs need to be determined, which is obtained with the help of transient CFD

simulations of the fluid flow and heat transfer of the supercritical water in the fuel bundle.

| # Fuel elements

Figure 6.1: Configuration of the 64-element fuel bundle
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Table 6.1 Specifications of the 64-element Canadian SCWR

Thermal power 2540 MW
Flow rate 1320 kg/s
Number of channels 336
Inlet temperature 350°C
Operating pressure 25 MPa
Heated length 5m

6.2.2. Mathematical models used in CFD simulations

6.2.2.1. Governing equation

The fluid flow and heat transfer process in the fuel bundle is governed by the conservation
equations of mass, momentum, and energy. The Reynolds averaged form of these equations

are given as follows [16]:

o | 00T _
ac T ax; 0 (6.1)
dpw | pwA) _ 9P, 0 0% ,
ot ox; oy axj( ox; puty) + pgi (6.2
00T | 2 (e ) = 2 [(4 4 )T
T ax; (u, pCPT) ~ ox [(’H_ Prt)axi] (6:3)

6.2.2.2. Turbulent models

In order to solve the Reynolds stress term ( pu;u;), which needs an appropriate treatment
of the turbulent Prandtl number (Pr:) for the heat transfer of the supercritical water in the
fuel bundle, the previously validated Reynolds stress model (RSM) with a variable Pr;
model is used for the turbulent modeling in this study. The transport equation for the RSM

is given as [16]:
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+ Suser (6.4)

User—Defined Source Term

The variable Pry model used in this work [17] is:

0.4 U/ < 0.2
Pr, ={0.3+0.03 X (P/Py) X Prx (u/u) X (q/G) 0.2 < pe/p < 10
0.85 us/u>10

(6.5)

The transient CFD simulations of the supercritical water flow in the fuel bundle were
conducted by ANSYS FLUENT to capture the dynamic characteristics of inputs and
outputs. The control volume method is used to discretize the physical domain and convert
the partial differential equations to sets of algebraic equations. Accordingly, algebraic

equations are solved iteratively until the convergence criteria are satisfied.
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6.3.Construction of the linear dynamic models

6.3.1. Time independent tests

The dynamic relationship between inputs and outputs are obtained by transient CFD
simulations, which is the basis of the construction of dynamic models. Therefore, it is
important to determine an appropriate time step size used in transient simulations so that
the results from transient simulations are independent of the time step size. In the time
independent tests, continuous perturbations of inputs are added at each 10 s and lasts for
20 s starting from the design point (0 s). Table 2 shows the order of added perturbations in
60 s. The respective variations of all outputs captured by transient CFD simulations with
various time step sizes are plotted in Fig. 6.2. It is seen that there are small differences
between the simulation results when the time step is less than 0.01 s. Therefore, the time
step size 0.01s is used in transient CFD simulations to obtain the dynamic relationship

between inputs and outputs.

Table 6.2 Disturbances added for time independent tests

Time () 0 10 20 30 40 50 60
Inputs
Min 1 1 +10% | +10% | +10% 1 1
Tin +10% | +10% | +10% 1 1 1 1
q 1 -10% | -10% | -10% 1 1 1

1 means the design point
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Figure 6.2: Outputs with perturbations added using different time step sizes

6.3.2. Construction of transfer functions

The dynamic model for the fuel bundle consists of three inputs and three outputs, as
illustrated in Fig. 6.3. The governing equations for the fluid flow and heat transfer of the
supercritical water are highly nonlinear. It is unrealistic to directly linearize governing
equations. Therefore, a linear dynamic model of the fuel bundle is constructed on the basis
of dynamic relationship between the changes of the inputs and outputs obtained from
transient CFD simulations.
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Figure 6.3: Block representation of the dynamic model of the fuel bundle

The methodology to obtain the linear dynamic model of the fuel bundle is described as
follows. 10% step perturbation of only one input is added to the steady state att =2 s and
the resulting changes of all three outputs are obtained through transient CFD simulations.
This process is repeated for each input variable. Since there are three input variables, the
recorded responses would consist of 9 sets of input and output variables. The changes of
the flow and heat transfer process in the fuel bundle can be expressed in matrix form of

transfer functions:

le(s) Grll (s) Grlz (s) Gr13 (s) Url(s)
Yr(s) = er(s) = Gr(s) Ur(s) = Gr21 (s) Gr22 (s) Gr23 (s) Urz(s) (6.6)
Yia(s) Gr31s) Grazes) Grazs)] [Uraes)
From these data sets, the least square method-based system identification technique is used
to choose the best fitting for the dynamic models [18]. The parameters of the dynamic
models are regulated to minimize the sum of the squares of differences between the results
from CFD simulations and the outputs from the dynamic models. Transfer functions of the

linear dynamic models in the Laplace form are shown as follows:

42.95s2 + 52.545 + 44.28

Gri1 () = (6.7)

s3 + 68.4852 + 96.165 + 44.29

0.01139s° + 0.02959s* + 0.1029s3 + 0.1088s2 + 0.1427s + 0.03218
$5 +2.7075% + 8.53553 + 10.6252 + 10.94s + 3.182

Griz s) (68)
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0.0004862s8+0.002397s7+0.03164s°+0.1042s°
G — +0.5411s* + 1.088s3 + 2.70552 + 2.906s + 1.057 (6.9)
r13(s) = $9+4262.7s8+1501s7+1.655x10%s6+5.982x10%s5+2.491x105s% '
+4.864x105534+8.496x105524+7.166x105s+2.13x105

—35.435% - 50.7855 - 797.65% - 17053 - 1537524 51835 + 3600
s7 + 4.6275% + 30.5155 + 92.965% + 175.453 + 202.852 + 53.425+22.47

