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Abstract

Transient Convection Heat Transfer of Helium Gas and Thermal
Hydraulics

in a Very High Temperature Gas-cooled Reactor

The very high temperature reactor (VHTR) is developed to deliver significant
advances compared with current active reactors in respect of economics, safety and
proliferation resistance. Meanwhile, owing to the high reactor outlet temperature (to be
achieved at about 1000 °C), VHTRs are designed not only aiming for electricity
generation but also for process heat utilization e.g. hydrogen production, coal gasification,
etc. To ensure safety, some thermal hydraulic problems remain to be solved like transient
heat transfer problems, bypass and cross flows in the reactor core, thermal performance
during loss of coolant situation and so on. In a VHTR system, the intermediate heat
exchanger also requires to be better designed and demonstrated due to the relatively high
temperature and high heat removal challenge. In this study, both fundamental
experimental research of forced convection transient heat transfer and thermal-hydraulics

analyses for reactor core by applying Computational Fluid Dynamics (CFD) were



performed.

Firstly, experimental research for forced convection transient heat transfer between
the solid surface and the coolant (helium gas) was conducted. Twisted plates with
different helical pitches, different lengths were investigated. The heat generation rate of
the twisted plate was increased with a function of Q = Qgexp(t/t), where ¢ is time, 7 is
period. Experiment was carried out at various periods ranged from 35 ms to 14 s and gas
temperature of 303 K under 500 kPa. The flow velocities ranged from 4 m/s to 10 m/s.
Platinum plates with a thickness of 0.1 mm and width of 4 mm were used as the test
heaters. Platinum plates with a constant pitch size of 20 mm and different pitch numbers
of 1, 3 and 5 were tested to show the effect of length on heat transfer coefficient. The
transient heat transfer effect with various periods of heat generation rate was clarified and
empirical correlations for both transient Nusselt number and quasi-steady state Nusselt
number were obtained. The heat transfer enhancement effect by twisted structure effect
was also clarified.

Then, three dimensional numerical simulation was applied to analyze the heat
transfer process and twisted structure induced heat transfer enhancement mechanism.
Numerical simulations for test heaters with various helical pitch sizes of 20 mm, 25 mm

and 30 mm were conducted to study the effect of helical pitch size on heat transfer



coefficient and the results were compared to a flat plate. Additionally, Platinum plates

with a constant pitch size of 20 mm and different pitch numbers of 1, 3 and 5 were also

simulated to show the effect of length on heat transfer coefficient. Simulation results were

obtained for average surface temperature difference, heat flux and heat transfer coefficient

of the twisted plate and showed reasonable agreement with the experimental data. Based

on the numerical simulation, mechanism of local heat transfer coefficient distribution was

clarified. A comparison of the twisted plate and flat plate was conducted to show the

difference in heat transfer coefficient distribution.

Finally, thermal-hydraulics analyses for reactor core by applying Computational

Fluid Dynamics (CFD) were performed. The effects of bypass flow and cross flow gaps,

which inevitably exist in the core of a VHTR were also taken into consideration.

Validation study for the turbulence model was performed by comparing the friction

coefficient with these by published correlations. A sensitive study for near wall mesh was

conducted to ensure the mesh quality. Parametric study by changing the size of bypass

gap and cross gap was performed with a one-twelfth sector of fuel block. Simulation

results show the influence of bypass gap size on temperature distribution and coolant

mass flow rate distribution in the prismatic core. It is shown that the maximum fuel and

coolant channel outlet temperature increases with the increase in gap size which may lead



to a risk on the structure of fuel block. According to the simulation results, the cross flow

can be divided to two kinds. One is the cross flow from bypass gap to coolant channels

and another is the flow from high pressure coolant channels to low pressure coolant

channels. These two kinds of flow have opposite influence on temperature gradient. It is

found that the presence of the cross flow gaps may have a significant effect on the

distribution of the coolant in the core due to flow mixing in the cross gaps.
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Nomenclature

Nomenclature
a thermal diffusivity, m%/s
C coefficient in Eq. 4.6
Ch specific heat of test heater, J/(kgK)
Cp specific heat of helium gas, J/(kg-K)
d diameter of the circular channel, m
E total energy, J/kg
g gravitational acceleration, m/s*
h heat transfer coefficient, W/(m? K)
hy enthalpy of the fluid, J/kg
hy enthalpy of the solid, J/kg
hst quasi-steady state heat transfer coefficient, W/(m?*K)
H 180 degree twisted pitch, m
L effective length of heater, m
Nu Nusselt number, AL/A

Nug quasi-steady state Nusselt number, Nug =hg L,/ A
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Nuy

Pr

Qo

Re

Regw

Re,

Sw

Ta

Ty

Tw

TWC{

AT

Nomenclature

transient Nusselt number (7 < 1 s)

static pressure, Pa

Prandtl number

heat generation rate per unit volume, W/m?
initial heat generation rate per unit volume, W/m?>
heat flux, W/m?

Reynolds number, UL/v

Reynolds number based on swirl velocity, Us,L/v

turbulent Reynolds number, Re, = v,k / i
Redefined swirl parameter, Re, /Y
temperature, K

average temperature of the heater, K

bulk temperature of the fluid, K

surface temperature of the heater, K

average surface temperature, K

temperature difference between wall and gas, K
time, S

velocity of helium gas, m/s

v



US‘W

Vn

ol

T*

Nomenclature

swirl velocity, U[1+(n/2Y)*]"2, m/s
coordinate along the axis of the plate, m
coordinate along the width of twisted plate, m
twisted ratio, H/W

wall-normal distance, m

dimensionless distance, * = pu,y, / u
coordinate along the thickness of the plate, m
heater thickness, m

Density of helium gas, kg/m’

density of test heater, kg/m?

thermal conductivity of test heater, W/(m-K)
kinematic viscosity of helium gas, m%/s
period of heat generation rate or e-fold time, s
dimensionless period, 7U/L

molecular viscosity, kg/(m-s)



Subscript

St

tr

bulk

film

test heater

swirl

quasi-steady state

turbulent

transient state

wall surface(Heater surface)

vi

Nomenclature
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Chapter 1

Chapter 1
Introduction

Even a cursory glance at the Copenhagen Climate Change Conference (2009) shows
that energy dilemmas are attracting extensive attention worldwide. It is suggest that the
global energy consuming will increase by approximately 37% between 2014 and 2050.[1]
While fossil fuels—oil, coal and natural gas will continue to account for the main part, it
is hard to not only increase energy supplies but also effectively manage the environmental
impacts including air pollution, global warming, acid rain and etc. Meanwhile, we have
to keep in mind that our fossil fuel sources are finite natural sources. It is not hard to
imagine that with the decrease in the fossil fuel sources and the increase in the cost of
environment concerns, the energy price has to go higher in the near future. Higher energy
price will certainly promote the development in renewable and nuclear energy. However,
we are all concerned about the safety since nuclear energy is double-edged, providing
relatively clean energy with price advantage but should a disaster due to nuclear accidents
occur the damage would be incalculable. Such lessons have been learned more than once
during the last fifty years, Three Mile Island accident (1979), Chernobyl disaster (1986),

Fukushima Daiichi nuclear disaster (2011). Though the development of enhanced safety


https://en.wikipedia.org/wiki/Fukushima_Daiichi_nuclear_disaster
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assurance systems could reduce the risks of nuclear energy accidents, the safety

coefficient could never reach a one hundred percent due to the unpredictable natural

factors and the human factors involved in the nuclear power control system, the

equipment maintenance, the accident management and so on. Therefore, serious

considerations are required during the transition from current energy patterns to a

sustainable energy future. The choices are very limited, though.

Early in 1987, the notion of sustainable development was given by Brundtland in a

report named the world commission on environment and development, sustainable

development is development that meets the needs of the present without compromising

the ability of future generations to meet their own needs [2]. While the argument on

whether the nuclear energy could be included in sustainable energy strategies has never

stopped. At the national level, different government hold different attitudes. For example,

nuclear energy is classified as sustainable energy in China, South Korea, and etc., but is

ruled out in countries like Denmark, Austria and so on.

Under this background, the International Generation-1V Initiative was established in

2000 with global cooperation aiming at developing a new generation of nuclear energy

systems to deliver significant advances compared with current reactors in respect of

economics, safety, environmental performance, proliferation resistance, and physical
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security. Countries involved in the Generation-IV International Forum (GIF) including

Canada, China, EURATOM, France, Japan, South Korea, Switzerland and USA.

Generally, six reactor systems were selected as candidates for meeting the Generation- [V

goals [3]:

(1) Very high-temperature gas-cooled reactor (VHTR);

(2) Gas-cooled fast reactor (GFR);

(3) Sodium-cooled fast reactor (SFR);

(4) Lead-cooled fast reactor (LFR);

(5) Molten salt reactor (MSR); and

(6) Super-critical water-cooled reactor (SCWR).

Among all the Generation-IV reactors, the VHTR was selected by United States

Department of Energy (DOE) for the Next Generation Nuclear Power (NGNP) Project, a

project launched by Congress in the Energy Policy of 2005. The mission of the NGNP

project is to demonstrate a high temperature gas-cooled reactor plant that would generate

high-temperature process heat for use in hydrogen production and other energy-intensive

industries while generating electric power at the same time. In the present stage, two types

of reactor concepts, i.e., a prismatic graphite block type and a pebble bed type, are under

development not only in USA but also in some other countries, such as South Korea,
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Japan and China.

1.1 Historical development of gas-cooled reactors

Gas cooled reactors were developed since 1950s with various types and coolant
gases. Some of the reactors were shut down, some were in operation, and still some were
under constructions. The most commonly used coolant gas were carbon-dioxide and
helium gas. A list of the gas cooled reactors from all over the world can be shown as
follows:

(1) Graphite moderated Gas-cooled reactor, e.g. Magnox (UK) and Uranium Naturel
Graphite Gaz reactor (UNGG, France).

(2) Advanced gas-cooled reactor (AGR)

(3) Heavy Water Gas Cooled Reactor (HWGCR)

(4) Gas-cooled fast reactor (GFR)

(5) Gas turbine modular helium reactor (GT-MHR)

(6) High temperature gas cooled reactor (HTGR)

(7) Pebble bed reactor (PBR), e.g. AVR reactor (Arbeitsgemeinschaft
Versuchsreaktor, Germany) and thorium high-temperature nuclear reactor (THTR-300,

Germany)


https://en.wikipedia.org/wiki/Thorium_fuel_cycle
https://en.wikipedia.org/wiki/Nuclear_reactor
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(8) Very high temperature reactor (VHTR)

The first commercial gas cooled reactor was a COz-cooled Magnox reactor called

Calder Hall built in the United Kingdom, 1956 (shut down in 2003) . Since then, a total

of 26 Magnox reactors were built in UK. Magnox reactors were also exported to other

countries, such as Italy (Latina, 1987) and Japan (Tokai Mura, 1998). The fist Magnox

reactors were designed principally to produce plutonium for nuclear weapons, while the

efficiency was extremely low, only 18.8% [4]. Later, the Advanced Gas-Cooled Reactors

were developed from the Magnox with improved thermal efficiency. Since 1976, a total

of 14 commercial AGRs (seven stations, each with two AGRs) were built in the UK, and

they are all still in operation with high availability.

The first HTGR was the 20 MW(t) Dragon test reactor in the UK constructed in the

late 1950s/early 1960s and only operated until 1976. 1t is followed by two low-power

HTGRs with different type: the Peach Bottom Unit 1 (1966-1974) in USA which is

prismatic core with cylindrical fuel elements, and the AVR (1967-1988) in Germany

which is pebble-bed core. Later, two-mid-sized HTGRs were constructed: the Fort St.

Vrain (FSV, 1976-1989) in the USA, and the Thorium Hochtemperatur Reaktor (THTR,

1985-1991) in Germany. Although the operation for the test reactor and the low-power

reactors were great success and demonstrated the technical feasibility of HTGRs, both
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mid-sized HTGRs experienced a number of problems. Nevertheless, valuable feedback

on the fuel was produced and several demonstrations of passive safety performance were

proved. However, a temporary stagnation for the developing of HTGR begins from 1990s

after the Power Nuclear Project (PNP-500) in Germany was brought to a halt [5].

High Temperature Gas Reactors Timeline

1950s ‘ 1960s ‘ 1970s 1980s 1990s 2000s 2010s 2020s Future
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» i
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| z '
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Figure 1.1 Timeline of HTGR development. [6]

The research on gas-cooled reactors did not gain much attention until recently owing

to the possibility of passive safety performance and the high efficiency based on the high
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reactor out let temperature. Now, two HTGR experimental reactors with different core
types were in operation: the High Temperature Test Reactor (HTTR) with prismatic core
in Japan, and the High Temperature Reactor (HTR-10) with pebble bed in China. A

timeline for the HTGR development is shown in Fig.1.1 [6].

1.2 Status of new national projects

The global cooperation for developing the VHTR systems was driven by GIF in the
signatory countries. A number of national R&D (Research and Development) and
demonstration projects were established in South Korea, Europe, USA, Japan, China, and
so on. Several newly designed HTGRs have been constructed or in the process of design.

South Korean: Two major projects has been established by the Korean government
to support the South Korean long-term VHTR development plan: the key technologies
development project and the nuclear hydrogen development and demonstration (NHDD)
project. Key technologies in developing nuclear hydrogen systems including the design
and analysis codes development, material and experiments technology, TRISO fuel
manufacturing, SI hydrogen production technology and so on. The NHDD project aims
at the design, construct and demonstrate of the nuclear hydrogen system by 2030 [7]. The

NHDD project is expected to be supported by both the government and the industry, the
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alliance was formed in 2009 with 7 nuclear industrial companies or institutes. Also, a

memorandum of understanding (MOU) was signed by the Korean alliance with NIA

(NGNP Industrial Alliance) at ICAPP (International Congress on Advances in Nuclear

Power Plants) in 2013.

