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ABSTRACT

Vertical up-flow of supercritical fluid in the subchannel of a heated rod bundle was numerically
simulated using the Computational Fluid Dynamics (CFD) codes ANSYS CFX and ANSYS
FLUENT. A total of seven cases from three different sets of experiments were simulated. Three-
dimensional steady-state predictions of fluid velocity, pressure, and temperature were made
using five versions of two-equation RANS turbulence models with accompanying wall
treatments. In addition, the temperature distribution in a solid region comprising a heater and

sheathing was also computed in some cases.

The k-epsilon turbulence model, implemented using CFX and scalable wall functions, provided
the numerical results that have the smallest overall deviation from experimental results for three
of the seven cases, and predicts the experimental data of the remaining four cases reasonably
well, unlike other turbulence models that severely over-predict the experimental data for wall

surface temperature.
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CHAPTER 1: INTRODUCTION

1.1.  Supercritical Water Cooled Reactors

A Supercritical Water Cooled Reactor (SCWR) is a nuclear reactor design that uses supercritical
water as the working fluid. Water at a pressure and temperature beyond the thermodynamic
critical point, 22.06 [MPa] and 647.096 [K] (373.946 [°C]), is considered supercritical. A SCWR
is one of the six proposed nuclear reactor designs that is currently being researched by the
Generation IV International Forum (GIF) for development in commercial applications as a
Generation IV reactor. The five other proposed nuclear reactor designs are the Sodium-Cooled
Fast Reactor (SFR), the Gas-Cooled Fast Reactor (GFR), the Lead-Cooled Fast Reactor (LFR),
the Very-High-Temperature Reactor (VHTR), and the Molten Salt Reactor (MSR). The first
meeting of the GIF took place in January 2000, when the U.S. Department of Energy’s Office of
Nuclear Energy, Science and Technology convened a meeting involving government
representatives from various countries to begin discussions on international collaboration in the
development of Generation IV nuclear energy systems. There are currently 13 member countries
of the GIF: Argentina (non-active member), Brazil (non-active member), Canada, China, the
European Atomic Energy Community (Euratom), France, Japan, South Korea, Russia, South

Africa, Switzerland, United Kingdom (non-active member), and the United States.

There are currently two main design concepts for SCWRs: a pressure vessel concept proposed by
Japan and Euratom, and a pressure tube concept proposed by Canada. The major difference
between the two concepts are with the core design, otherwise they are very similar in terms of

operating pressures, operating temperatures, materials, etc. The reason for the GIF pursuing the



commercialization of SCWRs is the improved economics that results from higher
thermodynamic efficiency and simplified plant design. The thermal efficiency of SCWRs is

expected to be 44 % or more compared to 34-36 % for current reactors [1].

Heat transfer and critical flow data are needed to validate thermal-hydraulic codes that are, or
will be used to design SCWRs. Data from conventional water reactors cannot necessarily be
used, since these reactors do not use supercritical water. The thermal-hydraulic behaviour, along
with the large changes in thermophysical properties of the fluid near the critical point
necessitates the gathering of supercritical and pseudocritical specific data. The Thermal-
hydraulics and Safety Project Management Board is one of the four Project Management Boards
in the SCWR system, and exists for the purpose of gathering these needed data. The work
performed in the present study adds to this heat transfer and critical flow database for the design
of SCWRs. The construction and operation of a prototype or demonstration SCWR system is
expected to begin around 2025 and last approximately 10 years according to the GIF 2014
Technology Roadmap [1]. After this time the commercial implementation of SCWRs is expected

to begin.

In the currently proposed SCWR design, water will be supplied directly to the reactor core in a
once-through cycle, similar to current Boiling Water Reactors. A schematic of this SCWR design

is given by Figure 1.



Control
Rods

Supercritical
Water

Reactor
Core

Reactor

Pump

Figure 1: Schematic of the currently proposed SCWR.

The water becomes supercritical as it is heated in the reactor core. Because supercritical water
has a much lower density than sub-supercritical water, its velocity must increase in order to
maintain the same mass flow rate, thus satisfying the fundamental requirement of conservation of
mass. This supercritical water is then supplied directly to a high pressure turbine which drives a
generator, thereby producing electrical power. The water from the turbine will then cool as it
passes through a condenser, and will no longer be at a supercritical state. This water is then

supplied to the reactor core to complete the cycle.
1.2.  Properties of Supercritical Fluids

The critical point is defined as the pressure and temperature, beyond which a liquid and its vapor

can no longer coexist and phase boundaries disappear. A substance at a greater pressure and



temperature than that of the critical point exists as a single phase, and is referred to as a
supercritical fluid. The pressure and temperature of the critical point of water is 22.06 [MPa] and
647.096 [K] (373.946 [°C]), respectively. The pressure and temperature of the critical point of
the refrigerant R12 (dichlorodifluoromethane) is 4.136 [MPa] and 385.12 [K] (111.97 [°C]),
respectively. The pseudocritical point is defined for a given pressure as the temperature at which
the specific heat capacity at constant pressure, c,, reaches a maximum value, so long as the

pressure and temperature have both exceeded that of the critical point.

A phase diagram for water is given by Figure 2, and shows the critical point of water, a

pseudocritical line that connects all pseudocritical points, and the various phases of water.
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Figure 2: Phase diagram for water. Thermophysical property data obtained from NIST
REFPROP v9.0 [2] and NIST WebBook [3].

The supercritical phase encompasses everything above and to the right of the critical point, and is
enclosed by the dashed lines seen in Figure 2. The pseudocritical point is useful in describing

certain heat transfer processes, such as the heating of fluids in rod bundles, the main topic of the

4



present study. For example, a fluid enters a rod bundle at a pressure exceeding that of the critical
point but at a temperature lower than that of the critical point. This fluid is in the liquid phase,
seen in Figure 2. The liquid is then heated as it flows along the heated rods, and eventually the
temperature of the fluid exceeds that of the pseudocritical point as it enters the supercritical

phase.

A hallmark of the critical and pseudocritical point is the simultaneous sudden spike in specific
heat capacity, and sudden drop in density, thermal conductivity, and viscosity. The specific heat
capacity at constant pressure and density of water near the pseudocritical temperature of 658.045
[K] are plotted in Figure 3, and the dynamic viscosity and thermal conductivity are plotted in
Figure 4. The pressure of the water for these plots is 25 [MPa], the operating pressure of the
experiments in the present study that use water. The same trends found in the following plots of
the thermophysical properties of water can be seen at other pseudocritical points, as well as the
critical point. These same trends can also be seen in other fluids, namely R12, which is the other

fluid used in the experiments of the present study.
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Figure 3: Specific heat capacity at constant pressure and density of water near the pseudocritical
pressure and temperature of 25 [MPa] and 658.045 [K], respectively. Thermophysical property
data obtained from NIST WebBook [3].
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Figure 4: Dynamic viscosity and thermal conductivity of water near the pseudocritical pressure

and temperature of 25 [MPa] and 658.045 [K], respectively. Thermophysical property data
obtained from NIST WebBook [3].
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As a fluid approaches the pseudocritical (or critical) point, the specific heat capacity rises
sharply, while at the same time the density, thermal conductivity, and dynamic viscosity drop
sharply. The specific heat capacity reaches a maximum when the fluid reaches the pseudocritical
(or critical) point, then falls sharply to values similar to what they were before the pseudocritical
(or critical) point. The density, thermal conductivity, and dynamic viscosity level off at values

much lower than they were before the pseudocritical (or critical) point.

These sudden changes in the thermophysical properties of fluids contributes to the heat transfer
phenomena known as heat transfer deterioration (HTD). HTD is a phenomena that causes sudden
spikes in wall surface temperature, and has been observed in many heated tube, annuli, and rod
bundle experiments. HTD is difficult to predict, and a large body of research has been and

continues to be devoted to the topic of HTD in supercritical fluids.

1.3. SCWR Bundle Modelling

In order to use certain numerical methods in the design of SCWRs, they must first be validated
with experiments that simulate real world conditions. Many experiments that have been
performed were focused on studying the heat transfer behaviour of supercritical fluid in heated
tubes and annuli, as is explained in better detail in Section 2.1.1. Experiments using heated rod
bundles were later performed, as these better simulated the rod bundle assemblies in the reactor
core of commercial nuclear reactors. Section 2.1.2 gives more details on these experiments.
However, these heated rod bundle experiments are more costly and difficult to operate than
heated tube and annuli experiments, and so there are far fewer experiments that use heated rod
bundles than heated tube and annuli. Currently, heated rod bundle experiments are the closest

representation of real SCWR conditions.



Carbon dioxide (CO.) or other refrigerants such as R134a, R12, and R22 are sometimes used
instead of water due to their lower critical point, 7.39 [MPa] and 304.25 [K] (31.10 [°C]) for
COy, allowing for the use of experimental equipment that does not need to be used in the more
extreme pressure conditions of supercritical water. CO, and other refrigerants such as R134a,
R12, and R22, behave similarly to water at their critical and pseudocritical points, where the
specific heat capacity spikes and the density, thermal conductivity, and dynamic viscosity drop
suddenly. This allows for the use of these fluids in place of water when studying the heat transfer

behaviour in supercritical fluids.

Numerical methods that have a good history of accurately predicting supercritical fluid
experiments will be used in the design of SCWRs. Studies have been performed that sought to
validate various numerical methods using experimental data, as explained in detail in Section
2.2. Some of these numerical methods include commercial and in-house computational fluid
dynamics (CFD) codes that use turbulence models and direct numerical simulation (DNS),
subchannel codes, and one-dimensional analytical methods. One of the outcomes of the present
study is assessing the numerical method of using CFD codes with two-equation Reynolds-
averaged Navier-Stokes (RANS) turbulence models in their accuracy of predicting heated rod
bundle experiments that use supercritical fluids. Chapter 2 explains the numerical methods used

in the present study, including turbulence models and CFD codes.

Another outcome of the present study is to seek a better understanding of HTD in the numerical

predictions of CFD codes with two-equation RANS turbulence models.



CHAPTER 2: LITERATURE REVIEW

There have been many heated tube and annulus experimental studies done with fluid at or near
the pseudocritical point since the 1950°s. Numerical studies have been done to try and simulate
these experiments using many different codes and turbulence models with differing levels of
success. However, experiments using rod bundles are better suited for the design and analysis of
SCWRs than heated tubes, because of the more complex flow pattern and heat transfer
phenomena that occur in the subchannels of rod bundles. Unfortunately, there are far fewer rod
bundle experiments available than heated tube experiments. Numerical analysis of some of these
rod bundle experimental data has been performed in an attempt to identify the turbulence

model(s) that will best predict the heat transfer, and to a lesser extent the fluid flow phenomena.

This literature review summarizes all experimental studies that have been performed using
heated tubes, annuli, and rod bundles with fluid at or near the pseudocritical point. A review of
all numerical studies in which three or more turbulence models were used to numerically
simulate heated tube and annulus experiments is then presented and discussed. Additionally, a
review of all numerical studies that have simulated a rod bundle experiment is presented and
discussed. The review of numerical studies that simulated heated tube and annulus experiments
using three or more turbulence models and the review of numerical studies that simulated heated
rod bundle experiments will be used to determine the turbulence models that will be used in the
present study to simulate certain heated rod bundle experiments. The choice of turbulence
models will be based on the assumption that the turbulence model plays a key role in predicting
the heat transfer phenomena in heated tube, annulus, and rod bundle experiments with fluid at or

near the pseudocritical point. The rod bundle experiments that will be simulated using ANSYS
9



CFEX and ANSYS FLUENT [4] will be selected from the review of experimental studies of

heated rod bundle experiments.

The rod bundle experiments that will be numerically simulated, as well as the turbulence models
with corresponding wall treatments will be presented in greater detail, along with the objectives

and outline of the present study.

2.1.  Experimental Studies

2.1.1. Heated Tube and Annulus

The first experiments using fluids at or near the pseudocritical point were performed in the
1950’s using a heated tube or annulus oriented vertically or horizontally with either water or CO-
as the coolant. There have been numerous experiments performed since then that cover a wide
range of operating conditions. For an in-depth review and summary of experiments using water
consult Pioro and Duffey 2005 [5] and Groeneveld et al. 2008 [6], and for experiments using
COz consult Duffey and Pioro 2005 [7]. Table 1 lists additional heated tube experiments that

were performed from 2000 onwards and which were not included in the reviews and summaries.
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Table 1: Vertically oriented heated tube experiments, listing fluid, internal tube diameter,
pressure, mass flux, inlet temperature, and wall heat flux.

Authors Fluid D; P [MPa] G [kg/m?s] | T, qw"
[mm] [°C] [kW/m?2]

Yoshida and Mori Water | 10,16 |24.5 376,1180 | - 230-330

2000 [8]

Jiang etal. 2004 [9] | CO> 0948 |95 579-1641 | 31-51 | 31-108

Kirillov et al. 2005 Water | 10 24-25 200-1500 | 300- | <1050

[10] 380

He et al. 2005 [11] CO2 0.948 |85,9.5 539-1641 | 31-51 | 10-200

Pis’menny et al. Water | 6.28- 23.5 250-2200 | 100- | <3200

2006 [12] 9.5 415

Kim et al. 2007 [13] | CO2 4.4 7.75,8.12, | 400-1200 |27 <150

8.85

Cho etal. 2008 [14] | CO» 4.4 8.12 1200 27 50-130

Song et al. 2008 [15] | CO» 4.4,9.0 | 8.12 400, 1200 | 5.5-32 | 30, 50

Bae and Kim 2009 CO2 44,9 | 775,812, | 400-1200 |5-27 | <150

[16] 8.85

Bae etal. 2010 [17] | CO» 6.32 7.75,8.12 | 285-1200 | - 30-170

Kim and Kim 2011 | CO2 4.5 7.46-10.26 | 208-874 29- 38-234

[18] 115

Withag et al. 2012 Water | 10 24 6.6, 10 300 -

[19]

Zhang et al. 2012 Water | 10 23,25 596, 2021 | 301, | 772,

[20] 320 1385

Zhang et al. 2014 R134a | 7.6 4.3-4.7 600-2500 | 71- 20-180

[21] 115

All of the experimental studies listed in Table 1 used heated tubes, with diameters that ranged
from 0.948 [mm] to 16 [mm], mass fluxes that ranged 6.6 [kg/m?s] to 2500 [kg/m?s], pressures
that ranged from 4.3 [MPa] to 25 [MPa], inlet temperatures that ranged from 5 [°C] to 380 [°C],
and heat fluxes that ranged from 10 [kW/m?] to 3 200 [kW/m?]. The wall temperatures at various
axial locations, and sometimes the overall pressure drop, was presented in these experimental
studies. A common theme among these studies is the presence of HTD, as evident by the spikes

in surface temperature.
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A majority of these experimental studies used CO: instead of water, and only one experiment
used R134a. CO; and other refrigerants such as R134a are used instead of water due to their
lower critical point, allowing for the use of experimental equipment that does not need to be used
in the more extreme conditions of supercritical water. These fluids behave similarly to water at
their critical and pseudocritical points, where the specific heat capacity spikes and the density,

thermal conductivity, and dynamic viscosity drop suddenly.

2.1.2. Heated Rod Bundles

Experiments of heated rod bundles with vertical up-flow are presented here. There are far fewer
rod bundle experiments than heated tube experiments, as the experimental setup for rod bundles
is more complex and costly. The rod bundle experimental results were examined to see if enough
information are available to define a corresponding numerical model, including whether or not
the experimental study included wall temperature data that could be compared to numerical

predictions.

Table 2 lists articles in which the authors present experimental results of vertically oriented
heated rod bundle experiments with various fluids, and gives the number of rods, pressure, mass
flux, inlet temperature (T;,) or inlet bulk fluid enthalpy (h;), and wall heat flux (g,,") or wall

heat rate (q).
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Table 2: Vertically oriented rod bundle experiments, listing fluid, number of rods, pressure, mass
flux, inlet temperature or inlet bulk fluid enthalpy, and wall heat flux or wall heat rate.

Author(s) Fluid | No.of | P [MPa] | G [kg/m3s] | Ty, [°C] aw"
Rods [kW/m?]

Dyadyakin Water |7 24.5 500-4000 | 90-570 <4700

and Popov

1977 [22]

Silin et al. Water | 271 23.5, 350-5000 | hy: 1000- 180-4500

1993 [23] 29.4 3000 [kJ/kg]

Razumovskiy | Water | 7 22.5, 700-1500 | 125-325 <1600

et al. 2008 24.5,

[24] 27.5

Razumovskiy | Water | 3 22.6, 1000-2700 | 125-327 1250-4580

et al. 2009 24.5,

[25] 27.5

Mori et al. R22 3,7 55 400-1000 | hy: 220-455 | 5-90

2012 [26] [kJ/kg]

Richards R12 7 4.61- 440-1320 | 72.9-119.3 q: 2.05-25

2012 [27] 4.67 [kW]

Yang et al. Water | 4 25 450, 845 | 340, 345 550, 800

2013 [28]

Zhao et al. Water | 4 25.1 112.7 351.15 756.5

2013 [29]

Wang et al. Water | 4 23-28 350-1000 | 200-450 200-1000

2014 [30]

Rohdeetal. | Water |7 25 1433 246 q: 34

2015 [31] [kW]

Dyadyakin and Popov 1977 [22] were the first to perform experiments using rod bundles. They
used water as the coolant and the experimental setup consisted of a seven-rod bundle. The article
was written in Russian, so the experimental conditions of the experiment were obtained from a

secondary source, Pioro and Duffey 2005 [5].

Silin et al. 1993 [23] performed experiments on full scale, 271 rod bundles using water as the
coolant. Their article does not contain any surface temperature plots, so it would not be possible

to compare numerical predictions to their experimental results.
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Razumovskiy et al.’s experiments with a seven-rod bundle [24] and a three-rod bundle [25]
where published in 2008 and 2009, respectively. Numerical predictions cannot be compared with
these either because, for the seven-rod bundle, the plots of wall temperature do not have enough
detail regarding boundary conditions and, for the three-rod bundle, the angular location of the
thermocouples on the rods is unknown. The missing information required to numerically
simulate these two experiments was requested from the authors by email, but it was not

provided.

Mori et al. 2012 [26] performed experiments using three- and seven-bundles using R22 as the
coolant. The three-rod experimental setup and results have sufficient detail for comparison with
numerical predictions, but the seven-rod experiments lack the necessary information regarding
thermocouple locations to compare with numerical results. This necessary information was

requested from the corresponding author by email, but no response was received.

Richards 2012 [27] presented the seven-rod bundle experimental results of Kirillov et al. 2006
[32]. R12 was used as the coolant and the heater rod surface temperature plots are presented for
20 different cases. Richards provided sufficient detail so that the bundle experiments can be

numerically simulated and predictions could be compared to experimental results.

Yang et al. 2013 [28] performed experiments on a four-rod bundle using water as the coolant.
Only a summary of the experimental results are available from Liu et al. 2013 [33] at the time of
the present study. This summary does not provide enough information regarding the

thermocouple locations to enable a proper comparison with numerical predictions.
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Zhao et al. 2013 [29] performed experiments on a four-rod bundle using water as the coolant. A
summary of the experimental results is available from Xiong et al. 2015 [34], but the Zhao et al.
article was not available at the time of the present study. The summary from Xiong et al.
provides sufficient detail so that the bundle experiments can be numerically simulated and

predictions could be compared to experimental results.

Wang et al. 2014 [30] performed experiments using a four-rod bundle with water as the coolant.
They presented a number of cases with different pressures, flow rates, heat rates, and inlet
temperatures. The researcher’s surface temperature plots only show the average heater surface
temperature at a given axial location. Sufficient detail is given regarding the experimental setup

so that the experimental results could be compared to numerical predictions.

Rohde et al. 2015 [31] presented seven-rod bundle results from The Japan Atomic Energy
Agency (JAEA) for the benchmark exercise that was organized by the GIF Project Management
board. Water was the coolant, and three cases were presented. Pseudocritical water conditions
were only present in one of the three cases: case B2. Sufficient detail regarding the experimental
setup and surface temperature plots is available so that numerical predictions could be compared

to experimental results.

2.2.  Numerical Studies

2.2.1. Heated Tube and Annulus

Numerical studies in which the author(s) used three or more turbulence models in an attempt to
simulate experimental results of heated tubes and annuli are presented here. Some authors used

only one or two turbulence models to simulate the experimental results; those numerical studies
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are not included. This is because the goal of the following review was to summarize numerical
studies in which the authors compared the results from using various turbulence models.
Therefore, for each of these numerical studies the turbulence models could be ranked in terms of
accuracy in predicting experimental results. If a turbulence model was found to predict
experimental results closer than any other turbulence model in multiple numerical studies, then it
is assumed that that turbulence model stands a better chance at predicting the experiments of the
present study closer than other turbulence models. If a numerical study only used a single
turbulence model, then the accuracy of that turbulence model could not have been compared to
the accuracy of other turbulence models, and so no conclusions could have been made regarding
its accuracy in predicting experimental results compared to the results of other turbulence

models.

There exists a large number of numerical studies that compared the results of three or more
turbulence models, and so out of convenience it was concluded that numerical studies that
compare the results of only two turbulence models will not be included in the following review,

since there exists a large number of these studies.

Table 3 lists studies in which vertically oriented heated tube and annuli experiments where
simulated using either a commercial code or an in-house code using at least three turbulence
models. The turbulence models and corresponding wall treatments for the respective
experimental data that provided the best agreement between numerical and experimental wall
temperatures are given. For some studies, the turbulence models and corresponding wall
treatment are ranked in order of their accuracy in predicting the experimental data, while for

other studies there were a number of turbulence models and corresponding wall treatments that
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provided results that had a similar degree of accuracy; these were not ranked. The experiments
that were simulated, geometry, fluid, code, and recommended turbulence models and wall
treatments were given. Some turbulence models do not require additional wall treatments, such
as the v>-f and Low Reynolds k-¢ turbulence models. A DNS case was chosen as one of the
experiments, as these results are assumed to be as accurate as experimental data.

Table 3: Numerical studies of vertically oriented heated tube and annuli experiments that used 3

or more turbulence models, listing experiment simulated, geometry, fluid, author(s) of numerical
study, code, and recommended turbulence model(s) and wall treatment(s).

Exp. Geom. / Fluid | Author(s) Code Recommended Turbulence
Simulated of Model / Wall Treatment (If
Numerical applicable)
Study
Shitsman Tube / Water | Seo et al. FLUENT | k-¢/ Standard Wall Function
1963 [35] 2006 [36]
Wen and FLUENT | SST/ Automatic and v?-f
Gu 2010
[37]
Swenson et | Tube/Water | Kiss and CFX 1. SST / Automatic, 2. k-g /
al. 1965 [38] Aszodi Standard Wall Function
2010 [39]
Tanaka etal. | Tube/ CO> Dang and In-House | Jones-Launder Low-Reynolds
1967 [40] Hihara k-g
2004 [41]
Watts 1970 | Tube / Water | Zhou and STAR- Abe-Kondoh-Nagano Low-
[42]* Novog CCM+ Reynolds k-¢ and Lien et al.
2014 [43] Low-Reynolds k-¢
Ornatskii et | Tube / Water | Wen and FLUENT | SST/ Automatic
al. 1971 [44] Gu 2011
[45]
Yamagata et | Tube / Water | Kim et al. FLUENT | RNG k-¢/ EWT
al. 1972 [46] 2004 [47]
Seo et al. FLUENT | k-¢/ Standard Wall Function
2006 [36]
Chengetal. | CFX 1. RSM / Standard Wall
2007 [48] Function, 2. k-¢ / Standard
Wall Function, RNG k-¢ /
Standard Wall Function, and
Launder Reynolds Stress /
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Standard Wall Function
Yangetal. | STAR-CD | 1. Two-Layer / Hassid and
2007 [49] Poreh Wall Treatment, 2. k-¢
/ Standard Wall Function
Sharabi and | THEMAT | k-t
Ambrosini | (In-House)
2009 [50]?
Gou et al. STAR-CD | Speziale Quadratic k-g / Two-
2010 [51] Layer Wall Treatment
Zhang etal. | FLUENT | Nothing recommended
2011 [52]
Lietal CFX Menter Baseline Explicit
2012 [53] Algebraic Reynolds Stress
Model (BSL EARSM)
Wangetal. | FLUENT | RNG k- / EWT
2012 [54]
Xu et al. In-House | SST for low heat flux case,
2013 [55] RNG k-¢ for high heat flux
case
Weinberg Tube / CO2 He et al. SWIRL Lam-Bremhorst Low-
1972 [56] 2004 [57] (In-House) | Reynolds k-¢ and Chien Low-
Reynolds k-¢
Glushchenko | Annulus / Liu et al. | FLUENT | SST/Automatic
and Water 2013 [59]
Gandzyuk
1972 [58]
Dang and Tube / CO2 Dang and In-House | Jones-Launder Low-Reynolds
Hihara 2004 Hihara k-¢
[41] 2004 [41]
Kirillov et Tube / Water | Mokry FLUENT | Low-Reynolds k-¢
al. 2005 [10] 2009 [60]
Farah 2012 | FLUENT | SST/ Automatic
[61]
Square and Sharabiet | FLUENT | 1. Yang-Shih Low-Reynolds
Triangular al. 2007 k-¢, 2. Abe-Kondo-Nagano
Channels / [62] Low-Reynolds k-g and Lam-
CO2 Bremhorst Low-Reynolds k-¢
Kim et al. Tube / CO2 Sharabi and | THEMAT | Chien Low-Reynolds k-
2005 [63] Ambrosini | (In-House)
2009 [50]
Bae et al. Tube / CO2 He et al. SWIRL 1. v>-f, 2. Myong-Kasagi
2005 [64] 2008 [65] (In-House) | Low-Reynolds k-g and Chien
(DNS) Low-Reynolds k-¢
Pis'menny Tube / Water | Wen and FLUENT | SST/ Automatic and v2-f
2006 [12] Gu 2010
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[37]
Lietal. CFX k-o, BSL k-®, SST, ®-RSM,
2012 [53] BSL Reynolds Stress, BSL
EARSM / Automatic
Zhang 2006 | Tube/CO2 Zhang etal. | FLUENT | Nothing recommended
[66] 2011 [52]
Cho et al. Tube / CO2 Cho et al. FLUENT | RNG k-¢ / EWT
2009 [14] 2009 [14]
Annulus / Cho et al. FLUENT | SST / Automatic and Abid
COz 2009 [14] Low-Reynolds k-¢
Song et al. Tube / CO2 Mohseni In-House | Myong-Kasagi Low-
2008 [15] and Reynolds k-¢
Bazargan
2009 [67]
and 2011
[68]
Zhang etal. | Tube/Water | Zhangetal. | In-House | k&t
2012 [20] 2012 [20]
Zahlan 2013 | Tube / CO2 Zhou and STAR- SST / Automatic and RSM
[69] Novog CCM+
2014 [43]
Wangetal. | Annulus/ Wangetal. | CFX SST / Automatic
2015 [70] Water 2015 [70]

watts experimental data are presented in [25]. 2Also used FLUENT, but only used the SST
turbulence model for FLUENT simulations.

There are turbulence models that were recommended as they provided the best approximation of
experimental results, but they cannot be implemented in either CFX or FLUENT, so they will
not be considered in the following discussions. The v2-f turbulence can be used in FLUENT, but
requires the purchase of an additional license, so it was not considered. Additionally, turbulence
models that use three or more equations, such as the Reynolds stress turbulence model, require
far greater computing power and time than two-equation turbulence models, and they were also
not be considered for the present study. Only two-equation turbulence models that can be

implemented in CFX or FLUENT are discussed in the review that follows.
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For the Shitsman 1963 [35] experiment, Seo et al. 2006 [36] recommended the k-¢ turbulence
model with wall functions, and Wen and Gu 2010 [37] recommended the SST turbulence model
with automatic wall treatment. Kiss and Aszodi 2010 [39] recommended the SST turbulence
model with automatic wall treatment for the Swenson et al. 1965 [38] experimental data. The k-¢
with wall functions provided the second best agreement with the experimental data. Zhou and
Novog 2014 [43] recommended the Abe-Kondoh-Nagano low-Reynolds k-g turbulence model
for the Watts 1970 [42] experimental data, and the SST turbulence model with automatic wall
treatment for the Zahlan 2013 [69] experimental data. Wen and Gu 2011 [45] found that the SST
turbulence model with automatic wall treatment best predicted the experimental data of Ornatskii
et al. 1971 [44]. He et al. 2004 [57] recommended the Lam-Bremhorst low-Reynolds k-¢
turbulence model for predicting the Weinberg 1972 [56] experimental data. They used an in-
house code, named SWIRL. Liu et al. 2013 [59] recommended the SST turbulence model with
automatic wall treatment for the Glushchenko and Gandzyuk 1972 [58] annulus experiment that

used water as the coolant.

There are more numerical studies comparing turbulence models for the Yamagata et al. 1972
[46] experimental data than any other experimental data. Of these numerical studies, the k-¢
turbulence model with wall functions is recommended by Seo et al. 2006 [36] and Yang et al.
2007 [49], and the RNG k-¢ turbulence model is recommended with EWT by Kim et al. 2004
[47] and Wang et al. 2012 [54] and is also recommended by Xu et al. 2013 [55], but with an
unknown wall treatment. Both the k-¢ and RNG k-¢ turbulence models with wall functions are
recommended as the second best option by Cheng et al. 2007 [48]. Xu et al. 2013 [55] are the

only authors that recommend the SST turbulence model for the Yamagata et al. experiment, but
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do not state the wall treatment that was used. They are also the only authors that used an in-

house code for predicting the Yamagata et al. experiment.

For the heated tube experiment of Kirillov et al. 2005 [10], Mokry 2009 [60] recommended the
general low-Reynolds k-¢ turbulence model, while Farah 2012 [61] recommended the SST
turbulence model with automatic wall treatment. For the square and triangular channel
experiments of Kirillov et al. 2005, Sharabi et al. 2007 [62] recommends the Yang-Shih low-
Reynolds k-¢ turbulence model, while the turbulence models that yield the second best results are
the Abe-Kondo-Nagano low-Reynolds k-¢ and Lam-Bremhorst low-Reynolds k-¢ turbulence

models.

Wen and Gu 2010 [37] and Li et al. 2012 [53] recommend the SST turbulence model with
automatic wall treatment and an unknown wall treatment, respectively, for the Pis'menny 2006
[12] experimental data. Li et al. also recommended the k- and BSL k-® with an unknown wall
treatment for the Pis'menny experimental data. Cho et al. 2009 [14] recommended the RNG k-¢
turbulence model with EWT for their own heated tube with CO2 experimental data, whereas for
their annulus with CO> experimental data they recommended the SST and Abid low-Reynolds k-
¢ turbulence models with automatic and no wall treatment, respectively. Wang et al. 2015 [70]
recommended the SST with automatic wall treatment for predicting their own annulus

experiment that used water as the coolant.

2.2.2. Heated Rod Bundles

Numerical studies in which the researchers simulated experimental results of heated rod bundles

are presented here. Some researchers did not simulate an experiment, but instead simulated
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conditions that might be used for heated rod bundle experiments. Those numerical studies are not

included here.

Table 4 lists studies in which vertically oriented rod bundle experiments where simulated using
either a commercial code or an in-house code. The experiments that were simulated, bundle
setup, fluid, code, turbulence models, and wall treatments are given for all studies.

Table 4: Numerical studies of vertically oriented rod bundle experiments, listing the experiment

that was simulated, bundle setup, fluid, numerical code, turbulence models used (if any), and
wall treatment (if any).

Authors of | Exp. Bundle Code Turbulence Wall Treatment

Numerical | Simulated | Setup Models

Study and Fluid

Liu et al. Yang et al. | 4-Rod, COBRA-SC | None Used None Used

2013 [33] 2013 [28] | Water (In-house) | (Subchannel (Subchannel
Code) Code)

Huang et al. | Richards 7-Rod, ANSYS k-¢, SST, Wall Function,

2014 [71] 2012 [27] | R12 FLUENT Reynolds Stress | Enhanced Wall

v6.3.26 (RSM) Treatment
(EWT)

®-Reynolds EWT

Stress (o-RSM)
Zhang et al. | Richards | 7-Rod, ANSYS RNG k-¢, SSG Scalable Wall

2014 [72] 2012 [27] | R12 CFX v11.0 | Reynolds Stress | Function
SST, ®-RSM Automatic Wall
Treatment
Xiong etal. | Zhao etal. | 4-Rod, ANSYS SSG Reynolds Scalable Wall
2015 [34] 2013 [29] | Water CFX 5.6 Stress Function

®-RSM, Menter | Automatic Wall
Baseline (BSL) | Treatment

Reynolds Stress
Changand | Rohdeet | 7-Rod, Star-CCM+ | Abe-Kondoh- Not stated by

Tavoularis | al. 2015 Water 9.04 Nagano low authors
2015 [73] [31] Reynolds k-g,

v2-f, k-e-v2/K,

SST
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Liu et al. 2013 [33] simulated the four-rod bundle water experiments of Yang et al. 2013 [28]
using an in-house COBRA-SC code. This is a custom subchannel code that does not use

turbulence models or wall treatments, and is applicable to supercritical flows.

Huang et al. 2014 [71] simulated the seven-rod R12 bundle experiments of Richards 2012 [27]
using FLUENT v6.3.26. They used the k-g, SST, and Reynolds stress turbulence model (RSM)
with both wall functions and Enhanced Wall Treatment (EWT), and the w-Reynolds stress
turbulence model (o-RSM) with EWT. The turbulent Prandtl number varied from wall to
freestream for certain cases. Cases 2, 3, 6, and 9 of the Richards experiments were simulated,
and HTD was captured best when EWT was enabled compared to when the standard wall
function was enabled. The heater rod surface temperatures near the inlet of case 2 were predicted
better using the RSM turbulence model compared to the SST turbulence model. For the
remaining cases, the RSM turbulence model with EWT resulted in the best heater rod surface

temperature predictions.

Zhang et al. 2014 [72] simulated cases 2, 3, and 9 of Richards experiments using CFX v11.0 and
the RNG k-g, SSG Reynolds stress, SST, and ®-RSM turbulence models. They found that the
SST and ®-RSM turbulence models were able to capture HTD. The Reynolds stress turbulence
models were able to predict secondary flow structures, although these were shown to have
minimal influence on heat transfer behaviour. The turbulent Prandtl number was set to a constant

value of 0.85 for all cases.

Xiong et al. 2015 [34] simulated the four-rod bundle water experiments of Zhao et al. 2013 [29]
using CFX 5.6 and the SSG Reynolds stress, ®-RSM, and Menter Baseline (BSL) Reynolds

stress turbulence models. They found that the ®-RSM and BSL Reynolds stress turbulence
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models over-predict heater rod surface temperatures, while the SSG Reynolds stress turbulence

model under-predicts heater rod surface temperatures.

Chang and Tavoularis 2015 [73] simulated the seven-rod bundle water experiments of Rohde et
al. 2015 [31] using Star-CCM+ 9.04 and the Abe-Kondoh-Nagano low Reynolds k-¢, v*-f, k-¢-
v?/k, and SST turbulence models. The authors did not state what wall treatment was used for any
of the turbulence models. They found that the v?-f turbulence model predicted wall surface

temperatures better than the other turbulence models.

2.3. Summary of Literature

Not all of the articles on rod bundle experiments include sufficient information regarding the
experimental setup and/or thermocouple locations for simulation by CFD codes. Plots of the
surface temperatures are also not always included with sufficient detail so that numerical
predictions can be compared to experimental results. Therefore, only a portion of the articles can
be used to compare with numerical predictions. Those articles by Mori et al. (three-rod only),
Richards, Zhao et al., Wang et al., and Rohde et al. have sufficient information so that a
numerical model can be created, and numerical predictions can be compared to experimental

results.

There does not appear to be a general consensus among researchers as to which turbulence
model provides the best numerical predictions of the experimental data when it comes to
vertically oriented heated tubes and annuli with fluid at or near the pseudocritical point. This is
evident by the multitude of turbulence models that are recommended for the various experiments

given in Table 3. Although not all authors tried every possible turbulence model and wall

24



treatment. There is not always a consensus among researchers for the same experiment. For
example, both the k-¢ and RNG k-¢ turbulence models are recommended for the Yamagata et al
1972 experiment by authors that each used both the k-¢ and RNG k-¢ turbulence models.
Another example of this is the Shitsman 1963 experiment, where the k-¢ and SST turbulence
models are recommended by Seo et al. 2006 and Wen and Gu 2010, respectively. An exception
to this is the Pis’menny 2006 experiment where the SST turbulence model was recommended by
Wen and Gu 2010 and was also recommended by Li et al. 2012. For the rod bundle experiments,
only the numerical study of Zhang et al. 2014 recommended a two-equation turbulence model
that can be used in CFX or FLUENT: the SST turbulence model. It was used for predicting the

Richards 2012 experiments.

From the review of heated tube and annulus and heated rod bundle numerical studies, a number
of turbulence models were recommended because they gave the best or relatively good
predictions of the heat transfer phenomena. Of these turbulence models, the only two-equation
turbulence models that can be used in CFX or FLUENT and which do not require the purchase
of an additional license are the k-g, RNG k-¢, SST, k-o, BSL k-o, low-Reynolds k-¢, and the
low-Reynolds k-& models of Abid, Lam-Bremhorst, Launder-Sharma, Yang-Shih, Abe-Kondoh-
Nagano, and Chang-Hsieh-Chen. Not all of these turbulence models can be used due to a limited
amount of time and resources. Therefore, only those turbulence models that were recommended
most often will be used in the present study, they are the k-¢, RNG k-g, SST, and the low-
Reynolds k-¢ models of Lam-Bremhorst and Yang-Shih. When the two low-Reynolds k-¢
turbulence models were selected, the numerical studies of He et al. 2004 and Sharabi et al. 2007
where considered above all others as they both used five different low-Reynolds k-g turbulence

models before recommending either one or a number of these models. He et al. came to the
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conclusion that the Lam-Bremhorst model gave the best results for the Weinberg 1972
experiment. Sharabi et al. recommended the Yang-Shih model as giving the best predictions of
the Kim et al. 2005 experiment, but recommended the Lam-Bremhorst and Abe-Kondoh-Nagano

models as giving the second best predictions.

As for the wall treatment, EWT was recommended when using the RNG k-¢ turbulence model,
and it is only available for use in FLUENT. Wall functions were recommended when using the
k-¢ turbulence model. For the SST turbulence model, there is no option to select a different wall
treatment than the default wall treatment, which is EWT when using FLUENT and automatic
wall treatment when using CFX. The low-Reynolds k- models of Lam-Bremhorst and Yang-
Shih are only available for use in FLUENT, and there is no special wall treatment that can be

used with these turbulence models.

2.4.  Objectives

The objectives of this thesis are as follows:

e Numerically simulate two or three cases each of three heated rod bundle experiments
with upwards flowing fluid at or near the pseudocritical point.

e Investigate HTD that occurs at or near the pseudocritical point of fluids in heated rod
bundles with upwards flowing fluid.

e Compare the results of various two-equation turbulence models in predicting heat transfer
and fluid flow of the various cases of the heated rod bundle experiments.

e Compare the results of two commercial CFD codes in predicting the various heated rod
bundle experiments.
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2.5.  Scope of the Thesis

The experiments of Rohde et al., Richards, and Wang et al. where selected for the present study.
Two cases will be simulated from each of Rohde et al. and Richards, and three cases will be
simulated from Wang et al. An attempt was made to simulate the Mori et al. three-rod bundle
using CFX, but a steady state converged solution could not be achieved using a multitude of
different meshes. The Zhao et al. four-rod bundle was not selected because the above-mentioned

three experiments were considered to have sufficient variety of geometry and working fluid.

ANSYS CFX and ANSYS FLUENT [4] will be used to perform numerical simulations for all
cases. The turbulence models that will be used are the Shear Stress Transport model (SST), k-g,
RNG k-g, Yang-Shih low-Reynolds k-¢, and Lam-Bremhorst low-Reynolds k-e. FLUENT will
be used to simulate the experimental rod bundle cases using the RNG k-¢ turbulence model with
EWT, the SST turbulence model with the default EWT, and the low-Reynolds k-¢ turbulence
models of Lam-Bremhorst and Yang-Shih. CFX will be used to simulate the experimental rod
bundle cases using the k-¢ turbulence model with scalable wall functions, as these are
recommended over standard wall functions by CFX [74]. CFX will also be used to simulate the
experimental rod bundle cases using the SST turbulence model with automatic wall treatment, in

order to compare the results of using the same turbulence model with different codes.

2.6.  Thesis Outline

Chapter 3 will explain the numerical models that are used by both CFX and FLUENT. Each
experiment will be presented in a separate chapter: Chapter 4, Chapter 5, and Chapter 6 for the

Rohde et al., Richards, and Wang et al. experiments respectively. Each of these chapters will
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present the experimental setup, specific details about the numerical simulation, grid
independence study, results, and discussion for each of the three bundle experiments. Chapter 7
will provide the overall discussion and conclusion for all cases, and will include a comparison
between the various turbulence models that were used as well as a comparison between the CFX
and FLUENT. Appendix A.1 through A.4 contain additional studies that were performed for the
SST turbulence model and the Rohde et al. experiment, including a sensitivity study of the SST
turbulence model parameters. Appendix B.1 and B.2 contains details on implementing custom
material properties in CFX and FLUENT. A separate document is available that contains a step-

by-step guide for creating the mesh of the Wang et al. four-rod bundle using ICEM CFD [75].
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CHAPTER 3: NUMERICAL MODELS

Two commercially available computational fluid dynamics programs were used to generate
numerical solutions to the experimental cases under consideration. These two programs are
ANSYS CFX (v14.5, v15.0, v16.1, and v16.2) and ANSYS FLUENT (v15.0, v16.1, and v16.2)
[4]. The governing equations that are solved by both of these programs are given in this chapter.
ANSYS CFD-Post (v14.5, v15.0, v16.1, and v16.2) [4] was used to post process the results from
both CFX and FLUENT. ANSYS ICEM CFD (v14.5, v15.0, and v16.1) [4] was used to generate
meshes in the .cfx5 and .msh format for use in CFX and FLUENT respectively. Unless otherwise

noted, the following equations are solved by both CFX and FLUENT.

3.1.  Governing Equations

The following governing equations are given in Cartesian coordinates, using summation notation
where appropriate, and were taken from ANSYS digital reference documentation [74]. The
governing equations consist of continuity, momentum, thermal energy, and turbulence quantities.
The turbulence quantities are the turbulence kinetic energy, k, and either the turbulence
dissipation rate, &, or the specific turbulence dissipation, w. Steady state versions of the

equations are presented.