Gr21 ) — (6.10)

166.2515 + 6078514 + 1.071 x 10%s13 + 3.949 x 105512

+1.82 x 105511 + 7.999 x 106510+ 9215 x 10552 + 6.96 x 107 s8

- 1.624 x 10°s7 +2.763 x 10856-2.191 x 10755 + 4.669 x 108s*

G — -4.11x 10753 + 2.655 x 10852 - 1.392 x 1075 + 2.132 x 107 (6 11)
122 (S) 519 +13.11518 + 179.1517 + 1429516 + 1.043x 104515+ 5.761x 104514 :
+2.716 x 10551341.101x106512+3.575x10651141.11x107 510
+2.46x107 5946.09x107 s8+8.591x107 57 +1.767x 10856 +1.376 x 10855
+2.429 x 1085% +7.938 x 10753+1.215 x 10852+6.714 x 10654 9.625 x 106

107%(2.576 s3 + 6.86252 + 4.012s + 2.553)

Gr2zs) = (6.12)

s% +2.373s3 4+ 2.14652 + 1.093s + 0.299

20.46s* 4+ 281.953 + 448.85% + 909.55 + 211.8

G = 6.13

T31(S) T 5 4 1.765% + 5.96953 + 6.42752 + 4.194s + 1.101 (6.13)

G _ —3.3885%-10.2457-162.55°-404.65°—1601s*—2369s> —97752—640.55+53.52 (6.14)
r32(S) T §941.86258+55.1157+80.7656+67455+588.6.54+111853+670.352+389.85+9.111 '

G _ 10~* (73.78s + 7.294) (6.15)
733(5) T 6 4 4.65555 + 15.795* + 20.64s3 + 14.4452 + 7.7495 + 0.7372 '

6.3.3. Validation of transfer functions

The above transfer functions derived from CFD simulations need to be evaluated whether
they can characterize the dynamic behaviors of the nonlinear system around the design
points. The dynamic responses generated by the linear dynamic model and results from
transient CFD simulations are compared when inputs are subjected to step perturbations.
Figs. 6.4 - 6.6 exhibit the comparisons at the conditions of step perturbations of inlet mass

flow rate, inlet temperature, and heat flux, respectively.
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Figure 6.4: Comparison of responses obtained by CFD simulations and linear dynamic

Outlet mass flow rate (kg/s)

54

52 [
5.0 [
48 [
46 -

4.4

42

3.8

3.6

4.0
\

model with a perturbation in the inlet mass flow rate

I ! I N I N I ! I
—— CFD simulation

Linear dynamic model -

Time (s)

(a) Outlet mass flow rate

12



940 —

920 | —— CFD simulation
Linear dynamic model

900
880
860 |
840 |
820 |
800 |
780 |
760 |
740 |
720 [
700 |

Outlet bulk temperature (°C)

T

680 L— 1

1100

(b) Outlet bulk temperature

Time (s)

10 12

1050

1000

950

900

Maximum wall temperature (°C)

850

800

| —— CFD simulation
Linear dynamic model

(c) Maximum wall temperature

Time (s)

10 12

165

Figure 6.5: Comparison of responses obtained by CFD simulations and linear dynamic
model with a perturbation in the inlet temperature
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6.4.Design of the feedback control system

The objective of the feedback control system is to regulate outputs back to the design point
in time when the fuel bundle is subjected to perturbations. As shown above, the fuel bundle
has multiple inputs and outputs. When the perturbation is added to one input, all outputs
will change. Therefore, the interaction degree of inputs and outputs at the steady state is
investigated in this study, so that the most relevant input and output can be identified. The
relative gain array (RGA) is commonly used to evaluate the cross-coupling between inputs
and outputs of a system at the steady state condition [19, 20]. The RGA is the normalized
form of the steady state gain matrix of a system, which describes the influence of an input
on an output with respect to that on the rest outputs. The steady state gain matrix K, of the

fuel bundle is obtained from G, as:
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K, =1160.23 2.22 8.54x107* (6.16)

192.29 5.87 9.89 x107*

0.9996 0.01 4.96X10_6]

Accordingly, the RGA of the system at the design point can be obtained as follows:

RGA, =] 0.00 0.98 0.02

-0.37 0.02 1.35

(6.17)

1.37 0.00 —0.37]

Normally the relative gains of the respective input and output near 1 should be paired and
negative relative gains should not be paired [20]. Therefore, the fuel bundle can be seen as
a diagonally dominant system at the design point. The interaction between the respective
input and output can be determined as: the outlet mass flow rate mainly depends on the
inlet mass flow rate, the outlet temperature is determined primarily by the inlet temperature,
and the maximum cladding temperature is affected most by the heat flux on the fuel rod.
Consequently, the fuel bundle can be regarded as a multiple single-input-single-output
(SISO) system. In the feedback control system, one PID controller is used for each most
relevant input and output pair to regulate the corresponding output back to the design point.
Therefore, three controllers are needed for this three-input and three-output system. To
satisfy the purpose of regulating deviations to zero when the system is subjected to
perturbations, PI/PID type controllers are selected. The general transfer function from of a

PID controller could be expressed as [21]:
C(S) = Kp +K]/S + KDS (618)

where Kp, K;, and K}, are the proportional, integral, and derivative gains. These gains are
adjusted to satisfy the following design specifications: the overshoot is less than 15%, the
rise time and settling time are both below 10 s. Table 6.3 shows these gains for the three

controllers.

