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Abstract

Molten salts are promising heat transfer media with high boiling temperature, which have advantages
in single-phase heat transfer. Especially, the energy engineering systems operated in high temperature
range like solar energy system or advanced nuclear system are strongly interested in using molten salts
as heat transport or heat storage media. Therefore, there has been many researches to investigate the
heat transfer behavior of molten salt system. However, still the fundamental knowledge on the single-
phase heat transfer of molten salt is insufficient to assess its heat transfer performance. In addition, there
are only few studies on the heat transport system using molten salt in both natural and forced circulation.
Thus, this study focuses on the study on single-phase heat transfer behavior of molten salt, which is
characterized by its high-Prandtl number, in both natural and forced circulation system with numerical
and experimental approaches.

The first part of this paper includes the feasibility test on passive heat transport system using high-
Prandtl number. The sensitivity analysis method is adopted to represent system reliability especially for
high-Prandtl number fluid. The reliability assessment of the natural circulation system can give
fundamental insight to the design of various passive safety systems for the advanced nuclear reactors.
Especially for the passive system, the weak driving force requires accurate assessment of reliability and
performance, or it can give large uncertainty during the operation of system. Here the reliability
assessment employs one of efficient techniques referred as adjoint-based sensitivity method to test the
heat transport system using high-Prandtl number fluid. The conservative governing equations in the
natural circulation inside a closed rectangular loop were established, and its adjoint system were
developed based on the Lagrangian approach. The developed adjoint system showed reasonable
accuracy in the sensitivity analysis with more efficient computational effort as expected. Based on the
developed adjoint sensitivity system, the reliability of natural circulation of molten salt simulant inside
the closed loop is tested. The general sensitivity analyses are performed with different design parameters
which were categorized into fluid property, geometric parameter, heater and cooler conditions, pressure
drop parameters, and Nusselt correlation. Three different system conditions are imposed to investigate
the effects of implementation of temperature-dependent fluid property, the orientations of heat
exchanger, and operating temperature range, on the entire system reliability. It is found that the variation
of fluid properties with respect to the temperature gives great effect on the reliability of heat transfer
performance in the system. The further assessment on Nusselt correlation also verifies the importance
of property variation with respect to the temperature in evaluating heat transfer performance. Thus, the
reliable assessment on the heat transfer performance requires the consideration of property variation.
Especially, the heat transport system using high-Prandtl number fluid should aware of property variation

in estimating heat transfer performance, since the drastic temperature drop takes place near the heat
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transfer surface due to thin thermal boundary layer.

The following parts describe the experimental study on heat transfer behaviors of high-Prandtl number
fluid to give reliability to the assessment of high-Prandtl number fluid system. In specific, the second
part includes the investigation of the convective heat transfer phenomena of high-Prandtl number oil
and the third includes the experimental work using high-Prandtl number salt. In the previous studies of
same research group, the distinct heat transfer behavior of high Prandtl number oil was reported in the
natural circulation system. The present study extends the experimental work to the forced convective
heat transfer and discusses the unique feature of heat transfer behavior of high-Prandtl number oil.
Specifically, the convective heat transfer performance of high-Prandtl number oil in transition flow
regime isn’t fully understood with the previous correlations. It is suggested that the distinct heat transfer
feature of high Prandtl number fluid is attributed to the existence of local natural convection in radial
direction, which is induced by the weak thermal diffusivity and resulting large radial temperature
difference of high Prandtl number fluid. The theoretical discussion on the local natural convection of
high-Prandtl number oil verifies its existence in the heat transfer between fluid and heated wall. Based
on the discussion, the newly developed correlation for high Prandtl number takes the local natural
convection into consideration by adding Grashof number into the general convective heat transfer
correlation. The proposed correlation well agrees with experimental data from the present work as well
as the previous work, which demonstrates the effect of local natural convection on the convective heat
transfer performance of high Prandtl number fluid. Finally, the experimental facility using heat transport
salt is established and natural circulation test is performed giving opportunity to further discussion on

distinct heat transfer behavior of high-Prandtl number fluid.
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Chapter 1. Introduction

1.1 Research Background and Motivation

Molten salts are promising heat transfer media with high boiling temperature, which have advantages
in single-phase heat transfer. Especially, the energy engineering systems operated in high temperature
range like solar energy system or advanced nuclear system are strongly interested in using molten salts
as heat transport or heat storage media. The representative molten salt candidates for the heat transfer
media are nitrate salt for solar energy system like HITEC (KNO3-NaNO3-NaNO;) and fluoride salt for
advanced nuclear energy system like FLiBe (LiF-BeF,). The great potentials of molten salts as heat
transfer and storage media are attributed to their high volumetric heat capacity without pressurization,
which provides enhanced heat transfer, reduced pumping powers, and small heat exchanger volume.
Naturally, many researches were dedicated to design the energy transport systems using molten salts
and to test their performances. However, still the fundamental knowledge on the single-phase heat
transfer of molten salt is insufficient to assess its heat transfer performance. For the energy transport
systems using molten salts, both natural and forced circulation systems are adopted under different
system objectives. The solar energy storage system adopts natural circulation of heat transfer salts,
while the advanced nuclear reactor like molten salt reactor requires forced circulation of molten salts
for the stable energy production. For various safety systems of advanced nuclear reactors, both natural
and forced circulation systems of molten salts are recommended. That is, the reliable assessment of both
natural and forced heat transfer behaviors of molten salt circulation system should be the prerequisite
for the design molten salt systems. Unfortunately, due to the difficulties in experiment using molten salt,
most of the studies on the heat transfer behavior of molten salt circulation are limited in numerical work
or tested in limited experimental conditions. In addition, the previous experimental tests or even
numerical tests on the heat transfer performance of molten salts rely on the classical correlations or
qualitative comparison with other heat transport media. However, the classical and qualitative
assessment for molten salt system would reduce the reliability of system design or performance
especially in the aspect of thermal-hydraulics, since the classical correlations or performance
assessment methods have not been verified for molten salt. Thus, the present study focuses on the
quantitative assessment of the reliability of molten salt system and introducing fundamental insight in
heat transfer of molten salt for high reliability. In specific, the present study defines the distinct feature
of molten salt as high Prandtl number, so the entire works are interpreted in terms of high-Prandtl

number fluid.



1.2 Review on Heat transport system using High-Pr fluid

The use of high-Prandtl number fluids as heat transport media has been widely considered in energy
engineering systems such as Molten Salt Reactor (MSR) and Advanced High-Temperature Reactor
(AHTR) in nuclear energy field or Concentrating Solar Power (CSP) plants in solar energy field. The
representative fluid types with high Prandtl number are synthetic oils and molten salts.

In nuclear energy systems, various molten salts have been tested to use as liquid fuel and heat
transport media for MSR since the first proposal by Oak Ridge National Laboratory (ORNL) in the
middle of 20™ century . The first MSR utilized chloride-based salt, NaCl/KCI/PuCls as liquid fuel and
heat transport medium to operate as a breeder reactor in the fast neutron spectrum 2. The chloride-based
salts were also employed in the extended work by Taube et al. * as heat transport media for various
designs of MSR systems like breeding reactor with plutonium, three zone reactor with a mixed fuel
cycle, high flux burner reactor for transmutation, and internally cooled breeder with uranium-plutonium
fuel. Ottewltte et al. *® assessed the feasibility of molten chloride salt for fuel core salt with NaCl as the
carrier salt, ThCl, for fertile material, and UClI; for fissile material, to provide a basis for the chloride-
based MSR concept. Meanwhile, the fluoride-based salts were introduced as a liquid fuel and heat
transport media for thermal- and fast- spectrum MSR. The first fluoride-based salt was LiF-BeF>-AnF,
for molten salt breeder in thermal spectrum, which was considered as liquid fuel carrier salt 8. In Japan,
MSR with thorium cycle employed LiF-AnF, salt as liquid fuel operating in fast spectrum 7. In addition,
fluoride-based salt was used for burner-type MSR like Actinides Molten Salt TransmutER (AMSTER)
8, Recently, MSR concept was reviewed in the 21% century, since the advantages in neutronics and its
liquid state of molten salt gave satisfaction to the world’s principle toward Gen-IV nuclear energy
systems which are enhanced safety and reliability, reduced waste generation, effective use of uranium
or thorium ores, resistance to proliferation, and improved economic competitiveness. Under the
EURATOM Framework Programs and MOST project, the potential of fluoride salts were emphasized
for the liquid fuel of two representative fast spectrum MSRs: Molten Salt Fast Reactor (MSFR) for
breeding with thorium fuel cycle ®° and MOlten Salt Actinide Recycler & Transmuter (MOSART) for
spent fuel burner 1. On the other hand, chloride-based salts were considered due to their expected
potentials in fast neutron spectrum. Holcomb et al. *2 compared chloride-based salts with fluoride-based
salts and evaluated the advantages of chloride-based salts in fast neutron spectrum providing possible
reactor configurations, design features/options and performance considerations. Then, the development
of actual molten chloride salt reactor was initiated by official supporting program with several
institutions including TerraPower, ORNL, Electric Power Research Institute (EPRI), and Vaderbilt
University 1. Besides, Moltex Energy LLP initiated the development of MSR utilizing UCIs-NaCl of
fuel salt and NaF-KF- ZrF, of coolant salt .

Another representative heat transport system using molten salts in nuclear energy field is AHTR,
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which utilizes high temperature fluoride salt to provides cooling of solid fuel. The distinct features of
AHTR which are higher operating temperature and clean primary coolant circuit using molten salt
without fuel require different candidate salts. The previous studies suggested that the requirements of
candidate salts are thermal and chemical stability at high temperature (>800 °C), proper melting
temperature (~500 °C), neutronic viability, and materials compatibility 1°. Then various molten salts for
AHTR were reviewed and several salt compositions like ZrF4-salts and BeF,-salts were recommended
as the best coolant in primary system of AHTR 67,

The commercial high-efficiency solar power facilities, especially parabolic trough CSPs utilizes both
synthetic oil and molten salt as heat transfer fluids for their systems 8. High-Pr thermal oils like
Therminol® VP-1, Dowtherm® A, or Diphyl® are the most widely-used fluids in currently-operational
CSPs 1921, The thermal oils have wide operating temperature range with high heat capacity which have
advantages in heat transfer and heat storage systems. However, their problems like upper temperature
limitation, degradation over time, high cost, and inflammability made themselves be replaced by heat
transfer salts for CSPs. Then, nitrite-based salts have been highlighted as useful media for CSPs due to
their economic efficiency and less corrosive characteristics. Solar Salt (NaNO3-KNOs) is the most
commonly used salt for the commercial solar power systems like Solar Two central receiver systems
and other solar plants 222, HITEC is also widely used as a heat transfer fluid and thermal storage
medium for its low melting point, good thermal stability, similar viscosity to water, and comparable
thermal conductivity 242,

The ideal characteristics of heat transfer fluid for closed heat transport systems, especially for
commercial facilities, include large operating temperature with low melting point, thermal stability, low
vapor pressure, material compatibility, low viscosity, high thermal conductivity, high heat capacity, and
economic efficiency 2627, In that sense, heat transfer characteristics of molten salts are not superior to
other heat transfer fluids, since molten salts have comparable heat capacity but low thermal conductivity
and high viscosity 2. However, with large operating temperature range and economic efficiency, the
molten salts become competitive media for the heat transport systems. And even, the detailed
information of molten salt properties has not been studied yet. In the other words, heat transfer
performance of molten salts in the heat transport system should be assessed mainly with respect to

thermophysical properties such as heat capacity, thermal conductivity, and fluid viscosity.



1.3 Review on Heat Transfer behavior of High-Pr fluid

The dependency of mean Nusselt number (Nu) on the mean Prandtl number (Pr) has been widely
accepted as a form of simple power law, especially for forced internal flow of broad Prandtl number
range in a tube. Prandtl number is a dimensionless number that accounts for heat transfer mode of fluid,
which is independent of external conditions. Then, Reynolds number (Re) or Grashof number (Gr) takes
responsibility for the influence of external conditions on mean Nusselt number. Generally, forced
convective heat transfer correlation is expressed as a function of Reynolds number and Prandtl number,
while natural convective heat transfer correlations employ Grashof number, Prandtl number, and

Rayleigh number.

