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Abstract

Bundleflow geometries, even simple orggch assinglerod (annulus), 3and4-rod bundles,

are more representative of conditions within a nuckearctor core than bare tubes. Since
annulus and bundleflow geometries impede ctant flow, heat transfeto the coolantvould

occur differently than in bare tubes. However, there have been relatively few publications
detailing specifics of forcedonvection heat transfer to Super@at Water (SCW) flowing
upwardinside annular andbundleflow geometries compared thosein bare tubes. This is

due to the more complex experimental setups and the abundance of bare tube experimental
data.

This work compares experimental Heat Transfer Coefficients (HTCs) and wall temperatures
in annubr- and bundleflow geometries to those predicted using abe HTC correlations.

The viability of these correlatiorss aconservativepreliminary approachis also assessed.
Differences in onset of Deteriorated Heat Transfer (DHT) regime intbbes, annularand
bundleflow geometries are explored.

The objectives of this work are as follows:

1. Propose and verify a universal method to accurately predict wall temperatures and
HTCs using HTC correlation(s) for various annuland bundlelow geometies
cooled with upwardlow of SCW.

2. Investigate onset of DHT and Improved Heat Transfer (IHT) regimes in various

annular and bundleflow geometries cooled with SC\WWscompared to bare tubes.

A set of several HTC correlations are identified from litematiar comparison with various
annulus and bundle data. These comparisons are modelled using a code dewsetgped
Matlab, in which properties of SCW are obtained from NIST REFPROfware[1]. The
accuracy of wall temperatel predictions (Ased orRoot Mean Square (RMS) error) of each

HTC correlation is then discussed.

It was determined that while it was possible to use some HTC correlations to obtain a
conservative estimate of HTCs and wall temperatures in anauidrounte-flow geometries,

some correlations could not be used above the heat flux at which DHT appears in bare tubes.



This phenomenon is due to the fact that the DHT regime was reached in-aandldundle

flow geometries at higher heat fluxes than in babedu Results show experimental HTCs
and wall temperaturet® be ingood agreement with the Ditilgoelter (1930)2] correlation
(outside the pseudocritical region) ahé Jackson (2002)3] correlation. Wall temperature
RMS errors were below 5% (within experimental uncertainties) for all trials except regions of
DHT. The Dittus-Boelter (1930]2] correlationwas not sensitive to regions of DHT, as itis

solelydependenbn bulkfluid conditions
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Chapter 1. Introduction

The use of supercritical fluids in different processes is notamly in factnot even a human
invention nature has been processing minerals in aqueous solutions near or above the critical
point of water for billions of yeart, 5]. Unlike subcritical pressureases, there is no phase
changeat pressuredeyondthe critical point This makes supercritical fluids attractive in
situationswhere there is concermegardingonset of Critical Heat Flux (CHF) or dryout
phenomena.However, heat transfer to supercritidaids ishighly affected bythe significant
variations in thermophysical properties that occur near the critical and pseudocritical points.
Therefore, the ability to predict heat transfer to supercritical fluids despitevthaagonsis

necessary beferanylarge scaleapplications

As such, aalysis of heat transfer at supercritical pressure started as early as thg6]930s
Schmidt et al. (1946)7] have found that fluids neathe critical point have high free

convection Het Transfer Coefficients (HTCsjnaking them attractiveas intermediate

working fluids in singlephasethermosyphosi Power applicationsvere exploredn the

1950swiths ever al exper i me nt endratosunmtbelrfar useéinreseach Ast e
institutions [4].1 Although there was interest in the application of Supercritical Water (SCW)

to cool nuclear reactormithe 1950s and 1960# was notfeasibledue toan absencef
appropriatemateriab. Nonetheless, research on the heat transfer properties of supercritical

fluids in bare tubesespecially watergontinued[8, 9, 10}

There was renewed intere80 years laterin the application of supercritical fluids in nuce

reactors to achieve a safer andre economical desigdl]. This researctborefruition in

January 2000 with the creation of the Generatidbh International Forum(GIF), which

recognized the SuperCiritical Watenoled ReactofSCWR) concept as one of spromising

designsto be used aa basidor GeneratiodV (GenlV) nuclearreactorresearctl2]. The

SCWR desigrains to increasehe thermal efftiency by opeating the primanside coolant

(SCW) at supercritical conditions: a coolant pressure of appreiy 25 MPa, an inlet
temperaturdb e t we e B850 andanautlet tempest ur e bet wedl?]. 550 T 6

1 Proper supercritical phase terminology is discussed in Sezfon



However, #nce the pseudocritical poinbf water (Tpc@2smra = 384.9°C) lies within the

S C WR@raposed operating parameters, significant changes to the thermophysical properties
of water (and thusthe heattransfer regimeyjvould occur along the heated length 1]. This
variation can alstead toa deterioration in heat transfer, which corégult ina loss of bundle
integrity. As suchknowledge ofiegree othe heat transfer from thieiel bundleto the coolant

is of paramount importanctr safe reactor operation

Heattransfer from bundles is especially dependant on the geometry and presence of various
appendages in the channel; marfyithe correlations developed for certain bundle geometries
are very inaccurate wheapplied to others.There have been relatively few publications
detailing HTC correlations for hettansfer in SCW flowing inside bundle flow geomefi3,

14, 15} in fact, the vast majority afupercritical research has been dedicated to studying heat
transfer in bare tubdd, 8, 16, 17] Thus, heatransfer characteristics of SCédoled bundles

are still largely unknown.However, atherthan developing a new correlation for each unique
bundle desigranalysis ofxperiments in simple bundiitow geometriegjives a conservative

estimate oheat transfer ia subchannelwithin acomplexbundle.

Since the final SCWR channel design asto bedecided an HTC correlation is needed in
the interimthat canprovide an accurate conservative estimate of heat transferdposed
bundle designs (within ~5% RMS error of wall temperature). This work compares
experimental wall temperatures of alar- and bundleflow geometries to those predicted
using bare tube HTC correlations. Th&bility of these correlationas a conservative
preliminaryapproachs alsoassessed. Differences in the onset of Deteriorated Heat Transfer
(DHT) regime in baretubes, annulus and bundl€low geometriesareexplored. Thamain
objective of this work is to investigate specifics of hgahsfer to SCW flowing upwarih

annular and(3 & 4-rod) bundleflow geometries compared thosein bare tubes.

The following paragraph®utline the methodby chapterusedto achievethe objective of
this work.

Chapter 2 outlinesdrkground information o®enlV reactors andllustrates the variatioof
thermophysical properties wfater in the supercritical regiodditionally, severapublished

empirical HTC correlations arpresentecand assessedDHT is discussed andifficulties



arisingin the prediction ofheat transfein this regimeareexplained.

Chapter 3jives a description of all the test facilitsd test sections whetige experimental
datawerecollected. Asystematicoutline of the mathodology used to create each -one
dimensionalmodel is presented. The synergy between Matlab and NIREFPROP[1]
softwareis explained, anthe solutions tdeat transfer equationsique to each geometare
presented Results and discussions of tegperimentsntroduced n Chapter 3are presented
in Chapter 4% Chapter 5

Chapter 4analyes heatransfer in singleod and 3rod bundle experimentahich have been
performedinaSCW | oop at the Nati onal Techni cal
Il nstitut eBulk-fliidhand2vial t8mperatures, and HTC profiles for the mamtell
experinents are illustrated.The temperature profile of dO, fuel pelletassumingheatis

generatedy it rather than by electrical resistanoe singlerod channel is also presented.

Chapter 5analyses heat transfer Bx2 rod bundleswhich have beermperformed in an
SWAMUP test facility at Shanghai Jiao Tong University in 201Bulk-fluid and wall

temperaturesand HTC profiles for the modelled experiments are illustrated

Finally, concluding remarksire giverbased otthe analyss conductedandrecommendations

are provided fofuture research

Un



Chapter 2. Literature Review

2.1. Current Status of Electricity Generationin the World

As the worl dbés energy demand i ncr-feeaeneg/, t her
sourca [18]. Although renewable energy sources such as solar ancavamtesirable due to

their low environmental impact, they are not reliable for industrial power generation due to

their relatively high electrical energy generaticosts and intermittent naturfl9].?