The following assumptions are made in regards to the governing equations: incompressible flow
(the Mach number is less than 0.3 for all cases), all fluids are Newtonian, no radiation heat
transfer, and negligible pressure work. Additionally, the thermophysical properties that are used

in the governing equations vary with pressure and temperature.
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3.1.1. Continuity, Momentum, and Energy

The continuity equation is:

d(pU;) _

axi 0 (1)

The conservation of momentum equation is:

o(puiU;)  oP @ <an oU;

0
S Ox; | 0x; ~3x P 2
0x; axi ¥ axf i axl)l axj (puluj) + SM,buoy ( )

j 0x;

Where puu;, are the Reynolds stresses and Sy pyoy IS the momentum source term due to

buoyancy. The eddy-viscosity assumption is used to approximate the Reynolds stresses:

B an_I_an 26 <k+ 6Uk) @)

where u, is the eddy viscosity, k is the turbulence kinetic energy, and §;; is the Kronecker delta

function. The % term is expected to be negligible for this application. The turbulence kinetic
k

energy is the kinetic energy per unit mass of the turbulence fluctuations

1
k = Eulul 4)

but because the turbulence fluctuations are not solved for in any of the turbulence models used in
this study, the turbulence kinetic energy is determined from a transport equation, and not from

Equation (4).
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Using the previous eddy-viscosity assumption, the conservation of momentum equations for use

with two equation turbulence models become:

o(pU;U;)  oP' @ oU; 0U;
i Ul P R i 5
ax] 8xi + ax] (‘u + ‘ut) ax] + axi + SM,buoy ( )

where P’ is the modified pressure and Sy py,0, IS the momentum source term due to buoyancy.

The eddy viscosity, u;, is determined from equations that require the turbulence kinetic energy,
k, and the turbulence dissipation rate, &, or specific turbulence dissipation, w, among other
variables and constants. Using the full buoyancy model in CFX, the momentum source term due

to buoyancy is:

Smbuoy = 9i(P = Pre) (6)
The momentum source term used in FLUENT is:

Sm,puoy = pg (7)

The reference density (p,.f) is defined as the average density over the entire fluid domain. For
the z axis aligned with the upward flow direction the acceleration due to gravity (g,) is -9.81

[m/s?] (32.185 [ft/s?]) and O in the x and y directions (g, and g,,).

The modified pressure used in CFX is defined using the static pressure (P) and turbulence Kinetic

energy (k) as follows:
2
PP=P+ §pk (8)

The modified pressure used in FLUENT is simply the static pressure (P).
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When the full buoyancy model is enabled in CFX, the absolute pressure includes the static

pressure (P) and the hydrostatic pressure due to the reference density (p,¢f):

Paps = Pref + P +pref§(?_?ref) 9)

where g is the acceleration of gravity, and 7., is the buoyancy reference location, specified at

the centroid of a pressure defined boundary. In this case the outlet is a pressure-defined
boundary. The absolute pressure and the temperature are used to define fluid properties as

described in detail in Section 3.2.

CFX solves the thermal energy equation for turbulent flows, since all flows under consideration

are incompressible:

d(pU;h) 0 oT u; oh 0 .
— = — (A + == > +—[Ui(ij — puw)] + Sk (10)

ox; ox; a_x] Pr, % ox;

where Pr; is the turbulent Prandtl number, Sz is the energy source term, and %[Ui(rij -
J

p_ulu])] is the viscous work term. When two equation turbulence models are used the Reynolds

Stress term (pu,u,) is approximated using the eddy viscosity hypothesis.

The turbulent Prandtl number, Pry, is set at 0.9 by default in CFX. This value will be used for all

CFX and FLUENT runs in this study.

FLUENT solves the following total energy equation for turbulent flows:

9] d UtCp\ OT
—(Uu. = — - (1. 11
ox; (Ui (pE + P)) 0x; ((A * Pr, )axj + Ui (T”)eff> + Sk (1)
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where E is the total energy defined as follows:

E=h P+U2
= St

and U; (Tij)eff is the viscous dissipation term. The deviatoric stress tensor, (Tij)eff, is:

ou; adU; 2 ou
(Tij)eff = (1 + u) <8_x]l + a)(i) - §(H + Mt)5ija—x:

The turbulent thermal conductivity, A, is defined as follows:

HeCp

At = —

t Pr,
3.1.1.1. Continuity, Momentum, and Energy Boundary Conditions

(12)

(13)

(14)

All numerical cases in this study use the following boundary conditions: mass flow rate and

temperature defined inlet, static pressure outlet, various symmetry planes, and various no-slip

adiabatic walls. Additionally, fluid-solid and solid-solid interfaces are defined between the

various fluid and solid domains.

The fluid total mass flow rate and direction is defined at the inlet. The direction is always defined

normal to the inlet plane, in the positive z-direction. The temperature of the fluid over the entire

inlet is also defined.

The outlets are defined using as a static pressure boundary condition. The relative static pressure

is set at a certain value, which is zero for all cases of the present study, over the entire outlet.
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Symmetry boundary conditions are used when all aspects of the flow are assumed to be

symmetric about a symmetry plane.

All fluid-solid interfaces are “no-slip”, where the fluid directly in contact with the solid has a
relative velocity of zero. When a fluid-solid interface is defined using the “conservative interface
heat flux” or “coupled” options in CFX and FLUENT, respectively, heat flux is allowed to flow
through the interface. When a wall is defined as “adiabatic” in CFX or when the heat flux is set

to zero in FLUENT, heat flux is not allowed to flow through the interface.
3.1.2. SST Turbulence Model

The following Shear Stress Transport (SST) model is the Menter SST model [76]. The SST
turbulence model effectively uses the k-¢ turbulence model of Launder and Sharma [77] in the
free stream and the k- model of Wilcox [78] in the near wall region, with a blending function to
merge the two models between the free stream and the near wall region. This turbulence model
determines the eddy viscosity using the turbulence kinetic energy, k, and the specific turbulence

dissipation, w.
The eddy viscosity is calculated using the following equation:

B a,kp
~ Max(a,w,S F,)

He (15)

where a, is 0.31, F, is a blending function, and S is the magnitude of the strain rate tensor S;;:

1(0U; 0U;
5 =35+ 52 4o
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S= (25,5 (17)
gy

The blending function F, is:

F, = tanh(arg3) (18)

where arg, is:

(19)

2Vk 500v
arg, = Max oy e
where B is 0.09 and y is the distance to the closest wall.

The turbulence kinetic energy (k) and specific turbulence dissipation (w) of the SST model result

from solving the following transport equations:

a(Uk)—a(+”t)ak + P, — B'pkw + P 20

axjpj _E)xj U G/ 0%; x — B pkw kb (20)

d d U \ Ow Jk dw W

— (pU;w =—(,u+—>—l+(1—F)2 — — ta;—P

axj(p ) (’)le Ow3/ 0x; 1 'Dawza)axjaxj kK (21)
—,33,0(1)2+wa

where P, is the production of turbulence due to viscous forces, Py, is the turbulence production
due to buoyancy, P,;, is the turbulence dissipation due to buoyancy, and F; is a blending
function. The turbulence production and dissipation due to buoyancy terms, P, and P,
respectively, are absent in FLUENT and cannot be enabled. o3, 0,3, a3, and B5 are constants

that result from the following blending function:
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¢z =Fip+ (1 —F)o, (22)

where ¢ is gy, 0, a, or §. The constants used in Equation (22) are: o,,= 1.17647, g;,= 1.0,

1= 2.0, 0,,= 1.16822, a,= 0.553167, a,= 0.440355, B,= 0.075, and f3,= 0.0828.

The blending function F;is:

F, = tanh(arg?}) (23)

where arg; is:

vk 500v 4pk
= Min( M 24
e m( aX(ﬁ’wy ’ yzw) 'CDkw%zy2> @
CDy,, = Max| 2 1 Ok 9w 10710 (25)
ke = MAX| 2P O,y W axj axj ’
The turbulence production due to viscous forces is:
oU; dU;\oU; 20Uy Uy
P = —= — 26
k=M <6xj (’)xi) dx; 3 0xy (3‘ut 0xp * 'Dk) (26)

The turbulence production due to buoyancy is calculated by CFX using the following equation:

Mt dp

Egi o, (27)

Pyp = —

where the turbulent Schmidt number, Op, is 1.0.

The turbulence dissipation due to buoyancy is determined by CFX using the following equation:
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w
Pop =3 ((a3 + 1)C3Max(Pyy, 0) — Pp) @)

where C5 is 1.0.
3.1.2.1. Wall Treatment - CFX

To generate a solution in the near wall region when solving the SST turbulence model, CFX uses
a method termed: automatic wall treatment. This method seeks to blend the readily known
solutions in the viscous sub-layer with those in the log-layer of the near wall region. A value of

y™ less than one is required for this method to function as desired.
The flux for the momentum equation is:
Fy = —pu;crxu’ (29)

where the modified friction velocity, u*, is:

4

. ,u|AU
u
p

_ 4 30
Ay| + (agk) (30)

and the friction velocity specific to CFX automatic wall treatment, u, crx, is computed using

components from the viscous and log layers:

Up cry = i/(ulr;is)z; + (uiog)ét (31)

where the component of the friction velocity from the viscous sublayer is:
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gis — E |ﬂ| (32)
p Ay
and the component of the friction velocity from the log layer is:
U
log _
| (33)
~log yt+B

where k is 0.41, B is 5.2, and the universal equation for dimensionless distance from the wall, y*

is

yt =2 (34)
v

where An is the wall-normal distance between the first and second mesh points away the wall

and the universal equation for friction velocity is

w = | (35

where t,, is the near wall shear stress.

The turbulence kinetic energy flux is zero at the wall:

The specific turbulence dissipation flux is not specified. Instead, the specific turbulence

dissipation is a blend of the analytical expressions for the viscous sublayer:
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6v

= B ay)? (37
and the log layer:
u* (u")?
= = 38
Wi,crx aKy | arvy® (38)
giving the following formulation:
w 2
W, =ws |1+ (ﬂ) (39)
wS

where Ay is the wall-normal distance between the first and second mesh points away from the

wall.

The thermal boundary layer is modelled by blending the non-dimensional analytical expressions
for the viscous sublayer and log layer into a single equation, given by Kader [79]. This allows for
a continuous solution over the entire boundary layer, including the buffer layer. This formulation
is given below, where the contribution from the viscous sublayer is the first part of the right hand

side, and the contribution from the log layer is the second part of the right hand side:

1

T+ = Pryjuoe TCFX + (2.12In yj 0 + B*)e Tcrx (40)
where y;,.:, 1S defined for this automatic wall treatment as:

u*An
Yauto = T (41)
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where An is wall-normal distance between the first and second mesh points away from the wall.

The values of f* and Iy are determined for Equation (40) using the following equations:

1 2
ﬁ*::<&85Pr§—-L3) +2.12InPr (42)

~ 0.01(Pr yjye0)*
14+5Pr3y;,.0

(43)

CFX

where the Prandtl number is defined as:

HCp
= — 44
Pr 7 (44)

The temperature can then be determined from the non-dimensional temperature using the

following equation:

T*qy"

*
pCpU

T=T, - (45)

where T, is the temperature at the wall and g,," is the heat flux at the wall

3.1.2.2. Wall Treatment - FLUENT

To generate a solution in the near wall region when solving the SST turbulence model, FLUENT
uses a method termed: enhanced wall treatment (EWT). This method seeks to blend the readily
known solutions in the viscous sub-layer with those in the log-layer of the near wall region. A

value of y* less than one is required for this method to function as desired.
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The non-dimensional velocity in the boundary layer is obtained by combining the analytical
expressions for the viscous sublayer and log layer into a single equation, given by Kader [79].
This allows for a continuous solution over the entire boundary layer, including the buffer layer.

This equation is given as

1
ut = ul-*;lmerFLUENT + u;"urbeFFLUENT (46)

where u;,,, and uf,,, are the analytical expressions for the non-dimensional velocity in the

viscous (laminar) sublayer and the log (turbulent) layer respectively, and Iz, gyt IS

0.01(y*)*

IrLyent = —W (47)

and uz,, is

yu dP>

u{;m = y"‘ (1 + WE (48)

where Z—I; is the pressure gradient in the direction of the mean flow.

To obtain the non-dimensional velocity in the log layer, u,,,, FLUENT solves the following
ordinary differential equation that is based on a combination of the approaches by White and

Christoph [80] and Huang et al. [81]:

du;urb _ L o(1- utPriq",, ~ (u*)2Pry(u,)? (49)
dy* ky*t pcpu Ty, 2¢pT,,
where S’ is
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N y*u ar
p?(u;)3 dz’
60 dP

1+ —,
" p2(w,)? dz

yt <60

y*t =60

The non-dimensional velocity can be converted to the dimensional velocity using the following

universal equation:
U=uu* (51)
which is needed in subsequent equations for 7.

To obtain the non-dimensional temperature profile in the thermal boundary layer, FLUENT uses
the function of Kader [79] to blend the analytical solutions of non-dimensional temperature in

the viscous sublayer and log layer:

1
T+ = Tl'gmerFLUENT + Tt‘LrbeFFLUENT (52)

where T;},,, and T, are the analytical expressions for the non-dimensional temperature in the
viscous (laminar) sublayer and the log (turbulent) layer respectively, and Iz ygnr 1S Calculated

using Equation (47). The values of T}},,, and T;%,,., are determined using the following equations:

u
Tt = Pr (ufum + 32 U?) 539)
2q"w
pu Pr
Tirn = Pre (uhurs + Poe + 2|02 = (- = 1) @ (0?| ) (54
29"y Pry

where u/ is the value of u* at the fictitious crossover point between the viscous sublayer and log

layer (y* = 11.06), u;,,, is determined using Equation (48), u;,,,, is determined by solving the
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ordinary differential Equation (49), and Pp, is a function of the Prandtl and turbulent Prandtl

numbers:

Blw

Pr
PPI‘ = 924‘ (_)

Pr
-1 (14—028e'“m”§ﬂ> (55)
Pr;

The temperature is determined from the non-dimensional temperature using the following

equation:

T=T, —

(56)
PCpUs

Similar to the method used by CFX, FLUENT sets the turbulence kinetic energy flux at the wall,
F, to 0. The specific turbulence dissipation in the near wall region is calculated using either the
analytical expression in the viscous sublayer or the analytical expression in the log layer,
depending upon the location within the boundary layer. The expression for the specific
turbulence dissipation in the viscous sublayer is given by Equation (37) in Section 3.1.2.1, and

the expression for the specific turbulence dissipation in the log layer is:

(u‘r)z du:urb

W FLUENT = EF (57)
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3.1.3. Standard k-¢ Turbulence Model

The following turbulence model implemented in CFX is the standard k-¢ turbulence model of
Launder and Sharma [77]. It is based on solving the governing equations of the turbulence

kinetic energy, k, and turbulence dissipation rate, &, in order to determine the eddy viscosity.
The eddy viscosity is calculated using the following equation:

k2
e =Cup— (58)

where Cu is 0.09.

The turbulence Kinetic energy, k, and turbulence dissipation rate, &, result from solving the

following transport equations:

a(Uk)_a'(ert)ak + Py — pe +P 59

ox; pUj _E)xj_ U Oe) 0%; k — PET Fkp (59)
0 o[ U\ 0] ¢

(o) = o |(n +22) al 42 (Cer P = CeapE + CerPoy) (60)
] J L € ]

where o= 1.0, g.= 1.3, C,;= 1.44, and C.,= 1.92. The turbulence production due to viscous
forces, Py, and the turbulence production due to buoyancy, P, are calculated using Equations
(26) and (27). The turbulence dissipation due to buoyancy, P, is determined using the

following equation:

Psb = C3MaX(Pkb, 0) (61)
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3.1.3.1. Wall Treatment

Scalable wall functions are used in CFX for the k-¢ turbulence model and are based on those of
Launder and Spalding [82]. These wall functions only use equations that are specific to the log

layer. The non-dimensional distance from the wall for this wall treatment is

1/4,1/2 An
. _ PG KT (62)
yScale - u

where An is the wall-normal distance between the first and second mesh points away the wall.
When the value of yg.,. IS less than 11.06, then the minimum value of yg.,,. used in the
equations for the wall treatment is 11.06. The variable ¥, is used in place of yg.,;. in the

boundary layer equations for this reason:

Vscare = Max(Yscqrer 11.06) (63)
This ensures the log layer equations are never used in a region for which they were not intended.

The law-of-the-wall for the non-dimensional velocity is:

1
u;-cale = Eln(ygcale) + B (64)
The velocity is calculated using the following equation
U= Cl}/4k1/2u;cale (65)

which is used by the governing equations of mass, momentum, energy, turbulence kinetic

energy, and turbulence dissipation rate.
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The thermal boundary layer is modelled by assuming a universal non-dimensional temperature

profile in the log layer:
T+ =212InJi . + B (66)

where $* is determined using Equation (42) in Section 3.1.2.1. The temperature is determined

from the non-dimensional temperature using Equation (45) in Section 3.1.2.1.
3.1.4. RNG k-¢ Turbulence Model

The RNG k-¢ turbulence model was derived using a statistical technique called renormalization
group theory by Yakhot et al. [83]. It is similar to the standard k-¢ turbulence model except that
it has an extra term in the turbulence dissipation rate equation to account for highly strained
flows, and it uses an analytical equation for the two coefficients appearing in the turbulent
diffusion terms of the turbulence kinetic energy and turbulence dissipation rate equations. Values
of the constants appearing in the governing equations are also different than for the standard k-¢

model.
The eddy viscosity is calculated using the following equation:

k2

Ue = C;L,RNG,O? (67)

where C, ryg is 0.0845

The turbulence Kinetic energy, k, and turbulence dissipation rate, &, result from solving the

following transport equations:
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0x; dx

o | ok
(pUik) = o— |t rve (1 + 1e) El + Py — pe+ Pyp (68)
il j

d
axi

[ oe €
Oe RNG (u+ pe) ox + e (Cel,RNGPk + Cel,RNGpeb)
L ]

0
(pUje) = a_x]

pe? c C,n*(1—n/4.38)
k \ EBRNG 1+ 0.01273

(69)

where Cgq pyg=1.42, Cep rng=1.68, n = Sk/e, aprne and a.ryg are coefficients determined
using Equation (73) and the turbulence production due to viscous forces, Py, is calculated using
Equation (26) in Section 3.1.2. The turbulence production due to buoyancy, P, and the

turbulence dissipation due to buoyancy, Py, are determined using the following equations

He dp
Pep = ——5 0915~ 70
kb P, 9i ox; (70)
Pep = C3¢Pyp (71)

where C5, is a constant that depends on the orientation of the mean flow velocity relative to the

gravitational vector according to the following equation

Velparg

C,;. = tanh
3¢ = AONL T

(72)

perp,g

where Vel,q, 4 is the component of the velocity parallel to the gravitational vector and Vel 4

is the component of the velocity perpendicular to the gravitational vector. For all cases in the
present study, the mean flow is parallel to the gravitational vector, therefore according to the

above equation the value of Cs, will be 1.0.
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The values of the a; gy and a, gy constants results from solving the following equation

arne — 1.3929%%%2 1 qpne + 2.3929,%367°

U
= 73
0.3929 (73)

3.3929 1

where agyg IS either ay gryg OF @ ryg. The value of agy, is found from Equation (73) and then

assigned to both ay, gy and a; pyg-

3.1.4.1. Wall Treatment

Enhanced wall treatment is used to model the boundary layer in FLUENT when the RNG k-¢
model is enabled. This is the same method that is used for the SST turbulence model in

FLUENT, and is explained in Section 3.1.2.2.

3.1.5. Low Reynolds k-¢ Turbulence Model

The Yang-Shih low Reynolds k-¢ (Yang-Shih Low-Re k-g) [84] and Lam-Bremhorst low
Reynolds k-g (Lam-Bremhorst Low-Re k-¢) [85] turbulence models are presented in this section.
They are based on the standard k-¢ turbulence model, but include damping functions that are
sensitive to near wall conditions. The effects of these damping functions are diminished as the
flow approaches the free stream, just as the effects of the wall diminishes as the flow approaches
the free stream. Additionally, the damping functions approach zero as the distance to the wall
approaches zero, thereby causing the eddy viscosity to approach zero in the viscous sublayer, a
physically realistic trend. Where the standard k-¢ turbulence model requires wall functions to

solve solution variables in the near wall region, Low-Re k-¢ turbulence models can solve
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solution variables all the way through the viscous sublayer. A value of y* less than one is

required for these turbulence models to function as desired.

The eddy viscosity for the Yang-Shih Low-Re k-g¢ and Lam-Bremhorst Low-Re k-¢ turbulence

models are calculated using Equations (74) and (75), respectively.

Ue = ,uf;,L,YSTtpk (74)
kZ
te = CufyLep = (75)

where f, ys and f, .5 are the damping functions of the Yang-Shih and Lam-Bremhorst Low-Re

k-¢ turbulence models given by Equations (77) and (76), respectively.

furs = [1 — exp(~1.5 - 10%R, — 5 - 10-7R3 — 10-10R3)]"/? (76)
furs = (1 — exp(=0.0165R,))’ (1 + 22‘55 8) (77
The turbulent time scale, t;, is determined from the following equation

T = é + pﬁg (78)
and the turbulence Reynolds number, R,,, is given as

R, = (19)
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where y is the distance from the wall. The turbulence kinetic energy, k, and the turbulence

dissipation rate, &, result from solving the following transport equations:

d a [ He
a—xi(PUik) =% _(H +

d
axi

a [ HUe
(pUe) = o _(ﬂ +

O-k,LowRe

ok
a_xj +Pk_p£+Pkb

)]
Og,LowRe axj

1
+ ‘L'_ (Csl,LowRePkfl - sZ,LowReprg + Cel,LowRePeb) + pSe
t

(80)

(81)

where the corresponding values or equations used to determine the values of oy ;owre: Oc Lowre:

Ce1rowres Ce2.00wres f1, @nd f, are given in Table 5, and the source term, S,, is given in Table 6.

The turbulence production due to viscous forces, P, the turbulence production due to buoyancy,

Pyp, and the turbulence dissipation due to buoyancy, P, are determined using Equations (26),

(70), and (71), respectively.

Table 5: Values and equations for variables of the Lam-Bremhorst and Yang-Shih Low-Re k-¢

turbulence models in FLUENT

Lam-Bremhorst Yang-Shih
Ok,LowRe 1 1
Ge,LowRe 1.3 1.3
Csl,LowRe 1.44 1.44
CsZ,LowRe 1.92 1.92
3
0.05
f 1+ < ) 1
' furs
2 2
pk? pkt,
1-— —— - —
f2 exp( (ue) ) 1-0.22exp ( - )
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Table 6: Value and equation for source term of the Lam-Bremhorst and Yang-Shih Low-Re k-¢
turbulence models in FLUENT

Lam-Bremhorst | Yang-Shih
277 2
s, |0 pie (07U
p? \0x;0xy
3.15.1 Wall Treatment

FLUENT does not offer enhanced wall treatment for Low-Re k-¢ turbulence models. Therefore,
there is no special treatment for the near wall region, other than specifying the boundary

conditions of the turbulence kinetic energy and turbulence dissipation rate.

The turbulent kinetic energy is zero at the wall, because the viscous sublayer in the immediate
vicinity of the wall is laminar leading to zero turbulence fluctuations, according to the definition

of the turbulence kinetic energy, given by Equation (4) in Section 3.1.1.
kwau =0 (82)

The boundary condition for the near wall turbulence dissipation rate is

Q(ﬂ)z (83)

Ewall =

3.1.6. Turbulence Model Inlet Boundary Conditions

Boundary conditions of the turbulence models for both CFX and FLUENT are defined at the

inlet by specifying a turbulence intensity, I, and an eddy viscosity ratio, u;/u. The dynamic
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viscosity, u, is already known, since it is determined from the temperature and pressure of the
fluid at the inlet. The turbulence kinetic energy, turbulence dissipation rate, and specific
turbulence dissipation rate are defined at the inlet using Equations (84), (85), and (86)

respectively.
The turbulence kinetic energy at the inlet is:

3
Kinter = E 1*u? (84)

Where I is the turbulence intensity and U is the magnitude of the mean flow velocity.
The turbulence dissipation rate at the inlet is:

k2
Einlet = 0”3“5; (85)

where Dy, is the hydraulic diameter.

The turbulence dissipation rate can be converted to a specific turbulence dissipation using the

following equation:

Einlet

Winlet = ﬂT (86)
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3.2.  Supercritical Fluid Properties

3.2.1. Water - CFX

In CFX, properties of water are calculated based on the temperature and pressure of water and
steam using the IAPWS-IF97 database, formulated as in [86]. This database provides an accurate
equation of state for water and steam properties. The range of validity of this property package as

implemented in CFX is as follows:

0 [°C] < T <800 [°C] for 10 [MPa] < P < 100 [MPa]

800 [°C] < T <2000 [°C] for P <10 [MPa]

The minimum and maximum temperature and pressure must be given in CFX, as well as the
maximum number of integration points. A maximum of 1000 points is used for all cases in this
study. This allows CFX to calculate a lookup table of all the necessary physical properties of the

fluid for the entire range of temperatures and pressures that will be encountered in each run.

3.2.2. Water - FLUENT

In FLUENT, the National Institute of Standards and Technology (NIST) real gas model is used
to calculate the physical properties of water whenever needed by the solver. This model uses the
NIST Thermodynamic and Transport Properties of Refrigerants and Refrigerant Mixtures
Database Version 9.0 (REFPROP v9.0) which itself uses the equations of state from the IAPWS-

IF97 database [87]. Specific details on implementing this model are given in Appendix B.2.
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3.23. R12-CFX

The thermophysical properties of R12 where obtained from the NIST Chemistry WebBook [3] at
various temperatures and absolute pressures. Lookup tables that use both the temperature and
absolute pressure were then generated for the density, specific heat capacity at constant pressure,
thermal conductivity, and dynamic viscosity. A custom macro, written in the Visual Basic for
Applications (VBA) programming language, within Microsoft Excel was then used to generate

lookup tables that were implemented in CFX as FORTRAN subroutines.

The thermophysical properties were obtained from the NIST Chemistry WebBook at temperature
intervals of either 0.5 [K] or 0.1 [K] at pressures of 2,000 [Pa] and 4,000 [Pa] below the
operating pressure for the cases 2 and 3, respectively, and at pressures of 18,000 [Pa] and 36,000
[Pa] above the operating pressure for case 2 and 3, respectively. In this work, the properties of
R12 were produced for a range of pressures: between 4.626 [MPa] and 4.646 [MPa] for case 2,
and between 4.641 [MPa] and 4.681 [MPa] for case 3. In creating the tables, the 0.5 [K]
temperature intervals were used when the gradients in thermophysical properties were small, and
the 0.1 [K] temperature intervals were used when the gradients in thermophysical properties
were large. For a given pressure, there are 512 data points. The thermophysical properties where
copied into Microsoft Excel, and a custom macro, written in VBA, generated a lookup table for
the density, specific heat capacity at constant pressure, thermal conductivity, and dynamic
viscosity in a FORTRAN compatible format. A complete description on how to create and
implement these lookup tables in CFX is given in Appendix B.1. In order for CFX to obtain a
thermophysical property at a certain location, the temperature and absolute pressure at that

location is passed to the FORTRAN subroutine for the desired thermophysical property, and the
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property value is passed back to CFX. The lookup tables use linear interpolation between two
temperatures and absolute pressures to estimate the thermophysical property at a given

temperature and absolute pressure.

To ensure these lookup tables provided accurate thermophysical property data, a test case was
run on CFX and the resulting thermophysical properties were compared to those obtained from
NIST Thermodynamic and Transport Properties of Refrigerants and Refrigerant Mixtures
Database Version 9.0 (REFPROP v9.0). This test case consisted of a 1 [m®] grid with nodes in
the X, y, and z direction of 4, 4, and 20,001, respectively. The domain was stationary R12 under
constant pressure. The temperature at the x-y plane boundaries was fixed at just above the
minimum and just below the maximum temperatures of the lookup tables, 350.5 [K] and 520
[K], respectively. The boundary condition on the remaining four planes was symmetry. A
solution was then obtained using CFX. The thermophysical properties where sampled at every
nodal location along a line that ran through the centre of the domain, parallel to the z-axis. These
properties were then compared to those obtained from REFPROP for the same temperature and
absolute pressure. A summary of the resulting comparison is given in Table 7, where the dummy
variable, @ ryx represents a thermophysical property value obtained through FORTRAN
subroutines when using CFX, and @y,sr represents a thermophysical property value obtained
through NIST REFPROP. In Table 7 the subscript i is added to the @y and @y;sr variables to
represent the nodal location with respect to the z-axis, where i varies from 1 to the maximum
number of nodes in the z-axis, 20,001. The three rows of comparisons of Table 7 are the
maximum range in property values, range-normalized maximum difference between values

obtained through FORTRAN subroutines and NIST REFPROP, and range-normalized root mean
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square of the difference between values obtained through FORTRAN subroutines and NIST

REFPROP. The maximum range in temperature is 700 [K].

Table 7: Comparison between thermophysical property values determined through FORTRAN
subroutine when using CFX and values determined using NIST REFPROP.

P
p Cp A
[kg/m®] | [kgK] | [wimkq | #[Pas]
Max(Pcpx) — Min(Pcrx) 949.5 | 68363 |0.5993 | 0.0008224
Maxl@i,cpx—?i,mnl -100 [%] 02802 |8545 |1.345  |0.1940
Max(®@cpx) — Min(Pcrx)
N 2
1 ( Max|®icrx — Pinisr] .100) [%] |0.01402 | 0.3596 | 0.05830 | 0.03387
N £ \Max(@crx) — Min(Pcrx)

From Table 7 it can be seen that the maximum root mean square of the difference in
thermophysical properties is 0.3596 % for the specific heat capacity at constant pressure. The
root mean square of the difference in thermophysical properties is an order of magnitude less for
the remaining properties. These values are very low, therefore the conclusion can be made that
the thermophysical properties implemented using FORTRAN subroutines in CFX are reasonably
accurate when compared to those properties obtained through NIST REFPROP. From this
conclusion, FORTRAN subroutines were implemented in CFX to obtain thermophysical

properties of R12.
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3.24. R12-FLUENT

In FLUENT, the NIST real gas model is used to calculate the physical properties of R12
whenever needed by the solver. This model uses the NIST Thermodynamic and Transport
Properties of Refrigerants and Refrigerant Mixtures Database Version 9.0 (REFPROP v9.0).
Specific details on implementing this model are given in Appendix B.2. To enable this model,
the same process described in Section 3.2.2 is used, except that “R12.fld" is entered, instead of

“water.fld”.

3.3.  Solid Properties

Thermophysical properties of the various solid materials used in the experiments that were
numerically modelled in this study were obtained from various sources, and implemented in
CFX and FLUENT by various methods. One of the following approaches was used to define the

thermophysical properties of all solid materials:

1. A constant value was defined
2. A temperature dependant polynomial was given
3. A temperature dependent lookup table using a FORTRAN subroutine was given

4. A temperature dependent piecewise linear profile was given

3.3.1. Rohde et al. Seven-Rod Bundle Solid Properties

Inconel 600 density, specific heat capacity, and thermal conductivity property data were supplied
by Rohde et al. [31] for a temperature range of 300 [K] to 900 [K]. Microsoft Excel was used to

curve fit first order polynomials to the density and thermal conductivity data, and a third order
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polynomial was curve fit to the specific heat capacity data. These polynomials where used in
both CFX and FLUENT to model the thermophysical properties of Inconel 600, with one

exception: FLUENT only allows a constant density be defined for a solid material.

Nichrome and boron nitride density, specific heat capacity, and thermal conductivity property
data were obtained from Touloukian [88]. Microsoft Excel was used to curve fit a first order
polynomial to the nichrome thermal conductivity data, and a second order polynomial was curve
fit to the boron nitride thermal conductivity data. These polynomials, and constant values of
density and specific heat capacity where used in both CFX and FLUENT to model the

thermophysical properties of nichrome and boron nitride.

The polynomial functions used for these properties are given later along with the detailed

description of the problem.

3.3.2. Richards Seven-Rod Bundle Solid Properties

Thermophysical property data of stainless steel 304L were obtained from Graves et al. [89]. The
density was constant and the specific heat capacity was modelled as a second order polynomial
with temperature. To model the thermal conductivity in CFX, a lookup table was implemented
using a FORTRAN subroutine that used 13 data points between 333.7 [K] and 975.3 [K], and are
given in Appendix C.1. This lookup table used temperature to assign the thermal conductivity,

and was implemented in a similar way to that of the R12 thermophysical properties.

To model the thermal conductivity in FLUENT, a lookup table was implemented using a built-in
feature, and used the same 13 data points as the lookup table used in CFX. This lookup table also

used temperature to assign the thermal conductivity.
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3.3.3. Wang et al. Four-Rod Bundle Solid Properties

Thermophysical properties of stainless steel 304L for the Wang et al. cases were modelled in the
same way as for the Richards seven-rod bundle cases. Section 3.3.2 describes the method by
which the thermophysical properties were modelled in CFX and FLUENT for stainless steel

304L.

3.4. Grid Generation

Meshes consisting of many hexahedral elements were created that represented the geometries of
the various rod bundle cases. CFX and FLUENT create control volumes using these meshes and
the discretized linearized system of equations is solved for each control volume. ANSYS ICEM
CFD v14.5, v15.0, and v16.1 were used to generate meshes in the .cfx5 and .msh format for use

in CFX and FLUENT, respectively.

To reduce the total number of nodes of the Rohde et al. and Richards meshes, the spacers were
not modelled. These spacers would have required the number of nodes to be substantially
increased in the vicinity of the spacers, and would have increased the complexity of the x-y cross
section of the mesh in order for the mesh to only contain hexahedral elements. The spacers were
shown to only locally affect the cladding surface temperature and increase the overall pressure
drop of the Rohde et al. B2 case [90]. This conclusion is assumed to be applicable to the

Richards cases as well.

To further reduce the total number of nodes of the meshes, only a portion of the entire bundle
domain is modelled and a symmetry boundary condition is imposed on the necessary faces. Only

1/12'" of the entire x-y cross section of the seven-rod bundles of Rohde et al. and Richards was
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modelled, and 1/8" of the entire x-y cross section of the Wang et al. four-rod bundle was
modelled. The planes of symmetry of the Rohde et al., Richards, and Wang et al. bundles can be
seen in Figure 8 in Section 4.1, Figure 40 in Section 5.1, and Figure 80 in Section 6.1

respectively.

Meshes were generated for all three geometries, and a grid independence study was performed
for case B2 of Rohde et al., case 2 of Richards, and case T65000 of Wang et al. The SST
turbulence model with automatic wall treatment was used in CFX to perform the grid
independence study. The grid spacing of the nodes directly in contact with the solid walls was
reduced to certain values so that the non-dimensional wall distance, y4,.,, was one, or less, for
all meshes. After the final mesh was chosen for each geometry, runs were performed for other
cases and different turbulence models were used for all cases. The non-dimensional wall distance
was checked with each of these runs to ensure the value was one or less when automatic wall
treatment was used in CFX, or when enhanced wall treatment or a Low-Re k-& model was used
in FLUENT. The scalable wall treatment of FLUENT does not require the non-dimensional near
wall distance, ys.qe, t0 be less than one, because the minimum value of yg.,;. is restricted to

11.06, according to Equation (63) in Section 3.1.3.1.

To generate the meshes in ICEM CFD, the following steps were followed:

e Points were created using X, y, and z coordinates. The dimensions of all meshes were
entered in millimeters (i.e. 1.83 [m] would be entered as 1830 in ICEM CFD),
convenience when modelling the geometry. (The mesh was scaled in the final steps to
give the mesh the correct units of measurement.)

e Lines were created that connected all points.
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Surfaces were created using lines, and were given names that corresponded to the
boundary condition that was be imposed at that surface.

An initial block was created that enclosed all the points, lines, and surfaces.

The block was split at certain locations and/or vertices.

Vertices, edges, and faces of the blocks were associated to the appropriate points, lines,
and surfaces, respectively, and in that order.

For meshes with multiple domains which have more than just a fluid domain, each
domain was saved as a separate part with an appropriate name that reflected the material
of the domain.

The number of and distribution of the nodes were defined using edge parameters, and
were copied to parallel edges.

A pre-mesh was generated, which was then converted to an unstructured mesh.

The unstructured mesh was then converted to either an ANSYS CFX (.cfx5) or ANSYS
FLUENT (.msh) mesh file, and 0.001 was used as the X, y, and z scaling factors to allow

for the proper units of measurement in the final mesh.

The resulting .cfx5 and .msh mesh files were then imported into CFX-Pre and FLUENT,

respectively, to be used for runs. A separate document is available that gives a step-by-step guide

on how to create a mesh of the Wang et al. four-rod bundle [75].

Numerical Solution Method

The governing equations of mass, momentum, energy, and turbulence are replaced by algebraic

approximations, and solved numerically by the CFX and FLUENT solvers to obtain solution
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fields for all desired variables. CFX and FLUENT use an element-based finite volume method,
whereby the spatial domain is discretized into a mesh of finite volumes, and relevant quantities

(mass, momentum, etc.) are conserved on a control-volume basis.

3.5.1. CFX

CFX uses a co-located grid layout, where the solution field values are stored at control volume
centres, which are defined as mesh nodes in CFX. This allows for the use of a single mesh to
solve all the governing equations. Normally this co-located grid would lead to a de-coupled
pressure field, but due to the work of Rhie and Chow [91], which involves an alternative

discretization of the mass flows, the pressure field is instead coupled with the velocity field.

Solution variables and domain properties are stored at mesh nodes. Control volumes are
generated around each mesh node using the median dual as the control volume boundary.
Median duals are created using planes that join the centres of each control volume. Figure 5

shows a typical control volume in CFX, simplified for 2D.
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Integration Points Mesh Nodes
\ /

" \
Control Volume/ Control Volume Centre

Figure 5: 2D simplification of a typical control volume (shaded region) surrounding a mesh node
in CFX. Mesh nodes are solid circles and integration points are hollow circles.

The governing equations of mass, momentum, energy, and turbulence are integrated over each
control volume and Gauss’ Divergence Theorem is used to convert volume integrals of

divergence and gradient operators to surface integrals.

Volume integrals are discretized within each sector of each element, and accumulated to the
node of the control volume which the element sector belongs to. Surface integrals are evaluated
at integration points, located at the centre of the surfaces that separate element sectors. The
resulting algebraic equations for mass, momentum, and scalars are as follows:

Nip

2 (pUjAm;), =0 (87)
ip=1
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ip

Nip Nip o

U, o,
Z (pUjAmy), (Ui = Z (PAm);p + Z (et ) ox; " ox,
o] ip=1 ip=1

Nip Nip

0 _
z (pUjA]mj)ip((p)ip = Z ((F + 1) a—z)_Amlj> + S, ¥ (89)
ip=1 ip=1 J ip

where the subscript ip represents the current integration point, N, is the total number of
integration points, Am is the discrete outward surface vector, S_Ul is the average momentum
source term over the control volume, ¥ is the volume of the control volume, ¢ represents a scalar
variable (T, k, €, or w), I' is the molecular diffusion coefficient of the scalar variable (in the case
of temperature being the scalar, this would be thermal conductivity, A), I; is the turbulent
diffusion coefficient of the scalar variable (in the case of temperature being the scalar, this would
be the turbulent thermal conductivity, A;), and E is the average scalar source term over the

control volume.

To evaluate solution variables and gradients at integration points, CFX uses shape functions to
approximate values from nodal values. The following summation shows how the solution
variable at a particular location within an element, y¥(x',y’,z"), is approximated from nodal

values of the solution variable, y;, and shape functions, V; (x', y', z"):

Nnode
w(xll y” ZI) = 2 M(x,’ y” Z’) llbl (90)
i=1
where V;(x',y’, z") is the shape function for node i, the location of node i is given by x', y', Z/,

the value of the solution variable at node i is ¥;, and N,,, 4. is the total number of nodes of the
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element under consideration. Because all meshes in this study use hexahedral elements, the value
of N,,,4¢ IS eight. Figure 6 shows a typical hexahedral element in a local x’, y’, z' coordinate
system, with nodes labeled 1 to 8. Shape functions that are used for this hexahedral element are

given by Equations (91) to (98).

Figure 6: Hexahedral element with nodes labeled from 1 to 8. Local x’, y’, z’ coordinate system

is used.
Ni(x',y',2) =1 -x)1—-y)(A—2) (91)
Ny(x',y',2) =x'"1—-y)(A—-2) (92)
N3(x',y',z) =x"y' (1 -2 (93)
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Ny(x'y',2) =1 -x)y' (1-2) (94)

Ns(x',y',2) = (1 =x)YA - y)z (95)
Ne(x',y',2') = x' (1 = y)z' (96)
N, (x',y',z) =x"y'7 97)
Ng(x',y",2) =1 —-x)y' 7 (98)

The gradient of the solution variable at a particular location within an element, Vi, is

approximated from nodal values using a form of Gauss’ divergence theorem:

V=2 > @ aw), (99)

where Am is the outward surface vector at ip, and 1 is the value of the solution variable at ip,

determined using Equation (90).

To calculate the values of the solution variables at integration points, two different advection
schemes are used. The first order Upwind Difference Scheme (UDS) is used for the turbulence
variables and the High Resolution Scheme is used for all other variables. The general form for

both these advection schemes is:

Yip =Yup +BVY - A7 (100)
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where 1,,,,is the value of the solution variable at the upwind node, 7 is the vector from the

upwind node to the current integration point, and the values of B and Vi are chosen based on the

particular advection scheme being used.

The first order Upwind Difference Scheme sets B to zero, yielding a very robust scheme, which
is ideal for turbulence quantities, however diffusive discretization errors that smear large

gradients can appear in the solution.

The High Resolution Scheme sets the value of the advection flux term using the values of B and
Vi from the upwind node. The value of B is determined using the non-linear method of Barth
and Jesperson [92] as follows. The minimum and maximum values of the solution variables are
first calculated at each node, using the values of neighbouring nodes and the value of the node
itself. The values of B for each integration point are then determined so that the solution
variables at each integration point do not exceed or fall below the maximum and minimum
values at the node to which the integration points belong to. The value of B at each node is then
selected as the minimum value of B of all integration points surrounding each node, with the

additional constraint that B cannot exceed 1.

Spatial derivatives are calculated using shape functions as follows:

Nnode
oY AN,
| = 101
0x;l,; Z 0x; | ¥ .
1Y n=1 P
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where the value of the solution variable at each of the eight nodes and the value of all eight of the
spatial derivatives of the shape functions at the integration point must be known. The spatial

derivatives of each shape function are determined using the Jacobian transformation matrix:

ON7 [dx dy 9z '[ON]
ax| |ox ax' ox'| |ox'
a_N _ dx dy 0z JdN (102)
dy| |9y a9y ay'| |9y
JdN dx dy 0z JdN
Lozl Loz a7z o8z Loz

The pressure term at each integration point, P;,,, is calculated using shape functions as follows:

Nnode

Py = Z Na(Xips Yips Zip) o (103)

n=1

where the pressure at each of the eight nodes, P, and the value of all eight of the shape functions

at the integration point must be known.

