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SUMMARY

Fluoridesaltcooled hightemperature reactors (FHRa&)e a newand developing
class of reactors that featadew-pressure liquid fluoride sattooling andthe graphite
matrix coateeparticle fuel developed for high temperature gas reactors (HT&Risqre
designed for a higkemperature power cycleFHRs haveseveral economic and safety
benefits due to higher core power densities compared to HT@G&®atmospheric
pressure operation, higher safety margins for fuel failure and coolant boiling, and passive
decay heat removal using natural circulati@ne of the potential fuel designs for FHRs
is the plate type configuration in which the molten salt coolant flows in the wide, narrow

channels between the array of parallel fuel plates.

To aid the further development of FHR designs that employ a-tylagefuel
design, this work addresses the need to improve the understanding of the fluid flow
dynamics and heat transfer characteristics for a molten salt codlaet.nature of the
molten saltrequires the flow tdoe in the transition regime, making predictions based on
the literature difficult. In the presenstudy, a test section representing a single coolant
channel igesigned and fabricatednd a heat transfer test facility is fabricated to measure
the heat transfer coefficient and frictional pressure gradient of a surrogatethfidid
matches the pertinent dimensionless parameters of molten salt in-typtateHR. In
addition to the plain coolant channel, a channel with lozashgged dimple features is also
developed to study potential heat transfer enhancemi@ased on these experimental
results, modelaredeveloped to predict the heat transfer and pressure drop for such flows

experienced in the platgpe FHR. These models are compared with a steady state

Xviii



computational fluid dynamics (CFD) modahd a model developed in the thermal
hydraulic program TRACHoOr a single coolant channelhe experimental study serves as

a preliminary verification of thenodelsthat useCFD and TRACE. The correlations
developed in this studyre then used to estimate the temperatures in the core and the overall
cooling capacity, demonstrating the benefits af BHR overconventionalreactors.
Insights from these experiments and aredyall guide the further development dafe

type FHRs by improving the confidence levels in the predictions of safety analysis codes,

therdoy assistinghe licensing of these reactors.
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CHAPTER 1. INTRODUCTION

In 2024, nuclear energy accounted for ~19% of the electricity generated in the U.S.
(EIA, 2025, representing ~48% of the carbbmee electricity(Office of Nuclear Energy,
2023. Nuclear power is one of the only forms of electrigjgneratiorthat can produce
large amounts of energy, > 1000 Myér plant, in a relatively small area without emitting
carbon dioxide, such as those emitted by burning fossil fiéith the impact that carbon
emissions he on the climatewhich has resulted imn average global temperature
increase of 1.28°@bove preindustrial leveldNASA, 2025, increasing the amount of
carbonfree power through nuclear energy is more crucial than eé\raclear power can
provide sustained loads and operate near full capacity at all times except during refueling,
which is staggered per unit at most plants to keep the load as high as possible. This is not
the case for other renewable energy soyash as solar and wind powetich provide
intermittent energy loadhat depenen environmental conditionswith the increase in
projected energy use across the globe between 33% and 75% W§ERA5P023, adding
nuclear energy is the most effective way of providingrge load of consisteaarbon free
electricity. Additionally, with the recent rise of investment in artificial intelligence, the
need for electricity to run and cool data centers is increasing rapidly, and many large
technology companies are looking to nuclear energy to help reach their goalzefnet

carbon emissins(Morey, 2023.

In recent years, between 2013 and 2023nddearreactors totaling over 10,000
MW of capacity have shut dowin the U.S Figure 1.1 shows that with the retiring of

nuclear plantshis trend is projected to continue over the next 25 yasatise total capacity



of nuclear energy is expected to drop420%. There is currentlpnly one nuclear power
plant underconstruction in the U.S. since the completiotmad AP1000 units at thAlvin

W. Vogtle Nuclear Statiom 2023 and 2024whichwere the first two plants to complete
construction in over 20 yeard.he first Natrium reactor, designed by TerraPower, began
construction in 2024 and is a sodiomoled fast reactor (SFR)While other plants have
been planned, cost overruns and delays have halted the growittiedr power in the U.S.

In addition tothe economic challengéise industry has facethe 2011 meltdown of three
boiling water reactors (BWRSs) in Fukushima, Japan, due to the failure of backup cooling

systems following a tsunami, ¢haroded public confidence in the safety of nuclear energy.
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Figure 1.1: Projected nuclear energy production(EIA, 2023)

To overcome these challenges, the next generation of nuclear power plant designs
must resolve these economic and safety concerns associated with nuclear ekergy.

roadmap for the future of nuclear energy was laid out at the Generation IV international



Forum(US DOE, 2002and includs six reactor typescluding reactors operating at both

the fast and thermal neutronic spectrum. The Natrium reactor is the first Generation 1V
reactor to receive a license to begin construction in the U.Ssasabled with sodium
instead of water. Further design work, testing, and understanding of the coolant and
neutronic behavior of these reactor concepts are required to obtain licenses to build these
other concept reactor3here are a variety of coolants proposed for Generation IV reactors

in addition to liquid sodiumincludinghelium, molten salts, molten lead, and supercritical
water(Zohuri, 2020. Each reactor type has features that allow them satee and more
economical than Generation Il reactors, such as higher efficiencies, lower construction

costs, and inherent safety mechanisms.

Molten salt reactors are one of the categories of Generation IV rethetbrequire
further proof ofreliability and performance safetp be licensed. These reactors are
typically separated into two subcategoriepiid-fueled and solidueled reactors. Liquid
fueled reactors consist of a coolant and fuel mixtiiagis kept in a molten state and heats
up when entering the core as the fission reactions within the mixture generate heat. This
heat is removed from the mixture by a secondary coatamtheat exchanger outside the
core. Solidfueled reactors behave similarly to Pressurized Water Reactors (PWRs) where
the heat is transferred from the fuel to the coolant in the core. -fBeledd molten salt
reactors, however, use alil coatedparticle tristructuraisotropic (TRISO) fuelwhich
has a higher enrichment than the fuel used in P\VER$ is similar to the fuel used the
high temperature gaoled reactors (HTGRs) o differentiate between the two types of

molten salt reactors, liquifieled reactors are typically referred to as MSRsile solid-



fueled reactors are consideréidoride saltcooled high temperature reactors (FHRS)

(Holcomb, 202].

FHRs have several features that make them an attractive technology for the future
of nuclear energy. In FHRs, the coolant temperature typically operates around 700°C,
compared td.ight Water Reactor§LWRs), which are limited to around 300°C due to
boiling. This allows the power cycle to be significantly more efficient in converting
thermalenergy to electricity, making the plant more economical. The coolant also has a
large margin between the operating and boiling temperatdrieh is typically around
1400°C. This margin drastically improves the safety, especially in accident scenarios and
transientsvhere coolant and fuel have langéerances$o heat up without causing damage.
Another benefit is that FHRs can operate at +adaiospheric pressures as the coolant
remains in a single phase at these operating conditions. This drastically reduces the cost
of the reactor athethick pressure vessel usten PWRs is not requiredvioreover, diring
reactor shutdown, the reactor must continue to be cookeartove decay heat. FHRs have
the ability to passively cool the reactor, relying on natamalvection. The reactivity
control in FHRs is less demanding than in PWRs due to a strongly negative reactivity
coefficient, which means that as the fuel heatsnupre neutrons are absorbed without
causing fission, causing a negative feedback loop that results in the fuel ¢blicgmb,

2019. FHR concepts that are being considered are the pbbdl@lesignScarlat and
Peterson, 2014hang et al., 2013,8landford et al., 2020 the prismatic desigfWang et
al., 2016 Brown et al., 201}, a pinbundle desigriGreene et al., 20)landa platetype
fuel design(Varma et al., 2012 The types of reactor concepts range in size from small

modular reactors (SMRs), such tig56MW+ small modular advanced higamperature



reactor(SmAHTR), to a large 3400 M\WAdvancedhigh temperatureeactor (AHTR)

which implements plateype fuel.

A key development step in the licensiofyplatetype FHR designs, such as the
AHTR, is that the heat transfer characteristics and fluid flow dynamicst bewell
understood so that the thermal hydraulics can be appropriately modeled for improved
confidence in the safety and performance of the reacidrere is currently a lack of
experimental datasetnd thermahydraulic transporimodels for high Prandtl number
fluids, particularlyfor the narrow channel geomés in the transition Reynolds number
regon with thermally developing floywvhich are the proposed conditions for the AHTR.
Availablemodels for rectangular channels cover fully developed laminar(¥dbulswas,

1966 and recommend the use of circular channel correlations for turbulent flow, which is
an approximation and does not accounthigh Prandtl numbers, developing flow, hmt

spots that may occur in the corner regiohgsectangular geometrie§ his is addressed in

the present work through experimental and computatistudies thatmeasure and
improve theunderstanithg of theheat transfer and pressure drop in a representative FHR
coolant channel. This study is conductedusing a surrogate fluid, which mags the
pertinent dimensionless parameters relevant to the energy and monwemtsiierin such

fluids and geometriesThe results of this studyill lead to a better understanding of high
Prandtl number flows in narrow channels, in turn leading to better predictive models for

FHR applications.



1.1 Literature review

The thermal hydraulics of rectangular channels have been studied extensively for
fully developed laminar and turbulethbws; however the transition regime has received
far less attentionWith the rise of situations where high Prandtl number fluids are required
in transition flow regimes, studies to bridge the gap of knowledge for thermally developing
flow in the transition regime of narrow rectangular channels are urgently needed. This
informationis especially significant for the present area of ustdeding the heat transfer

and flow characteristicat AHTR operatingconditions.

1.1.1 Transition flow and rectangular channels

The flow regime between laminar and turbulent can be characterized by an
intermittent flow field where the flow is a combination of turbulent and laminar flows, with
unpredictable switching between these reginfeansition flowis typically moresensitive
to the duct geometry and entrance configuratiam turbulent flowand surface roughness

also plays a role in establishing the fluid flow dynamics and heat transfer.

Often, correlations for pressure drop and heat transfer for transition flow are based
on interpolation between wedistablished correlations for laminar and turbulent flow
regimes. Hrycak and Andrushkiw (1974jeveloped friction factor correlations for pipe
flow in the transition regime, and also provided means to calculate the critical Reynolds
number which can vary due to entrance geometry, roughness, and other geometric
parameters and fluid propertie€hurchill (1977)developed a widely used friction factor
correlation that covers all three regimes and depends on the Reynolds number and surface

roughness.



For rectangular channels, in the absence of specific data for thesextss of
interest, it is generally recommended to use circular channel correlations with a hydraulic
diameterDn. However it has been shown that there is better agreewiémexperimental
data if a laminar equivalent diamet&, is used(Jones, 1976 resulting in prediction
improvement fromt20% to +5% The laminar equivalent diameter provides similarity
between round and rectangular ducts, and unlike the hydraulic diameter, the laminar
equivalent diameteronsiders the aspect ratio of a rectangular channel and is shown for a
rectangular channel in Equati@® with the approximation developed kgbadian and
Dong (1998) There is a large discrepancy, especially in narrow channels, between the
hydraulic diameter and tHaminar equivalentiameter For the aspect ratio of an AHTR
channel Dy is only 71%of Dy, and there is no evidence in improvement of heat transfer

correlations when using the equivalent diameter definition.
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A notable difference between flow in circular channels and rectangular channels is
that as rectangular channels approach turbulence, secondary flows begins to develop
(Prandtl, 192y. The primary flow is in the axial direction whereas the secondary flow is
in the crossstream directionNikuradse (1926yvas the first to experimentally detect these
distortions in the axial profiles of turbulent flows in rectangular dudtkile the velocity
of suchsecondary flows is smallhey can increasthe friction factorby approximately
10%. Detailed measurements of secondary flows showed that they form as a result of

opposing forces exerted by the Reynolds stresses and static pressure gradients in the normal



plane(Hoagland, 1960Leutheusser, 1968Brundrettand Baines, 1964 The secondary
flow patterndetected byNikuradse (1926pccurs primarily in the corners of rectangular

ducts as showhy the crossection of a chann&h Figurel.2.
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Figure 1.2: Secondary flow pattern in a rectangular duct(adapted from Nikuradse
(1926)

Studies on fully developed turbulent flow in rectangular channels have been
conducted and show better agreement when the secondary flows are taken into account
(Launder and Ying, 19733 The majority of studies focus on square channels or wider
aspect ratio§ 0 . 2 <andlypisallylonsider fluids witRr @l such as for air cat
most for thePr of water(0.7 <Pr < 6.469. Studies that have included narrower channels
with an aspect [fectsiomfully tUrbukers flos imthé rangefl® Re0 . 1
< 1@ (Novotny et al., 196/ Few studies have focused on narrow channels in the transition

region, similar to the geometry and fl@xpectedn AHTR channels.

For circular channels, it is widely accepted that the onset of transition from laminar
to turbulent flow occurs ahe critical Reynolds numbeResit & 2 3B@rgman et al.,
201]). For rectangular channels, the onset of transition depends highly on the entrance
configuration and aspect ratid\llen and Grunberg (1938howed thaReit is inversely
proportional to the ratio of the maximum velocity to mean velocya{Vm). From

experimental datanthe critical Reynolds number in rectangular chan(@tsnish, 1928



Davies and White, 1928Shah and London (1978leveloped Equatiop&, estimating

Reyit andVma/Vm as a function of aspect ratio. For the aspect ratio of a coolant channel in
the AHTR,Resirda 3 OADdherconsequencef rectangular channels and the secondary
flows in thar corners is thelevelopmenof hot spots.Savino and Siegel (196fjund that

due to lower velocities at the cornethe heat transfer is reduced, resultingwall
temperatures peaking in the corners. This peaking value is vital to nuclear fuel safety as it

indicates the hottest temperature on the surface of the fuel plates.

TQUT

Fluids with highPr have a sufficiently longer thermal development length than the
hydrodynamic development length. In the thermally developing region, the thin thermal
boundary layer allows heat from the walls to more easily be transferred to the bulk fluid,
increasing théeat transfer. This increase in heat transfer must be taken into account if the
thermal entrance region is a significant length of the chan#bulswas (1966¥olved
the thermal entrance length problem for rectangular ducts with various aspect ratios for
both the constant temperature and constant heat flux boundary conditions for laminar flow.
The analytical results @handrupatla and Sastri (197@) the thermal entrance region for
square ductagreedwell with the experimental results ¢ferkins et al. (1973) For
transition and turbulent flowthere is a lack of analyticalnd experimental studies on
thermally developing flow, anéh their absenceit is generally recommended to use
circular duct correlations. These correlations, however, do not consider the secondary

flows that lead to hot spots in the corner regions of rectangular channels.