Table 6.3 Specifications of controllers

Controllers Kp K; Kp Rising Settling Overshoot
time (s) time (s) (%)

Pl 0.7413 116.8418 0.0265 0.0763 5.16
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PI,

0.045

0.0902

9.06

6.23

10.2

PID,

6.0910e+3

5.4748e+4

67.63598

0.221

2.26

14.2

6.5.Evaluation of the performance of the feedback control system

The bock diagram of the feedback control system for the fuel bundle is presented in Fig.
6.7. Since the control system is constructed according to linear dynamic models, it is

essential to evaluate the performance of the feedback control system at nonlinear

conditions.
Tout
m(.)ut
moutréference/L min
-(:/ Pl1
e Pl2 fin Fuel bundl
T ) uel bundie
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w
‘C_\ PID3
Tmax_w_reference
Tmax_w

Figure 6.7: Block representation of the feedback control system

The performance evaluation is carried out through incorporating the feedback control
system into the nonlinear transient CFD simulations. Controllers in the system are activated
after the perturbation of the input has been held for 12 s. Then, the PID controllers are
activated to regulate the system. This is carried out through embedding the designed control
system into the transient CFD simulations through user-defined functions, which is given

in the flowchart shown in Fig. 6.8. The deviations of the output results of the transient CFD
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simulations from the design point values at each time step are taken as the input variables
for the controllers and the outputs of the controllers are the inputs for the CFD simulations
in the following time step. Therefore, the controllers and the transient CFD simulations
form a closed loop. The time step size for transient CFD simulations and the sampling time
interval of the control system are both 0.01 s. Figs. 6.9 - 6.11 show the responses of outputs
from nonlinear CFD simulations when the system is subjected to the perturbation of the
three inputs, respectively. It can be seen that the feedback control system can regulate
outputs to design point in time at around 8 s.

User-defined function
poTTTTTTTTmmmmmmsmmsmsmsenees : Us |  Inlet boundary

condition

Controller CFD simulation

+
Reference value %

Yo

Figure 6.8: Flowchart of embedding controllers in the CFD simulations
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perturbation in the inlet temperature
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Figure 6.11: Output responses by CFD simulations when the system is subjected to the
perturbation in the heat flux on the fuel rod

6.6.Conclusion

The knowledge of the dynamic behaviors of the fluid flow and heat transfer in the reactor
is essential for safe operation. In this study, the feedback control system for the reactor is
developed. The dynamic relationship between inputs and outputs of the reactor were
obtained from transient CFD simulations, and then the results from the linear dynamic
models are validated through the comparison of the results from nonlinear transient CFD
simulations. Based on the linear dynamic models, three PID controllers are synthesized in
the feedback control system to regulate the inputs for the SCWR so that the deviation of
the SCWR outputs from the designed values could be minimized accordingly. In addition,
the performance of the feedback control system was evaluated. The results showed that the
control system can regulate the reactor to the design point in time when it is subjected to
disturbances.



176

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

I. L. Pioro, Ed., Handbook of Generation IV Nuclear Reactors, 1st ed. Duxford,
UK: Elsevier— Woodhead Publishing, 2016.

T. Nakatsuka, Y. Oka, and S. Koshizuka, “Control of a Fast Reactor Cooled by
Supercritical Light Water,” Nucl. Technol., vol. 121, no. 1, pp. 81-92, Jan. 1998.

Y. ISHIWATARI, Y. OKA, and S. KOSHIZUKA, “Control of a High Temperature
Supercritical Pressure Light Water Cooled and Moderated Reactor with Water
Rods,” J. Nucl. Sci. Technol., vol. 40, no. 5, pp. 298-306, May 2003.

P. Sun, J. Jiang, and J. Shan, “Construction of dynamic model of CANDU-SCWR
using moving boundary method,” Nucl. Eng. Des., vol. 241, no. 5, pp. 1701-1714,
May 2011.

P. Sun and J. Jiang, “Construction and Analysis of a Dynamic Model for a
Canadian Direct-Cycle SCWR for Control System Studies,” Nucl. Technol., vol.
180, no. 3, pp. 399421, Dec. 2012.

P. Sun, J. Jiang, and K. Wang, “Decoupling Control of Canadian Supercritical
Water-Cooled Reactors,” Nucl. Technol., vol. 185, no. 3, pp. 239-258, 2014.

P. Sun, B. Wang, J. Zhang, and G. Su, “Control of Canadian once-through direct
cycle supercritical water-cooled reactors,” Ann. Nucl. Energy, vol. 81, pp. 6-17,
Jul. 2015.

P. Sun and J. Zhang, “Control strategy study for once-through direct cycle
Canadian SCWRs,” Prog. Nucl. Energy, vol. 98, pp. 202-212, Jul. 2017.

R. V. Maitri, C. Zhang, and J. Jiang, “Computational fluid dynamic assisted control
system design methodology using system identification technique for CANDU
supercritical water cooled reactor (SCWR),” Appl. Therm. Eng., vol. 118, pp. 17—
22, 2017.



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

177

H. Han, C. Zhang, and J. Jiang, “Dynamic models and control system design for
heated channels in a Canadian SCWR,” Ann. Nucl. Energy, vol. 151, p. 107973,
Feb. 2021.

Q. Jiang, C. Zhang, and J. Jiang, “A CFD assisted control system design with
applications to NO x control in a FGR furnace,” Combust. Theory Model., vol. 11,
no. 3, pp. 469481, 2007.

Q. Meng, Y. Wang, X. Yan, and Z. Li, “CFD assisted modeling for control system
design: A case study,” Simul. Model. Pract. Theory, vol. 17, no. 4, pp. 730-742,
2009.

R. Zhang, C. Zhang, and J. Jiang, “A new approach to design a control system for a
FGR furnace using the combination of the CFD and linear system identification
techniques,” Combust. Theory Model., vol. 15, no. 2, pp. 183-204, 2011.