Europe: Europe has been a leader in High Temperature Reactors (HTRs) since 1960s

with a lot of experimental and operational experiences accumulated from the test reactors

DRAGON, AVR as well as the first European industrial high temperature prototype,

THTR. Also, in the 1980s an innovative breakthrough-the modular concept was

introduced which led to the design of the HTR MODULE and formed the basis of the

HTR-10 and HTR-PM reactors later developed in China [8].

After the temporary break due to the nuclear phase out in Germany, the HTR

development restarted in Europe in 1998, and since then a series of projects have been

launched, INNOHTR in the Fourth Framework Programme (FP4), a cluster of nine

coordinated projects (2000-2006) in the Fifth Framework Programme (FP5), RAPHAEL

in the Sixth Framework Programme (FP6) and so on [9]. In addition, a long term coherent

partnership for the development of HTR (High Temperature Reactor) technology was

established in 2000, as known as the HTR-TN (high temperature reactor-technology

network). Substantial achievements were gained from the network that it led to advances
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in HTR/VHTR technologies which can contribute to the international cooperation

through the GIF. The HTR-TN contributes mainly on the validation of computer codes or

the design tools, the materials, component development, fuel manufacturing and

irradiation behavior, and waste management [9]. Key experiments involving irradiation

behavior, fuel burn up, safety tests, IHX tests, air ingress experiment, etc. have been

performed or are still ongoing with the support of a series of European projects, such as

the CARBOWASTE (in FP7), the EUROPAIRS, the ADEL, and the NC21-R.

USA: In the US, the Next Generation Nuclear Power (NGNP) Project was mandated

by Congress in the Energy Policy of 2005 with two possible versions, one for a prismatic

fuel type helium gas-cooled reactor and one for a pebble bed fuel type helium gas-cooled

reactor [10]. Three basic requirements were set for the VHTR development: a coolant

outlet temperature of about 1000 °C, passive safety, and a total power output consistent

with that expected for commercial high-temperature gas-cooled reactors. Three major

institutes or companies took part in the NGNP project: AREVA, General Atomics and

Westinghouse. For the pre-conceptual design studies, General Atomics and AREVA

mainly focused on the GT-MHR and prismatic block-type VHTR whereas Westinghouse

was putting forward a Pebble Bed Modular Reactor. In 2008, the US-DOE and the

Nuclear Regulatory Commission (NRC) submitted a joint licensing strategy to build a
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framework for license application submission in order to get industry support for the

NGNP project. In 2012, the NGNP industry Alliance has expressed a preference for the

prismatic block type VHTR.

Japan: In 1969, the new generation reactor project was launched by Japan

government aiming at not only the electricity generation but also the process heat for the

iron industry. Around 1998, the High Temperature Test Reactor (HTTR) was built and

since then the R&D was promoted by the Japan Atomic Energy Agency (JAEA). Under

the government promotion, part of the work is cooperated with an OECD (Organization

for Economic Cooperation and Development) /NEA (The Nuclear Energy Agency)

project with the USA, South Korea, Czech Republic, France, Germany, Hungary and

Japan as partners. VHTR related R&D consists of three parts, HTTR related tests,

innovative HTR designs and hydrogen production technology. As for the innovative HTR

designs, several innovation designs were suggested, such as the Naturally Safe High

Temperature Reactor (NSHTR), the Clean Burn High Temperature Reactor (CBHTR) and

the Multi-purpose HTGR (MPHTGR).

China: In 2007, the national projects on the development of nuclear power proposed

by National Development and Reform Commission (NDRC) was approved by the State

Council. The development of the generation four reactors were promoted by the
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government finance support. As for HTR development, the preferred type was pebble bed
type helium gas cooled reactor in China. The experimental reactor HTR-10 built by
Institute of Nuclear and New Energy Technology (INET) of the Tsinghua University in
China was put into service around 2000. Based on the experimental tests and analysis
experiences gained from the HTR-10, a scaling up High Temperature Reactor-Pebble bed
Module (HTR-PM, 210 MWe) project was started up. HTR-PM demonstration plant
situated in Shidaowan of Shandong Province consists of two reactor modules that will
drive together a single 210 MWe turbine. Construction started in 2012 and the commercial
operation is scheduled for late 2017. Additionally, a proposal to construct two 600 MWe
HTR plants- each with three twin reactor modules and turbine units- at Ruijing city in
China’s Jiangxi province passed a preliminary feasibility review in early 2015.

Construction is expected to start in 2016.

1.3 Thermal-hydraulics challenges for VHTR system

While developing the HTGR system, both the prismatic type and the pebble bed type
have experienced various problems not only in the reactor core, but also for the helium-
driven gas turbine, the Intermediate Heat Exchanger (IHX) and the fuel cycling system

due to the high temperature. One of the major concerns on the VHTR system is the
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transient heat transfer process during the startup process, load change process or due to

accidents e.g. power burst, rapid depressurization (Loss of coolant situation) and

withdraw of control rods are rather complicated for the HTGR system. For instance,

during power burst or loss of coolant accident, the graphite reflector acts as major heat

sink to maintain fuel temperatures below the design limit maximum temperature for the

fuel. This process has to be accurately designed and demonstrated to achieve passive

safety demand for VHTR reactor. The behavior of heat transfer devices during transient

processes with fast temperature changes may cause some undesirable results such as

reduced thermal performance and thermal stress with eventual mechanical failure.

Therefore, transient forced convection heat transfer process accompanying exponentially

increasing heat input to a heater is important and a better understanding should be

generated.

With improved temperature of the working fluid and cycle efficiency of the VHTR

system, heat exchangers with high-effective, high integrity have to be achieved. Usually

the compact heat exchangers are adopted with the application of heat transfer

enhancement technology. A variety of techniques can be applied to improve the

effectiveness of heat exchangers by generating strong secondary flows or increasing

boundary layer turbulence, such as increasing the surface area by applying various
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structures of fins, inserting of a twisted tape that consists in a periodical twist, improving

surface roughness and using helically coiled tube. Though, it is well know that the twisted

inserts will improve the heat transfer coefficient for the tube flow, the understanding for

the mechanism of twisted plate induced secondary flow or turbulence increasing in the

boundary layer was still not clearly generated.

Another major concerns on VHTR core is the fuel temperature. A report reviewing

experience with the AVR published in 2008 pointed out that the AVR’s fuel might have

reached dangerously high temperatures during operation [11]. According to the design,

maximum fuel operating temperature within the reactor should not exceed 1130 °C

whereas the fuel pebbles which are designed to bear 1400 °C heat up, melted with the

strips placed within nearby fuel pebbles meaning the reactor was being operated beyond

the design limits. Though it was first stated as the result of poor-quality fuel pebbles, other

reports show that it might be related to the extreme contamination of the AVR. Likewise,

for the prismatic type HTGR, an important issue involving the performance of the fuel

particles under normal operating conditions is the power peaking of the fuel rods which

will lead to fuel hot spot, hot channels, and in some extreme conditions, the melting of

fuel rods. For the prismatic type HTGR, possible solutions could be the use of burnable

poison rod locations in the fuel blocks or graded particle pacing fractions in the fuel rod
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rows after careful thermal-hydraulics analyses for the core.

In addition, Small gaps among the neighboring blocks exist due to tolerances in
manufacturing and installation. Also, the gap size will change during the operation
because of thermal expansion and fast-neutron induced shrinkage. Most of the coolant
flows through the coolant holes as designed, while a little portion of coolant will flow
through the gaps between hexagonal graphite blocks, which is defined as bypass flow.
Besides, coolant flows in perpendicular direction to the coolant holes through the
interfacial gaps between two block prisms is defined as crossflow. The existence of
bypass and cross flow decreases the coolant flows through coolant channel and thus leads
to an increase in maximum fuel temperature, which raises potential structural problems.
In addition, some researches indicate that bypass and cross flow will cause a large
variation in temperature for the coolant jets exiting the core into the lower plenum, which
may cause “hot streaking” issue near the entrance of the hot outlet duct [12]. In this regard,
evaluation of the core flow distribution and thermal hydraulic analysis are important for

the reactor design and safety assessment.

1.3.1 Transient heat transfer problems

As introduced above, transient heat transfer processes has to be carefully studied to
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ensure passive safety capability of VHTR reactor or to ensure the work temperature of

intermediate heat exchanger (IHX) do not exceed limited maximum value.

Though many analytical solutions and experiments were reported on the steady state

heat transfer, the transient process is much more difficult due to the complex thermal

hydraulic phenomena. Soliman and Johnson analytically obtained a temperature change

in plate by taking into account the turbulent boundary around the plate. However, the

solution of heat transfer coefficient for water is 50% higher than their experimental data

[13]. Kataoka et al conducted the transient experiment of water which flows in parallel to

a cylinder, and obtained an empirical correlation for the ratios between the transient heat

transfer coefficient and steady state one in term of one non-dimensional parameter

composed of period, velocity, and heater length [14]. Liu and Fukuda obtained the

experimental data and correlations for parallel flow of helium gas over a horizontal

cylinder and a plate [15-17]. They investigated diameter and geometric effect of heaters

on transient heat transfer. Meanwhile, they also did some simple numerical studies on

transient heat transfer [18].

With the improvement of computer performance, the computational fluid dynamic

(CFD) tool began to be applied for the numerical analysis of the transient heat transfer

process. Gordeev et al. simulated steady state convective heat transfer in heated helium
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channel flow at the flow Reynolds number below 10,000 by the commercial STAR-CD

code [19]. Chen et al. tried transient simulation for helium cooled IFMIF (The

International Fusion Materials Irradiation Facility) high flux test module by ANSYS CFX

and Star-CD code and qualified the CFX k-g model [20]. However the transient inner wall

temperatures still have differences of over 10% by comparing to experimental results.

1.3.2 Utilization of HTHESs and heat transfer enhancement

Due to the high operation temperature, high temperature heat exchangers (HTHE)

are required while developing the VHTR system. The shell-and-tube heat exchangers

which are usually designed as helically arranged bundles were the first used intermediate

heat exchanger (IHX) in the High Temperature Engineering Test Reactor (HTTR) of

Japan [21]. Due to the high heat generation rate of the VHTRs, the IHXs used to remove

the heat has to be carefully designed. Various kinds of heat transfer enhancement

technologies are under developing in order to reduce space, weight and material cost of

the IHXS.

Twisted plates are often adopted to enhance heat transfer in tube flows as turbulence

promoters. There are some works on heat transfer using twisted-tape inserts in tubes and

ducts to enhance heat transfer, usually in steady states with uniform wall temperature
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(UWT) or uniform heat flux (UHF). Saha et al. conducted experimental study for

regularly spaced twisted-tape induced laminar tube flow with UHF and the effect of tape

width, higher-than-zero phase angle were discussed [22]. Manglik and Bergles

investigated heat transfer and pressure drop correlations for twisted-tape-inserts in

isothermal tubes [23, 24]. A wide range of Reynolds number from laminar to transition

and transient flow had been studied. They also presented experimental flow visualization

and computational modeling of single-phase laminar flows to clarify the mechanism of

enhancement of heat transfer [25].

However, the researches mentioned above have been aiming at the heat transfer

enhancement on the tube flow, the study focused on twisted plate itself was seldom

reported. Hata et al. studied the twisted-tape-induced swirl flow heat transfer with

exponentially increasing heat inputs and measured the pressure drop by a forced

convective flow [26]. A predictable correlation for turbulent heat transfer of the twisted

tape was derived based on experimental data. However, the study was based on water, for

helium gas there is no reliable correlations or proper numerical models for the prediction

of transient temperature and heat transfer coefficient. Hence, it is important to establish a

database on forced convection of helium gas which can be applied to the thermal

hydraulic analysis for the IHX.
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1.3.3 Temperature and flow distribution in the core

In a prismatic VHTR core, most of the coolant flows through the coolant holes in
the graphite compacts with or without fuel rods, while a little portion of bypass flow and
cross flow will also occur. The flow distribution in the core has significant influence on
the heat transfer performance within the core thus affects the temperature distribution in
the core and the lower plenum where the helium gas mixed to reach relative uniform
temperature and then flows out of the reactor. The location of maximum temperature of
the fuel assembly in a reactor core is called hot spot. Due to the temperature limitation of
the fuel rods, the hot spot temperature should not get over a criterial value of about
1600 °C. In addition, the existence of bypass and cross flow will decrease the amount of
the coolant gas flows through the designed coolant channels. In some extreme
circumstances, it might cause hot channel issue and lead to a large variation in
temperature for the coolant jets exiting the core into the lower plenum, which may cause
“hot streaking” issue near the entrance of the hot outlet duct. Therefore, the flow and
temperature distribution in the reactor core requires well understanding and has to be
carefully designed.

Simplified models such as the equivalent cylinder model and the unit cell model had

been widely used for the analyses and designs for prismatic reactors [27]. Although a
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basic evaluation of heat transfer in the core can be acquired with economically reduced

computational efforts, these simplified models are hard to take the interior heat transfer

within a single fuel assembly and the gap flow between fuel assemblies into consideration.

Thus, full three-dimensional thermal hydraulics analysis for the reactor core have

attracted great interest. Several experimental researches and computational fluid dynamic

(CFD) analysis have been carried out to investigate the bypass and cross flow phenomena.

For the complexity of core, experimental studies are based on simplified structures. These

results show the effect of bypass and cross flow on flow distribution, and it is considered

that pressure difference is the main influencing factor [28]. A Three dimensional

simulation by using a one-twelfth sector of fuel block in full length of core has been

conducted by Tak et al. [29]. The temperature distribution of the fuel block was clearly

shown and a better understanding of the bypass flow influence was acquired. However

the coolant mass flow rate distribution was not clarified through the calculation model.