Reynolds number, Re=UL/v (1.1)
Grashof number, Gr=gL’pAT /v (1.2)
Prandtl number, P =Vv/a (1.3)
Rayleigh number, Ra =Gr-Pr (1.4)

where U is a velocity scale, L is a fluid characteristics length scale, v is a kinematic viscosity, g is an
acceleration of gravity, £ is a thermal expansion coefficient, a is a thermal diffusivity, and A7 is a
temperature difference scale.

Table 1.1 summarizes previous Nusselt correlations for forced internal flow in a circular tube. In the
first work done by Sieder-Tate et al. %, the author proposed an exponent of 1/3 for the mean Prandtl
number in laminar flow region. Similarly, Martinelli and Boelter developed Nusselt correlation in same
form with different multiplication factor in laminar flow regime *. Beyond the laminar flow region,
Hoffman and Cohen proposed the modified form of Hausen equation for transition region between
laminar and turbulent flow 3. Lastly, several Nusselt correlations were proposed in various forms for
turbulent flow region. McAdams introduced well-known correlation referred as Dittus-Boelter equation
for turbulent flow, while Sieder and Tate’ equation and Hausen’s equation modified it by considering
wall viscosity effect 23122, On the other hand, Gnielinski proposed complex form of Nusselt correlation
for turbulent flow region *.

In the natural convection, previous studies proposed empirical Nusselt correlation as a function of
Rayleigh number. In 1975, Morgan introduced simple form of Nusselt correlation with respect to

Rayleigh number based on literature review *. The widely-accepted semi-empirical correlation
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developed by Churchill and Chu also proposed the dependency of Nusselt number on Rayleigh number
in complex form 35, On the other hand, Fand ¢ proposed additive form of Nusselt correlation with
respect to Rayleigh number and Prandtl number. Table 1.2 summarizes Nusselt correlations for free
convection, while the proposed correlations were only applicable to external flow on circular cylinders.

As shown in Table 1.1 and Table 1.2, the majority of Nusselt correlations are only applicable to
turbulent flow region where Reynolds number is greater than 10,000. On the contrary, few heat transfer
correlations exist in laminar and transition flow region. Especially, researches on the prediction of
natural heat transfer inside the tube are rare. As mentioned in the previous section, the typical energy
or heat transport system is closed circulation loop, mainly made by circular tube. In that aspect, there’s
always doubt on the feasibility of classical Nusselt correlations to the evaluation of heat transfer
performance in practical heat transport system. Especially, for high-Prandtl number fluids like oils and
salts, the reliability in employing the classical Nusselt correlations becomes weaken, since still the
classical correlations don’t take the distinct heat transfer feature of high Prandtl number fluid into
consideration. Thus, the present study reports the distinct heat transfer feature of high Prandtl number
fluid and proposes simple correlation which is specified to high Prandtl number fluids.



Table 1-1. Review on forced convective heat transfer correlations

Range Condition

Ref. Nusselt correlation
Sieder-Tate 2 Nu =1.86Re”* Pr* (D /L) (g, / 1) Re <1000
Martinelli and 3
Nu=1.62Re”Pr’*(D/L) Re <1000
Boelter ¥
4 2300<Re<10°
Hoffiman 3! Nu =0.116(Re”*~125)Pr** (1, / p1,)""
0.6 <Pr<1000
2300<Re<10°
Hausen *! Nu =0.037 (Re®"*~180)Pr**[ 1+(d /1) | (1, / 1, )™
0.6<Pr<1000
10" <Re
McAdams * Nu =0.023Re"® Pro*
0.6<Pr<160
10" <Re
Sieder-Tate » Nu = 0.027Re®® Pr® (g, / 41, )™
0.7 <Pr<16700
10" <Re
Nu =0.012(Re**—280)Pr** (1+(d /1) )(Pr,/ Pr, )™
! 0.7 <Pr<16700

Gnielinski 3

Nu=[(f /8)RePr]/[1+8.7(f /8)"(Pr**~1)]

f =(1.82logRe-1.64)"

4-10° <Re<10°
0.5<Pr<200

Table 1-2. Review on free convective heat transfer correlations for external flow on circular

cylinders

) Range
Ref. Nusselt correlation -
Condition
Morgan 3 Nu=C-Ra" 10 <Ra<10%
Churchill and o1 \1619 \®
Nu = 0.6+0.387(Ra/(1+(0.599/ Pr)”™) j Ra <10
Chu %

Fand 36 NU — 04 Pr0.0432 RaO.ZS + 0503 Pr0.0334 Ra0.0816 + 0.958660.1222 /(PrO.OG RaO.OSll) 1078 < Ra 3108




1.4 Research Objectives and Scope

The present study aims for the study on heat transfer behavior of high-Prandtl number fluid and its
feasibility test to the passive heat transport system. The paper includes both numerical study using
newly-developed sensitivity analysis method and experimental studies using high-Prandtl number oil
and salt.

The research objectives are as follows:

1) Assessment of sensitivity of passive heat transport system using high-Prandtl number fluid

2) Development of effective sensitivity analysis method for direct assessment of heat transfer
performance in high-Prandtl number fluid circulation system

3) Experimentally analysis of heat transfer performance of high-Prandtl number oil in natural and
forced circulation

4) Establishment of experimental platform for high-Prandtl number salt in natural and forced
circulation.

5) Study on the distinct heat transfer features of high-Prandtl number fluid in circulation systems

Chapter 1 reviews the various heat transport systems using high-Pr fluid and general heat transfer
behaviors of high-Pr fluid to define the motivation, objectives, and originality of this paper.

Chapter 2 describes the numerical study on the feasibility test on passive heat transport system using
high-Pr fluid.

Chapter 3 reports the experimental work on heat transfer behaviors of high-Pr oil in forced circulation
system. The experiments using high-Pr oil in a closed rectangular loop were performed under forced
circulation condition. The forced heat transfer performance of high-Pr oil was analyzed with respect to
Reynolds number and Prandtl number. The distinct heat transfer feature of high-Pr fluid characterized
by local natural convection was suggested based on the experimental data. Finally, new heat transfer
correlation for high-Pr fluid was proposed taking the local natural convection into consideration.

Chapter 4 reports the establishment of experimental platform for high-Pr salt in natural and forced
circulation. In a closed rectangular loop, natural circulation of high-Pr salt was tested in the aspect of
heat transfer.

Chapter 5 concludes the paper with the conclusions and recommendations.



Chapter 2. FEASIBILITY TEST ON PASSIVE HEAT TRANSPORT SYSTEM USING HIGH-
PRANDTL NUMBER FLUID

2.1 Introduction

Recently, the necessity of innovative passive heat removal systems has grown in the nuclear
engineering field. The passive heat removal systems completely rely on the use of natural phenomena,
which reduce the failure probability of active components and operational costs. Many Gen-1V reactors
as well as existing nuclear reactors employ various heat removal systems to achieve these advantages
from passive operations. Especially, a passive heat removal system is a representative passive system
for Gen-1V reactor, thus various advanced nuclear reactors employ different types of passive decay heat
removal system. Sodium-cooled fast reactors (SFRs) adopted natural circulation circuit using liquid
metal such as sodium *” and gallium 3 for its decay heat removal. Liquid metal-cooled fast reactors
(LFRs) also utilize liquid metal like LBE *+ to the middle passive residual heat removal loop. In
addition, the passive decay heat removal system is employed in the integrated-type of small-modular
nuclear reactors (SMRs) like MASLWR #' and SMART #*. The unique feature of molten salt reactor
(MSR) which employs liquid fuel system requires different kind of decay heat removal system called
fuel salt drain system **. All these passive systems are designed to remove residual core heat only by
single-phase natural circulation.

However, the driving forces for the passive systems are normally weak, which make themselves more
sensitive to the small changes in design parameters. Thus, it is required to secure their reliability and
performance, and numerous previous works assessed the reliability of the passive heat removal system
for advanced nuclear reactor systems using various methods. The reliability of the sodium-cooled and
gallium-cooled passive decay heat removal systems for SFR were assessed by transient analysis using

3738 or by probabilistic approach %4, Wu et al. * and Farmer et al. *° analyzed

thermal-hydraulic code
the reliability of passive decay heat removal system for LFR in transient. The reliability of passive
decay heat removal system for SMRs was also tested both in transient and probabilistic approaches
414546 However, there were few researches which tested the passive decay heat removal system using
molten salt for MSR 47 Instead, there has been several works on the natural circulation of fuel salt

inside the primary loop of MSR or natural circulation of molten salt itself. Ruiz et al. 4*

investigated the
natural circulation of heat transport salt as well as internally-heated salt which represented fuel salt. The
rectangular closed loop was developed using 1D numerical tool and its flow stability maps with respect
to modified dimensionless numbers were computed under different loop configurations. Avigni et al. *°
also numerically tested the natural circulation of molten salt inside the Liquid Salt Test Loop for pebble
bed advanced high temperature reactor. The simplified tool based on the point kinetics was developed

using TRACE to evaluate the shutdown transients of molten salt fast reactor. They presented the

8



optimized input powers to maintain the certain fluid temperatures at the test section outlet and the heat

exchanger outlet, respectively in the natural circulation loop. Kudariyawar et al. *°

performed both
experimental and 3D computational works on the natural circulation behavior of molten salt inside the
closed loop. The transient evolutions of temperature and mass flow rate were reported under different
conditions such as flow initiation, power rising and power step back, power trip, and loss of heat sink.
Similar work was done by Srivastava et al. >' with same experimental facility and 1D numerical model.
The loop performances in terms of mass flow rate and temperature were recorded under same transient
conditions. Recently, Jiao et al. >? analyzed the functional reliability of natural circulation system using
molten salt. The authors employed best-estimate method to define the functional reliability of natural
circulation system in terms of maximum and minimum temperatures of molten salt. However, still none
of the previous works evaluated the reliability of natural circulation system in terms of both flow
characteristics and heat transfer performance under different systematic conditions. Thus, this study
investigated thermal-hydraulic reliability of natural circulation system using molten salt, with a typical
configuration for the further extension to various applications.

The sensitivity analysis is one of effective techniques to assess the overall thermal-hydraulic
reliability of certain system. However, the complexity of heat transport system requires large
computational effort, especially in performing the sensitivity analysis with respect to various parameters.
Then the adjoint-based approach has been paid attention to identify the importance of parameters as an
effective method. The main principle of adjoint method is the formulation of second system of equations
which is mathematically related to the forward system of equations, referred as an adjoint system. Then,
only evaluating inner products for each sensitivity variable is required, after solving the forward and
adjoint equations once. This feature of adjoint method leads to the independence from the number of
design parameters, which reduces the computational effort rather than proportional to the number of

design parameters. Therefore many classical research already adopted the adjoint method to solve

53-55 56-59

engineering problems such as control theory , and design optimization

In this study, this efficient sensitivity technique was employed to investigate the sensitivity of natural
circulation system using molten salt, which represented the advanced passive heat removal system.
From the previous studies °*°!, it was proven experimentally that the simulant fluid, DOWTHERM RP
could represent the flow characteristics and heat transfer performance of molten salt. Based on the
previous knowledge and experimental data, the present study initiated the establishment of sensitivity
model from the validated 1D heat transport model. The adjoint-based sensitivity model was developed
from the conservative governing equations in the natural circulation inside a closed rectangular loop.
The verification and validation of adjoint-based sensitivity model was achieved. Finally, the adjoint-

based sensitivity analysis the reliability of natural circulation of molten salt simulant inside the closed

loop was tested with various design parameters, different cases, and different objectives of interest.



2.2 Development of adjoint sensitivity model

Based on the established pressurization strategies, the parameters will be controlled in the
experiments were summarized to observe their influence. Fill ratio of the working fluid, initial amount
of non-condensable gas (initial pressure), and heat loads were selected as controlled parameters. To
confirm the feasibilities of the pressurization strategies and observe the effects of controlled parameters
on the pressurization phenomena in the test sections, test matrix was established as presented in Table
2-1. In this section, the details on prepared test section for the experiments were described. Information
on experimental facility, test procedure, and data processing which were utilized to measure the
performances of the hybrid control rods according to parameters and pressure control strategies was
demonstrated. Then, experimental uncertainties were analyzed to check the accuracy of the

experimentally measured results.