M. Yetisir, H. Hamilton, R. Xu, M. Gaudet, D. Rhodes, M. King, K. Andrew, and
B. Benson, “Fuel Assembly Concept of the Canadian Supercritical Water-
Cooled Reactor,” J. Nucl. Eng. Radiat. Sci., vol. 4, no. 1, pp. 1-7, Jan. 2018.

A. N. Dominguez, N. Onder, Y. Rao, and L. Leung, “EVOLUTION OF THE
CANADIAN SCWR FUEL-ASSEMBLY CONCEPT AND ASSESSMENT OF
THE 64 ELEMENT ASSEMBLY FOR THERMALHYDRAULIC
PERFORMANCE,” CNL Nucl. Rev., pp. 1-18, Jun. 2016.

ANSYS, “Ansys Fluent Theory Guide,” 2013.

H. Han and C. Zhang, “A Modified Turbulent Model for the Supercritical Water
Flows in the Vertical Upward Channels,” J. Supercrit. Fluids, vol. 187, p. 105632,
Aug. 2022.

L. Ljung, “System Identification Toolbox: User’s Guide, R2022a.”

E. Bristol, “On a new measure of interaction for multivariable process control,”

IEEE Trans. Automat. Contr., vol. 11, no. 1, pp. 133-134, Jan. 1966.



178

[20] S. Skogestad and I. Postlethwaite, Multivariable feedback control : analysis and
design , 2nd ed. Chichester, England ; John Wiley, 2005.

[21] N. S. Nise, Control systems engineering , 5th ed. Hoboken, NJ: Wiley, 2008.



179

7. Construction of the Dynamic Model and Control System for
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Ga1
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Percentage of the control valve opening, %
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Transfer function from the outlet plenum temperature to

the feedwater flow rate
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the heat flux
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the control valve opening
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the feedwater flow rate
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the heat flux

Transfer function from the maximum wall temperature to

control valve opening

Transfer function from the main steam pressure to the

feedwater flow rate

Transfer function from the main steam pressure to the heat

flux



Gas

Kb
Ki

Kp

Subscripts

cv
FP
MSL

OoP

max

Transfer function from the main steam pressure to the

control valve opening

Derivative gain

Integral gain

Proportional gain

Mass flow rate, kg/s

Pressure, Pa

Heat flux, W/m?

Complex variable in Laplace transform

Temperature, °C

Condenser
Control valve
Feedwater Pump
Main Steam Line
Outlet Plenum
Inlet

Reactor

Turbine
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Acronyms

CANDU
CFD
LWR
RGA
SCFPP
SCFR
SCWR

SISO

Canada Deuterium Uranium
Computational Fluid Dynamics

Light Water-Cooled Reactor

Relative Gain Array

Supercritical Fossil-Fueled Power Plant
Supercritical Water-Cooled Fast Reactor
Supercritical Water-Cooled Reactor

Single-Input-Single-Output
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7.1.Introduction

The interest in the nuclear power plant has increased in recent years due to the increasing
power demand and adverse effects of climate change caused by fossil fuels. The
supercritical water-cooled nuclear reactor (SCWR) was one of the six concepts which were
proposed as the Generation 1V reactors [1]. Following the maturation of technologies in
the existing light water-cooled reactors (LWRs) and supercritical fossil-fueled power
plants (SCFPPs), the SCWRs are under development in the past decade. The Canadian
SCWR is a heavy water-moderated and supercritical light water-cooled reactor. To achieve
a higher power conversion efficiency (>45%), it operates at 25 MPa. The fuel bundle in
the reactor includes a two-ring 64-element fuel rods [2].

In the SCWR power plant, the supercritical water is heated in the reactor and sent to the
turbine directly. The heat balance between the reactor and the turbine is regulated by the
pressure of the main steam since the temperature of the main steam needs to be kept
constant in the normal operation. If the reactor power is a little bit too high the steam
pressure will rise. In the nuclear power plant, mainly two plant control strategies are used:
the reactor-following-turbine and the turbine-following-reactor operations [3]. In the
reactor-following-turbine operation mode, the pressure of the main steam is controlled by
the reactor while the turbine control valve regulates the electric power. In this operation
mode, the reactor needs to respond rapidly to load changes. When the changes are sharp,
the fluctuating flow rate of the steam may lead to the considerable variations of
temperatures in the reactor, such as the temperature of the cladding surface around the fuel
rods, which will affect the safety of the reactor. In the turbine-following-reactor mode, the
pressure of the main steam is controlled by the turbine control valve and the electric power
is controlled by the reactor power. The function of the turbine control valve is to adjust the
steam flow rate into the turbine. When the control valve opening is increased, the main
steam flow rate increases, and then the pressure and the temperature of the main steam will
decrease. Although the response to load changes in this operation mode is slower than the
former mode, the reactor power plant can run relatively stably. Therefore, this operation