Due to the complicated structure, massively computation capabilities are demanded

for the full scale calculation. Such large computational requirements are not necessarily

caused by the 3-D heat conduction in the graphite blocks, but rather by the simulation of

helium flow in the coolant channel [30]. In this region, turbulence flow are coupled with

solid surface and very fine mesh were required to solve the turbulence equations in the
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boundary layer. Thus, replacing the 3-D CFD simulation of the helium flow in the coolant

channel with empirical correlations will effectively reduce the computational

requirements and make full core thermal hydraulics analysis possible. For VHTR core

analysis, Travis and El-Genk tried 3-D full length CFD analysis for 1/6 core by applying

a convective heat transfer correlation to the helium flow in coolant channels [31].

However, this correlation was not developed from experimental data, but based on the

results of a 3-D numerical analysis of a single fuel module with a central flow channel.

In light of these, it is deemed necessary to clarify the transient heat transfer process and

to develop experimentally based empirical correlations for the forced convection of

helium gas flowing over a solid surface to be applied in the VHTR core analysis.

For the study of bypass and cross flow in full length of core, CFD approach is even

more complex due to the block structure. Thus, very few reports can be found. Sato et al.

[32, 33] also conducted a research on the core by a one-twelfth sector. The influence of

bypass flow on maximum fuel temperature and mass flow distribution were investigated.

Wang et al. [34] studied the cross flow phenomenon based on a two-layer block model.

According to the simulation result, a significant flow occurs in the crossflow gap by

removing coolant from bypass flow gap toward coolant holes with a reduction up to 28%

of the mass flow rate in the bypass flow gap. However this study is based on normal
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atmospheric temperature without heating and the inlet boundary condition adopted is

uniform mass flow rate condition.

1.4 Objectives and Outline of This Thesis

This research is conducted to study the thermal-hydraulics problems for the VHTR
system including the transient heat transfer phenomena, the heat transfer enhancement for
HTHEs, and the flow and temperature distribution in the reactor core. Experimental
research and numerical simulation methods are both applied in this study.

In our previous research, Liu et al. [16-18] obtained the experimental data and
correlations for parallel flow of helium gas over a horizontal cylinder and a plate. The
diameter and geometric effect of heaters on transient heat transfer were investigated under
wide experimental conditions. Meanwhile, some simple numerical studies on transient
heat transfer have also been done by Zhao et al. [35]. In the study by Zhao et al.,
simulation works were based on simple structure of flat plate and several turbulence
models were compared. However, there are few experimental data and numerical solution
on helium gas flowing over a twisted plate, since simulation work is more complicated
due to the structure.

In this paper, chapter 2 is focused on the experimental study of transient heat transfer
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phenomenon. The experimental apparatus, the electric control and measurement circuit,

the experimental method and procedure, the experimental conditions, and the

experimental results will be introduced. The test heater was installed in a test loop that

the pressure, flow velocity, and the temperature of the helium gas could all be adjusted to

designed value. A twisted plate was used as the test heater with the heat generation rate

increasing in an exponential function. The heat flux, surface temperature difference and

heat transfer coefficient were measured under various heat generation periods and

velocities. Experimental results for the transient heat transfer process due to exponentially

increasing heat generation rate was generated.

In chapter 3, the numerical simulation method was introduced in detail with the

simulation model, mesh validation, turbulence model selection. Numerical simulation

results were obtained for average surface temperature difference, heat flux and heat

transfer coefficient of the twisted plate and showed reasonable agreement with

experimental data. A comparison for the heat transfer coefficient distribution along the

twisted plate with a flat plate was shown to show the effect of the twisted structure. The

heat transfer enhancement mechanism induced by the twisted structure was clarified.

In Chapter 4, the heat transfer enhancement by twisted structure was discussed by

considering the influence of flow velocity, the effect of helical pitch, and the effect of
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length. A series of twisted plate with different with different helical pitch and length was

experimentally and numerically studied. The diameter and geometric effect of heaters on

transient heat transfer were investigated under wide experimental conditions. In addition,

three-dimensional transient simulation were also carried out to get the temperature

distribution, velocity distribution and heat transfer coefficient. Effect of heater length on

heat transfer was discussed based on the experimental data and simulation results.

Correlations for quasi-steady state and transient heat transfer of twisted plate were

obtained under wide experimental conditions. In addition, local heat transfer coefficient

along the twisted plate was also investigated. According to this study, the numerical

solution result for the single phase helium gas flow is reliable and could be applied as one

of the approach for heat transfer enhancement design. In addition, the experiments for

forced convection helium gas flowing over a heating surface in this research also provide

as benchmarks for the numerical study of VHTR core.

In Chapter 5, the heat transfer process within a referenced GT-MHR is investigated

by using the commercial code ANSYS FLUENT (ANSYS 14.0) based on the validated

numerical simulation method in the Chapter 3 and 4. Effect of core bypass gap on flow

distribution and fuel maximum temperature are studied with a full length model. Hot spot

temperature of the block, coolant outlet temperature difference and bypass flow fraction
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are compared for bypass gap sizes of 0, 3 and 5 mm. The detailed temperature distribution

within the fuel block is clarified. Moreover, the influence of core cross flow on mass flow

rate of coolant outlet channels and heat transfer in the core is also investigated.
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Chapter 11

Experimental Tests for Forced Convection Transient

Heat Transfer
2.1 Introduction to the experimental apparatus

Experimental apparatus was reported in Liu et al. [17]. A schematic diagram of the
experiment apparatus is shown in Figure 2.1. The experimental system is composed of
gas compressor (2), flow meter (5), test section (6), surge tank (3), (8), cooler (7), the heat
input control system, and the data measurement and processing system.

The main flow loop and flow direction of helium gas is shown by the arrows. A
vacuum pump was used to degas the main flow loop and other branches. Helium gas was
circulated by a compressor, and the fluctuations of gas flowing and pressure due to
compressor were removed with the high-capacity surge tanks which are set at both inlet
and outlet of the compressor. Moreover, the helium gas inside the loop was cooled by a
cooler after the exit of the test section and before flows into the compressor and it will be
heated to the desired temperature level by a preheater. Flowing rate in the test section was
measured with the turbine meter, and the system pressure was measured with a pressure

transducer. The temperature of the turbine meter exit and the temperature near test section
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heater were measured by K-type thermocouples with a precision of =1 K.
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9. Vacuum pump 10. Thermocouple 11. Pressure indicator

Figure 2.1 Schematic diagram of experimental apparatus.

The test heater was mounted horizontally along the center part of the circular test

channel, which is made of stainless steel (20 mm in the inside diameter), as shown in

Figure 2.2. Platinum plate with thickness of 0.1 mm, width of 4 mm was used as the test

heater. A twisted heater with the 360 degree helical pitch of 20 mm was used in the

experiment. The ends of the heater were connected to two copper plates with the same

thickness, then connected to two copper electrodes. Two fine platinum wires (50 pm-dia.)
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were spot welded to the end parts of the twisted plate as potential conductors. The length

between the potential taps is defined as the effective length on which transient heat

transfer was measured.

Current source

5 2 1 2 5 Insulato_r__\ 3
[I I:I
/
I / |
Flow 4
L H |

1. Test heater 2. Potential conductor 3. Current conductor 4. Thermocouple

Figure 2.2 The test section.

The test heater was heated by direct current from a power source. The heat

generation rates of the heater were controlled and measured by a heat input control system

[36]. The average temperature of test heater was measured by resistance thermometry

using a double bridge circuit including the test heater as a branch [37]. The test heater

was annealed and its electrical resistance versus temperature relation was calibrated in

water, and washed with a trichloroethylene liquid before using it in the experiment.
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2.2 Electrical control and measurement circuit

A schematic diagram of the overall electrical control and measurement circuit for

the test section could be shown as Figure 2.3. A total of four parts including the double

bridge circuit, electrical control and feedback part, the signal input part and the output

data processing part were built with connections. The double bridge circuit (also called

Kelvin Bridge or Kelvin double bridge) was applied to measure the resistance of the test

heater so as to obtain the average temperature of the test heater with the calibrated

temperature-resistance correlation. A high speed analogue computer was applied in part

2 to support a rapid and precise calculation-feedback process for the heat generation and

heater temperature control. While the signal input and output data processing were

fulfilled with a personal computer (PC).
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Figure 2.3 Electrical control and measurement circuit.

The heat input to the test heater was generated from direct current by a changeable

low-voltage power and the control system is shown in the part 2 of Figure 2.3. The input

signals as the reference value of heat generation rate and the heater temperature were

converted to analogue signals through a digital to analog (D/A) converter. When the initial

power was added to test heater, the actual generated heat generation rate (analog signal)
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could be calculated through a calculation section with the measured Viand Vg, which are
amplified through an amplifier. The actual heat generation rate was fed back to be
compared with the reference value, so as to adjust the power output to minimize the
differences between the actual value and the reference value. Moreover, the actual value
of heater temperature (analog signal) was calculated through a calculation section with
the measured Vt and Vi, and it was also used as a feedback signal to be compared with
the corresponding reference value of heater temperature. Once the actual heat generation
rate or the actual heater temperature of the test heater reaches the corresponding reference
value set before, the current of the power supply is instantaneously intercepted by the

electronic switch.

2.2.2 Measurement and output data processing system

As shown in the part 1 of Figure 2.3, the double bridge circuit is used for the
temperature measurement of the test heater. It is a widely used indirect temperature
measurement method with high accuracy for unknown electrical resistors below 1 ohm.
As we known, resistors above about 1 ohm can be measured by simply using an ohmmeter
or a Wheatstone bridge, for which the resistance of the connecting wires is negligible

compared to the resistors. However, for the resistor is of less than 1 ohm, the resistance
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of the connecting wires becomes not negligible. The double bridge circuit is designed to
remove the effect of the resistance connecting wires or terminals with four terminals for
the objective resistor. The connection of the four terminals of the test resistance (test
heater) with double bridge circuit is shown in Figure 2.2 and Figure 2.3.

Electric equilibrium was taken at main fluid temperature for each experiment before
the experiment beginning. When the experiment starts, the electric current, flows through
the test heater, and the temperature of the test heater rises, then the equilibrium of double
bridge circuit was broken. The output voltages of the bridge together with the voltage of
drops across the potential taps of the heater across the standard resistance and gas
temperature signal from the thermocouple which present the main fluid temperature are
amplified and passed to the A/D converter of a computer. The data was processed by the
computer. The converter is 16 bit A/D (synchronization 4 ps/4CH of sampling
simultaneously, 1us of conversion time for each channel).

The resistance of the test heater is given by the next equation.

v
RiR3 +7t(R3 +Ry)

R. = 2.1
x £ 2.1)

The average temperature of the test heater is obtained by calculating a previously

calibrated resistance-temperature relation. The heat generation rate of the test heater is
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given by the next expression.

O=Vp—t 2.2)

2.3 Experimental method and procedure
2.3.1 Temperature-resistance calibration for test heater

The application of platinum resistance for temperature measurement over a wide
temperature range depends on the quasi-linear correlation of the temperature-resistance
and differential sensitivity for 07 /OR . The Callendar-Van Dusen equation is generally

known as a valid correlation for the temperature-resistance relationship and is given as:

R=Ry(+aT, + BT,>) 2.3)

Where, T, is the average temperature, °C, R is the measured resistance at temperature of
Tu, mQ, aand p are temperature coefficients. Typically, industrial platinum resistance
thermometers have nominal o and S values of about 3.98 x 103, 5.88 x 1077, respectively.

In this experiment, the hand-made platinum test heaters were calibrated for the
temperature range from 25 °C to 150 °C with a thermostatic bath. The calibrated

correlations were list in the Table 2.1:
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Table 2.1 Calibrated R-T correlations for the test heaters

Test heater Effective length Calibrated R-T correlations
Pitch number = 1 26.8 mm R=6.360x(1+3.923x107>T —0.588x107°7?)
Pitch number = 3 67.8 mm R=16.833x(1+3.980x107>7—0.588x107°72)
Pitch number = 5 106.4 mm R=26.861x(1+3.979x103T —0.588x107°72)

2.3.2 Temperature measurement for test heater

The heat generation rates of the heater were controlled and measured by a heat input
control system with a function of O =Q, exp(¢/7) . Where O is heat generation rate,
0, 1s initial heat generation rate, ¢ is time and 7 is heat generation period. According to
the exponential function, a shorter heat generation period will result in a higher increasing
ratio of heat generation.

The average temperature of test heater T, was measured by resistance thermometry
using a double bridge circuit including the test heater as a branch [36, 37]. With the
measured 7, of the test heater, the surface temperature of the test heater was calculated

from following unsteady heat conduction equation of the plate by assuming the total

33



surface temperature to be uniform.

For the plate heater,

Chapter 11

or 0T O
—=a— (2.4)
ot PrCh
Boundary conditions are as follows,
oT
- =0 , — ﬂa_T =q
ox |, ox|, %
2
I 2Tdx 2 5
L= ==—|""Tdx (2.5)
512 dx S 0

where, A (W/mK) anda (m?/s) are the thermal conductivity and thermal diffusivity.

The indeterminacy of the measurement of the heat generation rate, heat flux of the

test heater and heat transfer coefficient were estimated to be 2.0%, 2.4%, and 4.4%,

respectively. And the indeterminacy for the obtained heat transfer coefficients is

estimated to be +2.5%.

2.3.3 Temperature measurement for fluid

Both inlet gas temperature of the test section, Tix and the outlet gas temperature, Tout

were measured by K-type thermocouples. Since the differences between the inlet and

outlet temperature are not significant, the bulk temperature of helium gas was calculated

by average value of the inlet and out let gas temperature, as:
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T, +T
Tb _ “in out (26)

For the experiment is a transient process, the physical properties of the fluid were

calculated based on the film temperature which is calculated by following equation:

2.7)

Where, Ts and T are the test heater surface temperature, and the bulk gas temperature,

respectively.

2.3.4 Flow velocity measurement
The gas flow rate was measured by a turbine flow meter which was set at the location
before the gas flows into the test section. The gas flow velocity could be obtained from

the following correlation:

m=p7=p%ED2U (2.8)
.