More recentlyWang et al. (2013tudied the flow of watertb ugh a narr ow
0.05) rectangular channel across the transition regime. The experimental data from this
study are compared with correlatiofrem the literatureand updated correlations are
suggested. Their study shows that the Prandtl number significantly influences the critical
Reynolds numberThe onset of transition and the transition to turbulent flow are shown
to occur at decreasiri@eas thePr increases. ThRerange of the transition region was
also shown to decrease with increasitrgfor 2.2 <Pr < 3.5. Garimella et al. (2000)
studied the heat transfer coefficient for simultaneously developing flow in rectangular
tubes for slightly higher Prandtl numbers (6.48 to 16.2). Their study primarily focused on
the laminar and transition regimes and developed correlations to spaantier|
transition, and turbulent flow regime$heir studyalso demonstratetthat transition from
laminar to turbulenflow did not occur at a unique Reynolds number value but gradually
overarangeJoetal (20144t udi ed heat transfer in a nai
0.0435) for upward and downward flow directions for water with 2.64 < 6.46. They
explored the effect of the entrance region and proposed heat transfer correlations for

laminar and turbulent flows.

Experiments on the heat transfer in the transition region of molten salts in a circular
tube have shown good agreement with correlations such as thGsedhinski (1976)and
Hausen (1959%s described byu-ting et al. (2009) A test facility consisting of a forced
flow and natural convective loop through a circular test section was developed to validate
models for the molten salts used in FHRs using Dowtherm A to sinfll#eBeF,, the
primary heat transfer fluid commonly known as FLi@aveibaum et al., 2026 Initial

results show good agreement between the data and laminar friction factor values for
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circular tubes.Liu et al. (2018)also used Dowtherm A as a surrogate fluid to study the
transitional flow through an FHR pebble bed, and new correlations are proposed for 14 <

Pr < 19. Tablel.1 summarizes these key studies for transition and Riglow.

Table 1.1: Summary of key transition flow experimental studies

Rectangular channel transition flow studies

Experimental Prandtl number

Fluid Flow Regime
Study range
Garimellaet  Ethylene glycol Laminar/Transition
i 6.48- 16.2 : .
al., 2000 solution simultaneously developing
Wang et al., .
2013 Water 2.1-3.45 Transition
Jo et al. 2014 Water 2.64- 6.46 Transition/Turbulent
developing flow
High Prandtl number flow (Pr > 13)
Experimental . ,
Study Geometry Fluid Flow Regime
Yu-ting et al., : . "
2009 Circular tube LINO3 Transition
Zweibaum et Circular tube Dowtherm A Laminar
al., 2016
Lu;g{gl., Pebble Bed Dowtherm A Transition/Turbulent

1.1.2 Computational models

For the AHTR,Yoder et al. (2014performed CFD studies an1/39 symmetric
section of thefuel assembly. This study analyzed the flow velocities and temperature
profile of a fulllengthfuel assembly at nominal flow condition&y including the upper
plenum in the CFD simulation, this study was able to highlight the jet behavior above the
assembly. Sensitivity studies were conducted by varying the conductivity of the solid
materials within an assembdynce the properties are not well defined and rely heavily on
the manufacturing procesd hese studies were conducted with constant thermophysical

properties for eaclrun andsimply used the average properties for the molten salt coolant,
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FLiBe. Additionally, the analysis was conducted for a unif@xral power profile. This
study makes recommendationstbe design to improve local hot spots and recommends

additional analysis on mixed convection and peak power assemblies.

Systemlevel models for the AHTR have been developed in RELARWgni and
Petrovic (2014)and in TRACE byroder et al. (2014)to simulate the loss of forced flow
(LOFF) accidentThese models verified the effective cooling capacity of the direct reactor
auxiliary cooling system (DRACS)'he TRACE model showed good agreement between
the AHTR design values and the calculated core temperatures and computed the amount
of flow through the decay heat exchanger during steady state operating conditions. It is
also recommended in this study tthlae correlations for heat transfer and pressure drop
should befurther investigated and that heat transfer correlations for rectangular channel
flow should be implemented in the TRACE coderigni and Petrovic (2020)eveloped
a model that coupled a CFD and sysienel code to simulate the viability of utilizing
bypass channels to perform-tme refueling of the AHTR Zweibaum (2015)modeled
the DRACS in RELAP5S and validated the results with data from the compact integral
effects test (CIET) facility, which showed good agreemeystemlevel analysehave
been conducted fopebble bed FHRsvhere several studiegAndreades et al.,, 2016
Blandford et al., 2020have employed existing codes such as RELAP, TRAGEC,

2010, SAM (INL, 2017), and FlownexXM-Tech Industrial, 2013 Greene et al. (2011)
developed a RELAP model féhe SmAHTR thatimplemented a platg/pe fuel, similar

to the design of the AHTR. This model varied the inlet mass flow rates to the core and
reported the maximum fuel temperatures during steady state condii@msndrasekaran

and Garimella, 2023ldeveloped a full core sethannel model to simulate the SmMAHTR
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reactor with a fuel pin geometry during steady state and accident conditions. This code
was validated with CFD model€handrasekaran and Garimella, 2022& provides fast
simulation times for calculating the temperatures and flow dynamics within thefeore.
the platetype FHR designs, no experimental validation of the CFD models or siesten

models habeen conductefbr nominal or peak flow conditions.

1.1.3 Enhanced surfaces

Surface enhancements are passive heat transfer enhancement techmidpies
a surface is geometrically altered to disturb the thermal boundary layer, reducing the
resistanceo heat flow from the wall to the bulk fluid. Passive enhancements are widely
used as they do not require the use of an external power sujiicial roughnesss a
type of surface enhancement thais been used in nuclear reactors to improve the heat
transfer of the fuel element®onne and Meyer (197 Performed experiments on single
rods in a smooth tube with rectanguldos on the rod serving as the artificial roughness
sites These tests simulated the case of a typical Gas Cooled Fast Reactor fuel element.
Webb (1987)considers three possible surface roughness geometries: three dimensional
(uniform), ridgetype (repeated ribs), and groetygpe, as shown inFigure 1.3. The
geometry of these artificial roughness types is characterized by parameters such as pitch
and height, which can be nalimensionalized by the channel height and hydraulic
diameter, respectivelyOlsson and Sundén (1998)perimentally studied the flow and
heat transfer for rlvoughened rectangular channels where various rib configurations were
assessed for flow ranging from laminar to turbuleKtarwa et al. (1999¥pecifically
investigates transition and turbulent flow in rectangular ducts for chamfered repeated ribs.

Their study shows a maximum twold heat transfer enhancement with a tHied
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pressure drop penalty when compared to a smooth duct. The duct aspect ratio was also
shown to have a strong effect on the heat transfer and friction fagaarand Xin (2000)
investigated the enhancement inside tubes using-thmeensional surfaces and twisted
tapes for a wide range of Prandl and Reynolds nusraret showed greatest heat transfer
enhancement of 5:Bld in the laminar regime.Wang et al. (2007kxperimentally
investigated implementing vortex generators for heat transfer enhancement for flow in
rectangular channels fdRe in the transition and turbulent regimes with heat transfer

improvements ranging from 1456%.

3D (uniform) Ridge-type Groove-type

Figure 1.3: Surface enhancement types

Varma et al. (2012yuggests incorporating lozenge shaped surface dimples on
platetype fuel to promote thermal boundary layer detachment, improving the heat transfer,
especially for laminar flows during natural circulation after reactor shutdown conditions.
The dimple shape is consideredilaenhance$eat transfer with a low pressure penalty
compared to other surface enhancement igales The dimples can be readily added to
the plate surface as the plates are manufactured using isostatic rfRatdet al. (2009)
reviewed dimpld channel studies which showed that for spherical concave dimples,
vortices that increase the local and downstrellimnare generated These studies also

revealed that the heat transfer enhancement outweighed pressure drop penalty, for
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conditions including identical pumping power, pressure drofd flow rate.Hwang et al.
(2008) investigated heat transfer enhancement for various dimple arrangements. This
study determined that dimple protrusions performed better than concave dimples and that
dimples on both sides of the channel showed the grehtssttransfeenhancemertty a

factor of 14 forRe= 1000. Lan et al. (2011performed computatiai analysis on heat
transfer enhancement of concave dirsjptemicrochannels, showing enhancement factors

as high as 4.77 Zhang et al. (20213tudied heat transfer enhancement in tubes using
ellipsoidal dimples. This numerical study showed an average of 25% heat transfer
enhancement for turbulent flowsVang et al. (2023)onducted a numerical study focused

on heat transfer enhancement for plaqee nuclear fuel. This study focuses on improving
hot spots using dimple surface enhancements in narrow rectangular charreekffect

of rotating the dimpleand adding slits in the direction of the streamimeneasured to
determinethe optimal geometry. Table 1.2 summarizes the key experimental and

computational surface feature heat transfer enhancement studies.

Table 1.2: Heat transfer enhancement studies using surface features

. Enhancement
Experimental Study Geometry Technigue
Donne and Meyer, 1977 Fuel rod Ridgetype
Karwa et al., 1999 Rectangular duct Ridgetype
Olsson and Suréth, 1998  Rectangular duct Ridgetype
Liao and Xin, 2000 Tube 3D tape
Wang et al., 2007 Rectangular duct Vortex generators
. Enhancement
Computational Study Geometry Technique
Hwanget al., 2008 Rectangular duct 3D (dimple)
Lan et al., 2011 Microchannel 3D (dimple)
Zhang et al., 2021 Tube 3D (dimple)
Wang et al., 2023 Rectangular duct 3D (dimple)
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1.2 Research needs and scope of present work

The above review of the pertinent literature shows that while investigative studies
have been conducted to measure the fluid flow and heat transfer characteristics for
transition flow,few experimentshave been conductesh high Prandtl number fluids,
which have long entrance lengths that must be considered in the models. It is also evident
that circular channel models do not adequately predict the behavior in narrow rectangular
channels, which develop secondary flows tiuthe effects from the sharp cerscausing
hot spots While the laminar equivalent diameter provides improvement over using the
hydraulic diametefor existing turbulent friction factor correlationis is more useful to
have a common definition for hydraulic diametath correlations that correspond to the
specific geometryor both heat transfer and frictional pressure drdmlditionally, the
literature onrectangular channels primarily focuses on fluid dynamics, with far fewer
studies on heated flow&.here is also a lack of experental studies on transition flow for

rectangular channelwhich is the primary flow regime during nominal flow in an FHR.

CFD and systerevel codes have been used to model gigbe FHR designs;
however, there is still no experimental validation of this work. Since FHRs operate at much
higher temperatures than wataroled reactors, the fuel temperatures will also reach higher
temperatures.Therefore, educing the uncertainty of the heat transfer in these channels
will allow for optimizing the heat duty of the fueksulting ina more efficient reactor.
System level codes, such as TRACE, use models that do not cohsidéetts of channel
geometry or of thermally developing flogince they were originally developed for water
cooled reactorsMoreover, hese studies do not consider the assemblies undergoing peak

power or noruniform power profiles which heavily influence the fuel temperatures
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Updating these codes for plate type FHRs will allow for improved transient studies and a

better understanding of potential accident scenarios.

The addition of roughness or thrdenensional surface features has proven to
enhance heat transfer in the transition regdimce FHRs use a more viscous coolant with
significantly lower Reynolds numbers than conventional weteted reactors, significant
improvement can be achieved through surface enhancemeninderstanding of these
phenomena for high Prandtl number fluids in rectangular channels is important to improve
heat transfer in the AHTR desigin addition to the AHTR, other FHRs usinglatetype
fuel such as the SmMAHTR can benefit from these feattieslly, gudies on various
roughness geometries have not shown good agreegmrefew studies consider the
uniform roughness pattern, and most have only considered repeated or helicBheies.
is also a lack of experimental data that can validate the numerical studies conducted for
dimpled surface featuresTherefore, there is a need to develop separate friction factor and
heat transfer correlatiorspecific tonarrow rectangular clhaels for high Prandtl number

fluids to further develop the understanding of thermal hydraulics intypéeeFHRS.

1.3 Research objectives

The primary objective of this study is the investigation of the heat transfer and
pressure drop characteristics of coolant channels in the plate type FHR and to antidate
develop empirical correlations for heat transfer coefficient and friction factor for this
combination of geometry and fluid propertieS he passive enhancement due to the

addition of dimpled surface features is compared to the plain case to determine the potential
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heat transfer improvementsTo accomplish this objective, the following tasks are

performed

1 Heat transfer and pressure drop experiments over a range of Reynolds and Prandtl
numbers, matching those in the AHTR preconceptual design.

1 Heat transfer and pressure drop experiments with a modified coolant channel
containing dimpled surface features.

1 Development ofemiempirical correlations for friction factor and heat transfer that
account for the effects of geometry and flow development for both the plain channel
and the dimpled channel.

1 Suggesbns for improvements to the pertinent heat transfer and friction factor
models used in safety analysis codes for FHRs.

1 Analysis of the cooling capacity of theore of the AHTR using the developed

models

1.4 Thesis organization

This dissertation is organized as follows:

1 Chapter 2 present the geometry and flow conditions of the AHTR and aredy
the surrogate fluidghat can be used to experimentally match the pertinent
dimensionless fluid flow and heat transfer conditions

1 Chapter 3 describes the experimental setup and facilities for measuring the
pressure drop in a plain and dimpled test section over a range of operating

conditions representative of a single AHTR coolant channel
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Chapter 4 describes the experimental setup and facilities for measuring heat
transfer in a plain and dimpled test section over a range of operating conditions
representative of a single AHTR coolant channel.

Chapter 5 presents the development of models to predict the heat transfer and
pressure drop of a plain and enhanced surface AHTR coolant channel over a range
of operating conditions.

Chapter 6 evaluates the performance of the AHTR using the models developed
from the experimental results and evaluates the effects of various design
considerations.