mode is used in this work.
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A few studies on the control system design for SCWR power plants have been conducted
[4-10]. The turbine-following-reactor operation mode was used in the previous studies by
Nakatsuka et al. [3, 4] for the control system designs for the supercritical water-cooled fast
reactor (SCFR) and the supercritical high temperature thermal reactor power plants. Sun
[5] constructed a linear dynamic model for the Canada Deuterium Uranium (CANDU)
SCWR system. Based on the linear dynamic model, the dynamic characteristics of the
control system and the coupling analysis between different inputs and outputs of the system
were presented. Sun et al. then attempted to use different control methods, such as the use
of feedback controllers, feedforward controllers [6, 7], the hybrid feedback and
feedforward control strategy [8] to improve the performance of the control system. In
addition, a linear parameter-varying strategy was also proposed by Sun et al. [9] to obtain
satisfactory performance of the control system at different operating conditions. In the
above studies, the model of the reactor is simplified as a one-dimensional thermal system.
However, the fluid flow and heat transfer in the power plant system are three-dimensional.
Therefore, the reactor model should be improved further based on three-dimensional flow
and heat transfer characteristics of the thermal system. Maitri et al. [10] and Han et al. [11]
proposed the two-dimensional and three-dimensional models for the CANDU supercritical
water-cooled reactor, respectively. Based on the 64-element SCWR [2], Han and Zhang
[12] also proposed a linear dynamic model of the reactor which was constructed based on
the full scale three-dimensional computational fluid dynamics (CFD) simulations of the

supercritical water flow and heat transfer in the rod channels.

In this study, the linear dynamic model of the 64-element Canadian SCWR power plant is
first constructed. Based on the linear dynamic model, the dynamic responses of the outputs
of system when it is subjected to variations of the inputs are evaluated. Then, the feedback
controllers are designed for the control system and the evaluation of the performance of

the designed control system is carried out.
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Fig. 7.1 exhibits the diagram of the simplified Canadian SCWR power plant and Table 7.1

shows the operating condition at the design point. The supercritical coolant goes into the

fuel assembly in the reactor core. In the fuel assembly, the supercritical water flows

downward through a central flow tube and then reversely upward through the fuel elements

in the fuel bundle. After the water absorbs the heat generated by nuclear fission in fuel rods,

it flows into the turbine through the outlet header. After the turbine, the working fluid flows

into the condenser. Then, the feedwater from the condenser is pumped back to the reactor,

as shown in Fig. 7.1. In order to operate the reactor at a relatively stable mode, the control

strategy used in this study is the turbine-following-reactor operation. The main steam from

the nuclear reactor drives the turbine, and the control valve of the turbine is used to adjust

the main steam flow rate going into the turbine and keep the pressure of the main steam as

the design point.
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Coolant inlet
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| |
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1 J

Reactor
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Figure 7.1: Diagram of the Canadian SCWR power plant
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Table 7.1 Specifications of the Canadian SCWR

Thermal power 2540 MW
Flow rate 1320 kg/s
Number of channels 336
Inlet temperature 350°C
Operating pressure 25 MPa
Heated length 5m

7.3.Construction of the dynamic model for the Canadian SCWR power
plant

In order to construct the dynamic model for the SCWR power plant, the dynamic models
are needed for all components in the SCWR power plant.

7.3.1. Linear dynamic models for each component

7.3.1.1. Feedwater pump

The transfer function of the dynamic model of the feedwater pump can be expressed as [5]:

_ SMEpp(s) _
GFP,P(S) —_ 5P—C(g) —_ _396 (719)

where Mgp p is the change of mass flow rate of the feedwater contributed by the pressure

of condenser Pe.

7.3.1.2. Reactor

The transfer function of the reactor model is from the previous work [12]:

B SMR(s) 8MR(S) 8MR(S)
SMFpp(s) 8T in(s) 8q(s)
GR(S) _ 8TR(s) 8TR(s) STR(s) (720)
SMFEp(s) 8T in(s) 8q(s)
STW_max(s) STW_max(s) 5TW_max(s)
| SMpp(s) 8T in(s) 8q(s)
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SMRp(sy _ 42.95s% + 52.54s + 44.28 (7.21)
SMpp(s)y 53+ 684852 + 96.165 + 44.29 '
SMp(s)y __ 0.01139s% + 0.02959s* + 0.1029s° + 0.1088s2 + 0.1427s + 0.03218 (7.22)
8T in(s) - S5 +2.707s%* + 8.53553 + 10.62s2 + 10.94s + 3.182 )
0.00048625%+0.00239757 +0.03164s°+0.1042s°
SMR(s) _ +0.5411s* + 1.088s3 + 2.705s2 + 2.906s + 1.057 (7.23)
8q(s) $94262.753+150157+1.655x10%$6+5.9821045542.491x 105"
+4.864x10553+8.496x10552+7.166x1055+2.13x105
OTR(s) —35.435% - 50.785° - 797.6s* - 17053 - 153752+ 5183s + 3600 (7.24)
SMpp(s) T 57 +4.62756 + 30.5155 + 92.965* + 175.453 + 202.852 + 53.425+22.47 '
166.2515 4+ 6078514 + 1.071 x 10%s13 4+ 3.949 x 105512
+1.82x 105511 +7.999 x 1095104 9215 x 10552 + 6.96 x 10758
ST -1.624 x 10%57 +2.763 x 10855-2.191 x 10”55 + 4.669 x 1085%
R(s) _ -4.11x10753 +2.655 x 10852 -~ 1.392 x 1075 + 2.132 x 107 (7 25)
8T in(s) 519 +13.11518 + 179.1517 + 1429516 + 1.043x 104515+ 5.761x 104514 :
+2.716 x 105513 +1.101x100512+3.575x106511 +1.11x107 510
+2.46x10759+6.09x107 s8+8.591x107 57 +1.767x 10856 +1.376 x 10855
+2.429 x 1085% +7.938 x 10753+1.215 x 10852+6.714 x 1065+ 9.625 x 106
O0TRs) _ 107%(2.576 s3 + 6.862s2 + 4.0125s + 2.553) (7.26)
8q(s) s* +2.373s3 + 2.14652 + 1.093s + 0.299 '
OTw max(s) __  20.46s* +281.9s% + 448.8s% + 909.55 + 211.8 (7.27)
SMpp(s) S5 + 1.765* + 5.969s3 + 6.427s2 + 4.194s + 1.101 '
STw max(s) _ —3.388s%-10.2457-162.55°—404.6s5—-16015*-2369s3 —97752-640.55+53.52 (7.28)
8T in(s) $9+1.86258+55.1157+80.7650+67455+588.6.54+111853+670.352+389.85+9.111 :
STw max(s) _ 10™% (73.78s + 7.294) (7.29)
8q(s) S + 4.65555 + 15.795% + 20.6453 + 14.4452 + 7.7495 + 0.7372 '