U=—" 2.9)
prD

2.3.5 Operating procedure

The experiment was conducted with the following procedure:
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Before the test heater was put into the test section, a calibration for temperature-

resistance correlation was completed in a thermostat, with a calibration range from room

temperature up to 150 °C. A calibrated correlation for the test heater was obtained.

Next, the test heater was installed horizontally to the test section with both ends

connected to two copper plates and then connected to the double bridge branch. Two fine

platinum wires (50 um-dia.) were spot welded close to the end parts of the twisted plate

as potential conductors and then connected to the double bridge branch.

Then, the helium gas (99.9% purity) was filled to the test loop and maintained at

anticipative pressure after the test loop being degassed by a vacuum pump. A piston

compressor was used to circulate the flow in the test loop. There are two bypass branches

for the test loop, one is parallel to the test section, another goes side by side with the

compressor. By adjusting the two bypass valves in the bypass branches, the flowing could

be sequentially lowered from maximum stream flow to desired values.

After the pressure and flow rate were confirmed to be stable at desired value in the

loop, the electric current was supplied to the test heater with exponentially increasing heat

generation rate controlled by the heat input control system, as shown in part 2 of Figure

2.3. Meanwhile, the test heater surface temperature and the heat flux accompanying the

passage of the time were measured.
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2.3.6 Basic equations

The heat flux through the surface of test heater, ¢ (W/m?), is calculated as follows.

5 . dr,
_0 5 2.10
q 2(Q PnCh dt) (2.10)

Where, ¢, p, and O are specific heat, the density, and thickness of the test heater,

respectively. O (W/m?) is the internal heat generation rate of heater, 7, (K) is the average

temperature of test heater.
Surface temperature difference is defined as the difference between the average
surface temperature of the twisted plate (7, ) and the inlet gas temperature (7.), expressed

as:
AT =T,, T, .11

Heat transfer coefficient, /4, is defined as shown in the next equation.

h=qlAT (2.12)

2.4 Experimental conditions

The detailed experimental conditions are shown in Table 2.2. The transient heat
transfer experimental data were measured for the periods of heat generation rate ranged

from 35 ms to 14 s. The helium gas temperature was maintained at about 303 K under a
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system pressure of around 500 kPa. Three test heaters with pitch numbers of 1, 3 and 5

(effective length 26.8 mm, 67.8 mm and 106.4 mm) were tested in the experiment. The

180 degree helical pitch size for the three test heaters was the same of 20 mm. The flow

velocities ranged from 4 to 10 m/s with corresponding Reynolds numbers (Re) ranged

from 2x103 to 3x10%.
Table 2.2. Experimental conditions
Test fluid Helium gas
Effective length 26.8 mm
Pitch number 1
Pitch size 20 mm

Period of heat generation rate 35ms~14s

Gas temperature 303 K

System pressure 500 kPa

Flow velocity 4 ~10m/s
Reynolds number 2000 ~ 30,000
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2.5 Uncertainty analysis

The uncertainty analysis was done in a previous work (Shibahara M., Liu Q.S. and
Fukuda K., 2016) [38]. The maximum uncertainties of heat generation rate, heat flux, and
heat transfer coefficient were estimated to be 2.0%, 2.4%, and 4.4%, respectively. The
measurement uncertainty analysis was carried out based on the ANSI/ASME
performance test codes [39]. The maximum uncertainty of heat generation rate can be
obtained by Egs. (A1)- (A3).

Bl (2
S

s3I

U ; 2 2
RSSO [BQ] HQ{SQ} (A3)

where, B., s, and tg5 are the basis of the heat generation rate, the precision index of

0’ 0

the heat generation rate, and confidence level, respectively. p, and g, are the basis and
precision index of the DC amplifier (Yokogawa, 3131). On the other hand, the maximum

uncertainty of the heat flux can be obtained by Egs. (A4)- (A6).
R (B} A4
e -
5\ AS
{3t -

U 2 2
RSS9 [Bq] +t95[Sq] (A6)
q q q

where, B, and g, are basis of the average temperature and precision index of the
a a

precision double bridge (Yokogawa, Type2752) for the temperature calibration,

respectively. They can be expressed as follows:
Br, | o B ) zBR]Z (A7)
e
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Sty _ | oS\, oS (A8)
eEn
where, w; and w; are weight coefficients as follows:
U
= RSS,V (A9)
Ugss,v +Ugss, r
wy=1-w (A10)

where, y, ,,and are uncertainties of the DC amplifier and the double bridge,

Ugss,r

respectively. They can be calculated by the following equations.

2 2

Ugss,y _ [BVTJ {syj (A11)

V V 4
Urss,R _ (BR)Z[SRT (A12)

R R R

N 2
N Pl (A13)
R N-C

where, p,and s, are the basis of the precision double bridge and precision index of
the temperature calibration, respectively. N and C are a number of data and number of
constant value for the least square (LS) method, respectively.  Furthermore, the

uncertainty of the heat transfer coefficient can be obtained by Egs. (A14)- (A16).

S RIS A1)
R CORENE) o
URZS,h _ [Bh,jz H%[shhjz (A16)

where, ,, and are the temperature difference between the surface temperature

SAT
of the test heater and balk gas temperature and the precision index of the temperature

difference, respectively. They can be expressed as follows.
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2.6 Typical experimental results for one-pitch case

Figure 2.4 shows a typical experimental result of the time-dependence of heat
generation rate,Q surface superheat, A7, and heat flux, ¢, at the period of 1.4 s. The
effective length for the heater is 26.8 mm with only one pitch. The helical pitch size is 20
mm. The flow velocity is 10 m/s and gas temperature is 303 K. It can be seen that the
surface temperature difference and heat flux increases exponentially as the heat

generation rate increases exponentially.
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Figure 2.4 Time-dependence of Q, q, and AT at 10 m/s.
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Figure 2.5 Effect of flow velocity on heat transfer coefficient at various periods.

The relation between the heat transfer coefficients and the periods of heat generation
rate for the heater at various flow velocities was shown in Figure 2.5. The heat transfer
coefficient increases with the increase of flow velocity. However, the increasing rate
decreases. The heat transfer coefficient, /#, becomes to approach asymptotic value at each
velocity when 7 is longer than about 1 s. On the other hand, when the period 7 is shorter
than about 1 s, h increases as 1 shortens. It has been clarified in the early works that at
extremely shorter period (7 < 100 ms), the conductive heat transfer near the heater comes

to govern the heat transfer process, and the heat transfer coefficient increases greatly with
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shorter period in this region. When period 7 is larger than about 1s, the heat transfer
process turns to normal convective heat transfer through the thermal boundary layer
influenced by the flow of helium gas. Therefore, in this study, the average value of heat
transfer coefficients at periods larger than about 1s are taken as steady-state heat transfer
coefficient.

As it is known that with the exponential increasing heat generation rate, the heater
surface temperature will increase with time and then the thermal boundary layer thickness
will increase. For higher heat generation rate with a shorter period, the increasing rate of
heater surface temperature will be very fast. When the increasing rate of heater surface
temperature is too fast for the thermal boundary layer to be fully developed, it is
considered to be the transient state. For this state, the thermal boundary layer is not fully
developed and it is thinner than the steady state. Thus, a higher heat transfer coefficient
will be generated.

The relationship between the Nusselt number and the Reynolds number for various
periods ranging from 1.4 s to 14 s with flow velocity ranging from 4 to 10 m/s was shown
in Figure 2.6. Effective length of the twisted plate is 26.8 mm. As shown in the Nuy /Pr
1/

3 versus Re graph, the Nusselt numbers for quasi-steady state increases linearly with

square root of Reynolds number. It can be correlated by the following equation.
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Nuy, =136Re?3 pr!/3 (2.13)

Where, Nu,, =h,L/2,Re=UL/v;h, 1s quasi-steady state heat transfer coefficient, Pr is
Prandtl number (about 0.68 in the range of this experiment).

By comparing to the experimental data of a flat plate [16], heat transfer coefficient
for the twisted plate is about 40% higher. Thus, a heat transfer enhancement was
considered to be generated by the twisted plate. To study the mechanism of heat transfer
enhancement due to twisted structure, three dimensional numerical simulation is

conducted for thermal hydraulic analysis later in this research.
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Figure 2.6 Quasi-steady heat transfer at various velocities.
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Figure 2.7 Correlation between transient and Quasi-steady Nu.

An empirical correlation of the ratio of transient Nusselt number to the quasi-steady-

state Nusselt number can be obtained using a dimensionless period of 7* (¢* = tU/L, U is

flow velocity, and L is effective length). As shown in Figure 2.7, the empirical correlation

for twisted plate can be obtained as follows.

Nu,, = Nug,[1+4.0r*708] (2.14)

It can be seen that, the ratios of Nu, to Nus decrease to unity as the dimensionless

period 7* increases. The transient heat transfer approaches quasi-steady-state one for *
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larger than about 300. Dashed lines show the error bar of + 5%.

The empirical correlation of Nusselt number for the twisted plate obtained from

experimental data is compared with published correlations in Figure 2.8, as the laminar

analytical solution (Holman, 2010) for plate [40], the Manglik and Bergles correlation for

tube flow with twisted-tape insert [23] and the Dittus-Boelter correlation for tube flow

[41]. The Manglik and Bergles correlation was obtained for Re ranged from 300 to 30000.

The twist ratio y (y=H/W, H is 180 degree twist pitch, W is width) of 3 to 6. By comparing

the Nu for the twisted plate with flat plate, it is about double value. When we compare

the experimental data with Manglik and Bergles correlation, it is also much larger. It is

because the experimental result for Nu in this study is for the twisted plate, while in the

Manglik and Bergles correlation, the Nu is for the tube with twisted plate as inserts.

Nu;=0.664 ReLO'5 prl/3 Plate (Laminar) (2.15)
7[ 0.5 0.767

Nuj =0.106 y 03 1+(2— Re Pr%®  Manglik and Bergles (2.16)
Y

N =0.023Re’® Pr™* Dettus-Boelter (2.17)
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Figure 2.8 Comparison of experimental data with published correlations.
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Chapter I1I
Numerical Method and Validation

3.1 Simulation model

Three-dimensional model was built with necessary simplification. Electricity wire
is omitted in the model as it is thin and very little influence will be generated for the flow
field. To ensure the flow to be fully developed, inlet and outlet channel length is set to be
ten times of the tube diameter. Forced convection transient heat transfer for helium gas
flowing over twisted plate with exponentially increasing heat input (Q = Q,exp(t/t))
was numerically calculated. ANSYS FLUENT 14 was used in this numerical solution.
For the fluid, mass, momentum and energy conservation equations take the following

forms (Reynolds Averaging), respectively [42].

ou.

g 3.1
o (3.1)

- O(u.u, ‘u, T
Ou; u)) __10op 2 L;l G (u;u; (32)
ot 8)6_]. p Ox, Ox J axf

or & 0| k  u oT

or o Y=Y | (M L Zey98 3.3
P ot aXi (pul ) axj |:(C PI'I ) axj:| ( )

The instantaneous velocity is expressed asU; =u; +u;, u;1s the ensemble-averaged

velocity, and u; is fluctuating velocity. Pr; is the turbulent Prandtl number, the default

value in ANSYS Fluent is 0.85.
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The turbulent heat flux is solved by the eddy-diffusivity model (contained in the

Reynolds averaging energy equation) as follows [43]:

——  mor
ul =-— — 34
o Pr, oOx, G4

where, 4, is the eddy (or turbulent) viscosity.

For the twisted plate, the energy conservation equation takes the following form.

p%zv-(kwﬂg (3.5)

Internal heat source: O = 9y exp (¢4) , where, ¢ is heat generation rate, W/m®, Q, is
initial heat generation rate, W/m?>, ¢ is time, s, and zis period of heat generation rate or e-
fold time, s.

Boundary Conditions:

at heater surface,

u=v=w=0 (3.6)
S solid — 4 fluid (3.7)
qs solid - qs Sfluid (3.8)
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at the wall of channel,

u=v=w=0 (3.9)

T =T (3.10)

In this study, turbulence models such as standard k-¢ model, k- model and
Reynolds Stress Model (RSM) were compared to experimental results. The convection
term was discretized using the second order upwind scheme, and the linkage between the
velocity and pressure was computed using the SIMPLE algorithm. The Enhanced Wall
Treatment model was chosen for the near-wall modeling method because it combines the
use of a blended law-of-the-wall and a two-layer zonal model and generally requires a

fine near-wall mesh that is capable of solving the viscous sub-layer.

3.2 Mesh validation

Hexahedral grids are used for the three dimensional model with refined boundary
layers. In the flow field, hexahedral grids are generated along the twisted plate with a very
small twisting ratio. The helical pitch is 20 mm for 180 twisting degree and 120 layers
are put along it as 1.5 degree for a layer. The mesh of the twisted heater is shown in Figure

3.1 and 6 layers were put in the 0.1 mm thickness direction. The dimensionless distance
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¥ (=pu,y/u) was considered. To ensure the mesh quality, the first near-wall node is

placed at y* = 1.

Figure 3.1 Mesh of the heater.

Finer mesh with smaller twisting degree for the twisted plate and the flow field are
used to confirm the grid convergence. The total grid numbers increases from about 0.5
million to 1.2 million, a cross section view is shown in Figure 3.2. Figure3.2 (a) shows
the current mesh, and a finer mesh with more layers in the boundary layer, the fluid area
and the solid area is shown in Figure 3.2 (b). Three dimensional numerical simulation
results for the two mesh were compared. Difference for total heat flux and temperature
difference between the two mesh is about 0.05%. This indicates that the current mesh is

fine enough for the calculation.
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(a) Current mesh
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(b) Finer mesh

Figure 3.2 Cross section view of the mesh for three dimensional model.