Additionally, given thér high dependence on weather conditions, they cannot solely offset
baseload powef[20].2 On the other hand, while lardggdroelectricpower plants generate

cheap electrical energy, they cause large environmental impactsligpidcethe native

population[21].

Nonr enewabl e energy sources, such as fossil f

due to their high economic output, as showfigure 2-1.

Oil
5%

Coal
41%

Hydro
16%

Natural Gas
22%

Figure 2-1. World electricity generation by source as of 201R0].

2Solar energyis further constrained by the length of time the Sun isup. The world nuclear organization estimates
solardds | evelised cost0lof electricity to be $119/ MV
3 Baseload power is the amount of continuous electrical demand 24/71365



Fossil fuel (thermal) power plants operate using a Rankine thermodynamic cycle, in which
heat generated by burning fossil fuels is converted into electrical ef#2fy The thermal
efficiency of the Rankine cycle is ultim@jelimited by the temperature of the steam at the
inlet of a turbine[22]. While the thermal efficiency of thermal power plants has greatly
improved over the last 20 yeatke fact that they neduce harmful greenhouse gaseskes

them unattractive i n today[® environmentall\y

The most widely used type of fossil fuebal,produces large amountsf greenhouse gases

slag and asfj19]. Recent effortswereaimed at reducing dependenceamal* however, its

low price, abundancand ability forfifastresponse during periods of peak demand make it

an dtractive optiort. Alternatively, natural gass less harmfl to the environment than coal

It has fewer impurities, is less chemically complex and its combustion generally results in less
pollution. However, there are major concerns over its transfaspecially in tankejs its
emission of Carbon Dioxide gas (gQvhen burned (a greenhousasy andts distribution

in pipelines.

Nuclear fission is an alternative means of generating therbgqaired ina thermal power
plantand has vastly lower fuel costs and net carbon emisgl®h$ While nuclear power is
not suited to offset variable power demands, its reliability has been proven to provide large

scale continuous electricity to supply bdsad power demand49].’
2.2. Current Generation Nuclear Power Plants

The Rankine cycle is the fundamental thermodynamic cycheostthermal power plants in
operation, including Nuclear Power Plants (NPPs). The thermal efficiency of a Rankine cycle
is directly dependent on the temperature of steam at the turbine inletvevidr, the
temperature of steam at thebineinletin current watercooled NPP designs is limited by the

temperature of coolant at the outlet of the reactor, which is in turn limited by the saturation

4 Electricalproduction in OntaripCanadas coal free as of 201[59].

5The worl d nucl ear oslelised eosat Dfielectricity to bei$H04/MVB. c oal 6

5The world nucl ear organi zation estimates n2¢t 1| ear en
7Itis important to note that olear reactors do infact release asmall amount eb®€X its life cycle (indirectly)

[20].



temperature at the operating pressure.

Reactor outlet temperatures of current generation NPPs are below 330°C, which limits their
overallefficiency[19].° Theoverall efficiency oNPPsis reduced furthedue toinefficiencies

and losses throughout the primary leyand auxiliary systems (pumps, turbines. etc.). The
thermal efficienciess well as some operational parametdrgperational NP®can be seen

in Table2-1.

Table 2-1. Some thermal efficieries of current generation NPP$19].
Actual Thermal
Efficiency

Nuclear Power Plant

Pressurized Water Reactor (PWREGeneration [I+NPPs
1 Reactor coolant: light water 36%1 38%
T Powtd 16 AMBRi@evra=347°C;Towd 327 AGQ
PWR1 Current Generation NPPs
1 Reactor coolant: light water 32%- 36%
T Powd 16 AMRi@sewra=347°C;Towd 3 25AC
Boiling Water Reactor (BWR) CurrentGeneration NPPs
1 Reactor coolant: light water ~34%
T Pnd 7. 2A TMB Baaravra= 288°C
RBMK (boiling, pressurehannel)i Generation Ill NPB
1 Reactor coolant: light water ~ 32%
T Pnd 6. 6A ™MP Baa@sovra= 282°C
Pressurized Heavy Wat&eactor (PHWR) NPPs
1 Reactor coolant: heavy water ~ 32%
1 Powtd 10 AMRBw@ompa=311°C;Towd 3 10AC

The dependence of the reactor outlet temperature on the saturation temperature thdicates

fundamental design changes are necessarydmnéicant increase in thermal efficiency

8 The saturatioriemperaturéor a correspondingaturatiorpressure at which a liquid boils into its vapour phase.
9 Conceptually, the Carnot Cycle gives the maximum possible thermal efficiency of a cycle operating between
two temperaturedic andTh. The Carnot efficiency for this outlet temperatassuming a heat sink at 20°C

is:— p — p &:3 T%® 8




2.3. Generation-IV Reactor Concepts

The evolution of nuclear technology briefly outlined inFigure 2-2.
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Figure 2-2. Evolution of Nuclear Technology(courtesy of GIF) [12].

The GIF was createdn January 2000 as an international-aperative endeavor between
countries and corporations alikeadesesthe performance capabilities and feasibility of Gen
IV NPPs[23]. The agreemerdaddressefour major areas aimprovementsthat all Ger1V
NPPs need to addreg23].
1. Sustainability: ensuréhat nuclear waste is minimizezhd destroyonglived isotopes
from spent fuel of current generation reac{@3)].
2. Economics: establish a lHeycle cost advantage over other energy soJ#s
3. Safety & Reliability: reduce the risk and scale of reactor core damage and eliminate
the need for offsite emergency respof&a.
4. Proliferation Resistance & Physical Protection: increase physical barriers to prevent
acts of terrorism, and reduce the risk of theft of weagrade nuclear material&3].

In order to movepurposefullyforward, GIF members selected six concept reactors to become

the basis for GeitV research[23]. Key features of each propos&knrlV conceptare



presented ifable2-2.

Table 2-2. Proposed operational parameters of Gelv Reactors[12].

Svstem Neutron Coolant Outlet Fuel Electric
y Spectrum Temperature, °C Cycle Power, MW
GFR Fast Helium 850 Closed 1200
207 180
LFR Fast Lead 48071 570 Closed 30071 1200
6007 1000
MSR | Thermal/Fast F'gglrt'sde 7007 800 Closed 1000
507 150
SFR Fast Sodium 5007 550 Closed 30071 1500
6007 1500
. Open/ 30071 700
SCWR | Thermal/Fastt Water 5107 625 Closed 1000i 1500
VHTR Thermal Helium 9007 1000 Open 25071 300

A short summary of each Gévf concept is given below.

1. Gascooled Fast Reactor (GFR) designs are characterizea fagt neutron reactor

core cooled with heliungasto achieve high outlet temperatuj@3]. The use of dense
nuclear fuels such as uranium carbide or nitride allows for the possibility of plutonium
breeding, and minoactinide burning23].1°

. Leadcooled Fast Reactor (LFR) designs are characterized by a fast neutron reactor
core cooled with either lead or a lead/bismuth eutd@®Bj. It can be operat as a
breeder, a burner of actinides from spent fuels, or a burner/breeder using thorium
matrices[23].1

. Molten SaltReactor (MSR) designs are characterized by liquid nucleg23jeMSR
desigrs allow breeding at any neutron spectrui@st spectrum for a uranium
plutonium fuelcycle or thermal spectrum for a thorium fuel cy¢&3].

. Sodiumcooled Fast Reactor (SFR) designs are characterized byuid Bodium
coolant. A closed fuel cycle allows for fuel breeding or burning of actirizigjs

10 Actinide burning involves the destruction of minor actinides (such as: neptunium, americium, and curium) to
reduce the length of time that spergiftemains highly radioactiié4].
11 A type of reactor that generates more fissile material than it consumes.