7.3.1.3.  Outlet plenum

The outlet plenum in this study consists of the outlet feeders and outlet header. 336 fuel

channels are assembled in the reactor. Therefore, 336 outlet feeders connect the reactor to

one outlet header. The transfer function of the outlet plenum is given as [5]:

6TOP(S) 6T0p(5) 3.2292
G _ 6TR(S) 6MR(S) . (s4+0.69)(s+4.68)
OP(s) ™ [6Mopisy ©6Mopsy| ~ |1.14s®+0.78665 + 0.034866

OTRs)  OMR(s) (5+0.69)(s+4.68)

0

(7.30)
336
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where Typ and M, are outlet temperature and outlet mass flow rate of the outlet plenum

respectively.

7.3.1.4. Main steam line

The main steam line connects the reactor and the turbine, therefore, the variations of the
temperature and the mass flow rate of the outlet plenum in the reactor will affect the
temperature and the pressure of the main steam line. The transfer function of the main

steam line between the reactor and turbine is shown as [5]:

8TmsLis)  OTmsiis)  OTMSL(s) 0.7

G __ | 8Torsy  SMop(s)y SMumsiis)| | s+0.7 0 0 (7.31)
MSL(S) = |8Pumsiisy OPmsiisy OPmsiis) | — [3x1072 1.31x1072 1.31x1072 '
‘STOP(S) 6MOP(S) 5MMSL($) s+0.7 N s

where Ty, and Py, are temperature and pressure of the main steam respectively.

7.3.1.5. Turbine control valve

When the heat in the reactor is a bit too high, the pressure of the main steam will go up. In
the turbine—following—reactor control strategy, the opening of the control valve needs to
be larger to increase the main steam flow rate, so that the pressure of main steam can be
regulated back to the design point. The transfer function of the control valve is described
as [5]:

[5MM5L(5) SMps1(s) 5MM5L(s)]

G =
cv(s) SAcv(s) 0T msiLis)y  OPMsL(s)

_ < 0
{[2640 0.37 26.74] Ay < 50% (7.32)

[792 —0.37 26.74] Acy > 50%

where Ay is the percentage of the control valve opening and M, is the mass flow rate

of the main steam, respectively.
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7.3.1.6. Turbine and condenser

In this study, we assume the pressure in the condenser is constant. The transfer functions
of the turbine and condenser are given as [14]:

_ | %P1 | _ -

GT(s) = [(SPMSL(s)] = [268 X 10 4] (733)
Go) = |22 = [1] (7.34)
¢ 8P1(s) '

where P and P, are pressures of the turbine and the condenser, respectively.

7.3.2. Linear dynamic model for the SCWR power plant

The block diagram of the linear dynamic model for the Canadian SCWR power plant is
shown in Fig. 7.2. The inputs of the dynamic model are the feedwater flow rate, heat flux
on the fuel rod, and the opening percentage of the control valve. The outputs of the dynamic
model are the outlet temperature of the outlet plenum, the maximum wall temperature of

the fuel rods, and the pressure of the main steam.

lcTACV
6Trp . 8Ty 6Top 8Tysi
M, SMypy SMy oM O st
FP ~ FPN Gr 2 Gop SMyp GMSL ML GCV Gr

s 3Pysr

&q

6TW_max
6P
SMep,p 9P
Grp ) Ge

Figure 7.2: Block diagram of the linear dynamic model for the Canadian SCWR power
plant

The relationship between inputs and outputs of the Canadian SCWR power plant is:
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6Top Gi1 Giz Gi3][6Mpp
5TW_max = |G21 Gz Gy3 8q (7.35)
Pyst, G31 Gz Gz3ll6Acgy

where the transfer functions of the linear dynamic model are presented in the following:

—35.435% - 50.78s° - 797.65* - 17053 - 153752 + 51835 + 3600
Gll == (736)

s7 +4.627s% + 30.5155 + 92.965% + 175.453 + 202.852 + 53.425 + 22.47

10~%4(8.318s3 + 22.165% + 12.965 + 8.244
G, = ¢ ) (7.37)

56 +7.743s5 + 18.125%+ 20.28s3 + 13.152 + 5.1355 + 0.9655

20.465% 4+ 281.953 + 448.85% + 909.55 + 211.8
Gy = (7.39)

s5 +1.765% + 5.969s3 + 6.42752 + 4.194s + 1.101

7.378 X 10735 + 7.294 x 10~%
Gyy = (7.40)

56 + 4.65555 + 15.79s5%+ 20.64s3 + 14.4452 + 7.749s + 0.7372

Gys = 0 (7.41)

0.9309s2 + 1.139s + 0.9595
G, = (7.42)

53 + 68.4852 + 96.165 + 44.29

Gz =0 (7.43)

—34.45513 - 742512 _ 6111511 - 2.432 x 10%510- 4,924 x 10%s?
- 5.107 X 10%s8-2.815% 10%s7- 85465° - 1530s5- 163.85*
Gan = -10.0553 - 0.3163s% ~ 3.854 X 1035 - 2.145 x 10 (7.44)
33 s14 42222513 + 194.4512 + 856.7511 + 2043510 '
+ 271152 + 206858 + 974.257+ 2765° + 48.0155+ 5.0965%
+0.312553 + 9.872 x 107352 + 1.21 X 10~4s + 6.755 x 10~8