2.2.1 Background of adjoint sensitivity model

In the process of reliability assessment, not only the fidelity of modelling the problems but also the
computing power required to complete the calculations is challenge. As the number of parameters to be
tested increases, the computing power issue becomes more important. The adjoint method is the most
viable technique to reduce computational effort with maintaining the fidelity of calculations, especially
in large and complex problems. The unique feature of adjoint method compared to other methods is to
formulate the secondary problem called adjoint problem and relate it to the forward problem
mathematically. Since the solution of secondary problem is independent of input parameters, solving
desired objectives requires only a single calculation of secondary problem regardless of the number of
input parameters. The only challenge in adjoint sensitivity approach is to formulate appropriate
secondary problem and to get accurate adjoint solution. The distinguishing feature of adjoint sensitivity
method in general mathematical form is described in the present section.

Let denote the arbitrary input parameter and dependent variable as a and x, respectively. The set of

forward problems is defined as F, shown in Eq. (2.1).

2.1)

The objective function, » can be any function of a and x. Then the sensitivity of objective function is
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defined as follows:

or or dx
()= e T
da oa OX da 2.2)

With a finite difference approximation, the gradient of x with respect to a can be expressed as:

%N X =%

da o —a (2.3)

where subscripts 0 and 1 are for the unperturbed problem and perturbed problem, respectively, which

are expressed as Egs. (2.4-2.5).

(2.4)

Fl(al’xl)

Fz(Oflyxl)

F= =0

Py (al’ Xl) (2.5)

Then, the calculation of the gradient of x with respect to a requires additional solution of perturbed
problem. That is, each addition of parameter to the sensitivity equation requires each additional
calculation of forward problem, which burdens the computational tool with the increase of the number
of iteration.

However, if the adjoint solution is defined to satisfy Eq. (2.6), adjoint sensitivity equation is evaluated
as Eq. (2.8) from the substituting Eq. (2.7) into Eq. (2.2). Note that, Eq. (2.7) holds, as the forward

equation F is always zero.

t T -1
55, EHE)
OX OX or OX OX (2.6)
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dF oF oF dx dx (aFj‘l (aFj
I S [ B
da 0da OX da o da OX oa

Lﬁﬂ.@f(ﬁj_ﬁ_ q.(ﬁj‘l .(Ej_ﬂ_y(ﬁj
da Oa oOx \ ox oa oa ox \ oX oa oa oa

where A' is the adjoint solution vector.

2.7)

Here, with the same objective function and forward equation, Eq. (2.6) holds for every a. Thus, the
adjoint method requires solving a single forward equation and a single adjoint equation to complete the
all the sensitivity computation, regardless of the number of parameters. Finally, the cost to produce
sensitivity results using adjoint approach is nearly equals to the cost to solve two forward equations,
which makes the adjoint method more efficient technique for the sensitivity analysis. The development
of adjoint sensitivity equations for the practical engineering problem is presented in the following

section.

2.2.2 Adjoint sensitivity model for passive heat transport system

In the present section, adjoint method for performing sensitivity analysis is described. For the
sensitivity analysis, 1D heat transport system using molten salt inside the closed natural circulation loop
was considered. The adjoint sensitivity equations were developed for the engineering problem with the

objective functionals of mass flux and temperature.

2.2.2.1 General governing equations of 1D heat transport system

In the present work, the closed rectangular loop configuration was studied which benchmarked the
experimental facility in UNIST. It composed of a single vertical heater and two water-cooled heat
exchangers with a circular tube cross-section of constant diameter, as shown in Fig. 2.1. Then the system

governing equations were developed with the following assumptions:

The one-dimensional flow was considered with an incompressible fluid. The position inside the
loop was denoted as curvilinear coordinate, “s” following the direction of fluid flow.
The entrance of the cooler was set as the origin and the reference values were evaluated at the
origin.
The Boussinesq approximation was considered.

12



The constant and uniform external heat flux was applied through the heater section as a heat source

in the governing equations.

The water-cooled heat exchangers were modeled as constant wall temperature coolers.

The heat conduction and dissipative terms of the energy conservation equation were neglected.

The friction factor for the distributed pressure drop, denoted as f, was assumed as Darcy friction

factor in laminar flow regime. The localized friction factor was denoted as fi...; and assumed as an

arbitrary constant.

Then the governing equations with the above assumptions are:

G _o
oS
2 2
@4_2 G_ :_a_p_pggz.gs_(f + flocal)iG—
8t as pref 83 Dh 210 ref
olc. T olc T
(©, )+ 12 )+ 4 h(T)-(T-T,)- 4 4"=0
at ,0 ref as ,0 ref Dh 10 ref ~h

2.9)

(2.10)

(2.11)

2.12)

2.13)

where G is the mass flux, p.ris the reference density at the steady state, D, is the hydraulic diameter

of the loop, ¢, is the fluid specific heat, 4 is the heat transfer coefficient of cooler, 7., is the cooler wall

gravitation and flow, respectively.

temperature, ¢ ” is the external heat flux, f is the thermal expansion coefficient, x is the fluid dynamic

viscosity, a and b are the empirical constants in Darcy friction factor, e, and e are the unit vectors of

Substituting Egs. (2.12) and (2.13) into Eq. (2.10) and integrating over the entire loop produced:
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b
e, a  Ju)es o, |
at 2 Dh1+bpref L[ Dh 2pref Lt (2 14)

where L, is the total length of entire loop.

The fundamental dependencies of properties on temperature were considered, thus the analytical
forms of property variations were adopted in the temperature-dependent property model. Each property
was evaluated as a product of reference value and temperature-dependent function, given by Egs. (2.15-
2.17) and plotted in Fig. 2.2. The analytical functions of fluid specific heat (kJ/kgK) and viscosity (Pa*s)
with respect to the temperature (K) were derived from fitting using reference properties data of

DOWTHERM RP oil with R?>=1.

Cy(T)=Cprer - T (T)=0.0029T +0.748

(2.15)
272.8505-T 272.8505-T 272.8505-T
1(T) = fg - f, (T)=0.0002981+0.09146e 17023 +0.1256e 7027 +0.01064e ©430122 (2.16)
h(T)=hy - £, (T)=hy -t
( )_ ref h( )_ ref (T—T)
W (2.17)
Finally, the initial and boundary conditions were defined as follows:

T(s,t=0)=T
( ) ref (2.18)
G('[=O)=G0 (2.19)

T(s=0,t)=T,
( ) =T (2.20)
T(s=0t)=T(s=L,t) @1

Table 2.1 summarized the specifications and parameter values in this study. The values referred the
specification of experimental facility in UNIST and properties of DOWTHERM RP oil used as a

working fluid of previous experiments.
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In the present section, adjoint method for performing sensitivity analysis is described. For the
sensitivity analysis, 1D heat transport system using molten salt inside the closed natural circulation loop
was considered. The adjoint sensitivity equations were developed for the engineering problem with the

objective functionals of mass flux and temperature.
2.2.2.2 Formulation of adjoint sensitivity equations

The adjoint sensitivity system for the coupled set of equations was formulated by the Lagrangian

approach, following the previous works %%, Let the objective functional, R be defined as:

T

R:J<r(x,a)>dt

o (2.22)

Then, the Lagrangian was formed as follows:

L:R—j(ﬂ*,F)dt 223)

where L is the Lagrangian function, F is the forward operator in the coupled differential equations in
this problem, the angular brackets denote integrals over all space. As F was defined to be zero in Egs.
(2.11) and (2.14), the objective functional is equivalent to the Lagrangian. Thus, the sensitivity of
objective functional was derived from the derivative of the Lagrangian with respect to the design

parameter, a, as follows:

aR_dL_fyy ¢ dF
P _tj L X, )t - J.<l da>d

(2.24)
where x=(G T)" in this problem, and subscripts on functions are used to denote partial derivatives

with respect to a,s, and ¢. The last term of RHS in Eq. (2.24) could be rewritten using integration by

parts as:

J.<ﬂj ar >dt .[< (Fa + Fxxa + FXSXSJX + FX‘Xt'a )>dt

da
. T,
T +f<[/“ . o(2"F,) (2 F, )]Xm>dt
t 0S ot
(2.25)
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Thus, Eq. (2.24) became:

T

dR dL ¢ t
(UL SR

SL dt—</1* -Fx1xa>

)

N AR A
” ” 0s ot “

(2.26)

Finally, the adjoint equations were defined to eliminate the last integral term in Eq. (2.26), as follows:

—r, +ﬂTFX _ a(;tT ) I:xS ) _ a(;tT ) Fxl ) -0
0s ot (2.27)

,and the sensitivity of the objective functional was expressed as:

S—Z=—<ﬂ -Fxtxa>

:—J'AT-FXS-XH

L T
+
. dt+[(r, - 2"-F, )dt
o (2.28)
where the first and second terms became zero by imposing the initial and boundary conditions of
adjoint sensitivity equations, respectively.

In addition, the normalized sensitivity, N,, defined as Eq. (2.29) was employed to present the

importance of each parameter for each variable.

“ Rda (2.29)

2.2.3 Validation of adjoint sensitivity model for passive heat transport system
2.2.3.1 Mass flux and temperature

Let R be the general objective functional expressed as:
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T

R=[(G(s.t)+T (s.t))dt = [{r(G.T )

fo fo (2.30)

From Egs. (2.11) and (2.14), forward operator F was defined as:

EC Lt
F a L
e oeT) 6 o(eT) =0
? ), G A +g(G,T)
T P O 2.31)
with
b 2
f(OT)-t gy, 2O L PO (e e s)
2Dh prefL[ Dh 2loref Lt I‘l
4 4
9(G,T)= NT)(T-T,)- q"
( ) preth ( )( ) preth

Substituting Egs. (2.30) and (2.31) into Eq. (2.28) and splitting into its constituent components

produced the adjoint equations as:

t _ b olc,T
_aG i+|:a(2 b)ﬂ 'Gl_b 2. f 1 G }G?‘f‘i (p ).TT:

- o T ——
a L 2Dh1+b P Ly ! IDh 20,4 L Pri 08 (2.32)

_3(CPT)_8TT B G 8(CpT).5TT s abyb_le_b _a_,u_we e (S) G
oT o py O oS 2Dhl+bpref|‘t at L C

oc oc 4(T-T
+ 2_p+Ti —P 1. a_T_|_iG@_T +u.@+ 4n TT=1
oT or{ ot o p* 0os PetDy 0T pe D, (2.33)

where /=(G" T")" is the adjoint solution vector.

The numerical scheme for the sensitivity analysis employed implicit Euler discretization, which
could preserve the properties of the adjoint equations . The relative L-2 norm of the solutions for the
convergence was set to 10® between iterations. Figs. 2.3 and 2.4 show the general solutions of forward
equations and adjoint equations. Note that the adjoint equations required the appropriate terminal
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conditions to be specified, while the forward equations imposed the initial conditions. The sensitivity
of objective functional computed by adjoint method was compared with that computed by direct
recalculation method. Here, direct recalculation referred the method that evaluated the sensitivity from
dividing the change in objective functional by the change in the perturbed parameter. The parameters
for the sensitivity analysis were categorized into four types. The first type was the reference fluid
property including density (p,.), viscosity (i), thermal expansion (), and specific heat capacity (cp, ).
The second was the geometric parameter including the diameter (Dy). The third was the heater and
cooler conditions including reference heat transfer coefficient (%), cooler wall temperature (7',), and
external input heat flux (¢ ). The last was the pressure drop parameters including Darcy friction factor
constants (a, b) and localized friction factor (fi.c.). Table 2.2 summarized the comparison results
between sensitivity of functional computed by direct recalculation method and adjoint method. The
functional was evaluated through the entire loop in space and integrated from initial time to startup time
where the mass flux became steady-state. The reference temperature was set to 423.15 K. The last
column of Table 2.2 showed the error between results from direct method and adjoint method. Both
methods gave the same order of sensitivity with the difference less than 6 %. Thus, it was confirmed
that the adjoint sensitivity equations were established well.

Fig. 2.5 shows the computational efforts of direct and adjoint methods with the increase of the number
of parameters, represented as computational time. The computation time increased almost linearly to
the increase of number of parameters for direct method, since the direct method required to solve
additional coupled forward equations with perturbed parameter for each sensitivity. On the contrary, the
adjoint method solved only single parameter equation for each sensitivity, which led itself to be

advantageous in saving time, especially for multiple parameters.