Chapter 7 summarizes the important conclusions of this study and provides
recommendations for future work inetrarea of nuclear thermal hydraulics for

platetype fueled FHR
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CHAPTER 2. AHTR OPERATING CONDITIONS

The AHTR vessel geometry is discussed in this chapter, along with analysis of the
expected flow dynamics and conditions. Detailed analysis is conducted to select a

surrogate fluidhatallows for experimental validation of the AHTR flow conditions.

2.1 AHTR description

The advanced high temperatueactor(AHTR) is a 3400 MW, FHR designed by
the Oak Ridge National Laboratory (ORNIYarma et al., 2012to support high
efficiency electricity production or high temperature process heat. The design employs
factory fabricated components that are sized for rail transport, thereby minimizsitgg on
assembly time. The pi@nceptual design for the AHTR utiés a plateéype fuel,
arranged into a hexagonal fuel assemHflige primarycoolant for the AHTR i$LiBe salt
(2Li-BeR,), which enters at the bottom of the cdtews upward through the narrow gap
between platesand exits the core at the tdphe coolant then flows through a primdoy
intermediate heat exchanger where it transfers its heat toZK¥Fsaltthat carries the
heat to the power cyclas shown irFigure2.1. The cooled FLiBe is then pumped back
into the bottom of the coreThe coolant channel, fuel plates, fuel assembly, and reactor

core are shown iRigure2.2.
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Figure 2.1: AHTR heat transfer loop diagram

The coreconsistsof 252 hexagonal fuel assemblies, each six meters in height.
These fuel assemblies have a fueled region spanning,hene the fuel plates contain
TRISO patrticles with airanium oxycarbide(UCO) fuel kernel The TRISO particles are
less than 1 mm in diameter and are pressed into adeigity graphite matrix as a fuel
stripe along the outer edge of each side of the fuel plates. There is also a thin graphite
sleeve over the fuel stripe which keeps the codiamh direct contact with the TRISO
particlematrixEach fuel assembly contains 18 fuel
support structure, and a removable control blade in the center of the support structure, as
shown inFigure 2.2b. This geometry differs from traditional LWRsgvhich typically

implement a pin bundle fuel geometry.
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Fuel
Assemblies

Coolant Channel (c)

Figure 2.2: (a) AHTR core, (b) fuel assembly crosssection, and(c) coolant channel
designs

The coolant channel is the space betwanfuel plates as shown Figure2.2c.
Each fuel plate also has a set of spacer ridges to serve as support and to keep the plates
equally spaced. This creates three individual channels between each set of fueh plates:
wide channebf high aspect rati@alongside two channels of lesser width with the same
gap All three of these channels are approximately rectangdlbe key dimensions for

the AHTR are shown in Table 2.1.
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Table 2.1: AHTR fuel assembly key dimensions

Parameter Value (mm)
Fuel assembly pitch 467.5

Fuel plate thtkness 255
Coolant channel (between plates) 7.0

Coolant channel (between plate and wall 3.5

Fuel plate width 238

Spacer ridges spacing 140

Total length 6000
Heated length 5500

2.2 Flow regime analysis

FLiBe salt is thgrimary coolant of choice for the AHTRt has a melting point of
459°C and a boiling point of 1430°@t atmospheric pressui&ohal et al., 2010
maintaining a stable liquid state for the temperatures designed for the AHTR core. This
allows for near atmospheric pressure operation in the core, lowering the cost of the pressure
vessel, and improving safety. FLiBe also has a higher volumetric &ygatity than water
in PWRs,making it an efficient reactor coolant. A major difference in the ftlyidamics
of molten salt from water is the high viscosity. FLiBereactor temperaturdgms a
viscosity on average @9 times higher than water in a typical PVilBelyakov, 2019
This fluid property has a significant impact on the flow regime of the molten salt in narrow

coolant channels.

In the preconceptual design of the AHTRarma et al., 2012 the average
temperature of the molten salt as it enters the core is 650°C. The average temperature of
the coolant when it leaves the core is 700°C for nominal conditions. The nature of the fuel
assemblyconfigurationin a reactor calls for some assemblies to opexbbtye or below
the average power densityThis means that some assemblies will experience higher
temperatures than 700°C and thermgdiraulic properties must also be considered for a

range above the average outlet temperat@reen this specified 50°C average temperature
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rise for a 3400 MW(t) reactor, thetalrequired primary coolant flow raterough the core
is roughly 28500 kg &'. From this value and the geometric parameters prescribed in

Section2.], the flow rate in the coolant channels can be determined.

Each fuel assembly will have a slightly different flow rate based on their power
profile; however, on average this leads to roughly 113.1%gf £oolant per assembly.
This flow can be divided between irtaasembly flow (flow in the channels between fuel
plates) and inteassembly flow (flow between adjacent assemblies) as the assemblies are
spaced 17.5 mm apart. The flow rate specifiedfmaiassembly flowesults inan average
velocity of 1.94 m 3. While the interassembly flow rate is not specified in the AHTR
preconceptual report, it can be calculated based on the geometric parameters to be
approximately0.52 m &. This is determied by accounting for the total flow rate and the
crosssectional flow areas of the intra and iréesembly flowswhich areapproximately
6.60 nf and 3.47 i, respectively. The focus of this study is primarily on the intra
assembly flowsince this is where most of the heat transfer occurs between the fuel and

the coolant.

The intraassembly flowis throughchannels formed by the 18 fuel plates. This
results in 15 channels with a thickness of 7 mm between fuel plates and 6 edge channels
with a thickness of 3.5 mm between the fuel plate and the carbon composite fuel channel
box or support.This study focuses on tffemm thickchannels between two fuel plates as
this is where the majgrortion of the flow in the system occurs. The spacing consists of
the two smaller side channels and the wider, center channel betweeo gpaters The
calculations in this study focus oretvider center channel regiofihe primary difference
between theenterchannel and the outer channeighe aspect ratio (a ratio of tlyap
between plates to the width of the channel), and results from the center channel can be
applied to the outer channels by accounting for the change in aspecfTraticenter

channel will be referred to as the coolant channel from this point forward.

24



The spacing between the points where the spacer ridges meet the next fuel plate is
140 mm whilethe spacing between the ridges where they jut out from the plate is 126 mm.
The averagef these two values used ashe approximate size for a rectangular channel
that represents the center coolant channel, giving it dimensions of 133 mm by 7 mm. This
results in an aspect ratio of 1:19 or 0.0526. The hydraulic diameter of a rectangular channel
is described byequation¢®, wherew is the width of the channel arflis the spacing
between the plates. Given these dimensiondjla# the coolant channel is 0.0133 m.

cu Y
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From this informationthe flow regime in the channel can be determined. The flow
regime is dependent on the Reynolds nunfBeY, which describes the ratio of the inertial
forces to the viscous forces and is calculatedgEquationc& .

w.. " wo
YQ —(—— &

Given the thermophysical propertiasthe average temperature in the core of
675°C, the geometry of the channel, and the prescribed average velocity of 1:9%hen s
averageReis 8267 This valudalls in the transition regime between laminar and turbulent
flow. The Reranges fromapproximately7400 to 9150 as it moves up the channel and
increases in temperatur®ther designs of molten salt reactors, such as the SmMAHTR, have
also been designed to operate in the transition regime with arRieée8460(Greene et
al., 201). This is a significantly differerfluid flow dynamic than what is seen BWRs
where the averagReis ~ 500,000 which is decidedly in the turbulent regime. This
difference in flow regime is mostlyue tothe significantly higher viscosity of molten salts

compared to water.
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By varying the geometry or flow rate, tRecan be varied to some extent; however,
higher flow rates require additional pumping power and longer channalshievethe
required temperature increasalthough the geometry of the AHTR is differdram that
of existingLWRs as it utilizes fuel plates rather than fuel rods, the hydraulic diameters are
comparable Increasing the platepacing andncreasing theédn would increase th&e
however, this would decrease the heat transfer in the chantmi/ésng the aspect ratio
of the channel and would also cause the thermal development length to increase. Therefore,
it is difficult to design a molten salt reactor that operates in the turbulent regime without
requiiing significantly more material or pumping power, which decrease the economic
viability of the reactor. While the thermal hydraulics are better understood in the laminar
regime,operation in this regime would yield poor heat transfer r&@sthese reasons, the
transition regimenustbe better uderstood to determine accurate core dynamics for the

AHTR. A summary of the key parameters that define the flow are shoWabie?2.2.

Table 2.2: Key nominal flow parameters

Parameter Value
Inlet temperature 650°C
Outlet temperature 700°C
Assembly mass flow rate 113.1kg &
Average velocity 1.94m¢g
Hydraulic diameter 13.3 mm
Average Reynolds number 8267
Inlet Reynolds number 7400
Outlet Reynolds number 9150
Average Prandtl number 13.3
Inlet Prandtl number 14.7
Outlet Prandtl number 11.9
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2.3 Developing flowconsiderations

An additional factor thaimust be considered in the flow of molten salts is
developing flow. The two types of developing floim thermal hydraulicsare
hydrodynamic development and thermal development. Hydrodyafynideveloping
flow refers to flow in a channel that has a changing velocity profile along the axial length
of the channel. The flow is hydrodynamically fully developed when the velocity profile

no longer changealongthe axial length.

Thermally developing flow refers to tlshape of théemperature profile changing
along theaxial length of the channel. Flow is considered to be thermally fully developed
when the shape of the temperature profile no longer chageg theaxial length. The
area where the flow is developing is typically called the entrance region or entrance length.
The difference in length between the hydrodynaemtranceregion and the thermal
entrance region is dependent on the Prandtl numidechis theratio ofthe momentum
diffusivity and the thermal diffusivity as shown in Equatig.

Vi — =
I Q

T -} @
T o =
For aPr > 1, the thermal entrance length is longer than the hydrodynamic entrance
length since the thermal boundary layer is thinner and therefore takes a greater length to
fully develop. This is the case for most oils and molten salt?Forl, the hydrodynamic
entrance length is longer and fér = 1, both lengths are equal. For water in the primary
loop of a PWRPr a ; thereforethe entrance length is similar for both the thermal and

hydrodynamic caseslowever, for molten salts, and FLiBe in particular, thementum
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diffusivity is much greater than the thermal diffusivity, mostly due to the high viscosity
and specific heatyielding aPr ranging from 11.9 to 14.7 during nominal operating
conditions Therefore flow in the AHTR corehas a much longer thermal development

length than the hydrodynamic entrance length.

Another factor that dermines the entrance length is the flow regime. Turbulent
flows typically have significantly shorter entrance lengths since the turbulent eddies
promote mixingtherebyaccelerating the flow development. Since the AHTR will operate
in the transition regime, it is likely that developing flow will be a factor in the flow

dynamics and heat transfer in the coolant channels.

While fully developed flow is well characterized for many geometries, the
parameters that describe the fluid flow and heat transfer require additional considerations
for developing flows. The pressure drop for developing flows can be described by the
appaent friction factor. Since the velocity profile is changing, there is also a pressure drop
due to the change in momentum. The apparent friction factor includes both the friction
and momentum change effects. The apparent friction factor must takegie & the
channel intaaccount andypically uses a dimensionless value suck'asx/(Dn Re) The
heat transfer can be described by the Nusselt number, which also must consider the length
for thermally developing flows. The thermally developMgis typically described as a

function ofx” = x/(Dn RePr).

To determinewhetherthe flow inthe AHTR channel is developing thermally,
hydrodynamically, or both, development lengths can be calculated baagadlgtical and

empirical modeldrom the literature Figure 2.3 shows the thermal and hydrodynamic
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development lengths for a single coolant channel. The ranBe cdptures part of the
laminar and transition regimesThese values were calculated from the correlations
developed byhen (1973jor the hydrodynamic entrance length and an analytical solution

for the thermaéntrancdength(Ghiaasiaan, 203)8or flow between a set of parallel plates

and are defined by Equatioq® and¢®, respectively The solutions for the thermal
hydraulics of rectangular channelpproachthoseof parallel plates as the aspeatio
approaches zero, and since the AHTR coolant channel has a small aspect ratio, parallel
plate correlations are reasonable approximations for entrance lefigtse entrance
lengths have been shown to be accurate for laminar flawransition flow howeveras

turbulence beginghese models may break down.
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Figure 2.3: Development length over a range of Reynolds numbers for an AHTR
coolant channel
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A range from1000 <Re< 8000is shown inFigure 2.3, and it is clear that the
hydrodynamic entrance length is small compared to the thermal entrance length. As
turbulence is likely to begin arouikkd 3 000, the hydrodynamic
than 0.5 m. This ikss than 10% of the length of the AHTR channel and therefore should
not have any significant effects on the fluid dynamics when compared to hydrodgtyamic
developed flow. Ther in the AHTR core is expected to range between 10.5 and 18,
accouning for some assemblies being coldewarmer than the averagEigure2.3 shows
that the entrance length will likely fall somewhere between the lines shown for these
values. FoRein the laminar regime, this is a significant portion of tha 6hannel length
and thermal development must be considered wastimating the heat transfer in the
coolant channel. In the transition regime, thermal development may still play a role in the
heat transferalthoughthe entrance length may be shorter than the laminar correlations

suggest due to mixing.

There are both benefits and drawbacks that the flow in the AHTR channels is likely
to be developing thermally. THzenefit of thermally developing flow is that the heat
transfer coefficient is higher than the fully developed value. This will keep the fuel at a
lower temperature or can allow for higher heat fluxes at the start of the channel. This is
due to the thinar thermal boundary layer than fully developed flow, creating a lower
thermal resistance for the heéansferfrom the wall to the fluid.One of the drawbacks is
that the heat transfer coefficient is matnstantin the thermally developing region. The
heat transfer will decrease as the flow thermally develops until it reaches the development
length. This could lead to hot spots in the fuel if the local heat transfer coefficient is not

considered. For this reasabwould be beneficial to have a varied heat flux profile over
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the length of the channel to maintain safe fuel temperatures. It is difficult to create a heat
flux profile in a reactor witlthehighest heat flux at the bottom of the channel as the neutron

flux is generally highest in the center of the chaifiietireas and Kazimi, 2021

2.4 Surrogate fluid analysis

Surrogate fluids have been used in experimental studies as a way to characterize
the fluid dynamics and heat transfer characteristics for fluids that may be difficult to work
with in the laboratory setting. Some challenges associated with using FLiBe as a
experimental fluid is high material and equipment ctstgithstand the high temperature
conditions required by the molten salt. FLiBe is also highly toxic and poses a risk to those
working directly with the fluid. By matching the dimensionless patarsesuch as the
Reynolds and Prandtl numbefthe molten salsurrogate fluidshatoperate at conditions

achievable in the laboratory space camusedto capture the pertinent thermal hydraulics.