3.3 Turbulence model

A validation study for turbulence model is conducted by comparing three kinds of
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typical turbulence models as the Standard k-¢ model (Launder and Spalding, 1972) [44],
the k-0 model and the Reynolds Stress Model (RSM) with experimental data. The
comparison for temperature difference at velocity of 10 m/s is shown in Figure 3.3 (a).
The heat generation period 7t is about 1.4s. As can be found, the temperature difference
increases exponentially since the heat generation is increased with exponential function.
In general, simulation results of the three models match the experimental data very well.
When enlarge the figure and focus on the temperature difference range from 200 K to 300
K, the k-® model is found to be a little lower than the other two models, shown in Figure
3.3 (b). The Standard k-¢ model and RSM almost show no difference and both match the
experimental data very well. Therefore, the RSM and Standard k- model are considered

to be more suitable for the higher velocity simulation than the k- model.

400 L 1 v 1 L] 1 4 1 . 1
O  Expcriment data
300 F RSM .
- - - Standard k-¢
Q‘I ----- k- ®
o 200 -
~
100 | o
0 - 1 1 1
0 I 2 3 4 5 6

1/t

(2)
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Figure 3.3 Comparison of temperature difference with experimental data at flow

velocity of 10 m/s.

While for the lower velocity of 4 m/s, flow in the tube is more near laminar region.

Validation study is also conducted to ensure the applicability of these models. The heat

generation period t is about 1.4s. As shown in Figure 3.4 (a), generally the simulation

result for temperature difference of the three different models match the experimental

data well which increases exponentially. Though, after #/z larger than about 3, the

simulation result is a little higher than experimental data. An enlarged figure for

temperature difference range from 100 K to 300 K is shown in Figure 3.4 (b). It can be

clearly seen that simulation results for three models are quite close and they are all a little

higher than experimental result. The differences are within 5%.
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Figure 3.4 Comparison of temperature difference with experimental data at flow

velocity of 4 m/s.
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As can be concluded from the model validation study that all of the three models are
considered to be acceptable for Re ranged from 2000 to 8000. Though for higher flow
velocity the k- model is of a little difference and for lower flow velocity the simulation
results have a difference of about 5% by comparing to the experimental data. The
Standard k-¢ model and RSM are considered to be more suitable for the higher flow
velocity. Since the RSM abandoned the isotropic eddy-viscosity hypothesis, it closes the
Navier-Stokes equations by solving transport equations for the Reynolds stress and
another equation for the dissipation rate. Thus, the RSM accounts for the effects of
streamline curvature, swirl, rotation, and rapid changes in strain rate in a more rigorous
manner. Therefore, in this study RSM is more recommended for this twisted structure

simulation.

3.4 Simulation results

3.4.1 Simulation results for quasi-steady state

As mentioned before, when the increasing rate of heater surface temperature is too
fast for the thermal boundary layer to be fully developed transient heat transfer
phenomena will occur. Higher heat transfer coefficient could be acquired due to the not
fully developed thermal boundary layer. However, numerical simulation for the transient
state 1s still very difficult as little research has been conducted and the empirical

correlations were not well developed. Normal turbulence models such as the Standard k-
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€ model, the k-0 model and RSM treat the near wall boundary layer with wall functions

or near wall treatment and these near wall solutions are all based on fully developed

thermal boundary layer under certain conditions.

In this study, numerical simulation for quasi-steady state heat transfer is conducted

at the heat generation period of about 1.4 s. Figure 3.5 (a) and (b) shows a typical

comparison of simulation results with experimental data at velocity of 10 m/s. The gas

temperature is 303 K. The effective length used for the simulation is 26.8 mm, same as

the experimental condition. It can be seen that the heat flux increases exponentially as the

heat generation rate increases with exponential function and the simulation result for heat

flux matches experimental data well. Simulation results for heat flux at other flow

velocities also match experimental data well, with a difference within 3%.

Since the simulation results of heat flux and temperature difference 47 both match

experimental data well, heat transfer coefficient calculated by 4=¢/AT was considered

to be able to predict the experimental result. A comparison for heat transfer coefficient at

various flow velocity is shown in Table 3.1. The heat generation period is 1.4 s.

Simulation results of quasi-steady state heat transfer coefficient matched experimental

data well. Maximum error occurs at the lowest flow velocity of 4 m/s of 5%.

Therefore, it can be concluded that, numerical simulation results predicts
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experimental data well even for the lowest velocity which is near laminar region, and with

higher flow velocity a better match between simulation results and experimental data

could be obtained within this range.
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Figure 3.5 Comparison of simulation results with experimental data.
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Table 3.1 Comparison of simulation results of quasi-steady state heat transfer coefficient

with experimental data under various velocities.

Flow velocity | gperimentar, W/(m*-K) | Numericar, W/(m?-K)  |Error
U=4 m/s 439.1 413.8 5.0%
U=6 m/s 527.4 518.2 1.7%
U=8 m/s 633.4 611.0 3.5%
U=10 m/s 712.2 689.6 3.3%

3.4.2 Difference in heat transfer between twisted plate and flat plate

As is known that heat transfer enhancement can be generated by using twisted plate

instead of a flat plate. To study the difference between the two structures, a flat plate with

same size of the twisted plate is numerically simulated at the period of 1.4 s and the flow

velocity of 10 m/s. The flow time is at #/7 = 3. The comparison of twisted plate and flat

plate for heat transfer coefficient distribution is shown in Figure 3.6.
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Figure 3.6 Surface heat transfer coefficient distribution for twisted plate and flat plate.

For twisted plate, a larger heat transfer coefficient was generated at the location
facing the flow. The highest heat transfer coefficient exists in both sides of twisted plate
where the thermal boundary thickness is very thin. In the width direction larger gradient
exist for the heat transfer coefficient of the twisted plate than the flat plate. This kind of
distribution is considered as a result of the flow distribution and larger heat transfer
coefficient was generated due to the crash between helium gas and the twisted surface.
For flat plate, heat transfer coefficient decreases along the length direction. In the width
direction, heat transfer coefficient increases from the center to the side. Highest heat
transfer coefficient also occurs at both sides of the width direction.

Therefore, it can be concluded that with different structure the heat transfer
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coefficient distribution will be greatly changed. In the width direction, a larger gradient

of heat transfer coefficient exist for the twisted plate than that for the flat plate. While in

the length direction, the decreasing ratio of heat transfer coefficient for flat plate is much

larger than that for the twisted plate. Moreover, larger heat transfer coefficient is obtained

at the sides of twisted plate than the flat plate, as the red part shown in Figure 3.6. The

average heat transfer coefficient for the twisted plate is 48.7% higher than that of the flat

plate based on the simulation result.

Figure 3.7 (a), (b) and (c) show the cross sections of temperature distribution at the

middle of the heater length as the dashed lines shown in Figure 3.6. The flow time is at

t/t = 3. Figure 3.7 (a) shows the thermal boundary for flat plate at coolant flow velocity

of 10 m/s. Figure 3.7 (b) and (c) shows the thermal boundary layer for twisted plate at

typical velocities of 4 m/s and 10 m/s. As shown in Figure 3.7, there exists a curve

distribution for the thermal boundary layer thickness along the width direction of the

twisted plate while for the flat plate thermal boundary layer is almost uniform. This kind

of thermal boundary layer thickness distribution matches the heat transfer coefficient

distribution in Figure 3.6. Higher heat transfer coefficient occurs at this side (edge) of the

twisted plate where thinner thermal boundary layer thickness exists. By comparing the

Figure 3.7 (b) and (c) it can be found that the thermal boundary layer distribution looks
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alike and with a lower velocity, the thermal boundary layer is thicker. Which has negative

impact on heat transfer and thus leads to higher temperature for the twisted plate.
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Figure 3.7 Cross section view of temperature distribution for twisted plate and flat plate.

For flat plate, the flow velocity is along the axial direction and in the radial direction
it is almost zero. While for the twisted plate a radial velocity is generated due to the
twisted structure. A cross section view for velocity vector distributions around the twisted
plate under typical velocities at middle plane are shown in Figure 3.8 (a) and (b). The
flow directions around twisted plate are indicated by these arrows. Arrow length show
the velocity magnitude and color map refers to the Z-direction velocity.

As can be seen from Figure 3.8, a swirl flow is generated around the twisted plate
and with a higher coolant flow velocity the radial velocity will also be higher. These radial
velocities will contribute to the velocity magnitude and lead to a heat transfer
enhancement. By comparing to the thermal boundary layer shown in Figure 3.7 (b) and
(c), it can be found that a thinner thermal boundary layer occurs at the location where

larger radial velocity is generated by the swirl flow. Moreover, larger heat transfer
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coefficient is obtained at the sides of twisted plate than the flat plate where the radial
velocity is vertical to the twisted plate. It is considered that this vertical flow will lead to
better thermal mixing in the boundary layer around the plate. Therefore, it can be
concluded that velocity in the radial direction which is also called as a “secondary flow”
will contribute to the thermal mixing and increase the turbulence intensity thus lead to

heat transfer enhancement.
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Figure 3.8 Cross section view for velocity vector around the twisted plate.
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A cross section view for turbulence intensity (/ =u’/u,,, =0.16(Re by )_1/ S wis
root-mean-square of the velocity fluctuations, u,,, is the mean flow velocity, Re,,, is
the Reynolds number based on the pipe hydraulic diameter Dp) distributions around the
twisted tape under typical flow velocities at middle plane was compared in Figure 3.9 (a)
and (b). As can be found that higher turbulence intensity was generated around the twisted
plate according to the swirl direction. For higher velocity of 10 m/s, a higher turbulence
intensity was generated more near the heater surface by comparing to a lower velocity of

4 m/s due to the difference in velocity layer distribution.
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Figure 3.9 Cross section view for turbulence intensity around the twisted plate.

3.5 Summary

In this section a 3D numerical study was conducted for heat transfer process of the
twisted plate with a single pitch and the results of three typical turbulence models were
compared with experimental data. Numerical simulation results were obtained for
average surface temperature difference, heat flux and heat transfer coefficient of the
twisted plate and showed reasonable agreement with experimental data. Based on the
numerical simulation, mechanism of local heat transfer coefficient distribution was

clarified. A comparison of the twisted plate and flat plate was conducted to show the
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difference in heat transfer coefficient distribution.
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Chapter IV
Heat Transfer Characteristics of Twisted Plate

The shell-and-tube heat exchangers which are usually designed as helically arranged
bundles were the first used intermediate heat exchanger (IHX) in the High Temperature
Engineering Test Reactor (HTTR) of Japan. Due to the high heat generation rate of the
VHTRs, the IHXs used to remove the heat has to be carefully designed. Various kinds of
heat transfer enhancement technologies are under developing in order to reduce space,
weight and material cost of the IHXs. Twisted plates are often adopted to enhance heat
transfer in tube flows as turbulence promoters.

In this section, a series of twisted plates with different pitch sizes and a flat plate
with the same width, length and thickness were numerically studied. The simulation
results of heat transfer coefficients for the twisted plates and a flat plate were compared
to clarify the effect of twisted structure on transient heat transfer. In addition, the effect
of heater length was taken into consideration. A series of twisted plate with different
length was experimentally and numerically studied to clarify the effect of heater length
on transient heat transfer. The heat generation rate of the twisted plate was increased with
an exponentially increasing function. The heat flux, surface temperature difference and

heat transfer coefficient were obtained under various periods and velocities.
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A 3D transient simulation were carried out by ANSYS FLUENT 14.0 code to get
the temperature distribution, velocity distribution and heat transfer coefficient. Effect of
heater length on heat transfer was discussed based on the experimental data and
simulation results. Additionally, local heat transfer coefficient along the twisted plate was

also investigated.

4.1 Influence of velocity on heat transfer

The relation between the heat transfer coefficients and the periods of heat generation
rate for the heater at various flow velocities was shown in Figure 4.1. In experiment
research the heat transfer coefficient approach constant values from higher initial values
when the time passes over a certain time of about 2 to 4 times of the period ( t/t >2~4)
according to different periods. And the constant value of heat transfer coefficient, 4 is
plotted as a single point in Figure 4.1. The heater is the one with effective length of 67.8
mm (three helical pitches). The heat transfer coefficient increases with the increase of
flow velocity. However, the increasing rate decreases. The heat transfer coefficient, 4,
becomes to approach asymptotic value at each velocity when 7 is longer than about 1 s.

On the other hand, when the period 7 is shorter than about 1 s, / increases as t shortens.

70



Chapter 1V

900 T T T
800 Helium .
. Effective length 67.8 mm
700 = -
Q L 2
«~_ 600 F A m -
£ ¢ % e ¢ e ¢ 10ms
.
£ 500 A "o " Smis A
= 400 * T Aa L L L L 6
»
e o & & o 4ms
300 f -
200 1 1 1
0.01 0.1 1 10 100

7(s)

Figure 4.1. Effect of flow velocity on heat transfer coefficient at various periods.

It has been clarified in the early works that at extremely short period (z < 100 ms),

the conductive heat transfer near the heater comes to govern the heat transfer process, and

the heat transfer coefficient increases greatly with shorter period in this region. When

period 7 is larger than about 1s, the heat transfer process turns to normal convective heat

transfer through the thermal boundary layer influenced by the flow of helium gas.

Therefore, in this study, the average value of heat transfer coefficients at periods larger

than about 1s are taken as quasi-steady-state heat transfer coefficient.
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4.2 Effect of helical pitch on heat transfer coefficient

4.2.1 Simulation models

Figure 4.2 shows the physical model in this numerical solution. The heater was
mounted horizontally along the center axis of the circular channel, which is 20 mm in
diameter. The twisted plate is 4 mm in width, 0.1 mm in thicknesses and 60 mm in length.
The platinum plate was twisted at the center. Both ends of it were connected to two copper
plates with the same thickness of twisted plate.