2.2.3.2 Specific objective of interest

In this study, the system performance of natural circulation loop was represented by three different

objectives of interest: mass flux, temperature distribution, Nusselt number. Each variable was defined

as the form of objective functional, as follows:

R = j(r(G,T,a»dt = “L.G dsdt

o 0 (2.34)
R, = j(r(G,T,a))dt = jfT dsdt

o 0 (2.35)
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R=[(r(G.T.a dt_”Nu (G.T,a dsdt—” k)D“(a)dsdt

t0 0 0 f

where kyis the constant fluid thermal conductivity.

With same forward operator F, each set of adjoint equations was defined as:

P ) Gl_b + 2 ’ fIocal i G Gl? +
2Dh p ref L[ Dh 2p ref L[ 10 ref as

6 1 |a2-b)
oL

_a(cpT)_aTT G o(c,T) aT‘ aby“G“’ Ou_ Pu9b e(s)|o;
aT at pref 1+bIOrefI‘t aT Lt _Z - '

oc ac, AT -T
PR —+iG— +—( ) ah+ ail T,'=0
ot ar\ar )t p* os) puD, T puD,

f a(2-b)u ,
—&‘iﬁ‘ #.Glb.Fz. flocali G GZA +
at Lt 2Dh preth Dh 2preth pref 88

oeT) a6 AleT) ar) [ abu6*t au pulh
oT &t p, oT o5 |[2DMp,L oT L

aoc ac, A(T-T :
+| 2—=2+T = g £+LG£ +Q 6h+ il T, =1
or otlat )/ \at p* os) puD, T puD,

1 a(2-b)u’ , o(c,T
(860 1 fa@b) oy 16 e 1 008T)
at Lt 2Dh ' preth Dh 2preth

_a(CpT) . aTST B G 6<Cp'|-).aT3T ablubflefb .a_ﬂ_prefgﬂ e .e (S) G.F
oT ot py o & |[2D"puLooT L T T

ac, ac, 4(T -T
2P 4 Ti 8_T+LG8_T + ( W).@jL 4n Tafzﬂ.@
oT or{or ot p* 0Os LDy 0T p D, ki oT
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(2.38a)

(2.38b)

(2.39a)

(2.39b)



Finally, each sensitivity of variable was expressed as:

da b (2.40)

dr, | i

—2=[(r,, =4 -F,)dt=[[[ -2, -F, |dsdt

da | 0 (2.41)
dr. =& i /oD, h ohy D h .
d_oj:;[<r3'“_’13"':a>dt:t.[£ aah K 60!f 'k_:'ﬁ_@ﬁ o (2.42)

where 1,7, 12", 25" are adjoint solution vectors of each variable, respectively.

The same numerical scheme was employed for the sensitivity analysis of each variable. Fig. 2.6
shows the adjoint mass flux and temperature of adjoint equations for Nusselt number. The sensitivities
of variable computed by direct method and adjoint method were summarized in Table 2.3, 2.4, and 2.5.
Both methods gave the same order of sensitivity for all objective functionals of interest, which gave the

reliability in using adjoint sensitivity method.
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Table 2.1. Specifications and parameter values for sensitivity analysis

Specifications Value

Let 0.3 (m)

Le 0.74 (m)

Ls 1.2415 (m)
Ls 0.6 (m)

Ls 0.0315 (m)
Ln 0.19 (m)

Ls 1.76 (m)

L7 0.3 (m)

Dh 0.023 (m)
Tw 293.15 (K)
q" 72.84 (KW/m2)

Tret 423.15 (K)

Pref 1004.52 (kg/md)

Href 0.0013 (Pas)
p 0.0006987 (1/K)
Co 1974.7 (J/kgK)
ke 0.12 (W/(m K))
a 64
b 1

fiocal 0.001
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Table 2.2. Direct and adjoint sensitivities of general objective functionals

Parameter

p ref

;Uref

flocal

Direct method

135.3529

-4.7285E+07

9.6049E+07

-36.8470

2.4602E+06

-125.6408

103.1026

17.2930

-991.0419

4.9544E+05

-2.4948E+06

Adjoint method
134.5889
-4.7203E+07
9.6682E+07
-38.1620
2.3359E+06
-122.7629
100.1299
17.6390
-989.3198
4.9259E+05

-2.3888E+06

Error(%o)
0.57
0.17
0.65
3.45
5.32
2.34
2.97
1.96
0.17
0.58

4.44
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Table 2.3. Direct and adjoint sensitivities of mass flux

Parameter

p ref

;Uref

flocal

Direct method

2.7922

-8.6507E+05

1.6763E+06

0.8351

1.7458E+05

-56.9178

46.0503

1.4961

-18.1308

9.0757E+03

-4.5923E+04

Adjoint method
2.3673
-8.1356E+05
1.5480E+06
0.7764
1.6343E+05
-55.6700
45.0297
1.4771
-17.0513
8.4626E+03

-3.9629E+04

Error(%o)
17.95
6.33
8.29
7.56
6.83
2.24
2.27
1.28
6.33
7.25

15.88

23



Table 2.4. Direct and adjoint sensitivities of temperature

Parameter Direct method Adjoint method
Pret 132.5607 132.2149
Heet -4.6420E+07 -4.6385E+07

) 9.4373E+07 9.5135E+07
Co ref -37.6821 -38.9385
D, 2.2856E+06 2.1719E+06
et -68.7229 -67.0910
Tw 57.0523 55.0987
q" 15.7969 16.1618
a -972.9110 -972.1684
b 4.8637E+05 4.8407E+05
fiocal -2.4489E+06 -2.3488E+06

Error(%o)
0.26
0.08
0.80
3.23
5.24
243
3.55
2.26
0.08
0.47

4.26
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Table 2.5. Direct and adjoint sensitivities of Nusselt number

Parameter

,0 ref

:uref

flocal

Direct method

-0.1016

3.5527E+04

-1.2717E+04

-0.0289

1.7174E+05

41.2663

-0.9420

-0.0207

0.7446

-3.7053E+02

1.8177E+03

Adjoint method

-0.1148
3.6951E+04
-8.2795E+04

-0.0284
1.7184E+05

41.3305

-0.9524

-0.0214

0.7745
-3.8585E+02

1.8775E+03

Error(%o)

11.48
3.85
12.17
1.55
0.06
0.16
1.09
3.22
3.85
3.97

3.18
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Fig. 2.1. The schematic configuration of experimental facility in UNIST
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Fig. 2.5. The computation time of direct and adjoint methods with the number of design parameters
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2.3 Assessment results of system feasibility using high-Prandtl number fluid

2.3.1 Sensitivity test on passive heat transport system using high-Pr fluid

2.3.1.1 Effect of working fluid property

In the natural circulation system, the variation of fluid property gives significant effect on the heat
transfer performance. Especially, the fluid dynamic viscosity directly affects the pressure drop over the
system, and the specific heat determines the thermal inertia of fluid. Thus, it is important to implement
appropriate fluid property function into the sensitivity model. To clarify the effect of fluid property
variation, the sensitivities computed by adjoint method with constant fluid property were compared to
those with temperature-dependent fluid viscosity and specific heat. Table 2.6 and Figs. 2.7-2.9 show the
normalized sensitivities of three objective functionals computed by constant property model and
temperature-dependent property model. Note that the normalized sensitivities in Figs. 2.7-2.9 are scaled
in logarithm and red-colored bar indicates negative sensitivity. The positive sensitivity implies that the
increase of parameter enhances the objective functional, while the negative sensitivity implies that the
increase of parameter deteriorates the objective functional.

The implementation of temperature-dependent fluid property model led to the increase of magnitude
of sensitivities, while the sign of sensitivity maintained. For the sensitivities of temperature and Nusselt
number, the sequence of parameter importance remained even after the implementation of temperature-
dependent property model. The input external heat flux gave the most significant effect on the
temperature in positive way, while the reference heat transfer coefficient gave the most in negative way.
For the sensitivity of Nusselt number, the hydraulic diameter and the reference heat transfer coefficient
gave the most positive effect, while the external heat flux was the most negative parameter. However,
for the sensitivity of mass flux, the importance of the reference heat transfer coefficient and cooler wall
temperature extremely increased after the implementation of temperature-dependent property model.
That is, if the property variation is considered, the effect of the reference heat transfer coefficient and
cooler wall temperature on the natural mass flux cannot be negligible any longer. In other word, since
these two parameters are highly associated with the heat exchanger, the optimized design of heat
exchanger for the reliable natural circulation should be aware of property variation of working fluid.

For the further study on the fluid properties, various temperature-dependent functions for the fluid
viscosity were considered. Compared to the reference function shown in Eq. (2.16), two different forms
of analytic functions were employed: one is a polynomial form and the other is a power form. Two
analytic functions shown in Egs. (2.43) and (2.44) were derived from same reference viscosity data of
DOWTHERM RP with R*=0.99998 and R?=0.99467, respectively. The comparison of analytic

functions with the reference viscosity data is shown in Fig. 2.10. Note that the values of fluid viscosity
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itself from different analytic functions are almost same in the given temperature range.

#(T) =ty - £,(T)=2.69726—0.03041x T +1.3817-10* x T? —3.1560-10 " x T°

~10 4 -13 5
+3.6200-10 " xT" —-1.6667-10° xT (2.43)

#(T) = g - 1, (T) =5.6083-101 T 255 .49

The sensitivities of mass flux, temperature, and Nusselt number are plotted in Figs. 2.11-2.13 and
summarized in Table 2.7-2.9. In general, the sensitivities computed by model employing polynomial
viscosity function largely increased compared to those by reference model. The maximum increase in
sensitivity lay on the temperature sensitivity with respect to thermal expansion coefficient and constant
a from Darcy friction factor, up to 200 % from reference model. In addition, the sensitivities of mass
flux with respect to parameters coupled with the temperature, like 4., and 7., showed the largest
increase up to 130 % among all parameters. The sensitivities of Nusselt number also showed
considerable increase with respect to all the parameters except for fi,.« which had no direct relation with
temperature. In other words, it was clearly inferred that the changes in sensitivities were dominated by
the change in sensitivity of temperature and the temperature was largely influenced by the fluid viscosity
function.

However, power form of viscosity function gave less effect on the sensitivities of the system than
polynomial function. The change in sensitivities with power form of viscosity function lay on the range
of 20~30 %, and the maximum increase of sensitivity was only 50 % which was only a quarter of that
with polynomial function. Since the viscosity values themselves from different functions were almost
same, the large difference in sensitivities between employed property functions came from other
contribution. Fig. 2.14 shows the viscosity gradients with respect to the temperature of different analytic
functions. In the operating temperature range from 400-440 K, the viscosity gradient with respect to
temperature of polynomial function was higher than that of reference case, while the viscosity gradient
of power function showed insignificant difference from that of reference. That is, it was inferred that
not only the viscosity function itself but also the gradient of viscosity function with respect to the
temperature played a crucial role in evaluating the sensitivity of system. It was also confirmed by Eq.

(2.33) which the gradient of viscosity with respect to temperature was included in.
2.3.1.2 Effect of heat exchanger orientation

In this section, the effect of geometric condition of heat exchanger was tested by changing the

location of heat exchangers. The reference case employed a short horizontal heat exchanger and a long
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vertical heat exchanger for the sensitivity analysis, as shown in Fig. 2.15(a). The test case 1 employed
a long horizontal heat exchanger and a short vertical heat exchanger. On the contrary, a single vertical
heat exchanger on the top of right side was modeled for the test case 2. The simplified configurations
of test cases 1 and 2 are presented in Fig. 2.15(b) and (c), respectively. The total length of heat
exchangers from each test case was set to be equal to total length of two heat exchangers from the
reference case. The location of heater was kept with maintaining width and height of the loop.

Table 2.10-2.12 summarize the normalized sensitivities of objectives for each case and Figs. 2.16-
2.18 show them as a column bar. In general, absolute normalized sensitivities of objectives for the
reference case showed the smallest values, which implied the most reliable system configuration.
Regardless of the orientation of heat exchanger, the sensitivities of mass flux and temperature were the
most sensitive to the variation of external heat flux and constant b from Darcy friction factor. Both
parameters gave positive sensitivities to the mass flux, since they directly enhanced the driving
buoyancy force and reduced pressure drop, respectively. Both parameters also gave large effects on the
Nusselt number, however the diameter and the reference heat transfer coefficient gave the most.