7.4.Evaluation of the dynamic model for Canadian SCWR power plant

7.4.1. Dynamic characteristics of the open-loop system

In order to capture the dynamic behaviors of the system when it is subjected to disturbances,
the output responses are obtained when a + 5% step perturbation is added at each input and
other two inputs hold at the design point values. Figs. 7.3 - 7.5 present the changes of the
three outputs of the system due to the disturbances of the inputs, respectively.
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7.4.1.1. Step increase in the feedwater flow rate

The heat flux and the control valve opening are kept unchanged when a 5% step decrease
is added in the feedwater flow rate. From Figs. 7.3 - 7.5, it can be seen that due to the
increase in the feedwater flow rate, the temperature of the outlet plenum and the maximum
wall temperature decrease. At the steady state, the decrease magnitudes are 26.4°C (3.6%)
and 31.6 °C (3.4%), respectively, while the main steam pressure increases by 0.36 MPa
(1.44%).

7.4.1.2. Step decrease in the heat flux

A 5% step decrease in the heat flux on the fuel rod is introduced. At the same time, the
feedwater flow rate and the control valve opening remain at the design values. Figs. 7.3 -
7.5 show that the step decrease of the heat flux results in an 18.8 °C drop in the temperature
of the outlet plenum and a 43.6°C drop in the maximum wall temperature at the steady

state, but almost has no impact on the main steam pressure.

7.4.1.3. Step decrease in the control valve opening

The control valve opening reduces by 5% when the feedwater flow rate and the heat flux
remain unchanged. It is shown that the main steam pressure rises by 0.8 MPa at the steady
state due to the step decrease in the control valve opening. In addition, the temperature of
the outlet plenum and the maximum wall temperature are not affected by the change of the

control valve opening.
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Figure 7.3: Responses of the temperature of the outlet plenum to step variations of
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Figure 7.4: Responses of the maximum wall temperature of fuel rods to step variations of
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Figure 7.5: Responses of the pressure of the main steam line to step variations of different
inputs

7.4.2. Cross-couple of inputs and outputs

The coupling degree between different inputs and outputs of the Canadian SCWR power
plant at the steady state is determined so that the most relevant input and output can be
paired before the design of controllers. The relative gain array (RGA) is commonly used
to evaluate the cross-coupling between inputs and outputs of a system at the steady state
condition [15, 16]. The RGA is used for evaluating the influence of an input on an output
with respect to that on the rest outputs. The steady state gain matrix K of the entire SCWR
system is calculated as:
160.23 9x 1074 0

K=[19229 1073 0 (7.45)
0.02 0 —31.75

Based on K, RGA of the system is calculated as:
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RGA=[-049 149 O

0 0 1

(7.46)

149 —-0.49 0]

It is obvious that the diagonal inputs and outputs are dominantly paired. The system can be
regarded as diagonally dominant and a multiple single-input-single-output (SISO) system
at the design operating condition. Therefore, the outlet temperature of the outlet plenum is
controlled by the mass flow rate of the feedwater, the maximum cladding temperature is
regulated by the heat flux on the fuel rod, and the pressure of the main steam is adjusted

by the opening percentage of the control valve.

7.5.Design and performance evaluation of the feedback control system

7.5.1. Design of the feedback control system

In the feedback control system, the controllers are used for regulating the deviations of the
corresponding outputs to zero or as small as possible when the system is subjected to
disturbances. Therefore, three controllers are needed for this three-input and three-output

system. The general transfer function for a PID controller is expressed as [17]:
C(S) = KP +KI/S + KDS (747)

where Kp, K;, and K}, are the proportional, integral, and derivative gains, respectively.
The parameters of the controllers are tuned to meet the control requirements for the system
[3, 6]: (1) the overshoot is less than 15%, (2) the rise time is less than 20s, and (3) the
settling time is below 50 s. Table 7.2 shows the parameters for the controllers used in the

feedback control system.

Table 7.2 Parameters and specifications of controllers

Controllers Kp K; Kp Rising Settling | Overshoot
time (s) time (s) (%)
PID, 0.0026 7.8608e— | 0.0022 17.5 43.7 0
4
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7.5.2. Performance evaluation of the control system

In order to evaluate the performance of the designed feedback control system, the

deviations of the outputs from the design point due to the 5% step perturbations on the

inputs are evaluated, and the controllers are activated to regulate the outputs of the system

back to the design point. t = 0 is the time when the controllers are activated. The responses

of the outlet plenum temperature, the maximum wall temperature, the main steam pressure

after the controllers activated are shown in Figs. 7.6 - 7.8, respectively.
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Figure 7.6: Response of the temperature of the outlet plenum using the feedback control
after the step perturbation introduced
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Figure 7.7: Response of the maximum wall temperature of fuel rods using the feedback
control after the step perturbation introduce
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Figure 7.8: Response of the pressure of the main steam using the feedback control after
the step perturbation introduced

It can be seen that the outlet plenum temperature and the maximum wall temperature
increase and settle at the original design values in 50s using the feedback control system,
as shown in Figs. 7.6 and 7.7, respectively. The response of the control system to a 0.8
MPa step increase in the main steam pressure is presented in Fig. 7.8. It shows that the
main steam pressure can rapidly go back to the design value. In general, the feedback
control system can return the system back to the design point in around 50s. Therefore, the
designed feedback control system can effectively regulate and return the power plant back

to the design point when there are perturbations.
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7.6.Conclusion