5. Supercritical Watecooled Reactor (SCWR) designs are characterized by a high
temperature and pressure water coolant. Téector type is further discussed in
Section2.4.

6. Very-High Temperature Reactor (VHTR) designs are characterized by a thermal
neutron spectrumeactor core, a graphite moderator, and helium coolant. The high
temperature outlet conditions allow for other applications such as the production of

hydrogen by thermahemical processd23].
2.4. Supercritical Water -cooled Reactors

The absence of a liquidapour transition makes supercritical fluids an attractive coolaitt as
eliminates concerns of reaching dryout caodis or exceeding th€HF that may occur in
current watercooled NPP$2 Current SCWR research focusesn increasing the thermal
efficiency of watercooled NPPs much like what was done to supercritical pressuré il

power plantg3

Major advantages ofhe SCWR conceptinclude higher thermal efficiencydesign and
operation experiencgained from hundrds of wateicooled reactors, an®0 years of
experience in supercritical pressimssil fuel power plantgl2]. Consequentlymany of the
corresponding equipment, layouts and plant designs have already been worked aémabugh
tested in the field. A few of the drawbacks of SCWR concepts are: unreliabilitycofen
materials at supercritical pressu@amelythe need ofidvanced steels for claddind)igh
heat fluxes, high neutron flas, aggressive reactor coold8ICW), transient heatransfer
models for describing the depressurization from supercritical to subcritical conddiaghs,
unknown heattransfer characteristics of SCwooled bundles[12]. Furthermore, no

experimental, transporty @any other kind of prototype SCWR design has been tested.

In contrast to other GenV nuclear systems, the SCWR is being developed incrementally

from current wateccooled reactor$12]. An illustration of a Canadian SCWRressure

12 Dryout conditions occur when there is total depletion of liquid in the channel due to evap@alic@HF is
achieved when the heat flux is suffintly high such that only the liquid near the heated surface evapfaies
13 For a comparison with previous generation reactors, the Carnot efficiency for an SCWR, assuming a heat sink

at 20°C— p — p ¢ ® b Thatis a 16% increase over the Gen Il NPPs.
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channel conceps shown inFigure 2-3.

Light Water
Coolant Inlet

and Inlet ==p

Fuel Assembly

Pressure Tube

Calandria Vessel

Low Pressure
Moderator

Figure 2-3. Schematicof a conceptual Canadian S®&/R core (courtesy of GIF) [24].

Unlike the horizontal core of current Canadiaressurized Heavy Water React®HWR)
(CANDU), the Canadian SCWR concdpaturesa vertial core with SCW flowing upward
inside pressurehannels? SCW is supplied directly to the higbressure turbinewhile

feedwater from the steam cycle is supplied back to the[t8te

While there arstill several challenges associated with SCWR concepts, this thesis will focus

onunknown heatransfer characteristics of SGévoled bundles

Phenomena specific teeat transfer tsupercritical fluids are discussadSectiorn2.5.

14 It should be noted that heat transfer differs between horizontal and vertical flow; indeed, due to buoyancy
forces, the flowdirection (upward versus downward) also plays a major gfffeEtirthermorehe final bundle
design for SCWRs is not yet finalized.
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2.5. Definition of Relevant Supercritical Terminology

A summary of réevant terminology is presented assist the reader in understanding

supercritical phasterms[4]. These definitions are referencedrigure 2-4 & Figure 2-5.

Compressed fluids a fluid at a pressure above the critical pressure but at a temperature below

the critical temperature.

Critical point(also called a critical state) is a poattvhich the distinction between the liquid

and vapour phases disappears, i.e., both phases have the same temperature, pressure and
volume or density. The critical point is characterized by the psiade parameter3e, Per,

and] ¢, which have unique values feach pure substanée

Deteriorated Heat Transfe(DHT) is characterized with lower values of the HTC compared
to those forNormal Heat Transfer(NHT); and hence, has higher values of wall temperature

within some part of a test section or within the ents section.

Improved Heat Transfe(IHT) is characterizeavith higher values of the HTC compared to
those for NHT; and hence, lower values of wall temperature within some part of a test section
or within the entire test section. I n our

the HTC near the critad or pseudocritical points.

Near-critical point is a narrow region around the critical point, where all thermophysical

properties of a pure fluid exhibit rapid variations.

Normal heat transfefNHT) can be characterized, in general, with HTCs similahdse of
subcritical forced-convectionheat transfer far from the t¢cal or pseudocritical regions
calculated using theconventional singlephase DittusBoelter (1930)[2] correlation:
Nu = 0.023Re®8 Pro4,

Pseudefilm boiling is a physical phenomenon similar to subcritipe¢ssure nucleate boiling,
which may appear at supercritical pressures. Due to heating of a supercritical fluid with a

bulk-fluid temperature below the pseudocritical temperature {thegisity fluid,ie , A-1 i qui d

15The critical pressure of water Bsr = 22.064 MPa, andhe critical temperature of water. i&r = 373.95°C.

11



|l i ked), some | ayers near the heating surfac:t

temperature (lond e nsi ty f Huikde,0)i.-dee.f b i iged fiidnleases the
heating surface in a form of variable density (bubkitdymes. During pseudfilm boiling,

the HTC usually increasedHT regime).
Pseudocritical lineis a lineconsistingof all pseudocritical pointat supercritical pressures

Pseudocritical poini{characterizedy Pyc and Tpc) is a point at a pressure above the critical
pressure(Ppc > Per), and at a temperature greater than the critical pres3yee> (Ter),

corresponding to the maximum value of specific heat at this particular pressure.

Supercritical fluidis a fluid at presures and temperatures that are higher than the critical
pressure and critical temperature. However, in the present work, the term supercritical fluid

includes both terms$ a supercritical fluid and compressed fluid.

Super critiis actuallyfSEW, doecause at supercritical pressurédwe fluid is
considered a singlphase substance. However, this term is widely (and incorrectly) used in

the | iterature in relation to supercritical

Superheated steais steam at presses below the critical pressure, but at temperatures above

the critical temperature.
2.6. The Supercritical Region

The supercritical region encompasses fluids whose temperature and pressure exceed the
critical point as showrfor waterin Figure 2-4 & Figure 2-5. Other phases of water are also

shown relative to the supercriticalgge.

12



40

Water i High Density’Low Density
(quuid-like? (gas-like)
35t '
| /&
| ~
30| NS SO ...+ SO S—
Compressed Fluid / § Supercritical Fluid
A
o 25} | /&
o Q
> IV NP S (T IR (e
2 20t NG
§ | T, =373.95°C
@ 45| Subcooled Liquid | P, =22.06 MPa
|
10 t | Superheated Vapour
|
B Overheated |
Vapour I
0 1 1 I 1 1
250 300 350 400 450 500

Temperature, °C
Figure 2-4. Pressure versus Temperatureof water.
The supercritical region is separated by the pseudocritical line, which follows the trend of the
saturation line, as shown Hkigure 2-4. However, the saturation line divides the vapour and
liquid phases: two distinct phases, whereas the pseudocritical line sefis@atapercritical
region,a sirgle phase. ay diffraction experimentshow thatSCW at temperatures below
the pseudocritical temperaturbas a higher density (liquidike), whereas SCW at

temperatures above the pseudocritical temperduasa lower density (gakke) [25].

In some tableghermophysicabroperties of subcooled liquids are listed for compressed fluids
as well, as most thermophysicaloperties are highlglependenbn temperaturerather than
pressurg26]. Figure 2-5 illustrates anothediagramof the supercritical regiobased on

temperature andpecificentropy
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Figure 2-5. Temperature versus specific entropy of water.

It is interesting to note the relative area occupied by subcooled liquids bétigas?-5 and
Figure2-4. The subcooled phase exists only for a small range of specifipgni®the phase

i s 60sandwi chedd between the saturated | iqui ¢
2.7. Thermophysical Properties of Sipercritical Water

There is significant variation in most thermophysical properties of water in the supercritical

region, ashown for a pressure of 25 MPaRigure 2-6.
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Figure 2-6. Thermal Conductivity, Specific Heat,Density and Dynamic Viscosity of
Water at 25 MPa between 200°C and 600°C.