The general form of the coupled system of linear equations that result from applying the finite
volume method to all control volumes is:
NCV

aPytt = b, (104)
lei
where a is the matrix that contains the coefficients of the solution variable matrix y, and b is the
matrix on the right hand side. The subscript i identifies the specific control volume under
consideration and the superscript nb signifies the neighbouring nodes, including the control

volume under consideration. The complete set of these equations for every control volume is the
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whole linearized equation system, and is solved by CFX using a coupled solver. This coupled
solver solves the hydrodynamic equations (velocities and pressure) as a single system. This
solution approach uses a fully implicit discretization of the equations. For steady-state problems,
the time step is used as a relaxation parameter that guides the approximate solutions to a steady-
state solution. The coefficients of the linearized equations are updated after a solution and the
non-linear set is iterated until steady-state convergence is obtained. A Multigrid accelerated
Incomplete Lower Upper factorization technique is used by CFX for solving the system of

equations.

The normalized residual, 7, is computed for every control volume at each iteration. Residuals

are the imbalance of the linear discretized system of equations. These normalized residuals are
one of the factors that are used to judge convergence. CFX calculates these normalized residuals
using the raw residual, 7, which is the imbalance in the linearized system of discrete equations,
a representative coefficient of the control volume, a,, and a representative value of the overall
range in the solution variable, ¥rgnge:

rl/),i

— 105
ap lprange ( )

Tw’i =

The subscript i identifies the current control volume for which the residual is being computed.
The method used to calculate a, and Y,4ng4. is ‘not simple’, and is not available in CFX

Reference documents.

Domain imbalances are calculated by CFX at each iteration by summing the solution variables at

the boundary of every domain, then normalizing the resulting sum using the largest contributor
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of that solution variable to give an imbalance percentage. This imbalance percentage is

calculated for each domain as follows:

Npoundaries N

100
Imbalance = . E E Y (106)
Max(lzﬁ\;l lpl;]l) j=1 i=1 v

where 1 is the solution variable, N is the total number of sampled locations on a boundary, and
Npoundaries 1S the total number of boundaries in each domain. The above equation yields the

domain imbalance as a percentage.

To ensure proper convergence of the solution, CFX recommends the maximum normalized
residual for all equations be at most 1x10 [74]. This criterion is usually sufficient for most
engineering applications, but to achieve tight convergence the maximum normalized residual
should be at most 1x107°. Additionally, the domain imbalances should be less than 1 %, as
recommended by the CFX Solver Modelling Guide [74]. For CFX runs for the present study,
unless stated otherwise, the maximum value of the continuity, momentum, and energy equation
residuals were less than 1x10°, the maximum value of the turbulence equation residuals were
less than 1x10*%, and the maximum value of the domain imbalances for the continuity,

momentum, energy, and turbulence equations were less than 0.1 %.

Various solution variable monitor points are defined for the CFX runs, to provide an additional
means to check convergence of the runs. The solution variable at the monitor points are reported
at each iteration, and provide further assurance that a solution is converged when a minimal
change in these variables over a given number of iterations is achieved. The monitor points

consist of the surface temperature of the cladding or heater rod, depending on the experimental
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setup, at various locations and the pressure near the centroid of both the inlet and outlet. Monitor
points may also include the velocity w at various locations, pressure at locations other than the

inlet or outlet, and internal solid domain temperatures.

3.5.2. FLUENT

A pressure-based coupled algorithm is used in FLUENT to solve the momentum and pressure
based continuity system of equations. FLUENT uses a co-located grid layout, similar to CFX,
where the solution field values are stored at control volume centres. The difference between CFX
and FLUENT is that control volume centres are defined as mesh nodes in CFX and defined as
the centres of mesh elements in FLUENT. The method of Rhie and Chow [91] is used to
discretize the governing equations so that the pressure field is coupled with the velocity field.

Integration points are located at the centroid of control volume faces.

Solution variables must be calculated at control volume faces for various convection terms.

Figure 7 shows a typical control volume, simplified to 2D.
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Integration Points Control Volume Centre

Control Volume Mesh Nodes

Figure 7: 2D simplification of a typical control volume (shaded region) surrounding a cell centre
in FLUENT. Mesh nodes are solid circles and integration points at the centroids of control
volume faces are hollow circles.

The governing equations of mass, momentum, energy, and turbulence are integrated over each

control volume. These integrated equations are discretized for each control volume for mass,

momentum, and a scalar variable as shown by Equations (107), (108), and (109), respectively.

> (pU-d), =0 (107)

> (U7-A), = Y (PA) + Y (Gu+ V0 -4) +55v (108)

=1 = =1
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Nfaces Nfaces

Z (ol -4), = Z (r+1)ve-4) +5,v (109)
f=1 f=1 !

where the subscript f represents the current face, Ng,..s is the total number of faces of the

control volume, 4 is the area of the current face, S—Ul is the average momentum source term over
the control volume, ¥ is the volume of the control volume, ¢ represents a scalar variable at the
current face (temperature, turbulence Kkinetic energy, etc.), " is the molecular diffusion
coefficient of the scalar variable (in the case of temperature being the scalar, this would be
thermal conductivity, 1), I} is the turbulent diffusion coefficient of the scalar variable (in the case
of temperature being the scalar, this would be the turbulent thermal conductivity, A1;), V¢ is the
gradient of the scalar variable at the current face, and % is the average scalar source term over

the control volume.

Turbulence quantities are calculated at faces using the First-Order Upwind Scheme, and for the
remaining solution variables a Second-Order Upwind Scheme is used. The First-Order Upwind
Scheme sets the face values of solution variables to the upwind cell centre values. The Second-
Order Upwind Scheme uses the multidimensional linear reconstruction method of Barth and
Jesperson [92] to compute cell face values. The following equation is used to compute the face

values of a solution variable, 1, from the upwind cell centre values of the solution variable,

Yup, and its gradient, Vi,

l/)f = lpup + leup ‘7 (110)
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where 7 is the vector from the upwind cell centroid to the current face centroid. The gradient

used in this equation is limited so as not to give new maximum or minimum values.

The Least Squares Cell-Based Gradient Evaluation method is used to calculate solution variable
gradients at cell centres. This method assumes the solution varies linearly between cell centres,

and is given below:

V- Ary = (Y — §) (111)

where Vi is the solution variable gradient at the cell centre under consideration, Ar; is the
distance from the cell centre under consideration to the cell centre at the it" cell, ¥ is the
solution variable at the cell centre under consideration, and ; is the solution variable at the i*"
cell centre. Equation (111) is written for each cell surrounding the cell under consideration, and
the resulting system of linear equations is solved to obtain the solution variable gradient at a cell

centre.

The pressures at cell faces, Py, are computed using a central differencing scheme, and is known

as the Second Order scheme:
1 1 - -
Pr = (P + Po) + 5 (VP - 7 + VPy - 7o) (112)

where P; and P, are the pressures at the cell centres adjacent to the face under consideration, VP;
and VP, are the pressure gradients at the cell centres adjacent to the face under consideration,

and 7; and 7, are the vectors from the face under consideration to the adjacent cell centres.
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The general form of the coupled system of linear equations that result from applying the finite
volume method to all control volumes is given by Equation (104) in Section 3.5.1. The complete
set of these equations for every control volume is the whole linearized equation system, and is
solved by FLUENT using a coupled solver. This coupled solver solves the hydrodynamic
equations (velocities and pressure) as a single system. This solution approach uses a fully
implicit discretization of the equations. For steady-state problems, under-relaxation of the
solution is controlled through a pseudo transient under-relaxation method, where the pseudo time
step value is defined so as to accelerate the solution towards convergence. The coefficients of the
linearized equations are updated after a solution and the non-linear set is iterated until steady-
state convergence is obtained. An Algebraic Multigrid accelerated Incomplete Lower Upper

factorization technique is used by FLUENT for solving the system of equations.

FLUENT calculates the globally scaled residuals at each iteration by first taking the absolute
value of the residuals of the linear discretized system of equations for every control volume and

summing them over all control volumes. This ‘unscaled’ residual is then divided by the

ng‘; aly™ term that appears in the linear discretized system of equations, given by Equation

(104) in Section 3.5.1 to give the globally scaled residual.

Domain imbalances in FLUENT can be calculated by summing the solution variables at the
boundary of every domain, then normalizing the resulting sum using the largest contributor of
that solution variable to give an imbalance percentage. This imbalance percentage is calculated
for each domain using Equation (106) in Section 3.5.1. This imbalance is only calculated for the
continuity and energy solution variables, where the largest contributor to those solution variables

are the mass flow rate at the inlet and the total heat rate at the heated wall, respectively.
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To ensure the solution is converged FLUENT recommends the globally scaled residual for all
equations be at most 1x1073, except for the energy equation which should be at most 1x107° [74].
For FLUENT runs for the present study, unless stated otherwise, the maximum value of the
continuity equation residuals were less than 1x107, the maximum value of the momentum and
energy equation residuals were less than 1x107°, the maximum value of the turbulence equation
residuals were less than 1x10*, and the maximum value of the domain imbalances for the

continuity, momentum, energy, and turbulence equations were less than 0.1 %.

Various solution variable monitor points are defined for the FLUENT runs, similar to the CFX
runs, and again provide an additional means to check convergence of the runs. The monitor
points consist of the surface temperature of the cladding or heater rod, depending on the
experimental setup, at various locations, and the area averaged pressure at the inlet and outlet. In
addition to surface temperatures, monitor points may also be placed in the solid domains to

measure internal temperatures.
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CHAPTER 4: ROHDE ET AL. 2015 SEVEN-ROD BUNDLE WITH WATER

4.1. Experimental Setup

The experimental data of Rohde et al. were obtained from the JAEA for use in the GIF SCWR
2013-2014 seven-rod subchannel benchmark exercise, organised by the GIF Project
Management board. The experimental setup consists of seven heater rods, orientated in a
hexagonal arrangement, enclosed in a shroud to create subchannels with water flowing vertically
upwards. Six spacers that are 25 [mm] (0.984252 [in]) in length position the rods inside the
shroud, and position the rods relative to one another. The heater rods consist of a C-shaped cross-
section (possibly helical) Nichrome element with a diameter of 4.2 [mm] (0.165354 [in]),
encased in a boron nitride insulator with a diameter of 6 [mm] (0.236220 [in]), all of which is

encased in a protective Inconel 600 cladding with a diameter of 8 [mm] (0.314961 [in]).

Figure 8 shows an x-y cross section of the Rohde et al. experimental setup, showing the heater
rods, insulator, cladding, water channel, spacer, shroud, and external housing. The symmetry

planes that will be used to simplify the modelling of this rod bundle are also shown.
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Figure 8: Cross section of Rohde et al. 2015 seven-rod bundle, showing composition of heater

rods, spacers, shroud, external housing, and planes of symmetry.

Pressure taps are placed at 144 [mm] (5.66929 [in]) and 1340 [mm] (52.7559 [in]) from the start

of the heated section. A total of 42 thermocouples are embedded into the external surface of the

cladding at various locations along the heater rods, to measure the cladding surface temperature.

Figure 9 shows a y-z cross section of the Rohde et al. experimental setup, showing the unheated

inlet and outlet sections, heated section, location of all six spacers relative to the inlet, and the

location of the pressure taps.

Inlet Section Pressure Heated Section Outlet Section
300 w1301 1500 L
— [ - -|.<_ |
100~ 4444 25 ressure
<600
1000 —— 1200 ap 2
~1830
7 o

Figure 9: Schematic y-z cross section of the Rohde et al. 2015 domain, showing inlet, heated
section, outlet, location of all six spacers relative to the inlet, and location of the pressure taps.
All spacers are of the same length. Dimensions are in [mm].
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There are three cases for this experiment, case Al, B1, and B2. Case Al is an isothermal case
with temperatures well below the pseudocritical point of water. Results for Case Al are given in
Appendix A.4, but only consist of the overall pressure drop. Case B1 is a heated case in which
the fluid is below the pseudocritical point. The inlet temperature of case B2, which is also
heated, is close to the pseudocritical point of water. The conditions of all three cases of the

Rohde et al. experiments are given in Table 8.

Table 8: Experimental conditions of Rohde et al. 2015 experiments.

Case | Inlet Inlet Flow Mass Heater A | Heater | Heater
Temperature | Pressure | Rate Flux [kW] B,D,F|CEG
[K] [MPa] [kg/min] | [kg/ma3s] [kW] [kW]

Al 297.35 25.00 26.33 228344 |0 0 0

Bl 353.58 24.98 16.69 144756 | 19.67 2251 |22.52

B2 519.58 25.03 16.52 1432.97 | 34.14 34.08 | 34.13

The pseudocritical temperature of water using the inlet pressures of cases B1 and B2 are given in
Table 9, where the pseudocritical temperature is defined as the temperature at which the specific

heat capacity at constant pressure reaches a maximum value.

Table 9: Pseudocritical temperatures of water at inlet pressures of Rohde et al. cases

Case | Inlet Pressure | Pseudocritical
[MPa] Temperature [K]

Bl 24.98 657.972

B2 25.03 658.153

4.2.  Numerical Domain Definition, Boundary Condition, and Mesh

A 1/12'" section of the Rohde et al. seven-rod bundle was modelled, and symmetry was assumed

on both section planes. The Nichrome elements with their C-shaped cross sections were
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modelled as solid rods of the same outside diameter as the C-shape. The hydraulic diameter of
the subchannel is 2.84038 [mm] (0.111826 [in]). An Xx-y cross section of the bundle showing the

section that has been modelled is given in Figure 8 in Section 4.1.

The total length of the domain is 1.83 [m] (6.00394 [ft]) in the z-direction, which includes a 0.3
[m] (0.984252 [ft]) inlet section, 1.5 [m] (4.92126 [ft]) heated section, and a 0.03 [m] (0.0984252
[ft]) outlet section. The six spacers are 0.025 [m] (0.082021 [ft]) long, and are located at various
positions throughout the domain. A y-z cross section, showing the locations of these spacers, as
well as the inlet, outlet, heated section, and location of the pressure taps is given in Figure 9.

These spacers were not modelled in order to substantially reduce the total number of nodes.

The thermocouples are attached to the heater rods at various angles and axial locations. When the
entire domain is simplified to the 1/12™ section, the total number of locations of thermocouples
on the x-y plane is reduced to five because of symmetry. These locations correspond to lines a, b,
¢, d, and e as shown in Figure 10, which gives more details about the geometry of the

computational domain.
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Figure 10: Typical x-y cross section of Rohde et al. 2015 domain showing fluid and solid
domains and locations of thermocouples: lines a, b, ¢, d, and e. All dimensions in [mm].

The thermocouples are located at certain axial locations along lines a, b, c, d, and e. Tables 10 to
13 provide domain definitions and boundary conditions for each of the domains shown in Figure

10.
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Table 10: Domain definition and boundary conditions of Rohde et al. 2015 fluid domain.

Fluid

Domain Properties Material: Water

Turbulence Model: SST, k-¢, RNG k-g, Lam-Bremhorst
Low-Re k-¢, Yang-Shih Low-Re k-¢

Turbulent Prandtl Number (Pr;): 0.9

Reference Pressure: 24.98 [MPa] (Case B1), 25.0110
[MPa] (Case B2)

Material Properties IAPWS-IF97 Database (CFX), NIST REFPROP v9.0
Database (FLUENT)

Inlet Mass Flow Rate: 0.0231806 [kg/s] (Case B1), 0.0229444
[kg/s] (Case B2)

Temperature: 353.58 [K] (Case B1), 519.58 [K] (Case B2)
Turbulence: Low Intensity (I = 1 %), Low Eddy Viscosity
Ratio (u; / u = 1.0)!

w = 1.44172 [m/s] (Case B1), 1.73644 [m/s] (Case B2)

Re =11188.8 (Case B1), 35957.3 (Case B2)

Fluid Properties at Inlet, | p = 982.336 [kg/m°]

Case B1 u = 3.59528x10* [Pa 5]

cp =4144.9 [J/kgK]

A =0.68284 [W/mK]

Fluid Properties at Inlet, | p = 825.735 [kg/m?]

Case B2 p =1.13316x10* [Pa s]

cp =4611.90 [J/kgK]

A =0.649645 [W/mK]

Outlet Reference Static Pressure: 0 [Pa]

Wall Adiabatic no-slip at Shroud, coupled (FLUENT) or
conservative interface heat flux (CFX) to Cladding 1 and 2
domains (R¢)

1The turbulence intensity at the inlet doesn’t significantly affect surface temperatures: maximum
values of RMSgn,T from using medium and high inlet turbulence intensity was 0.01 % and 0.02
%, respectively using low inlet turbulence intensity result as reference, for case B2 using the SST
turbulence model and CFX. Therefore, low inlet turbulence intensity was used for all cases, since
it provided more stable convergence than medium or high intensity inlet turbulence.
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Table 11: Domain definition and boundary conditions of Rohde et al. 2015 cladding 1 and 2
domains.

Cladding 1 and 2

Domain Material: Inconel 600
Properties
Material p =-0.3922057147 [kg/m3K] T + 8528.0312491363 [kg/m°]

Properties | ¢, = 7.524x107 [J/kgK“] T3 - 0.0012939439 [J/kgK®] T2 + 0.9069264845
[J/kgK?] T + 262.8297423839 [J/kg*K]

A =0.0160336023 [W/mK?] T + 9.6331381197 [W/mK]

Wall Adiabatic wall across x-y plane at z = 0.0 [m] and z = 1.83 [m], coupled
(FLUENT) or conservative interface heat flux (CFX) across x-y plane at z
= 0.3 [m] and z = 1.8 [m], coupled (FLUENT) or conservative interface
heat flux (CFX) to Fluid (R¢) and Insulator 1 and 2 domains (R;)

Table 12: Domain definition and boundary conditions of Rohde et al. 2015 insulator 1 and 2
domains.

Insulator 1 and 2

Domain Material: Boron Nitride
Properties
Material p = 2130 [kg/m?]

Properties | ¢, = 1265.3 [J/kgK]

A = 1.792707x10* [W/mK®] T? - 0.3714505815 [W/mK?] T +
298.4687499009 [W/mK]

Wall Adiabatic wall across x-y plane at z = 0.0 [m] and z = 1.83 [m], coupled
(FLUENT) or conservative interface heat flux (CFX) across x-y plane at z
= 0.3[m] and z = 1.8 [m], coupled (FLUENT) or conservative interface
heat flux (CFX) to Cladding 1 and 2 (R;), and Heater 1 and 2 domains

(Rp)
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Table 13: Domain definition and boundary conditions of Rohde et al. 2015 heater 1 and 2
domains.

Heater 1 and 2

Domain Properties Material: Nichrome

Material Properties p = 8410 [kg/m?]

cp =420 [J/kgK]

1 =0.0179188239 [W/mK?] T + 4.5115124321 [W/mK]

Wall Adiabatic wall across x-y plane at z = 0.0 [m] and z = 1.83 [m],
coupled (FLUENT) or conservative interface heat flux (CFX)
across x-y plane at z = 0.3 [m] and z = 1.8 [m], coupled
(FLUENT) or conservative interface heat flux (CFX) to
Insulator 1 and 2 domains (Ry)

Heated Section Energy | Heater 1 VVolumetric Heat Rate (from heat rates of Heater A):
Source 9.46509x108 [W/m?] (Case B1), 1.64280x10° [W/m?] (Case
B2)

Heater 2 Volumetric Heat Rate (from average heat rate of
Heaters B, C, D, E, F, and G): 1.08341x10° [W/m?] (Case B1),
1.64111x10° [W/m?] (Case B2)

Various solution variable monitor points are defined for CFX and FLUENT runs, to provide an
additional means to check convergence of the runs. Solution variables at the monitor points are
reported at each iteration, and provide further assurance that a solution is converged when a
minimal change in these variables over a given number of iterations is achieved. For FLUENT
runs, two of these monitor points were placed on line b and line ¢, and one was placed in the
Cladding 2 domain, in order to measure temperature. The area averaged pressure at the inlet and
outlet was also monitored. For CFX runs, two of these monitor points were placed on line b and
line c, two were placed in the Heater 1 domain, and another two were placed in the Heater 2
domain, in order to measure temperature. Additionally for CFX runs, the pressure and velocity w
were monitored at points that were scattered throughout the domain at many different locations,

including the centroids near the inlet and outlet.
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4.3.  Grid Independence Study

A mesh of the 1/12'" section of the seven-rod bundle was generated using ANSYS ICEM CFD,
and the spacers were not modelled in order to substantially reduce the total number of nodes.
Figure 8 in Section 4.1 shows this 1/12" section defined by the symmetry planes in relation to
the entire x-y cross section. CFX was used to numerically solve case B2 using the SST
turbulence model with automatic wall treatment. The SST turbulence model was chosen because,
out of those turbulence models that were selected to provide final results, it was the only
turbulence model that can be used in CFX that required a y* of less than one. The maximum
residuals and domain imbalances were monitored during the runs, and a solution was considered

to be converged when these variables reached values given in Section 3.5.1.

A number of initial meshes were first generated for which solutions were obtained for case B2
using CFX. Case B2 was chosen because the fluid temperature at the inlet was closer to the
pseudocritical point than the other two cases, which would most likely cause the greatest
variation in the heat transfer phenomena near the wall. A very fine mesh with a large number of
nodes was eventually created and a solution was obtained. This mesh is referred to here as the
BNSP-1 mesh and it had 18,035,143 nodes. Eight meshes were then generated and solutions
were obtained, where the x-y and/or z cross-sections grid spacing were increased incrementally
for each mesh, so that the total number of nodes was reduced for each newly created mesh. The

coarsest mesh had 480,438 nodes.

The percent difference in overall pressure drop and difference in cladding surface temperature

along each of the lines a, b, c, d, and e between each mesh and the mesh with the greatest number
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of nodes were compared. The differences in temperature were quantified using a range-

normalized root mean square parameter, RMSrn,T, defined below:

N 2

1 Trepi — T;

RMSgyr = 100 - —Z< v ) [%] (113)
N & Max(Tyes) — Min(Tyer)

where N is the total number of samples taken along each of the sampled lines, T, is the
surface temperature at sample location i of the reference mesh, T; is the surface temperature at
sample location i of the mesh currently being compared, Max(Tref) is the maximum surface
temperature of the reference mesh, and Min(7,y) is the minimum surface temperature of the
reference mesh. The sampled lines for this experiment are lines a, b, c, d, and e, the reference

mesh refers to the mesh with the greatest number of nodes, and the surface temperature refers to

the cladding surface temperature.

Table 14 lists the meshes that were generated, the total number of nodes, the difference in nodes
compared to the previous mesh, and notes on which mesh was modified to generate the mesh.

These meshes are listed in descending order of total number of nodes.
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Table 14: Overall mesh properties for Rohde et al. grid independence study, listed in descending
order of total nodes.

Difference | Percentage
in Nodes Decrease in

Mesh ID | Notes Total Relative to | Nodes Relative
Nodes . .
Previous to Previous
Mesh Mesh
BNSP-1 | Finest Mesh 18,035,143

BNSP-4 | BNSP-3 w/increased z nodes 4,495,768 | 13,539,375 | 75.07
BNSP-2 | BNSP-1 w/reduced X,y,z nodes | 4,389,824 | 105,944 2.36

BNSP-3 | BNSP-2 w/reduced x,y nodes | 3,753,688 | 636,136 14.49
BNSP-5 | BNSP-3 w/reduced x,y,z nodes | 2,362,572 | 1,391,116 | 37.06
BNSP-6 | BNSP-5 w/reduced z nodes 2,077,434 | 285,138 12.07
BNSP-7 | BNSP-6 w/reduced X,y nodes 1,510,110 | 567,324 27.31
BNSP-8 | BNSP-7 w/reduced x,y nodes | 1,016,226 | 493,884 32.71
BNSP-9 | BNSP-8 w/reduced z nodes 480,438 535,788 52.72

The changes made to each mesh can be described using a cylindrical r-6 coordinate system.
Figure 11 shows the equivalent r-06 coordinate system superimposed on a typical x-y Cross

section of the BNSP-6 mesh. The z-axis cross section has constant nodal spacing.
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Figure 11: Equivalent r-6 coordinate system for describing mesh modification procedure shown
on typical x-y cross section of Rohde et al. BNSP-6 mesh.

Table 15 lists the geometric parameters of each mesh. The meshes were created by taking the
previously created mesh and reducing the number of nodes in the z, r, and/or 0 direction, i.e. the
BNSP-1 mesh was created first, and then the BNSP-2 mesh was created from the BNSP-1 mesh,
and so on. The exception to this is the BNSP-4 mesh: the number of nodes in the z-direction was
increased from the previously created mesh. The near wall grid spacing was only modified to

maintain y* at approximately one.
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Table 15: Geometric parameters of individual Rohde et al. meshes.

Near Wall Near Wall Solid Domain
Max r- Grid Spacing | Grid Spacing .
Max z- | Max 6- . Nodes in r-
. . Spacing, | [mm]/ [mm]/ N
Mesh ID | Spacing | Spacing . - . Direction:
Fluid Expansion Expansion
[mm] [mm] . . Heater/Insulator/
[mm] Ratio Nextto | Ratio Next to Claddin
Cladding Shroud g
BNSP-1 | 2.340 0.105 0.074 0.0006/1.3 0.0006/1.3 41417
BNSP-2 | 3.125 0.210 0.134 0.0006/1.3 0.0006/1.48 | 4/4/4
BNSP-3 | 3.125 0.270 0.134 0.0006/1.3 0.0006/1.48 | 3/3/3
BNSP-4 | 2.529 0.270 0.134 0.0006/1.3 0.0006/1.48 | 3/3/3
BNSP-5 | 3.571 0.270 0.222 0.00055/1.4 0.0007/1.65 | 3/3/3
BNSP-6 | 4.167 0.270 0.222 0.00055/1.4 0.0007/1.65 | 3/3/3
BNSP-7 | 4.167 0.333 0.206 0.00055/1.6 0.0007/2.0 3/3/3
BNSP-8 | 4.167 0.472 0.250 0.00055/2.0 0.0007/2.0 3/3/3
BNSP-9 | 8.774 0.472 0.250 0.00055/2.0 0.0007/2.0 3/3/3

The maximum and minimum y* values of the nodes closest to the cladding and shroud domains

of each mesh is given in Table 16. As can be seen in the table, the maximum y* value was

maintained at approximately one for all meshes.

Table 16: Maximum and minimum y* values of nodes closest to cladding and shroud domains.

Mesh ID | y* Max | y* Min
BNSP-1 | 1.03690 | 0.13440
BNSP-4 | 1.03553 | 0.13461
BNSP-2 | 1.03597 | 0.13459
BNSP-3 | 1.03559 | 0.13461
BNSP-5 | 0.95114 | 0.12385
BNSP-6 | 0.95107 | 0.12385
BNSP-7 | 0.95411 | 0.12197
BNSP-8 | 0.96233 | 0.12411
BNSP-9 | 0.96629 | 0.12412

The minimum angle, maximum expansion factor, and maximum aspect ratio between individual

elements in the fluid domain are given in Table 17. The minimum angle never changed
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significantly for each mesh, and the maximum expansion factor stayed between 6 and 17. The

maximum aspect ratio had a large range, where values ranged between 11,476 and 46,866.

Table 17: Mesh quality parameters in the fluid domain of each mesh.

Min Max Max
Mesh ID | Angle Expansion | Aspect

[degree] | Factor Ratio
BNSP-1 | 19.9 6 11,476
BNSP-4 | 21.7 7 14,616
BNSP-2 | 215 6 15,221
BNSP-3 | 21.7 6 15,225
BNSP-5 |21.9 9 18,982
BNSP-6 | 21.9 10 22,140
BNSP-7 | 20.0 10 22,990
BNSP-8 | 22.6 8 22,047
BNSP-9 | 22,5 17 46,866

Figure 12 shows the percent difference in total pressure drop between each mesh and the BNSP-

1 mesh.

AP % Difference

0 1 2 3 4 5
Nodes (x109)

Figure 12: Total pressure drop percentage difference between each mesh and the BNSP-1 mesh
vs total nodes.
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The total pressure drop for all meshes greater than 2,000,000 nodes is effectively the same.
Selecting any of the meshes with greater than 2,000,000 nodes will yield a result with a pressure

drop that is accurate to within £1 % of the BNSP-1 mesh.

A plot of the cladding surface temperature RMSgn T @long lines a, b, c, d, and e for each mesh is

given in Figure 13.
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Figure 13: Cladding surface temperature RMSgn,T VS. total nodes.

From Figure 13, it can be seen that as the number of nodes increases, the cladding surface
temperature RMSgn T along each line decreases with the exception of the mesh with 4,389,824
nodes, BNSP-2. The RMSgn 1 values are a minimum for this mesh, and then increase for the next
largest mesh, BNSP-4. The BNSP-4 mesh has x-y grid spacings that are identical to the BNSP-3
mesh, but has more nodes in the z-direction. The BNSP-2 mesh has a finer x-y grid than the
BNSP-3 (and BNSP-4) mesh, but has fewer nodes in the z-direction than the BNSP-4 mesh. This
leads to the BNSP-2 mesh having fewer nodes than the BNSP-4 mesh, yet the finer x-y grid

leads to results with a lower cladding surface temperature RMSgn, 1. Thus, the grid spacing in the
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z-direction does not significantly affect cladding surface temperature results, but the x-y grid

spacing does significantly affect cladding surface temperature results.

Mesh BNSP-6 was selected as the final mesh because it provided a reasonably low pressure drop
percent difference and cladding surface temperature RMSgrn,t While having the least possible
number of nodes. The maximum and minimum y* values for this mesh are 0.951072 and
0.123853 respectively. The BNSP-6 mesh gives an overall pressure drop percent difference of -
0.15 % and a cladding surface temperature RMSgrn,T 0f 1 % or less. An x-y cross section of the

mesh can be seen in Figure 11.

4.4. Results and Discussion

The numerical results of case B1 and B2 of the Rohde et al. tests are presented here. Case B1 and
B2 were selected because they were the only cases involving heating of the fluid. Case B2
showed local spikes in cladding surface temperature close to the outlet, indicating HTD was
present. The temperatures of case B1 where not close enough to the pseudocritical temperature

for HTD to occur.

Multiple authors (including the present author), performed numerical simulations on the Rohde
et al. experimental data in the context of the GIF SCWR 2013-2014 seven-rod subchannel
benchmark exercise. The organizations of the contributing authors to this benchmark exercise are
as follows: Delft University of Technology (TUD); University of Pisa (UPisa); Budapest
University of Technology (BME NTI); Canadian Nuclear Laboratories (CNL); Czech Research
Center Rez Ltd (CVREZ); Karlsruhe Institute of Technology (KIT-IKET); University of

Manitoba (UMan); Royal Institute of Technology, Stockholm, Sweden (KTH); University of

92



Ottawa (UOttawa); and McMaster University (McMU). The CFD code used, turbulence model
used, mesh size, and domain are given for each of the organizations that contributed to the

benchmark exercise are given in Table 18.

Table 18: CFD code used, turbulence model used, mesh size, and domain for each of the

organizations that contributed to the benchmark exercise.

Organization | CFD Code Turbulence Model Mesh Size | Domain
Modelled
TUD In-house 1D | - - Entire, no
analytical spacers
solver
UPisa STAR- Abe-Kondoh-Nagano 24M 1/12, incl.
CCM+v7.06 | (AKN) Low-Re k-g, SST spacers
BME NTI CEXv14.5 SST-based Scale-Adaptive | 14M 1/3, incl.
Simulation (SAS-SST) spacers
CNL! ASSERT-PV | - - 1/6, incl.
Subchannel spacers
Code
CVREZ FLUENT v12 | SST 5.6M 1/12, incl.
spacers
KIT-IKET? | ANSYS CFX | k-g w/Fluid-Structure 0.5M (k- | 1/6, no
and ANSYS- | Interaction, SST g), 3.2M spacers
Structure (SST)
UMan CFXv14.5 SST 63M 1/12, incl.
spacers
KTH CFXv15 SST 28M Entire, incl.
spacers
UOttawa FLUENT v15 | SST-SAS (B2), SST (B1) 62M 1/6, incl.
spacers
McMU STAR- SST 37M (B2), | 1/3, incl.
CCM+v9.02 54M (B1) | spacers
ICNL only provided cladding surface temperatures for lines a, ¢, and d. ?KIT-IKET only

provided results for case B2.

Only the initial conditions and experimental setup were given to the authors, in order for a blind
numerical study to be performed. The cladding surface temperatures of case B1 and B2 and the
pressure drop of case Al of the experiment where provided to the authors after they submitted

their numerical predictions. This was done in order to compare how well their numerical
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methods simulated the experiment. Each group of authors modelled either a 1/12 section, a 1/6
section, a 1/3 section, or the entire domain, and either included or did not include spacers in the
domain. Numerical results of cladding surface temperatures are presented and discussed later in

Sections 4.4.1 and 4.4.2 for cases B1 and B2, respectively.

After the experimental data were released, Chang and Tavoularis [73] of the University of
Ottawa performed additional numerical simulations of case Al and B2 using the Abe-Kondoh-
Nagano (AKN) Low-Re k-g, v>-f, k-g-v?/k, and SST turbulence models using STAR-CCM+. The
authors used a turbulent Prandtl number of 0.9 for all cases, and also performed two additional
runs using the v2-f turbulence model in which the turbulent Prandtl number was set to 0.85 and
0.8. They modelled a 1/3" section of the domain and included the spacers. Their mesh had a 0.2
[m] unheated unlet and a 1.5 [m] heated section, and consisted of 57M elements. The authors did
not perform a grid independence study for their mesh. The maximum y* values were less than
one, except near the spacers where they were approximately 10. The authors only provided

cladding surface temperatures for lines b and c.

The present author also performed additional simulations after the benchmark experimental data
was released [90]. Case B2 was numerically simulated using the SST turbulence model, and
implemented using CFX. A sensitivity study was performed for the coefficients of the SST
turbulence model in order to provide predictions of the cladding surface temperature that were
closer to experimental data. The mesh used in that study is that same mesh that is used in the

present study.

For the present study, the maximum residuals and domain imbalances were monitored during the

following runs, and a solution was considered to be converged when these variables reached
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values given in Section 3.5.1 and Section 3.5.2 for CFX and FLUENT, respectively. An
exception to this was case B1 using the Yang-Shih Low-Re k-¢ turbulence model: the continuity
residual was 3x107. The FLUENT Solver Modelling Guide recommends the residuals be less
than 1x107 except for the energy residual which should be less than 1x10°. The one case with
the higher than desired continuity residual was still considered converged because the solution
variables at the monitor points did not change significantly over a large number of iterations. The
solution variables at the monitor points were not changing significantly over a large number of
iterations, where the maximum change in temperature or pressure at a monitor location was less
than 0.1 % over at least approximately 400 iterations, and the vast majority of monitor locations
had much less than a 0.1 % change in temperature or pressure over the same number of
iterations. Typically, the maximum change in temperature or pressure at a monitor location was
less than 0.1 % over at least approximately 400 iterations, and the vast majority of monitor
locations had much less than a 0.1 % change in temperature or pressure over the same number of
iterations. It was also not possible to reduce the residual by changing under-relaxation factors or
the pseudo time step, which are the only methods that can be used to affect convergence during
FLUENT runs. The mesh could have been altered to possibly reduce the residuals, but a grid
independence study would need to be performed on that mesh and all other cases would have to
be performed again with the new mesh. For these reasons, the slightly larger continuity residual

for the one case was considered acceptable.

All CFX and FLUENT runs were performed using either local servers at the University of
Manitoba, or using the advanced research computing facilities of WestGrid (a partner of
Compute Canada), both of which use the Linux operating system. The total wall clock time for

case B1 CFX simulations was between 51 and 134 hours using between 4 and 10 cores in
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parallel computing. For case B1 FLUENT simulations, the total wall clock time was between
154 and 303 hours using between 4 and 10 cores in parallel. The total wall clock time for case
B2 CFX simulations was between 34 and 54 hours using between 4 and 10 cores in parallel
computing. For case B2 FLUENT simulations, the total wall clock time was between 143 and

245 hours using between 4 and 10 cores in parallel.

Rohde et al. provided the thermocouple temperatures at various locations on the cladding
surfaces. These locations correspond to lines a, b, c, d, and e, seen in Figure 10 in Section 4.2,
when the domain is modelled as a 1/12" section through the use of symmetry planes. There was
only three points of temperature data along line a, two points of temperature data along line d,
and one temperature data point along line e, so the temperatures along these lines was not
included in the plots in the following sections. The experimental temperatures of the
thermocouples corresponding to lines b and ¢ are denoted as “Line b Experiment” and “Line ¢

Experiment”, in the following plots.

4.4.1. Case Bl

The numerical results of case B1 of the Rohde et al. experiments will be presented here, followed

by a comparison with the other numerical results from the GIF SCWR benchmark exercise.

Figure 14 gives the cladding surface temperatures of case B1 using the SST turbulence model

with both CFX and FLUENT.
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Figure 14: Cladding surface temperatures for case B1 using SST turbulence model with CFX and
FLUENT. The pseudocritical temperature is 657.972 [K].

The cladding surface temperatures predicted by CFX and FLUENT using the same turbulence

model are very similar. Both cases show temperatures along line c as being lower overall than

line b temperatures.

Figure 15 gives the cladding surface temperatures of case B1 using the k-¢ turbulence model,

implemented using CFX, and the RNG k-¢ turbulence model, implemented using FLUENT.

97



550 .

N
=
(=]

T A Line b Experiment

Temperature [K]
e
h
=]

- X Line ¢ Experiment
e Line b k-¢ - CFX
400 [ 2 Line ¢ k-g - CEX .
S S Line b RNG k-¢ - FLUENT
350 | | | - - —Line ¢ RNG k-¢ - FLUENT
0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7

z [m]

Figure 15: Cladding surface temperatures for case B1 using CFX with the k-¢ turbulence model
and FLUENT with the RNG k-¢ turbulence model. The pseudocritical temperature is 657.972

[K].

The cladding surface temperatures predicted by the k-¢ turbulence model are greater overall than
those predicted by the RNG k-¢ turbulence model. The RNG k-¢ turbulence model under-

predicts the experimental temperatures along both lines b and c.

Figure 16 gives the cladding surface temperatures of case B1 using the Low-Re k-g turbulence

models of Yang-Shih and Lam-Bremhorst, implemented using FLUENT.
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Figure 16: Cladding surface temperatures for case B1 using FLUENT and the Low-Re k-¢
turbulence models of Yang-Shih and Lam-Bremhorst. The pseudocritical temperature is 657.972
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Both Low-Re k-¢ turbulence models predict similar cladding surface temperatures, and are

relatively accurate in predicting these temperatures.

To quantify the differences between the numerical predictions and experimental results of
cladding surface temperatures for case B1, the RMSgn T is calculated and presented in Table 19.
Equation (113) in Section 4.3 is used to calculate the RMSgn,T, Where the reference temperatures
come from the experimental data. When calculating the RMSrgn,T, the experimental data from all

thermocouples were used, not just the data corresponding to lines b and c.

Table 19: RMSrn,T between numerical results and experimental results for case B1.

Case RMSgn,T [%0]
B1 SST CFX 6.88
B1 k-¢ CFX 4.20
B1 SST FLUENT 5.78
B1 RNG k-¢ FLUENT 8.30
B1 Low-Re k-¢ Lam-Bremhorst FLUENT 5.10
B1 Low-Re k-¢ Yang-Shih FLUENT 4.52
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The k-¢ turbulence model, implemented using CFX, had the smallest overall deviation from the
experimental cladding surface temperatures. The Yang-Shih Low-Re k-¢ and Lam-Bremhorst
Low-Re k-¢ turbulence models, implemented using FLUENT, are the second and third closest at
predicting the experimental temperatures. RNG k-g¢ had the greatest deviation in terms of
predicting the experimental cladding surface temperatures. This inaccuracy can be attributed to
the under-prediction of cladding surface temperatures near the inlet, as seen in Figure 15. All
turbulence models predicted the experimental results fairly well: the RMSgn,T for all turbulence

models was between 4.2 % and 8.3 %.

Various plots from case B1 using FLUENT and the Yang-Shih Low-Re k-¢ turbulence model are
given to illustrate trends in the flow when there is no HTD in either the experiment or numerical
predictions. A y* value of zero corresponds to the location of line b in the following plots.
Additionally, the y* value corresponding to the midpoint of the flow channel is different at each
z location, and so it may appear as though the profiles end prematurely for certain z location

profiles.

Figure 17 shows the near wall fluid temperature profiles at various z locations of case B1 using

FLUENT and the Yang-Shih Low-Re k-¢ turbulence model.
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Figure 17: Fluid temperature vs. y+ at various z locations of case B1 using FLUENT and Yang-
Shih Low-Re k-¢ turbulence model. A y+ value of zero corresponds to the location of line b.

The fluid closest to the cladding surface gradually increase in temperature as the fluid progresses

along z, but the temperature never reaches the pseudocritical temperature. The thermophysical
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properties of the fluid therefore do not change significantly at any location.

Figure 18 shows the near wall fluid density profiles at various z locations of case B1 using

FLUENT and the Yang-Shih Low-Re k-¢ turbulence model.
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Figure 18: Density vs. y+ at various z locations of case B1 using FLUENT and Yang-Shih Low-
Re k-¢ turbulence model. A y+ value of zero corresponds to the location of line b.

The density of the fluid decreases as it is heated along z, but the gradients normal to the cladding

surface are not large.

Figure 19 shows the near wall velocity w profiles at various z locations of case Bl using

FLUENT and the Yang-Shih Low-Re k-¢ turbulence model.
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Figure 19: Velocity w vs. y+ at various z locations of case B1 using FLUENT and Yang-Shih
Low-Re k-¢ turbulence model. A y+ value of zero corresponds to the location of line b.

The velocity w profiles at all z locations follow similar trends, and there are no major differences
between the velocity at the beginning of the heated section, z = 300 [mm], and near the end of

the heated section, z = 1700 [mm].

Figure 20 shows the u,/u ratio profiles at various z locations of case B1 using FLUENT and the

Yang-Shih Low-Re k-¢ turbulence model.

103



]
=]

z=300mm  ceeeeeees z=600mm
L z=950mm - --z=1100mm 7z=1700mm
40 == 7=1400mm — —z=1700mm
z=1100mm
_ 30 z=1400mm -
= - = = -\ .-
=20 T L
P S RO S
-’ia‘.:’j.'._' ......... 7=950mm
10 7%-%0
_____ z=600mm
7z=300mm
0
10 100

y+
Figure 20: Ratio between eddy viscosity and dynamic viscosity vs. y+ at various z locations of

case B1 using FLUENT and Yang-Shih Low-Re k-¢ turbulence model. A y+ value of zero
corresponds to the location of line b.

The u./u ratio is lowest at the beginning of the heated section, then gradually increases in value
over all y* values as the fluid progresses along z. The profiles of u,/u have very similar shape

for all z locations, and only the values after y* = 10 increase as the fluid progresses along z.

The u./u profiles for y* less than 10 are similar in shape for all z locations, and the value of
u:/u in this region is always less than one. This is to be expected because this region is the
viscous sublayer and, according to the log law of the wall, and the flow is effectively laminar.
Therefore, the eddy viscosity will be very low in value. This is evident for the y* less than 10
region, where the value of u;/u is never larger than one, and so the eddy viscosity is never larger

than the dynamic viscosity.