The comparison between cases showed that the absolute sensitivity of mass flux with respect to the
performance parameters of heat exchanger such as heat transfer coefficient and wall temperature
significantly increased for the test case 2. The increase of absolute sensitivity leads to the deterioration
of system reliability. That is, the orientation of heat exchanger determined directly heat transfer
performance, which could reduce the reliability of stable natural circulation. On the contrary, the
sensitivities of temperature and Nusselt number slightly increased in the test cases compared to those
in the reference case, which implied that the orientation of heat exchangers rarely affected the
sensitivities of temperature and Nusselt number. Finally, the shorter horizontal heat exchanger and
longer vertical exchanger showed the most reliable natural circulation system among the tested
configurations. In addition, if the orientation of heat exchanger has to be changed, one should firstly

test the sensitivity of mass flux with respect to the performance parameters of heat exchangers.

2.3.1.3 Effect of operating temperature

The reference temperature, defined as the temperature at the entrance of cooler in this study,
represented the controlled heater outlet temperature or the maximum temperature in practical system.
Thus, it is important to investigate the effect of reference temperature on the sensitivities of objective
in order to secure the reliability of natural circulation system. The sensitivities of mass flux, temperature
and Nusselt number were tested at three different reference temperatures: 333.15 K, 423.15 K, and
523.15 K.

Table 2.13-2.15 summarize the normalized sensitivities of objectives for each case. 6 and Figs. 2.19-

2.21 show the normalized sensitivities of three objective functionals at three different reference
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temperatures. The importance of parameters for sensitivities of each objective was remained at all the
reference temperatures. That is, the reference temperature gave insignificant effect on the priority of
parameters for mass flux temperature, and Nusselt number. However, the magnitude of sensitivities
largely differed from case by case, especially at the reference temperature of 333.15 K. For the objective
of mass flux, the sensitivity with respect to cooler wall temperature increased up to 20 times at the
reference temperature of 333.15 K compared to that at the reference temperature of 423.15 K, while the
sensitivity with respect to fluid viscosity and localized friction factor became half. In other words, as
the maximum temperature through the system decreased, the effect of heat transfer-related parameters
overwhelmed that of pressure drop-related parameters for natural mass flux. The sensitivities of
temperature were also varied at low reference temperature, with respect to most of parameters. Unlikely
to the change in mass flux sensitivities, temperature sensitivities with respect to fluid properties and
major friction factors also showed considerable changes. The changes in sensitivities became the most
for Nusselt number, which stated that the reliability of heat transfer performance was significantly
reduced. Note that, the change in sensitivities at the reference temperature of 523.15 K was much
smaller than that at the reference temperature of 333.15 K. Interestingly, as shown in Fig. 2.2, the fluid
dynamic viscosity of DOWTHERM RP is rapidly increased as the temperature becomes below 353.15
K. Thus, it was inferred that the rapid variation of fluid properties below certain temperature amplified
the propagation of sensitivity, eventually leading to the large increase of sensitivities. Since molten salt
fluid has similar property function, the operation temperature range of molten salt heat transport system

should be properly set in the range where the property variation is not stiff.
2.3.2 Feasibility test on high-Pr fluid in passive heat transport system

To test the feasibility of high-Pr fluid and clarify the advantages in using high-Pr fluid for passive
heat transport system, especially for passive safety system, the further analyses using different fluids
were performed in different operating temperature conditions. 4 different fluids were considered
including DOWTHERM RP depending on its Prandtl number. Liquid sodium was chosen to represent
low Prandtl number fluid, while liquid water represented medium Prandtl number fluid. For high Prandtl
number fluid, both oil and salt were considered : DOWTHERM RP, and HITEC. The Boussinesq
approximation was applied, and only the fluid viscosity and specific heat were set as temperature-
dependent property. Eqs. (2.45-2.50) shows the property function of each fluid evaluated from the

previous studies 256668,

Sodium

556.835
In 42 = —6.4406 - 0.3958-InT (K ) + ——> (Pa-
nu nT(K)+ T(K) (Pa-s)

(2.45)
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2992.6

C, =1.6582-8.479x107* -T (K )+4.4541x107" -T*(K) - TR (kd /kg-K)
( ) (2.46)
Water
1.1709(20 - T (°C))—0.001827 (T (°C) — 20)°
0910( = j: ( () (TCC) ~20) (x10°Pa-s)
1.002 T(°C) +89.93 (2.47)
c, =4189.7 (J/kg-K) (2.48)
HITEC
@59(T (K)-9.638)/990.362 | ,~5.9(T (K)-9.638)/990.362
H= @59(T (K)-9.638)/990362 _ ,~5.9(T (K)-9.638)/990.362 —0.999 (Pa ’ S) (2.49)
¢, =1560— (T (K)-273.15) (J/kg-K) 250

Figs. 2.22(a)-(d) show the sensitivities of Nusselt number with respect to fluid properties as the
maximum operating temperature changes, for 4 different fluids. The temperature-dependent function of
fluid viscosity is presented together with the sensitivity result for each fluid. For all the analyzed cases
of fluids, the sensitivities of Nusselt number with respect to fluid properties were slightly increased at
high operating temperature. At the corresponding temperature range, the fluid viscosity also slightly
increased as the temperature decreased. However, the sensitivities of Nusselt number exponentially
increased at certain temperature where the gradient of viscosity with respect to temperature rapidly
changed: ~500 K for liquid sodium, ~340 K for water, ~370 K for DOWTHERM RP, ~560 K for HITEC.
Thus, as described earlier, it was confirmed that the rapid variation of fluid properties, especially
temperature-dependent viscosity, was attributed to the increase of sensitivity. In addition, the larger the
gradient of properties with respect to temperature was, the larger the increase of sensitivities was, in
general. Finally, it was verified that the rapid variation of fluid properties reduced the reliability of heat
transfer performance inside the closed circulation system.

Then, to understand the advantages in using high-Pr fluids for passive heat transport system, the
sensitivities of Nusselt number were compared with different fluids. Fig. 2.23 presents normalized
sensitivity of Nusselt number with respect to all the parameters for different fluids. For clear

understanding, the sensitivity for water was set as the reference value. Except for the sensitivities with
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respect to tube diameter and heat transfer coefficient, overall sensitivities were largely reduced when
the fluids were replaced with high-Pr fluids. Although the kind of fluid gave no effect on the importance
of parameters, the reduction of sensitivity values itself implied less uncertainties in heat transfer
performance of system. That is, the passive heat transport system using high-Pr fluids worked more

stable and reliable in the aspect of heat transfer performance.

2.3.3 Reliability assessment of Nusselt correlation for high-Pr fluid

With the consideration of the rapid properties variation effect on the heat transfer performance, the
present section presents the direct reliability assessment of heat transfer correlation including the
properties variation effect. The classical Nusselt correlations for the natural circulation inside the closed
loop include dimensionless Grashof number and Prandtl number of fluid, which is usually presented
together as Rayleigh number (Ra=Gr*Pr). However, the validity of the classical Nusselt number with
Rayleigh number is limited by Prandtl number of fluid, generally less than 1. In the same manner, the
classical Nusselt correlations for the forced convective heat transfer inside the closed loop employed
Peclet number (Pe=Re* Pr), but for middle to high Prandtl number fluid, the effect of Reynolds number
and Prandtl number is separated by imposing different exponential constants. In addition, the ratio
between Prandtl numbers evaluated from the fluid state near the wall and fluid state at the core, was
introduced for high Prandtl number range. Here, for the assessment of Nusselt correlation reliability,

the general form of correlation was tested as shown in Eq. (2.51).

Pr. \*
Nu :ﬂ-h(T):A-Graz priz. | L
K, Pr,

2.51)

where, 4, az, bs, ¢ are arbitrary constants which are generally evaluated from experimental data.

The parameters for the sensitivity analysis were re-defined, since the reference heat transfer
coefficient and wall temperature were no longer fixed. Instead, the empirical constants in Eq. (2.51)
denoted as A, a», b, and ¢, were included. As a result, the newly-defined set of parameters included
reference fluid density (p.), fluid viscosity (u.y), fluid thermal expansion (f), fluid specific heat
capacity (cpr), diameter (Dz), external input heat flux (¢”), Darcy friction factor constants (a, b),
localized friction factor (fioca1), and empirical constants (4, az, bz, ¢2) in classical Nusselt correlation. To
specify the analyses, only the sensitivities with respect to empirical constants in classical Nusselt
correlation were presented in this section.

The sensitivity analysis of Nusselt correlation was also performed using adjoint method. Eqgs. (2.52-

2.55) present the development of adjoint sensitivity equations employing Nusselt correlation. The
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Nusselt number was set as the response objective expressed as follows:

R3:j<r(G,T,a ”Nu (G,T,a)dsdt = ” A-Gr® Prbz[ir

w

j dsdt

ty ty 0

(2.52)

With same forward operator F from Eq. (2.31), corresponding adjoint equations were defined as:

t —b) olcT
ach i{;(Z D)i o, 16 }Ghi (&) 1+ g

at D1+b " Tocal D 2 68 4
Lt h preth h prefL[ Pret (2.533)
_6<CDT).8T4+ _ G a(CPT).aTj_l_ abﬂb 'G*P aﬂ prefgﬁ (S) G
o ot py 0T s | 2DMp.L T L & ‘
0 0 4(T-T
2% 7.0(% ) 6_T+_G6T+( W) oh  4h o, 4h T
or or\ or ot p* 0s PetDn 0T pD, 0T  p D,
:5N_Tu:Nu_{1+ . a H (—2a+Tb+c)_Z_¢+(b+Tc) 58(-}}
where,
oh ], a ¢a N (-2a+b+c) aﬂ+(b+c) ac,
or (T-T,) h u(T) aT ¢, (T) oT
T "
o, =1+ q—zﬂ
ol h® oT
Finally, each sensitivity of variable was expressed as:
dR T T L
4 _ At = T,
T _tj<r4,a 2, F,)dt J!rmdsdt ” (4" -F, )dsdt
° 0 (2.54)

where 74, is expressed as follow:
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Fig. 2.24 presents normalized sensitivity of Nusselt number with respect to empirical constants in
correlation for different fluids. Here also the sensitivity for water was set as the reference value.
Unlikely to the sensitivity results of Nusselt number in the previous section, the sensitivity of Nusselt
number in this section implied the uncertainties in the prediction of heat transfer performance using
existing correlations. Then, the larger sensitivities for high-Pr fluids, especially with respect to constants
associated with the Pr term, increased the uncertainties in the prediction of Nusselt number using
existing correlations. It was clear that the sensitivities of Nusselt number with respect to exponent
constants associated with Prandtl number depended on the fluids. For example, the lowest Pr fluid,
liquid sodium showed the largest sensitivity with respect to exponent constant, b,, while it had the
smallest sensitivity with respect to exponent constant, c,. However, the sensitivities of high-Pr fluids
were the largest with respect to ¢, and the second largest with respect to b,. In other word, the use of
high-Pr fluid to the passive heat transport system made it difficult to predict reliable Nusselt number if
the existing correlation was applied. Considering the reduction in system sensitivities of high-Pr fluid
as shown in Fig. 2.23, the larger uncertainties in heat transfer performance of system were attributed to
the failure of prediction with existing correlation. That is, it was inferred that there could be distinct
heat transfer feature of high-Pr fluid that the previous correlations didn’t take account of.