In the case of the fluid flow dynamics, the Reynolds number is considered and must
be matched between the AHTR conditions for FLiBe and the experimental conditions for
the surrogate fluid. This can be done by scaling the velocity of the molten saltcto mat
theRe as described by Equatig@®. If the hydraulic diameter is kept the same between
the experimental setup and coolant channel, then the velocity for the experiments only
needs to be scaled by the fluid properties. The heat transfer can be compared between the
molten salt and the sugate fluid bymatchingboth theReand thePr. Since thePr is
solely a function of the thermodynamic properties of the fluid, a limited number of

surrogate fluids are applicable.
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Studies have been conducted to sugtesturrogate fluidshatmay be applicable
to the study of heat transfer in molten sal®abral et al. (2022fentified four surrogate
fluids that may be able to match tRerange of molten salts. This includes Dowtherm A,
water, Freezium 60, and ZitreeZ5. This study shows that of these surrogate fluids, the
only one that can match tli& range with FLiBe is Dowtherm A. The other proposed
surrogatesare shown to ntah with other molten salts such as FLiNak and XaF.
Dowtherm A can matchhe Pr number range 09.6 to 28for FLiBe at experimental

temperatures between 45°C and 150°C.

Based on the studies that have identified applecsurrogatesor FLiBe, Dowtherm A is
choseras the experimental fluid in these tests for its ability to match the pertinent
dimensionless parameters of FLiBe for heat transfer and pressure drop. By measuring the
pressure drop and heat transfer for Dowtherm A, dimensionless analysis can be
performel using the friction factor and Nusselt number to understand the pressure drop

and heat transfer of FLiBe.

Figure 2.4 compares thér of Dowtherm A and FLiBe atlifferenttemperature
ranges for each fluid. Here it can be seen that Pastalue for the temperature range of
FLiBe in the AHTR coolant channel can be matched wkhf@r Dowtherm A. However,
these curves do not match exagtherefore the change iRr as the FLiBe heats up in the
coolant channel will be slightly different than that in an experimental channel with

Dowtherm A. This difference is referred to as distortion and can be calculated for a range
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of temperatures and is described by Equati@&na technique used liyabral et al. (2022)

when identifying surrogate fluids.
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The distortion is based on the range of temperatures chosen for each fluid. First, a
range of temperatures of interest, such as the inlet and outlet FLiBe temperatures in the
AHTR coolant channel (650%€00°C) is determined Then thePr associated with each
end of the range is calculated for the molten salt. Phisnge can then be used to find
each end of the range of temperatures of the surrogate fluid that makRhnin@bers of
the molten salt rangeThe distortion at each end of this rangel wé zero As steps are
taken along each temperature range,Rhwill vary slightly and this is the distortion of
thePr. The distortion is likely to increase for large rangat)ough if the rangesikept

small, such as during a segmented anglitsian be kept to a minimum

A 6-m channel is not practical for laboratory setup due to space and cost
constraintstherefore,a segment of the full channel is represented by the experiments in
this study This also keeps the distortion minimal, as a smaller range of tempeiriatures
required for a shorter channdCabral et al. (20223ssessethe full range of compatible
temperatures between FLiBe and Dowtherm A. The minimum and maximum distortion
for this range was2.11% and 7.81%respectively, which is quite low for such a large
range (105°C range in Dowtherm A temperature). Since the experiments to follow are
conducted at much smaller rangepgroximately5°C i 10°C), this distortion drops
drastically to a maximum of 0.086% for a 10°C change in Dowtherm A temperature. The

distortion for a range in the experiments is showhigure?2.5.
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Figure 2.4: Prandtl number comparison of FLiBe and Dowtherm A
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Figure 2.5: Distortion of Pr for experimental range of temperatures

In addition to having similar Prandtl numbers as FLiBe at temperatures attainable
in thelaboratory Dowtherm A also has similar thermophysical properties when comparing

the bulk to wall temperatures ratioks.is important that these ratios are similar as they are
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typically used as correction factors for heat transfer and pressure drop correl&dons.
example, for the average conditions of an AHTR channel WRere 13.2, the bulko-

wall Prandtl number ratio is 1.20 for FLiBe and 1.22 for Dowtherm A for the experimental
conditions matching the averaBe= 7240. The ratio of the bulk viscosity to wall viscosity
for FLiBe and Dowtherm As also similar 1.20 for FLiBe and 1.34 for Dowtherm A.
Since the Prandtl number ratios are close between Dowtherm A and, feBmrrection

factor for fluid properties should be based on Prandtl number ratios.

The thermophysical properties Dbwtherm A are calculated from the measured
temperatures using the equations reportedwogibaum et al. (2016which are relevant
in the range of 20°C to 180°C. These property correlations were compared with those
provided by the manufacturé@ow Chemical, 1997and showee@xcellentagreement for

this range. These equations are shtwaughEquations;&i ¢® pwhereTis in °C.
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CHAPTER 3. PRESSURE DROP IN PLAIN AND DIMPLED

CHANNELS

This chapter discusses the design, approach, and results of the experimental
investigation to determine the pressure drop in a single AHTR channel for both a plain
channel and a channel with dimpled surface features. These tests were conducted on a
representate test section under dimensionless conditions similar to thbséichthe
AHTR would operate. A test facility with the working fluid, Dowtherm A, was built for
this investigation and the friction factors were deduced from the data and cowthred

values predicted by correlations for similar test conditions.

3.1 Test facility component selection

The test facility waslesignedto allow for the flow rates and temperatures that
match the range of Reynolds and Prandtl numbers outlined in the AHTR preconceptual
design. The specific geometry of the test section was chosen to match the exact geometry
of the AHTR fuel plates.Thus no additional dimensional analysis of the geometry
neededo compare the results in the test section to that of an AHTR coolant channel. The
length of the test section was chosen tcsb#ficientto measure local variations in the
pressure drop and heatnsfer coefficientvith uncertainties < £10%The total height of
the test section is constrained by the size of the test fadilitiftiple iterations of the test
sectionwere usedo arriveat a configuration thagnsure even flow distributionincluding
multiple designs of the headéerFhe final design of the test section incorporates the header

design shown ifrigure 3.1 along with a computational fluid dynamics (CFD) simulation
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conducted in ANSYS FluerfANSYS, 2024 to predict the flow distribution before the
header was fabricatethd demonstrated even flow distribution after 0.@frdevelopment
length This configuration was chosen as the flow demonstrates even distribution at a
length less than 0.25 m or half the length of the calming section of the chaimecilow

is considered uniform when any peaks in the velocity profile of the-sexdon are less

than 5% of the average flow velocitylhe test facility was designed to allow for flow
conditions that span the entire transition regime, in addition to some laminar and turbulent
flow. This was done by choosing a pump that could match the flow rates and the required
pressure drop in the facility. The pressure drop in each component was estimated using the
geometry and friction factor correlations and data from the specification mantied of
Coriolis mass flow meter.This required the use of a gear type puitmat allows for a
pressure dropp to690 kPa.Operatingemperature werechosen to allow for an extensive
range ofPr that matched the FLiBe conditions. This resulted in a range from 70°C to 150°C

for the Dowtherm A and a Prandtl number range from 10 to 18.
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Figure 3.1: Test section header and flow distribution
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3.2 Test section design

Stainless steel was used for structural purposes as well as fluid compatititiey.
metals with higher thermal conductivity, such as copper, were also consitteregyver,
there was no chemical compatibility information available for copper, while 316 type
stainless steel has excellent compatibility widbwtherm A according toMid-West
Instrument (2018) A finite element analysis was conducted in SolidwofRassault
Systems, 20200 ensure that the narrow channel would not deflect more than one percent
of the channel wall thicknessThe maximum stress was also maintained to less than five
percent of the yield stresfAnnealed copper also has a yield strength about seven times
lower than stainless steel, requiring significantly more materiahftest section. Axial
conduction also becomes a concern due to the high thermal conductivity in copper, while
these effects are insignificant for the stainlste®l design. The effecs of thermal
resistance for heat transfer also played a role in the choice of material. For accurate
measurementsthe wall resistance must be significantly lower than the convective
resistance. Based on the required wall thickness for structural purposes, the resulting
thermal resistance is expected to range between one and five percent of the convective
resistancdor the range of predicted convective heat transfer coefficients in this study.
Although a copper channel would require much thicker wialésthermal resistance would
be approximatelythree times lower due to its significantly higher thermal conductivity.
Based on this analysig was determined that since the wall resistance is low enough in
the stainless steel that the preferred material is the one which required less total material.
Forthese requirements and the available thicknedssteel plates4.76 mm (3/16 in), 316

stainless steel was chogerfabricatethe test sectian
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The test section is a 118 long rectangular channel with cressctional dimensions
similar to those of a single AHTR coolant channel, as showkigare 3.2. Thespace
between fuel plates is 7 mwhile the distance between the spacer ridges is approximately
133 mm. The dimensions of the test section were chosen to match the values between the
ridges, since these ridges form a flow chanfiédlis middle section constitutes the major
portion of the AHTR coolant channel, and the channels on eitherastddexpected to

experience similar values of heat transfer and pressure drop.

133 mm

Figure 3.2: AHTR geometry comparisonwith test section crossection

The 316 stainless steel body keeps the narrow channel from deformation due to

internal pressureThe high strength of the stainless steel also allows the walls to be thin,
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resulting in a relatively low thermal resistance between the heat source and th&tikid.
surrogate fluid enters the test section through the bottom header, which evenly distributes
the flow into the rectangular channeTlhe fluid then flows upward through 0.5 m of
developing length to ensure a uniform flow entering the local measurement segment. The
fluid leaves the local measurement section and flows through 0.26 m of channel before
exiting through the top header, gigithe rectangular channel aaidength of 1.3 mSeven

ports on each side of the channel are used for the measurement of the local temperature
and pressure drop within the channel. One side of ports is connected to differential pressure

transducers, while the other side is equipped with thermocouples.

3.3 Dimpled channel design

The dimpled channel is designed to have the same geometry as the plain channel,
with the addition of machined features in the active segment of the channel. The design of
the dimple incorporates a slice of an ellipsoid rising 0.8 mm from the surfaceasfahnel
at the center of the ellips@n ellipsoid was chosen as it provides a smooth transition from
the channel surface, which keeps the pressure drop from increasing significantly while
providing a mechanism promoting boundary layer detachment.€Hberés are spaced in
a pattern alternating between seven or eight in each row so that the fluid vailirmdy
flow in a straightline path, promoting mixing.Figure 3.3 showsseveralviews of the
design of the dimple features:igure 3.3a shows a crossectional view of the dimpled
channel and shows that the dimples doapyreciablyinhibit the flow as they are only
near the surface. Thminimizes thepressure drop penalty as even at the highest point of
two dimples facing each other, they only take up 23% ofhla@nekpacing Figures 3.3b

and 3.3c show the detailed geometry of a single dimple,Faguare 3.3d shows the
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alternating pattern and spaciagd the 16 total rowsEach dimple has l@ngthand width
of 26.64 mmand13.32 mm, respectivelyThe spacing between the dimples in each row

is the width of a dimple and the spacing between adjacent rows is the height of the dimple.
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Figure 3.3: Dimpled channeldesign (a) channel crossection, (b) height and
curvature, (c) isometric view, and (d) inside surface in active segment

The dimpled channel test section was fabricated in the Georgia Tech Montgomery
Machining Mall. The dimples were formed on a mill by removing the surrounding
material. The inside of the channleéfore the test section was assemptad be seen in
Figure3.4 where he front and fullength views show the direction of flow. The milling

marks can also be seen in these imagitmugh they have a negligible impact on the flow.
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This is evident from the side view where the dimpled height can be seen, but the milling

marks do not have any visible height.

Side view

Figure 3.4: Inside of the dimpled channel test section

3.4 Pressure drop test facility

3.4.1 Sustainable Thermal Systems Laboratory facilities

This experimental investigation mause of several infrastructure facilities in the
Sustainable Thermal Systems Laboratory (STSL). The heat sink for the test facility is a
175kW lab chiller that can supply a glyenlater solution at controlled temperatures
between10°C to 20°C.The flow rate of the glycelvater solution is controlled by a valve
that adjusts the hydraulic resistance as the pressure drop between the inlet and outlet is

maintained at a constant value of 105 kPa. The heat source fosttFeeciity is electrical
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resistance heaters powered by the electutisties in the laboratoryncluding single

phase 120V and singland threephase 208V power.

3.4.2 Test facility description

A test facility was fabricated to condition the Dowtherm A to the required
temperatures and flow rates through the test secthoschematic and photograph of the
test facility containing a closed loop of Dowthermaseshown inFigure 3.5 andFigure
3.6, respectivelyFigure3.6 also shows the test sectias it wasused for the pressure drop
experiments where it was placed in a horizontal orientatiinis was done to eliminate
the hydratatic pressure drop contribution in the reading from the differential pressure
transducers.Frictional and hydrostatic pressure drnapre calculatedising the friction
factor correlation ofChurchill (1977)and Equatioro® for the hydrostatic pressure drop
for a channel in the vertical orientatiorfrigure 3.7 showsthat, especially in the low
Reynolds number range, the hydrostatic pressure drop would be dominant in a pressure
drop reading. The choice to make the pressure drop measurements in a horizontal
orientation significantly reduces the uncertainty in the measurements since only the

frictional pressure dropontributes to theneasuredalue

30 " " ™ o

The fluid is driven by a gear pump and flows past a Watlow cartridge heater, which
sets the inletonditions to the test section. The Liquiflo pump is powered by a 1.5 kW
Baldor motor controlled by an Invertek variable frequency drive (VRBjch transforms
208 Volt AC wall power to threphase 208 Volt AC power. The power of the heater is

controlled by thermocouple feedback to a PID contrdhetis set to the desired inlet
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temperature to the test sectioA. heat exchanger coupled with the laboratory chiller is
used to remove the heat added in the test section and preheater, allowingodpsed
steadystate operation of the systend\ piston accumulator is installed upstream of the
pump to maintain pressure of the loop. The piston also serves as an expansion tank where
liquid can flow into the bottom of the cylinder as the fluid in the loop expaddsipressed
nitrogen gas can be added or removed from the other side pfston to set the desired

facility pressure.