Figure 21 shows the 1,/4 ratio profiles at various z locations of case B1 using FLUENT and the

Yang-Shih Low-Re k-¢ turbulence model.
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Figure 21: Ratio between turbulent thermal conductivity and thermal conductivity vs. y+ at

various z locations of case B1 using FLUENT and Yang-Shih Low-Re k-¢ turbulence model. A
y+ value of zero corresponds to the location of line b.

The A./A profiles at all z locations follow a similar trend, and are low in value over all y*
values. The A,/A values are largest at the beginning of the heated section, z = 300 [mm], but do
not decrease significantly as the fluid progresses along z. The Reynolds number at the inlet of
this case is 11,189. The relatively low value of the Reynolds number is an indicator of low
values of turbulence quantities; hence, the small values of turbulent thermal conductivity, and

therefore the A,/ values.

Table 20 summarizes the RMSgn T for the case B1 numerical results of all authors and/or their
respective organization. Whether or not the numerical results were created for the benchmark
(experimental results unknown to authors), or after the benchmark (experimental results known

to authors) is identified by the column on the left.
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Table 20: RMSgn,T for case B1 numerical results of all authors and/or their respective
organization.

Authors / CFD Code Turbulence Model RMSgrn,T
Organization [%]
TUuD!? In-house 1D - 6.28
analytical
solver
UPisa STAR-CCM+ | AKN Low-Re k-¢ 5.76
3 v7.06 SST 6.45
% BME NTI CFX v14.5 SAS-SST 6.31
& | CNL? ASSERT-PV | - 4.82
= subchannel
(35
£ code
S [ CVREZ FLUENT v12 |SST 6.85
@ | UMan CFXv14.5 SST 6.80
KTH CFX v15 SST 8.50
UOttawa FLUENT v15 | SST 8.32
McMU STAR-CCM+ | SST 5.49
v9.02
Present Study | CFX v14.5 SST 6.88
=| (UMan) k-g 4.20
3 £ FLUENT SST 5.78
oS v14.5 RNG k-¢ 8.30
D Yang-Shih Low-Re k-¢ 4.52
Lam-Bremhorst Low-Re k-¢ | 5.10

1Only numerical results from using the Mokry correlation are given in this table, because the
other correlations were not as close to the experimental results. The correlations that were used
but not presented here are the Dittus-Boelter, Dyadyakin, and Jackson correlations. 2CNL only
provided cladding surface temperatures for lines a, ¢, and d.

The present author included the spacers for the benchmark exercise, but not for the present study.
The numerical results from using the same turbulence model and code, SST and CFX, are closer
to the experimental results when the spacers are included than if they are not included. This can
be seen in the RMSgn T Where the case from the benchmark exercise (spacers were included) has
an RMSgn,T Of 6.8 %, while the RMSgn,t from the present study (spacers were not included)
with the same turbulence model and code has an RMSgn,t of 6.9 %. Although, the mesh that

included spacers had significantly more nodes than the mesh used in the present study:
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49,053,090 compared to 2,077,434, and so the mesh was finer in various location. The reason the
mesh that included spacers predicted the experimental data closer than the mesh that did not
include spacers may be that that the mesh was finer overall, and not necessarily that the spacers

were modelled.

The present study provided numerical results that had the smallest overall deviation from
experimental results of case B1 using the k-¢ turbulence model, implemented using CFX. For
results from the benchmark exercise, the closest predictions were provided by CNL using a
subchannel code, ASSERT-PV. Although they were not able to provide a full set of data to
compare with the experimental data, and so their RMSgn,t may not reflect the true accuracy of
their numerical results. The results of CNL and those of the present study using the Yang-Shih

Low-Re k-¢ turbulence model are plotted in Figure 22.
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Figure 22: Cladding surface temperatures of CNL using ASSERT-PV and the present study
using the Yang-Shih Low-Re k-¢ turbulence model.

Both CNL with the ASSERT-PV subchannel code and the present study using the Yang-Shih

Low-Re k-g¢ turbulence model generally under-predict the experimental cladding surface
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temperatures. Although, there is not a large difference in temperatures between either of these

results and the experimental result.

For results from the benchmark exercise, McMU and UPisa, using the SST and AKN Low-Re k-
e turbulence models respectively, provided numerical results that were in second and third best
agreement with the experiment. All numerical results provided a relatively similar degree of
accuracy, since the values of RMSgn,t of all the cases presented in Table 20 fell between 4.2 %
and 8.5 %. The RMSgn,T of all the SST results fell between 5.5 % and 8.5 %, while the RMSgnT
of the Low-Re k-¢ results fell between 4.5 % and 5.8 %. Therefore, all RANS turbulence models

predicted the case B1 experimental results fairly well.

4.4.2. Case B2

The numerical results of case B2 of the Rohde et al. experiments will be presented here, followed

by a comparison with the other numerical results from the GIF SCWR benchmark exercise.

Figure 23 gives the cladding surface temperatures of case B2 using the SST turbulence model

with both CFX and FLUENT.
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Figure 23: Cladding surface temperatures for case B2 using SST turbulence model with CFX and
FLUENT.

FLUENT predicts greater temperatures overall along both lines b and ¢ compared to CFX, even
though the SST turbulence model is used for both of these cases. The main difference between
these two cases is the wall treatment; automatic wall treatment is used in CFX, and EWT is used
in FLUENT. These wall treatments are different in some ways, but use similar governing
equations, as seen in Section 3.1.2.1 for automatic wall treatment and Section 3.1.2.2 for EWT.
This could be the reason for the discrepancies between the two cases. Neither code model
predicts the rise in cladding surface temperatures after the cladding reaches the pseudocritical
temperature, and instead actually predict a slight dip in temperatures. Both cases show
temperatures along line ¢ as being lower overall than line b temperatures. At line b, the heated
surfaces, Cladding 1 and Cladding 2, are relatively closer together than they are at line c.
Therefore, the volume of fluid that is heated by these heated surfaces is less in the vicinity of line
b than in the vicinity of line c, leading to more concentrated heating at line b which results in

greater temperatures at line b than line c.
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Figure 24 gives the cladding surface temperatures of case B2 using the k-¢ turbulence model,

implemented using CFX, and the RNG k-¢ turbulence model, implemented using FLUENT.
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Figure 24: Cladding surface temperatures for case B2 using CFX with the k-¢ turbulence model
and FLUENT with the RNG k-¢ turbulence model.

The results from the k-¢ and RNG k-¢ turbulence models are similar, and resemble those from
the SST turbulence model, presented in Figure 23. Neither code model predicts the rise in
cladding surface temperatures after the cladding reaches the pseudocritical temperature, and
instead predict a slight dip in temperatures. Both cases show temperatures along line ¢ as being

slightly lower overall than line b temperatures of the same case.

Figure 25 gives the cladding surface temperatures of case B2 using the Low-Re k-¢ turbulence

models of Yang-Shih and Lam-Bremhorst, implemented using FLUENT.
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Figure 25: Cladding surface temperatures for case B2 using FLUENT and the Low-Re k-¢
turbulence models of Yang-Shih and Lam-Bremhorst.

Both Low-Re k-¢ turbulence models predict a rise in cladding surface temperatures after the
pseudocritical temperature is reached. This more closely resembles the trend seen in the
experimental data, except the experimental temperatures increase later along z than predicted by
the Low-Re k-¢ turbulence models. The Yang-Shih Low-Re k-¢ turbulence model generally
predicts greater cladding surface temperatures than the Lam-Bremhorst Low-Re k-¢ turbulence
model. Overall, the Low-Re k-g¢ turbulence models predict the HTD that appears in the
experimental data. Although this HTD is not overly severe compared to other experiments

studies in this thesis.

To quantify the differences between the numerical predictions and experimental results of
cladding surface temperatures for case B2, the RMSgn;t is calculated and presented in Table 21.
Equation (113) in Section 4.3 is used to calculate the RMSrn,T, Where the reference temperatures
come from the experimental data. When calculating the RMSgn,T, the experimental data from all

thermocouples were used, not just the data corresponding to lines b and c.
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Table 21: RMSgn,T between numerical results and experimental results for case B2.

Case RMSgn,T [%0]
B2 SST CFX 11.13

B2 k-¢ CFX 11.28

B2 SST FLUENT 7.45

B2 RNG k-¢ FLUENT 11.13

B2 Low-Re k-¢ Lam-Bremhorst FLUENT 6.86

B2 Low-Re k-¢ Yang-Shih FLUENT 7.08

The Lam-Bremhorst Low-Re k- turbulence model has the least deviation from the experimental
cladding surface temperatures of case B2. The Yang-Shih Low-Re k-¢ and SST turbulence
models, implemented using FLUENT, have the second and third closest predictions of the
cladding surface temperatures. The results of the SST turbulence model using FLUENT have
similar accuracy to the Low-Re k-g results, approximately 7 %, even though the results show a
dip in cladding surface temperatures when the Low-Re k-g turbulence models predict a rise in
temperatures. This could be due to the Low-Re k-¢ turbulence models predicting the rise in
cladding surface temperatures immediately after the pseudocritical temperature is reached,
whereas the experimental temperatures show a rise in cladding surface temperatures further
along z. The remaining three cases are all relatively similar in their accuracy in predicting the

experimental results, since the RMSgn,t of these cases are approximately 11 %.

Case B2 using FLUENT and the Yang-Shih Low-Re k-¢ turbulence model will be used to
explain what causes the HTD seen in Figure 25. Various solution variables and derived
quantities are plotted with respect to y* in the following figures at different z locations. The y*
values for the plots were calculated using Equation (34) in Section 3.1.2.1, where An is replaced

with the wall distance. A y* value of zero corresponds to the location of line b, shown in Figure
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10 in Section 4.2, and y™ increases in value in the positive y direction, normal to the Cladding 2
surface. Figure 26 shows the heater rod surface temperatures along lines a, b, ¢, d and e for case
B2, plotted against z. The location of these lines on the x-y plane can be seen in Figure 10 in

Section 4.2.
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Figure 26: Cladding surface temperatures along lines a, b, c, d, and e for case B2 using FLUENT
and the Yang-Shih Low-Re k-¢ turbulence model.

The cladding surface temperature along lines a, b, and ¢ follow the same trend, and reach the
pseudocritical temperature of the fluid earlier than lines d and e, around z = 950 [mm], after
which the temperatures increase at a greater rate. Lines d and e follow their own trend, and also
experience a greater increase in cladding surface temperatures than lines a, b, and c. The
cladding surface temperatures of lines d and e increase at a greater rate after z = 1100 [mm].
Lines a, b, and c are in close proximity to one another, between Heater 1 and Heater 2, and so it
follows that that they should experience similar trends in temperature. The cladding surface
temperature trends for lines d and e are different because they are located further away from lines

a, b, and c.
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For the following plots of solution variables and derived quantities, the y* value corresponding
to the midpoint of the flow channel is different at each z location, and so it may appear as though
the profiles end prematurely for certain z location profiles. In the following plots unless

otherwise stated, a y* value of zero corresponds to the location of line b.

Figure 27 shows the near wall fluid temperature profiles at various z locations of case B2 using

FLUENT and the Yang-Shih Low-Re k-¢ turbulence model.
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Figure 27: Fluid temperature vs. y+ at various z locations of case B2 using FLUENT and the
Yang-Shih Low-Re k-¢ turbulence model. A y+ value of zero corresponds to the location of line
b.

The fluid reaches the start of the heated section at z = 300 [mm] and the fluid closest to the
cladding surface is slightly greater in temperature than at the freestream. This is a result of axial
heat conduction into the unheated portions of the heater rods, causing the ends of the unheated

sections that are in contact with the heated sections of the heater rods to increase in temperature.

114



This causes the fluid closest to the wall to increase in temperature before the start of the heated

section.

The fluid closest to the cladding surface does not reach the pseudocritical point until just after z
= 950 [mm], but by z = 1700 [mm] the temperature along the entire profile has exceeded the

pseudocritical temperature.

Figure 28 shows the near wall fluid density profiles at various z locations of case B2 using

FLUENT and the Yang-Shih Low-Re k-¢ turbulence model.
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Figure 28: Density vs. y+ at various z locations of case B2 using FLUENT and the Yang-Shih
Low-Re k-¢ turbulence model. A y+ value of zero corresponds to the location of line b.

Looking at the density profile at z = 1100 [mm], the density of the fluid closest to the cladding
surface is significantly less relative to the freestream, because the temperature of the fluid
exceeds the pseudocritical temperature in the region closest to the cladding surface at this z

location. This large density gradient gradually diminishes in size as the fluid in the freestream
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region increases in temperature. The relatively flat density profile shape at z = 1700 [mm] (100

[mm] from the end of the heated section) is very similar to the profile shape at z = 600 [mm].

Figure 29 shows the near wall velocity w profiles at various z locations of case B2 using

FLUENT and the Yang-Shih Low-Re k-¢ turbulence model.
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Figure 29: Velocity w vs. y+ at various z locations of case B2 using FLUENT and the Yang-Shih
Low-Re k-¢ turbulence model. A y+ value of zero corresponds to the location of line b.

The velocity profiles at all z locations appear to follow the same trend, and follow the log law of
the wall, where there is a viscous sublayer adjacent to the wall, and a log law region away from
the wall that is separated from the viscous sublayer by a buffer layer. The only difference being
that the velocities gradually increase in magnitude along the entire y* profile. This can be
attributed to the gradual decrease in density as the fluid progresses along z, as seen in Figure 28,

which is caused by the gradual heating of the fluid.
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Similar trends in the velocity w profiles can be found at other locations in the fluid domain. The
velocity w profiles at z = 1100 [mm] for locations a, b, c, d, and e are plotted with respect to y*

in Figure 30. The location of a, b, c, d, and e on the x-y plane can be seen in Figure 10 in Section

4.2.
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Figure 30: Velocity w profiles at z = 1100 [mm] for case B2 using FLUENT and the Yang-Shih
Low-Re k-g turbulence model at locations a, b, c, d, and e.

Similar trends in the velocity profile can be seen between each location, with line b having the
largest magnitude in velocity, away from the wall. The smallest velocity occurs for location e.
The differences in velocities at each of the locations a, b, ¢, d, and e are not nearly as large as
between different z locations for location b, shown in Figure 29. The small differences in
velocity in Figure 30 are likely due to the differences in density which are caused by the
differences in temperature, since the fluid is either close to or beyond the pseudocritical point

depending on the location on the cladding surface.

The velocity w profiles at z = 1100 [mm] for all case B2 results are given in Figure 31.
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Figure 31: Velocity w vs. y+ at z = 1100 [mm] for all case B2 results. A y+ value of zero
corresponds to the location of line b.

The Yang-Shih Low-Re k-¢ and Lam-Bremhorst Low-Re k-g cases show the same trend in
velocity profile, where a slightly greater velocity exists between y* = 15 and y* = 100. This rise
in velocity in this y* region leads to a slightly larger velocity gradient in around y* = 20, and a
slightly flatter velocity profile after y* = 50, when compared with the cases that use other
turbulence models. The z location of this rise in velocity, increased velocity gradient, and
flattened velocity profile corresponds to the same location, z = 1100 [mm], where a rise in
cladding surface temperature exists, seen in Figure 25. It is absent in cases that do not have a rise

in cladding surface temperature: k-, RNG k-¢, and both SST results.

The velocity w of the k-¢ case does not decrease in value close to the wall, such as for the other
cases. The reason for this is that the k-¢ turbulence model, when implemented with CFX, relies
on scalable wall functions to determine the velocity in this near wall region. The turbulence

model uses Equation (66) in Section 3.1.3.1 to determine the non-dimensional velocity in the
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near wall region as a function of the non-dimensional wall distance, ys.4;.- However the value of
the non-dimensional wall distance can never be less than 11.06 according to Equation (63) in
Section 3.1.3.1. This means the velocity can never be less than the value of the velocity at yg.,;e
= 11.06. This non-dimensional wall distance, ys.4., IS closely related to non-dimensional wall

distance used in the plots, y*, since they are both functions of wall distance and fluid properties.

Similarly, the non-dimensional temperature in the near wall region is a function of the non-
dimensional wall distance, as seen in Equation (66) in Section 3.1.3.1, and so the fluid
temperature can never be less than the temperature at ys.,. = 11.06. The greatest fluid
temperature gradients occur close to the wall, as can be seen in the plot of fluid temperature at
various z locations using the Yang-Shih Low-Re k-¢ turbulence model, Figure 27. Because
scalable wall functions, used by the k-¢ turbulence model, do not allow the fluid temperature to
vary in this region close to the wall, the wall temperature cannot experience sudden increases in
temperature that would be evident by large temperature gradients in the fluid in the region close

to the wall.

He et al. [65] performed an in-depth numerical analysis on vertically oriented heated tubes with
supercritical CO2, and found that HTD, or spikes in surface temperature, were caused by flow
laminarization. He et al. performed numerical simulations using RANS turbulence models and

compared their results with the DNS data of Bae et al. [64].

Buoyancy had the strong effect of producing high velocity gradients very close to the wall, and
causing the velocity profile to flatten further away from the wall. The high velocity gradients
where caused by a region of low density fluid very close to the wall accelerating upwards faster

than the higher density fluid in the region further away from the wall. The flattened velocity
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profile in the region away from the wall leads to a reduction in shear stress. Shear stress plays a
dominant role in the Reynolds stresses, pu,u;, and turbulence production, Py, as can be seen in
the equation for Reynolds stresses, Equation (3) in Section 3.1.1, and turbulence production due
to viscous forces, Equation (26) in Section 3.1.2. Therefore a reduction in shear stress leads to a

reduction in turbulence. He et al. refers to this reduction in turbulence as flow laminarization.

Velocity w profiles in the near wall region of the case B2 results do not show large gradients
very close to the wall in general, nor do they show a significant flattening in the region away
from the wall. However, the Low-Re k-g cases do show slightly larger velocity gradients in the
near wall region, and a slight flattening of the velocity profile in the region away from the wall,
when compared with the cases that use the k-¢, RNG k-g, and SST turbulence models, as seen in
Figure 31. This could be the reason why the HTD seen in the Low-Re k-g results are not overly

SEevere.

According to He et al., the slight flattening of the velocity profile should lead to a reduction in
the shear stress, resulting in a reduction in turbulence. This reduction in turbulence can be seen
by observing the eddy viscosity in the near wall region, since eddy viscosity is a variable that is

directly related to the strength of the turbulence.

Profiles for the ratio between eddy viscosity and dynamic viscosity, u./u, at various z locations
of case B2 using FLUENT and the Yang-Shih Low-Re k-¢ turbulence model are shown in Figure

32.
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Figure 32: Eddy viscosity to dynamic viscosity ratio vs. y+ at various z locations of case B2
using FLUENT and the Yang-Shih Low-Re k-g turbulence model. A y+ value of zero
corresponds to the location of line b.

This ratio can be used to determine the strength of turbulence at any location. For a laminar flow,
u:/u should be less than one, and for flows with strong turbulence, u;/u should be much greater
than one. When the flow reaches the start of the heated section, at z = 300 [mm], the value of
Ue/u is approximately one at y* = 12. The values of u,/u increase away from the wall towards
the freestream. One way to look at this is that the flow is close to laminar at y* = 12, and
becomes more turbulent towards the freestream. The values of u,/u increase slightly near the
freestream at z = 600 [mm], then again at z = 950 [mm]. However the values of u,/u in the
region close to the wall at z = 950 [mm] are less than for the previous z locations. By z = 1100
[mm] the values of u,/u are at their lowest in the region close to the wall. At z = 1100 [mm], the
value of u,/u is approximately one at y* = 19, which is not a large change from z = 300 [mm].
The low u./u values that exist slightly further away from the wall at this location is evidence

that the turbulence is lower here than at z = 300 [mm] and is the reason why HTD exists at this
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location, although only to a small degree. The u./u values increase over all y* values by z =

1700 [mm].

The u./u profiles for y* less than 10 are similar in shape for all z locations, and the value of

u:/p in this region is always less than one. This is to be expected because this region is the

viscous sublayer and, according to the log law of the wall, and the flow is effectively laminar.

Therefore, the eddy viscosity will be very low in value. This is evident for the y* less than 10

region, where the value of u,/u is never larger than one, and so the eddy viscosity is never larger

than the dynamic viscosity.

Figure 33 shows profiles of the turbulent thermal conductivity to thermal conductivity ratio,

A¢s/A, at various z locations of case B2 using FLUENT and the Yang-Shih Low-Re k-¢

turbulence model.
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Figure 33: Turbulent thermal conductivity to thermal conductivity ratio vs. y+ at various z
locations of case B2 using FLUENT and the Yang-Shih Low-Re k-¢ turbulence model. A y+

value of zero corresponds to the location of line b.
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The turbulent thermal conductivity, A;, is defined by Equation (14) in Section 3.1.1, and can be
used as an indicator of the contribution to heat transfer by turbulence effects. For a laminar flow,
A¢/A should be less than approximately one, and for flows with strong turbulence, A,/A should
be much greater than one. Looking at the governing equations for energy used by CFX and
FLUENT, Equation (10) and (11) in Section 3.1.1, respectively, it can be seen that a fluid should
conduct heat much better when the A,/4 ratio is much greater than one. This is because the
turbulent thermal conductivity acts in the same way as the thermal conductivity in conducting
heat. When the A,/ ratio is less than approximately one, the flow is close to laminar and heat

conduction through the fluid should be less than if the A,/A ratio was greater.

The A;/A profiles at the various z locations, as shown in Figure 33, do not necessarily follow the
same trend as the u,/u profiles at the same z locations, as shown in Figure 32. The A,/A values
at z = 300 [mm] are relatively low, compared to other z locations, and remain low at z = 600
[mm]. There is a slight increase in 1,/A values close to the freestream at z = 950 [mm], and
again at z = 1100 [mm]. The biggest change in A,/A can be seen at z = 1400 [mm], where the
values increase over the entire near wall region. The A,/ values then decrease again at z = 1700
[mm]. The increase in A,/ values at z = 1400 [mm] leads to an increase in the ability of the
fluid to allow heat to flow through the fluid, leading to a decrease of the axial temperature
gradient at the cladding surface when compared to the axial temperature gradient at z = 1100

[mm], as seen in Figure 25.

The A, /A profiles at z = 1100 [mm] at locations a, b, ¢, d, and e are plotted with respect to y* in

Figure 34.
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Figure 34: Turbulent thermal conductivity to thermal conductivity ratio profiles at z = 1100
[mm] for case B2 using FLUENT and the Yang-Shih Low-Re k-¢ turbulence model at locations
a, b, c d ande.
As can be seen in the figure, the A, /4 values are small and relatively similar for all locations a, b,
¢, d, and e in the near wall region at z = 1100 [mm]. This suggests that nothing significant, in
terms of turbulent heat transfer, is occurring at a certain location at z = 1100 [mm], and instead
there is a trend at all locations a, b, ¢, d, and e. This trend is that the turbulent heat transfer is

inhibited, a result of the low turbulence caused by a reduced shear stress that results from a slight

flattening of the velocity w profile.

The A, /A profiles at various z locations of case B2 using FLUENT and the Lam-Bremhorst Low-
Re k-g turbulence model are given by Figure 35. This is the only other turbulence model that

predicted HTD for the B2 case.

124



350
z=300mm e z=600mm
3000 1 ameee z=950mm - --z=1100mm
250 |~ 7 #1400mm = —=z=1700mm 21700~ L
Ve
2200 -
= Ve -
<150 P
100 z=1400mm . ;/ z=1100mm
Pt /_ z=600mm
50 _ .o 2= 7 7E950mm e
oz iS = T lozacacensatI
0 | s P
10 _ 100 z=300mm
y+

Figure 35: Turbulent thermal conductivity to thermal conductivity ratio vs. y+ at various z
locations of case B2 using FLUENT and the Lam-Bremhorst Low-Re k-g turbulence model. A
y+ value of zero corresponds to the location of line b.

The A./A profiles of the Lam-Bremhorst Low-Re k-¢ case are nearly identical to those of the
Yang-Shih Low-Re k-¢ case. Because of this, there is also a nearly identical trend in the cladding

surface temperature, where the temperature rises at the same z location, as seen in Figure 25.

The k-¢, RNG k-¢, and both SST results do not show HTD for case B2, as can be seen in Figure
23 and Figure 24. The profiles of the 1,/A ratio at various z locations for the SST result using
FLUENT and the k- result using CFX are shown by Figure 36 and Figure 37, respectively. The
trends in A,/A found in the SST results using FLUENT are similar to those found in the SST

results using CFX and the RNG k-¢ result using FLUENT.
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Figure 36: Turbulent thermal conductivity to thermal conductivity ratio vs. y+ at various z
locations of case B2 using FLUENT and the SST turbulence model. A y+ value of zero
corresponds to the location of line b.
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Figure 37: Turbulent thermal conductivity to thermal conductivity ratio vs. y+ at various z
locations of case B2 using CFX and the k-¢ turbulence model. A y+ value of zero corresponds to
the location of line b.
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For the SST result using FLUENT, the A,/A profiles are very similar to both of the Low-Re k-¢
cases, and by extension are similar to the SST result using CFX and the RNG k-g case. The
profiles of the A, /A ratio for the k-¢ case are also similar to the Low-Re k-¢ cases, although the
values of A,/ never drop below four. There is no HTD in the SST, RNG k-¢, or k-¢ cases. This
makes it difficult to draw the conclusion that HTD is directly related to the A, /A ratio at certain z
locations, as was stated previously, and instead HTD could be caused by other factors. The 4,/4
ratio may still have a large role in HTD, but perhaps this ratio is not the ideal variable with which
to understand HTD for this case. The HTD for the Low-Re k-¢ cases is not overly severe
compared to other cases, such as case 2 of the Richards experiments, seen in Figure 58, and so

the factors that contribute to the HTD may not be readily visible in the numerical data.

Table 22 summarizes the RMSgn T for the case B2 numerical results of all authors and/or their
respective organization. Whether or not the numerical results were created for the benchmark
(experimental results unknown to authors), or after the benchmark (experimental results known

to authors) is identified by the column on the left.
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Table 22: RMSgn,T for case B2 numerical results of all authors and/or their respective
organization.

Authors / CFD Code Turbulence Model RMSgn T
Organization [%]
TUD! In-house 1D - 12.70
analytical solver
UPisa STAR-CCM+ AKN Low-Re k-¢ 8.21
v7.06 SST 10.50
@ | BME NTI CFXv14.5 SAS-SST 12.89
'S | CN L2 ASSERT-PV - 9.96
$ subchannel code
‘Y | CVREZ FLUENT vi2 |SST 63.88
E KIT-IKET ANSYS CFX k-& w/Fluid-Structure 18.40
< and ANSYS- Interaction
S Structure SST 11.24
@ "'UMan CFXv14.5 SST 10.82
KTH CFX v15 SST 16.08
UOttawa FLUENT v15 SST-SAS 12.07
McMU STAR-CCM+ SST 8.84
v9.02
Chang and STAR-CCM+ SST 7.61
Tavoularis® AKN Low-Re k-g 7.49
[69] k-g-v2/k 7.91
(UOttawa) v-f, Pr, = 0.9 6.73
o v2-f, Pr, = 0.85 5.77
s v?-f, Pr, = 0.8 5.81
%EJ Bergmannet | CFXVv14.5 SST w/Modified 6.21
S | al. [90] Coefficients
@ | (UMan)
§ Present CEXv14.5 SST 11.13
Study k-¢ 11.28
(UMan) FLUENT v14.5 | SST 7.45
RNG k-¢ 11.13
Yang-Shih Low-Re k-¢ 7.08
Lam-Bremhorst Low-Re k-¢ | 6.86

1Only numerical results from using the Mokry correlation are given in this table, because the
other correlations were not as close to the experimental results. The correlations that were used
but not presented here are the Dittus-Boelter, Dyadyakin, and Jackson correlations. 2CNL only
provided cladding surface temperatures for lines a, ¢, and d. 2Only temperature data along lines b
and c provided by authors.

The present author included the spacers for the benchmark exercise, but not for the present study.

The numerical results from using the same turbulence model and code, SST and CFX, are closer
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to the experimental results when the spacers are included than if they are not included. This can
be seen in the RMSgn,T Where the case from the benchmark exercise (spacers were included) has
an RMSgn,T 0f 10.8 %, while the RMSgn,T from the present study (spacers were not included)
has an RMSgrn,T Of 11.1 %. Although, the mesh that included spacers had significantly more
nodes than the mesh used in the present study: 62,740,257 compared to 2,077,434, and so the
mesh was finer in various location. The reason the mesh that included spacers predicted the
experimental data closer than the mesh that did not include spacers may be that that the mesh

was finer overall, and not necessarily that the spacers were modelled.

Chang and Tavoularis provided numerical results that had the smallest overall deviation from
experimental results of case B2, using the v?-f turbulence model, implemented using STAR-
CCMH+, and setting the turbulent Prandtl number to 0.85. Using the same turbulence model and
code and setting the turbulent Prandtl number to 0.8 gave numerical results that were in the
second best agreement with experimental results. Although these authors did not provide a full
set of data to compare with the experiment, and only gave temperature data along lines b and c.
Therefore their RMSgrnt may not reflect the true accuracy of their numerical results. The
sensitivity study performed on the SST turbulence model coefficients that was performed by the
present author [90], provided numerical results that were in third best agreement with the
experimental data. The results of Chang and Tavoularis using the v>-f turbulence model with a
turbulent Prandtl number of 0.85, the results of the sensitivity study performed on the SST
turbulence model coefficients by the present author, and the Lam-Bremhorst Low-Re k-¢

turbulence model results of the present study are plotted in Figure 38.
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Figure 38: Cladding surface temperatures of Chang and Tavoularis using the v?-f turbulence
model with a turbulent Prandtl number of 0.85, the sensitivity study performed on the SST
turbulence model coefficients, and the Lam-Bremhorst Low-Re k-¢ turbulence model results.

The cladding surface temperatures predicted by Chang and Tavoularis are generally greater than
those predicted by the present author’s sensitivity study of the SST turbulence model and the

Lam-Bremhorst Low-Re k-¢ turbulence model, especially after z = 1.4 [m].

Of the numerical results from the benchmark exercise, the first and second closest predictions
were provided by UPisa and McMU using the AKN Low-Re k-g¢ turbulence model and the SST
turbulence model, respectively. STAR-CCM+ was used for both cases. The cladding surface

temperatures of these two cases are plotted in Figure 39.
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Figure 39: Cladding surface temperatures from UPisa and McMU using the AKN Low-Re k-¢
turbulence model and the SST turbulence model, respectively.

UPisa, using the AKN Low-Re k-¢ turbulence model generally predicts lower cladding surface
temperatures before the pseudocritical point compared to McMU who use the SST turbulence
model. After the pseudocritical point, UPisa predicts either slightly greater or similar cladding
surface temperatures compared to McMU. Neither UPisa nor McMU predict the spike in

cladding surface temperatures that appears after z = 1.3 [m].
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CHAPTER 5: RICHARDS 2012 SEVEN-ROD BUNDLE WITH R12

51  Experimental Setup

The experimental data of Richards was obtained from the State Scientific Center of Russian
Federation — Institute for Physics and Power Engineering Supercritical Test Facility in Obninsk,
Russian Federation [32] [93]. For the purpose of the present study, these will be referred to as the
“Richards 2012 Experiments”. The experimental setup consists of seven hollow AISI 304L
stainless steel heater rods orientated in a hexagonal arrangement and enclosed in an aluminum
dioxide shroud to create a subchannel with R12 flowing vertically upwards. The heater rods have
a diameter of 9.5 [mm] (0.374016 [in]) and a thickness of 0.6 [mm] (0.0236220 [in]). Three
stainless steel spacers that are 19 [mm] (0.748031 [in]) in length position the rods inside the
shroud, and position the rods relative to one another. Figure 40 shows an x-y cross section of the
Richards experimental setup, showing the hollow heater rods, water channel, spacer, shroud, and
external housing. The symmetry planes used to simplify the modelling of this rod bundle are also

shown.
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Figure 40: Cross section of Richards 2012 seven-rod bundle, showing heater rods, spacers,
shroud, external housing, and planes of symmetry.

Pressure taps are located at the inlet and outlet of the bundle. Figure 41 shows a y-z cross section
of the Richards experimental setup, showing the unheated inlet and outlet sections, heated

section, and the location of all three spacers relative to the inlet.

Qutlet
Inlet Section Heated Section Section
< 300 - 1000 [ 100 |«
217 | — e
330 | 790.5 =19 1251 J
= ~1400

Figure 41: Schematic y-z cross section of the Richards 2012 domain, showing inlet, heated
section, outlet, and location of all three spacers relative to inlet. All spacers are of the same
length. Dimensions are in [mm].

To measure the bulk fluid temperature at the inlet and outlet, five thermocouples where inserted
into the flow at various locations across the x-y plane. To measure the internal surface

temperature of the centre heating rod, a movable probe with three thermocouples oriented 120°

relative to one another, was positioned at various axial locations along the inside of the centre
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heater rod. The internal surface temperature was converted to an outer surface temperature using

the following equation [27]:

L

iDZ [ /D,\> D
Too=Tsi — % [(F") —2In (F") — 1] (114)
L

where T;, is the outer surface temperature of the heater rod, T;; is the internal surface
temperature of the heater rod, g is the volumetric heat rate of the heater rod, A is the thermal
conductivity of the heater rod, D, is the outside diameter of the heater rod, and D; is the internal

diameter of the heater rod.

The heat rate, mass flux, inlet and outlet pressure, and inlet temperature of all 20 cases of the

Richards experiments are given in Table 23.
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Table 23: Experimental conditions of Richards 2012 Experiments.

Case | Heat Rate Mass Inlet Outlet Inlet
[kwW] Flux Pressure | Pressure | Temperature
[kg/m?s] | [MPa] [MPa] [°C]
1 2.05 441.3 4.64 4.64 86.1
2 9.98 447.1 4.629 4.628 89.85
3 4.05 508.4 4.649 4.645 74.42
4 11.0 510.8 4.67 4.67 77.5
5 14.01 516.9 4.64 4.64 73.8
6 17.0 515.6 4.631 4.625 73.39
7 6.98 517.2 4.64 4.63 111.8
8 6.99 516.5 4.63 4.63 119.0
9 9.09 515.6 4.646 4.643 119.26
10 11.03 1023.6 4.64 4.63 78.6
11 16.89 1020.2 4.63 4.61 80.0
12 25.0 1019.4 4.64 4.63 80.1
13 9.7 998.2 4.63 4.62 100.2
14 20.13 1002.6 4.64 4.63 100.4
15 7.09 1220.2 4.65 4.65 72.9
16 18.02 1197.4 4.64 4.63 73.3
17 20.06 1210.0 4.64 4.64 74.1
18 10.0 1225.1 4.62 4.62 101.4
19 13.84 1219.3 4.65 4.64 99.2
20 16.2 1316.2 4.64 4.63 90.74

Note: More accurate data for the pressure and temperature of cases 2, 3, 6, and 9 were given in
Huang et al. [71].

The pseudocritical temperature of R12 using the inlet pressures of cases 2 and 3 are given in
Table 24, where the pseudocritical temperature is defined as the temperature at which the

specific heat capacity at constant pressure reaches a maximum value.

Table 24: Pseudocritical temperatures of R12 at inlet pressures of Richards 2012 Experiments.

Case | Inlet Pressure | Pseudocritical
[MPa] Temperature [K]

2 4.629 391.552

3 4.649 391.806
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5.2 Numerical Domain Definition, Boundary Condition, and Mesh

A 1/12'" section of the Richards seven-rod bundle was modelled, and symmetry was assumed on
both section planes. The hydraulic diameter of the subchannel is 4.69251 [mm] (0.184744 [in]).
An x-y cross section of the bundle showing the section that has been modelled is given in Figure

40 in Section 5.1.

The total length of the domain is 1.4 [m] (4.59318 [ft]) in the z-direction, which includes a 0.3
[m] (0.984252 [ft]) inlet section, 1.0 [m] (3.28084 [ft]) heated section, and a 0.1 [m] (0.328084
[ft]) outlet section. The actual lengths of both the inlet and outlet sections were not given in
literature, so it was assumed that these lengths are similar to those of the Rohde et al. bundle.
The outlet length was partially chosen to make modelling the mesh easier. The three spacers are
0.019 [m] (0.062336 [ft]) long, and are located at various positions throughout the domain. A y-z
cross section, showing the locations of these spacers, as well as the inlet, outlet, and heated
section is given in Figure 41 in Section 5.1. These spacers were not modelled in order to

substantially reduce the total number of nodes.

When the entire domain is simplified to the 1/12" section, the total number of locations of
thermocouples on the x-y plane is reduced to one because of symmetry. This location
corresponds to line TC as shown in Figure 42, which gives more details about the geometry of
the computational domain. TC, H1, H2, H3, and H4 are lines in the computational domain that

run the entire z-axis length and will be used to sample wall temperatures.
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Figure 42: Typical x-y cross section of Richards 2012 domain showing fluid domain, solid
domains, location of the thermocouples (TC), and the location of lines H1, H2, H, and H4. All
dimensions in [mm].

The thermocouples are located at certain axial locations along line TC. Table 25 and Table 26

provide domain definitions and boundary conditions for each of the domains shown in Figure 42.
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Table 25: Domain definition and boundary conditions of Richards 2012 fluid domain.

Fluid
Domain Properties Material: R12
Turbulence Model: SST, k-g, RNG k-g, Lam-Bremhorst
Low-Re k-¢, Yang-Shih Low-Re k-¢
Turbulent Prandtl Number (Pr;): 0.9
Reference Pressure: 4.628 [MPa] (Case 2), 4.645 [MPa]
(Case 3)
Material Properties FORTRAN Subroutines using NIST Chemistry WebBook
Data (CFX), NIST REFPROP v9.0 Database (FLUENT)
Inlet Mass Flow Rate: 0.01393068 [kg/s] (Case 2), 0.01584066

[kg/s] (Case 3)

Temperature: 363.00 [K] (Case 2), 347.57 [K] (Case 3)
Turbulence: Low Intensity (I = 1 %), Low Eddy Viscosity
Ratio (u; / u = 1.0)!

w =0.419394 [m/s] (Case 2), 0.440563 [m/s] (Case 3)

Re =21120.6 (Case 2), 19579.8 (Case 3)

Fluid Properties at Inlet, | p = 1051.61 [kg/m?]

Case 2 u =9.79891x10° [Pa 5]

cp = 1242.06 [J/kgK]

A =0.0481102 [W/mK]

Fluid Properties at Inlet, | p = 1137.83 [kg/m?]

Case 3 p =1.20138x10" [Pa s]

¢, = 1119.07 [J/kgK]

A =0.0536086 [W/mK]

Outlet Reference Static Pressure: 0 [Pa]

Wall Adiabatic no-slip at Shroud, coupled (FLUENT) or
conservative interface heat flux (CFX) to Heater 1 and 2
domains (R,)

1Same values as those used for the Rohde et al. cases, because they were found to provide more
stable convergence than medium or high intensity inlet turbulence.
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Table 26: Domain definition and boundary conditions of Richards 2012 heater domains.

Heater 1 and 2

Domain Properties Material: AIS1 304L Stainless Steel

Material Properties p = 8030 [kg/m?]

¢p =5.2x107° [J/kgK®] T2 + 0.17 [J/kgK?] T + 426.7 [J/kgK]
A: FORTRAN Subroutine (CFX), lookup table (FLUENT)
Wall Adiabatic wall across x-y plane at z= 0.0 [m] and z = 1.4 [m],
coupled (FLUENT) or conservative interface heat flux (CFX)
across x-y plane at z = 0.3 [m] and z = 1.3 [m], coupled
(FLUENT) or conservative interface heat flux (CFX) to Fluid
domain (R,)

Adiabatic wall at R;

Heated Section Energy | Heater 1 and 2 Volumetric Heat Rate (from total heat rate):
Source 8.49848x10’ [W/m?] (Case 2), 3.44878x107 [W/m?] (Case 3)

Various solution variable monitor points are defined for CFX and FLUENT runs, to provide an
additional means to check convergence of the runs. These monitor points were placed at 11 axial
locations along line TC to record temperature. Additionally, for CFX runs, pressure was
monitored at points that were in close proximity to the centroid of the inlet and outlet, and for

FLUENT runs, the area averaged pressure at the inlet and outlet was monitored.

5.3  Grid Independence Study

A mesh of the 1/12™ section of the seven-rod bundle was generated using ICEM CFD, and the
spacers were not modelled in order to substantially reduce the total number of nodes. Figure 40
in Section 5.1 shows this 1/12" section defined by the symmetry planes in relation to the entire
X-y cross section. CFX was used to numerically solve case 2 using the SST turbulence model
with automatic wall treatment. The SST turbulence model was chosen because, out of those
turbulence models that were selected to provide final results, it was the only turbulence model
that can be used in CFX that required a y* of less than one. The maximum residuals and domain
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imbalances were monitored during the runs, and a solution was considered to be converged when

these variables reached values given in Section 3.5.1.

A number of initial meshes were first generated for CFX, and solutions were obtained for case 2.
Case 2 was chosen because the fluid temperature at the inlet was close to the pseudocritical
point, and the experimental results showed two pronounced spikes in wall temperature, which
were likely a result of large variation in the heat transfer phenomena near the wall and, therefore,
a good test of the models. A mesh with a large number of nodes was eventually created and a
solution was obtained. This mesh is referred to here as the R-1 mesh and it had 17,422,281
nodes. Five other meshes were created by either increasing or decreasing the uniform z cross
section grid spacing of this R-1 mesh. These meshes were given names that correspond to the
order in which they were created, i.e. mesh R-1 was created first, and mesh R-6 was the sixth
mesh to be created. The changes made to each mesh can be described using a cylindrical r-6
coordinate system. Figure 43 shows the equivalent r-6 coordinate system superimposed on a
typical x-y cross section. The mesh shown in Figure 43, R-17, will eventually be selected as the

mesh to be used for the final results. The z-axis cross section has constant nodal spacing.
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Figure 43: Equivalent r-0 coordinate system for describing mesh modification procedure shown
on typical x-y cross section of Richards R-17 mesh

Tables 27 to 30 provide mesh parameters of these six meshes that have identical r-6 cross section

mesh parameters, and different z cross section parameters.

Table 27: Overall properties of meshes with different z cross section nodal spacing and identical
r-0 cross section nodal spacing, listed in descending order of total nodes.

Difference in | Percentage

Nodes Decrease in

Mesh ID | Total Nodes Relative to Nodes Relative to
Previous Mesh | Previous Mesh

R-6 43,462,701 - -

R-4 28,706,463 14,756,238 33.95

R-1 17,422,281 11,284,182 39.31

R-2 12,214,197 5,208,084 29.89

R-3 9,610,155 2,604,042 21.32

R-5 7,874,127 1,736,028 18.06
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Table 28: Geometric parameters of meshes with different z cross section nodal spacing and
identical r-0 cross section nodal spacing.