The construction of the linear dynamic model and feedback control system for the
Canadian SCWR power plant, which focus on the thermodynamic aspect, are developed in
this study. Based on the linear dynamic model, the dynamic responses of outputs of the
system are investigated when the perturbations of input variables are introduced. Three
controllers are designed in the feedback control system to reduce the deviations of the
outputs to zero. The performance of the feedback control system is also evaluated. The
results show that the designed control system can regulate the system to the designed

operating condition satisfactorily.
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8. Summary

8.1.Summary and contributions

In this work, a variable turbulent model for the fluid flow and heat transfer in the
supercritical water flow channels were developed. Then, the model was applied in
investigating the fluid flow and heat transfer of the supercritical water in the 64-element
rod bundle at the design point and under different operating conditions. In additional to the
numerical investigations, the linear dynamic model of the reactor was obtained through
transient CFD simulations and the control systems for the reactor and the entire SCWR

power plant were constructed.

In Chapter 3, a modified turbulent model for the supercritical fluid flows in the vertical
upward channels was proposed. This work involved extensive studies of evaluations of the
existing turbulent models in both tube and rod bundles under various operating conditions.
Special attention was given to the development of a new variable model, which includes
the variations of turbulent Prandtl number with the thermophysical properties and operating
parameters. The application of the modified turbulent model for the simulation of the
supercritical fluid flows results in a great improvement in the prediction of the wall

temperatures, especially for the condition in channels with multiple fuel rods.

In Chapter 4, the full-scale three-dimensional flow and heat transfer of supercritical water
in the 64-element rod bundle was studied using the modified turbulent model developed
in Chapter 3 by computational fluid dynamics (CFD) simulations. Some interesting aspects
of the flow and heat transfer phenomenon were observed. First, the possibility of the
existence of the gap vortices in the flow subchannels was confirmed. Higher streamwise
velocities and normal Reynolds stresses always exist at the center subchannel regions.
Second, although the bulk temperature of the fluid and the wall temperatures of the fuel
rods generally increase along the axial flow direction, it was found that the circumferential

wall temperature distribution around the fuel rod surface is extremely non-uniform and
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there are large differences of the maximum cladding surface temperatures between

different fuel rods.

In Chapter 5, the parametric effects was investigated for the flow and heat transfer of
supercritical water in the 64-element Canadian SCWR fuel bundle. The effects of operating
pressure, inlet temperature, heat flux, and mass flux on the heat transfer of upward
supercritical water flow in the 64-element fuel bundle were studied numerically. Since the
buoyancy effect contributes to the heat transfer deterioration, the criteria of the onset of
buoyancy effects on heat transfer for supercritical water in circular tubes were also used to
evaluate the buoyancy effects on the heat transfer deterioration of supercritical water flow
in the fuel bundle under different operating conditions. It was shown that the wall
temperatures generally increase as the increase in the inlet temperature, heat flux, or the
decrease in the mass flux. In addition, it was also found that the buoyancy-affected zones
mainly exist at the entrance region around the pseudocritical temperature due to the sharp
decrease of density. The buoyancy-affected zone is reduced with the increase in the inlet
temperature and heat flux, and it can be ignored when the mass flux is more than a certain

value because the pseudocritical region becomes narrowed at a higher mass flux.

In Chapter 6, a design of the feedback control system for the 64-element SCWR was
presented. First, before the construction of the feedback control system, the dynamic
relationships between inputs and outputs of the reactor were obtained through transient
computational fluid dynamics (CFD) simulations. The linear dynamic model of the reactor
was obtained using system identification techniques and validated with nonlinear full-scale
CFD simulations. Second, the performance of the feedback control system was evaluated.
It was shown that the designed feedback control system can regulate the reactor back to

the design point in time when the system is subjected to disturbances.

In Chapter 7, based on the linear dynamic model for each component in the Canadian

SCWR power plant, a linear dynamic model for the entire SCWR power plant was
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developed, which includes the reactor, feedwater pump, outlet plenum, main steam line,
turbine, and condenser. The dynamic characteristics of the system and the steady-state
interaction between different inputs and outputs of the system were analyzed. Finally, the
control system for the SCWR power plant was constructed and the performance of the

control system is satisfactory.

8.2.Recommendations for future work

Some suggestions for the future work based on the studies completed in this work are

presented as follows:
1. Experimental validation and calibration of the modified turbulent model

In this work, the experimental results used for the validation of the modified model are
limited. When more experimental data for supercritical flows in different types of rod
bundles under different operating conditions are available, the turbulent model can be

further improved.

2. Propose the onset criteria for DHT in supercritical water rod bundles based on

experimental results

So far, only the onset criteria of DHT for supercritical water in tubes have been investigated.
With extensive experimental data in the future for rod bundles, correlations of criterion
could be obtained to describe the onset of DHT phenomenon for supercritical water in rod

bundles.
3. Couple neutronics into the CFD simulations and control system for the reactor

With the assumption of the uniform heat flux on the heat flux, the maximum cladding
surface temperatures predicted by the CFD simulations in this work might be higher than
the actual values. Therefore, the neutronics will be coupled into the CFD simulations in the
future study. In addition, the linear dynamic model and control system in this work are

conducted without considering the feedback effects of the coolant density and fuel
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temperatures on the reactor power. Therefore, multi-physics that couples neutronics and

thermal hydraulics of reactors will be used in the control system designs.
4. Validation of the linear dynamic model of the SCWR power plant

The linear dynamic model for the Canadian SCWR power plant constructed in this work
has not been verified by the experimental results from the SCWR power plant since the
experiments are not available now. Therefore, it needs to be validated by the experimental

data once they are available.
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