A 3D model was built with necessary simplification. Forced convection transient
heat transfer for helium gas flowing over twisted plate with exponentially increasing heat

input (O =Q,exp(t#) ) were numerically calculated, where, ¢ is heat generation rate,
W/m?, ¢, is initial heat generation rate, W/m?, ¢ is time, s, and 7 is a period of heat

generation, s. A smaller or shorter z means a higher increasing rate of heat generation.
Three kinds of helical pitch of 20 mm, 25 mm and 30 mm were conducted for the

model, as shown in Figure 4.3.

Circular channel

p

s B ——

X -—tffective length—=

Twisted plate

Figure 4.2 Physical model.
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I Length 60 mm |

Pitch 20 mm

Pitch 25 mm

itch 30 mm

Figure 4.3 Twisted plate with various helical pitch.

4.2.2 A Partial validation study

Figure 4.4 shows time-dependence of heat generation rate, heat flux, and surface
temperature difference at various heat generation rate increasing periods of 176, 1691 and
8355 ms. Flow velocity is 10 m/s. The gas temperature is 303 K at 500 kPa. The helical
pitch of twisted plate is 20 mm and the model contains three pitches in total.

The symbols show previous experimental data [17], and the lines show values of the
numerical solution. The heat generation rate, heat flux and temperature difference
increase rapidly as the period is shorter and it is understood that the heat flux and surface
temperature difference increase exponentially as the heat generation rate increases with
exponential function. The simulation results of heat flux and temperature difference agree

well with the experimental data within 3.0% and 1.2%, respectively.
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Helical pitch 20 mm
Flow velocity 10 m/s
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Figure 4.4 Comparison of (, ¢ and AT with experimental data at various periods.

Figure 4.5 shows instantaneous heat transfer coefficients versus times at various
flow velocities. The helical pitch of twisted plate is 20 mm and the model contains three
pitches in total. As seen from the figure, heat transfer coefficient increases with the
increase of flow velocity. For higher flow velocities at 8 m/s and 10 m/s the numerical
results agree well with the experimental data, while for lower flow velocities, the
simulation values are somewhat lower than experimental data, and the differences are

within 7.4%.
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Figure 4.5 Effects of flow velocity on heat transfer.

The simulation results for the twisted heater with the helical pitch size of 20 mm
showed reasonable agreement with the experimental data. This comparison partially

validated the numerical study for the effect of pitch size on heat transfer.

4.2.3 Simulation results for various helical pitch sizes

To study the effect of helical pitch on heat transfer enhancement. Various helical

pitches of 20, 25 and 30 mm were modeled at the period of 1691 ms and the flow velocity

76



Chapter 1V

of 10 m/s. A flat plate with the same width of the twisted plates is also modeled to be
compared with.

The comparison of heat transfer coefficient of twisted plate with flat plate is shown
in Figure 4.6. The heat transfer coefficient increases with the decrease of pitch length of
twisted plate. An increasing ratio of about 6% can be generated by decreasing pitch size
from 30 mm to 25 mm, or from 25 mm to 20 mm.

In this numerical simulation, the heat transfer coefficients for the twisted plate are
35-55% higher than those of flat plate. Therefore, it was considered that the short pitch

twisted heater is useful for the enhancement of heat transfer.

800 m T T T T T T T

700 + Period 1691 ms -
Flow velocity 10 m/s

h (W/(m’K))
—

300 - -
---- Pitch20mm
200 - — — Pitch25mm -
-— Pitch30mm
100 = flat plate =
o lL L L L L L L L

5 6 7 8

4
t(s)
Figure 4.6 Heat transfer coefficient at various pitches.
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A cross section of velocity distribution can be obtained from the simulation result at
the middle of the heater along the length direction. The velocity distribution of the fluid
area around the twisted plate with pitch size of 20 mm is compared to the flat plate, shown
in Figure 4.7. The velocity is 10 m/s. The period of heat generation is 1.4 s and the time

is 4 s, which means 4 seconds passed after the start of heating.

20
Velocity (m/s)

10

0 10 20

(a) Twisted plate
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20T
Velocity (m/s)

(b) Flat plate

Figure 4.7 Velocity distribution of the cross section view in the middle length

It can be found that a swirl distribution occurs for velocity boundary thickness

around the twisted plate. While for the flat plate, the velocity boundary layer thickness is

almost uniform.

It is considered that the helical vortices generated by the surface curvature of twisted

plate will improve turbulence intensity and promote greater “thermal mixing”. It will

result in sharper temperature gradients in the boundary layer and higher heat transfer

coefficient. Besides, centrifugal force generated by the twisted structure will lead to a

pressure distribution on the heater surface in the radial section. Thus, secondary flow

perpendicular to the main flow will generate. This secondary flow in the radial direction
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will contribute to the flow velocity and thus resulted in heat transfer coefficient
enhancement.

With smaller pitch size, the twisting degree increases and contributes to the
generating of swirl flow which will result in higher heat transfer coefficient. Therefore it
is considered that the enhancement of heat transfer was attributed to swirl flow induced

by twisted plate.

4.3 Effect of length on heat transfer coefficient

4.3.1 Experimental conditions

The effect of length on heat transfer coefficient was studied by experimental research
using a series of twisted plates with different lengths. The heat generation rate of the
twisted plate was increased with an exponentially increasing function. The heat flux,
surface temperature difference and heat transfer coefficient were measured under various
periods and velocities. The experimental apparatus and method has already been
introduced in chapter 2. The test heater was mounted horizontally along the center part of
the circular test channel, which is made of stainless steel (20 mm in the inside diameter),
as shown in Figure 4.8. Platinum plate with thickness of 0.1 mm, width of 4 mm was used

as the test heater. Three twisted heaters with effective length of 26.8 mm, 67.8 mm and
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106.4 mm (pitch number of 1, 3 and 5) were used in this experiment, as shown in Figure

4.9. They were

twisted with the same helical pitch of 20mm.

== Current source |-
SM 2

1 2 '3 Insulator

[/

4..‘ P
One pitch

1. Test heater 2. Potential conductor 3. Current conductor 4. Thermocouple

Figure 4.8 The test section

¥
e T4 mm Thickness 0.1 mm

=20 mm T
- - ——
20mm * 3 -
- - - - -
| 20mm*5 :

Figure 4.9 Twisted heaters with different length.

Experimental conditions are shown in Table 4.1. The transient heat transfer
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experimental data were measured for the periods of heat generation rate ranged from 35
ms to 14 s and for the helium gas temperature of 303 K under a system pressure of around
500 kPa. The flow velocities ranged from 4 to 10 m/s, and the corresponding Reynolds

numbers (Re) ranged from 2x10% to 3x10%,

Table 4.1. Experimental conditions

Test fluid Helium gas

Effective length 26.8mm 67.8 mm 106.4 mm
Pitch number 1 3 5

Pitch size 20 mm

Period of heat generation rate 35ms~14s

Gas temperature 303 K

System pressure 500 kPa

Flow velocity 4 ~10m/s
Reynolds number 2000 ~ 30,000

4.3.2 Experimental results for heat transfer coefficient

Figure 4.10 shows the effect of heater length at various periods and flow velocity of
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10 m/s. The heat transfer coefficient, /4, becomes to approach asymptotic value for each

heater length when 7 is longer than about 1 s. On the other hand, when the period 7 is

shorter than about 1 s, h increases as t shortens. It has been clarified in the early works

that at extremely short period (z < 100 ms), the conductive heat transfer near the heater

comes to govern the heat transfer process, and the heat transfer coefficient increases

greatly with shorter period in this region. When period 7 is larger than about 1s, the heat

transfer process turns to normal convective heat transfer through the thermal boundary

layer influenced by the flow of helium gas. In this study, the average value of heat transfer

coefficients at periods larger than about 1s are taken as quasi-steady-state heat transfer

coefficient.
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Figure 4.10 Effect of length on heat transfer coefficient at various periods.

In addition, it can be seen from Figure 4.10 that the heat transfer coefficient
decreases with the increase of heater length. The quasi-steady-state heat transfer
coefficient for the heater with effective length of 26.8 mm is about 700 W/(m?*-K), about
24% higher than that of the 67.8 mm heater. While the quasi-steady-state heat transfer
coefficient improved only about 5% by comparing the 67.8 mm-length heater to the 106.4
mm-length heater. So, it can be concluded that the heat transfer coefficient along the
length direction of a twisted plate is not constant and the distribution is nonlinear. It is
considered that the thermal boundary layer becomes thick along the flow direction and

lead to a lower heat transfer coefficient in the downstream side of the twisted plate. To
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find the distribution of heat transfer coefficient along the length direction and to clarify
the phenomena, numerical simulations will be carried out later in this study (refer to

section 4.4).

4.3.3 Correlations for quasi-steady state heat transfer of twisted plate

Manglik and Bergles. [23] used a swirl parameter to describe the intensity of the

tape-twisted induced secondary motion and it is defined as

(centrifugal force)(convective inertia force)

Swirl parameter = - )
(viscous force)
_ (pU?/H)(pU*/d)

=Rez/ 4.1
WU/ d%) y (4.1)

Where, d is characteristic length and U is velocity.

In this study, the heat transfer enhancement of the twisted plate itself was
investigated and a redefined swirl parameter Sw=Re_,/ \/; was adopted to indicate
the swirl flow effect since the square of Reynolds number becomes very large in
magnitude. Where, Re, =U_L /v, U, is the swirl velocity and L, is the helical
flow length for the twisted plate, expressed in the following equations.

U, =U[1+(z/2y)*]"? (4.2)

L, =L[1+(z/2y)*]"? (4.3)
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y=HIW (4.4)

where, L is effective length of the twisted plate (centerline length, m), y is twisted ratio,

H is the pitch size (m) and W is the plate width (m). The helical flow length refers to the

helically twisted streamline and can be expressed in Figure 4.11.

WL/ 2H

N
h 4

Figure 4.11 Helical flow length for twisted plate.
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Figure 4.12 Quasi-steady-state heat transfer at various swirl parameters.

The relationship between the Nusselt number and the Sw parameter for various
periods ranging from 1.4 s to 14 s with flow velocity ranging from 4 to 10 m/s was shown
in Figure 4.12. Effective length of the twisted plates are 26.8 mm, 67.8 mm and 106.4
mm, respectively. As shown in the Nug /Prs' versus Sw graph, the Nusselt numbers for
quasi-steady state increases with the redefined swirl parameter Sw. It can be correlated
by the following equation.

Nu,, =0.215w"® pr'/? (4.5)

Where, Nuy, =h,L /A,n,(W/m’K) is quasi-steady state heat transfer coefficient, Pr is
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Prandtl number (about 0.68 in the range of this experiment).

In Figure 4.12, maximum error occurs at the one-pitch case with velocity of 4 m/s
where the flow is more near laminar region. For Sw larger than 4000, the empirical
correlation matches experimental data well, with differences within 10%. As should be
noticed, the transition from laminar flow to turbulent flow usually occurs at Re of about
5x10* for a flat plate. While for the twisted plate the transition region is considered to
occur at a much lower Re due to the disturbing of flow generated by the swirl structure.
A similar correlation was obtained by Liu et al. [45] with a different exponent of 0.5 for
Sw and in the research Sw ranged from 3000 to 8000. The correlation was plotted by a
dot line in Figure 4.12. As can been found, for this small range of Sw, the correlation can
express the Nusselt number well. However, in this study the swirl parameter Sw has a
larger range of about 1000 to 20000. With an overall consideration of the three different

length, an empirical correlation was obtained in this research.

4.3.4 Correlations for transient heat transfer of twisted plate

As stated in the introduction, Liu et al. [16-18] carried out experiments on the
transient heat transfer of helium gas for cylinders and flat plates. An empirical correlation

of the ratio of transient Nusselt number (Nuy) to the quasi-steady-state Nusselt number
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was obtained using a dimensionless period of t* (¢* = tU/L, U is flow velocity, and L is
effective length). The present experimental data can be also correlated using the
dimensionless period, tU/L. As shown in Figure 4.13, the empirical correlation for twisted

plate with different length can be obtained as follows.

Nu, = Nu [1+C(zU, /L) (4.6)
where, tUy/Ls =tU/L.
2-5 n n n IIII“ L] n n IIIIII n n L] IIIIII n L] LB L L L]
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\ Flow velocity 4~10 m/s
2 “ Effective length 67.8 mm +
B ’ ‘ ©  Experimental data
g N Nu /Nu =1+1.1(zU/L )*®
\hl 5 L r st 5 E .
-
2.
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Figure 4.13 Transient heat transfer for twisted plate at various flow velocities and periods.

It can be seen that, the ratios of Nu, to Nus decrease to unity as the dimensionless
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period 7* increases. The transient heat transfer approaches quasi-steady-state one for *

larger than about 300. The coefficient C equals 4.0, 1.1 and 0.75 for different effective

length of 26.8 mm, 67.8 mm and 106.4 mm, respectively. Here, the coefficient C for the

shortest 26.8 mm heater is much larger than the other two heaters. It is because the

Reynolds number for the shortest heater is about 2000 which is in the region of laminar

flow (for a flat plate). In this region, the effect of conductivity takes more important part.

Therefore, the increasing ratio of heat transfer coefficient from quasi-steady state region

to transient region for a short heater is larger.

4.4 Local heat transfer coefficient

The distribution of heat transfer coefficient on the heater surface is shown in Figure

4.14 The heat generation period 7 is 1.4 s and the passage time for heat generation is at

t=4.2 s (t = 37). The effective length is 60 mm with three pitches. The flow velocity is 10

m/s. Generally, heat transfer coefficient decreases along the length direction. A larger heat

transfer coefficient was generated in the surface of twisted heater that facing the flow

which is due to the disturbing of flow caused by the crash between helium gas and the

twisted surface. There exists a distribution for the heat transfer coefficient along the width

direction. The side facing the flow has larger heat transfer coefficient while smaller heat
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transfer coefficient exists at the leeward side. The highest heat transfer coefficient exists

at both edges of twisted plate where the thermal boundary thickness is very small.

h (W/m2K)

- 800

664

256 X
= ?
120

Figure 4.14 Distribution of heat transfer coefficient on the heater surface.