Near Wall Near Wall Solid
i ) Max r- Grid Spacing | Grid Spacing )
Mesh Max Z Max .e Spacing, | [mm]/ [mm]/ Doma|r_1
Spacing | Spacing . . . Nodes in r-
ID Fluid Expansion Expansion NI
[mm] [mm] . . Direction:
[mm] Ratio Next to | Ratio Next to H1/H2
H1 and H2 Shroud
R-6 2.00000 | 0.022662 | 0.159105 | 0.0008/1.3 0.0008/1.3 4/4
R-4 3.03030 | 0.022662 | 0.159105 | 0.0008/1.3 0.0008/1.3 4/4
R-1 5.00000 | 0.022662 | 0.159105 | 0.0008/1.3 0.0008/1.3 4/4
R-2 7.14286 | 0.022662 | 0.159105 | 0.0008/1.3 0.0008/1.3 4/4
R-3 9.09091 | 0.022662 | 0.159105 | 0.0008/1.3 0.0008/1.3 4/4
R-5 11.1111 | 0.022662 | 0.159105 | 0.0008/1.3 0.0008/1.3 4/4

Table 29: Maximum and minimum y* values of meshes with different z cross section nodal
spacing and identical r-6 cross section nodal spacing.

Mesh ID | y* Max | y* Min

R-6 0.834854 | 0.0555693
R-4 0.834925 | 0.0556286
R-1 0.836454 | 0.0557133
R-2 0.835873 | 0.0558415
R-3 0.833851 | 0.0559026
R-5 0.831500 | 0.0559884

Table 30: Mesh quality parameters in the fluid domain of meshes with different z cross section
nodal spacing and identical r-6 cross section nodal spacing.

Min Max Max
Mesh ID | Angle Expansion | Aspect

[degree] | Factor Ratio
R-6 42.9 2 9348
R-4 42.9 2 14163
R-1 42.9 2 23369
R-2 42.9 2 33384
R-3 42.9 2 42488
R-5 42.9 2 51930
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The number of nodes in the r-direction in the solid domains was be kept at four, as shown in
Table 28, for this study. This was done to reduce the number of different mesh modifications, in
order to reduce the number of meshes that must be created. The number four was chosen as this
is one node more than the number of nodes in the r-direction of the solid domains selected for the
final Rohde et al. mesh, BNSP-6. The mesh with the greatest number of nodes and, thus, had the
finest z cross section spacing, was the R-6 mesh with 43,462,701 nodes. The mesh with the least
number of nodes was the R-5 mesh with 7,874,127 nodes. The RMSgn,T parameter, defined by
Equation (113) in Section 4.3, is used to quantify the heated wall surface temperature differences
between the results of each of the meshes, where the sampled lines are lines H1, H2, and TC.
The RMSrn,T is plotted in Figure 44 for the results of these meshes using the mesh with the

greatest number of nodes, mesh R-6, as the reference mesh.

25 T T

0 10,000,000 20,000,000 30,000,000
Nodes

Figure 44: RMSgn,T Vs. total nodes for meshes with different z cross section nodal spacing and

identical r-0 cross section nodal spacing. Mesh R-6 is the reference mesh. Line H1 is hidden
underneath line TC.

Figure 44 shows that the heated wall temperature is dependent on the number of z nodes, and as

the number of nodes in the z-direction increases, the RMSgn T converges towards zero.
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The mesh that had a maximum RMSgn,1 of approximately 1 %, mesh R-2, was then modified by
increasing and then decreasing the number of nodes in the r-direction of the fluid domain while
maintaining the same expansion ratio close to the wall, to create meshes R-7 and R-8,
respectively. Tables 31 to 34 provide mesh parameters of these three meshes that have identical z

and 0 cross section mesh parameters, and different r cross-sectional parameters.

Table 31: Overall properties of meshes with different r cross section nodal spacing and identical

z-0 cross section nodal spacing, listed in descending order of total nodes.

Difference in | Percentage
Nodes Decrease in

Mesh ID | Total Nodes Relative to Nodes Relative to
Previous Mesh | Previous Mesh

R-7 15,593,338 - -

R-2 12,214,197 3,379,141 21.67

R-8 11,021,559 1,192,638 9.76

Table 32: Geometric parameters of meshes with different r cross section nodal spacing and

identical z-6 cross section nodal spacing.

Near Wall Near Wall Solid
Max z- Max 6- Max r- Grid Spacing | Grid Spacing Domain
Mesh ; . Spacing, [mm]/ [mm] / !
Spacing | Spacing . . . Nodes in r-
ID Fluid Expansion Expansion NI
[mm] [mm] : : Direction:
[mm] Ratio Next to | Ratio Next to H1/H2
H1 and H2 Shroud
R-7 7.14286 | 0.022662 | 0.0796051 | 0.0008/1.3 0.0008/1.3 4/4
R-2 7.14286 | 0.022662 | 0.159105 | 0.0008/1.3 0.0008/1.3 4/4
R-8 7.14286 | 0.022662 | 0.329569 | 0.0008/1.3 0.0008/1.3 4/4
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Table 33: Maximum and minimum y* values of meshes with different r cross section nodal
spacing and identical z-6 cross section nodal spacing.

Mesh ID | y* Max | y* Min

R-7 0.835356 | 0.0557362
R-2 0.835873 | 0.0558415
R-8 0.835777 | 0.0558889

Table 34: Mesh quality parameters in the fluid domain of meshes with different r cross section
nodal spacing and identical z-0 cross section nodal spacing.

Min Max Max
Mesh ID | Angle Expansion | Aspect

[degree] | Factor Ratio
R-7 42.9 2 33384
R-2 42.9 2 33384
R-8 42.9 2 33384

The mesh with the greatest number of nodes and, thus, the finest r-direction spacing, was the R-7
mesh with 15,593,338 nodes. The mesh with the least number of nodes was the R-8 mesh with
11,021,559 nodes. The RMSgn T is plotted in Figure 45 for the results of these meshes using

mesh R-7 as the reference mesh.
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Figure 45: RMSgn,T Vs. total nodes for meshes with different r cross section nodal spacing and

identical z-6 cross section nodal spacing. Mesh R-7 is the reference mesh, and Line H1 is hidden
underneath line TC.

Figure 45 shows that the RMSgrnT is only slightly dependent on the nodal spacing in the r-
direction, since the maximum RMSgn T IS approximately 0.16 %, and drops to a minimum of

approximately 0.11 %.

Mesh R-2 was again used to generate multiple new meshes, R-9 through R-13. These meshes
had identical nodal spacing as mesh R-2 in the z and 6 direction, but had different expansion
ratios in the r-direction nearest to the wall in the fluid domain. Tables 35 to 38 provide mesh
parameters of these six meshes that have identical z and 6 cross section mesh parameters, and

different r cross section parameters.
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Table 35: Overall properties of meshes with different expansion ratios near the heated wall in the
fluid domain in the r-direction and identical z-6 cross section nodal spacing, listed in descending
order of total nodes.

Difference in | Percentage
Nodes Decrease in
Relative to Nodes Relative to
Previous Mesh | Previous Mesh

Mesh ID | Total Nodes

R-12 30,898,859 | - -
R-10 23,743,031 | 7,155,828 23.16

R-13 15,394,565 | 8,348,466 35.16
R-2 12,214,197 | 3,180,368 20.66
R-9 10,027,694 | 2,186,503 17.90
R-11 9,033,829 993,865 9.91

Table 36: Geometric parameters of meshes with different expansion ratios near the heated wall in
the fluid domain in the r-direction and identical z-6 cross section nodal spacing.

Near Wall Near Wall Solid
i Max r- Grid Spacing | Grid Spacing .
Mesh | Max 2 Mavx 8- Spacing, | [mm]/ [mm]/ Domain
Spacing | Spacing . . . Nodes in r-
ID [mm] [mm] Fluid Expansion Expansion Direction:
[mm] Ratio Nextto | Ratio Next to H1/H2 '

H1 and H2 Shroud
R-12 | 7.14286 | 0.022662 | 0.0975749 | 0.0008/1.07 0.0008/1.07 | 4/4
R-10 | 7.14286 | 0.022662 | 0.134311 | 0.0008/1.1 0.0008/1.1 4/4
R-13 | 7.14286 | 0.022662 | 0.140379 | 0.0008/1.2 0.0008/1.2 4/4
R-2 7.14286 | 0.022662 | 0.159105 | 0.0008/1.3 0.0008/1.3 4/4
R-9 7.14286 | 0.022662 | 0.153697 | 0.0008/1.5 0.0008/1.5 4/4
R-11 | 7.14286 | 0.022662 | 0.154065 | 0.0008/1.7 0.0008/1.7 4/4
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Table 37: Maximum and minimum y* values of meshes with different expansion ratios near the
heated wall in the fluid domain in the r-direction and identical z-6 cross section nodal spacing.

Mesh ID | y* Max | y* Min

R-12 0.836488 | 0.0554226
R-10 0.836267 | 0.0554313
R-13 0.836150 | 0.0555403
R-2 0.835873 | 0.0558415
R-9 0.830599 | 0.0565209
R-11 0.827896 | 0.0566784

Table 38: Mesh quality parameters in the fluid domain of meshes with different expansion ratios
near the heated wall in the fluid domain in the r-direction and identical z-0 cross section nodal

spacing.

Min Max Max
Mesh ID | Angle Expansion | Aspect

[degree] | Factor Ratio
R-12 42.9 1 33384
R-10 42.9 1 33384
R-13 42.9 2 33384
R-2 42.9 2 33384
R-9 42.9 2 33384
R-11 42.9 2 33384

The mesh with the greatest number of nodes and, thus, had the lowest expansion ratio in the r-
direction, was the R-12 mesh with 30,898,859 nodes. The mesh with the least number of nodes
was the R-11 mesh with 9,033,829 nodes. The RMSgn T is plotted in Figure 46 for the results of

these meshes using mesh R-12 as the reference mesh.
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Figure 46: RMSgn,T vs. total nodes for meshes with different expansion ratios near the heated
wall in the fluid domain in the r-direction and identical z-6 cross section nodal spacing. Mesh R-
12 is the reference mesh, and Line H1 is hidden underneath line TC.

Figure 46 shows that the heated wall temperature is highly dependent on the expansion ratio in
the r-direction closest to the wall. As the expansion ratio decreases, and in turn the number of
nodes increases, the RMSgrn,T converges towards zero. The mesh with 15,394,565 nodes, mesh
R-13, had a maximum RMSgnT Of 2.2 %, which is reasonably low compared to the other
meshes. The mesh with the next lowest RMSgrnT Of 0.4 %, had 23,743,031 nodes, which is a

substantial increase in nodes for a reduction in RMSgnT.

Mesh R-2 was once again used to generate multiple new meshes, R-14 through R-16. These
meshes had identical nodal spacing as mesh R-2 in the z and r direction, but had different 6-
direction spacing. Tables 39 to 42 provide mesh parameters of these four meshes that have

identical z and r cross section mesh parameters, and different 0 cross section parameters.

149



Table 39: Overall properties of meshes with different 6 cross section nodal spacing and identical
r-z cross section nodal spacing, listed in descending order of total nodes.

Difference in | Percentage
Nodes Decrease in

Mesh ID | Total Nodes Relative to Nodes Relative to
Previous Mesh | Previous Mesh

R-16 27,523,658 - -

R-15 18,374,190 9,149,468 33.24

R-2 12,214,197 6,159,993 33.53

R-14 9,224,722 2,989,475 24.48

Table 40: Geometric parameters of meshes with different 6 cross section nodal spacing and
identical r-z cross section nodal spacing.

Near Wall Near Wall Solid
Max z- Max 0- Max r- Grid Spacing | Grid Spacing Domain
Mesh ; : Spacing, | [mm]/ [mm] / :
Spacing | Spacing ) . . Nodes in r-
ID Fluid Expansion Expansion NI
[mm] [mm] : : Direction:
[mm] Ratio Next to | Ratio Next to H1/H2
H1 and H2 Shroud
R-16 | 7.14286 | 0.0100075 | 0.159105 | 0.0008/1.3 0.0008/1.3 4/4
R-15 | 7.14286 | 0.0150071 | 0.159105 | 0.0008/1.3 0.0008/1.3 4/4
R-2 7.14286 | 0.0226620 | 0.159105 | 0.0008/1.3 0.0008/1.3 4/4
R-14 | 7.14286 | 0.0300761 | 0.159105 | 0.0008/1.3 0.0008/1.3 4/4

Table 41: Maximum and minimum y* values of meshes with different 6 cross section nodal

spacing and identical r-z cross section nodal spacing.

MeshID | y* Max | y* Min

R-16 0.839345 | 0.0454864
R-15 0.837809 | 0.0500213
R-2 0.835873 | 0.0558415
R-14 0.834166 | 0.0606075
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Table 42: Mesh quality parameters in the fluid domain of meshes with different 6 cross section
nodal spacing and identical r-z cross section nodal spacing.

Min Max Max
Mesh ID | Angle Expansion | Aspect

[degree] | Factor Ratio
R-16 42.9 2 33385
R-15 42.9 2 33384
R-2 42.9 2 33384
R-14 42.9 2 33384

The mesh with the greatest number of nodes and, thus, had the smallest spacing in the 0-
direction, was the R-16 mesh with 27,523,658 nodes. The mesh with the least number of nodes
was the R-14 mesh with 9,224,722 nodes. The RMSgn T is plotted in Figure 47 for the results of

these meshes using mesh R-16 as the reference mesh.
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Figure 47: RMSgn, T Vs. total nodes for meshes with different 6 cross section nodal spacing and
identical r-z cross section nodal spacing. Mesh R-16 is the reference mesh.

From the above plot it is clear that the 6 spacing has little effect on RMSgrn,T and, thus, little
effect on the heated wall surface temperatures. This is evident by the maximum RMSgn 1 of 0.04

%. Almost all the meshes generated up to now had the same refined 6 spacing and expansion
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ratio in the 0-direction in the top corner of the mesh. For the next mesh, R-17, the 6 spacing will
be uniform with no refinement in the top corner of the mesh. This mesh will be created from
mesh R-13, which was shown to have a maximum RMSgnT Of 2.2 % when comparing meshes
with different expansion ratios in the r-direction of the fluid domain. This RMSgn,T is reasonably

low compared to the other meshes in the comparison.

Tables 43 to 46 provide mesh parameters of the two meshes that have identical z and r cross

section mesh parameters, and different 6 cross section parameters.

Table 43: Overall properties of meshes with different 6 cross section nodal spacing and identical
r-z cross section nodal spacing, listed in descending order of total nodes.

Difference in | Percentage
Nodes Decrease in

Mesh ID | Total Nodes Relative to Nodes Relative to
Previous Mesh | Previous Mesh

R-13 15,394,565 - -

R-17 15,362,651 31,914 0.21

Table 44: Geometric parameters of meshes with different 6 cross section nodal spacing and
identical r-z cross section nodal spacing.

(Naea(ljr gNaII (Nse%r gNaII Solid

Max r- rid Spacing rid Spacing .

e | e S Speng, (ol |y | Pen

ID [rflm] g [rgm] g Fluid Expansion Expansion Direction:
[mm] Ratio Next to | Ratio Next to H1/H2 '

H1 and H2 Shroud
R-13 | 7.14286 | 0.0226620 | 0.140379 | 0.0008/1.2 0.0008/1.2 4/4
R-17 |7.14286 | 0.0226052 | 0.140379 | 0.0008/1.2 0.0008/1.2 4/4
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Table 45: Maximum and minimum y* values of meshes with different 6 cross section nodal
spacing and identical r-z cross section nodal spacing.

Mesh ID | y* Max | y* Min
R-13 0.836150 | 0.0555403
R-17 0.835805 | 0.0555312

Table 46: Mesh quality parameters in the fluid domain of meshes with different 6 cross section
nodal spacing and identical r-z cross section nodal spacing.

Min Max Max
Mesh ID | Angle Expansion | Aspect

[degree] | Factor Ratio
R-13 42.9 2 33384
R-17 42.9 1 33385

The RMSgn,1 for mesh R-17 using mesh R-13 as the reference mesh is 0.07 %, 0.01 %, and 0.07
% for lines H1, H2, and TC, respectively. These are low RMSgn,T Values, and so the conclusion
can be drawn that mesh R-17 would give results that are very similar to mesh R-13 even though

mesh R-17 has fewer nodes in the 0-direction.

As a final check, mesh R-17 was used to generate five other meshes, mesh R-18 through R-22.
Only the z-direction spacing was modified between these meshes. Tables 47 to 50 provide mesh
parameters of these six meshes that have identical r and 0 cross section mesh parameters, and

different z cross section parameters.
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Table 47: Overall properties of meshes with different z cross section nodal spacing and identical
r-0 cross section nodal spacing, listed in descending order of total nodes.

Difference in | Percentage
Nodes Decrease in

Mesh ID | Total Nodes Relative to Nodes Relative to
Previous Mesh | Previous Mesh

R-22 43,748,463 - -

R-21 36,184,112 7,564,351 17.29

R-20 21,913,223 14,270,889 39.44

R-17 15,362,651 6,550,572 29.89

R-18 12,087,365 3,275,286 21.32

R-19 9,903,841 2,183,524 18.06

Table 48: Geometric parameters of meshes with different z cross section nodal spacing and
identical r-0 cross section nodal spacing.

Near Wall Near Wall Solid
Max z- Max 6- Max r- Grid Spacing | Grid Spacing Domain
Mesh ; . Spacing, | [mm]/ [mm] / !
Spacing | Spacing . . . Nodes in r-
ID Fluid Expansion Expansion T
[mm] [mm] ; : Direction:
[mm] Ratio Next to | Ratio Next to H1/H2
H1 and H2 Shroud
R-22 | 2.50000 | 0.0226052 | 0.140379 | 0.0008/1.2 0.0008/1.2 4/4
R-21 | 3.03030 | 0.0226052 | 0.140379 | 0.0008/1.2 0.0008/1.2 4/4
R-20 | 5.00000 | 0.0226052 | 0.140379 | 0.0008/1.2 0.0008/1.2 4/4
R-17 | 7.14286 | 0.0226052 | 0.140379 | 0.0008/1.2 0.0008/1.2 4/4
R-18 |9.09091 | 0.0226052 | 0.140379 | 0.0008/1.2 0.0008/1.2 4/4
R-19 | 11.1111 | 0.0226052 | 0.140379 | 0.0008/1.2 0.0008/1.2 4/4

Table 49: Maximum and minimum y* values of meshes with different z cross section nodal

spacing and identical r-6 cross section nodal spacing.

Mesh ID | y* Max | y* Min

R-22 0.835810 | 0.0553017
R-21 0.835372 | 0.0553275
R-20 0.836480 | 0.0554388
R-17 0.835805 | 0.0555312
R-18 0.834307 | 0.0556373
R-19 0.832493 | 0.0557059
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Table 50: Mesh quality parameters in the fluid domain of meshes with different z cross section
nodal spacing and identical r-0 cross section nodal spacing.

Min Max Max
Mesh ID | Angle Expansion | Aspect

[degree] | Factor Ratio
R-22 42.9 1 11685
R-21 42.9 1 14153
R-20 42.9 1 23369
R-17 42.9 1 33385
R-18 42.9 1 42489
R-19 42.9 1 51931

The mesh with the greatest number of nodes and, thus, had the smallest spacing in the z-
direction, was the R-22 mesh with 43,748,463 nodes. The mesh with the least number of nodes
was the R-19 mesh with 9,903,841 nodes. The RMSgn T is plotted in Figure 48 for the results of
these meshes using the mesh with the greatest number of nodes, mesh R-22, as the reference

mesh.
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Figure 48: RMSgn,T Vs. total nodes for meshes with different z cross section nodal spacing and
identical r-0 cross section nodal spacing. Mesh R-22 is the reference mesh, and Line H1 is
hidden underneath line TC.
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Figure 48 shows once again that the heated wall surface temperature is dependent on the number
of nodes in the z-direction. As the number of nodes in the z-direction increases, the RMSgn,T
converges towards zero. The mesh with 15,362,651 nodes, mesh R-17, had a maximum RMSgn, T
of 0.93 %, which is reasonably low compared to the other meshes. The mesh with the next
lowest RMSgrn,T 0f 0.47 %, had 21,913,223 nodes, which is a substantial increase in nodes for a

minimal reduction in RMSgn,T.

From these mesh comparisons, the mesh that provides a solution that is relatively independent of
the mesh, while using a minimum number of nodes, is mesh R-17. This mesh was used to

generate final results of cases 2 and 3 of the Richards experiments.

5.4 Results and Discussion

The numerical results of case 2 and 3 of the Richards experimental data are presented here. Case
2 was selected mainly because a large spike in heater rod surface temperature was present, which
was evidence that HTD was present in this case. Case 3 was selected because it appeared to show
normal heat transfer, as there was no a spikes in heater rod surface temperature, and the
temperatures never reaches the pseudocritical temperature. Additionally, both Zhang et al. [72]
and Huang et al. [71] performed numerical simulations of case 2 and 3, which are compared with

the numerical results presented here.

Zhang et al. used CFX v11.0 and the SST, RNG k-g, SSG Reynolds Stress, and the ®-RSM
turbulence models to numerically simulate case 2 and 3 of the Richards experiments. Scalable
wall functions were used with the RNG k-¢ and SSG Reynolds Stress turbulence models, and

automatic wall treatment was used with the SST and ®-RSM turbulence models. These authors
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modelled 1/12" of the bundle cross section, and included a 0.4 [m] unheated inlet section, but no

unheated outlet section.

Huang et al. used FLUENT v6.3.26 and the SST, k-g, Reynolds Stress model (RSM), and the ®-
RSM turbulence models to numerically simulate case 2 of the Richards experiments. These
authors also used FLUENT and the RSM turbulence model to numerically simulate case 3 of the
Richards experimental data. Both wall functions and EWT near wall treatments were used with
the SST, k-¢, and Reynolds Stress model (RSM), while only EWT was used with the ®-RSM

turbulence model.

Huang et al. modelled the entire bundle, not just a portion of the cross section, and included the
inlet and outlet chambers and the associated inlet and outlet pipes that ran horizontally. The
original experiments had a horizontal inlet pipe, 0.2 [m] in diameter that fed into an unheated
inlet chamber that was 0.4 [m] in diameter. There was also an unheated outlet chamber, 0.4 [m]
in diameter that was attached to a 0.2 [m] diameter outlet pipe that ran horizontally. The height
of the inlet and outlet chambers was not stated in either the Richards 2012 Experiments or the

Huang et al. study.

Huang et al. modelled the entire rod bundle, and not just a 1/12" section. Therefore, heater rod
surface temperature data were given for all three thermocouple locations for any given x-y cross
section. For this study, heater rod surface temperature data was collected from only one of the
thermocouple locations from the Huang et al. study. This was the “TC1” thermocouple location
given in the study. The remaining two thermocouple locations, “TC2” and “TC3”, gave heater

rod surface temperatures that were similar to the “TC1” thermocouple location.
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For the present study, the maximum residuals and domain imbalances were monitored during the
following runs, and a solution was considered to be converged when these variables reached
values given in Section 3.5.1 and Section 3.5.2 for CFX and FLUENT, respectively. Exceptions
to this were case 2 using the SST turbulence model and FLUENT, case 3 using the RNG k-¢
turbulence model with FLUENT, and case 3 using the SST turbulence model with FLUENT. The
continuity residuals for these three cases were 2.62x1073, 7.72x103, and 7.50x107, respectively.
The FLUENT Solver Modelling Guide recommends the residuals be less than 1x10 except for
the energy residual which should be less than 1x10°. These three cases with the higher than
desired continuity residuals were still considered converged because the solution variables at the
monitor points did not change significantly over a large number of iterations, and all other
imbalances and residuals were well below the desired values. Typically, the maximum change in
temperature or pressure at a monitor location was less than 0.1 % over at least approximately 400
iterations, and the vast majority of monitor locations had much less than a 0.1 % change in
temperature or pressure over the same number of iterations. It was also not possible to reduce the
residual by changing under-relaxation factors or the pseudo time step, which are the only
methods that can be used to affect convergence during FLUENT runs. The mesh could have been
altered to possibly reduce the residuals, but a grid independence study would need to be
performed on that mesh and all other cases would have to be performed again with the new
mesh. For these reasons, the slightly larger continuity residual for the three cases were

considered acceptable.

All CFX and FLUENT runs were performed on local servers at the University of Manitoba,
which use the Linux operating system. The total wall clock time for case 3 CFX simulations was

between 45 and 199 hours using between 4 and 40 cores in parallel computing. For case 3
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FLUENT simulations, the total wall clock time was between 130 and 488 hours using between 4
and 40 cores in parallel. The total wall clock time for case 2 CFX simulations was between 60
and 478 hours using between 4 and 30 cores in parallel computing. For case 2 FLUENT
simulations, the total wall clock time was between 263 and 527 hours using between 4 and 30

cores in parallel.

For a given z coordinate there exists temperature data from three thermocouples. The three
locations on the x-y plane of these thermocouples are located at the same point when the entire
domain is modelled as a 1/12" section through the use of symmetry planes. The experimental
data from the thermocouples at each of the z locations is therefore averaged in order to compare
with numerical results. This averaged experimental data is given as “Experiment” in the plots of

heater rod surface temperature.

54.1. Case 3

The numerical results of case 3 of the Richards experiments will be presented here, followed by

a comparison with the other numerical results from Zhang et al. and Huang et al.

Figure 49 gives the heater rod surface temperatures of case 3 using CFX and the SST and k-¢
turbulence models, FLUENT and the SST turbulence model, and the experimental temperatures

along line TC.
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Figure 49: Heater rod surface temperatures along line TC for case 3 using CFX with the SST and
k-g turbulence model, and FLUENT with the SST turbulence model.

The k-¢ turbulence model, implemented using CFX, slightly under-predicts the heater rod
surface temperatures, although the results are relatively close to the experimental data compared
to the results of the SST turbulence model using CFX and FLUENT. The SST turbulence model,
implemented using CFX and FLUENT, under-predicts the heater rod surface temperatures over
the entire heated section. The results of FLUENT and CFX, when using the SST turbulence

model are very similar.

Figure 50 gives the heater rod surface temperatures of case 3 using FLUENT and the SST, RNG
k-¢, Lam-Bremhorst Low-Re k-¢, and Yang-Shih Low-Re k-¢ turbulence models, along with the

experimental temperatures along line TC.
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Figure 50: Heater rod surface temperatures line TC for case 3 using FLUENT
The heater rod surface temperatures of both the Lam-Bremhorst and Yang-Shih Low-Re k-¢
turbulence model using FLUENT are relatively close to the experimental data, while those of the
RNG k-¢ turbulence model using FLUENT are all significantly lower than the experimental data.
The SST turbulence model using FLUENT under-predicts the heater rod surface temperatures,

although the results are not as bad as the RNG k-¢ turbulence model.

To quantify the differences between the numerical predictions and experimental results of heater
rod surface temperatures for case 3, the RMSgrn,T Is calculated and presented in Table 51.
Equation (113) in Section 4.3 is used to calculate the RMSgn,T, where the reference temperatures

come from the experimental data.
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Table 51: RMSgn,T between numerical results and experimental results for case 3.

Case RMSgn,T [%0]
3 SST CFX 30.48
3 k-¢ CFX 20.91
3 SST FLUENT 26.42
3 RNG k-¢ FLUENT 39.11
3 Low-Re k-¢ Lam-Bremhorst FLUENT 15.80
3 Low-Re k-g Yang-Shih FLUENT 13.79

The Yang-Shih Low-Re k-g¢ turbulence model using FLUENT gave the result that was in the best
agreement with the experimental data. The Lam-Bremhorst Low-Re k-¢ turbulence model using
FLUENT gave the result that was next closest in terms of agreement with the experimental data.
The RNG k-¢ turbulence model using FLUENT and the SST turbulence model using CFX gave
poorer results with regards to agreement between numerical and experimental data. When using
the SST turbulence model, FLUENT vyields results that are in slightly better agreement with

experimental data compared to CFX.

Various plots from case 3 using CFX and the SST turbulence model are given to illustrate the
trends in the flow when there is no HTD. A y* value of zero corresponds to the location of line

H1 in the following plots.

Figure 51 shows the near wall fluid temperature profiles at various z locations of case 3 using

CFX and the SST turbulence model.
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Figure 51: Fluid temperature vs. y+ at various z locations of case 3 using CFX and SST
turbulence model. A y+ value of zero corresponds to the location of line H1.

The fluid closest to the heater rod surface gradually increase in temperature as the fluid
progresses along z, but the temperature never reaches the pseudocritical temperature. The

thermophysical properties of the fluid, therefore, do not change significantly at any location.

Figure 52 shows the near wall fluid density profiles at various z locations of case 3 using CFX

and the SST turbulence model.
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Figure 52: Density vs. y+ at various z locations of case 3 using CFX and SST turbulence model.
A y+ value of zero corresponds to the location of line H1.

The density of the fluid decreases as it is heated by the heater rod, but the gradients are not

relatively large compared to other cases in the present study that use supercritical fluids.

Figure 53 shows the near wall velocity w profiles at various z locations of case 3 using CFX and

the SST turbulence model.
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Figure 53: Velocity w vs. y+ at various z locations of case 3 using CFX and SST turbulence
model. A y+ value of zero corresponds to the location of line H1.

The velocity w profiles at all z locations shown in Figure 53 follow similar trends, and no spikes

in velocity w in the near wall region occur in this result, or any other case 3 result.

Figure 54 shows the u,/u ratio profiles at various z locations of case 3 using CFX and the SST

turbulence model.
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Figure 54: Ratio between eddy viscosity and dynamic viscosity vs. y+ at various z locations of
case 3 using CFX and SST turbulence model. A y+ value of zero corresponds to the location of
line H1.

The u./u ratio profiles at all z locations follow a similar trend, and there are no regions where

the u,/u ratio suddenly drops to values close to one for y* greater than 10.

Figure 55 shows the A,/ ratio profiles at various z locations of case 3 using CFX and the SST

turbulence model.
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Figure 55: Ratio between turbulent thermal conductivity and thermal conductivity vs. y+ at
various z locations of case 3 using CFX and SST turbulence model. A y+ value of zero
corresponds to the location of line H1.

The A,/ ratio profiles at all z locations follow a similar trend, and there are no regions where

the A,/ ratio suddenly drops to values close to one for y* greater than 10.

The trends found in Figures 51 to 55 for the various properties and variables can be found in all
case 3 results. There are no large gradients or spikes in solution variables in any of the plots

because the fluid does not reach the pseudocritical point.

The numerical data of Zhang et al. and Huang et al. for case 3 of the Richards 2012 Experiments
will be compared to the numerical predictions from the present study. The heater rod surface

temperatures of Zhang et al. for case 3 are given in Figure 56.
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Figure 56: Heater rod surface temperatures from Zhang et al. 2014 for case 3 using CFX various
turbulence models.

All heater rod surface temperature profiles from Zhang et al. are relatively similar, with the SST
and ®-RSM both under-predicting temperatures. Both the SST and ®-RSM heater rod surface

temperature profiles are also very similar.

The heater rod surface temperatures of Huang et al. for case 3 are given in Figure 57. The only
turbulence model used by the authors for case 3 was the RSM turbulence model with EWT. They
chose this turbulence model for case 3 because they argued that it can account for anisotropic

stresses, leading to better prediction of secondary flows in rod bundles.
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Figure 57: Heater rod surface temperatures from Huang et al. 2014 for case 3 using FLUENT
RSM turbulence model.

The small oscillation in heater rod surface temperature that occurs around z = 500 [mm] appears
to be purely numerical, is not a result of a phenomena present in the experiment. The fluid at this
z location is not close enough to the pseudocritical temperature for there to be any sudden change

in fluid properties.

Table 52 gives the RMSgn,t of all the case 3 results from Zhang et al. and Huang et al., in order

to show how well each result agrees with the experimental data.

Table 52: RMSgn T between numerical results of both Zhang et al. 2014 and Huang et al. 2014
and experimental results for case 3.

Case RMSgn,T [%]
3 Zhang - CFX - SST - Automatic Wall Treatment 25.16
3 Zhang - CFX - RNG k-¢ - Wall Function 17.03
3 Zhang - CFX - SSG Reynolds Stress - Wall Function | 26.93
3 Zhang - CFX - ®-RSM - Automatic Wall Treatment | 30.78
3 Huang - FLUENT - RSM - EWT 42.06
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The RNG k-¢ turbulence model, used by Zhang et al., gave results that were in better agreement
with the case 3 experimental data than the other turbulence models. The RSM turbulence model

with EWT gave the largest deviation from the experiments.

Table 53 gives the total pressure drop from the numerical predictions of the present study. The
total pressure drop for the experiment was calculated using the difference between the measured

outlet and inlet absolute pressures, 4.649 [MPa] and 4.645 [MPa], respectively [71].

Table 53: Total pressure drop from each result for case 3 of the Richards experiments, including
the experimental measured value and percentage difference from experiment.

Case Total Pressure | Percentage
Drop [Pa] Difference From
Experiment [%]

3 Experiment 4000 -

3 SST CFX 976 75.6

3 k-¢ CFX 854 78.6

3 SST FLUENT 976 75.6

3 RNG k-¢ FLUENT 1038 74.0

3 Low-Re k-g Lam-Bremhorst FLUENT | 875 78.1

3 Low-Re k-g Yang-Shih FLUENT 774 80.7

None of the turbulence models predicted the experimental pressure drop very closely. The mesh
that was used in the present study did not include spacers, and so if spacers were included, then
the pressure drop should increase in value due to the increased frictional forces. This would bring

the pressure drop of the numerical cases closer to the experimental value.

5.4.2. Case 2

The numerical results of case 2 of the Richards experiments will be presented here, followed by

a comparison with the other numerical results from Zhang et al. and Huang et al.
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Figure 58 gives the heater rod surface temperatures of case 2 using CFX and the SST and k-¢

turbulence models, FLUENT and the SST turbulence model, and the experimental temperatures

along line TC.
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Figure 58: Heater rod surface temperatures along line TC for case 2 using CFX with the SST and
k-g turbulence model, and FLUENT with the SST turbulence model.

A prominent spike in heater rod surface temperature can be seen at z = 400 [mm] in the SST
results, but not in the k-¢ result. The spike in heater rod surface temperature does appear in the
experimental data, although the magnitude of the spike is less than in the SST results and the
maximum value of the spike in the experimental data occurs further downstream than in the SST
results. The spike in heater rod surface temperature is evidence of HTD. Although the same SST
turbulence model is used in both CFX and FLUENT, the FLUENT result tends to slightly over-

predict the heater rod surface temperature over the entire length of the heated section.

Figure 59 gives the heater rod surface temperatures of case 2 using FLUENT and the RNG k-¢,
Lam-Bremhorst Low-Re k-g, and Yang-Shih Low-Re k-¢ turbulence models, along with the

experimental temperatures along line TC.
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Figure 59: Heater rod surface temperatures line TC for case 2 using FLUENT
A prominent spike and plateau in heater rod surface temperature can be seen at z = 350 [mm] in
both the Lam-Bremhorst and Yang-Shih Low-Re k-g results, but not in the RNG k-¢ result. The
heater rod surface temperatures of the Lam-Bremhorst Low-Re k-¢ result eventually drop back
down around z = 800 [mm], while the temperatures of the Yang-Shih Low-Re k-g result continue
to increase until just before the end of the heated section at z = 1300 [mm]. The spike in heater
rod surface temperature does appear in the experimental data, although the magnitude of the
spike is less than that of the Lam-Bremhorst and Yang-Shih Low-Re k-g¢ results and the
maximum value of the spike in the experimental data occurs further downstream than that of

these numerical results.

To quantify the differences between the numerical predictions and experimental results of heater
rod surface temperatures for case 2, the RMSgrn,t is calculated and presented in Table 54.
Equation (113) in Section 4.3 is used to calculate the RMSgn,T, Where the reference temperatures

come from the experimental data.
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Table 54: RMSgn,T between numerical results and experimental results for case 2.

Case RMSgn,T [%0]
2 SST CFX 46.28

2 k-e CFX 30.03

2 SST FLUENT 48.81

2 RNG k-¢ FLUENT 32.45

2 Low-Re k-¢ Lam-Bremhorst FLUENT 122.87

2 Low-Re k-¢ Yang-Shih FLUENT 196.49

The k-¢ turbulence model using CFX gave the result that was in the best agreement with the
experimental data. The RNG k-¢ turbulence model using FLUENT provided the result that was a
close second in terms of agreement with the experimental data. The results using the SST
turbulence model and CFX and FLUENT gave similar results in terms of their agreement with
the experimental data. Both the Low-Re k-¢ turbulence models using FLUENT gave results that

did very poorly in terms of agreement with the experimental data.

Case 2 using CFX and the SST turbulence model will be used to explain what causes the HTD,
seen in Figure 58. Various solution variables and derived quantities are plotted with respect to
y™* in the following figures at different z locations. The y* values for the plots were calculated
using Equation (34) in Section 3.1.2.1, where An is replaced with the wall distance. A y* value
of zero corresponds to the location of line H1, shown in Figure 42 in Section 5.2, and y*
increases in value in the negative y direction, normal to the Heater 1 surface. The heater rod
surface temperatures along line H1 are nearly identical to those along line TC, which is where
the thermocouples are located in the Richards 2012 Experiments. Figure 60 shows the heater rod
surface temperatures along lines TC, H1, H2, H3, and H4 for this case. The location of these

lines on the x-y plane can be seen in Figure 42 in Section 5.2.
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Figure 60: Heater rod surface temperatures along lines TC, H1, H2, H3, and H4 for case 2 using
CFX with the SST turbulence model.

As can be seen in the plot, the heater rod surface temperatures along line H1 are identical to line
TC. The largest spike in surface temperature also occur along lines H1 and TC, and line H4
experiences the smallest spike in heater rod surface temperature. These spikes in temperature

occur at approximately z 400 [mm] for all lines.

Unless otherwise stated, a y* value of zero corresponds to the location of line H1 in the
following plots. Figure 61 shows the near wall fluid temperature profiles at various z locations of

case 2 using CFX and the SST turbulence model.
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Figure 61: Fluid temperature vs. y+ at various z locations of case 2 using CFX and SST
turbulence model. A y+ value of zero corresponds to the location of line H1.

The fluid reaches the start of the heated section at z = 300 [mm] and the fluid closest to the
heater rod surface is already at a temperature close to the pseudocritical temperature. This is a
result of axial heat conduction into the unheated portions of the heater rods, causing the ends of
the unheated sections in contact with the heated sections of the heater rods to increase in
temperature. The fluid passing these sections in turn becomes heated before the fluid even

reaches the start of the heated sections of the heater rod.

Just after the fluid near the wall begins to be heated by the heater rod surface at z = 350 [mm],
the fluid closest to the heater rod surface increases beyond the pseudocritical temperature. As the
fluid progresses down the heater rod, the bulk of the fluid progressively increases in temperature,
since the y* location where the fluid reaches the pseudocritical temperature gradually increases

rom = atz = mm| to = atz = mmf|.
from y* =35 350 [mm] to y*= 110 1000 [mm]
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Figure 62 shows the near wall fluid density profiles at various z locations of case 2 using CFX

and the SST turbulence model.
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Figure 62: Density vs. y+ at various z locations of case 2 using CFX and SST turbulence model.
A y+ value of zero corresponds to the location of line H1.

Looking at the density profile at z = 350 [mm], the density of the fluid closest to the heater rod
surface decreases significantly in relation to the freestream density because the temperature of
the fluid exceeds the pseudocritical temperature in the region closest to the heater rod surface at
this z location. As was already seen in Figure 61, the temperature of the fluid away from the
heater rod surface gradually increases past the pseudocritical temperature as the fluid progresses
in the z direction and causes a region of very low density that increases in size in the y direction,

away from the wall.

The large density gradients, seen at z = 350, 375, and 400 [mm], gradually reduce in magnitude
as the fluid progresses along z, as the heat from the heater rod is transferred towards the

freestream resulting in an increased temperature in this region, which in turn results in a decrease
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in density. This decrease in density in the freestream, along with the resulting increase in density
after the large spike in temperature after z = 400 [mm] combines to lessen the density gradients

between the near wall region and the freestream.

Figure 63 shows the near wall velocity w profiles at various z locations of case 2 using CFX and

the SST turbulence model.
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Figure 63: Velocity w vs. y+ at various z locations of case 2 using CFX and SST turbulence
model. A y+ value of zero corresponds to the location of line H1.

The velocity profile of the fluid at the start of the heated section, at z = 300 [mm], appears to
follow the log law of the wall. This is where there is a viscous sublayer adjacent to the wall, and
a log law region away from the wall that is separated from the viscous sublayer by a buffer layer.
The log law of the wall was derived assuming constant thermophysical properties, such as
density, and therefore should not apply to cases with significant differences in thermophysical

properties, such as the cases presented in the present study.
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As the density of the fluid in the near wall region decreases, the effects of buoyancy become
apparent: the low density fluid close to the wall at z = 350 [mm] accelerates upwards, as shown
by the spike in velocity w at y* = 29. The high density fluid in the freestream maintains its
velocity since the density in this region does not change significantly. As the temperature of the
fluid further away from the wall increases as the fluid progresses in the z direction, the velocity
of the fluid in the freestream increases, since the density decreases with these increasing

temperatures.

Similar trends in the velocity w profiles can be found at other locations in the fluid domain. The
velocity w profiles at z = 400 [mm] for locations H1, H2, H3, and H4 are plotted with respect to

wall distance in Figure 64.
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Figure 64: Velocity w profiles at z = 400 [mm] for case 2 using SST and CFX at locations H1,
H2, H3, and H4.

The velocity profiles are nearly identical for H1 and H2, and the spike in velocity w at H3 is

slightly less than the spike at H1 and H2. The smallest spike in velocity w occurs at H4. These
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trends coincide with the heater rod surface temperature profiles along z, given in Figure 60,
where the largest spike in heater rod surface temperature occur around z = 400 [mm] at H1,

followed by H2, H3, and finally H4, in descending order.

Similar trends in the velocity w profile can be found in cases that have a spike in heater rod
surface temperature, and are absent from cases without spikes in heater rod surface temperatures.

The velocity w profiles at z = 400 [mm] for all case 2 results are given in Figure 65.
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Figure 65: Velocity w vs. y+ at z = 400 [mm] for all case 2 results. A y+ value of zero
corresponds to the location of line H1.

For cases with spikes in heater rod surface temperature, the velocity w profile just before or at
the same z location as the temperature spike also shows a spike in velocity w in the near wall
region. This occurs for the SST results using both CFX and FLUENT, as well as the Lam-
Bremhorst and Yang-Shih Low-Re k-¢ turbulence results using FLUENT. A spike in velocity w
is not present in the near wall region for cases that do not have spikes in heater rod surface

temperature. These are the k-¢ results using CFX and the RNG k-g result using FLUENT.
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The velocity w of the k-¢ case does not decrease in value close to the wall, such as for the other
cases. The reason for this is that the k-¢ turbulence model, when implemented with CFX, relies
on scalable wall functions to determine the velocity in this near wall region. The turbulence
model uses Equation (66) in Section 3.1.3.1 to determine the non-dimensional velocity in the
near wall region as a function of the non-dimensional wall distance, ys.4;.. However the value of
the non-dimensional wall distance can never be less than 11.06 according to Equation (63) in
Section 3.1.3.1. This means the velocity can never be less than the value of the velocity at ys.qe
= 11.06. This non-dimensional wall distance, ys.q., IS closely related to non-dimensional wall

distance used in the plots, y™*, since they are both functions of wall distance and fluid properties.