Finally, the feasibility of high-Pr fluid to the passive heat transport system was successfully tested
showing the most reliable heat transfer performance, while the reliable prediction of heat transfer
performance required to clarify the distinct heat transfer behavior of high-Pr fluid that the existing
correlations couldn’t expect. The following section includes the experimental study on the distinct heat

transfer behavior of high-Pr fluids.
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Table 2.6. Summary of normalized sensitivities of objectives with different fluid property model

Nr (G) N (T) Nr (Nu)
Constant Variable Constant Variable Constant Variable
property property property property property property
Pref 0.8923 1.0996 0.0157 0.0220 -0.0308 -0.0385
Hres -0.4098 -0.5151 -0.0070 -0.0101 0.0127 0.0165
yej 0.4483 0.5503 0.0069 0.0100 -0.0155 -0.0193
Coref -0.5241 -0.6366 0.0108 0.0142 -0.0147 -0.0187
D, 0.3137 0.4136 0.0251 0.0347 0.9610 1.3178
Prer -0.0078 -0.0569 -0.0393 -0.0526 1.0325 1.4107
Tw 0.0013 0.0091 0.0062 0.0083 -0.0048 -0.0064
q" 7.1344 9.7465 0.7403 0.9935 -0.3832 -0.5188
a -0.4098 -0.5151 -0.0070 -0.0101 0.0127 0.0165
b 3.2559 4.0077 0.0556 0.0781 -0.1012 -0.1287
fiocal -0.0183 -0.0194 -0.0003 -0.0004 0.0006 0.0006
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Table 2.7. Normalized sensitivities of mass flux with analytic viscosity functions

Nr (G)

Ref. Polynomial Power

Pret 0.9014 1.5321 1.0910
et -0.4223 -0.4705 -0.5137
B 0.4512 0.7644 0.5456
Co et -0.5219 -0.8817 -0.6289
D, 0.3390 0.6343 0.4189
Piret -0.0466 -0.1084 -0.0708
Tw 0.0075 0.0175 0.0114
q" 7.9901 14.1765 9.9765
a -0.4223 -0.7504 -0.5140
b 3.2855 5.3348 3.9963
fiocal -0.0159 -0.0144 -0.0193
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Table 2.8. Normalized sensitivities of temperature with analytic viscosity functions

Nr (T)
Ref. Case 1 Case 2
Pret 0.0160 0.0466 0.0204
Mt -0.0073 -0.0140 -0.0095
B 0.0073 0.0223 0.0095
Co ref 0.0103 0.0268 0.0127
D, 0.0253 0.0720 0.0320
Piret -0.0384 -0.1030 -0.0478
Tw 0.0061 0.0164 0.0076
q" 0.7245 1.9546 0.9049
a -0.0073 -0.0223 -0.0095
b 0.0570 0.1585 0.0734
fiocal -0.000267 -0.000421 -0.000344
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Table 2.9. Normalized sensitivities of Nusselt number with analytic viscosity functions

Nr (Nu)
Ref. Case 1 Case 2
Pret -0.0281 -0.0699 -0.0336
e 0.0121 0.0204 0.0147
B -0.0141 -0.0348 -0.0168
Co ref -0.0137 -0.0346 -0.0165
D, 0.9630 1.9688 1.1643
Piret 1.0308 2.1462 1.2470
Tw -0.0046 -0.0121 -0.0057
q" -0.3791 -1.0073 -0.4688
a 0.0121 0.0326 0.0147
b -0.0940 -0.2313 -0.1146
fiocal 0.000457 0.000622 0.000554
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Table 2.10. Normalized sensitivities of mass flux with geometric conditions of heat exchanger

Nr (Nu)

Ref. Case 1 Case 2

Pret 0.9014 1.7915 1.2512
Hyet -0.4223 -0.7930 -0.5454
B 0.4512 0.9715 0.6720
Co e -0.5219 -1.1156 -0.6691
D, 0.3390 0.4995 0.4412
Piret -0.0466 -0.0404 -0.2158
Tw 0.0075 0.0064 0.0345
q" 7.9901 16.5184 12.7590
a -0.4223 -0.7930 -0.5454
b 3.2855 6.1294 4.1965
flocal -0.0159 -0.0284 -0.0189
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Table 2.11. Normalized sensitivities of temperature with geometric conditions of heat exchanger

Nr (Nu)
Ref. Case 1 Case 2
Pret 0.0160 0.0414 0.0254
Hies -0.0073 -0.0186 -0.0107
B 0.0073 0.0215 0.0129
Co ref 0.0103 0.0231 0.0143
D, 0.0253 0.0611 0.0361
Piret -0.0384 -0.0836 -0.0638
Tw 0.0061 0.0132 0.0101
q" 0.7245 1.6574 1.1708
a -0.0073 -0.0186 -0.0107
b 0.0570 0.1441 0.0820
flocal -0.000267 -0.000661 -0.000357
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Table 2.12. Normalized sensitivities of Nusselt number with geometric conditions of heat

exchanger
Nr (Nu)

Ref. Case 1 Case 2

Pret -0.0281 -0.0605 -0.0440

yr 0.0121 0.0245 0.0184

B -0.0141 -0.0328 -0.0235

Co ref -0.0137 -0.0260 -0.0210

D, 0.9630 1.9568 1.3500

Piret 1.0308 2.0937 1.4586

Tw -0.0046 -0.0096 -0.0079

q" -0.3791 -0.8328 -0.6612

a 0.0121 0.0245 0.0184

b -0.0940 -0.1891 -0.1413
fiocal 0.000457 0.000871 0.000636
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Table 2.13. Normalized sensitivities of mass flux at different reference temperatures

Nr (G)
Tre=333.15 K Trer=423.15 K Trer=523.15 K
Pt 0.7822 0.9014 0.9783
L -0.0712 -0.4223 -1.0810
) 0.3801 0.4512 0.4935
Co ref -0.2858 -0.5219 -0.6564
D, 0.5120 0.3390 0.1300
Piret -0.0654 -0.0466 -0.0924
Tw 0.1515 0.0075 0.0046
q" 8.1886 7.9901 11.2424
a -0.3790 -0.4223 -0.4158
b 1.8820 3.2855 3.7265
flocal -0.0009 -0.0159 -0.0510
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Table 2.14. Normalized sensitivities of temperature at different reference temperatures

Nr (G)
Trer=333.15 K Trer=423.15 K Trer=523.15 K

o 0.0783 0.0160 0.0097
Mot -0.0065 -0.0073 -0.0109
Y23 0.0344 0.0073 0.0044
Core 0.0532 0.0103 0.0063
D, 0.1156 0.0253 0.0161
Piret -0.0470 -0.0384 -0.0510
Tw 0.1039 0.0061 0.0025
q" 2.8322 0.7245 0.5517

a -0.0346 -0.0073 -0.0042

b 0.1690 0.0570 0.0375
flocal -0.000074 -0.000267 -0.000506
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Table 2.15. Normalized sensitivities of Nusselt number at different reference temperatures

Nr (G)
Tre=333.15 K Trer=423.15 K Tre=523.15 K

o 27712 10.0281 -0.0055
L 0.2499 0.0121 0.0053

)43 -1.3441 -0.0141 -0.0028
Core -1.6576 -0.0137 -0.0024
D, 1.7390 0.9630 0.6075

Piret 2.7196 1.0308 1.0992

Tw -1.9359 -0.0046 -0.0006
q" -40.0188 -0.3791 -0.0899

a 1.3309 0.0121 0.0021

b -6.5939 -0.0940 -0.0184
flocal 0.003122 0.000457 0.000253
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Fig. 2.7. The absolute normalized sensitivity of mass flux with constant and temperature-dependent

properties (*Red bar indicates negative value)
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Fig. 2.8. The absolute normalized sensitivity of temperature with constant and temperature-

dependent properties (*Red bar indicates negative value)
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Fig. 2.9. The absolute normalized sensitivity of Nusselt number with constant and temperature-

dependent properties (*Red bar indicates negative value)
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Chapter 3. HEAT TRANSFER BEHAVIOR OF HIGH-PRANDTL NUMBER FLUID :
DOWTHERM RP OIL

3.1 Introduction

It can be easily inferred that fluids with similar dimensionless number (especially Pr in this study)
give similar thermal characteristics, and this concept becomes the starting point of the development of
similarity technique 7. In engineering system, the similarity technique gives reasonable possibility to
replace the difficult full-scale experiment with scaled experiments under simpler conditions, without
any violation of predicting thermal characteristics of desired fluids. There are lots of experimental works
to predict the thermal-hydraulic characteristics of engineering systems using similarity technique, such
as natural convection !, heat transfer in microchannels ">73, heat and mass transport in fluidized beds
7475 or heat transfer evaluation based on Pr of fluid 77, etc.

Especially, for high-Prandtl number fluid, Bardet and Peterson ® suggested that oils and molten salts
in similar Pr range gave potentials to approximate the single phase momentum and convective heat
transfer behaviors. In addition, previous study in UNIST numerically tested the thermal-hydraulic
characteristics of synthetic oil and molten salts in natural circulation system . The previous studies
pointed out the large temperature gradient between bulk fluid and wall, and the phenomenon was
induced by larger momentum diffusivity of fluid compared to thermal diffusivity. In other words, high
Pr is a key parameter holding the unique heat transfer feature representing the thermal-hydraulic
characteristics of oil and heat transfer salts. Table 3.1 summarizes Pr range of various liquids including
synthetic oils and major heat transfer salts.

The thermal-hydraulic characteristics of synthetic oil, DOWTHERM RP was already tested in natural
circulation condition experimentally by same research group °“”. The present study extended it to the
forced circulation condition using same fluid. Based on the experimental data, the forced convective
heat transfer behavior of DOWTHERM RP oil was analyzed and discussed with respect to Prandtl

number.
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Table 3.1. Thermo-physical properties of key molten salts and synthetic oil

T p v Cp k Prandtl

(K) (kg/m3)  (m?s*108) (kJ/kg-K) (W/m-K)  number
073 41254 2460 1594 1.010 16
LiF-ThFs 1023 40813  2.044 1733 1.014 14
1073 40372 1.727 1.872 1018 13
873 21635  3.830 2,090 0.829 21
LiF-BeF--NaF 930 21402  3.116 2,090 0.880 16
988 21169 2597 2,090 0.932 12
830 33735 4231 1357 1.19 16
LiF-BeF>ThF:-UF® 909 33268  2.948 1357 123 10
979 32800 2167 1.357 1.19 8
873 19867 4309 2385 11 19
2LIF-BeFa (FLIBE) " g73 19378 2,839 2385 11 12
1073 1889.0  2.033 2385 11 8
423 9373 1408 2,007 0.115 23
DOWTHERMRP 473 9010 0.888 2156 0.108 16
623 7681 0398 2602 0.089 9
473 18969  4.764 1360 0.428 29
HITEC 573 18280 1879 1.260 0.383 11
673 17502  0.988 1.160 0.339 6
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3.2 Experimental Setup and Procedures
3.2.1 Experimental facility

The experimental system for the heat transfer performance of high-Prandtl number fluid mainly
consisted of a heated section, water-cooled heat exchanger, pump, expansion pipe, and acquisition
system, as illustrated in Fig. 3.1. The whole experimental system was a rectangular closed loop with
total height of 2.66m and width of 0.6m. The circular SS316L tube of system had inner diameter of
0.023m with the thickness of 0.0024m. The vertical heated section was wrapped by the electrical
resistive coil wire generating heat source and the tube surface through the entire loop was insulated
using fiberglass insulator to minimize heat loss. The maximum input power was restricted by 1kW to
prevent the working fluid, DOWTHERM RP, from boiling. The uncertainty in input power was 0.5%.
A tube-to-tube heat exchanger cooled by the water with constant temperature and mass flow rate was
installed at the upper part of right-vertical side. The expansion pipe located at the highest elevation
allowed for the thermal expansion of fluid. The turbine pump with the frequency converter, which was
installed at the bottom section, enabled to perform the experiments within the range of Reynolds number
from 2000 to 10000. The wall temperatures across the heater were measured by K-type thermocouples
which were installed on the outer surface of tube. The bulk fluid temperatures across the heater and
cooler were also measured by four K-type thermocouples of which tips were placed at the radially center
position inside the tube. The volumetric flow rate of DOWTHERM RP fluid was measured by turbine
flow meter at the downstream of cooling section. The uncertainties in the measurement were 0.1% and

3% for the temperature and flow rate, respectively.
3.2.2 Test procedure and experimental uncertainty

The thermophysical properties of DOWTHERM RP were evaluated at the averaged bulk temperature,

which was calculated as:

2 (3.1)

where T, and T,., were fluid temperatures at the inlet and outlet, respectively.

The applied heat flux along the heated section was calculated as:

qﬂ — Qin
zDL,

(3.2)
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where O, was input power (W), D; was the inner diameter of the tube, L, was the length of heated
section.
The wall temperature of outer surface, 7T\, was directly calculated by averaging the measured outer

surface temperatures, and then the wall temperature of inner surface 7., can be calculated as:

r D.
T =T, +09"—~In— 33
w wo q k D ( )

W 0

where ; was the inner radius of tube, &, was the thermal conductivity of tube, D, was the outer
diameter of the tube.