Figure 4.15 shows several cross section views of the temperature field in YOZ plane
at different locations along the twisted plate. The period is 1.4 s at the flow time of # = 37.
The flow velocity is 10 m/s. The effective length is 60 mm covering three pitches. It can
be found from the figure that generally the temperature boundary layer turns thicker along
the x direction of plate. It results in the increasing of surface temperature along the length
direction of the heater. The heat transfer coefficient decreases along the length direction
as the thermal boundary layer turns thicker. The velocity boundary layer is alike the

temperature boundary layer. It can be seen that the velocity boundary swirls with the
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twisted plate, and a maximum velocity of over 10 m/s occurs around the heater. It is
considered that the swirl structure of twisted plate may induce a swirl flow, and a radial
velocity will be generated along the twisted plate, then it contributes to the increased flow

velocity.

. 320 Thermal boundary layer

T (K)- eo
dUd

7 X=0 mm X=10 mm X=20 mm X=30 mm X=60 mm

11.8
.10.4
8.36

Ulm/s) 5.57

Figure 4.15 Cross section of temperature and velocity contours in YOZ plane.

In addition to the effect of increased flow velocity, it is considered that the helical
vortices generated by the surface curvature of twisted plate will improve turbulence
intensity and promote greater “thermal mixing”. Figure 4.16 shows the 3D velocity
distribution around the center part of the twisted plate. As can be found that a swirl flow

was generated. It will result in sharper temperature gradients in the boundary layer and
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higher heat transfer coefficient. Therefore it is considered that the enhancement of heat

transfer was attributed to the effects of “thermal mixing” and increased flow velocity.

velocity-magnitude

10
9

Figure 4.16 3D velocity distribution around the twisted plate.

As mentioned above, the heat transfer coefficient increases with the decrease of the

heater length and the increasing ratio is not linear. The heat transfer coefficient increases

about 5% from the five-pitch heater to the three-pitch heater while the increasing ratio of

three-pitch heater to one-pitch heater is about 24%. Thus, it is considered that a shorter

heater is of significant influence on heat transfer coefficient.
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Figure 4.17 Local heat transfer coefficient along the twisted plate.

of numerical values.
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Simulation results for local heat transfer coefficient for the three-pitch case is shown

in Figure 4.17. Heat transfer coefficient decreases along the length direction though it

shows some fluctuations along the heater. Highest local heat transfer coefficient exists at

the first pitch and decreases greatly through the second pitch. Then, for the last pitch heat

transfer coefficient almost comes to a stable value. Experimental research for local heat

transfer coefficient was reported in a previous work [46]. Experimental data are also

shown in Figure 4.17 for comparison. The experimental data showed almost the same

trend of dependence on local length, though they are about 7% to 13% higher than those
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4.5 Summary

In this section, Parametric studies for forced convection parallel flow over a twisted
plate was conducted with experimental tests and numerical simulations. The effect of flow
velocity, the helical pitch size, the heater length and the local heat transfer coefficient
distribution was discussed. The heat transfer coefficient for the twisted plate was
enhanced, in comparison with the flat plate. It is indicated that a twisted plate either with
a short length or with a smaller helical pitch size will contribute to the heat transfer
coefficient.

There exists a distribution for the heat transfer coefficient along the width direction.
According to the simulation results, the side facing the flow has larger heat transfer
coefficient while smaller heat transfer coefficient exists at the leeward side. The highest
heat transfer coefficient exists at both edges of twisted plate where the thermal boundary
thickness is very small. Additionally, it is determined that the swirl structure of twisted
plate may induce a swirl flow, and a radial velocity will be generated along the twisted
plate, then it contributes to the increased flow velocity. Both the increased flow velocity
and the helical vortices generated by the surface curvature of twisted plate will improve

turbulence intensity and promote greater “thermal mixing”.
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Chapter V
Thermal-hydraulics Analysis in VHTR Core
5.1 Introduction to prismatic VHTR core

The prismatic VHTR is a helium-cooled block type reactor. Hexagonal graphite
blocks with fuel embedded are stacked as concentric rings in the core. A cutaway view of
the 600 MWth General Atomics Gas-Turbine Modular Helium Reactor (GT-MHR,
General Atomics, 1996) is shown in Figure 5.1 [47]. The active core contains 102
columns of fuel elements stacked 10 elements high, for a total of 1020 elements. Ten
layers of fuel elements are stacked in the vertical direction; each fuel element is 360 mm
in width and 793 mm in height. A cross-sectional view of the core is shown in Figure 5.2.
Small gaps among the neighboring fuel elements exist due to tolerances in manufacturing
and installation. In addition, the gap size will change during operations due to thermal
expansion and fast-neutron induced shrinkage, as demonstrated by Burchell [48]. The

flow paths in the prismatic core are also shown in Figure 5.2.
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Figure 5.1 Cutaway view of the GT-MHR [47].
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Figure 5.2 Bypass flow and cross flow gaps in the core.
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The majority of the coolant flows through the coolant holes as designed, while a

small portion of coolant will flow through the gaps between the hexagonal graphite blocks,

which is defined as the bypass flow. In addition, the coolant that flows in a direction

perpendicular to the coolant holes through the interfacial gaps between two block prisms

is defined as the cross flow. The existence of bypass and cross flows decreases the coolant

flow through the coolant channel resulting in an increase in maximum fuel temperature,

thereby raising potential structural problems. In addition, some researches indicate that

the bypass and cross flow will cause a large variation in temperature for the coolant jets

exiting the core into the lower plenum. This may cause a “hot streaking” issue near the

entrance of the hot outlet duct. In this regard, evaluation of the core flow distribution and

thermal hydraulic analysis are important for the reactor design and safety assessment.
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Figure 5.3 Standard fuel element for the GT-MHR.

The standard fuel element for the GT-MHR is shown in Figure 5.3. Red circles refers
to fuel rods, white circles represent for coolant channels, blue circles are burnable poison
rod and the gray areas shows the graphite. There are two different sizes of coolant
channels, 12.70 mm diameter of a half coolant channel near the center of the fuel block,
and other 5 full and 7 half coolant channels of 15.88 mm diameter. The 1/12 sector also
covers 17.5 fuel holes and a half burnable poison rod hole. A one-twelfth sector of the

fuel block is sectioned owing to the symmetrical structure, as shown in Figure 5.3.

5.2 CFD application

A full size model of 10.704 m is built, including an upper reflector section of 1.189

99



Chapter V

m, 10 fueled blocks and a lower reflector section of 1.585 m. The location of bypass and
cross gaps are shown in Figure 5.4. The central block handling hole is ignored in the CFD
model and set to graphite properties. Helium gas flows from the inlet downwards into the
lower plenum with an inlet temperature of 490 °C at approximately 7 MPa. A pressure
drop of approximately 34.5 kPa is used in this study. A uniform heat generation rate of
27.88 MW/m? is established for the fuel channels. Symmetry boundary conditions are set

for all the other sides of the model.

Cross gaps

Totally ten layers of fuel columns
Length: 793mm™*10

® Fucl rods
@ Coolant channels, bypass gap

@ Graphite block

Upper reflector (not shown)
Length: 1189 mm

Lower reflector(not shown)
Length: 1585 mm

Figure 5.4 The full length simulation model.
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5.2.1 Mesh generation and validation

The mesh used in this study is hexahedral dominate and is created using ANSYS
ICEM14.0. Figure 5.5 shows a cross section view of the mesh generated for the one-
twelfth sector. Blue areas indicate the coolant channel, red mesh represents the fuel rods,
and the black mesh refers to the graphite block. A mesh independence study is conducted
by comparing the previous mesh (no gap) with a finer mesh, for which a smaller mesh
size has been used in the fuel compact and graphite regions. Total cell numbers of the two
meshes are approximately 7.2 and 11 million, respectively. Simulation results of the total
mass flow rate and maximum fuel temperature are compared between the two mesh cases.
The differences for the total mass flow rate and maximum fuel temperature are 0.015%
and 0.01%, respectively. This result indicates that the mesh size is adequate for the solid
area.

Very fine meshes were set for the bypass gaps and cross flow gaps with a y* value
of less than 3. In the very small bypass flow gaps of 3 mm (1.5 mm in the model according
to symmetry structure) and 5 mm (2.5 mm in the model according to symmetry structure),
30 and 50 mesh layers were put in the gaps, respectively. By doubling the mesh layers of
the 3 mm bypass gap case, a difference of less than 0.2% was found for the bypass gap

outlet temperature and mass flow rate. In the very small cross flow gaps of 1 mm and 3
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mm, 20 and 60 layers were put in the gaps, respectively. By doubling the mesh layers of

the 1 mm cross gap case, a difference of less than 0.05% was found for the total mass

flow rate and coolant channel outlet temperature. This indicated that the meshes used in

the bypass flow and cross flow gaps were sufficiently robust to meet the analytical needs.

B Coolant Channel

Bl Fuel Rods

Fuel +——— Coolant Channel

EE Graphite

Coolant Channel ——%

Burnable
Poison Rod

Figure 5.5 Cross-sectional view of the mesh.

As mentioned previously, the enhanced wall treatment used in this study is relying
on the value of y* to a certain extent. Therefore, a sensitivity study for y* is conducted by
verifying the first layer offset distance from the wall in the coolant channel. The
comparison results are shown in Table 5.1. The y* value is set from approximately 3 to

30. The minimum y* acts as the baseline for comparison purpose. The maximum
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difference occurs at a y* value of about 12, which is the difference for total mass flow
rate is as high as 4.58%. The average coolant outlet temperature of the y*=12 case is
approximately 22 °C lower than that of the y*=3 case. Therefore, a proper y* value is still
important. However, by using the enhanced wall treatment, a wall-function mesh can also

be used to achieve results without significantly reducing the accuracy.

Table 5.1 Result of y* sensitivity study.

y Coolant channel outlet Total mass Maximum difference

Temp. (average), °C flow rate, kg/s with the Y* ~3 case

~3 949.8 0.2030 -

~6 954.2 0.2011 0.94%
~12 927.4 0.2123 4.58%
~30 952.5 0.2021 0.44%

5.2.2 Turbulence model

The standard k- (SKE) turbulence model (Launder and Spalding, 1972) [44] with

enhanced wall treatment is employed for coolant channels and gaps in this simulation.
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Enhanced wall treatment is a near-wall modeling method that combines a two-layer
model with enhanced wall functions. The presence of walls will have a significant
influence on turbulence since the mean velocity field and turbulence change near the wall
where large gradients typically occur. Usually there are three layers considered that
comprise the near wall region. In the innermost layer, the flow and heat transfer are
dominated by viscosity, while in the outer layer, turbulence plays the main role. An
intermediate region between inner and outer layers exists where the effects of viscosity
and turbulence are both not negligible. In the near-wall treatment, the viscosity-affected
region and a fully turbulent region are divided by a wall-distance-based, turbulent

Reynolds number, Re,, which is defined as:

Re, = %ﬁ (5.1)

where, y is the wall-normal distance calculated at the cell centers, which is interpreted as
the distance to the nearest wall, k is the turbulent kinetic energy. In the viscosity-aftected
region (Re, < Re"; Re* = 200), the one-equation model of Wolfstein (1969) [49] is
employed while in the fully turbulent region (Re, >Re") the k- model is employed [49].
The enhanced wall functions were developed by smoothly blending the laminar and

turbulent wall laws by using a function suggested by Kader (1981) [50]. An influence
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factor of y* (= pu,y/u) is defined to determine if the first near-wall mesh cell is placed
in the proper region. For a very fine near-wall mesh with a small y* value, the enhanced
wall treatment is identical to a two layer model. For a coarser mesh, enhanced wall
functions will occur.

In this study, a fine boundary mesh is used in the coolant channel with an overall Y*
ofless than 6. The SIMPLE algorithm is chosen for the pressure velocity coupling method.
Iteration convergence of 10 was set for all variables, and it was considered to be
sufficient, as demonstrated by Sato and Johnson [51]. The changes in material properties
of the helium gas, graphite, and fuel compacts due to temperature are accounted in this
work by referring to a report by Idaho National Laboratory (INL) [52]. Helium properties

are assumed to be isobaric at 7 MPa.

5.2.3 Validation study

The Reynolds number in the coolant channel for the present study ranges from
30,000 to 45,000 indicating fully developed turbulent flow exists in a circular channel.
Since there are a number of studies and correlations for flow and heat transfer in this
region, several typical published empirical correlations are chosen to be compared with

the simulation results. The wall shear stress for a coolant channel with a diameter of 15.88
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mm and the bypass gap are compared using the Mc Adams correlation [53], the Petukhov

correlation [53] and the Blasius correlation [54], as shown in Figs.6 (a) and (b). These

correlations are given as follows:

f =0.184Re, **  Mc Adams (5.2)
f = (0.79InRep, — 1.64)72 Petukhov (5.3)
f = 0.3164/Re,**®  Blasius (5.4)

Here, f'is the friction factor, and wall shear stress t,,is defined as:

tw = fOV?/8 (5.5)
V= p’;‘c (5.6)

Where, p is density, kg/m?; V is bulk velocity, m/s; 71 is mass flow rate, kg/s and A,

is the section area of the circular channel, m?.
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Figure 5.6 Comparison of wall shear stress with empirical correlations.
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It can be seen from Figure 5.6 (a) that the numerical simulation results for wall shear

stress in the coolant channel agree well with the empirical correlations, especially for the

Blasius correlation. Additionally, the differences between simulation results using the Mc

Adams and Petukhov correlations are 3.7% and 2.8%, respectively. The numerical

simulation results for the wall shear stress in the bypass gap agree with the Blasius

correlation, as shown in Figure 5.6 (b). Additionally, the numerical results are slightly

lower when compared to the Petukhov correlation and slightly higher than the Mc Adams

correlation. The wall roughness is not discussed in this study due to the lack of

experimental data for actual flow and material conditions, though it will have some

influence on the heat transfer process in the coolant channels and bypass gaps. Some

researchers (Tung et al. 2012) [55] have numerically simulated and discussed about the

effect of wall roughness on heat transfer in the coolant channels and the bypass gaps.