Similarly, the non-dimensional temperature in the near wall region is a function of the non-
dimensional wall distance, as seen in Equation (66) in Section 3.1.3.1, and so the fluid
temperature can never be less than the temperature at ys.,. = 11.06. The greatest fluid
temperature gradients occur close to the wall, as can be seen in the plot of fluid temperature at
various z locations using CFX and the SST turbulence model, Figure 61. Because scalable wall
functions, used by the k-¢ turbulence model, do not allow the fluid temperature to vary in this
region close to the wall, the wall temperature cannot experience sudden increases in temperature

that would be evident by large temperature gradients in the fluid in the region close to the wall.

He et al. [65] performed an in-depth numerical analysis on vertically oriented heated tubes with
supercritical CO2, and found that HTD, or spikes in surface temperature, were caused by flow
laminarization. They used RANS turbulence models and compared their results with the DNS

data of Bae et al. [64].
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Buoyancy had the strong effect of producing high velocity gradients very close to the wall,
which causes the velocity profile to flatten further away from the wall. The high velocity
gradients were caused by a region of low density fluid very close to wall accelerating upwards
faster than the higher density fluid in the region further away from the wall. The flattened
velocity profile in the region away from the wall leads to a reduction in shear stress. Shear stress
plays a dominant role in the Reynolds stresses, pu,u;, and turbulence production, P, as can be
seen in the equation for Reynolds stresses, Equation (3) in Section 3.1.1, and turbulence
production due to viscous forces, Equation (26) in Section 3.1.2. Therefore, a reduction in shear
stress leads to a reduction in turbulence. He et al. refers to this reduction in turbulence as flow

laminarization.

Velocity w profiles from this study show large gradients very close to the wall, as evident by the
initial spike in velocity, followed by a flattened velocity profile away from the wall. These trends
match those described by He et al. The reduction in turbulence, caused by the reduced shear

stress, can be seen by observing the eddy viscosity in the near wall region.

Profiles for the ratio between eddy viscosity and dynamic viscosity, u./u, at various z locations

of case 2 using CFX and the SST turbulence model are shown in Figure 66.
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Figure 66: Eddy viscosity to dynamic viscosity ratio vs. y+ at various z locations of case 2 using
CFX and SST turbulence model. A y+ value of zero corresponds to the location of line H1.

This ratio can be used to determine the strength of turbulence at any location. For a laminar flow,
u./u should be less than one, and for flows with strong turbulence, u,/u should be much greater
than one. When the flow reaches the start of the heated section, the value of u,/u is one at y* =
25. The values of u;/u increase away from the wall and towards the freestream. One way to look
at this is that the flow is close to laminar at y* = 25, and becomes more turbulent towards the
freestream. The u,/u values decrease in general as the flow progresses along z to the point
where, at z = 400 [mm], the value of u,/u is 1.1 at y* = 97. This means that a larger region of
near-laminar flow is present at z = 400 [mm] than at any other z location. As can be seen in
Figure 58, the spike in heater rod surface temperature for this case occurs around z = 400 [mm],
which corresponds to the same z location as where the largest region of near-laminar flow
400 [mm], the values of the u,/u ratio increase,

occurs. As flow progresses past z =

corresponding to the spike in heater rod surface temperature diminishing.
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Further evidence that the u,/u ratio and, more importantly the eddy viscosity, affects the heater
rod surface temperature can be seen from Figure 67, which shows profiles of the turbulent
thermal conductivity to thermal conductivity ratio, A,/A, at various z locations of case 2 using

CFX with the SST turbulence model.
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Figure 67: Turbulent thermal conductivity to thermal conductivity ratio vs. y+ at various z
locations of case 2 using CFX and SST turbulence model. A y+ value of zero corresponds to the
location of line H1.

The turbulent thermal conductivity, A;, is defined by Equation (14) in Section 3.1.1 and can be
used as an indicator of the contribution to heat transfer by turbulence effects. The equation for A,
includes the eddy viscosity, specific heat capacity at constant pressure, and the turbulent Prandtl
number. The turbulent Prandtl number is a constant value, so only the eddy viscosity and specific
heat capacity at constant pressure affect the value of the turbulent thermal conductivity. For a
laminar flow, A;/4 should be less than approximately one, and for flows with strong turbulence,
A+/ 2 should be much greater than one. Looking at the governing equations for energy used by

CFX and FLUENT, Equation (10) and (11) in Section 3.1.1, respectively, it can be seen that a
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fluid should conduct heat much better when the A,/ ratio is much greater than one. This is
because the turbulent thermal conductivity acts in the same way as the thermal conductivity in
conducting heat. When the A,/A ratio is less than approximately one, the flow is close to laminar

and heat conduction through the fluid would be less than if the A,/ ratio was greater.

The A/ A profiles at the various z locations, as shown in Figure 67 follow the same trend as the
u:/u profiles at the same z locations, as shown in Figure 66. This trend indicates that the eddy
viscosity has a direct effect on the turbulent thermal conductivity, and the ability of the fluid to
conduct heat. The largest region of near-laminar fluid exists at z = 400 [mm] in the near wall
region. The eddy viscosity in this region is very low, leading to a very low turbulent thermal
conductivity, which reduces the ability of the fluid to conduct heat. This region of fluid with a
low thermal conductivity effectively acts as an insulator, causing the adjacent heater rod surface
temperature to spike in temperature, as the heat from the heater rod cannot be transferred to the
fluid as easily as in other regions where the fluid does not have such large regions of near-

laminar fluid.

The A;/4 profiles at z = 400 [mm] at locations H1, H2, H3, and H4 are plotted with respect to

wall distance in Figure 68.
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Figure 68: Turbulent thermal conductivity to thermal conductivity ratio profiles at z = 400 [mm]
for case 2 using SST and CFX at locations H1, H2, H3, and H4.

As can be seen in the figure, the A,/ values are small in the near wall region for all locations at
z = 400 [mm]. These small values of A,/ correspond to the z location where spikes in heater
rod surface temperature occur, as can be seen in the heater rod surface temperature profiles along
z, given in Figure 60. The largest spike in heater rod surface temperature occurs at line H1,
followed by H2, H3, and finally H4, in descending order. Correspondingly, the A,/4 values are

smallest for H1, followed by H2, H3, and finally H4, in ascending order.

and the spike in velocity w at H3 is slightly less than the spike at H1 and H2. The smallest spike
in velocity w occurs at H4. These trends coincide with the heater rod surface temperature
profiles along z, given in Figure 60, where the largest spike in heater rod surface temperature
occur around z = 400 [mm] at H1, followed by H2, H3, and finally H4. The greater the spike in

surface temperature, the greater the region of fluid with small A, /2 values.
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The A;/A profiles at various z locations of case 2 using FLUENT and both the Lam-Bremhorst
and Yang-Shih Low-Re k-g¢ turbulence models are given by Figure 69 and Figure 70,
respectively. The y* values corresponding to the midpoint of the flow channel of these cases at z
=300 [mm] is 256 and 244, respectively. The y* values at the midpoint further downstream are

larger, and so it appears as though the profiles end prematurely z = 300 [mm].
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Figure 69: Turbulent thermal conductivity to thermal conductivity ratio vs. y+ at various z
locations of case 2 using FLUENT and Lam-Bremhorst Low-Re k-¢ turbulence model. A y+
value of zero corresponds to the location of line H1.
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Figure 70: Turbulent thermal conductivity to thermal conductivity ratio vs. y+ at various z
locations of case 2 using FLUENT and Yang-Shih Low-Re k-g turbulence model. A y+ value of
zero corresponds to the location of line H1.

For both the Lam-Bremhorst and Yang-Shih result, the heater rod surface temperature spikes
around z = 350 [mm], as shown in Figure 59. This is the same z location where the largest region
of fluid in which the A, /4 ratio is less than approximately one in the near wall region. The near-
laminar region of the Lam-Bremhorst result in the near wall region shrinks at z = 1000 [mm],
which corresponds to much lower heater rod surface temperatures. The heater rod surface
temperatures of the Yang-Shih result do not drop until just before the end of the heated section,

but there is no z location in Figure 70 that corresponds to this location.

Neither the k-g result using CFX nor the RNG k-g result using FLUENT show a large spike in
heater rod surface temperature for case 2, as can be seen in Figure 58 and Figure 59,
respectively. The profiles of the A, /A ratio at various z locations for the k-¢ result using CFX and

the RNG k-¢ result using FLUENT are given by Figure 71 and Figure 72, respectively.
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Figure 71: Turbulent thermal conductivity to thermal conductivity ratio vs. y+ at various z
locations of case 2 using CFX and k-g turbulence model. A y+ value of zero corresponds to the
location of line H1.
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Figure 72: Turbulent thermal conductivity to thermal conductivity ratio vs. y+ at various z
locations of case 2 using FLUENT and RNG k-¢ turbulence model. A y+ value of zero
corresponds to the location of line H1.

188



For the k-g result using CFX, the A,/ ratio never drops below 13. This means turbulence effects
are always present in the heat transfer of this case. The lack of a spike in heater rod surface
temperature is therefore expected, as there is no near-laminar region in the fluid that would act as

an insulator.

For the RNG k-¢ result using FLUENT, the A,/4 ratio has a value of 1.1 at y* = 16 at the z =
350 [mm] axial location. The near-laminar region at z = 350 [mm] is therefore confined to a
much smaller region for this RNG k-¢ result than for the results with spikes in heater rod surface
temperature. The fluid therefore does not effectively act as an insulator due to this small region

of near-laminar fluid.

The A,/A ratio is directly related to the u,/u ratio and more importantly the eddy viscosity. Each
of the turbulence models used in the present study calculates the turbulence kinetic energy, k,
and either the turbulence dissipation rate, ¢, or the specific turbulence dissipation, w, in order to
calculate the eddy viscosity, u;. In the near wall region the various wall treatments: automatic
wall treatment, scalable wall functions, and EWT, are the dominant factor that determine the
profiles of the velocity, temperature, turbulence Kinetic energy, and either the turbulence
dissipation rate, or the specific turbulence dissipation. The governing equations of the turbulence
quantities (k, w, &, and u;) and wall treatments differ between the various turbulence models,
and the values of various coefficients of these equations may also differ. It is because of these
differences in the way each turbulence model and the associated wall treatment calculate the
eddy viscosity and solution variables in the near wall region that the A,/ ratio differs between
the results of each turbulence model, and the reason why certain turbulence models give spikes

in heater rod surface temperature.
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He et al. [65] compared numerical results obtained from RANS turbulence models with those

obtained from DNS, and found that RANS turbulence models are not able to accurately model

the turbulent heat flux, A; %. They attributed some of the inaccuracies of RANS turbulence
]

models to using a constant turbulent Prandtl number for the turbulence thermal conductivity, A;.

The numerical data of Zhang et al. and Huang et al. for case 2 of the Richards 2012 Experiments
will be compared to the numerical data from the present study. The heater rod surface

temperatures of Zhang et al. for case 2 are given in Figure 73.
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Figure 73: Heater rod surface temperatures from Zhang et al. 2014 for case 2 using CFX various
turbulence models.

Both the SST and o-RSM turbulence models gave spikes in heater rod surface temperatures,
similar to the spikes found in the present study for the SST turbulence model. The temperature
spike from the ©-RSM result is greater in magnitude and occurs over a shorter z range than the
spike from the SST result. Both the RNG k-g and the SSG Reynolds Stress turbulence models
under-predicted the spike heater rod surface temperature found in the experimental data, similar
to the k- and RNG k-¢ turbulence model result from the present study.
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The heater rod surface temperatures of Huang et al. for case 2 are given in Figure 74.
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Figure 74: Heater rod surface temperatures from Huang et al. 2014 for case 2 using FLUENT
and various turbulence models.

The ©-RSM and RSM, both using EWT, are the only turbulence models that produced a slight
increase heater rod surface temperature near the inlet. The SST turbulence model, using both
EWT and wall functions, did not produce a spike in heater rod surface temperature. This is
surprising, given that the SST results of the present study and Zhang et al. all give a spike in

heater rod surface temperature.

The RSM results of Huang et al. gave similar results as the SSG results of Zhang et al., where no

spike in heater rod surface temperature was observed.

Table 55 gives the RMSgn,T of all the case 2 results from Zhang et al. and Huang et al., in order

to show how well each result agrees with the experimental data.
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Table 55: RMSrn,T between numerical results of both Zhang et al. 2014 and Huang et al. 2014
and experimental results for case 2.

Case RMSgn,T [%]
2 Zhang - CFX - SST - Automatic Wall Treatment 24.81
2 Zhang - CFX - RNG k-¢ - Wall Function 27.95

2 Zhang - CFX - SSG Reynolds Stress - Wall Function | 33.49
2 Zhang - CFX - ®-RSM - Automatic Wall Treatment | 34.52

2 Huang - FLUENT - SST - EWT 26.42
2 Huang - FLUENT - SST — Wall Function 31.80
2 Huang - FLUENT - k-¢ - EWT 28.71
2 Huang - FLUENT - k-¢ — Wall Function 26.77
2 Huang - FLUENT - RSM - EWT 22.30
2 Huang - FLUENT - RSM — Wall Function 27.44
2 Huang - FLUENT - ©-RSM - EWT 29.48

The results that gave the lowest RMSgrn,t from Zhang et al. and Huang et al. used the SST
turbulence model and automatic wall treatment, and the RSM turbulence model with EWT,
respectively. The ®-RSM turbulence model with automatic wall treatment gave results that were

in the worst agreement with experimental data.

Looking at the RMSgn, T results for Huang et al., the SST and RSM turbulence models with EWT
gave better predictions of experimental data than when the turbulence models were used with
wall functions. The opposite holds true for the k-¢ turbulence model, where a better prediction of
results was obtained when the turbulence model was used with wall functions than when it was

used with EWT.

Figure 75 shows the numerical results of Zhang et al., Huang et al. and the present study for case

2 when using the SST turbulence model.
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Figure 75: Heater rod surface temperatures from Zhang et al. 2014 and Huang et al. 2014 vs.
results from the present study using SST, for case 2.

The largest spike in heater rod surface temperature was observed for both SST results from the
present study. This spike occurred at a lower z location than both the Zhang et al. and the
experimental result. A spike in surface temperature is not present in either of the Huang et al.

SST results that used EWT and wall functions.

This present study found that using the SST turbulence model with both CFX and FLUENT gave
similar heater rod surface temperature results, yet both Zhang et al. and Huang et al. gave heater
rod surface temperature results that were very different. This is surprising, since Zhang et al.

used CFX and Huang et al. used FLUENT, the same software used for this study.

One variable that could alter numerical predictions of heater rod surface temperatures is the
turbulent Prandtl number, Pr;, because of its presence in the equation of the turbulent thermal
conductivity, A, (Equation (14) in Section 3.1.1), which has been shown to be related to the
spikes in heater rod surface temperature. The value Pr; was set at 0.85 for the Zhang et al. cases.

Huang et al. set Pr; to 0.85 in the freestream and either to 0.85 or 1.0 in the near wall region. The
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value of Pr; used in the present study was 0.9. When the value of Pr; increases, 4, should
decrease, leading to greater values in heater rod surface temperature. Similarly, when the value
of Pr; decreases, A, should increase, leading to smaller values in heater rod surface temperature,
which could explain the Zhang et al. result. To test this hypothesis, another CFX run was
performed in which Pr; was set to 0.85, the same value used by Zhang et al. The heater rod
surface temperatures are plotted in Figure 76 for this case, the case using CFX and Pr; set to 0.9,

and the Zhang et al. case. Table 56 gives the RMSgn,T for these three cases.
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Figure 76: Heater rod surface temperatures of case 2 CFX runs using different turbulent Prandtl
numbers.

Table 56: RMSgn T between numerical results of Zhang et al. 2014 and the present study, and
experimental results for case 2 using CFX and different turbulent Prandtl numbers.

Case RMSgn,T [%]
2 Zhang - CFX - SST - Pr; = 0.85 24.81
2 Bergmann — CFX — SST - Pr; =0.9 46.28
2 Bergmann — CFX — SST - Pr, = 0.85 41.14
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Comparing the two runs performed for this study that use different values of Pr;, the case with
the smaller Pr,, 0.85, has a slightly lower maximum heater rod surface temperature, and either
lower or nearly identical heater rod surface temperatures over most of the heated section. The
case from the present study with the lower Pr; more closely predicts the experimental heater rod
surface temperatures, since the RMSgn,t drops from 46.3 % to 41.1 % when the Pr, is reduced
from 0.9 to 0.85. Changing the Pr; to the same value used by Zhang et al. does not result in the

same heater rod surface temperatures being predicted.

To test the hypothesis that smaller values of Pr, lead to increasing values of A, and smaller
values in heater rod surface temperature, the A, /4 ratio is plotted in Figure 77 at z = 350 and 400

[mm] for the two cases of this study that use different Pr;.
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Figure 77: Turbulent thermal conductivity to thermal conductivity ratio of case 2 CFX runs using
different turbulent Prandtl numbers. A y+ value of zero corresponds to the location of line H1.

The A./2 ratio is slightly larger over all y* at both z = 350 and 400 [mm] for the case with the

Pr, set to 0.85 compared to the case with the Pr; set to 0.9. This, combined with the result from
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Figure 76 is evidence that supports the hypothesis that smaller values of Pr; lead to increasing

values of A;, therefore leading to smaller values in heater rod surface temperature.

It seems very unlikely that the lack of a spike in heater rod surface temperature in the Huang et
al. cases are purely a result of using a different Pr;, and instead could be attributed to a
combination of factors that include mesh quality, difference in numerical domain, and possible
incomplete convergence of numerical solutions. The maximum y* values of the Huang et al.
cases is 1.25, which is greater than the maximum y* values used in the present study, 1.0. An x-
y cross section of the mesh used by Huang et al. is given in their study, and it shows a very
coarse mesh in the freestream region immediately adjacent to a fine mesh in the near wall region.
This would cause high expansion ratios where the two regions meet, which are typically avoided
when performing CFD analysis, and are advised against in the CFX Solver Modeling Guide.
Huang et al. also modelled the inlet and outlet pipes and chambers, along with the entire bundle,
not just a section of it, yet their meshes had 6.5M and 9M nodes for the runs that used wall
functions and EWT, respectively. The mesh used for the present study that only modelled a
1/12" section of the entire domain had 15.4M nodes, meaning the Huang et al. meshes were

much coarser than those used in the present study.

The differences in heater rod surface temperature between Zhang et al. and this study could be a
result of Zhang et al. using a 0.4 [m] unheated inlet section, which is 0.1 [m] longer than the
unheated inlet section used in the present study, 0.3 [m]. If the unheated inlet section is not long
enough for the flow to become fully developed by the time the flow reaches the heated section,
then increasing the length of this section to 0.4 [m] would alter the velocity profile of the flow.
This difference in velocity profile could alter the temperature profile in the flow, causing the
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difference in heater rod temperature profile that can be seen between the Zhang et al. results and

those of the present study.

Neither Huang et al. nor Zhang et al. stated the boundary condition between the unheated inlet
sections and the heated sections of the solid heater domains. For the present study, the boundary
condition was defined such that heat flux was allowed to freely flow between these heated and
unheated solid heater domains, previously stated in Table 26. This boundary condition led to a
slight heating of the unheated inlet section, and caused the flow to increase in temperature in the
near wall region before it even reached the heated section proper. If Huang et al. and Zhang et al.
defined this boundary condition such that heat flux was prevented from flowing between these
heated and unheated solid domains, than the flow would not increase in temperature in the near
wall region before it reached the heated section. This could explain the spike in heater rod
surface temperature of the Zhang et al. case appears further along z than the present study, since
the flow would begin to increase in temperature at the start of the heated section, and not slightly

before it, like in the present study.

Figure 78 shows the numerical results of Zhang et al. and the present study for case 2 when using

the RNG k-¢ turbulence model for case 2.
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Figure 78: Heater rod surface temperatures from Zhang et al. 2014 vs
study using RNG k-¢, for case 2.

. results from the present

The result from Zhang et al. shows a slight bump in heater rod surface temperature near z = 700

[mm] and again near the outlet, otherwise both RNG k-¢ results are similar.

Figure 79 shows the numerical results of Huang et al. and the present study for case 2 when

using the k-¢ turbulence model.
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Figure 79: Heater rod surface temperatures from Huang et al. 2014 vs.
study using k-g, for case 2.
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All three k-¢ results from this figure are very similar, and predict the experimental heater rod

surface temperatures reasonably well.

The heater rod surface temperature results of Zhang et al., Huang et al. and this study using the
k-& and RNG k-¢ are similar for case 2. There are no large discrepancies between the numerical

results, like those observed for the numerical results from using the SST turbulence model.

Table 57 gives the total pressure drop from the numerical predictions of the present study. The
total pressure drop for the experiment was calculated using the difference between the measured

outlet and inlet absolute pressures, 4.629 [MPa] and 4.628 [MPa], respectively [71].

Table 57: Total pressure drop from each result for case 2 of the Richards experiments, including
the experimental measured value, and percentage difference from experiment.

Case Total Pressure | Percentage
Drop [Pa] Difference From
Experiment [%]
2 Experiment 1000 -
2 SST CFX 935 6.5
2 k-¢ CFX 942 5.8
2 SST FLUENT 749 25.1
2 RNG k-g FLUENT 829 17.1
2 Low-Re k-g Lam-Bremhorst FLUENT | 542 45.8
2 Low-Re k-¢ Yang-Shih FLUENT 468 53.2

The k-¢ and SST turbulence models, implemented using CFX, more closely predicted the
experimental pressure drop than the other turbulence models. The Low-Re k- turbulence models
were the least close at predicting the experimental pressure drop. The mesh that was used in the
present study did not include spacers, and so if spacers were included, then the pressure drop
should increase in value due to the increased frictional forces. This would bring the pressure drop

of the numerical cases closer to the experimental value.
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CHAPTER 6: WANG ET AL. 2014 FOUR-ROD BUNDLE WITH WATER

6.1  Experimental Setup

Wang et al. obtained experimental data from the high temperature and high pressure steam-water
test loop at Xi’an Jiaotong University. The experimental setup consists of four hollow AISI 304
stainless steel heater rods, orientated in a square arrangement, enclosed in a ceramic shroud to
create a subchannel assembly with water flowing vertically upwards. The heater rods are 8 [mm]
(0.314961 [in]) in diameter and have a thickness of 1.5 [mm] (0.0590551 [in]). The rods are
spot-welded together at two locations along the length of the bundle to maintain a 1.44 [mm]
(0.0566929 [in]) gap between the rods. A single pressure tap is located at the inlet of the bundle.
2 shows an x-y cross section of the Wang et al. experimental setup showing the hollow heater
rods, water channel, shroud, and external housing. The symmetry planes that will be used to

simplify the modelling of this rod bundle are also shown.

Stainless Steel
Heater Rod Tube

Water Channel

Ceramic
Shroud

External Housi
Xternal Housing Symmetry Planes

Figure 80: Cross section of Wang et al. 2014 four-rod bundle, showing heater rods, shroud,
external housing, and planes of symmetry.
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The bulk fluid temperature was measured at both the inlet and outlet. To measure the internal
surface temperature of one of the heater rods, a movable probe with four thermocouples oriented
90° relative to one another, was positioned at five axial locations along the inside of the heater
rod. The probe was rotated in increments of 22.5° at each of the five locations, so that an average
temperature was obtained. This internal surface temperature was converted to an outer surface
temperature using the one-dimensional heat conduction equation of Zhou [94]. The five axial
locations are 100 [mm] (3.93700 [in]) apart from one another, with the first location at the
beginning of the heated section. Four thermocouples, oriented 90° to one another, are fixed to the
internal surface of the heater rod adjacent to the heater rod with the movable probe at the last of
the five axial locations. The temperatures obtained from the movable probe and the fixed

thermocouples were compared to ensure temperature readings were consistently reliable.

Figure 81 shows a y-z cross section of the Wang et al. experimental setup showing the unheated
inlet and outlet sections, heated section, and the location of the five thermocouple measuring

locations relative to the inlet.
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Figure 81: Schematic y-z cross section of the Wang et al. 2014 domain, showing the five wall
temperature measurement locations (TC1 to TC5), inlet, heated section, and outlet relative to
inlet. Dimensions are in [mm].

The inlet pressure, mass flux, and heat flux of the Wang et al. experiments are given in Table 58.

For a given inlet pressure, mass flux, and heat flux, the inlet temperature was varied between 200
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[°C] (473.15 [K]) and 450 [°C] (723.15 [K]) in steps, but the actual values of the inlet

temperature for each case were not stated by the authors.

Table 58: Experimental conditions of Wang et al. 2014 experiments.

Inlet Mass Heat Flux [KW/m?]
Pressure | Flux

[MPa] | [kg/m?s]

23 350 200

23 700 200, 400

23 1000 200, 400, 600

25 350 200, 400

25 700 200, 400, 600

25 1000 200, 400, 600, 800, 1000
28 1000 400, 600

Cases that had an inlet pressure of 25 [MPa], mass flux of 350 [kg/m?s], and a heat flux of 200
[KW/m?] were selected for numerical simulation because they contained a case with the most
pronounced peak in temperature. The inlet temperature was the only variable that changed for
each of these cases in the present study; hence, the names of these cases refers to the inlet
temperature as follows: case T47315 uses an inlet temperature of 473.15 [K], case T60072 uses

an inlet temperature of 600.72 [K], and case T65000 uses an inlet temperature of 650.00 [K].

The pseudocritical temperature of water using the inlet pressures of cases T47315, T60072, and

T65000 is 658.045 [K].

6.2  Numerical Domain Definition, Boundary Condition, and Mesh

A 1/8" section of the Wang et al. four-rod bundle was modelled, and symmetry was assumed on

both section planes. The hydraulic diameter of the subchannel is 4.32611 [mm] (0.170319 [in]).
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An x-y cross section of the bundle showing the section that has been modelled is given in Figure

80 in Section 6.1.

The total length of the domain is 1.0 [m] (3.28084 [ft]) in the z-direction, which includes a 0.3
[m] (0.984252 [ft]) inlet section, 0.6 [m] (1.96850 [ft]) heated section, and a 0.1 [m] (0.328084
[ft]) outlet section. The actual lengths of both the inlet and outlet sections were not given in the
literature, so it was assumed that these lengths are similar to those of the Rohde et al. bundle.
The outlet length was partially chosen so that the total length of the domain would be a 1.0 [m], a
whole number. A y-z cross section, showing the five wall temperature measurement locations
(labeled TC1 to TC5), the inlet, outlet, and heated section is given in Figure 81 in Section 6.1.
The spot-welds securing the heater rods were not modelled in order to substantially reduce the
total number of nodes. An x-y cross section of the 1/8" section is shown in Figure 82, along with
more details about the geometry of the computational domain. Odeg, 90deg, and 180deg are lines
in the computational domain that run the entire z-axis length and are used to sample wall

temperatures.
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Figure 82: Typical x-y cross section of Wang et al. 2014 domain showing fluid domain, solid
domain, and location of lines Odeg, 90deg, and 180deg. All dimensions in [mm].

Table 59 and Table 60 provide domain definitions and boundary conditions for each of the

domains shown in Figure 82.
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Table 59: Domain definition and boundary conditions of Wang et al. 2014 fluid domain.

Fluid

Domain Properties

Material: Water

Turbulence Model: SST, k-g, RNG k-g, Lam-Bremhorst
Low-Re k-¢, Yang-Shih Low-Re k-¢

Turbulent Prandtl Number (Pr;): 0.9

Reference Pressure: 25 [MPa]

Material Properties

IAPWS-IF97 Database (CFX), NIST REFPROP v9.0
Database (FLUENT)

Inlet

Mass Flow Rate: 0.00816081 [kg/s]

Temperature: 473.15 [K] (Case T47315), 600.72 [K] (Case
T60072), 650.00 [K] (Case T65000)

Turbulence: Low Intensity (I = 1 %), Low Eddy Viscosity
Ratio (i, / pu = 1.0)*

w = 0.391339 [m/s] (Case T47315), 0.503813 [m/s] (Case
T60072), 0.708908 [m/s] (Case T65000)

Re = 10659.3 (Case T47315), 18327.2 (Case T60072),
26568.1 (Case T65000)

Fluid Properties at Inlet,
Case T47315

p = 881.348 [kg/m°]

p = 1.39982x10 [Pa s]
¢, = 4375.79 [JkgK]

2 = 0.683173 [W/mK]

Fluid Properties at Inlet,
Case T60072

p = 686.524 [kg/m°]

1 = 8.16445x10°° [Pa s]
¢, = 5834.74 [J/kgK]

2 = 0.529343 [W/mK]

Fluid Properties at Inlet,

p = 488.911 [kg/m?]

Case T65000 1 =5.64361x10° [Pa s]
¢, = 15736.9 [J/kgK]
A =0.404011 [WI/mK]
Outlet Reference Static Pressure: 0 [Pa]
Wall Adiabatic no-slip at Shroud, coupled (FLUENT) or

conservative interface heat flux (CFX) to Heater domain at
R

(0]
1Same values as those used for the Rohde et al. cases, because they were found to provide more
stable convergence than medium or high intensity inlet turbulence.
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Table 60: Domain definition and boundary conditions of Wang et al. 2014 heater domains.

Heater
Domain Properties Material: AIS1 304L Stainless Steel

Material Properties p = 8030 [kg/m?]

¢p =5.2x107° [J/kgK®] T2 + 0.17 [J/kgK?] T + 426.7 [J/kgK]
A: FORTRAN Subroutine (CFX), lookup table (FLUENT)
Wall Adiabatic wall across x-y plane at z = 0.0 [m] and z = 1.0 [m],
coupled (FLUENT) or conservative interface heat flux (CFX)
across x-y plane at z = 0.3 [m] and z = 0.9 [m], coupled
(FLUENT) or conservative interface heat flux (CFX) to Fluid
domain at R,

Adiabatic wall at R;

Heated Section Energy | Volumetric Heat Rate (from heat flux): 1.641026x108 [W/m?]
Source

Various solution variable monitor points are defined for CFX and FLUENT runs, to provide an
additional means to check convergence of the runs. For FLUENT runs, these monitor points
were placed at four axial locations along line 90deg to record temperature, additionally, the area
averaged pressure at the inlet and outlet was monitored. For CFX runs, monitor points were
placed at five axial locations along line 90deg to record temperature, and pressure was monitored

at points that were in close proximity to the centroid of the inlet and outlet.

6.3  Grid Independence Study

A mesh of the 1/8" section of the four-rod bundle was generated using ICEM CFD. Figure 80 in
Section 6.1 shows this 1/12™" section defined by the symmetry planes in relation to the entire x-y
cross section. CFX was used to numerically solve case T60072 using the SST turbulence model
with automatic wall treatment. The SST turbulence model was chosen because, out of those
turbulence models that were selected to provide final results, it was the only turbulence model
that can be used in CFX that required a y* of less than one. The maximum residuals and domain
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imbalances were monitored during the runs, and a solution was considered to be converged when

these variables reached values given in Section 3.5.1.

A number of initial meshes were first generated for which solutions were obtained for case
T60072 using CFX. Case T60072 was chosen because the fluid temperature at the inlet was close
to the pseudocritical point, which would most likely cause great variation in the heat transfer

phenomena near the wall.

A mesh with a large number of nodes was eventually created and a solution was obtained. This
mesh is referred to here as the W-1 mesh and it had 6,143,320 nodes. Five other meshes were
created by either increasing or decreasing the uniform z cross section grid spacing of this W-1
mesh. These meshes were given names that correspond to the order in which they were created,
i.e. mesh W-1 was created first, and mesh W-6 was the sixth mesh to be created. The changes
made to each mesh can be described using a cylindrical r-6 coordinate system. Figure 83 shows
the equivalent r-0 coordinate system superimposed on an X-y cross section of the mesh that will
eventually be selected as the mesh to be used for final results, mesh W-26. The z-axis has

constant nodal spacing.
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Figure 83: Equivalent r-6 coordinate system for describing mesh modification procedure shown
on typical x-y cross section of Wang et al. W-26 mesh

Tables 61 to 64 provide mesh parameters of these six meshes that have identical r-6 cross section

mesh parameters, and different z cross section parameters.

Table 61: Overall properties of meshes with different z cross section nodal spacing and identical
r-0 cross section nodal spacing, listed in descending order of total nodes.

Difference in | Percentage

Nodes Decrease in

Mesh ID | Total Nodes Relative to Nodes Relative to
Previous Mesh | Previous Mesh

W-4 18,405,448 - -

W-6 12,283,576 6,121,872 33.26

W-1 6,143,320 6,140,256 49.99

W-2 3,698,248 2,445,072 39.80

W-3 2,650,360 1,047,888 28.33

W-5 2,080,456 569,904 21.50
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Table 62: Geometric parameters of meshes with different z cross section nodal spacing and
identical r-0 cross section nodal spacing.

Near Wall Near Wall Solid
Max z- Max 6- Max r- Grid Spacing | Grid Spacing Domain
Mesh Spaci . . [mm]/ [mm] / .
pacing | Spacing Spacing, . . Nodes in
ID [mm] [mm] Fluid [mm] Exp_an3|0n Exp_an5|on -
Ratio Next to | Ratio Next to Direction
Heater Shroud
W-4 | 1.00000 | 0.0502128 | 0.253514 0.002/1.3 0.002/1.3 4
W-6 | 1.50000 | 0.0502128 | 0.253514 0.002/1.3 0.002/1.3 4
W-1 | 3.03030 | 0.0502128 | 0.253514 0.002/1.3 0.002/1.3 4
W-2 |5.06897 | 0.0502128 | 0.253514 0.002/1.3 0.002/1.3 4
W-3 | 7.14286 | 0.0502128 | 0.253514 0.002/1.3 0.002/1.3 4
W-5 |9.09677 | 0.0502128 | 0.253514 0.002/1.3 0.002/1.3 4

Table 63: Maximum and minimum y* values of meshes with different z cross section nodal

spacing and identical r-6 cross section nodal spacing.

Mesh ID | y* Max | y* Min

W-4 1.12781 0.0824092
W-6 1.02990 | 0.0825159
W-1 0.877596 | 0.0828585
W-2 0.875539 | 0.0835645
W-3 0.869552 | 0.0840567
W-5 0.869234 | 0.0845560

Table 64: Mesh quality parameters in the fluid domain of meshes with different z cross section
nodal spacing and identical r-6 cross section nodal spacing.

Min Max Max
Mesh ID | Angle Expansion | Aspect

[degree] | Factor Ratio
W-4 41.0 2 2063
W-6 41.0 2 3094
W-1 41.0 2 6251
W-2 41.0 3 10456
W-3 41.0 4 14734
W-5 41.0 5 18764
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The number of nodes in the r-direction in the solid domains will be kept at 4, as was used for and
given in Table 28 in Section 5.3. This was done to reduce the number of different mesh
combinations. The number 4 was chosen as this is one node more than the number of nodes in
the r-direction of the solid domains selected for the final Rohde et al. mesh, BNSP-6. The mesh
with the greatest number of nodes and, thus, had the finest z cross section spacing, was the W-4
mesh with 18,405,448 nodes. The mesh with the least number of nodes was the W-5 mesh with
2,080,456 nodes. The RMSgn,T parameter, defined by Equation (113) in Section 4.3, is used to
quantify the heated wall surface temperature differences between the results of each of the
meshes, where the sampled lines are lines Odeg, 90deg, and 180deg. The RMSrn,T was plotted in

Figure 84 for the results of these meshes using mesh W-4 as the reference mesh.
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Figure 84: RMSgn,T Vs. total nodes for meshes with different z cross section nodal spacing and
identical r-0 cross section nodal spacing. Mesh W-4 is the reference mesh.

Figure 84 shows that the heated wall temperature is dependent on the number of z nodes, and

that as the number of nodes in the z-direction increases, the RMSgn,T converges towards zero.

The mesh that had a maximum RMSgn,T slightly less than 1 %, mesh W-2, was then modified by

either increasing or decreasing the number of nodes in the r-direction of the fluid domain while
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maintaining the same expansion ratio close to the wall to create meshes W-7, W-8, and W-9.

Tables 65 to 68 provide mesh parameters of these four meshes that have identical z and 6 cross

section mesh parameters, and different r cross section parameters.

Table 65: Overall properties of meshes with different r cross section nodal spacing and identical
z-0 cross section nodal spacing, listed in descending order of total nodes.

Difference in | Percentage
Nodes Decrease in

Mesh ID | Total Nodes Relative to Nodes Relative to
Previous Mesh | Previous Mesh

W-9 6,700,585 - -

W-8 4,545,061 2,155,524 32.17

W-2 3,698,248 846,813 18.63

W-7 3,621,265 76,983 2.08

Table 66: Geometric parameters of meshes with different r cross section nodal spacing and
identical z-6 cross section nodal spacing.

Near Wall Near Wall Solid
Max z- Max 0- Max I Grid Spacing | Grid Spacing Domain
Mesh . : . [mm]/ [mm]/ )
Spacing | Spacing Spacing, i . Nodes in
ID [mm] [mm] Fluid [mm] Expansion Expansion r
Ratio Next to | Ratio Next to Direction
Heater Shroud
W-9 | 5.06897 | 0.0502128 | 0.0502315 | 0.002/1.3 0.002/1.3 4
W-8 |5.06897 | 0.0502128 | 0.105890 0.002/1.3 0.002/1.3 4
W-2 | 5.06897 | 0.0502128 | 0.253514 0.002/1.3 0.002/1.3 4
W-7 | 5.06897 | 0.0502128 | 0.341401 0.002/1.3 0.002/1.3 4
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Table 67: Maximum and minimum y* values of meshes with different r cross section nodal
spacing and identical z-6 cross section nodal spacing.

Mesh ID | y* Max | y* Min

W-9 0.874243 | 0.0808881
W-8 0.875838 | 0.0833491
W-2 0.875539 | 0.0835645
W-7 0.875788 | 0.0835413

Table 68: Mesh quality parameters in the fluid domain of meshes with different r cross section
nodal spacing and identical z-0 cross section nodal spacing.

Min Max Max
Mesh ID | Angle Expansion | Aspect

[degree] | Factor Ratio
W-9 41.0 3 10456
W-8 41.0 3 10456
W-2 41.0 3 10456
W-7 41.0 3 10456

The mesh with the greatest number of nodes and, thus, had the finest r cross section spacing, was
the W-9 mesh with 6,700,585 nodes. The mesh with the least number of nodes was the W-7
mesh with 3,621,265 nodes. The RMSgn,T is plotted in Figure 85 for the results of these meshes

using mesh W-9 as the reference mesh.
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Figure 85: RMSgn,T Vs. total nodes for meshes with different r cross section nodal spacing and
identical z-6 cross section nodal spacing. Mesh W-9 is the reference mesh.

Figure 85 shows that the RMSgn,T is dependent on the nodal spacing in the r-direction, since the
maximum RMSgn T is approximately 2 %, for mesh W-7. The mesh with a minimum RMSgn,T of

1.8 % at Odeg, mesh W-8, had a maximum r-direction spacing of 0.10589 [mm] (0.00416810

[in]).

Mesh W-2 was again used to generate multiple new meshes: W-10 through W-14. These meshes
had identical nodal spacing as mesh W-2 in the z and 6 direction, but had different expansion
ratios in the r-direction nearest to the wall in the fluid domain. Tables 69 to 72 provide mesh
parameters of these six meshes that have identical z and 6 cross section mesh parameters, and

different r cross section parameters.
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Table 69: Overall properties of meshes with different expansion ratios near the heated wall in the
fluid domain in the r-direction and identical z-6 cross section nodal spacing, listed in descending
order of total nodes.

Difference in | Percentage
Nodes Decrease in
Relative to Nodes Relative to
Previous Mesh | Previous Mesh

Mesh ID | Total Nodes

W-14 22,482,100 | - -
W-13 12,166,378 | 10,315,722 45.88

W-10 7,547,398 4,618,980 37.97
W-2 3,698,248 3,849,150 51.00
W-11 2,928,418 769,830 20.82
W-12 2,543,503 384,915 13.14

Table 70: Geometric parameters of meshes with different expansion ratios near the heated wall in
the fluid domain in the r-direction and identical z-6 cross section nodal spacing.

Near Wall Near Wall Solid
Max z- Max 6- Max r- Grid Spacing | Grid Spacing Domain
Mesh ; . . [mm]/ [mm] / )
Spacing | Spacing Spacing, . . Nodes in
ID [mm] [mm] Fluid [mm] Expansion Expansion -
Ratio Next to | Ratio Next to o
Direction
Heater Shroud

W-14 | 5.06897 | 0.0502128 | 0.0301477 | 0.002/1.02 0.002/1.02 4
W-13 | 5.06897 | 0.0502128 | 0.0670903 | 0.002/1.05 0.002/1.05
W-10 | 5.06897 | 0.0502128 | 0.119123 0.002/1.1 0.002/1.1
W-2 |5.06897 | 0.0502128 | 0.253514 0.002/1.3 0.002/1.3
W-11 | 5.06897 | 0.0502128 | 0.241499 0.002/1.5 0.002/1.5
W-12 | 5.06897 | 0.0502128 | 0.257148 0.002/1.7 0.002/1.7

RIS
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Table 71: Maximum and minimum y* values of meshes with different expansion ratios near the
heated wall in the fluid domain in the r-direction and identical z-6 cross section nodal spacing.

Mesh ID | y* Max | y* Min
W-14 0.874600 | 0.0770229
W-13 0.873409 | 0.0771720
W-10 0.872428 | 0.0775883
W-2 0.875539 | 0.0835645
W-11 0.887600 | 0.101262
W-12 0.889114 | 0.110884

Table 72: Mesh quality parameters in the fluid domain of meshes with different expansion ratios
near the heated wall in the fluid domain in the r-direction and identical z-0 cross section nodal

spacing.

Min Max Max
Mesh ID | Angle Expansion | Aspect

[degree] | Factor Ratio
W-14 41.0 2 10456
W-13 41.0 2 10456
W-10 41.0 2 10456
W-2 41.0 3 10456
W-11 41.0 3 10456
W-12 41.0 4 10456

The mesh with the greatest number of nodes and, thus, had the lowest expansion ratio in the r-
direction, was the W-14 mesh with 22,482,100 nodes. The mesh with the least number of nodes
was the W-12 mesh with 2,543,503 nodes. The RMSgn,T is plotted in Figure 86 for the results of

these meshes using mesh W-14 as the reference mesh.
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Figure 86: RMSgn,T vs. total nodes for meshes with different expansion ratios near the heated

wall in the fluid domain in the r-direction and identical z-6 cross section nodal spacing. Mesh W-
14 is the reference mesh.