The vertical dotted lines surrounding the peak in specific heat highlight a £25°C temperature
range where the largest variation in thermophysical properties occur. Unfortunatetic dr
changes occur to SCWb6s thermophysi cal prope
point'® The dynamic viscosity, specific heat, and thermal conductivity all haveimidarm

variatiors across the supercritical region, whereas only deignges uniformly, as shown

in Figure 2-6.

For a heated channel where the billikd temperature is less than, but sufficiently close to
the pseudocritical temperature, conditions at the wall will be significantly diffdrent those

of the bulkfluid. Ackerman (1970)9] suggested that a phenomenon similar to subcritical
voiding, termed pseudflm boiling might occur near the walls due to the large variation in
density.

16 Toe@2smpa= 384.9°C, which is located within the proposed operating range of SCWRs

15



- kg/m3

1000 | 200 kg/m®
400 kg/m®
800 w600 kg/m®
e mmmm 300 kg/m’
5 ® Critical Point
=2
2 400\
[0}
()]

400
*Mpe,... 500
e ;o 600 20

£

Figure 2-7. Density of Water between 20 30 MPa and 200" 550°C.

As shown inFigure 2-7, the density curve at each pressure is uniformly decreasing between
200°C to 550°C; there is a point of inflection at each pseudocritical. point
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Figure 2-8. Specific Heat of Water between 20 30 MPa and 200¢ 550°C.
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Unlike density, the plot of specific heat is pamform at all pressures, and peadtsthe
pseudocritical line, as shown igure 2-8.1

2.8. Heat Transfer Regimes

Fewster and Jackson (2004&)7] outlined three modes of heat transfer in the supercritical
region: NHT, IHT, and DHT® The following figure illustrates these modes of heat transfer
for SCW flowing upwardn a baretube obtainedusing data fronKirillov et al. (2003)[28].

12
: Bare-tube, SCW, D =10 mm, P = 24MPa, }
1G=503kg/m’s, q,,,=432kWim*, L, =4m Il 49
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Figure 2-9. Temperature and HTC profiles along heated length of vertical bargube;
data obtained using data from Kirillov et al. (2003) [28].

DHT is a phenomenon characterized with lower values of HTC and higher values of wall

temperaturecompared to NHTas shown ifrigure 2-9. This isof concernasrapid increases

17 It is curious that such a discontinuity in specific heat occurs at the pseudotetig@ratureas this
phenomenon is indicative ghase change. Since the density changes unifothiytype ofphasechange
occurs continuously across the transition tempergf@k

18 Large increases in wall temperature due to DHT can lead to loss of rod integritytdowmellt should be
noted that bundle integrity can be compromised by a failure in either the sheath or the fuel.
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in temperaturecould lead to possible fuel failured/ikhrev et al.(1967)[29] found that, in
general, there are two types of DHT: one that appeared in the entrance region, while the other
within a certain temperature rangBHT in the entrance region can be avoided by adding an
unheated legth before the test section, which allows the development of turbulent flow

(improving heat transfery.

Many reseachers have tried tmathematicallypredictonset of DHT Styrikovich et al. (1967)

[30] and Swenson et al. (19681] observed a relationship between onset of DHT and an
increase in wall temperature beyond the pseudocritical temperatuggGfan 0.4 kJ/kg. On

the other handShiralkar and Griffith (1970)32] found that onset of DHT occurred whég

< Tpc < Twat high heat fluxes I nterestingl y,[33Hdursl thaeocolmy y et
vertical bare tubes with SCW &t Tocgiveng/GO 0. Ig@Gnd& O / X 2 0 & odcgredm

atNHT regime with stable temperature profiles along the heated length.

In terms of enhancemenYamagata et al. (197234] found thatheattransfer is enhanceas
the bulk-fluid enthalpyincrease through the pseudocritical point. This enhancemeas
diminishedast h e heat ehanatsomelrecaats dipappeareccompletely
Shitsman(1963)[35] showed that alseatp u increasesitlow massluxes (430 kg/nis) there
is a migration from atHT regimeto a DHT regime However, unlikethe CHF, atwo-phase

flow phenomenonheat transfeat supercritical conditionsecovers aftedeterioration

Although there is no definitive way to identify DHT oth#ran by visual inspectiorsome
authors have developsdnplified correlationghat can provide avery rough estimatef the
minimum heat flux at which DHT occurg-or example, Mokry et al. (201]36] proposed a
simple empircal correlation for calculating the minimu heat flux at which DHT occurs.

r'] L @) T T OO (2.1)

WhereG is in kg/nfs andqpur is in KW/,

Silin et al. (1993]37] reported that the most important difference between water behaviour

inside bare tubes versus behaviour inside bundles was that there was no onset of DHT regime

19 This type of DHT is why some HTC correlations account for an entrance effect in the forpn ofi — .
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in multi-rod bundles at the same test parameter range for which heat transfer deterioration
ocaurred in bare tube®. This claim was based on a large database for water flowing in large
bundl es at supercritical pressures at the Ru
(Moscow, Russia Federatiop It is important to verify this statement using experimental

data in annuli and bundles cooled with S@#ho experimental data was provided in support

of this statement

Richards et al. (2013)L5] studied20 case®f 7-rod bundies cooled withupwardflow of
supercriticalFreonR-12 collected athe Institute of Physics and Power Engineering (IPPE,
Obninsk, RussiaFederation). They observed DHT15 of 20 cases proving thdtan ocarr

in bundles coled with supercritical fluls [15]. Figure 2-10 shows a 7-rod kundle cooled
with upward flow of supercriticaR-12 illustrating the three heatransfer regimesn one
heated length A drop in wall temperatures is indicative of IHT, which is observed near the
channel inlet (~0.1mpas shown idrigure2-10. NHT is observed ithe middle of the channel,
while rapid increases in wall temperature, which are indicative of, @i observed near the

channel outlet (~0.85m), as shownrFigure 2-10.

20 It should be noted that this phenomenon is most likely observed inside more complex bundles (greater than 7
rods).
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7-Element Bundle; Vertical; Upward flow
R-12: P, = 4.63 MPa, T, = 119°C
g = 33.5 kW/m?, G = 517 kg/m®s, D =47mm

Bulk Fluid Enthalpy, kJ/kg
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Figure 2-10. Bulk-fluid temperature, sheathtemperature and HTC profiles along
heated length of7-rod bundle cooled with R12 (Courtesy ofl.L. Pioro [15]).

However it should be noted thaupercriticaR-12 has significantly different thermophysical
properties andpossibly heattransferbehaviourthan SCW. Therefore, experimental data in
SCWcooled bundless required amostnuclear reactarare notlesigned basedanodelling
fluids such aRk-12.
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2.9. Types of Convection

The type of convection (forced, natural, or mixed) in channels is dependent on the ratio of the
Grashof numbeto the Reynolds numbe[38].2* Onset of DHTis most likely de to buoyancy
forces dominating heat transfer at the boundary layer near the heatdd]walckerman
(1970)[9] referred to this phenomenon as psefitio boiling. For upward flow of SCW,
Jacksa et al. (1988)38] recommended that the effect of the buoyancy force, represented by

a Grashof numbebased on thintegrated densitgouldbe considered negligible :

¢

. )
FrE < 2.4-10° (2.2

Even at values significantly lower than 2.4"3.(Qpeaks in this rati@long the heated length

seem tocorrelate taegionsof DHT.
2.10. Characterization of SCW flow in Tubes

Somenondimensionalnumbers can be useal characterize heat transfer properties of a fluid

in a cross section of a tube.

2.10.1.Eckert Number

At high heat fluxes for a given crosgction, especiallfor a fluid near the pseudocritical
region, wall and bulfluid properties can diverge. Theckertnumberis a ratio that can be

used to give a value to the degree of that divergence.

A — (2.3)
WhereY Y.