Nitrogen Supply

Piston
Accumulator

Chiller Chiller

out in E

R Plate Heat
1 Exchanger Pump

] T PTest Section

Figure 3.5: Dowtherm A test facility schematic
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Figure 3.7: Comparison of hydrostatic and frictional pressure drop for a vertically
oriented channel for local and total pressure drop

3.4.3 Instrumentation

A summary of the test facility instrumentation and measurement uncertaties
shownin Table3.1. Data are collected using a National Instruments (NI) compact data

acquisition (cDAQ) chassis.The cDAQ is modular and several NI data acquisition
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modules are installedn the cDAQ to collect the various output signals from the
instrumentation.A Coriolis mass flow meter is installed downstream of the pump and is
coupled to an Emerson flow transmitter. The transmitter is powered by 120V AC power
and provides the required power to the flow meter. The transmitter producz® A
output signathatis read by a NI 9203 current module. The uncertainty of the flow meter
is proportional to the magnitude of the measuremEive temperature measuremg are
made with Ttype thermocouples with calibrated uncertainties of *+0.25°C. The
thermocouples are installed immediatepstream and downstreamtbé cartridge heater

and the test section as well deswnstream othe chillercoupled heat exchanger. This
allows the heat duty to be calculated for each of these components. Thermocouple signals
were calibrated in LabVIEW at 10°C intervals between 50°C and 190°C using a NIST
calibrated thermocouple batihe voltage differentials generated by the thermocouples

are collected using a NI 9213 thermocouple module.
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Table 3.1: Instrumentation and their uncertainties

Device Type Manufacturer Model number Range (Span) Uncertainty

Low-range Rosemount 3051CD1A22 300 Pa +0.386 Pa
differential A1AM5
pressure
transducer
Mid-range Rosemount  3051S1CD2A2 1900 Pa +2.27 Pa
differential E12A1AB4M5
pressure
transducer
High-range Rosemount  3051CD3A22A 200000 Pa +80 Pa
differential 1AB4MS
pressure
transducer
Thermocouple Omega TMQSS 0 to 260°C +0.25 K
Gauge pressure  Ashcroft T27M0242E Oto 689 kPa +1.72 kPa
transducer W100#GXCY
Volumetric flow AW-Lake JVM-60KG-75 0-75 L/min +0.5% of
meter NPT reading
Mass Flow Emerson CMF100M329NU 0-1500 g/min  £0.1% of
meter reading

Three Ashcroft pressure transducers are placed in the facility to measure the gauge
pressuraipstream and downstreamtbé pump as well adownstream othe test section.
This allows the total facility pressure drop to be measured. The gauge pressure in the test
section can also be monitored using a combination of the transthveestream ofhe test
section and the differential pressure measured across the test setlimnvalue is
important to monitoiso that it doesiot exceed the 517 kPa pressure rating of the test
section. Six Rosemount differential pressure transducers are used to measure pressure drop
within and across the test section as showhigure3.8. The spasor rangs of these
sensors are adjusted to limit the uncertainty in the data. Three ranges of differential
pressure transducers are used. Fduhe differential pressure transducarg used to

collect local pressure drop data within the test section, taresducermeasures the
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pressure drop across the length of the constant cross section of the test section (between
the headers), and the last one measures the pressure drop across the entire test section,
including the headersAll the pressure transducers (three gauge and six differential) are
powered by a DC power supply and produceZ®4nA signalthatis read by an NI 9203

current module.
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Figure 3.8: Pressure transducerand thermocouplearrangement

3.5 Experimental procedures

3.5.1 Test facility setup

Before charging the flow loop with Dowtherm A, the test facility is checked for

leaks. This is done by pressurizing the loop with compressed nitrogen to 517 kPa, the
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pressure rating of the test sectiohll other components in the loop have higher pressure
ratings. All connections and fittings are sprayed with a soap solution to check for bubble
formation. Any fittings found to have leaks are tightened, and the loop is repressurized.
After 24 hoursthe pressure in the loop is checked and if it remained congtaribop is

deemed aitight, and if the pressure droppéide process is repeated.

The loop ighencharged with Dowtherm A. The Dowtherm A is poured into a tank
with a discharge port with tubing reaching to the bottom of the tank and a charging port
used for pressurizing the tank with nitrogen. The tank is pressurized, and the discharge
port is conneted to a port at a low point in the test facility. At a high point in the test
facility, a JB industries D\200 series vacuum pump is attached to the facility, and at
another porta Yellow Jacket 69075 SuperEvac vacuum gauge is attdohexhd the
vacuum pressureOnce the vacuum pressure falls below Paxhe valves to the vacuum
pump and gauge are closed and the valve connected to the Dowtherm A tank is opened,
drawing Dowtherm A from the bottom of the tank. The facility is filled until the piston in
the accumulator rises about a quarter of the full Htealowing for contraction and
expansion of the fluid as it cools down or heats Tpe nitrogen side of the accumulator
is then filled with compressed nitrogen to 140 kPa. Fahdigging the loop, Dowtherm A

is first drained via gravity, then compressed air is used to force out any residual fluid.

3.5.2 Test facility control

The Dowtherm A loop pump is started using the VFD and is set to the desired
experimental flow rate in the LabVIEW interfac&he lab chiller loop is also started and

set to the desired temperaturghe preheater, which is coupled to a temperature feedback
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controller, is powered and the temperature is increased at intervals of 10°C until the
experimental conditions are reached. As the loop is heating to the desired temperature, the
valves between the chiller and the glyeater to Dowtherm A heat exchangee opened.

A plug valve located immediatelypstream othe heat exchanger on the glyeater side

is used to finely adjust the hydraulic resistance and therefore provide precise control of the
flow rate of the glycelwater. Temperature, pressure, dlogv rate measurements from

the instrumentation are displayed in the LabVIEW interface and monitored until they reach
steadystate conditions. Once steastate conditionsare achieved, measurements are
recorded over a teminute period at a rate of five Hertz and are exported to a spreadsheet.
The average values of the measurements over thmitarie period are used for data
analysis. Once the dagecollected for a constant flow rate and temperature, the flow rate

is increased, and the next measuwgtris made once steady state is achieved. &rata
collectedin this manneffor a range of flow rates, where the flow rate is increased after

each data point is taken.

After a set of data points are collected at a specific temperature, the temperature is
increased to the next desired value and data are collected for a similar range of flow rates.
The test matdesin Table 3.2 and Table 3.3 show the range oReynolds andPrandtl

numbers captured in each set of experiments.

5C



Table 3.2: Plain channel pressure drop test matrix

Temperature (°C) Data points Prandtl Reynolds
number number range

50 10 24.3 7681868

70 19 17.9 10934365

90 10 14.5 14346344
100 10 13.3 18527830
110 10 12.4 17347862
130 18 11.0 205610214
Total data points 77 11-24.3 76810214

Table 3.3: Dimpled channel pressure drop test matrix

Temperature (°C) Data points Prandtl Reynolds
number number range

50 8 24.3 7682105

70 5 17.9 21363543

90 8 14.5 18925574
110 7 12.4 28937748
130 9 11.0 307410267
Total data points 37 11-24.3 76810267

3.6 Data reduction

The test section contains pressure taps along its length to measure both average and
local pressure drop as showrFigure3.8. The data collected in the experiments are used
to calculate the local and average friction factor at each data point. Since the test section
is placed horizontally in the test facility for these experiments, and the channel cross section
remains unchanged between differential pressure drop measurements, the pressure
transducer data accounts solely for the frictional pressure drop, which is tieeofal
interest. For each local pressure drop measurepegeldcal friction factor wasalculated
andassignedo the given segment in the channel. Additionally, an average friction factor

was calculated for the channel using two methods. The firstoshétok the four local
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pressure drop measurements and summed these values to provide the total pressure drop
over the 0.4 m channel region. The second metkedhe data from the average pressure

drop transducer which covers a length of 1.05 m of the test sedtenfriction factor was

then calculated for both methods and the local measurements using Eq&atBquation

o® is used to calculate the velocity, from the mass flow meter reading whéeis the

crosssectional area of the channel.
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The resulting friction factor from the two methods used for calculating the average
friction factor had an averag#iscrepancyof five percent of the average value. This
agreement is important for the dimpled channel tests as the method used for the dimpled
channel tests to calculate the average friction factor is by using the sum of the pressure
drop in each of the four locaégments.This method of calculating thfés usedoecause
the dimples are only present in the region where the local measuraresteken, and the
channel is smooth in parts of the region captured by the average pressure drop transducer.
Pressure drop tests were conducted with and without the thermocouples inserted into the
bulk of the fluid and showed no measurable changes in the pressurdeairamstrating

that the inserted thermocouples did not appreciably disrupt the flow.
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3.7 Results and discussion

Pressure drop readings are taken for both the plain and dimpled channel, and the
Darcy friction factor is calculatefdr each test sectiamsing Equatioro®. Both the local
and the average friction factor values are calculated from these pressure drop readings for
each test run. The results from the pressure drop experiments are slvogune.9. For
these tests, the Reynolds number is varied from 770 to 10720 and the friction factor
decreases from 0.0938 to 0.0216 for the plain channe] éestdrom 0.102 to 0.0285 for

the dimpled channel.
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Figure 3.9: Friction factor results as a function of Reynolds number

For these experiments, the hydrodynamic entrance length must be considered,
although it is expected to be much less significant than thermal development length due to
the high Prandtl numberAccording toChen (1973)for laminar flow between parallel

platesof Dn = 0.0133 mthe hydrodynamic development length may vary from 0.164 m to
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0.38 m. Wiginton and Dalton (1970rharacterized entrance lengths for rectangular
channels, although only as narrowaswitta s pect ratio U = 0. 2. Fo
hydrodynamic entrance length cowfary from 1.2 m to 2.7 m; however, since the entrance

length has been shown to decrease with a narrower channel, this is likely a significant
overestimate of the hydrodynamic entrance length. The pressure drop readings are taken

0.5 m downstream of thedesection channel entrance; therefore, there is likely to be little

effect on the pressure drop due to hydrodynamic development.

Figure3.9 also compares the data with correlations in the laminar, transition, and
turbulent regimes. For laminar flow, the plain channel data hasvarage Absolute
Deviation (AAD) of 16.4% from the correlation for fully developed flow between parallel
plates(Shah and London, 19Y.8 The Churchill correlation assumes a circular channel
geometry for the laminar regime and has an AAD of 14.2% from the plain channel data for
Re< 2600. Itis reasonable to expect the friction factor in the laminar regime to fall between

the circular channel and parallel plate predictiamshowrby Hartnett et al. (1962)

When Reis between 2000 and 3000, there is no increase in friction factor, as
exhibited byChurchill (1977)and other correlations in the transition regime. Instead, there
is a change in slope, consistent with the slope change between the laminar and turbulent
regimes of Churchill. This results in a significantly lower fiction factor for the data from
the preent study, which has an AAD of 31% when compare@horchill (1977) This
gradual change in slope follows the trends in the literature for narrow rectangular channels
with abrupt entrancesimilar to the design of the test sectiptartnett et al., 1962The
smoother transitioin friction factoris advantageouasthe pressure drop at the nominal

flow conditions is lowethan for other geometrielboweringthe required pumping power.
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The addition of dimples to the channel is shawn

Figure3.10to lead to higher pressure drops. Ra< 2600, the dimpled channel
friction factor is slightly higher than that of the plain channel, increasing the friction factor
by 14.9% on average for these flow rates. The pressure drop penalty increases with
increasingRe peaking at 1.3 arouride= 2600 before decreasing early on in the transition
regime ForRe> 2600, the dimpled channel has an average friction factor 24.3% higher
than that of the plain channel. The largest penalty occurred at the liRghested, where

there is an increase in friction factor of 33%
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Figure 3.10: Dimpled channel friction factor penalty (fq / fp)

Figure 3.11 shows the local friction factor results for the plain and dimpled
channels. In the laminar regime, there is minimal variation between the friction factor as

the flow moves up the channel from the first to the fourth pressure drop reading. This
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indicates that the flow is likely to be hydrodynamically developed in this region of the
channel. There is greater deviation in the friction factor in the transition and turbulent
regimes. This can be attributed to the turbulent edtiesre formed near the corners of

the channel in this flow regime. Since the pressure measurements are taken from the
narrow side of the channel and the differential pressure measurement is over a short

distance (100 mm), the eddies cause the pressure \dmgtion betwen adjacent

measurements
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Figure 3.11: (a) Local friction factor as a function of Refor the plain channel and
(b) local friction factor as a function of Refor the dimpled channel

For the local dimpled channel results, there is some variation in the friction factor,
even in the laminar regime. These differences can be attributed to the dimples causing
flow disturbances at loweRe than in the plain channelThis trend continues in the
transition and turbulent flow regimes due to additional turbulence being generated from
the higher flow rates. The flow through the dimpled channel results in a pressure drop

penalty due to the increased turbulence for alt ftegimes.
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CHAPTER 4. HEAT TRANSFER IN PLAIN AND DIMPLED

CHANNELS

This chapter discusses the design, approach, and results of the experimental
investigation to determine theeat transfern a single AHTR channel for both a plain
channel and a channel with dimpled surface features. These tests were conducted on a
representativleat exchangdest section under dimensionless conditions similar to those
experienced in the core of the AHTRhetest facility with the working fluid, Dowtherm
A, used for the pressure drop experiments was modibedthis investigation An
additional test loop containing tkeuplingfluid Paratherm was buitor these experiments
to serveas the heat sourc@heNusselt numbensere deduced from the data and compared

with values predicted by correlations for similar test conditions.