Then, the average heat transfer coefficient can be calculated as:

3.4)

Finally, mean Reynolds number, Prandtl number, Grashof number, and Nusselt number of fluid were

calculated as follows:

) m
Re, ~VDL_4 M
1% 7w D, (3.5)
C
pr, =V = £ (3.6)
a k;
AT D3
Grf — gﬂf m 2|
(,Uf ! p; ) (3.7)
hD.
Nu=—-=— (3.8)
kf

where V was fluid velocity, v was a kinetic viscosity of fluid, a was a thermal diffusivity of fluid, my

was measured bulk mass flow rate of primary fluid, ur was the dynamic viscosity of fluid, ¢, was the

specific heat capacity of fluid, &k was the thermal conductivity of fluid, Sy was the thermal expansion
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coefficient of fluid, and p,was the fluid density. Here, we defined the Grashof number of fluid using the
radial temperature difference, AT, to consider the radial natural convection by buoyancy effect. The
detailed explanations are presented in Section 3.3.2.

The overall uncertainty of calculated parameters was deduced by root sum square of each variable

uncertainty as follows %:

o = Z(af(xl,—...,xn)% ]2 (3.9)

where x; and oy; were independent parameter and its uncertainty of calculated parameter, f{xy, ...,x»),
respectively.
According to the present experimental conditions, uncertainties in Reynolds number, Prandtl

number, Grashof number, and Nusselt number were 3%, 0.17%, 0.33%, and 0.2%, respectively.
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Fig. 3.1. Schematic drawing of experimental setup
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Table 3.2. Specification of DOWTHERM RP circulation loop

Design parameter (m)
Loop height 2.66
Loop width 0.6
Inner/Outer diameter 0.023/0.0254
Heating section length 0.195
Cooling section length 0.74
Thermal center elevation 1.3975

Table 3.3. Test matrix of DOWTHERM RP experiment

Volumetric flow rate 0.00017 — 0.0005 m?/s
Reynolds number 2000 — 10000
Heat input 400 — 900 W
Operating temperature 30-150°C
Prandtl number 30-70
2" temperature in H.X. Water, 20 °C
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3.3 Experimental results

The convective heat transfer performance of DOWTHERM RP was tested in sets of experiments with
different heat inputs and mass flow rates. In each set of experiment, the heat input was varied from
400W to 900W by the voltage control, while the frequency of pump was adjusted to maintain the initial
mass flow rate of fluid. The input power was increased step by step, after the measured temperature
reached steady state in each step. The experimental results were analyzed with respect of heat input and
mass flow rate, respectively: the heat input implied the temperature effect and the mass flow rate implied
the inertia effect on the heat transfer performance. Based on the experimental data, the distinct heat
transfer feature of high-Pr oil was discussed, and new specified Nu correlation for high-Pr fluid was

developed to take the distinct heat transfer behavior into consideration.

3.3.1 Forced heat transfer behavior of high-Pr oil

With the fixed inlet fluid temperature of heater, the increasing input power led to the increase of fluid
temperature, which gave significant effect on the heat transfer performance. Reynolds number increased
as the input power increased due to the decreased dynamic viscosity of fluid at fixed mass flow rate, as
shown in Fig. 3.2. The change in Reynolds number was larger at low mass flow rate where the larger
change in dynamic viscosity occurred. Fig. 3.3 shows the change in Prandtl number with the increase
of input power. The change in Prandtl number was dominated by the change of the input power, since
Prandtl number is defined only by the fluid properties. In addition, the change in Prandtl number at high
mass flow rate became smaller, as the input power increased, which implied the smaller average
temperature change in the flow direction. Fig. 3.4 shows Nusselt number variation as the input power
increased. At fixed mass flow rate, Nusselt number increased as the input power increased due to the
dominant influence by increasing Reynolds number.

Figs. 3.5-3.6 show the Nusselt number with respect to Prandtl number and Reynolds number,
respectively. At the same input power, it was obvious that Nusselt number increased as Prandtl number
and Reynolds number increased, respectively. Especially, the increase ratio of Nusselt number with
respect to Prandtl number became larger, as the input power increased. It was attributed to the radical
change in Prandtl number at high fluid temperature induced by high input power.

The fluid velocity varied from 0.36 to 0.92 m/s with same input power, and the corresponding
Reynolds number is plotted in Fig. 3.7. Due to the drastic decrease in dynamic viscosity of
DOWTHERM RP, Reynolds number increased even at the same fluid velocity, as the input power
increased.

Nusselt number with respect to fluid velocity is shown in Fig. 3.8. Obviously, Nusselt number

increased as the fluid velocity increased. However, the effect of fluid velocity on Nusselt number was
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overwhelmed by the effect of input power. In other words, the temperature of fluid had a crucial role in
the evaluation of Nusselt number more than the fluid velocity. It implied the significant effect of fluid
properties on the heat transfer performance, since the temperature variation induced by input power
change directly affects the fluid properties while the fluid velocity is an independent parameter from
the fluid properties. That is, especially for high Pr number fluid including DOWTHERM RP, the large
variation of fluid properties should be seriously taken into consideration in the evaluation of heat
transfer performance.

Many single-phase heat transfer correlations for wide range of Prandtl number included the variation
of fluid properties as a ratio of dynamic viscosities, or Prandtl numbers between bulk fluid and wall, as

shown in Egs. (3.10) - (3.12) from Table 1.1.

0.14
Nu = 0.027 Re®® pr¥? [ﬂ]

Hu (3.10)
2/3 0.11
Nu =0.012(Re"*~ 280) Pr** {1{9} }[ﬂ]
| Pr
" (3.11)
d 2/3 0.14
Nu = 0.037(Re°'75—180)Pr°'42 {“(Tj }(&]
Ho (3.12)

where, i is dynamic viscosity, d is a hydraulic diameter of tube, / is a length of tube, and the subscripts
b and w are bulk fluid and wall, respectively.

However, the previous correlations were still insufficient to explain the single-phase convective heat
transfer of DOWTHERM RP, as shown in Figs. 3.9-3.11. Especially, under the region of Re = 5000, the
deviation became larger. The flow regime of Re < 5000 is the transition flow between laminar flow and
turbulent flow. Thus, it was inferred that the inertia of fluid is not sufficient to enable the forced
convective heat transfer to dominate the overall heat transfer performance of fluid. Instead, the natural
convective heat transfer has a considerable role in the heat transfer between the fluid and heated wall.
Especially, high Pr number fluid induced large temperature gradient near the wall, which enhanced
local natural convective heat transfer. Based on the concept, new convective heat transfer correlation
for high-Pr fluid was proposed considering both forced and natural convective heat transfer in transition

flow regime, as shown in Eq. (3.13).

70



C
P
Nu=C, (Re®- A)Pr® (—rb ) +C,Gr® Pr
Pr

w

(3.13)

where, C, a, b, ¢ are empirical constants.

The second term in Eq. (3.13), which was independent from forced convective heat transfer,
represented the natural convective heat transfer enhanced by high-Pr fluid. With proper empirical
constants, newly proposed correlation in Eq. (3.14) well agreed with the present experimental data, as

shown in Fig. 3.12.

0.14
P
Nu =0.025(Re"***~ 210)Pr** (P—rb] +0.0014Gr®® pr°
I

w

(3.14)

For the validation of proposed correlation, the previous experimental data using high-Pr fluid like
molten salts were compared in Fig. 3.13. The proposed correlation employed firstly simple additive
terms of previous Nusselt-Grashof relationship in natural convection to represent enhanced local natural
convective heat transfer in high-Pr fluid. Here, the main point is that the local natural convective heat
transfer is enhanced in high-Pr fluid and is independent from bulk convective heat transfer. The
proposed correlation was just the simplest form to understand the concepts, but even the simplest
correlation well expected the previous experimental data using high-Pr fluid within the deviation of
20%. Thus, it is worthy to discuss the enhanced local natural convective heat transfer as a distinct heat

transfer feature of high-Pr fluid. The detailed discussion was described in the following section.
3.3.2 Discussion on heat transfer behavior of high-Pr fluid

The exponents of Prandtl number in the previous correlation were suggested based on the theoretical
boundary layer in two-dimensional flows. Starting from the typical formation of laminar boundary layer
through the heat transfer wall surface, it might explain the mean heat transfer phenomena . However,
it couldn’t prove its validity in predicting local convective heat transfer phenomena based on the
physical and experimental insight, even though the modified versions of correlations employed the
fluid-to-wall ratio of viscosity or Prandtl number. This issue becomes serious in the case of high-Prandtl
number fluid flow, since the mean properties of fluid are largely different from local properties of fluid
near heat transfer surface. Thus, the physical insight in the prediction of overall heat transfer including
local phenomena is required for high-Prandtl number fluid flow, especially for internal flow through

heated circular tube in this study.
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There have been several precise experiments to measure accurate local heat transfer phenomena in
external cross flow through various objects. Early in 20" century, several German researchers
conducted independent experiments to measure the local heat transfer coefficients in external cross flow
through different objects and reported that it was rather high compared to mean heat transfer coefficient
8, In addition, the recent experimental data of air flow through square cylinders obtained by several
researchers reported larger heat transfer coefficients than predicted mean heat transfer coefficients at
the same conditions 81, Even for the fluid flow with Prandtl number near unity like air, the local heat
transfer phenomena were found to be different from mean convective heat transfer due to the influence
of Prandtl number. In other words, the influence of high-Pr on the mean and local convective heat
transfer is highly questionable. The issue is that only experiments can explain the local Prandtl number
effect on the convective heat transfer, but there is no report on the experimental measurement of local
heat transfer in high-Pr fluid flow so far.

Recently, same research group in UNIST conducted experiments using high-Pr oil in closed natural
circulation loop and reported the experimental data with the distinct flow behavior %2, Especially, the
visualized PIV results pointed out that the local natural convection was generated enhancing radial flow
velocity. The author introduced boundary layer theory computed from CFD simulation results to explain
the effect of high-Prandtl number. It was found that the ratio of velocity boundary layer to thermal
boundary layer computed by CFD simulation results was smaller than predicted ratio. Based on the
previous data, the present discussion gave the detailed explanation. As the fluid velocity became larger,
the radial thermal boundary layer became thinner compared to the velocity boundary layer. However,
at the low fluid velocity or weak inertia condition, the radial thermal boundary layer became relatively
thicker compared to the predicted value, which implied certain radial mixing phenomena to thicken the
thermal boundary layer.

Still, itis insufficient to confirm the proposed flow feature from the present study. For the verification,
the further experimental works using molten heat transfer salt was designed and prepared by
construction of the experimental facility. The preliminary test on molten salt natural circulation using

built experimental facility is presented in the following section.
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Chapter 4. HEAT TRANSFER BEHAVIOR OF HIGH-PRANDTL NUMBER FLUID : HEAT
TRANSFER SALT

4.1 Introduction

The first experimental investigation on heat transfer of molten salt was conducted at Oak Ridge

t 23 and nitrate salt '. The forced convective heat transfer

National Laboratory in 1950s using fluoride sal
of molten salts in circular tubes were investigated and associated correlations were proposed from the
experimental studies. Then, further experiments using two more fluoride salts were also conducted in a
forced convection loop at the same research group **. In 215 century, many researchers investigated the
convective heat transfer of molten salt in various kinds of fluid path. Wu et al. °>% designed transversally
corrugated tubes to study the heat transfer of molten salt, while Lu et al. *’*® employed spirally grooved
tube and transversely grooved tube to test the enhancement in heat transfer of molten salts. Shen et al.
9 conducted forced circulation experiments to investigate convective heat transfer of molten salt with
nonuniform heat flux and proposed experimental correlation derived from general form. Recently, Xia
et al. 1% investigated the mixed convective heat transfer of molten salt in horizontal square tubes and
characterized the mixed convection by superposition of inertia-driven heat transfer and buoyancy-
driven heat transfer. However, the horizontally installed test section made the buoyancy-driven heat
transfer be confused with gravity-driven phenomena. In order to clarify buoyancy-driven heat transfer,
the studies on the natural heat transfer behavior of molten salts are required, however there have been
few experimental studies on natural circulation heat transfer of molten salts. Bhabha Atomic Research
Centre (BARC) built molten salt natural circulation loop to experimentally investigate the thermal-
hydraulic behaviors of molten nitrate salt. Kudariyawar et al. *° carried out the experimental study on
steady state and transient characteristics of the molten salt using built natural circulation loop. In the
same manner, Srivastava et al. *' also conducted steady state and transient experiments using nitrate salt
in natural circulation loop. They analyzed the natural mass flow and temperature histories under various
postulated transients of passive molten salt heat transport systems, while the further investigation of
heat transfer behaviors of molten salt wasn’t carried out. The experimental studies on the heat transfer
of molten salt would give the concrete basis on the feasibility test results for practical heat transport
system and verification of proposed heat transfer of high-Pr fluids. Thus, the present section gave
experimental analysis of steady-state behavior of molten salt as well as the heat transfer performance

to give fundamental insight on heat transfer behavior of molten salt.