1. AtE > 1, the supercritical fluid is assumed to be ligliké overthe cross sectidi39].

21 The Grashof number represents thdo of the buoyancy to viscous forcacting on a fluigdé "
L p. The Reynoldswumber represents the ratio of inertial to viscous fange$ —3[51].

22 The equation of thé&rashof number based on integrated density i$: ————, where he integrated

density equationis:f ——_ " Q"Y
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Specific heat is monotoniwithin the cross sectigi0].%

2. At E <0, the supercritical fluid is assumed to be-ljiges over the cross sectidB9].
Specific heat is monotonic across the cross sefti@n

3. For EO @, the f 1 ui d-like rear the leatetevall and bgtiidee g a s
farther from the heated wdB89]. Here, thee is a peak in specific heat within the cross

section[10].

One drawback of the Eckert number is ttie outer wall temperaturés needed, which is

usually determined from HTC correlatioflessit is experimentally measurgd

2.10.2.Modified Boiling Number

Saltanov (2015)40] developed a unique method to correlate heatsfer data without the
needto distinguish the mode of heat transfefhis eliminates the need to visually (i.e.
subjectively) dedrmine regions of DHT. By using a ndimensional number similar to the
Boiling numbef* and the Stanton numiz&r the new dimensionless numbeX, relates the

enthalpy required to reach the pseudocritical pamt the heat flux to mass flux ratio.

N — (2.4)

The numeratorin Equation(2.4) represents the specific enthalpy required for a fluid at the
current state to reach the pseudocritical state. The denominator represents the specific rate of
heat addition to the fluid. Therefore, a large tiesganumber may indicate eitharfluid at a
temperature significantly below the pseudocritical tempesatunder average heat load
conditions, or a fluid at a temperature very close to the pseudocritical temperature under

extremely low heat load conditiofi40].

23 A function is called monotonic if and only if it is either entirely increasingniirelydecreasing.
24 The Boiling number represesgratio of the actual heat flux to the maximum heat dichievable by complete
evaporation of the liquidAi ——8
25The Stanton numbeés a measure of the ratio of heat transfetoaaifluid to the thermal capacity tfefluid,
e

o "I
| — —o
n 2 fUEET
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2.11. Empirical One-Dimensional HTC correlations

Although solving theconservation equations (of mass, momentum, and energy) is an accurate
method for determining flow dynamics and heat transfeidachannelsin a nuclear reactor

core it is not feasible for everydagperational usedue to the large calculation time
compkexity of models, and computer memory requirddowever,sinceit is necessary to

obtain an accurate estimate of heat transfer inside channels for safe reactor operation, a faster

andsimpler approach is needed.

One such method involves the use of empirically deridd@ correlations (based on
experimental trials) to approximate the degree of enhanceofid@at transfer due to forced
convection. However, hat transfer in bundleflow geometryis especially dep&ant onthe
geometry and various appendages found in the chanmalny correlations developed for
certain bundle geometries are very ina@ate when applied to othef4].?® Given that the

final channel design of an SCWR hast been finalized as of yethadTC correlation is
needed in the interim that cprovide an accurateonservativeestimateof heat transfer.This
eliminates the need to develop a new correlation for each unique bundle design, which can
become quite expsive and ultimatelyirrelevant to the final SCWHResign

Although only a fewcorrelationshave beerdeveloped forSCW bundle flow geometries,
many have been developed foaretubes. However, their accuracy at determining HTC
values can vary significdgt depending on flow conditions. Furthermore, variations in the

thermophysical properties 8CW can either enhance or impede heat transfer.

In general, HTC correlations relate the degree of enhancement of convective heat transfer in

an expression of sexa nondimensional number¥.

"E'l QR RET (2.5)

26 Experiments using bundle flow geomgat supercritical pressures are expensive and require sophisticated
equipment and measuring techniques. Furthermore, many of these studies are actually proprietary and not
published in the open literatuf&2].

27HTC correlations are given based on the Nusselt number.
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Equation(2.5) can be expanded to the following foffn:

29 wn O A~ O
Q — 0Q — (2.6)

The hydraulic diameter is used relate nofrtircular channels (such as channetsitaining
bundles) toan equivalentircular value to allow pressure drop and fluid flow calculatins.

The hydraule diameter is usedhithis work[41].%

o (2.7)
SomeHTC correlations specify that thermophysical properties in Equdds) should be
obtained at wall conditions while otleespecifybulk-fluid conditions. It is important to note
that this merely depends on the method the author used to correlate the experimental data;
there is ncset standard HTC correlations simply try tbt trends of experimental data using
nondimensional numbers araratio of some thermophysical properties at wall versus bulk
fluid conditions The accuracy of their prediction is highly dependentvbatherconditions

match the experimental parametémsm which they were developed.

The most commonly used HTC correlation to predict forceavection heat transfer at
subcritical conditions is the DitttBoelter (1930)[2] correlation?:

“E“#I; _’_[8_[ C d] "W "Enl (2.8)

Where,n = 0.4 for heating and 0.3 for cooling. It is valid for singlease heat transfer in
channels for the following parameters: §16°r M 160,Rep m 1-10%, andL/Dny m 10[4].

28 The Nusselt numbes a measure dheconvective heat transfer occurring atithterphas€’E”l —'O[51].
The Prandtl numbeis a measure of the relative effeeness of momentum and heat transport by diffusionin
the velocity and thermal boundary layer, respectiVéi 2 [51].

29 The wetted perimeter includes the portion of perimetar¢heates drag to the coolant.
L L , T ,
30 The hydraulic diameter for baribes is simplyO 2 T o
811t is quite curious that while Equatid¢8.8) is infamouslyreferred to aBittus-Boelter (1930]2] correlation
Winterton (1998]65] showed that the correlation does not in fact appear in the paper from which itis quoted.
He recommended referring the correlation as the DittBoelter (1930]2] as introduced by McAdams (1942)
[66]. However, for the purposes of this thesis, this correlation will be referesdtteeDittus-Boeter (1930)
[2] correlatiorwith n = 0.4 assumed by default.
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Although the DittusBoelter (1930)[2] correlation was developed for subcritical conditions,

it can be used to reference enhancement or deterioration of heat transfer at supercritical
conditions®? The appeal of this correlation lies in its simplicity does not require an
assumption of wall temperaturespecially when compared to more complex correlations that

will be discussed in the following sections.

Improvements of these HTC correlatiomgve been ongoing since their inception. One
interesting ideamost likely proposed by Petukhov et al. (1964p], is to use an integral
average of the Prandtl numb&EH(instead of a Prandtl number assessed at thefliitkor

wall temperature) across a cross section to better capture properties at the wall versus the bulk
fluid.33

Bl — (2.9)

Using the integral average Prandtl number requires the calculatibe oftegrated specific

heat.

O — OQY —0 (2.10)

Approximately equal t¢ aisused in Equatio2.10) instead of an equal sidr) asthe peak
in specific hea{shown inFigure 2-6) might not beaccuratelycaptured ifit occurred between

wall and bulkfluid conditions

2.11.1.Conventional SCW HTC correlations

Early SCW HTC correlations closely followed the DitlBeelter (1930)[2] correlation
approach, however, they wereweloped based on regions that did not have much change in
the thermophysical properties. It was only later, when more complexity was dudduktter
prediction of heat transfer wasported[4]. The following section outhes efforts made to
improve accuracyof HTC correlationsand briefly describe the application of each

improvement.

32t is used to provide a conservative estimate of heasfean
33|t should be noted thate”l ——while™E"l ——
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Bishop et al. (1964|8] conducted exp@mnents using SCW flowing upwairdside tubes and
annuli; the correlatin developed using their data had a fit of £15%.

8
Bl mEimepH EN —  p B— (2.11)

This correlation is based on experimental data within the following parameter22.81

27.6 MPaT, = 2821 527 C, G = 6517 3662 kg/ms, = 0.311 3.46 MW/nt [8]. The range

of the data set is quite encompassing, specifically as it applies to SCWR, as this covers the
majority of proposed operatimgpnditions. However, this celation was developed in 1964;
updated valuesf thermophysical properties of water have since been publishieekefore,

this skews the accuracy of this correlation as it was developed using older, less accurate
values. Itshould be noted that the entrance region term (the last term in Eq(&fid)) is

highly dependent on the geometry of the test section.