Validation data are still needed for the numerical results.

The Reynolds number in the bypass gap is based on the gap width and calculated by

Equation (5.7). For a 3 mm bypass gap, Re ranged from 3000 to 4200 in this study. While

for a 5 mm bypass gap, Re ranged from 7000 to 10000. Thus, the flow in the bypass gap

is considered as turbulent flow.
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Re(6) =pTV§=ﬁ

o (5.7)

where, § is the gap width, m; u is viscosity, kg/(mes); m is the mass flow rate, kg/s;

and L is the horizontal gap length of 0.104 m.

5.2.4 Results and discussion

The location of the maximum temperature of a single fuel assembly is called a hot
spot. Due to the temperature limitation of the fuel assembly, the hot spot temperature
should not increase above the critical value of approximately 1600 °C [56]. Figure 5.7
shows a cross section view of the temperature and velocity distribution in a hot spot plane.
The distribution is approximately 60 mm above the last prism of the fuel block. The
triangle AOB is the simulated 1/12 sector of a fuel block, and the figure is obtained

according to the symmetrical structure in order to show an entire fuel block.
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Figure 5.7 Cross-sectional view of temperature and velocity distribution at the fuel hot

spot plane.

As can be seen, the temperatures of the fuel rods and coolant channels at the inner

side are higher than those at the outer side. The hot spot occurs at the innermost fuel rods.

The temperature of the innermost six coolant channels, which have smaller diameters of

12.7 mm, are significantly higher than for other coolant channels. This result indicates

insufficient cooling in these channels. The lowest-temperature coolant channel occurs

near the block side between points A and B. The temperature distribution along the OA

and OB lines are shown in Figures 5.8 (a) and (b). In line OA, the valleys refer to the

coolant channels. In line OB, the peaks are in a location where fuel rods exist, and valleys

indicate the coolant channels. It can be determined that both the peak and valley values
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decrease along the OA direction. The temperature difference between point O and point

A is approximately 34 °C. For points O and B, the temperature difference is

approximately 26 °C.
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Figure 5.8 Temperature distribution along line OA and OB.
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One important reason for the temperature gradient from the center of the fuel
assembly to the outside is due to the smaller diameter of the innermost coolant channel.
As can be seen in the velocity distribution graph (Figure 5.7), the velocity for the
innermost coolant channel is less than that for the other coolant channels. A smaller

diameter and velocity will both lead to insufficient cooling.

5.3 Effect of bypass flow

The bypass gap size changes over the operational lifetime due to thermal expansion
and irradiation. Therefore, different bypass gap sizes should be studied to understand the
effect of gap size on flow distribution and heat transfer. In this study, bypass gaps of 0
mm, 3 mm, and 5 mm are numerically simulated. Here, the bypass gaps indicate the
spaces between two fuel blocks in the same prism layer. The half-size-gap is included in
the one-twelfth section due to symmetry. Pressure boundary conditions are adopted here
to calculate the mass flow rate distribution for each coolant channel. However, the total
mass flow rate will increase with the increase of bypass gap size if the pressure difference
1s maintained constant. In order to investigate the effect of the bypass flow gap size on
the bypass flow fraction, an approximately constant inlet total mass flow rate of 0.2 kg/s

1s maintained for all bypass gap size cases. The constant total mass flow rate is achieved
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by changing the pressure difference within the numerical simulation.

Figure 5.9 shows the temperature distribution of the cross section with different

bypass gap sizes in the upper half. In addition, the maximum and minimum coolant outlet

temperature, the maximum fuel rod temperature, and the bypass flow fraction for different

gap sizes are shown in the lower half. Red circles in the lower half represent the fuel rods

while white circles represent the coolant channels. These are cross sections at the hot spot

plane, approximately 60 mm above the last prism of the fuel block. It can be seen that the

maximum fuel temperature (hot spot) increases as the gap sizes increases. With a 3 mm

and a 5 mm bypass gap, the hot spot temperature increases from 1085 °C to 1109 °C and

1148 °C, respectively. This result indicates, the existence and size of the bypass gap will

significantly contribute to the hot spot temperature. With an increase in the gap size, the

risk of losing integrity of the coated fuel rods will increase significantly. The coolant

maximum outlet temperature also increases with the increase of gap sizes and a larger

temperature difference within coolant channel outlet will occur with larger gap sizes. A

maximum temperature difference of approximately 141 °C exists for the 5 mm bypass

gap case.
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Figure 5.9 Temperature distribution and bypass flow fraction for different gap sizes.

As can be seen from the temperature distribution in Figure 5.9, which indicates the

temperature gradients near the center to the outside section of the fuel block, the coolant

channel and the graphite are much larger for the 5 mm bypass gap case than for the other

two cases. Therefore, the existence of the bypass gap will significantly contribute to the
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non-uniformity of outlet temperature of the coolant channels. This result may further lead
to several undesired problems such as the “hot streaking” issue in the insulation layer of
the lower plenum or insufficient mixing before flowing into the metallic outlet duct.

The mass flow rate for a 3 mm bypass gap at outlet is approximately 4.14% of total
mass flow rate, and increases to 9.85% for a 5 mm bypass gap. As can be determined, the
factor by which the bypass flow fraction increases is not proportional to that by which the
gap size increases. While the bypass gap size increases from 3 mm to 5 mm with a factor
less than 2, the flow fraction more than doubles. As the gap size increases, the flow
velocity through the gap also increases. The increasing bypass flow fraction will decrease
the amount of coolant flowing through designed coolant channels, leading to insufficient

cooling.

5.4 Cross flow analysis

As introduced in Figure 5.2, in addition to the designed main coolant channel flow,
both bypass and cross flows exist in the reactor core. Coolant flows in a direction
perpendicular to the coolant holes through the interfacial gaps between two block prisms
is defined as cross flow. Different cross gap sizes of 0 mm, 1 mm, and 3 mm are studied.

The Reynolds number in the cross gap is less than 2300, since the cross gap size and the
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velocity perpendicular to the main flow are both very minor. Therefore, the flow regions

in the cross gaps are considered as laminar zones. As previously discussed, the cross flow

is driven by the pressure difference between the coolant channels and the bypass gap. A

bypass gap size of 5 mm is used in this study. Pressure boundary conditions are adopted

for the inlet and outlet coolant channels. Inlet static pressure is maintained at

approximately 7 MPa. To maintain a constant total mass flow rate of 0.2 kg/s, a pressure

difference of 28.9 kPa is set for the calculation. In total, nine layers of cross gaps between

ten fuel block prisms are considered.

The cross-sectional view of the pressure and temperature distribution between the last

two prisms is shown in Figure 5.10. This is the case for a cross gap of 0 mm. From the

pressure distribution, it can be found that the pressure for the bypass gap is higher than

for the nearby coolant channels. Additionally, for the coolant channels, which are located

near the center of the fuel block, have higher pressures than the outside region. The

pressure distribution for the coolant channels has a similar profile as the temperature

distribution.

According to the pressure distribution, a cross flow will flow from bypass gap to the

nearby coolant channels due to pressure difference. This cross flow will decrease the

amount of coolant in the bypass gaps and increase the coolant in the coolant channels. As
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previously mentioned, the decreasing bypass flow fraction will lead to a decrease in the

fuel hot spot temperature. In addition, a cross flow between coolant channels will also

occur from the interior coolant channels to the outer coolant channels owing to the

pressure difference. This type of cross flow will contribute to the flow mixing in the cross

gaps. However, the coolant flowing from interior coolant channels to the outer channels

will result in an increasing temperature difference since the temperatures are higher in the

interior thereby requiring additional coolant. Therefore, the cross flow between coolant

channels will have negative effect on heat transfer in the fuel block and lead to an increase

in localized hot spot temperature.
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Figure 5.10 Pressure and temperature distribution for no cross gap case at

cross section between 9™ and 10™ fuel block.
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Figure 5.11 Velocity distribution of the cross flow between 9™ and 10" fuel block.

A typical cross section view of the velocity distribution for the Imm cross gap case is
shown in Figure 5.11. The location of the figure is in the middle of the cross gap. The
blue arrows show the cross flow from a bypass gap to the nearby coolant channels. The
red arrows indicate the cross flow from the higher pressure coolant channels to lower
pressure channels. The two types of cross flow will mix in the middle section of the fuel
block. Additionally, the two types of flow will have an opposing influence on hot spot
temperature.

The effect of cross gap size on the bypass flow fraction, cross flow fraction, hot spot
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temperature, and coolant channel outlet temperature difference is shown in Table 5.2.

Here the bypass flow fraction is the mass flow rate of bypass flow at the outlet divided

by the total inlet mass flow rate of the model. The cross flow fraction is the mass flow

rate of cross flow through bypass gap divided by total inlet mass flow rate of the model.

The bypass flow fraction decreases with a slight increase in the cross gap size owing to

cross flow. The hot spot temperature decreases only 1 °C and the influence of gap size is

insignificant. With the existence of a cross gap, the coolant channel outlet temperature

difference decreases from 143.5 °C to 136.3 °C. However, cross gap sizes of | mm and 3

mm do not show comparatively large differences. The improvement in the uniformity of

the coolant channel outlet temperature is believed to be a result of the cross flow between

the ten prism layers.

Table 5.2 Effect of cross gap size on flow and temperature distribution.

Cross gap 0 mm  Cross gap 1 mm  Cross gap 3 mm

Total mass flow rate (kg/s)  0.20 0.20 0.20
Bypass flow fraction (%) 9.85 9.58 9.55
Cross flow fraction (%) 0 0.27 0.30
Hot spot temperature (°C) 1148.6 1146.8 1147.0

Coolant outlet AT ax (°C) 143.5 136.3 136.3
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5.5 Summary

A 3D full size model of a fuel column in a reference prismatic VHTR is developed
for heat transfer and flow distribution simulation by applying commercial CFD codes.
Both the core bypass and cross flows are investigated for various gap sizes. A mesh
validation is performed by adapting a finer mesh in the solid area. Additionally, a
sensitivity study for the value of Y" is performed for a range of 3 to 30. The calculation
result of the friction coefficient for a coolant channel from the inlet to outlet is compared
to published empirical correlations. The results show agreement and the SKE turbulence
model used in this calculation was validated. However, in the cross gaps, the flow
involves transition from laminar to turbulent conditions. Numerical results for such
application still require further consideration and validation data obtained at actual flow
and material conditions. The effects of the bypass flow and cross flow on hot spot
temperature, coolant outlet temperature differences, and mass flow rates are clarified as
follows:

(1) The bypass flow has significant influence on heat transfer in the fuel column. With a
larger bypass gap size, a larger temperature gradient will occur within the fuel block.

(2) The hot spot temperature rises as the bypass gap size increases.
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(3) Coolant channel outlet temperature difference increases with an increase in the bypass

gap size. This result will increase the risk of “hot streaking” or insufficient mixing in

the lower plenum.

(4) Cross flow is driven by the pressure difference between the bypass gap and the coolant

channels.

(5) The cross flow from the bypass gap to the coolant channels will contribute to heat

transfer capabilities and decrease the temperature gradient. Additionally, the cross

flow from the interior high-pressure channels to the outer low-pressure channels will

decrease the available coolant in the hot areas and increase temperature gradient.

(6) The existence of a cross flow will decrease the maximum coolant channel outlet

temperature difference, while the gap size shows little influence on the overall result.
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Chapter VI
Conclusions

In this work, experimental research for forced convection transient heat transfer
between the twisted plate and the coolant (helium gas) was conducted. 3D numerical
simulation was applied to analyze the heat transfer process and the twisted structure
induced heat transfer enhancement mechanism. In addition, thermal-hydraulics analyses
for reactor core by applying Computational Fluid Dynamics (CFD) were performed.

Experiment was carried out at various periods ranged from 35 ms to 14 s. The
transient heat transfer effect with various heat generation period was clarified and
empirical correlations for both transient Nusselt number and quasi-steady state Nusselt
number were obtained. The heat transfer enhancement effect by twisted structure effect
was also clarified.

Simulation results for forced convection heat transfer of helium gas flowing over
twisted plates were obtained for average surface temperature difference, heat flux and
heat transfer coefficient of the twisted plate and showed reasonable agreement with
experimental data. Based on the numerical simulation, mechanism of local heat transfer
coefficient distribution was clarified. A comparison of the twisted plate and flat plate was

conducted to show the difference in heat transfer coefficient distribution.
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Thermal hydraulics analysis for reactor core was performed with CFD method. The

effect of bypass flow and cross flow gaps in the core of a VHTR were taken into

consideration. Parametric study by changing the size of bypass gap and cross gap are

performed with a one-twelfth sector of fuel block. Simulation results show the influence

of bypass gap size on temperature distribution and coolant mass flow rate distribution in

the prismatic core. It is shown that the maximum fuel and coolant channel outlet

temperature increases with the increase of gap size which may lead to a risk on the

structure of fuel block. The cross flow is divided to two kinds. One is the cross flow from

bypass gap to coolant channels and another is the flow from high pressure coolant

channels to low pressure coolant channels. These two kinds of flow have opposite

influence on temperature gradient. It is found that the presence of the cross flow gaps may

have a significant effect on the distribution of the coolant in the core due to flow mixing

in the cross gaps.
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A.1 Photos of Test Loop
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Fig.A.1 Test loop
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Appendix

A.2 The preheating system

Fig.A.2 The preheating system

137



Appendix

A.3 The test section

Fig.A.3 The test section
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Appendix

A.4 DC power supply.

Fig.A.4 DC power supply.
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