4.2 Experimental Setup and Procedures

4.2.1 Experimental facility
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New experimental facility was designed to conduct the natural and forced circulation experiments
using heat transfer salt, referred as preliminary version of Nuclear-Highly Optimized Prandtl number
Experimental facility (NUHOPE-pre) in UNIST. NuHOPE-pre mainly consisted of a vertical heater,
vertical heat exchanger cooled by air, a thermal expansion tank, a filling tank, pump, and measurements
and acquisition system, as shown in Fig. 4.1. NuHOPE-pre was a rectangular closed loop with total
height of 2.6m and width of 0.6m and the whole system was made of circular SS304 tube with inner
diameter of 0.023m. The tube surface through the entire loop was wrapped by the electric surface heater
to maintain desired temperature above the melting temperature of HITEC, except for the vertical heated
section which was wrapped by the electrical resistive coil wire generating heat source. The entire system
was insulated using fiberglass insulator covered by aluminum insulator to minimize heat loss. The
power capacity was 4kW with the uncertainty of 0.5%. A tube-to-tube heat exchanger cooled by the air
with constant temperature and mass flow rate was installed at the upper part of right-vertical side. The
temperature and mass flow rate of secondary air was maintained at desired value by external heater and
injection valve, respectively. The expansion tank was located at the highest elevation for the suppression
of expanded fluid. The turbine pump with the frequency converter, which was installed at the bottom
section, enabled to perform further experiments in forced flow condition. The wall temperatures across
the heater were measured by K-type thermocouples which were installed on the outer surface of tube.
The bulk fluid temperatures across the heater and cooler were also measured by four K-type
thermocouples of which tips were placed at the radially center position inside the tube. The volumetric
flow rate of working fluid was measured by vortex flow meter at the downstream of cooling section.

The uncertainties in the measurement were 0.1% and 1% for the temperature and flow rate, respectively.

4.2.2 Test procedure and experimental uncertainty

The natural heat transfer performance of HITEC was tested in sets of experiments with different heat
inputs while the secondary flow condition of heat exchanger was fixed. The external heat was applied
through the wrapped copper coil varied from 500W to 2200W by the voltage control. The input power
was increased step by step, after the measured temperature reached steady state in each step. The
experimental results were analyzed by using dimensionless numbers such as Grashof number and
Rayleigh number.

The uncertainties during the experiments were evaluated by using same method in the previous
section, so uncertainties in Grashof number, Rayleigh number, and Nusselt number were 0.3%, 0.3%,

and 0.05%, respectively.

80



Fig. 4.1. (a) 3D drawing of experimental setup for heat transfer salt (b) Construction of

experimental setup for heat transfer salt
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Table 4.1. Specification of HITEC circulation loop

Design parameter (m)
Loop height 2.6
Loop width 0.6
Inner/Outer diameter 0.023/0.0254
Heating section length 0.193
Cooling section length 0.74
Thermal center elevation 1.4

Table 4.2. Test matrix of HITEC experiment

Controlled parameter
Reynolds number 200 - 3000
Heat input 500 — 2200 W
Operating temperature 180 - 350 °C
Prandtl number 15-30
2" temperature in H.X. Air, 200 °C
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4.3 Experimental results

4.3.1 Natural heat transfer behavior of heat transfer salt

The steady state natural heat transfer of HITEC was tested in sets of experiments with different heat
inputs varied from 500W to 2200W. In the operating power range, the natural flow remains mostly in
laminar regime, where Re < 2500. Before analyzing steady state natural heat transfer of molten salt, the
steady state temperature histories were judged as shown in Figs. 4.2. Figs. 4.2(a)-(c) show the steady
state temperature histories at three different powers of 500W, 1200W, and 1700W, respectively. It can
be easily known that all the temperature histories were at steady state, while the patterns were different
from each other. For all power inputs, temperatures histories showed periodic pulsation, while the
period of pulsation became short as the power input increased. In addition, the magnitude of temperature
pulsation became large with the increase of power input. That is, as the power input increased, the flow
pulsation in the circulation loop was enhanced still maintaining the stable natural circulation. Due to
the lack of experimental data, the present paper only dealt with the stable formation of natural
circulation of molten salt inside the loop in order to test the feasibility of stable molten salt system. The
further experimental works is needed to give fundamental investigation of natural flow stability of
molten salt. Figs. 4.3-4.4 show the steady state temperature and mass flow rate of molten salt with
respect to power inputs. The measured temperatures at different locations linearly increased as the
power input increased. Since the secondary air temperature of heat exchanger was fixed at 200°C, the
fluid temperature should be increased to achieve heat balance through the entire loop from heater to
heat exchanger. Then, to achieve heat balance across the heater, the natural mass flow rate increased as
the power input increased. As a result, the stable formation of natural circulation and linear relationship
between steady state flow with the power input ensured the feasibility of experimental work and further
passive heat transport system using molten salt.

The heat transfer of HITEC was analyzed by employing classical Nu — Ra relationship. Fig. 4.5 shows
the comparison of present experimental data in Nu — Ra relationship with previous experimental data
of high-Pr fluids including oil and molten salts 1°*1% The previous literature employed closed
circulation loop for natural heat transfer of high-Pr fluid mainly to design and test the passive heat
transport system of advanced nuclear reactors like fluoride salt-cooled high temperature reactor. The
present experimental data using HITEC well agreed with the previous data distribution, which verified
again the experimental results. In other word, the present experimental works could be extended to the
design and performance test of passive heat transport system using molten salts. In addition, it was
proven that HITEC could reproduce the natural heat transfer of fluoride-based molten salts.

Since the feasibility of passive heat transport system using HITEC was tested, then the natural heat

transfer of HITEC was predicted by previous well-known correlations, as shown in Egs. (4.1) - (4.3)
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from Table 1.2.

(Morgan)  Nu =0.3Ra"® pr%® 4.1)
16/9°\ V6
(Churchill and Chu) Nu = {0.6 + 0.387( Ra/ (1+ (0.599 / pr)9/16) j } 2)

(Fand)  Nu=0.4Pr°®® Ra’% +.0.503Pr*®* Ra"™*° +0.958Ge"* / (Pr'® Ra*™"') (43)

(UNIST) Nu,. = 0.0014Gr°® Pr®*  for natural heat transfer (4.4)

Fig. 4.6 shows the comparison of measured Nusselt number with predicted Nusselt number. It was
found that the previous correlations overestimated the heat transfer of HITEC. On the contrary, Nu-Gr
correlation in Eq. (4.4) proposed by UNIST well predicted the heat transfer of HITEC in validated range,
as shown in Fig. 4.6. While previous correlations weighted on the constant rather than Rayleigh number
and Prandtl number, UNIST correlation reduced the importance of constant and enhanced the
importance of Grashof number to take account of local natural convection effect in high-Pr fluid flow.
In addition, the listed correlations were basically applicable to the heat transfer of external flow. That
is, specific correlation which is applicable to the internal flow through closed circulation loop was
needed to predict the accurate natural heat transfer performance of high-Pr fluid system. Unfortunately,
the insufficient experimental data couldn’t give the validation of proposed correlation in the broad range.
However, it was applicable to at least laminar flow regime where the local natural convection gave
considerable effect on the convective heat transfer. In addition, the fundamental insight on the distinct
heat transfer behavior of high-Pr fluid was introduced and roughly tested. The further experimental
campaign will be the extension of proposed concept and prediction of heat transfer performance to the

broad range of flow regime and optimization of high-Pr fluid system based on the prediction.
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Chapter 5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusion

Molten salts are promising heat transfer for advanced energy transport system like advanced nuclear
system. The fundamental study on the single-phase heat transfer of molten salt becomes important, so
the present paper focuses on the study on single-phase heat transfer behavior of molten salt, which is
characterized by its high-Prandtl number, in both natural and forced circulation system with numerical
and experimental approaches.

The feasibility of high-Pr fluid to passive heat transport system was tested by employing adjoint-based
sensitivity analysis method. The adjoint system for natural circulation inside a closed circulation system
were developed with more efficient computational effort. The general sensitivity analyses were
performed with different design parameters which were categorized into fluid property, geometric
parameter, heater and cooler conditions, pressure drop parameters, and Nusselt correlation. The effects
of implementation of temperature-dependent fluid property, the orientations of heat exchanger, and
operating temperature range, on the entire system sensitivity were analyzed. It is found that the variation
of fluid properties with respect to the temperature gives great effect on the reliability of heat transfer
performance in the system. In addition, the orientation of heat exchanger determined directly heat
transfer performance, which could reduce the reliability of stable natural circulation.

To understand the advantages in using high-Pr fluids for passive heat transport system, the sensitivities
of Nusselt number were compared with different fluids. System sensitivities were largely reduced when
the fluids were replaced with high-Pr fluids. That is, the passive heat transport system using high-Pr
fluids worked more stable and reliable in the aspect of heat transfer performance. Sensitivity analysis
with respect to empirical constants in existing correlation for different fluids showed that the
sensitivities of Nusselt number with respect to exponent constants associated with Prandtl number
depended on the fluids. As a result, the use of high-Pr fluid to the passive heat transport system made it
difficult to predict reliable Nusselt number due to the failure of prediction with existing correlation.

The feasibility of high-Pr fluid to the passive heat transport system was successfully tested showing
the most reliable heat transfer performance, while the reliable prediction of heat transfer performance
required to clarify the distinct heat transfer behavior of high-Pr fluid that the existing correlations didn’t
take account of.

Then the experimental study on heat transfer behaviors of high-Prandtl number fluid was conducted
to figure out the distinct heat transfer behavior of high-Pr fluid. Experimental investigation of the forced
convective heat transfer phenomena of high-Pr oil and the natural convective heat transfer behavior of
high-Pr salt was performed. It is suggested that the distinct heat transfer feature of high Prandtl number

fluid is attributed to the existence of local natural convection in radial direction, which is induced by
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the weak thermal diffusivity and resulting large radial temperature difference of high Prandtl number
fluid. The theoretical discussion on the local natural convection of high-Prandtl number oil verifies its
existence in the heat transfer between fluid and heated wall. Based on the discussion, new correlation
was introduced by employing simple additive terms of previous Nusselt-Grashof relationship. The
proposed correlation well agrees with experimental data from the present work as well as the previous
work, which demonstrates the effect of local natural convection on the convective heat transfer
performance of high Prandtl number fluid. For the verification, the further experimental works using
molten heat transfer salt was designed and the preliminary test on molten salt natural circulation was
performed. The proposed Nu-Gr correlation well predicted the heat transfer of HITEC in validated
range by reducing the importance of constant and enhancing the importance of Grashof number to take
account of local natural convection effect in high-Pr fluid flow. The further experimental campaign will
be the extension of proposed concept and prediction of heat transfer performance to the broad range of
flow regime and optimization of high-Pr fluid system based on the prediction.

5.2 Recommendations

Molten salts are promising heat transfer media for various heat transport systems, especially for liquid
fuel circulation system and passive safety system of nuclear reactors. However, still the fundamental
knowledge on the single-phase heat transfer of molten salt is insufficient to design heat transport system
and predict its performance. The present study provides effective and validated technique to design and
optimize passive heat transport system using molten salts. In addition, the numerical analysis method
gives the way to reduce uncertainties in predicting heat transfer performance of passive heat transport
system using molten salt. The established experimental facilities provide the chance to perform further
experimental campaign using practical molten salts for both forced and passive systems. Finally, the
proposal of idea about heat transfer of high-Pr fluid can give physical basis to understand thermal-

hydraulic characteristics of molten salts.
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