Unlike the Dittus-Boelter (1930) [2] correlationwhich only takes into acwnt bulkfluid
propertiesthe Bishop et al. (1964]8] correlation usesaratio of wall to bulkfluid densities

This makes the correlation more difficult tse,as a wall temperature must be initially
assumed gnd a loop must be established to solve for the convergemderia). For
experiments with high heat flux, the variation in wall and Hlulid thermoplysical properties

(as modelled by the density ratio) is significant due to the abrupt changes around the

pseudocritical point.

While using the same basiorrelationstructure ashe Bishop et al. (1964]8] correlation

Swenson et al. (196%31] proposed the following correlation based on wall conditions

8
"Bl meimt i ETR — (2.12)

This correlation is baseah expeiments with SCW flowing upwarthside bardubes within
the following parameterd® = 22.81 41.4 MPa,T, = 757 576 C, T, = 931 649 C, G = 542
i 2150 kg/ms [31]. Swenson et al. (196%31] found that due to the abrupt changes in the
thermophysical properties & CWaround the pseudocritical point, conventional correlations
based on buHfuid temperature did not work They pointed out that buHiuid based

correlations assumed that ttiermal conductivity decreased smoothly near the pseudocritical
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point; however, this is not the cadégure2-6 shows a small peak in the thermal conductivity
at the pseudocritical point.

Using an updated library of thermophysical properties of water, Mokry et al. (B8] 1jsed
the same approacls 8ishop et al. (196438].

BN mimop ' CEN — (213

This correlation was developed using data from Kirillov et al. (2028 (which had 89 runs
with 81 data pointsper run) for SCW flowing upwardor the following experimental
parametersP = 24 MPa,Ti, = 3207 350 C, Tou: = 38071 406 C, Ty < 700 C, G = 200, 500,
1000, 1500 kg/fs, g = 707 1250 kW/m. Mokry et al. (2011)36] excluded experimental
data showindHT. Furthermore, isnilar to the correlation developed Brshop et al. (1964)
[8], it includeda ratio of wall to bulkfluid densities. However, it shoulbe noted that the
range of théheatflux and mass flwof the Mokry et al. (2011)36] correlationaresignificantly

smaller tharthoseof the Bishop et al. (1964]8] correlation

In acomparisorstudy on the accuracy of SCW correlations, Zahlan et al. (303]Llapplied
several HTC correlationt® 5668 data points (of which 13%kreatL/D < 50) at all modes
of heat transfe#* They concluded that Mok et al. (201)[36] showed better agreementth
their datathan other correlations, even though it does not include/@rmitigation factor
[43].

Gupta et al. (2011%4] usedthe same approach as Swenson et al. (133%jo try to predict
heat transfer to SCWh baretubes Using the same data set as Mokry et al. (2(3d]))and

updated thermophysical propertiestldeveloped the following correlation.

8 8
Bl mimog ' E® — — (2.14)

This correlation was developed using data from Kirillov et al. (20B8) for SCW flowing

34 L/D < 50definesthe entrance region; refer to Sectidi8for relation to DHT. Furthermore, the comparison
study conducted biahlan et al. (201 %3] usel baretube datalfeat transfer in bare tubes is different tiran
bundles.
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upwardwhere the experimentadarameters wer®. = 24 MPa,Ti, = 3207 350 C, Tou:= 380
i 406 C, Ty < 700 C, G = 200, 500, 1000, 1500 kgfsn g = 707 1250 kW/ni [44]. Due to
limited experimental parameters, it should be noted that Gupta et al. (2@1has a smaller

range of applicability than its parent correlation, Swenson et al. (196p)

2.11.2 Variable exponent S@ HTC correlations

The correlations presented so fattempt to capture the entirety of their respective
experimental dataising a singleexpression. However, as shown kigure 2-6, there is
significant deviation in the thermophysical properties ofewan the supercritical region. This
is especiallytrue around the pseudocritical point where there is a significaak pespecific
heat. Rather than using the same correlation for the entirety of the supercriticalsegien,
authors proposed using a variable that is dependent on wall andlumlilkemperatures
relative to the pseudocritical temperature. The follgvsection provides an overview of

some of these correlations.

Krasnoshchekov et al. (196[45] improved their original correlatiofor forcedconvective
heat transfer in water an€O, at supercritical pressure to account foariation of
thermophysical properties around the pseudocritical goint.

. -9 "HOE'l 8
El — - (2.15)

8 - "E’ 8

Wheren s a function ofTy, Tpe, & T, Whichareexpressed in Kelvin:
¢ MNEA pl - pg§

8 ¢ T Y—TEPE — ¢B

m
(92]

¢ & uvE ¢ p — NEPE — o8

Their correlation had a fit of £20% within the following range: 8-4Re, < 5-1F, 0.85 <

35The correlation byPetukhov and Kirillov(195868]is: "El = 2 . . Whereuis the friction
8 - "El 8

factor for turbulent flowss p®Hd I § "H p® 1 [68].
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"E"1< 65, 0.9 9w/ }b<1.0,0.02 <0 ¥ < 4.0, 0.9 <T,,/ Tpe< 2.5, 46 <q < 2 600 KW/,
xiDO [45].

Yamagata et al. (197234] applied the concept of the Eckert number discussed in

Section2.10.1for forced-convedion heat transfeto SCW inbaretubes.

"Bl mdipon ' "E’B OO0 (2.16)
WhereF. is a function of the Eckert number:

'O p8NAEIO p

O ™ YJET® — & T Xp - P8 GQAETOA p

o — ¥ P8 TP = ™ 6/EI 70 T

Rather than specify a range based on the experiim@tithis correlation was based, Yamagata

etd. (1967)[34] recommended using a range as specified by the Eckert number.

Jackson (2002])3] modified the correlation proposed b$rasnoshchekov et al. (196[45]
for forcedconvection heat transfer in SCW to match thahefformat used bRittus-Boelter

(1930)[2] giving it a simpler form, and making it easier to use.

8
Bl omeipygH ET —  — (2.17)

Wherenis a function ofTw, Tpe, & T, Whichare expresseith Kelvin:
¢ TMNEXE Y YT @&JIY Y Y
¢ ™ ™ — p IEE Y Y
¢ M8 ™ — p p L— p NEXE Y pgJIY and’yY Y
Jackson (2002)3] recommended using this correlation for the entirety of the supercritical

region as the different exponents are meant to account for the vaoétisermophysical
properties
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2.11.3.SCW HTC correlations developed for Bundles

While the correlations presentedthe previous sections provide a conservative estimate of
heat transfer inside channels (as they were developed predgminatly baretube data),
they would not capture enhancement of heat trandfer to appendages present in bundle
geometries. Dyady@n andPopov (1977]13] developed a correlation for a tightefement
bundle, which fit £20% of the 504 experimental data®set.

38 8 38
Bl m8ic oy 'H EE — — —  p c®&— (2.18)

The experimental setup used short, finned bunflles 0.5 m) at the following parameters:
P =24.5 MPaT, =907 570 C, G = 5007 4000 g/rs, q < 4.7 MW/n? [13].

This correlation was developed for application in transport (naval) reactors and not for power
reactors. Correlations developed for certain bundle geometries are very inaccurate when
applied to other geometries. However, since this correlatastevelogd specifically fora
7-rod bundlewith helical fins, it will be interesting tapply tothe experimental datased in

this work (single and 3rod bundleswith helical fing.
2.12. Objectives

In light of the literature review, the objectives of this worklgsted below:

1. Propose and verify a universal method to accurately predict wall temperatures and
HTCs using HTC correlation(s) for various annuland bundleflow geometries
cooled with upward flow of SCW.