4.1 Test section design

A heat exchanger was designed to measure the heat transfer for a coolant channel
representative of the AHTRDowtherm A, the surrogate fluid simulating molten FLiBe
salt, flows upward through the rectangular center of thedwadianger, while Paratherm
NF (hotfluid) flows downward through small square channels on either side of the
rectangular channel heating the Dowtherm A (dbldl) as shown irFigure4.1. The
specific geometry of the test section was chosen to match the exact geometry of the AHTR
fuel plates. In this case, no additional dimensional analysis of the geased¢igekd to

compare the results in the test section to that of an AHTR coolant channel.
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Similar to the test sectiaresignedor measuring pressure drop, the heat exchanger
is made from 316 stainless steel. This allows for thin walls between the two fluids and
prevents deformation of the narrow channel when the fluids are at different pressures. The
cross section of the Dowehm A channel matches that of the AHTR #melpressure drop
test section, 133 mm by 7 mm. The length of the heat transfer area of the channel is 0.87
m. This length allows for sufficient heat transfer area betweefiuids to maintain an
uncertainty below ten percent for both the-fioid and coldfluid measured heat duties for
the range of tested flow ratd$he heat duties are calculated as a function of the temperature
rise or drop in each fluid and required a temperature changpprbximately5°C to
achieve thelesireduncertainty below 10%, given the £0.25°C uncertainty of the calibrated
thermocouples.This heightof the heat transfer channelss constrained by fabrication

limitationsas discussed below

The heat exchanger was assembigidga brazing processhereforethe height of
the heat exchanger was limited by the size of the brazing oven. The channels on the hot
fluid side were cut using a CNC milling process in the Georgia Tech Montgomery
Machining Mall to create 5parallel sets o2 mm wide by 2 mm deep channelsloath
sides of the coldfluid channel These channels were capped off by brazing a sheet of
stainless steel to the open side. Daek side of théwo sets of hot fluid channels veer
then brazed to 7 mm thick 316 stainkss$sel bars to form the cold fluid chann&he heat
exchanger was brazed by ARS Solutions of Vandalia, @kis designallows for both
fluids to contact the same piece stainlesssteel metal minimizing the conduction

resistance and eliminating any contact resistances as shéigure4.1.
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Figure4.2 shows an image of the assembled heat exchanger on the left and an image
of the Paratherrmhannelon theright before the heat exchanger was assembled. After the
channels for th®aratherm side were milled, the depth of the chanmatsnmeasured with
a Mitutoyo ID-S112T digital depth gage at four locations along the length of the plate

shown on the right ifigure4.2.

Paratherm Headers

Dowtherm A Headers

Figure 4.1: Cross section and exploded view of heat exchanger test section
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Figure 4.2: Heat exchanger test section (left) antot-fluid side channels (right)

4.1.1 Test section model

The flow for both the hot and cold fluids is assumed to be simultaneously
developing. Paratherm NF is used as the-flotd due to the ability to reach temperatures
as high as 330°C while remaining at near ambient pressbgesire channels were chosen
for the hot side as the shape minimizes conduction resistance between the fluids by
allowing for a thin boundarwith constant thicknessThis also creates a fin geometry on
the hotfluid side, reducing the convection resistance on the hot side. Mingnike
conduction and hefluid convection resistance is critical for effectively measuring the

cold-fluid heat transfer coefficient.
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Correlations for developing flow are used in the design of the heat exch&uger.
the square channels on the hot side, the correlatio@nlinski (2013)are used to
determine the local and average heat transfer coefficients along the length of the channels.
For the cold side, the correlation Barimella et al. (2001fpr simultaneous developing
flow in rectangular channels is used to estimate the average and local heat fioariséer
purpose of test section desighigure4.3 shows the estimatddu along the length of the
channel, along with the average valshswn as a dotted lind-or the cold side, the mean
of the local values over the length of the channel is within 4.9% of the awsuagad for
the hot sidethe mean of the local values is within 13% of the averdge This
demonstrates that the average value is a good indication of the heat transfer even with
changing properties as the fluids change temperature since the average appears to be
approximately the true average of the local valuékhis is important because the
experimentonly measurdghe average heat transfer and the results from this segmented
model show that the experiments can be appropriately compdtkdthe available

correlations from théterature.
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Figure 4.3: Heat exchanger model for a range of experimental conditions

The square channels on the-flatd side were sized by calculating the convective

heat transfer coefficient of both fluids and comparing the resistaAcesss flow rate of
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0.7 kg &' is assumed for the hdiuid and the colefluid Rewas varied between 10G0

12000 to represent the experimental rangeis resulted in a minimum cofitlid to hot

fluid resistance ratio of 2.27, 4.60, and 10.5 forfatl channehydraulic diameters of

mm, 2 mm, and 1 mm, respectiveBased on these estimat2snm channels were chosen

as a ratio of 4.6 is sufficient minimizing the influence of the hdluid resistance on the
overall heat transfer coefficieas it keeps the uncertainty of the heat transfer coefficient
below +10% While 1 mm channels would have provided a larger ratio, the increased
pressure drop and increase in complexity of fabrication outweighed the resistance ratio

benefits in the design process.

4.1.2 Assumptions

Uniform flow distribution among the hdtuid side channels was assumed for heat
transfer calculationsEach of the channels on thet-fluid side have the same sjzength
and hydraulic diameter when including the header regi®he pressure drop mominally
equal across all channels as they have the same inlet and AUED analysis onhte
header geometryF{gure4.4) showed that there Isss than five percent deviation from the
average flow rate for each of the eight entrances to thfuthannels as shown Trable

4.1.
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Figure 4.4: Hot-fluid header flow distribution and equal channel lengths

Table 4.1: Flow rate comparison for hotside header

Outlets (rows of 2) Flow rate per
row (kg s?)

Top row 0.205

Second row 0.195

Third row 0.194

Bottom row 0.205

Axial conduction through the fluid is negligible fBe= Rex Pr| 1 and axial
conduction through the wall is negligible when the ratio of axial conduction to convection

is less than 0.01. The averdenumber for the hot and cold fluids are 27510 and 49700,
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respectively, and the average ratio of axial conduction to convection, as described by

Equationt®, is 1.7 x 10.

4.2 Dimpled channel design

The design of the dimples for the heat transfer test section followed a similar
process as the pressure drop test section. The dimple shape, size, and pattern matches that
of the pressure drop test sectishown inFigure3.3a-c, so that the pressure drop penalty
can beconsistentlycompared with the heat transfer enhancement to determine the overall
performance enhancement. For the heat exchanger test section, the chwgrtbe entire
length of the heat transfer area, about 0.83rr86 rows so there are more rows than in
the pressure drop tegts6 rows) which stretchedd.54 m. This difference is because the
pressure drop measurements were taken only in thisnd.®hg segment of the test
section. The sheet of mefabm which the dimples were milled is the same stiseh
which the channels for thBaratherm side were etched. This atsricatedin two steps
in whichtheParatherm channels were first etched, then the metal plate to d2gratieerm
side was brazed to seal the chann€lssreinforced the etched plagnsuing the opposite
side of the pla remained flat so that the dimples could be accurately milled into the
surface.The benefit of using the same plate for bothR&w@therm channels and the dimple
features is that it maintains a consistent conduction resistance between the twarftlids,
does not incurany additional contact resistances, allowing for the most accurate heat
transfer measurement#\n image of the plate containing the dimples and the Paratherm

side channels is shown Hgure4.5. As with the pressure drop test section, the milling
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marks seen on the Dowtherm A side have a negligible height compared to the dimples.
Figure4.6 shows the measurement technique implemented to verify the channel depth and

dimple height using th®litutoyo ID-S112T digital depth gage

Figure 4.5: Dimpled plate Dowtherm A side and Paratherm side

ORIGIN ON/OFF

Figure 4.6: Verification measurement of the channel and dimple depth



4.3 Test facilities
4.3.1 Dowtherm A test facility

The Dowtherm A test facility consists of the satnenponents used in the pressure
drop tests. The test section from the pressure drop tests is swapped out for the heat
exchanger test sectipwhich is placed vertically in the test facilityrhe center rectangular
channel of the heat exchanger is connected to the Dowtherm A loop and the outer channels
are connected to the Paratherm loéjigure4.7 shows the test facility diagram with the

test section connected to the Paratherm test facility.
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Figure 4.7: Dowtherm A test facility schematic for heat transfer experiments

4.3.2 Paratherm test facility

The Paratherm heating facility consists of a single loop and is coupled to the
Dowtherm A test facility by the test section. A photograph of the test facility is shown in

Figure 4.8 along with the connection to ttiest section The facility was designed for
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temperatures of up to 200°C and flow rates up to approximately 8. kGomponents

are connected with 19.05 mm OD stainless steel tulitig1.65 mm wall thicknesand
attached with Swagelok fittings. The pipe diameter was chosen to limit pressure drop
between components to maximize the possible flow rafe8Vatlow circulation heater
serves as the primary heat source for the facility and the power is controlled by
thermocouple feedback to a PID controller which is set to the desired inlet temptrature
the test section. A cartridge heater is also installed in the fagigiream othe primary
heater and is turned on to full power (7 kW) when the heat duty of the heat exchanger
exceeds the maximum power of the circulation head@rexpansion tank is placed at the
highest point in the facility and allows for the expansion and contraction of the fluid as it
is heated or cooled. The expansion tank is exposed to ambient preBsefaratherm
facility is connected to the heat exchanger in the Dewh A loop with flexible hoses as
shown inFigure4.8. The Liquiflo pump is powered by a 2.2 kibaytonmotor controlled

by an AllenBradley variable frequency drive (VFiE)attransformssingle phase208 Volt

AC wall power to thregohase 208 Volt AC power.
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Expansion

Figure 4.8: Paratherm test facility and connection to heat exchanger

4.3.2.1 Paratherm test facility instrumentation

The Paratherm facility has three Omegaype thermocouples located at the inlet

and outlet of the heat exchanger amwwnstream ofthe flow meter. The voltage
differentials generated by the thermocouples are collected using218Ithermocouple
module, which contains buiib cold junction temperature compensatiorhermocouple

signals were calibrated in LabVIEW at 10°C intervals betws#@ and 90°C using a
NIST-calibrated thermocouple bath, to an uncertainty of £0.25F8e test facility also
confins a pressure gauge ranging from zero to 68@&Rastream othe pump indicating

the gauge pressure. This pressure approximately indicates the total pressure drop in the
facility as the expansion tank is open to ambient pressure and is connected to the loop
upstream othe pump. An AW Lake volumetric gear flow meter is used to measure the

flow rate of the loop. The flow meter is powered by a DC voltage supply and outputs a
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frequency signal. The frequency signal is input to a frequemepalog module which
produces a-£0 mA output signal. The output signal is collected using a NI 9203 current

module. The specifications of these instrumentation devices are also listedi®3.1.

4.4 Experimental procedures

4.4.1 Test facility setup

In addition to the experimental procedures conducted for the pressure drop
measurements, the heat transfer experiments require the use of the Paratherm facility to
heat the coupling fluidFirst, the tubing is connected between the Paratherm loop and the
test section as seen kigure4.8. Similar to the method of charging the Dowtherm A
facility, the Paratherm facility is checked for leaks by pressurizing the loop with
compressed nitrogen to the test section rating of 517 KRaatherm is poured into the
expansion tankwhich is open to atmospheric pressure and initially closed from the rest of
the facility. The air in the facility is removed with a vacuum puaging the same
proceduraghat wasused with the Dowtherm A facilityAfter the air is removed, the valve

between the expansion tank and the loop is opened allowing Paratherm to fill the loop.

4.4.2 Test facility control

The same experimental procedures for the startup of the Dowtherm A facility
during the pressure drop measuremég8exction3.5) are used to condition the flow rate
and temperature of the Dowtherm At the same time, startup procedures are conducted
for the Paratherm facility.This involves first turning on the VFD and setting it to the

desired experimental flow ratéNext, the primary Paratherm heater is turned on and the
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temperature feedback controller is set to the desired temperdtueetemperature of the
Paratherm is also increased at intervals of 10°C until the experimental conditions are
reached. The experimental temperature is set to 60°C above the inlet temperature of the
Dowtherm A. Temperature, pressure, and flow rate measurements from the
instrumentation on both the Dowtherm A and Parathkraps are displayed in the
LabVIEW interface and monitored until they reach stestdye conditionsOnce steady

state onditions have been achieved, measurements are recorded oweniauenperiod

at a rate of five Hertz and are exported to a spreadshdat. average values of the

measurements over the temnute period are used for the data analysis.

Once the data are collected for a constant flow rate and inlet temperature, the flow
rate of both facilities is increasedhe flow rate of the Paratherm side is increased along
with the Dowtherm A side to reduce the convection resistance dituftbside since the
convection resistancalso decreases on the celldid side as the flow rate is increased.
The coldside resistance must dominate the overall resistance to obtain accurate
measurements of the cedile heat transfer Figure 4.9 shows the breakdown of the
resistances between the Bute, the coldide, and the wall resistance for a range Reynolds

numbers measured on the ceide.

Increasing the flow rate improves the heat transethe heat duty of théest
sectionincreases with each rumue to the changing heat duty, some facility adjustments
are made between test runat higher flow rates, the Paratherm circulation heater may
reach the marmum output where more heat is removed in the heat exchanger than can be
provided by the preheater. This can be recognized by a drop in tempehiime

Parathermover time. If this occursthe second preheater, a cartridge heatertémta
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upstream ofthe primary circulation heater, is turned to its maximum power and the
temperature of the Paratherm is still regulated by the thermocouple feedback to the

circulation heater power module.
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Figure 4.9: Total resistance breakdown for a range of heat exchanger tests

In the Dowtherm A facility, as the heat duty of the test section increases, the flow
rate of the chillecoupled heat exchanger can be increased to meet the required heat
removal by making small adjustments to the valve on the chiller fluid side. Tdwssdtr
control of the hydraulic resistance whgydurther opening of the valve increases the flow
rate of the glycelvater solution so that the heat removed in the chilbempled heat

exchanger can match the heat added in the test section.

After the flow rates of both loops are increased and the conditions reach a steady
state, measurements are tak&ata are collected for a range of flow rategh the flow

rate increased after each data point is takésfiter a set of data poinis collectedfor all
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desired flow rateat a specific temperature, the temperature is increased in both loops to
the next desired value and data are collected for a similar range of flow Tdtegest
matricesin Table4.2 andTable4.3 show therange of Prandtl numbers captured in each

set of experiments.