Figure 86 shows that the heated wall temperature is highly dependent on the expansion ratio in
the r-direction closest to the wall. As the expansion ratio decreases, and in turn the number of
nodes increases, the RMSgn, T converges towards zero. The mesh with 7,547,398 nodes, mesh W-
10, had a maximum RMSgn,t Of 1.8 %, which is reasonably low compared to the other meshes.
The maximum r-direction spacing of this mesh is 0.119123 [mm] (0.00468988 [in]), which is
similar to the maximum r-direction spacing previously found to give a maximum RMSgn 7 of 1.8
% when comparing meshes that only differ in their r-direction spacing. From Figure 86, the mesh
with the next lowest RMSgn T 0f 0.5 %, had 12,166,378 nodes, which is a substantial increase in

nodes for a reduction in RMSgnT.

Mesh W-2 was once again used to generate multiple new meshes: W-15 through W-20. These
meshes had identical nodal spacing as mesh W-2 in the z and r direction, but had different 6-
direction spacing. Tables 73 to 76 provide mesh parameters of these seven meshes that have

identical z and r cross section mesh parameters, and different 6 cross section parameters.
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Table 73: Overall properties of meshes with different 6 cross section nodal spacing and identical

r-z cross section nodal spacing, listed in descending order of total nodes.

Difference in | Percentage
Nodes Decrease in

Mesh ID | Total Nodes Relative to Nodes Relative to
Previous Mesh | Previous Mesh

W-20 18,394,680 - -

W-18 9,211,824 9,182,856 49.92

W-15 6,131,560 3,080,264 33.44

W-2 3,698,248 2,433,312 39.69

W-16 2,655,400 1,042,848 28.20

W-17 2,037,416 617,984 23.27

W-19 1,844,296 193,120 9.48

Table 74: Geometric parameters of meshes with different 6 cross section nodal spacing and
identical r-z cross section nodal spacing.

Near Wall Near Wall Solid
Max z- Max 6- Max r- Grid Spacing | Grid Spacing Domain
Mesh Spaci . . [mm]/ [mm] / .
pacing | Spacing Spacing, . . Nodes in
ID [mm] [mm] Fluid [mm] Exp_ansmn Exp_ansmn -
Ratio Next to | Ratio Next to Direction
Heater Shroud
W-20 | 5.06897 | 0.0100000 | 0.253514 0.002/1.3 0.002/1.3 4
W-18 | 5.06897 | 0.0200000 | 0.253514 0.002/1.3 0.002/1.3 4
W-15 | 5.06897 | 0.0300637 | 0.253514 0.002/1.3 0.002/1.3 4
W-2 | 5.06897 | 0.0502128 | 0.253514 0.002/1.3 0.002/1.3 4
W-16 | 5.06897 | 0.0695890 | 0.253514 0.002/1.3 0.002/1.3 4
W-17 | 5.06897 | 0.0907692 | 0.253514 0.002/1.3 0.002/1.3 4
W-19 | 5.06897 | 0.100594 | 0.253514 0.002/1.3 0.002/1.3 4
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Table 75: Maximum and minimum y* values of meshes with different 6 cross section nodal
spacing and identical r-z cross section nodal spacing.

Mesh ID | y* Max | y* Min

W-20 0.886277 | 0.0836560
W-18 0.882433 | 0.0836294
W-15 0.879541 | 0.0836241
W-2 0.875539 | 0.0835645
W-16 0.872663 | 0.0836665
W-17 0.871488 | 0.0837833
W-19 0.871552 | 0.0837458

Table 76: Mesh quality parameters in the fluid domain of meshes with different 6 cross section
nodal spacing and identical r-z cross section nodal spacing.

Min Max Max
Mesh ID | Angle Expansion | Aspect

[degree] | Factor Ratio
W-20 41.0 3 10464
W-18 41.0 3 10462
W-15 41.0 3 10450
W-2 41.0 3 10456
W-16 41.0 3 10448
W-17 41.0 3 10432
W-19 41.0 3 10435

The mesh with the greatest number of nodes and, thus, had the smallest spacing in the 0-
direction, was the W-20 mesh with 18,394,680 nodes. The mesh with the least number of nodes
was the W-19 mesh with 1,844,296 nodes. The RMSrn,T is plotted in Figure 87 for the results of

these meshes using mesh W-20 as the reference mesh
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Figure 87: RMSgn, T Vs. total nodes for meshes with different 6 cross section nodal spacing and
identical r-z cross section nodal spacing. Mesh W-20 is the reference mesh.

From the above plot it is clear that 0 spacing has little effect on RMSgrn,T and, thus, little effect
on heated wall surface temperatures. This is evident by the maximum RMSgn,1 0f 1 %. There is
a sudden drop in RMSgn T as the mesh size increases from 2,655,400 nodes to 3,698,248 nodes,
but only for temperatures sampled along line Odeg. The 6 spacing for the 3,698,248 node mesh,
mesh W-2, is identical to the 6 spacing used in mesh W-10; this 6 spacing will be used for the

final mesh, as it had a low RMSgn 7 and a low total number of nodes.

As a final check, mesh W-10 was used to generate five other meshes: W-21 through W-25. Only
the z-direction spacing was modified between these meshes. Tables 77 to 80 provide mesh
parameters of these six meshes that have identical r and 0 cross section mesh parameters, and

different z direction nodal counts.
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Table 77: Overall properties of meshes with different z cross section nodal spacing and identical
r-0 cross section nodal spacing, listed in descending order of total nodes.

Difference in | Percentage
Nodes Decrease in

Mesh ID | Total Nodes Relative to Nodes Relative to
Previous Mesh | Previous Mesh

W-25 37,574,598 - -

W-24 25,075,776 12,498,822 33.26

W-23 12,464,352 12,611,424 50.29

W-10 7,547,398 4,916,954 39.45

wW-21 5,370,426 2,176,972 28.84

W-22 4,244,406 1,126,020 20.97

Table 78: Geometric parameters of meshes with different z cross section nodal spacing and
identical r-0 cross section nodal spacing.

Near Wall Near Wall Solid
Max z- Max ©- Max r- Grid Spacing | Grid Spacing Domain
Mesh ; . . [mm]/ [mm] / !
Spacing | Spacing Spacing, . . Nodes in
ID [mm] [mm] Fluid [mm] Exp_ansmn Exp_ansmn r
Ratio Next to | Ratio Next to Direction
Heater Shroud
W-25 | 1.00000 | 0.0502128 | 0.119123 0.002/1.1 0.002/1.1 4
W-24 | 1.50000 | 0.0502128 | 0.119123 0.002/1.1 0.002/1.1 4
W-23 | 3.03030 | 0.0502128 | 0.119123 0.002/1.1 0.002/1.1 4
W-10 | 5.06897 | 0.0502128 | 0.119123 0.002/1.1 0.002/1.1 4
W-21 | 7.14286 | 0.0502128 | 0.119123 0.002/1.1 0.002/1.1 4
W-22 | 9.09677 | 0.0502128 | 0.119123 0.002/1.1 0.002/1.1 4

Table 79: Maximum and minimum y* values of meshes with different z cross section nodal
spacing and identical r-6 cross section nodal spacing.

Mesh ID | y* Max | y* Min

W-25 1.13039 0.0773821
W-24 1.03172 0.0774093
W-23 0.878808 | 0.0774849
W-10 0.872428 | 0.0775883
W-21 0.870531 | 0.0776687
W-22 0.870510 | 0.0777729
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Table 80: Mesh quality parameters in the fluid domain of meshes with different z cross section
nodal spacing and identical r-0 cross section nodal spacing.

Min Max Max
Mesh ID | Angle Expansion | Aspect

[degree] | Factor Ratio
W-25 41.0 1 2063
W-24 41.0 1 3094
W-23 41.0 1 6251
W-10 41.0 2 10456
W-21 41.0 3 14734
W-22 41.0 4 18764

The mesh with the greatest number of nodes and, thus, had the smallest spacing in the z-

direction, was the W-25 mesh with 37,574,598 nodes. The mesh with the least number of nodes

was the W-22 mesh with 4,244,406 nodes. The RMSgn,T is plotted in Figure 88 for the results of

these meshes using mesh W-25 as the reference mesh.
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Figure 88: RMSgn,T Vvs. total nodes for meshes with different z cross section nodal spacing and
identical r-0 cross section nodal spacing. Mesh W-25 is the reference mesh.

Figure 88 shows once again that the heated wall surface temperature is dependent on the number

of nodes in the z-direction. As the number of nodes in the z-direction increases, the RMSgn T
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converges towards zero. The mesh with 4,244,406 nodes, mesh W-30, had a maximum RMSgn T
of 1.1 %, which is reasonably low. For a modest increase in the total number of nodes, to
7,547,398 for mesh W-10, the maximum RMSgn T is reduced to 0.6 %. This is a desirable mesh,

as it provides a low RMSgn,t While having a minimum total number of nodes.

From these mesh comparisons, the mesh that should provide a solution that is relatively

independent of the mesh, while using a minimum number of nodes, is mesh W-10.

For all the above mesh comparisons, the minimum z cross section had been set at 3 [mm]
(0.118110 [in]) at z = 0 (the inlet). This was updated for mesh W-26, which is simply mesh W-
10 with the minimum z cross section spacing eliminated. The total number of nodes are identical
between these two meshes. Tables 81 to 84 provide mesh parameters of these two meshes that
have identical r and 6 cross section mesh parameters, and different z cross section parameters at

the inlet near z = 0.

Table 81: Overall properties of meshes with different z cross section nodal spacing near the inlet
at z = 0 and identical r-6 cross section nodal spacing, listed in descending order of total nodes.

Difference in | Percentage
Nodes Decrease in
Relative to Nodes Relative to
Previous Mesh | Previous Mesh
W-10 7,547,398 - -
W-26 7,547,398 0 0.00

Mesh ID | Total Nodes
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Table 82: Geometric parameters of meshes with different z cross section nodal spacing near the
inlet at z = 0 and identical r-0 cross section nodal spacing.

Near Wall Near Wall Solid
Max z- Max 6- Max r- Grid Spacing | Grid Spacing Domain
Mesh ; . . [mm]/ [mm] / X
Spacing | Spacing Spacing, . . Nodes in
ID [mm] [mm] Fluid [mm] Expansion Expansion -
Ratio Next to | Ratio Next to Direction
Heater Shroud
W-10 | 5.06897 | 0.0502128 | 0.119123 0.002/1.1 0.002/1.1 4
W-26 | 5.00000 | 0.0502128 | 0.119123 0.002/1.1 0.002/1.1 4

Table 83: Maximum and minimum y* values of meshes with different z cross section nodal
spacing near the inlet at z = 0 and identical r-6 cross section nodal spacing.

Mesh ID | y* Max | y* Min
W-10 0.872428 | 0.0775883
W-26 0.864469 | 0.0775863

Table 84: Mesh quality parameters in the fluid domain of meshes with different z cross section
nodal spacing near the inlet at z = 0 and identical r-6 cross section nodal spacing.

Min Max Max
Mesh ID | Angle Expansion | Aspect

[degree] | Factor Ratio
W-10 41.0 2 10456
W-26 41.0 1 10314

The RMSgrn,T, using mesh W-10 as the reference mesh, are 0.06 %, 0.06 %, and 0.07 % for lines
Odeg, 90deg, and 180deg, respectively. These are low RMSgn,t values, and so the conclusion can
be drawn that meshes W-10 and W-26 would give very similar results, even though mesh W-10

has a smaller minimum spacing in the z-direction than mesh W-26.
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From these mesh comparisons, the mesh that provides a solution that is relatively independent of
the mesh, while using a minimum number of nodes, is mesh W-26. This mesh was used to

generate final results of cases T47315, T60072, and T65000 of the Wang et al. experiments.

Regrettably, the heat rate used for all cases of this grid independence study was double what it
should have been, and by the time this error was noticed all the runs were completed. To confirm
the results of this grid independence study are still applicable when using the correct heat rate,
four runs were re-performed with the correct heat rate. So long as the same trend was found
between these runs and the runs with the doubled heat rate, then the grid independence study will
still be applicable to the case with the correct heat rate. Runs using meshes W-10, W-21, W-22,
and W-23 were re-performed using the correct heat rate. Only the z-direction spacing changes

between these meshes. The RMSgrn;,T is plotted in Figure 89 using W-23 as the reference mesh.
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Figure 89: RMSgn,T Vvs. total nodes for meshes with different z cross section nodal spacing and
corrected heat rate. Mesh W-23 is the reference mesh.

The trend in RMSgn,T between these runs and those that use the same meshes but a doubled heat
rate, seen in Figure 88, is identical: as the number of nodes in the z-direction increases, the

RMSgrn T converges towards zero. The actual values of RMSgn,T cannot be compared between
224



these runs and those seen in Figure 88 because they use a much finer reference mesh, W-25, that

has 25,110,246 more nodes than the reference mesh used in Figure 89, mesh W-23.

From the results shown on Figure 89 it is clear that this grid independence study is still

applicable to the case with the correct heat rate.

6.4 Results and Discussion

The results of case T47315 and T65000 are given here. Results for T60072 are given in
Appendix A.5, since not all the turbulence models were used to generate those results and are
considered to be a supplementary subset of results. Case T65000 was selected because the inlet
temperature, 650 [K], was slightly below the pseudocritical temperature, 658.045 [K]. This was
expected to lead to a scenario in which the fluid crosses the pseudocritical point soon after
reaching the start of the heated section of the heater rod, causing significant changes in the
thermophysical properties of the fluid. Case T47315 was selected because the inlet temperature,
473.15 [K], was far below the pseudocritical temperature; therefore sudden changes in
thermophysical properties of the fluid were not expected to occur. Case T60072 was selected for
the grid independence study, as the inlet temperature was close to, but still below the
pseudocritical temperature. There do not exist any studies that compare numerical predictions

with the experimental data of Wang et al.

For the present study, the maximum residuals and domain imbalances were monitored during the
following runs, and a solution was considered to be converged when these variables reached
values given in Section 3.5.1 and Section 3.5.2 for CFX and FLUENT, respectively.

Additionally, the solution variables at various monitor points were checked to ensure the solution
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was converged. These solution variables at the monitor points were not changing significantly
over a large number of iterations, where the maximum change in temperature or pressure at a
monitor location was less than 0.1 % over at least approximately 400 iterations, and the vast
majority of monitor locations had much less than a 0.1 % change in temperature or pressure over

the same number of iterations.

All CFX and FLUENT runs were performed on local servers at the University of Manitoba,
which use the Linux operating system. The total wall clock time for case T47315 CFX
simulations was between 41 and 61 hours using 4 cores in parallel computing. For case T47315
FLUENT simulations, the total wall clock time was between 274 and 417 hours using 4 cores in
parallel. The total wall clock time for case T65000 CFX simulations using the k-¢ turbulence
model was 218 hours using 4 cores in parallel computing. For case T65000 FLUENT
simulations using the Lam-Bremhorst Low-Re k-¢ turbulence model, the total wall clock time

was 392 hours using 4 cores in parallel.

Wang et al. provided plots of the average heater rod surface temperature versus bulk enthalpy at
a single z location, TC5 as shown in Figure 81 in Section 6.1, for multiple cases where only the
inlet temperature was changed. The pressure, heat flux, and mass flow rate were held constant

for each of these cases.

7.4.1. Case T47315

The numerical results of case T47315 of the Wang et al. experiments will be presented here.
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Figure 90 gives the average heater rod surface temperatures of case T47315 using CFX and the

SST and k-¢ turbulence models, FLUENT and the SST turbulence model, and the experimental

temperatures.
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Figure 90: Average heater rod surface temperatures for case T47315 using CFX with the SST
and k-¢ turbulence model, and FLUENT with the SST turbulence model. The pseudocritical

temperature is 658.045 [K].

The heater rod surface temperatures predicted by CFX and FLUENT using the SST turbulence

model are nearly identical. Both the SST and k-¢ turbulence models under-predict the heater rod

surface temperatures, but the SST turbulence model under-predicts the surface temperatures to a

greater degree than the k-¢ turbulence model.

Figure 91 gives the average heater rod surface temperatures of case T47315 using the RNG k-g,

Lam-Bremhorst Low-Re k-¢, and Yang-Shih Low-Re k-¢ turbulence models using FLUENT.
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Figure 91: Average heater rod surface temperatures for case T47315 using FLUENT. The
pseudocritical temperature is 658.045 [K].

The Yang-Shih Low-Re k-¢ turbulence model predicts the heater rod surface temperatures closer
than both the Lam-Bremhorst Low-Re k-g and RNG k-¢ turbulence models. All three turbulence

models, however, under-predict the heater rod surface temperatures.

To quantify the differences between the numerical predictions and experimental results of heater
rod surface temperatures for case T47315, the RMSgn,T i calculated and presented in Table 85.
Equation (113) in Section 4.3 is used to calculate the RMSgn,T, Where the reference temperatures
come from the experimental data and the maximum range in temperatures is calculated from the
numerical result with the greatest range in surface temperatures. The maximum range is 85.29
[K], and comes from the numerical result using the Yang-Shih Low-Re k-¢ turbulence model.
This was done because for each case of Wang et al. there are two experimental data points with
which to calculate the RMSgnT, and so the maximum range in surface temperatures in the
experimental data is not representative of the actual experimental maximum range in surface

temperatures.
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Table 85: RMSgn,T between numerical results and experimental results for case T47315.

Case RMSgn,T [%0]
T47315 SST CFX 12.47
T47315 k-¢ CFX 5.83

T47315 SST FLUENT 11.85
T47315 RNG k-¢ FLUENT 20.99
T47315 Low-Re k-¢ Lam-Bremhorst FLUENT 7.82

T47315 Low-Re k-¢ Yang-Shih FLUENT 3.32

The Yang-Shih Low-Re k-¢ turbulence model had the smallest overall deviation from the heater
rod surface temperatures. The k-¢ and Lam-Bremhorst Low-Re k- turbulence models gave the
second and third closest prediction of the experimental data. The results of the SST turbulence
model, when implemented with FLUENT and CFX gave the fourth and fifth closest prediction of
experimental data, respectively. The RNG k-¢ turbulence model, when implemented with

FLUENT, gave the worst prediction of experimental heater rod surface temperatures.

Various plots from case T47315 using FLUENT and the Yang-Shih Low-Re k-¢ turbulence
model are given to illustrate trends in the flow when there is no HTD in either the experiment or
numerical predictions. A y* value of zero corresponds to the location of line 180deg in the

following plots.

Figure 92 shows the near wall fluid temperature profiles at various z locations of case T47315

using FLUENT and the Yang-Shih Low-Re k-¢ turbulence model.
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Figure 92: Fluid temperature vs. y+ at various z locations of case T47315 using FLUENT and

Yang-Shih Low-Re k-¢ turbulence model. A y+ value of zero ¢
180deg.

orresponds to the location of line

The fluid closest to the heater rod surface gradually increase in temperature as the fluid

progresses along z, but the temperature never reaches the

thermophysical properties of the fluid therefore do not change si

pseudocritical temperature. The

gnificantly at any location.

Figure 93 shows the near wall fluid density profiles at various z locations of case T47315 using

FLUENT and the Yang-Shih Low-Re k-¢ turbulence model.
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Figure 93: Density vs. y+ at various z locations of case T47315 using FLUENT and Yang-Shih
Low-Re k-¢ turbulence model. A y+ value of zero corresponds to the location of line 180deg.

The density of the fluid decreases as it is heated along z, but the gradients are not relatively large.

Figure 94 shows the near wall velocity w profiles at various z locations of case T47315 using

FLUENT and the Yang-Shih Low-Re k-¢ turbulence model.
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Figure 94: Velocity w vs. y+ at various z locations of case T47315 using FLUENT and Yang-
Shih Low-Re k-¢ turbulence model. A y+ value of zero corresponds to the location of line
180deg.

The velocity w profiles at all z locations follow similar trends, and no spikes in velocity w in the

near wall region occur, nor does a flattening of the velocity profile occur.

Figure 95 shows the u;/u ratio profiles at various z locations of case T47315 using FLUENT

and the Yang-Shih Low-Re k-¢ turbulence model.
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Figure 95: Ratio between eddy viscosity and dynamic viscosity vs. y+ at various z locations of

case T47315 using FLUENT and Yang-Shih Low-Re k-¢ turbulence model. A y+ value of zero
corresponds to the location of line 180deg.

The u./u profiles at all z locations follow a similar trend, and are low in value over all y*
values. This would suggest that the flow should be close to laminar in the near wall region,
leading to HTD. This is not the case, since there are no spikes in heater rod surface temperature,
as seen in Figure 91. A possible reason for these low u;/u values could be that the Reynolds
number at the inlet is 10,659, which is lower than the Reynolds for the T65000 case at the inlet,
26,568. It is also the lowest Reynolds number at the inlet for all cases in the present study (this
includes the Richards 2012 Experiments and the Rohde et al. 2015 Experiments). The low
Reynolds number is an indicator of low values of turbulence quantities; hence, the small eddy

viscosity, u;, values.

Figure 96 shows the A,/A ratio profiles at various z locations of case T47315 using FLUENT

and the Yang-Shih Low-Re k-¢ turbulence model.
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Figure 96: Ratio between turbulent thermal conductivity and thermal conductivity vs. y+ at

various z locations of case T47315 using FLUENT and Yang-Shih Low-Re k-g turbulence
model. A y+ value of zero corresponds to the location of line 180deg.

Similar to the plot of u./u profiles of Figure 95 the A,/4 profiles at all z locations follow a
similar trend, and are very low in value over all y* values. This suggests that the flow should be
close to laminar in the near wall region, leading to HTD. This is not the case, since there are no
spikes in heater rod surface temperature, as seen in Figure 91. Since A,/A is closely related to
u:/u, the low turbulence conditions at the inlet, as evident by the low Reynolds number, is the
cause of the very low A,/A values. Similarly, low A, /A values were found in case B1 of Rohde et
al., as can be seen in Figure 21 in Section 4.4.1, even though HTD did not occur. The Reynolds

number at the inlet for that case was 11,189, which is also close to laminar.

7.4.2. Case T65000

The numerical results of case T65000 of the Wang et al. experiments will be presented here.
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Figure 97 gives the average heater rod surface temperatures of case T65000 using CFX and the
SST and k-¢ turbulence models, FLUENT and the SST turbulence model, as well as the
experimental temperatures. The experimental data are for the heater rod surface temperatures for
certain fluid bulk enthalpies. Additionally, Figure 98 gives the average heater rod surface
temperatures plotted against z. There are no experimental data plotted in this figure because the z
location is identical for all the experimental temperatures, only the bulk enthalpy is different due

to the different inlet temperatures.
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Figure 97: Average heater rod surface temperatures vs. bulk enthalpy for case T65000 using
CFX with the SST and k-¢ turbulence model, and FLUENT with the SST turbulence model.
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Figure 98: Average heater rod surface temperatures vs. z for case T65000 using CFX with the
SST and k-¢ turbulence model, and FLUENT with the SST turbulence model.

CFX and FLUENT give nearly identical results when the SST turbulence model is used; hence, it
is difficult to distinguish between these two lines in Figure 97. The SST turbulence model
slightly over-predicts the heater rod surface temperature, while the k-¢ turbulence model slightly

under-predicts heater rod surface temperatures.

Figure 99 gives the average heater rod surface temperatures of case T65000 using the RNG k-g,
Lam-Bremhorst Low-Re k-g, and Yang-Shih Low-Re k-¢ turbulence models using FLUENT.
The experimental data are for the heater rod surface temperatures for certain fluid bulk

enthalpies. Figure 100 gives the average heater rod surface temperatures plotted against z.
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Figure 99: Average heater rod surface temperatures vs. bulk enthalpy for case T65000 using

FLUENT.
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Figure 100: Average heater rod surface temperatures vs. z for case T65000 using FLUENT.

Both Low-Re k-g turbulence models predict significant HTD, as evident by the over-prediction
the heater rod surface temperatures, even though HTD does not occur in the experimental data.
The Yang-Shih Low-Re k-¢ turbulence model predicts a spike in heater rod surface temperature,
a slight drop and plateau, followed by a gradual decline. The spike in the heater rod surface

temperature of the Lam-Bremhorst case occurs earlier and with lower magnitude than the Yang-
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Shih case, followed by a steady gradual decline. The RNG k-¢ turbulence model slightly under-

predicts heater rod surface temperatures.

To quantify the differences between the numerical predictions and experimental results of heater
rod surface temperatures for case T65000, the RMSrn,T is calculated and presented in Table 86.
Equation (113) in Section 4.3 is used to calculate the RMSrn,T, Where the reference temperatures
come from the experimental data, and the maximum range in temperatures is calculated from the
numerical result with the greatest range in surface temperatures. The maximum range is 174.13
[K], and comes from the numerical result using the Yang-Shih Low-Re k-¢ turbulence model.
This method for calculating RMSgn T is slightly different than for the cases of Rohde et al. and

Richards, and was done for reasons already given, in Section 7.4.1.

Table 86: RMSgn,T between numerical results and experimental results for case T65000.

Case RMSgn,T [%0]
T65000 SST CFX 2.80

T65000 k-¢ CFX 1.27

T65000 SST FLUENT 2.85

T65000 RNG k-¢ FLUENT 2.23

T65000 Low-Re k-¢ Lam-Bremhorst FLUENT 19.30
T65000 Low-Re k-¢ Yang-Shih FLUENT 63.49

The k-¢ turbulence model, when implemented with CFX, had the smallest overall deviation from
the experimental heater rod surface temperatures. The RNG k-g¢ turbulence model, when
implemented with FLUENT; the SST turbulence model, when implemented with CFX; and the
SST turbulence model, when implemented with FLUENT provide the second, third, and fourth

closest results when compared with the experimental data, respectively. The Low-Re k-¢
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turbulence models of Lam-Bremhorst and Yang-Shih do a very poor job of predicting the

experimental data, with the Yang-Shih model giving the worst predictions.

The Yang-Shih Low-Re k-¢ turbulence model shows the most severe HTD, therefore this case
will be used to plot certain variables and derived quantities with respect to y* at different z
locations to show the factors that cause HTD to be predicted. The y* values for the plots were
calculated using Equation (34) in Section 3.1.2.1, where An is replaced with the wall distance. A
y* value of zero corresponds to the location of line 180deg, shown in Figure 82 in Section 6.2,
and y* increases in value normal to the heater surface. Figure 101 shows the heater rod surface
temperatures along lines 0deg, 90deg, and 180deg for this case, plotted against z. The location of

these lines on the x-y plane can be seen in Figure 82 in Section 6.2.
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Figure 101: Heater rod surface temperatures along lines 0Odeg, 90deg, and 180deg for case
T65000 using FLUENT and the Yang-Shih Low-Re k-g turbulence model.

As can be seen in the plot, the heater rod surface temperatures quickly exceed the pseudocritical
temperature when the flow reaches the start of the heated section, at z = 300 [mm]. There is a

gradual rise in surface temperatures until a maximum is reached at approximately z = 500 [mm]
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for all lines. The surface temperatures then drop slightly, plateau, and finally decrease in value

towards the outlet.

For the following plots of solution variables and derived quantities, the y* value corresponding
to the midpoint of the flow channel is different at each z location, and so it may appear as though
the profiles end prematurely for certain z location profiles. Unless otherwise stated, a y* value of

zero corresponds to the location of line 180deg in the following plots.

Figure 102 shows the near wall fluid temperature profiles at various z locations of case T65000

using FLUENT and the Yang-Shih Low-Re k-g turbulence model.
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Figure 102: Fluid temperature vs. y+ at various z locations of case T65000 using FLUENT and
the Yang-Shih Low-Re k-¢ turbulence model. A y+ value of zero corresponds to the location of
line 180deg.

The fluid reaches the start of the heated section at z = 300 [mm] and the fluid closest to the
heater rod surface is already at a temperature close to the pseudocritical temperature. This is a

result of axial heat conduction towards the unheated portions of the heater rods, causing the ends
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of the unheated sections that are in contact with the heated sections of the heater rods to increase

in temperature. This causes the fluid closest to the wall to increase in temperature before the start

of the heated section.

The temperature of the fluid closest to the wall already exceeds the pseudocritical temperature

before z = 325 [mm]. As the fluid progresses down the heater rod, the bulk of the fluid

progressively increases in temperature, since the y* location where the fluid reaches the

pseudocritical temperature gradually increases from y* = 18 at z = 325 [mm] to y*=86 at z =

800 [mm].

Figure 103 shows the near wall fluid density profiles at various z locations of case T65000 using

FLUENT and the Yang-Shih Low-Re k-¢ turbulence model.
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Figure 103: Density vs. y+ at various z locations of case T65000 using FLUENT and the Yang-
Shih Low-Re k-¢ turbulence model. A y+ value of zero corresponds to the location of line

180deg.
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Looking at the density profile at z = 325 [mm], the density of the fluid closest to the heater rod
surface is significantly less in relation to the freestream density because the temperature of the
fluid exceeds the pseudocritical temperature in the region closest to the heater rod surface at this
z location. This large density gradient gradually diminishes in size as the fluid in the freestream

region increases in temperature.

Figure 104 shows the near wall velocity w profiles at various z locations of case T65000 using

FLUENT and the Yang-Shih Low-Re k-¢ turbulence model.
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Figure 104: Velocity w vs. y+ at various z locations of case T65000 using FLUENT and the
Yang-Shih Low-Re k-¢ turbulence model. A y+ value of zero corresponds to the location of line
180deg.

The velocity profile of the fluid at the start of the heated section, at z = 300 [mm], appears to
follow the log law of the wall, where there is a viscous sublayer adjacent to the wall, and a log

law region away from the wall that is separated from the viscous sublayer by a buffer layer.
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As the density of the fluid in the near wall region decreases, the effects of buoyancy become
apparent: the low density fluid close to the wall at z = 375 [mm] accelerates upwards, as shown
by the slight bump in velocity w around y* = 55. The high density fluid in the freestream
maintains its velocity since the density in this region does not change as significantly as the fluid
closest to the wall. A flattening of the velocity w profile is apparent at the z = 375, 400, 600, 800
[mm] locations, compared to the original velocity w profile at z = 300 [mm]. As the temperature
of the fluid further away from the wall increases, the velocity of the fluid increases, since the

density decreases.

Similar trends in the velocity w profiles can be found at other locations in the fluid domain. The
velocity w profiles at z = 400 [mm] for locations Odeg, 90deg, and 180deg are plotted with
respect to y* in Figure 105. The location of Odeg, 90deg, and 180deg on the x-y plane can be

seen in Figure 82 in Section 6.2.
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Figure 105: Velocity w profiles at z = 400 [mm] for case T65000 using FLUENT and the Yang-
Shih Low-Re k-¢ turbulence model at locations 0deg, 90deg, and 180deg.
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The velocity profiles are nearly identical for Odeg and 90deg, and the maximum value of velocity
w at 180deg is less than that at Odeg and 90deg. The largest spike in velocity w occurs at Odeg,
followed closely by 90deg, then finally 180deg. These trends somewhat coincide with the heater
rod surface temperature profiles along z, given in Figure 101, where the largest spike in heater
rod surface temperature occur just after z = 400 [mm] at Odeg, followed by 90deg and 180deg, in
descending order. All three locations feature a flattened velocity profile compared to the initial

velocity profile at z = 300 [mm], as seen in Figure 104.

Similar trends in the velocity w profile can be found in the other case that has a spike in heater
rod surface temperature, and are absent from cases without spikes in heater rod surface

temperatures. The velocity w profiles at z = 400 [mm] for all case T65000 results are given in

Figure 106.
1.2
——CFX SST
T CFX k-¢
----- FLUENT SST
— - - -FLUENT RNGk-¢
F- 0.8 -+ = FLUENT Lam-Brem Low-Re k-¢
= — —FLUENT Yang-Shih Low-Re k-¢ — e TR TR T e e
Z.06 ) = 2 T
g' -
2
2 04
0.2
0
1 10 v 100

Figure 106: Velocity w vs. y+ at z = 400 [mm] for all case T65000 results. A y+ value of zero
corresponds to the location of line 180deg.
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For the two cases with spikes in heater rod surface temperature, Lam-Bremhorst and Yang-Shih
Low-Re k-¢, the velocity w profile just before or at the same z location as the temperature spike
also shows a spike in velocity w in the near wall region. A spike in velocity w is not present in
the near wall region for cases that do not have spikes in heater rod surface temperature: k-g,

RNG k-¢, and both SST results.

The velocity w of the k-¢ case does not decrease in value close to the wall, such as for the other
cases. The reason for this is that the k-¢ turbulence model, when implemented with CFX, relies
on scalable wall functions to determine the velocity in this near wall region. The turbulence
model uses Equation (66) in Section 3.1.3.1 to determine the non-dimensional velocity in the
near wall region as a function of the non-dimensional wall distance, yg.,;.. However the value of
the non-dimensional wall distance can never be less than 11.06 according to Equation (63) in
Section 3.1.3.1. This means the velocity can never be less than the value of the velocity at ys.,e
= 11.06. This non-dimensional wall distance, ys.,., IS closely related to non-dimensional wall

distance used in the plots, y*, since they are both functions of wall distance and fluid properties.

Similarly, the non-dimensional temperature in the near wall region is a function of the non-
dimensional wall distance, as seen in Equation (66) in Section 3.1.3.1, and so the fluid
temperature can never be less than the temperature at ys.,. = 11.06. The greatest fluid
temperature gradients occur close to the wall, as can be seen in the plot of fluid temperature at
various z locations shows the near wall fluid temperature profiles at various z locations using the
Yang-Shih Low-Re k-¢ turbulence model, Figure 102. Because scalable wall functions, used by

the k-¢ turbulence model, do not allow the fluid temperature to vary in this region close to the
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wall, the wall temperature cannot experience sudden increases in temperature that would be

evident by large temperature gradients in the fluid in the region close to the wall.

The largest gradients in velocity w close to the wall occur for cases with spikes in heater rod
surface temperature. These trends match those described by He et al. where a flattened velocity
profile develops after the spike in velocity, leading to a reduction in shear stress. This reduction
in shear stress leads to a reduction in turbulence, causing flow laminarization. The reduction in

turbulence can be seen by observing the eddy viscosity in the near wall region.

Profiles for the ratio between eddy viscosity and dynamic viscosity, u,/u, at various z locations

of case T65000 using FLUENT and the Yang-Shih Low-Re k- turbulence model are shown in

Figure 107.
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Figure 107: Eddy viscosity to dynamic viscosity ratio vs. y+ at various z locations of case
T65000 using FLUENT and the Yang-Shih Low-Re k-¢ turbulence model. A y+ value of zero
corresponds to the location of line 180deg.
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This ratio can be used as an indicator of the strength of turbulence at any location. For a laminar
flow, u;/u should be less than one, and for flows with strong turbulence, u,/u should be much
greater than one. When the flow reaches the start of the heated section, at z = 300 [mm], the
value of u,/u is approximately one at y* = 14. The values of u,/u increase away from the wall
towards the freestream. This may be viewed as follows: the flow is close to laminar at y* = 14,
and becomes more turbulent towards the freestream. The u,/u values decrease in general as the
flow progresses along z, to the point where, at z = 375 [mm], the value of u,/u is one at
approximately y* = 95. This means that a larger region of near-laminar flow is present at z = 375
[mm] than at any other z location. As can be seen in Figure 101, the first spike in heater rod
surface temperature along line 180deg occurs at z = 400 [mm], which is just after the location of
the largest region of near-laminar fluid. Another spike in heater rod surface temperature occurs at
z =500 [mm]. As the fluid progresses past z = 375 [mm], the values of the u,/u ratio increase
away from the wall yet remain relatively low in the near wall region compared to the initial

values at z = 300 [mm].

Figure 108 shows profiles of the turbulent thermal conductivity to thermal conductivity ratio,
A+/A, at various z locations of case T65000 using FLUENT and the Yang-Shih Low-Re k-¢

turbulence model.
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Figure 108: Turbulent thermal conductivity to thermal conductivity ratio vs. y+ at various z
locations of case T65000 using FLUENT and the Yang-Shih Low-Re k-¢ turbulence model. A
y+ value of zero corresponds to the location of line 180deg.

The turbulent thermal conductivity, A;, is defined by Equation (14) in Section 3.1.1, and can be
used as an indicator of the contribution to heat transfer by turbulence effects. For a laminar flow,
A+/ 2 should be less than approximately one, and for flows with strong turbulence, A,/A should
be much greater than one. Looking at the governing equations for energy used by CFX and
FLUENT, Equation (10) and (11) in Section 3.1.1, respectively, it can be seen that a fluid should
conduct heat much better when the A,/4 ratio is much greater than one. This is because the
turbulent thermal conductivity acts in the same way as the thermal conductivity in conducting
heat. When the A,/ ratio is less than approximately one, the flow is close to laminar and heat

conduction through the fluid should be less than if the A,/A ratio was greater.

The A./2 profiles at the various z locations, as shown in Figure 108 follow the same trend as the
u./u profiles at the same z locations, as shown in Figure 107. This trend indicates that the eddy

viscosity has a direct effect on the turbulent thermal conductivity, and the ability of the fluid to
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conduct heat. The largest region of near-laminar fluid exists at z = 375 [mm] in the near wall
region. The eddy viscosity in this region is very low, leading to a very low turbulent thermal
conductivity, which reduces the ability of the fluid to conduct heat. This region of fluid with a
low thermal conductivity effectively acts as an insulator, causing the adjacent heater rod surface
temperature to spike in temperature, as the heat from the heater rod cannot be transferred to the
fluid as easily as in other regions where the fluid does not have such large regions of near-

laminar fluid.

The A./A profiles at z = 400 [mm] at locations 0deg, 90deg, and 190deg are plotted with respect

to y* in Figure 1009.

10

Figure 109: Turbulent thermal conductivity to thermal conductivity ratio profiles at z = 400
[mm] for case T65000 using FLUENT and the Yang-Shih Low-Re k-¢ turbulence model at
locations Odeg, 90deg, and 180deg.

As can be seen in the figure, the A1,/ values are small in the near wall region for all locations at

z = 400 [mm]. The 180deg location experiences a local maximum in heater rod surface
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temperature at z = 400 [mm], as can be seen in Figure 101, which corresponds to the large region
where the A,/ ratio is close to one. The 90deg and 0deg locations will experience a maximum
surface temperature at z = 500 [mm], which explains why the A,/A ratios are not as low as the

180deg location at z = 400 [mm] for y* values less than 100.

The A,/ profiles at various z locations of case T65000 using FLUENT and the Lam-Bremhorst
Low-Re k-¢ turbulence model are given by Figure 110. This is the only other turbulence model

that predicted HTD for the T65000 case.

350
Zz=300mm ««=+-+=-: z=325mm
300 | ee-e- z=350mm = = = z=375mm 7=800mm
- = 7z=400mm — —z=600mm
250 — . -z=800mm -
z=600mm v
200 i
<~ =! 34
= z=400mm e _ -
<150 7 -
7 -
_ w 7z=375mm
100 < =375 i
) '~ z=325mm- / ST A
50 z=300mm - —~ -~ = Zoe"
0
10 - 100

Figure 110: Turbulent thermal conductivity to thermal conductivity ratio vs. y+ at various z
locations of case T65000 using FLUENT and the Lam-Bremhorst Low-Re k-¢ turbulence model.
A y+ value of zero corresponds to the location of line 180deg.

For the Lam-Bremhorst Low-Re k-¢ result, the heater rod surface temperature spikes around z =
400 [mm], as seen in Figure 100. The A,/4 ratio is relatively small in the near wall region at this
z location. This region where the 1,/ ratio is relatively small gradually decreases in size until z

= 800 [mm], at which point the A,/4 ratio is greater over all y* values compared to the initial
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A¢/A profile at z = 300 [mm]. These large 1,/4 values at z = 800 [mm] explain why the heater

rod surface temperatures are steadily decreasing in value at this z location.

The heater rod surface temperatures of the Yang-Shih result are not decreasing in value to the
same degree as the Lam-Bremhorst result at z = 800 [mm], which explains why the A,/A values

are not as large in the near wall region at this location, as seen in Figure 108.

The k-¢, RNG k-¢, and both SST results do not show HTD for case T65000, as can be seen in
Figure 97 and Figure 99. The profiles of the 1,/ ratio at various z locations for the SST result
using FLUENT and the k-g¢ result using CFX are shown by Figure 111 and Figure 112,
respectively. The trends in A,/ found in the SST results using FLUENT are similar to those

found in the SST results using CFX and the RNG k-¢ result using FLUENT.
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Figure 111: Turbulent thermal conductivity to thermal conductivity ratio vs. y+ at various z
locations of case T65000 using FLUENT and the SST turbulence model. A y+ value of zero
corresponds to the location of line 180deg.
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Figure 112: Turbulent thermal conductivity to thermal conductivity ratio vs. y+ at various z
locations of case T65000 using CFX and the k-¢ turbulence model. A y+ value of zero
corresponds to the location of line 180deg.

For the SST result using FLUENT, the A,/4 ratio has a value of one at approximately y* = 9 at
the z = 375 [mm] location. For the remaining z locations, the A;/4 ratio is relatively lower in
value compared to the Low-Re k-¢ results. The near-laminar regions at these z locations is
therefore confined to a much smaller regions for this SST result than for the results with HTD.
The fluid therefore does not effectively act as an insulator due to this smaller region of near-

laminar fluid.

For the k-g result using CFX, the A;/4 ratio never drops below 12. Effects of turbulence are
therefore experienced by the fluid over the entire near wall region. The lack of a spike in heater
rod surface temperature is therefore expected, as there is no near-laminar region in the fluid that

would act as an insulator.
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As was concluded in Section 5.4.2 for case 2 of the Richards Experiments, the A,/A ratio is
directly related to the u,/u ratio and, more importantly, the eddy viscosity. Each of the
turbulence models that are used in the present study calculates the turbulence kinetic energy, k,
and either the turbulence dissipation rate, ¢, or the specific turbulence dissipation, w, in order to
calculate the eddy viscosity, u;. In the near wall region the various wall treatments: automatic
wall treatment, scalable wall functions, and EWT, are the dominant factor that determine the
profiles of the velocity, temperature, turbulence kinetic energy, and either the turbulence
dissipation rate, or the specific turbulence dissipation. The governing equations of the turbulence
quantities (k, w, &, and u,) and wall treatments differ between the various turbulence models,
and the values of various coefficients of these equations sometimes differ. It is because of these
differences in the way each turbulence model, and the associated wall treatment, calculate the
eddy viscosity and solution variables in the near wall region that the A,/A ratio differs between
the results of each turbulence model, and the reason why certain turbulence models give spikes

in heater rod surface temperature.

The k-g, RNG k-¢, and SST turbulence models all rely on various wall treatments that explicitly
determine the near wall temperature using various equations: Equation (40) in Section 3.1.2.1 for
automatic wall treatment, Equation (52) in Section 3.1.2.2 for EWT, and Equation (66) in
Section 3.1.3.1 for scalable wall functions. However, Low-Re k-¢ turbulence models do not use
equations to explicitly determine the temperature in the near wall region. Instead, they rely solely
on the governing equation of energy, Equation (11) in Section 3.1, to determine the temperature.
A reason why both the Yang-Shih and Lam-Bremhorst Low-Re k-¢ turbulence models predict

HTD while the other turbulence models do not could be the Low-Re k-¢ turbulence models do
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not explicitly calculate the temperature in the near wall region, unlike the other turbulence

models.