2. Investigate onset of DHT and IHT regimes in vasicannular and bundleflow
geometries cooled with SCW compared to bare tubes.

36 Hexagonal bundle design:rods (6 peripheral +1 centr@iod = 5.2 mm,L = 0.5m), each rod is equipped
with 4 helical fins (fin height = 0.6 mm, thickness = 1mm, helical pitch = 400i18})
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Chapter 3. Methodology and Experimental Datasets

This chapter outlines the methodology used to complete thdraaster analysis, which was
conductedto meet tke objectivegdiscussedri the Introduction andin Section2.12 In this
work, empiricalHTC correlationsvereused to model heat transfer in sevesiabple bundle
flow geometries’ This wasperformed by writingone-dimensionalheat transfenumerical

modek in Matlaband comparinghe RMS error®f each correlation

The methodology presented in this chapter is broken down into seeetadnswith each
section detailing a differemxperiment ananodel

Section3.1 outlines the test facility and test secsaf the single and -8od bundle trials
conductecat t he Nati onal Techni cal Uni vef@ Bl ty of
in 200, and he methodology used to develop a numerical m¢d@&]. For these trials,
experimental wall temperaturesereused tocalculatethe trermal conductivity of thdneated

rod(s).

Section3.2outlines the methodologyused to calculateesultantUO, fuel temperature profiles
of the singlerod channelexperimentsdiscussed in Sectio.1 using both a spline ofthe
experimentally measured inner wall temperatureBoWn inTable A-1) and outer wall

temperatures calculated usidgckson (20023].

Section3.3outlines the test facility and test sectimirthe 2x2 rod bundle trialsonductedn
the SWAMUP test facility at Shanghai Jiao Tong University in 2@ he methodology
used to develoghe numerical model is presentgty]. Outer wall temperatures, calculated
from experimentally measured inner wall temperatureste trascribed from Zhao et al.
(2015)[47].

37 The Dyadyakin and Popoy1977)[13] correlation was the only nelpare tube correlation used. It was
developed for a shortbd bundlewith helical fins
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3.1. HeatTransfer to SCW Flowing Upward in Vertical Single-Rod and 3-Rod Bundle s

The following section outlineghe experimental setup ansethodology used to modéte
experimentalsetupof SCW flowing upward ira singlerod and 3rod bundleflow geometry
obtainedinanSCWlop at the National Techni cal Uni ve
I nstitut[480 in 2009

3.1.1. Test Facility

The SCW experi mental -Stee (89 lodpsperating afipregserasiup St a i
to 28 MPa and at tempeures up to 700°C. Chemically desalinated water (pH = 7.5 and an

aver age har dreguvkg) vat usdll .a®a coajant. Test sections were installed
vertically with an upward flow of SCW and were directly heated with a 90 kW AC power
supply, as shen in Figure 3-1.

-

Figure 3-1. A general schematic of SCW experimental setugt KPI [49].
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4 | Boosting pump | 8 urbine 12 | Test section | 16 | Cooler
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32



3.1.2. TestSection Design

Heated elements in each flow geometry consist kbllow rod that has a 486hm heated
length (rods are actually thiwall tubes) withfour helical ribs wound over a 4G6m pitch,
as shown irFigure 3-2 & Figure 3-3. SCW flows in the gap between a heated rod and a

cylindrical flow tube(displacer).

Figure 3-2. 3-D image of a heatedingle-rod annular channel [49].

Figure 3-3. 3-D image of aheated3-rod bundle channel [49].

The singlerod annular channel setup allowed the formation of a peripheratisamnel,
whereas the flow geometry in the channel with theo® bundle allowed the formation of
central and peripheral sudtannels, as shown Figure3-2 & Figure 3-3, respectively.Rods
were heated through direct heating withAdiernatingCurrent (AC)going through thevall(s)
of therod (tube).
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Calibrated SS fins of 0.om thickness welded to the rogovided a Inm gap between the
rod ribs and a shaped dielectric displacer, as showigine 3-4. The displacers were inserted
into pressure tulseof 18/12mm (annular channel) and 32/2@m (3rod bundle channel)

OD/ID diameters, respectively.

Parameters of Heated Rod(s)
Inner Diameter of rod: 4.5 mm
Outer Diameter of rod: 5.2 mn
Height of ribs: 0.6 mm
Width of rib: 1 mm
Heated Length: 485 mm

@ SS pressure tube

Shaped dielectric displacer
0 sCwW

N\ SS Distancing fin

Figure 3-4. Radial crosssection ofan annular channel anda 3-rod bundle [49].38

Hydraulic equivalent diameters were determined to be 2.67 mthef@inglerod channel and
2.40 mm forthe 3-rod bundlechannel The hydraulieequivalentdiametes are calculated

using Equation(2.7).

Wall temperéures in the test sections were measured using seven thermocouples installed
along the heated length on the inner surface of a heated rod (tube) at 95, 195, 255, 315, 375,
415, and 475 mm from the inlet of the heated section (the first thermocoupletésiibegond

the entrance regiaii/Dny > 25). Each thermocouple was tightly engraved into a copper plug

of a diameter equal to the inner diameter of the rod (tubkg. plugs were coverauith heat

resistant silicone resin that provided electrical insulati@ood contact and high thermal
conductivity of the copper plugs allowed the measurement of an average temperature in each

cross section with good response tinkhis was verified bysothermal tests.

Bulk-fluid temperatures were measured by using chrahehel ungrounded sheathed

thermocouples of 0.2iam diameter (wire) inserted into the fluid flow inside mixing chambers.

38 SS-304 properties are used to approxinthieelectrical resistivityand thermal conductivitgf theUkrainian
stainless steet2Cr8NilTi Stainless Steel (which is used in this experiment) as they have similar candent
the material properties of S84 are publicly available.
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These chambers were used to minimize -maiformity in a crosssectional temperature
distribution and to dampen pressure pulsations within the test sections. Inlet and outlet

sections of hydrodynamic stabilization were provided.

3.1.3. Instrumentation and Test Matrix

The following test section parameters were measurezhloulated in the experiments (text
matrix is listed inTable2-1):

i Teg-section current and voltage, whiakere used to calculate the power.

9 Pressure at the tesction inlet.

1 Bulk-fluid temperatures at the test section inlet and outlet.

1 Thermocouples were calibrated within the temperature range°Gfi2850°C.

1 Innerwall temperatures of the heated rod(s) were measured by using a probe with

seven thermocouples.

Table 3-1. General test matrix for annular channel and 3rod bundle trials.

Flow Geometry General test matrix
Tin,°C g, MW/m? G, kg/m?s
Single-rod channel 12571 352 1.031 3.45 80071 3000
3-rod bundle channel 12571 337 1.257 4.58 10007 2700

The instrumentation used to measure the loop parameters was thoroughly checked and

calibrated. The maximum uncertainties of primary parameters are listédbie3-2.

Table 3-2. Uncertainties of measured and calculated parametergi9].

Parameters Maximum Uncertainty

Inlet pressure +0.2%

Measured Parameters | Bulk-fluid temperature *+3.4%

Wall temperature +3.2%

Massflow rate +2.3%

Heat flux +3.5%

Calculated Parameters Wire T157%
Heat loss O 3. 4%

Experimental dataasrecordedusing a Data Acquisition System once required power levels
and flow conditions were reached and stabilized (sts#atg conditions)Increases in power
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were limited by the wall temperature; a power trip was set up at atevatlerature of 62C.
Heatloss characteristics of the test sections were determined prior to performing experiments,

as shown iMable3-2.