Table 4.2: Plain channel heat transfer test matrix

Temperature (°C) Data points Prandtl Reynolds
number number range

60 6 19.3 10181773
70 15 17 10064518
80 10 15.4 13494989
90 11 14 15126481
100 11 13 16727219
110 12 12 18408754
120 12 11.3 19729657
130 12 10.7 215710458
Total data points 89 10.7-19.3 101810458

Table 4.3: Dimpled channel heat transfer test matrix

Temperature (°C) Data points Prandtl Reynolds
number number range

60 12 19.3 10204658
70 12 17 118035492
80 12 15.4 13506273
90 12 14 151067078
100 12 13 16837891
110 12 12 18448689
120 12 11.3 20019806
130 12 10.7 214010587
Total datgpoints 96 10.719.3 1020-10587

45 Data reduction

For each experimental run, an average heat transfer coefigigaltulated for a

fixed temperature, heat duty, and mass flow rate. The data from the thermocouples placed
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at the entrance and exit of each side of the heat exchanger, along with the measurements
from the Coriolis mass flow meters and the volumetric gear flow meter are used to calculate
the heat transfer coefficient of the Dowtherm A channel of the test sedtfen Nusselt
number, was calculated from the dating Engineering Equation SolvéEES (Klein,

2024). First the heat transfer was isolated to the active channel region by accounting for
heat transfer from the hao-cold fluid in the header region. As showrFigure4.10, the
headers are treated as fins andctlossflowregions are treated as part of the active channel
region. The heat duty of the headérs, , is subtracted from the average heat duty of

the test sectionThe header heat duty calculation is showdetail InAPPENDIX A. The

test section heat duty, , is determined by calculating the heat duty on the hot and cold
side of the test section using Equatiai@® andt® and taking the average of these two
values. The hot side heat duty includes the heat losSesto the environment due to
radiation and convection. Since the cold fluid channel is between the two hot fluid
channels, the losses to the environment from the cold side via the thin side wall is
negligible. The total active channel heat duly, , is calculated from Equatior& , where

the header heat duty is subtracted from the heat exchanger heatdetgass flow rate

of the hot loop is calculated from the volumetric flow rate of the gear flow meter times the
density of the Paratherm at the flow meter. The properties of the Paratherm are determined
from the thermal property table provided by Parath@aratherm, 2094asa function of
temperature. The table values are separated by 1°C and the properties are linearly
interpolated from the tableA thermocouple located directiownstream ofhe gear flow

meter is used to determine temperature and density of the fluid at this point in the loop.
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The properties of the Dowtherm A are determined fEeqnationsc@® - ¢ pand are also

functions of temperature.
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Figure 4.10: Active channel region and header of heat exchanger test section

The UALMTD method is then used to determine the heat transfer coefficient on
the coldside using Equation®, whereU is the overall heat transfer coefficieAtjs the
heat transfer surface area, and LMTD is the logarithiméan temperature difference as

described for a counterflow heat exchanger in Equatin Figure4.11 shows the heat
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transfer resistance on one side of the test section, including the cold fluid convective
resistance, the hot fluid convective resistance, and the wall conductive resigtéicare
in series These resistances are in parallel with an equivalent resistance on the opposite

side of the channel as heat is added from both sides.
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Figure 4.11: Heat transfer resistance inthe test section between Dowtherm A and

Paratherm
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The resistance network, described by Equati§n includes the heat transfer for
both sides of the heat exchanger wheabés the wall thickness between the two fluids and

— is the overall fin efficiency on the héluid side, as calculated IAPPENDIX A.
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Equationt & describes the relationship between UA and the total resistanioetfmides

of the heaexchanger

v Y Y Y p o} P .
C C® Qb6 Qb &
P
Yo ey

45.1 Hot-side heat transfer coefficient

The hotside heat transfer coefficiefi®, is calculated using the following methods
and aruncertainty of 25% is assigned to this predicted vallee Reynolds number in the
square channels on the Paratherm (hot) side of the heat exchanger ranges from 220 to 2470.
This range spans mostly the laminar regime; however, for the upper Reynolds range of
experiments, théaratherm flow likely falls in the transition flow regimeGnielinski
(2013) suggests using the following equations for laminar flow in a piplee Nusselt
number for laminar pipe flow and square ducts are all within 15 percent for the range of

Rein this study
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The three terms in Equatiar@oaccount for the fully developed Nusselt number,
the contribution due to thermal development, and the contribution for hydrodynamic

development, respectively.
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For transition flow,Gnielinski (2013)suggests linearly interpolating between the

laminar equation antthe modified correlatior{Gnielinski, 199%, shown inEquationt® 1t
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Gnielinski (1995)s applicable foRe> 4000. For Reynolds numbers between the
critical Reynolds numberRe:it) and Re = 4000, Equationt® pis used. The laminar

equation is evaluated Rt and Equation @ Tis evaluated aRe= 4000.
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To determineReayit, entrance shape and channel geometry \aaedyzed The
studies oHartnett et al. (1962)emonstrated that for an abrupt entramacequare channel
is shown to have a lower critical Reynolds number tleamarrower channels. In this
study,Reyit is shown to be as low as 2200 for a square channel with an abrupt entrance and

as high as 3100 for parallel plates with an abrupt entrance.

Beavers et al. (197@}udied various entrance configurations for parallel plate flow
and experimentally determined ti®=yit. The results from this study showed that an
asymmetric square entrance resulted in the loRest of 2600, whereas the symmetric
square entrance, also referred to as an abrupt entrance in the literature, refReis of a
3100. The entrance configuration of tRaratherm side of the test sectiomre closely

resembles that of an asymmetric square entrance, as shbiguie4.12. Combining the
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effects of an abrupt entrance square channel with those of the asymmetric square entrance,
it is reasonable to suggest that Bt of the Paratherm channels would fall well below
Reyit = 2200, just as the asymmetric square entrance for parallel plate channels mresulted

a critical Reynolds number significantly lower than that of a symmetric square entrance.
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Figure 4.12. Paratherm entrance configuration

To determine the critical Reynolds number on Bagatherm side, variouReit
were tested in the equations above from 14685 < 2400. This resulted in a range of
calculatedNu on the Dowtherm A (cold) side of the heat exchanger as shoWwigime

4.13.

The Nusselt number ait "2 product is expected to rise with increasoudd side
Re therefore,Figure4.13 can be used to determine where the transition occurs on the
Paratherm side ChoosingReyit from 1400- 1600 decreases the Nusselt numberRnd
% product when theParatherm side reaches these valubsrefore it is likely that

transition has not occurred yet and Bagatherm side heat transferbeing overpredicted
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ChoosingReyit from 18002400 also shows instances of decreases in the Nusselt number
andPr "3 product at higheRe which is likely due to underpredicting tRaratherm heat
transfer until the choseReyit. WhenReyit = 170Q there is a steady increase in Meand

Pr -3 product, which shows that this is the most likely transition Reynolds number for the

Paratherm side.
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Figure 4.13: Dowtherm A Nusselt number for a range ofReit for the Paratherm
channels

According toChang et al. (2012Reyi for a rectangular channel can be described
by a function of the aspect ratidn their study, it is shown that thReyi: can range from
1127 to 2689 for a square duct to parallel plate flow, respectively. Siagds also
dependent on the entrance configuration, based on these studies and the experimental
observationsReyit is chosen ad700 for the Paratherm flow channels arstdas the

transitionpointto predict the heat transfer on the-flatd side.
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4. 5.2 Cold-side heat transfer coefficient

From Equatiomt &, the coldside heat transfer coefficient is calculated, and the
cold-side Nusselt number is calculated from Equatign ¢ where O j; is the coldside
channel hydraulic diameter affd is calculated using the average temperature on the cold

fluid in the test section.

VO ) TP C

In cases with low flow rateRe < 3000, the flow could besubject to mixed
convection where the buoyancy forces have an impact on the overall convective heat
transfer. Mixed convection is generally important when the ratiGoRe? & , hereGr
is theGrashofmumber which is the ratio of buoyancy forces to viscous fordesthe data
set of this studythis ratio ranges from about 0.01 to;alerefore mixed convection must
be considered for the cases with a ratio close to Ohe forced flow Nusselt numbées
calculatedfrom the combinedNu value calculated in Equatiarg cand the value of the

natural convectioNu, as shown in Equation® o
06 0o 00 o

The natural convection Nusselt number is calculated using a correlation developed
by Dropkin and Somerscales (1966} a set of parallel plates. An uncertainty of 25% is
assigned to this estimated Nusselt number.example calculatioof the average Nusselt

numberfor a single run can be foumad APPENDIX A.
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4.6 Results and discussion

While the design of the AHTR is based on a Reynolds number in the transition
range aroundRe = 7200, the testing range covered laminar, transition, and turbulent
regimes to account for flow in assemblies with higher or lower heat fluxes and accident
conditions. Figure4.14 shows the heat duties as measured by the temperature caadges
flow ratesin the heat transfer experiments. The heat duties have an AAD of 2:88%
3.64% for the plain and dimpled channels, respectivaaty, all points have agreement
within +7.4%. This shows good accuracy of the instrumentation and data reduction
techniques. In the higher heat duty teftat have higher temperatures and lower
viscosities the Dowtherm A side shows higher heat duties than the Parathermargide,
while within the uncertainty error, this can be attributed to possible slippage of fluid in the
gear flow meter, resulting in measuredlow ratelower than the actualThis figure also
shows that the uncertainty in the Paratherm heat duty is larger than the Dowtherm A heat
duty. This is due to the different instrumentation accurdordbe flow rate The reported

test section heat duty used in the analysis is the average of the hot and cold fluid heat duties.
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Figure 4.14: Comparison of hot and cold fluid heat duties
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The Nusselt numbers calculated from the experimentabd#hte plain channdbr

each set of temperatures are shawrhe leftin Figure4.15for 1000 <Re< 11000. Tkese

data demonstrate that with increasing temperature, or decréasitige Nusselt number

decreasesThe right side oFigure4.15 shows theé\utimesPr 2 over the same range of

Re This collapses the runs of different temperatures onto one line to compare with

predictions from existing correlations. For a rectangular channel with the given aspect

ratio of 0.0526, the Nusselt number for laminar thermal fully developed flow is 60603 a

7.417 for constant temperature and constant heat flux wall conditions, respgétalelg

et al., 198). The measured laminar flolu are significantly higher than these values,

indicating that the flow is developing thermally.
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Figure 4.15: Dowtherm A experimental Nu as a function ofRe

In the laminar regime, the dasae comparedwith the predictions oShah and
London (1978)for flow between parallel plates. As the aspect ratio of a rectangular
channel approacheserq the fully developed values approach that of a parallel phtee
the rectangular channel in this study has a narrow aspegctir&iceasonable to compare
the datawith parallel plate predictionsThermally developing flow for the entire length of
the channel leads to higher heat transfer coefficients than the fully developed value since
the thermal boundary layeemainsthin. This long region of thermal development can be
attributed to the higlPr of the fluid, which causes the thermal boundary layer to remain
much thinner than the hydrodynamic boundary layen a sufficiently long channel, it is
expected that the flow will reach the fully developed value as indicatétigiye 4.16,
which shows theNu of the plain channetiecreasing with the dimensionless length or

inverseGraetz number defined by Equatio® T
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There is good agreement between the meaduehd the predictions @hah and

London (1978)with an AAD of 7.9% for a range oRefrom 1000 to 3100. Some notable

differences from the predictions in the laminar regarethe higher slope in the data and

that transition appears to occur at higRethan the predictionsThisdiscrepancyetween

the measured and predicted values can be attributed to the geometry differences.

The transition from laminar to turbulent flow also appears to occur at hiRgher

than the predictions d@bnielinski (2013) This is also due to the geometry, as it has been

shown byChang et al. (2012}hat at lower aspect ratios the transitRetends to increase

up toapproximately2700 for parallel plates; however, accordingdartnett et al. (1962)

the criticalReis also highly dependent on the entrance configuration.
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In the transition regime, wheRe> 3000, the data agree reasonably well with the
rectangular channel correlation Garimella et al. (2001)with an AAD of 13.1%. The
data, however, show a clearer transition between the laminar and transition regions than
this simultaneously developing flow correlationThere is also reasonable agreement
between the data and the circular channel correlation for all flow regimes developed by
Gnielinski (2013)with an AAD of 14.4%. Comparing this correlatiaith the data, the
transition occurs at a highé&e in this study, which can be attributed to the narrow

rectangular geometry.

Figure 4.17 shows theNu times Pr *® over a range oRefrom 10007 11000,
comparing the plain channel and the dimpled channel results. The diichlenetesults
follow the same trend as the plain channel with a measurable enhancé&igene4.18,
displays the results from thré& numbers ranging from 10.7 to 17, each comparing the
plain channel and dimpled chanmah at a singlePr. This figure clearly shows that for a
given Pr, the dimpled channéllu has a higher value than the plain channel value at the
correspondingRe This also demonstrates that the enhancement decreases Rrs the

decreases.

Figure4.19 shows the laminar data from the dimpled channel heat transfer results
as a function of the dimensionless length, Similar to the plain channel results, tie
decreases with increasirgindicating that for laminar flow in a dimpled channel, the flow
is thermally developing. ThBlu data are compared with the correlation $lyah and
London (1978)and nearly all data points lie above the correlation predictions,

demonstrating the enhancement due to the dimples in the laminar regime.
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Figure 4.17: Experimental Nu as a function ofRefor the comparing the plain and
dimpled channels

The addition of dimples to the channel surface leads to enhancement over the range
of Retested in this study as shownkigure4.20. For the laminar data wheRe< 3000,
when comparing the dimpled channel data to correlations developed for the plain channel
data, the enhancement ranges from 1-@%#6. In the transition regime, the enhancement
appears to decrease wReinitially, from 3000 <Re< 4000, before increasing again to a
maximum of 17%. Around Reof 7000, the enhancement decreases once again as the
flow approaches full turbulence. The dimples cause detachment of the fluid from the
thermal boundary layer, encouraging mixing, which results in the enhancement
demonstrated in this study. As the fl@approaches turbulence, there is sufficient fluid
mixing caused by turbulent eddies that further increas&lthéowever, at these higher
Re the dimples cause little additional enhancement. Over the rand®e oihder

consideration, the average enhanceime 7.9%. Figure4.20 also demonstrates that the
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dimples cause the onset of transition flow at a loRethan the plain channel. This is
indicated by the increase in enhancement leading Rp.tpas the maximum enhancement
occurs neaRe= 2700. As transition flow leads to highgu than laminar flow, an onset

of transition flow at loweReexplains this peaking of heat transfer enhancement.
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CHAPTER 5. HEAT TRANSFER AND PRESSURE DROP

CORRELATION DEVELOPMENT

Correlationsare developed in this chaptermedict theNu andf of a single coolant
channel as a function of the relevant dimensionless pararm@téing range of conditions
expected in the AHTR from the data collected in this study for both the plain and dimpled
channed. These correlationsare also compared withcomputational models. Ane
dimensionaimode| developed in the thermal hydraulic program TRAGIRC, 2010, is
studiedfor a coolant channel containigd-iBe. This model demonstrates the importance
of updating thermahydraulic codes to account for high fluids like molten salts. These
codes were originally developed for LWRs and therefore do not typically consider the

thermal development and natural convective flows that may develop in a FHRs.