He et al. compared numerical results obtained from RANS turbulence models with those

obtained from DNS, and found that RANS turbulence models are not able to accurately model

the turbulent heat flux, A; %. They attributed some of the inaccuracies of RANS turbulence
]

models to using a constant turbulent Prandtl number for the turbulence thermal conductivity, A,.
The fact that RANS turbulence models cannot accurately model the turbulent thermal
conductivity explains why some turbulence models, specifically the Yang-Shih and Lam-
Bremhorst Low-Re k-¢ turbulence models, predict HTD when it is not present in experimental

data.
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CHAPTER 7: SUMMARY AND CONCLUSIONS

The heated rod bundle experiments presented in Rohde et al. 2015, Richards 2012, and Wang et
al. 2014 were numerically simulated in this study using the CFD codes ANSYS CFX and
ANSYS FLUENT. Two cases from Rohde et al. and Richards, and three cases from Wang et al.
were simulated. At least one case from each of the three experiments involved fluid that
exceeded the pseudocritical temperature at some point along the length of the respective heated
rod bundle. The two-equation RANS turbulence models that were used in this study, along with
the wall treatment for each turbulence model, if applicable, are: SST with automatic wall
treatment, SST with EWT, k-¢ with scalable wall functions, RNG k-&¢ with EWT, Yang-Shih

Low-Re k-¢, and Lam-Bremhorst Low-Re k-¢.

7.1 Turbulence Models and HTD

Evidence supporting the description of HTD given by He et al., presented in Section 4.4.2, 5.4.2,
and 7.4.2, was found in the present study. For cases with HTD, the velocity w profile in the near
wall region flattens to a greater degree than for cases without HTD. This flattening leads to a
reduction in shear stress that causes a reduction in turbulence. This reduction in turbulence can
be seen as a reduction in the eddy viscosity, or u,/u ratio as is plotted in this study, in the near
wall region. The turbulent thermal conductivity, which is directly related to the strength of the
turbulence through the eddy viscosity (Equation (14) in Section 3.1.1), decreases in response to
the decreased eddy viscosity. HTD becomes visible in the numerical results in the form of spikes

in surface temperature. However, the magnitude and location along z where the spikes in surface
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temperature occur are never predicted very accurately by the various turbulence models used in

this study.

The k-¢ and RNG k-¢ turbulence models are never able to reproduce the spikes in surface
temperature seen in the experimental data of the cases with HTD: Rohde et al. case B2, Richards
case 2, and Wang et al. case T65000. A possible explanation for this is that both turbulence
models are e-based and use similar equations to determine the eddy viscosity, u;. The Low-Re k-
¢ turbulence models of Yang-Shih and Lam-Bremhorst are also e-based, but their equation for
eddy viscosity is different from that of the k- and RNG k-g¢ turbulence models, in that it also
includes a damping function, f,. This damping function is sensitive to conditions very close to
the wall, unlike the scalable wall functions used by the k-¢ turbulence model. The damping
functions approach zero as the distance to the wall approaches zero, thereby causing the eddy
viscosity to approach zero in the viscous sublayer, a physically realistic phenomena. Scalable
wall functions do not allow for the eddy viscosity to reach zero in the viscous sublayer, as can be
seen in the plots of eddy viscosity ratio u;/u for the various k-¢ cases. The RNG k-¢ turbulence
model, implemented using FLUENT in this study, relies on EWT, which allows the eddy
viscosity to approach zero in the region close to the wall, as can be seen in the plots of eddy
viscosity ratio u,/u for the various RNG k-¢ cases. It would stand to reason that the RNG k-¢
turbulence model, using EWT, should be able to predict HTD, just as the Low-Re k-¢ turbulence
models are able to predict HTD, because they use near wall treatment that allows for variables in
the region close to the wall to take on values that are reserved for this region. However, this is
not seen in any of the cases studied in this experiment. A possible reason for this is that the

conditions of the experimental cases that were numerically simulated are not ideal for the RNG
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k-¢ turbulence model to predict HTD. To support this argument, the SST turbulence model,
which predicted HTD for case 2 of the Richards experiments, did not predict the HTD that the
Low-Re k-¢ turbulence models predicted for case B2 of Rohde et al. experiments and case

T65000 of Wang et al. experiments

The SST turbulence model, implemented using CFX and FLUENT, uses automatic wall
treatment and EWT, respectively. The SST turbulence models predicted HTD in only one case,
case 2 of the Richards Experimental data. The Low-Re k-¢ turbulence models predicted HTD in
three cases: case B2 of Rohde et al., case 2 of Richards, and case T65000 of Wang et al. Even if
EWT is used with a turbulence model, HTD may still not be predicted when other wall
treatments predict HTD: the Low-Re k-¢ turbulence models with damping functions predicted
HTD in case B2 of Rohde et al. and case T65000 of Wang et al., but the SST turbulence model

with both automatic wall treatment and EWT did not predict HTD.

Low-Re k-¢ turbulence models predicted HTD, even when none was present in the experimental
data, such as case T65000 of Wang et al. The k-¢ and RNG k-¢ turbulence models, using scalable
wall functions and EWT respectively, are not able to predict HTD in any of the experimental
cases presented in this study. The SST turbulence model, using either automatic wall treatment

or EWT, is able to predict HTD in one experimental case: case 2 of the Richards Experiment.

The use of a wall treatment that allow for the solution of variables in the viscous sublayer and
buffer region: automatic wall treatment and EWT, do not guarantee that HTD will be predicted
when it occurs in the experimental data. Wall treatment that does not allow for the solution of
variables in the viscous sublayer and buffer region, scalable wall functions, are not be able to

reproduce HTD, since they are not able to simulate the conditions necessary for HTD to occur.
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7.2 CFXvs. FLUENT

A major drawback to using CFX with fluids other than water that do not have constant
thermophysical properties, such as the R12 used for the Richards cases in this study, is that there
are no built-in options to properly implement these fluids. Custom FORTRAN subroutines must
be created by the user. FLUENT does not suffer from this drawback, since any one of a large
number of real fluid models can be used by entering a few text commands in the command

prompt.

As long as the working fluid is water, then setting up runs in CFX and FLUENT take similar
amounts of time and require nearly identical information, in terms of boundary conditions,
domain properties, initial conditions, etc. An exception to this is when using FLUENT with
meshes that have many surfaces that must be defined as the same boundary condition, such as
defining a symmetry boundary condition on many surfaces: each individual surface must be
selected and defined as the desired boundary condition. In CFX, multiple surfaces can be
selected at the same time, and a single boundary condition can be defined on those surfaces,

saving time.

There are no major difference between extracting data from CFX and FLUENT results, only the
names of some variables are different, and some variables exist in CFX but not in FLUENT and
vice versa. For example, in CFX the variable, cp, is named ‘Specific Heat Capacity at Constant
Pressure’, while in FLUENT this variable is named ‘Specific Heat Capacity At Constant
Pressure’. Also, the variable ‘Wall Distance’ is available in CFX, which is the wall-normal

distance, but is not available in FLUENT.
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All things being equal, run times for CFX tend to be shorter than for FLUENT. This makes it

especially time consuming to perform multiple runs with large meshes using FLUENT.

7.3 Conclusions

The k-¢ turbulence model, implemented using CFX and scalable wall functions, provided
numerical results that had the smallest overall deviation from experimental results for cases B1
of Rohde et al, case 2 of Richards, and case T65000 of Wang et al. Of the remaining cases, this
turbulence model was the second best at predicting the experimental results of case T47315 of
Wang et al., third best at predicting the experimental results of case 3 of Richards, but came in

last place in terms of accuracy of predicting case B2 of Rohde et al.

The Yang-Shih Low-Re k-¢ turbulence model, implemented using FLUENT, provided numerical
results that had the smallest overall deviation from experimental results for case B2 of Rohde et
al., case 3 of Richards, and case T47315 of Wang et al., but came in last place in terms of
accuracy of predicting case 2 of Richards and case T65000 of Wang et al. For these two cases
this turbulence model severely over-predicted the HTD of case 2 of Richards, and predicted
severe HTD in the T65000 case of Wang et al., even though there was no HTD present in the

experimental data of Wang et al.

Comparing results of the SST turbulence model implemented using different codes and slightly
different wall treatment, CFX and FLUENT with automatic wall treatment and EWT
respectively, one can see that FLUENT more closely predicts four of the cases presented in this

study: case B2 and B1 of Rohde et al., case 3 of Richards, and case T47315 of Wang et al.
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For cases with supercritical fluid, FLUENT, using the SST turbulence model, generally predicts

greater heated surface temperatures compared to CFX when the SST turbulence model is used.

HTD, seen in up-flow experiments with supercritical fluids, is caused by the combined effects of

buoyancy and large variation in thermophysical properties.

7.4 Recommendations

If one had to pick a single turbulence model to simulate the bundle experiments presented in this
study, the k-g turbulence model, implemented using CFX and scalable wall functions, would be
the best option. This turbulence model provides numerical results that had the smallest overall
deviation from experimental results for three of the six cases that were studied, and predicts the
experimental data of the remaining three cases reasonably well, unlike other turbulence models
that severely over-predict the experimental data, such as the Yang-Shih and Lam-Bremhorst

Low-Re k-¢ turbulence models.

To simulate the bundle experiments presented in this study that use water as the coolant, it is
recommended that CFX should be chosen over FLUENT. This is due to the shorter run times of
CFX and comparable accuracy in numerical solutions between the two codes. To simulate the
bundle experiments presented in this study that use R12 as the coolant, FLUENT should be used.
This is because thermophysical properties can be quickly defined in FLUENT for a number of
fluids, unlike for CFX in which custom FORTRAN subroutines must be created by the user to

define these properties for any fluid other than water.

Other turbulence models should be used to simulate the rod bundle experiments presented in the

present study in order to gauge their effectiveness at predicting supercritical experiments, most
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notably the v?-f turbulence model, Reynolds stress turbulence models, and Large Eddy
Simulation (LES). Ideally, Direct Numerical Simulation (DNS) could be used in order to obtain
the most accurate numerical results, but the large amount of computational resources required
makes this method impractical at present. Using other CFD codes, commercial or in-house,
would allow for the use of other turbulence models which are not available in either CFX or

FLUENT.

Additionally, modelling more than 1/12" of the seven-rod experiments and more than 1/8" of the
four-rod experiment may provide different numerical results. Spacers also affect the numerical
results. Therefore, it would be ideal to model the entire cross section of the rod bundle
experiments and include the spacers, so that the effects of assuming symmetry and spacers can

be better understood.
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APPENDIX A: ADDITIONAL STUDIES

A.1  Description of SST Turbulence Model Parameters

The coefficients found in the transport equations of turbulence kinetic energy (k) and specific
turbulence dissipation (w) have values assigned to them based on simplifications to the equations
and results of experimental data. The values of the coefficients can be different for various types
of the same model. For example, the original k- model of Jones and Launder [95] uses slightly

different values for C,., and C,, than the revised k-¢ model of Launder and Sharma [77].

The Wilcox k-o model [78] will be used to explain the origins of the coefficients of the SST

model, since the governing equations were based on the k-m model.

The non-steady turbulence kinetic energy and specific turbulence dissipation transport equations

can be simplified for decaying homogeneous, isotropic turbulence as follows:

dk
2 _pt 115
—- =~k (115)
dw
L _fm2 116
It pw (116)

The asymptotic solution for turbulence kinetic energy, given in [78] is:

k~t—B'/B (117)

Experiments of Townsend [96] give a value of 1.25+0.06 for the ratio g’'/B. The Wilcox and

SST models set the value of this ratio at 6/5 (1.2).

277



The governing equations of momentum, turbulence kinetic energy, and specific turbulence
dissipation can be simplified for an incompressible constant pressure boundary layer in the near
wall layer. In this near wall layer, the effects of dynamic viscosity are assumed negligible

compared to the effects of eddy viscosity. The simplified equations are:

9/ oU
0=—(v3) (118)
dy\ " dy
AUN? 9 ok
_ _ o (, %% 119
0 Vt(ay) Ba)k+0kay (Vtay) (119)
OUN? 0 dw
_ 2 o 120
0 a(—ay) Bw* + o, 3y (vt Oy) (120)

Note that the g}, and o, coefficients in the above simplifications are in the numerator, but in the
governing equations section of this thesis the coefficients are in the denominator. This just
results from the fact that Wilcox derived the k-o model with these coefficients in the

denominator. The solution to the above equations for the log-law region of the boundary layer is:

_ U Uy
U_71n( - ) (121)
u?
K= (122)

w =

= o (123)

where u, is the friction velocity. From the above solution and the governing equations, the

following equation must hold, according to Wilcox:
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B ouk?

a:ﬁ’ \/F

(124)

When o, and a;, are in the denominator of the transport equations of turbulence kinetic energy

and specific turbulence dissipation (such as for the SST model), then Equation (124) becomes:

2
a=£— L (125)

8 o JF

Equation (125) will yield a value for the a coefficient when g, B’ and o, are assigned values.

The equation for B’ can be derived from the solution for turbulence kinetic energy in the log-law
region (k = p? /\/F) and the fact that the Reynolds shear stress (7) is constant in the near wall

region and is equal to u?:
T
g =(;) (126)

Experiments described in [96] indicate that the ratio of Reynolds shear stress to turbulence

kinetic energy (z/k) is about 3/10 (0.3) in the near wall region. This gives a value of 0.09 for g’

The values of g, and g, come from a detailed analysis of the defect layer and sublayer. The
variation of wake strength in the boundary layer to the dimensionless pressure gradient most
closely matches experimental data when o= o,= 0.5 [78]. In CFX, these coefficients are
actually 1/0.5 (2.0), since these two coefficients are in the denominator of the transport equations

for turbulence kinetic energy and specific turbulence dissipation.
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The constant a, appearing in the equation for eddy viscosity comes from the shear stress

anisotropy:
a1 = 2 b12 (127)

where the normalized Reynolds stress anisotropy is:

b= Oy _Ty Oy (128)

In the constant shear stress log region, the ratio 7/k has been found to be 0.3, as previously
stated for the constant 8’. For the SST model this ratio is set to 0.31 [76]. This leads to the

following equation for b;,:

blZ = (129)

2k

which leads to a value of 0.31 for a;.

The SST model uses coefficients of the Wilcox k-o model in the near wall region and the
coefficients of the Launder and Sharma k-¢ model away from the wall. The exception to this is
the coefficient oy, of the SST model, as it has been recalibrated from Wilcox’s g S0 that the

model properly predicts flat plate log-law behaviour near the wall [97].

The coefficients of the Launder and Sharma k-& model have been converted in such a way that
they can be used in the SST model as follows [97] (coefficients with a subscript of 2 refer to the

SST model):
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Ok2 = Ok (130)

—— (131)
B, = Cu(Cez -1 (132)
B K?
=2 =y -1 133
? Cll O-a)Z\/C_;,L °t ( )

where g, is calculated using the following formula:

2

K
O, =
) \/C_u(csz — Ce1)

(134)

A.1.1 Turbulence Production and Dissipation Due to Buoyancy

The turbulence production due to buoyancy term has a single coefficient, a turbulent Schmidt

number, a,. This value is the ratio between rates of turbulent transport of momentum and the

turbulent transport of mass. The o, term has a value of 1.0.

The turbulence dissipation due to buoyancy has the dissipation coefficient C; which is equal to
1.0. This coefficient determines the ratio of turbulent production due to buoyancy to turbulence

dissipation due to buoyancy.
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A.1.2 Turbulent Heat Transfer

The only coefficient appearing in the thermal energy equation is the turbulent Prandtl number,
Pr.. This coefficient is the ratio of eddy viscosity to turbulent thermal diffusivity. Its default

value in CFX is 0.9.

A.2  Sensitivity Studies of SST Turbulence Model Parameters for Case B2 of Rohde et al.

2015

Full details of these studies are given in [90].

A.3  Spacer vs. No Spacer for Rohde et al. 2015

Full details of these studies are given in [90].

A.4 Case Al of Rohde et al. 2015

The SST turbulence model was used with automatic wall treatment and CFX to simulate case
Al. This case was simulated in order to provide an overall pressure drop for the GIF SCWR
2013-2014 seven-rod subchannel benchmark exercise. Because case Al of Rohde et al. was
isothermal, temperature data was not produced from the numerical result. The mesh that was
used included spacers, since they were found to cause an increase in pressure drop. Tables 87 to

89 give the domain definitions and boundary conditions of case Al.
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Table 87: Domain definition and boundary conditions of Rohde et al. 2015 fluid domain, case

Al using CFX.
Fluid
Domain Properties Material: Water
Turbulence Model: SST
Reference Pressure: 24.9449 [MPa]
Isothermal
Material Properties IAPWS-1F97 Database
Inlet Mass Flow Rate: 0.036569444 [kg/s]

Temperature: 297.35 [K]
Turbulence: Low Intensity (I = 1 %), Low Eddy Viscosity
Ratio (u; / u=1.0)

w = 2.21796 [m/s]

Re =7015.99

Fluid Properties at Inlet | p = 1008.2 [kg/m®]

1 =9.05289x10™ [Pa s]
¢, = 4115.77 [J/kgK]

A =0.61713 [W/mK]
Outlet Static Pressure: 0 [Pa]
Wall No-slip at all surfaces

Table 88: Domain definition and boundary conditions of Rohde et al. 2015 cladding 1 and 2
domains, case Al using CFX.

Cladding 1 and 2

Domain Material: Inconel 600
Properties
Material p =-0.3922057147 [kg/m3K] T + 8528.0312491363 [kg/m°]

Properties | ¢, = 7.524x107 [J/kgK“] T3 - 0.0012939439 [J/kgK®] T2 + 0.9069264845
[J/kgK?] T + 262.8297423839 [J/kg*K]

2 =0.0160336023 [W/mK?] T + 9.6331381197 [W/mK]

Wall No boundary condition necessary, because of isothermal condition.
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Table 89: Domain definition and boundary conditions of Rohde et al. 2015 insulator 1 and 2
domains, case Al using CFX.

Insulator 1 and 2

Domain Material: Boron Nitride
Properties
Material p = 2130 [kg/m?]

Properties | ¢, = 1265.3 [J/kgK]

A = 1.792707x10* [W/mK®] T? - 0.3714505815 [W/mK?] T +
298.4687499009 [W/mK]

Wall No boundary condition necessary, because of isothermal condition.

Table 90: Domain definition and boundary conditions of Rohde et al. 2015 heater 1 and 2
domains, case Al using CFX.

Heater 1 and 2
Domain Properties | Material: Nichrome
Material p = 8410 [kg/m?]
Properties cp =420 [J/kgK]
A =0.0179188239 [W/mK?] T + 4.5115124321 [W/mK]
Wall No boundary condition necessary, because of isothermal condition.

Table 91: Domain definition and boundary conditions of Rohde et al. 2015 spacer domains, case

Al using CFX.
Spacer
Domain Properties | Material: AISI 316 Stainless Steel
Material p = 8238 [kg/m?]
Properties cp = 466.819 [J/kgK]
A =13.4092 [W/mK]
Wall No boundary condition necessary, because of isothermal condition.

The overall pressure drop for this case is 67.5 [kPa], and the actual pressure drop from the
experiment is 58.1 [kPa]. The numerically determined pressure drop is 16.2 % different from the

experiment.
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A5  Numerical Results for Case T60072 of Wang et al.

The numerical results of case T60072 of the Wang et al. experiments are presented here. The
SST turbulence model, implemented using automatic wall treatment and EWT using the codes
CFX and FLUENT, respectively, and the k-g turbulence model, implement using scalable wall

functions and CFX, were used to generate the results given in Figure 113.
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Figure 113: Average heater rod surface temperatures for case T60072 using CFX and FLUENT
The k-¢ turbulence model best predicts the experimental heater rod surface temperatures. The
results from using the SST turbulence model with both CFX and FLUENT are similar, however

CFX closer predicts the experimental heater rod surface temperatures than FLUENT.
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APPENDIX B: SPECIFIC DETAILS FOR RUNNING CFX AND FLUENT

B.1  Implementing R12 Properties Using FORTRAN Subroutines in CFX

The following instructions will explain how the thermophysical properties of R12 were enabled
when defining a CFX run. Case 2 and the specific heat capacity at constant pressure will be used

as the main example when necessary.

A Microsoft Excel workbook was created with six blank worksheets, using the following labels
for these worksheets: P4.626_T350K, P4.646 T350K, R12cpCase2-data, R12rhoCase2-data,
R12muCase2-data, and R12kCase2-data. The first two worksheets P4.626 T350K and
P4.646_T350K contained all the thermophysical properties data of R12 at a pressure of 4.626
[MPa] and 4.646 [MPa], respectively. The thermophysical property data were directly copied
from the NIST WebBook website [3] starting at a temperature of 350 [K], and incremental
increasing to 525 [K], into the P4.626_T350K and P4.646_T350K worksheets. The temperature
increment of 0.5 [K] was used whenever the rate of change in thermophysical property data was
small, and 0.1 [K] is used whenever the rate of change in thermophysical property data was
large, such as when the specific heat capacity increases then decreases sharply. The first few

lines of the P4.626_T350K worksheet are given below as an example:
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T(K) P(MPa) P(Pa) rho(kg'm3) Vim3ke) ikIke)  hikI'kg) E(J/e*K)
3 S00E+02 4.626E+00 4.626E+06 1.12:3E+03 B.888E-04 2 741E+02 2.782E+02 1.240E+00
3 503E+02 4.626E+00 4.626E+06 1.123E+03 B8.908E-04 2 746E+02 2.787E+02 1.242E+00
3510E+02 4 626E+00 4.626E+06 1.120E+03 8§ 929E-04 2 752E+H12 2.793E+02 1.244E+00
JS13EH02 4.626E+00 4 626E+06 1 117E+03 8.930E-04 2 737E+02 2 799E+02 1 245E+00
3 520E+02 4.626E+00 4.626E+06 1.113E+03 B.971E-04 2.763E+02 2. 80:E+02 1.247E+00

|

|

1

1

W M2

3523E+02 4.626E+00 4.626E+06 1.112E+03 B8.992E-04 2 765E+02 2. 810E+02 1.249E+00
3.5330E+02 4 626E+00 4.626E+06 1.109E+03 9013E-04 2. 774E+02 2 816E+02 1.2530E+00
3.335E+02 4 626E+00 4.626E+06 1.107E+03 9033E-04 2 780E+02 2 822E+02 1.232E+010
3 340E+02 4.626E+00 4.626E+06 1. 104E+03 9.057E-04 2.786E+02 2 828E+02 1.253E+00
3 543E+02 4.626E+00 4.626E+06 1.101E+03 9.080E-04 2.791E+02 2. 833E+02 1.255E+00
3.350E+H02 4. 626E+00 4.626E+06 1.099E+03 9 102E-04 2.797E+02 2 839E+02 1. 2537E+00
3.355E+H02 4 626E+00 4.626E+06 1.09E+03 9 123E-04 2 803E+02 2 845E+02 1 238E+00
3.360E+02 4.626E+00 4.626E+06 1.093E+03 9.149E-04 2 809E-+02 2. 851E+02 1.260E+00
3. 563E+02 4.626E+00 4.626E+06 1.090E+03 9.172E-04 2 814E+02 2. 857E+02 1.262E+00
3STOE+HD2 4. 626E+00 4 626E+06 1.087TE+03 9 196E-04 2 820E+02 2 863E+02 1.263E+00
3.3T5E+HD2 4 626E+00 4.626E+06 1.083E+03 9220E-04 2 826E+02 2 869E+02 1.265E+00
3380E+02 4.626E+00 4.626E+06 1.082E+03 9243E-04 2.832E+02 2 87:E+02 1.267E00
I ] K L M M 0
Cp(J/keg* Sound J-
Cwvi(J/'g*K) Cp(l/'g*K) K) Spd(im's) T(K/MPa) mu(Pa*s) k(W/m*K)
6.465E-01 1 134E+00 1.134E+03 3 442E+02 4.626E-01 1.163E-04 5273E-02
6.470E-01 1.138E+00 1.138E+03 3 420E+02 4.757E-01 1.158E-04 5.
6.473E-01 1.141E+00 1.141E+03 3 399E+02 4.8%91E-01 1.151E-04 5.
6.480E-01 1.144E+00 1.144E+03 3 377E+02 5.028E-01 1.143E-04 5
6.486E-01 1.147E+00 1.147E+03 3 .355E+02 5.168E-01 1.136E-04 35
6.491E-01 1.151E+00 1.151E+03 3333E+02 35.311E-01 1.129E-04 3.
1 5
1 5
1 5

Lo e o~ ;oW

S TR o8 ]

0O =] h Ln

1

1

1

1

1

1

6.496E-01 1.154E+00 1.154E+03 3311E+02 5457E-01 1.122E-04

6.502E-01 1.158E+00 1.158E+03 3.280E+02 5.606E-01 1.115E-04
6.507E-01 1.161E+00 1.161E+03 3.267E+02 5758E-01 1.108E-04

6.512E-01 1.163E+00 1.163E+03 3.245E+02 5914E-01 1.101E-04 5.116E-02

A69E+H00 1.169E+03 3 223E+02 6.074E-01 1.093E-04 5.098E-02

AT3EH00 1173E+H03 3.201E+02 6.237E-01 1.086E-04 5.081E-02

ATTEH00 LITTEHD3 3.178E+02 6.404E-01 1.079E-04 5.063E-02

JAB1E+00 1181E+D3 3.156E+02 6.575E-01 1.072E-04 5.(43E-02

ABSE+00 1L185E+D3 3.133E+02 6.750E-01 1.063E-04 5.027E-02

JAB9E+00 1.189E+D3 3.110E+02 6.92%9E-01 1.038E-04 5.009E-02

1

AS3E00 1193E+03 3.087E+02 7.113E-01 1.051E-04 4.991E-02

6.518E-01
6.524E-01
6.525E-01
6.535E-01
6.541E-01
6.547E-01
6.553E-01

e S St U O SO I TR B SO A I O R T

Figure 114: First lines of the P4.626_T350K worksheet. Table has been split into top and bottom
to fit on page.
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The ‘P(Pa)’ and ‘Cp(J/kg*k)’ columns were manually added after all the thermophysical
property data was added from the NIST WebBook website. The columns that contain the
pertinent thermophysical data are the ‘rho(kg/m”3)’, ‘Cp(J/kg*k)’, ‘mu(Pa*s)’ and the
‘k(W/m*K)’ columns. These columns contain the density, specific heat capacity at constant

pressure, dynamic viscosity, and thermal conductivity data, respectively.

A custom macro, written in the VBA programming language, converted tables of thermophysical
property data into Microsoft Excel worksheets that contain the data in a lookup table format for
later use in CFX as a FORTRAN subroutine. The following subroutine, when run in Microsoft
Excel, will fill the ‘R12cpCase2-data’ worksheet with specific heat capacity at constant pressure

data from both the ‘P4.626 T350K’ and ‘P4.646 T350K’ worksheets.

Sub R12_properties_fortran()

'I-->fortran sheet name
'FSheet = "R12rhoCase2-data"
'FSheet = "R12cpCase2-data”
'FSheet = "R12nuCase2-data"
FSheet = "R12kCase2-data"

"1-->NIST data sheet name, High pressure
NISTHPSheet = "P4.646_T350K"

'1-->NIST data sheet name, Low pressure
NISTLPSheet = "P4.626_T350K"
‘column corresponding to temperature in NIST table
TNIST =1
‘column corresponding to pressure
PNIST =3
‘columns corresponding to density, cp, viscosity, and thermal conductivity in NIST table
rhoNIST =4
cpNIST =11
nuNlIST =14
KNIST =15
'starting column and row in fortran table
c=1
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r=1
'starting row in NIST table
INIST =3

'I-->Select property to create table for
'NIST = rhoNIST

'NIST = cpNIST

'NIST = nuNIST

NIST = kNIST

'Loop until reached end of NIST table
While Sheets(NISTHPSheet).Cells(rNIST, TNIST) <> "*

Ifr=1Then

Sheets(FSheet).Cells(r, ¢) = "XX IF (T(ILOC).LE."
Else

Sheets(FSheet).Cells(r, c) = "XX ELSE IF (T(ILOC).LE."
End If

Sheets(FSheet).Cells(r, (¢ + 1)) = Sheets(NISTHPSheet).Cells(rNIST, TNIST)
Sheets(FSheet).Cells(r, (c + 2)) =") THEN"

'<property>1 low pressure

r=r+1

If NIST = rhoNIST Then
Sheets(FSheet).Cells(r, c) = "XX  RHO1="

Elself NIST = cpNIST Then
Sheets(FSheet).Cells(r, ) = "XX  CP1="

Elself NIST = nuNIST Then
Sheets(FSheet).Cells(r, ¢) = "XX  NU1="

Elself NIST = kNIST Then
Sheets(FSheet).Cells(r, c) = "XX  K1="

End If

Sheets(FSheet).Cells(r, (¢ + 1)) = (Sheets(NISTLPSheet).Cells(rNIST, NIST) -
Sheets(NISTLPSheet).Cells((rNIST - 1), NIST)) / (Sheets(NISTLPSheet).Cells(rNIST, TNIST) -
Sheets(NISTLPSheet).Cells((rNIST - 1), TNIST))

Sheets(FSheet).Cells(r, (¢ + 1)).NumberFormat = "0.00000000000E+00"

Sheets(FSheet).Cells(r, (c + 2)) = "*(T(ILOC)-"

Sheets(FSheet).Cells(r, (c + 3)) = Sheets(NISTLPSheet).Cells((rNIST - 1), TNIST)

Sheets(FSheet).Cells(r, (c + 4)) =")+("

Sheets(FSheet).Cells(r, (c + 5)) = Sheets(NISTLPSheet).Cells((rNIST - 1), NIST)

Sheets(FSheet).Cells(r, (¢ + 5)).NumberFormat = "0.00000000000E+00"

Sheets(FSheet).Cells(r, (c + 6)) =")"

'<property>2 high pressure
r=r+1
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If NIST = rhoNIST Then
Sheets(FSheet).Cells(r, c) = "XX  RHO2="
Elself NIST = cpNIST Then
Sheets(FSheet).Cells(r, ) = "XX  CP2="
Elself NIST = nuNIST Then
Sheets(FSheet).Cells(r, ¢) = "XX  NU2="
Elself NIST = kNIST Then
Sheets(FSheet).Cells(r, ) = "XX  K2="
End If
Sheets(FSheet).Cells(r, (¢ + 1)) = (Sheets(NISTHPSheet).Cells(rNIST, NIST) -
Sheets(NISTHPSheet).Cells((rNIST - 1), NIST)) / (Sheets(NISTHPSheet).Cells(rNIST, TNIST)
- Sheets(NISTHPSheet).Cells((rNIST - 1), TNIST))
Sheets(FSheet).Cells(r, (c + 1)).NumberFormat = "0.00000000000E+00"
Sheets(FSheet).Cells(r, (c + 2)) = "*(T(ILOC)-"
Sheets(FSheet).Cells(r, (c + 3)) = Sheets(NISTHPSheet).Cells((rNIST - 1), TNIST)
Sheets(FSheet).Cells(r, (c + 4)) =")+("
Sheets(FSheet).Cells(r, (¢ + 5)) = Sheets(NISTHPSheet).Cells((rNIST - 1), NIST)
Sheets(FSheet).Cells(r, (¢ + 5)).NumberFormat = "0.00000000000E+00"
Sheets(FSheet).Cells(r, (c + 6)) =")"

‘<property>(ILOC) at T(ILOC)
r=r+1
If NIST = rhoNIST Then

Sheets(FSheet).Cells(r, c) = "XX  RHO(ILOC)=((RHO2-RHO1)/("
Elself NIST = cpNIST Then

Sheets(FSheet).Cells(r, c) ="XX  CP(ILOC)=((CP2-CPL1)/("
Elself NIST = nuNIST Then

Sheets(FSheet).Cells(r, ¢) = "XX  NU(ILOC)=((NU2-NU21)/("
Elself NIST = kNIST Then

Sheets(FSheet).Cells(r, ) ="XX  K(ILOC)=((K2-K1)/("
End If
Sheets(FSheet).Cells(r, (¢ + 1)) = (Sheets(NISTHPSheet).Cells(rNIST, PpNIST) -

Sheets(NISTLPSheet).Cells(rNIST, pNIST))

Sheets(FSheet).Cells(r, (¢ + 2)) = "))*(P(ILOC)-"
Sheets(FSheet).Cells(r, (¢ + 3)) = Sheets(NISTLPSheet).Cells(rNIST, pNIST)
Sheets(FSheet).Cells(r, (c + 4)) = ")+CP1"
If NIST = rhoNIST Then

Sheets(FSheet).Cells(r, (c + 4)) =")+RHO1"
Elself NIST = cpNIST Then

Sheets(FSheet).Cells(r, (c + 4)) =")+CP1"
Elself NIST = nuNIST Then

Sheets(FSheet).Cells(r, (c + 4)) = ")+NU1"
Elself NIST = KNIST Then

Sheets(FSheet).Cells(r, (c + 4)) = ")+K1"
End If
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rNIST = rNIST + 1
r=r+1
Wend
'modify last "else if" statement
r=r-4
Sheets(FSheet).Cells(r, ¢) = "XX ELSE"
Sheets(FSheet).Cells(r, (c + 1)) =™
Sheets(FSheet).Cells(r, (c + 2)) =™
r=r+4
Sheets(FSheet).Cells(r, c) ="XX END IF"

End Sub

This subroutine is also used to fill the ‘R12rhoCase2-data’, ‘R12muCase2-data’, and
‘R12kCase2-data’ worksheets by removing and adding comments where necessary at the

beginning of the subroutine.

After the ‘R12cpCase2-data’, ‘R12rhoCase2-data’, ‘R12muCase2-data’, and ‘R12kCase2-data’
worksheets were populated with their respective thermophysical property data, each of the
worksheets was saved separately as a .F file, with the ‘—data’ tag removed from each of the
filenames. These new files, ‘R12c¢cpCase2.F’, ‘R12rhoCase2.F’, ‘RI2muCase2.F’, and
‘R12kCase2.F’ were moved onto a Linux server where the CFX runs were to be performed.
These files were then modified slightly as follows, to insure the files conform to the FORTRAN
language format. The following text is entered in a terminal. (% is not entered, it symbolizes the

start of the command line):

% sed —i ‘s/XX/ /g;s/E+/D+/g;s/E-ID-/g’ R12¢pCase2.F

291



The above command is repeated for the remaining ‘R12rhoCase2.F’, ‘R12muCase2.F’, and

‘R12kCase2.F’ files.

The .F files created so far still needed to be placed in a template .F file that contains the
necessary lines that enable the file to be used as a subroutine in CFX. Below is an example of the
FORTRAN subroutine, ‘R12cpCase2.F’, with the lines at the beginning and end added to enable

its use in CFX as a subroutine.

#include "cfxb5ext.h"
dllexport (cp case?2)
SUBROUTINE CP_CASEZ (
& NLOC,NRET,NARG, RET, ARGS,CRESLT,CZ,DZ,12,LZ,R2Z)

C .....
C
C ______________________________
C Argument list
C ______________________________
C
INTEGER NLOC, NRET, NARG
CHARACTER CRESLT* (*)
DOUBLE PRECISION RET (1:NLOC,1:NRET), ARGS(1:NLOC,1:NARG)
C
INTEGER IZ (*)
CHARACTER CZ (*)* (1)
DOUBLE PRECISION DZ (*)
LOGICAL LZ(*)
REAL RZ (*)
C
C .....
C
c ______________________________
C Executable statements
c ______________________________
C
C _________________________________________________________
C RHO, CP, NU, K = RET(1:NLOC, 1)
C T = ARGS (1:NLOC, 1)
C P = ARGS (1:NLOC, 2)
C _________________________________________________________
C
C--—-- Low level user routine
CALL CP _CASE2 SUB (NLOC,RET(1,1),ARGS(1,1),ARGS(1,2))
C
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CRESLT = 'GOOD'
END

SUBROUTINE CP _CASEZ SUB (NLOC,CP,T,P)

INTEGER NLOC, ILOC
DOUBLE PRECISION CP(NLOC), T (NLOC), P(NLOC), CP1l, CP2

DO ILOC=1,NLOC

CP(ILOC) = 0.0
Cpl = 0.0
Cp2 = 0.0

IF (T(ILOC).LE.350.5) THEN
CP1=6.25316778000E+00* (T (ILOC)-350)+(1.13445364575E+03)
CP2=6.22000760000E+00* (T (ILOC)-350)+(1.13380832518E+03)
CP (ILOC)=((CP2-CP1)/ (20000))* (P(ILOC)-4626000)+CP1

ELSE IF (T(ILOC).LE.351) THEN
CP1=6.37543896000E+00* (T (ILOC)-350.5)+(1.13758022964E+03)
CP2=6.34102592000E+00* (T (ILOC)-350.5)+(1.13691832898E+03)
CP (ILOC)=((CP2-CP1)/ (20000))*(P(ILOC)-4626000)+CP1

ELSE IF (T(ILOC).LE.351.5) THEN
CP1=6.50193358000E+00* (T (ILOC)-351)+(1.14076794912E+03)
CP2=6.46620442000E+00* (T (ILOC)-351)+(1.14008884194E+03)
CP (ILOC)=((CP2-CP1)/ (20000))*(P(ILOC)-4626000)+CP1

(Multiple rows of similar code have been omitted)

ELSE IF (T(ILOC).LE.524.5) THEN
CP1=-3.56766808000E-01* (T (ILOC)-524 )+ (8.45312999041E+02)
CP2=-3.62714288000E-01* (T (ILOC)-524 )+(8.45841875845E+02)
CP (ILOC)=((CP2-CP1)/(20000))* (P (ILOC)-4626000)+CP1

ELSE
CP1=-3.51946428000E-01* (T (ILOC)-524.5)+(8.45134615637E+02 )
CP2=-3.57838400000E-01* (T (ILOC)-524.5)+(8.45660518701E+02 )
CP(ILOC)=((CP2-CP1)/(20000))*(P(ILOC)-4626000)+CP1

END IF

END DO

END
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Various lines must be modified and labels must be changed so that the ‘R12rhoCase2.F’,

‘R12muCase2.F’, and ‘R12kCase2.F’ files can be used with the same template given above.

In order for CFX to use a FORTRAN subroutine as a shared library, the “cfxSmkext” command
must be used. An example of using this command is given below, where the text is entered in a

terminal on the local system which will also be used to run CFX:

% cfx5mkext —name R12cpCase2 —dest . —double R12cpCase2.F

The FORTRAN subroutine, “R12cpCase2.F”, must be placed in the same location as the desired
shared library, and the above command line is executed in this same location. The shared library

“R12cpCase2.s0” will be created in the present directory.

In CFX-Pre, a User Routine was created with the name, ‘CpRoutine’. The details of this User

Routine are as follows:

e Option = User CEL Function

e Calling Name = cp_case2

e Library Name = R12cpCase2

e Library Path = <path to the shared library folder that contains the ‘R12cpCase2.so’

shared library>

A Function was then created with the name, ‘cp’. The details of this Function are as follows:

e Option = User Function
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e User Routine Name = CpRoutine
e Argument Units = [K],[Pa]

e Result Units = [J kg"-1 K*-1]

The above procedure, starting with generating a FORTRAN subroutine, must be repeated for the

density, thermal conductivity, and dynamic viscosity.

A new material, named R12, was then be created in the Materials tab. In the ‘Specific Heat

Capacity’ section of the ‘Material Properties’ tab, the following is entered:

e Option =Value
e Specific Heat Capacity = cp(Temperature, Absolute Pressure)

e Specific Heat Type = Constant Pressure

The density, thermal conductivity, and dynamic viscosity were also given in the ‘Material
Properties’ tab in order to fully define R12, or any fluid for that matter. Additionally, the ‘Min.
Temperature’ is 350 [K], the ‘Max. Temperature’ is 525 [K], and the ‘Min. Absolute Pres.” and
the ‘Max. Absolute Pres.” were set to values that are the minimum and maximum expected
absolute pressures in the R12 domain, which are 4.626 [MPa] and 4.646 [MPa] for case 2,

respectively.

Under the R12 Domain tab, in the ‘Fluid 1° options, R12 was selected as the ‘Material’.

By performing the above steps, it was possible to perform numerical analysis using supercritical

R12 in CFX.

295



B.2  Implementing Supercritical Fluid Properties in FLUENT

In FLUENT, the National Institute of Standards and Technology (NIST) real gas model is used
to calculate the physical properties of water and R12 whenever needed by the solver. This model
uses the NIST Thermodynamic and Transport Properties of Refrigerants and Refrigerant
Mixtures Database Version 9.0 (REFPROP v9.0. To enable this model, the following text was
entered into the FLUENT console prompt (% is not entered, it symbolizes the start of the console

prompt):

% define/user-defined/real-gas/nist-real-gas-model

The following question appears in the console prompt, and was answered as follows:

% use real gas? [no] yes

The list of available fluids that can be selected was then be displayed. To select either water or
R12, “water.fld” or “R12.fld” was entered, respectively, making sure to include the double

brackets as shown below.

% select real-gas data file [""] "water.fld"

The NIST real gas model was then enabled for water, and any information appearing in the

materials panel for the fluid is ignored.
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APPENDIX C: SUPPLEMENTARY MATERIAL

C.1  AISI 304L Stainless Steel Specific Heat Capacity

Table 92 gives values of thermal conductivity at various temperatures for AISI 304L stainless
steel. These data were used to define the thermal conductivity of AISI 304L stainless steel in

both CFX and FLUENT.

Table 92: Thermal conductivity of AISI 304L stainless steel at various temperatures. Data from
Graves et al. [89].

TIK] | A [WImK]
3337 | 14.92
3549 | 15.27
380.1 | 15.62
380.3 | 15.77
4024 | 16.16
4231 | 16.63
4504 | 17.04
4505 | 17.06
4748 | 17.42
476.1 | 17.58
573.1 | 18.99
6732 | 20.46
975.3 | 24.33

C.2  Scalable Wall Functions - FLUENT

Scalable wall functions can be used in FLUENT for the k-g turbulence models and are based on
those of Launder and Spalding [82]. These wall functions only use equations that are specific to

the log layer. The non-dimensional distance from the wall for this wall treatment is
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pC;Mkl/zAn
U

(135)

* —_
YFLUENT =

where An is the wall-normal distance between the first and second mesh points away the wall.
When the value of yz, yenr 1S less than 11.225, then the minimum value of yz, ygnr that is used
in the equations for the wall treatment is 11.225. The variable ¥z gy IS USed in place of

YrLuent 1IN the boundary layer equations for this reason:

Yervent = Max(Yepyent, 11.225) (136)

This ensures the log layer equations are never used in a region of the boundary layer that they
were not intended for. The lower value of y* (yg.yenr) USed in FLUENT, 11.225, is very close
to the minimum value of y* (ys.41e) Used in CFX, 11.06. These values represent the approximate

location in the boundary layer below which the log layer equations cease to be valid.

The law-of-the-wall for the non-dimensional velocity is:

1
u+ = ;ln(9.793 yFLUENT) (137)

The velocity can then be calculated using the following equation

ut(u,)?

= 138
C/*k1/20n (13)
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