A CFD model of the experimental channeldsvelopedin ANSYS Fluentto
demonstrate the hydrodynamic and thermal development leagthso compare CFD
transition flow models with experimental resultsThis model provides additional
confirmation of the scenarios when developing flow must be considered in the models for

the AHTR coolant channel.

5.1 Correlation Development

Semiempirical correlations are developed using collectedaakaconsideration
for the significantthermal developmenength of the coolant chann&r high Prandtl
number fluids These correlations are developed kuw and f as a function of the

dimensionless parameters including RePr, and dimensionless distanceor Gr.
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5.1.1 Friction factor correlation

The results of the pressure drop experiments demonstratéletiattion factor is
independent of axial position and that the flow is fully developed hydrodynamically.
Thereforef can be described as a functiorRaffor both the laminar and transition regions
Hydrodynamially fully developed flow is further verified by the literatdos laminar flow
(Chen, 1978 which describes the entrance length to be shorter than the development
segment of the test sectioAn expressiorior the hydrodynamic development length for
turbulent flow (Zhi-ging, 1982 also demonstrates a shorter entrance length than the
development section. Therefore, the expressiorfctom bebased offully developed flow
anddo not require the axial length as an inpAtcorrelation for the plain channel friction
factor is developed in the form of Equatio®, taking thestructureof a power law

relationship

" H'YQ L

Typically, for laminar fully developed flow, the friction factor is described as a
function ofRe!, which comes from the solution to Poiseuille flow in ducts. Solutions for
rectangular ducts wepresentedby Shah and London (1978Yhis solution overpredicted
the friction factor measured in this study power law correlation was choskaresince
the Re studied were close to the transition regiwhere additional phenomena such as

turbulent eddies may begin forming.

The developed correlatidar laminar flowand a comparison with the data is shown
in Figure5.1. The expression has an Average Absolute Deviation (AAB)3%0% an®3%

of points lie within £10% of the developed correlatiomhe resulting value for B, the
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power of theReis near-1, demonstrating that the experimental results behaved similarly
to that of Poiseuille flowFor the laminar flow results, wheetting B to-1 andcalculating
A using a least squares methéd= 73.8, which is lower than the prediction $ah and

London (1978)f 89.65 for the given aspect ratio.
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Figure 5.1: (left) Laminar plain channelf correlation compared with experimental
data (right) Laminar p lain channelf parity plot

For the transition region, the developed correlation also takes the form of Equation
L, following thegeneraform of Blasius (1913) The developed correlation ftransition
flow and a comparison with the data is showfigure5.2. The expression has an AAD
of 1.75% andall datapoints lie within £10% of the developed correlatiofhe resulting
value for B in this correlation is ned).25 demonstrating that in the transition regime, the
flow closelyfollows the 1/7 power velocity profile used in the developmerBlakius
(1913) This developed correlation producekwer f than circular channel correlations.
Often, transition flow correlations are interpolations of laminar and fully turbulent flows,
which may fail to capture the fluid dynamics of the transition regifoe.circular channels

and similar geometries, there is an increaganithe transition regimerhis did not appear

92



to occur in the present study and is likely because the channel is very narrow, increasing
thef in the laminar regime, and leading to a smoother transition to the transition regime.
This smooth transition may katributedto a laminar sublayer partially filling the sharp

corners of the rectangular channel as the flow approaches transition.
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Figure 5.2: (left) Transition plain channel f correlation compared with experimental
data (right) Transition plain channel f parity plot

An expression for the dimpled chanfebnsiderghe value of the plain channfel
andan enhancement terma,/ fp, which accounts for the pressure drop penalty associated
with the eddies generated fraime dimples as they detach the fluid from the boundary
layer. This expression is shown in Equatio&, wherefe assumes the form of a power
law.
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The developed correlation for the laminar regime for the dimpled chénisel

shown as a function dRein Figure5.3, along with a comparison of the measured and

93



predictedfq values. The AAD between the expression and the data is 1.97% and all data

points lie within £10% of the correlation developed.
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Figure 5.3: (left) Laminar dimpled channelf correlation compared with
experimental data (right) Laminar dimpled channelf parity plot

The expression developed to describe timpled channelransition regime
followed the same general format fas laminar flow described by Equatias®®. The
transition between laminar and transition regimes appears to occur at Regfogrthe
dimpled channel case compared to the plain channel. The developed correlation for the
transitionregime for the dimpled chanrfas shown as a function &fein Figure5.4, along
with a comparison of the measured and predidiechlues. The AAD between the
expression and the data is 2.02% and all data points lie within £10% of the correlation

developed.

The parameters A and B are determined using dinear least squares method.
A summary of the friction factor correlations can be foundable 5.2. For a plain
channel, the transition between the laminar and transition regimes occurs B@®und

2550. For the dimpled channel, the transition occurs at a higher Rdee3070. These
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transition values were chosen as the point where the laminar and transition equations

converge to the same value. The range of applicability for these correlations are described

in Tableb.1.
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Figure 5.4: (left) Transition dimpled channelf correlation compared with
experimental data (right) Transition dimpled channelf parity plot

The pressure drop experiments were conducted in adiabatic conditions, where the
wall temperature was the same as the bulk temperature. For a coolant channel, the wall
temperature will be higher than the bulk temperature and the friction factor must be
corrected for property variations. The property correctioiays et al. (19803hould be
implemented with the correlatiomns account for the effect of fluid property variations in

a heated channel, as described by Equatin
"0 .
6 — 0)

Figure 5.5 shows the full range of data for the plain channel and the dimpled
channel comparedith thepredictions of théaminar and transition correlatiodsveloped

in this study
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Figure 5.5: (left) Plain channelf data (right) Dimpled channel f data compared to
the developed correlations for the full range of applicability

5.1.2 Heat transfer correlation

The results of the heat transfer experiments demonstrated that, in the laminar
regime,the flow is developing thermallyAdditionally, thethermalentrance length for
laminar flow between parallel platesas solved byCess and Shaffer (1958hd Sparrow
et al. (1963)y solving theSturnifL iouville boundary value problemThis solution can
be used to determine the entrance length for parallel plate flow and, therefore, provides a
good estimate for the thermal entrance length for a narrow channel in laminar flow.
Equationu@ comes from this solutiomescribingthe length where the flow is within 5%
of thefully developed value For the conditions of the experiments, this length ranges from
1.84 m to 6 m ThereforeNumust be described as a function of axial length of the channel

along with theReandPr.

0 p mippuivadio L&
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There are few studies on the thermal development length for rectangular channels
and no studies were found to take place in the transition reghmeview of studies on
parallel plates provides some indication of when the thermal development length must be

considered.

The study described iKays et al. (1980indicates that for flow between parallel
plates, thiNufor Rea 7 1 O0Rr = BOomedches 5% of the fully developed value between
10 Dn and 20Dn. While this study was conducted for asymmetric heating (constant heat
flux on one plate and adiabatic on the opposite plate), the stulydsyow and Cur (1982)
which compares thBu for symmetric and asymmetric heating in a rectangular duct with
a similar aspect preaens toud W @8) daclo@EsStEdthees t he
is negligible difference in thé&lu in the thermal entrance region for symmetric and
asymmetric heatingFor the AHTR coolanthannelthat is stated to b&.5m long in the
preconceptual repof/arma et al., 2012 this suggests thermalentrance length between
0.133 m and 0.266 nirhis length is less than 5% tbfelengthof the coolant channel, and
therefore, thermal development is not likely to have an impact oNthe the AHTR
channel in the transition regim@&hermal development, however, probably did have some
effect for the test section used in this study, which had a length oD@ilyn, i.e., the

length for full development would be approximat2@?6 of the test section length.

A correlation for the plain channel lamirfduis developed in the form of Equation
ud, taking the general form of the thermally developing flow correlationShah and
London (1978¥or flow between parallel platesThe equation is expressed as a function
of X" as described by Equatia® t For the AHTR coolant channel and the experiments,

there is a significant difference in tRe of the wall and that of the bulk fluid. A property
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correction factor, also seen in Equatio®, was considered when developing this
correlation This ratio ofPr/Pry is comparable between the FLiBe and Dowtherm A,

varying by less than 2%s the fluid properties change with temperature

The developed correlation for laminar flow and a comparison with the data is shown
in Figure5.6. The expression has an AAD of 6.75% and all data points lie within their
uncertainty with the developed correlatiofihe Nu is shown to decrease with increasing
dimensionless length of the channieldicating that this range of is in the thermal
development regian This also demonstratéhat the range of in this study does not
capture the full development lengtls the lowesNu in this range is still well above the

fully developed value.
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Figure 5.6: (left) Laminar plain channelNu correlation as a function ofx” compared
with experimental data (right) Laminar plain channelNu parity plot

To more specifically represent the results of the present studyredation of the

averageNu specific tothe length of the test sectiaised heravas also developedThe
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expressiorassumes the general form of tBeder and Tate (193@)prrelation and was

curvefitted to the data using the proposmarelation shown in Equatiart.
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The developedNu correlation for laminar flow and a comparison with the data is

shown inFigure5.7. The expression has an AAD of 3.2% and all except one data points

lie within £10% of the correlation developed. This correlation is relevachfmmnels with

alengthsimilar to thatof the test section of 078n and should be used fohannelsvithin

+10% of this length. For longer channel lengths, such as the 5.5 m AHTR, the correlation

fitting the form of Equatiow® should be useds the flow is thermally developinghich

causes th&luto decrease with lengthThe fit with the experimental dasbowed that for

laminar flow, the averagiuis independent dPr as the value for C was nearly zero.
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Figure 5.7: (left) Laminar plain channel Nu correlation as a function ofRe
compared with experimental data (right) Laminar plain channelNu parity plot
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For the transition regime, Equatiof was also used for the general format of the
correlation. Since the flow is likely taeach full thermal development early on in the
channel for both the test section and the AHTR coolant channel in the transition, regime
the expression is independent of the channel lengfthile the flow may be developing for
part of the length of the test section, this should not have a significant effect on the average
Nufor the full length of the test section. Correlations that consider developing flow in the
transition regime(Gnielinski, 2013 showed <5% deviation itlNu between a 0.87 m
channel and a 6 m channel with the s@randPr as the test section in the transition flow
regime. The developedNu correlation for transition flow and a comparison with the data
is shown inFigure5.8. The correlation hasRr dependence dr’°%. The expression has

an AAD of 4.64% and all data points lie within £10% of the correlation developed.
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Figure 5.8: (left) Transition plain channelNu correlation as a function ofReand Pr
compared with experimental data (right) Transition plain channel Nu parity plot

An expression for the dimpled chanil considers the value of the plain channel
Nuand an enhancement tettoe / Nu,. This accounts for the heat transfer enhancement

associated with the ability of the surface features to cause mixing through thermal boundary
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layer detachment. This expression is shown in EquagigrwhereNwe is a function oRe
andPr for the average heat transferthe transition regime correlati@amdis a function of
X" when thermally developing flovs consideredn the laminar correlatianin Equation
L&, the property correction fact@not included ifMNu, and is only applied once as a factor

to the entire expression.

66 06 p e —— V&

06 i 0w vap

For the laminar regime, where the flow is thermally developing, the expression for
Nue is described by Equation®. The developed correlation for laminar flow and a
comparison with the data is shownRigure5.9. The expression has an AAD 9i85%
and all data points lie within their uncertainty with the developed correlatidre Nu
decreases in a similar trend to the plain channel correlation, indicatingtth#teaddition

of thedimples, the flow is still thermally developing for the range’dh this study.
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Figure 5.9: (left) Laminar dimpled channel Nu correlation as a function ofx”
compared with experimental data (right) Lamianr dimpled channelNu parity plot

To more specifically represent the results of the present stadyredation for the
averageNug for the length of the experimental test section in the laminar regime was also
developed and is shown as a functiofRefn Figure5.10, along with a comparison of the
measured and predictdlily values. The AAD between the expression and the data is 4.3%
and nearly all data points lie within £10% of the correlation developed. The expression for
Nue assumes the general formIiéder and Tate (1936drrelation wher&lue is a function
of ReandPr as shown in Equation® This correlation is relevant for the length of the
experimental test section of 0.84and should be used for channels within %l6f this
length. For longer channel lengths, such as the 5.5 m AHTR, the correlation fitting the
form of Equatiorv& should be used as the flow is thermally developing which causes the
Nuto decrease with lengtfihe fit with the experimental daskowsthat for laminar flow,

the averag®luis independent dPr as the exponent fdtr is nearly zero.
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Figure 5.10: (left) Laminar dimpled channel Nu correlation as a function ofRe
compared with experimental data (right) Laminar dimpled channelNu parity plot

For the transition regime, Equation& andu&vare used for the general format of
the correlation as the flow becomes fully developed in this regime. The devéloped
correlation for transition flow of the dimpled channel and a comparison with the data is
shown inFigure5.11. A correlation was also developed using the form of Equatipto
determine th@r dependencenhich results irPr®>3. The expression has an AAD of 4.1%

and all data points lie within £10% of the correlation developed.
06  6'YQOI L&Y

Figure5.12 shows the heat transfer data compavét the developed correlations
for the full range oRe The parameters A, B, and C for each expression are determined
using a noflinear least squares method. The range of applicability for the developed
correlations are describedTiable5.1, and asummary of thé&ucorrelations can be found

in Tableb5.2.
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Figure 5.11: (left) Transition dimpled channelNu correlation as a function ofRe
and Pr compared with experimental data (right) Transition dimpled channelNu
parity plot

Figure 5.12: (left) Plain channelNu data (right) Dimpled channelNu data compared
with the developed correlations for the full range of applicability
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