3.1.4. ExperimentaData Sets

The experimentalinner wall temperatures fainglerodand 3rod bundle trials are presented
in Appendix A The data set is analyzed usiagprogram written in Matlap shown
in Appendix B which calledpropertiesof waterfrom NIST REFPRORat each iteratiofi].*®

3.1.5. Variable Heat Fluxalongthe Heated Length

Since the rods (tubes) were electricdibated, the electrical resistance of a rod (tube) is
directly dependent on local wall temperatures through the electrical resigtimitntrinsic

property,*which can be obtained from a reference table specific to the rod m@@ijial

v o)

(3.2)

Linear interpolation isised to approximate electrical resisipMitetweerthe seven measured
wall temperature pointsvVariationin electrical resistivitplong the heated length in the single
and 3rod bundle trialss illustrated inFigure 3-5; data pointan Figure 3-5 are determined
using experimentally measureidner wall temperaturgalues, andhe lines connecting them

representinearly interpolatedralues

39 Thermal and transport properties of water were retrieved frofi RIEFPROP vesion 9.0 softward63].

The properties of water in NIST are based on the 1995 formulation by the International Association for the
Properties of Water and Ste§®, 61,62].

40 An intrinsic property is groperty of the material itself, independent of how much of the material is present or
its form.
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Single-rod channel
—e— Figure4-1,q=1.543 MW/m
*— Figure4-2, q = 1.758 MW/nd
—a— Figure4-3,q=2.033 MW/m
—o— Figure4-4, q = 2.244 MW/}
—a— Figure4-5,q9 = 2.547 MW/M
3-rod bundle channel
—e— Figure4-6, Tin = 166°C
—»— Figure4-7, Tin = 212°C
—v— Figure4-8, Tin = 277°C

-

o

N
T

Electrical Resistivity, x10'8, Ohm-m
[{e]
N

©
(o4
T

Heated length

90 : ‘
0.0 0.1 0.2 0.3 0.4 0.5

Heated Length, m
Figure 3-5. Variation of electrical resistivity for SS304along the heated length.
Changes in electrical resistivigcross the heated length the singlerod annular channel
trialswere less than 5%rqO 2 .MRVAT and ~ 9% foilg = 2.547 MWn?. This is due
to a large spike in wall teperature at the outlet region due to onset of DHT (discussed in
Section4.1.5. Variationsin electrical resistivity were greater than 5% for alidgl bundle

tests.

The dectricalresistancef a single electrically heated(hollow) rod (where thecrosssection

illustratedin Figure 3-4), is determined usinghe following equation

Y (3.2)

However,the electrical resistancef three electrically heated(hollow) rodsin parallel(the

crosssection illustratedn Figure 3-4), is determined using the following equation:

. 20
Yoo (33)

Electric currentflowing through a rod is a function ofboth: the power generatedand the

electrical resistance.
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0 — (3.4)

Therefore, theelectriccurrentflowing throughthe (hollow) rods) in eitherexperiment can be

expressed in terms tife powerandaverage resistanaver all axial positioné!

o - (35)

Finally, local heat flux (assuming variable heat fluxpifunctionof electriccurrentandlocal

electricalresistance

n — (3.6)

The equation above illustrates that the resultant power in a rod will be dependent on its local

wall temperature, and thus the heat flux will vary slightly along the heated length.

35 .
} I | Singlerod channel
- | |—Figure4-1,q = 1.543 MW/
30| | | Figure4-2, q = 1.758 MW/n?
I | Figure4-3, q = 2.033 MW/ni
o |
§ i _/*: —— Figure4-4, q = 2.244 MW/n#
= 251 | |—Figure4-5,q = 2.547 MW/ni
P | |
E } : 3-rod bundle channel
© | | . _ o
£ 25 | | i Figure4-6, Tin = 166°C
5 | i Figure4-7, Tn = 212°C
(e}
- i : Figure4-8, Tn = 277°C
| |
1.5 |- |
I i
| I
l Heated length I
10 | = ) 1 ) 1 |
0.0 0.1 0.2 0.3 0.4 05

Heated Length, m
Figure 3-6. Variation of heat flux along the heated length.

41 The average resistance is calculated by taking an integral of the resistances over all se¢b@arthyiding
by the total number of sections,
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The heat flux along the heated length in the annular channel etases shown ifrigure 3-6,
mirrors the trends of the electrical resistariegre3-5).

Volumetric (electricheat generation in the hollow rod can be derived from the heat flux

eqguation for a given geometry.

NH D A ——"0 (37
Which simplifies tothe following equation foa hollow rod geometry

, 20

A — (38)
3.1.6. Determination of Experimental HBC

By applying a heat balance to the test section waitlaxial-stepincreaseset to 1 mm,and
assuming negligible heat lossdke change in the specific enthalppetween two axial

positions,can be determinefb1].
30— (3.9)

In both tessections, pressure lossdeng the heated length were consideregligible The
bulk-fluid temperature can be determined based on a calculated sygatifadpy value and a

corresponding pressure in a particular cross sefitjn
Y QO (3.10

Thermophysical properties of 8Cat each cross section wereaahted based on the inlet
pressure anthe local bulkfluid temperature using NIST REFPRQH software Outer wall
temperaturg at the rod surface (disregarding finaye determined by deriving a general
solution for the temperature distribution in a tube with uniform volumetric heat generation
[51]. Steady state conditions aade dimensionalradial heat conduction were assumed.

Yir o Yi "t 0d T—'; (3.12)

However, due to the presence of ribs on the surface of the rods, as sheguré3-4, there
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wasa change in theuter diametedependingon locationcausinga variation intemperature
at the surface dhe rod Thus, the temperature at the rib tip must also be determined.

oY = h " op O J I“—h (3.12)

Given these two temperatgrea perimeterweightedtemperaturewasusedto determine the
average temperature of the outer wall.

hh

Y il (3.13)

Using the average outer wall temperaturee Wt onés | aw of Cooling ca
the experimental HTCas the rate of convectiqrer unit areas inverselyproportionato the

temperature differencleetween the wall and the bilkid.

0°Y6

- (3.14)

3.1.7. Determination ofCalculatedinner Wall Temperatures

The calculatedinner wall temperaturewas determined by determining the outer wall
temperatureusing HTC correlatone nd t hen applying Fourier s
concentric cylinder geometry.Section2.11 summarizes SCW HTC correlationsed to

predictouter wall temperatusdby determining the HT@t each axial iteratiof62].#?

i o— Y (3.15)

Outer wall temperatuecalculated usingHTC correlatiordo notaccount for the presence of
ribs (which act like fins; i.e. improve heat transfefhe efficiency ofarib is dependent o

the ratio of actual tamaximum temperature between thib baseand thebulk-fluid [51].43

42The calculated outer temperature is not the perimeter weighted as the presence of ribs is accounted for later in
the sectionusingfin equations.

43 Maximum heat transfer from the fin can be achieved by having infinitenlleonductivity KA B) ; t hi s
allows the temperature at the base of thedireachthe bulkfluid temperature.
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- 2 0 j (3.16)

Equation (3.16) can be simplifiedif the tip of a single rectangular ribis assumed to be
adiabatid51].4

- (3.17)

Where:
a« 5 (318)

Given that convection frorafin tip is rather complex, itis prudent &pproximateheatloss

from the fin tip byassuming it is insulated, and usingarectedin length [51].

6 0 — (3.19

The overall surface efficiencgf a rod equipped witfour ribs attached isharacterized by

the following equatiorj51]:

- 20 § (3.20)
Giventhat
6 03 0 (3.22)

WhereN represent theaumber of ribs attached to the r@d represents the area of the rod that
is not covered by the réhandA, represents théotal surfaceareaof arib.

Equation(3.20) can be simplifiedf the rib tips are assumed to hdiabatid51].
- P — P - (3.22

Once the overall fin efficiencysidetermined, the effect of all four ribs wall temperature is

44 An adiabatic process is a process where no heat or matter is transferred between a thermodynamic system and
its surroundings.
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captured bythe followingequatiorf®

Y 5— Y (3.23)
The error at each measured point is defined as:
%001 -6— (3.24)

Root Mean Squared (RMS) Error analysis was useddetermine the deviation of

experimental inner wall temperatures from their calculated countefparts.

2. %00 &— pump (3.25)

3.1.8. Flowchart of Method for Sectioh 1

Figure 3-7 illustratesthe methodology presented above as a flowctaibetter explain the
steps taken in thisection

451t should benoted that ribs in this experiment are helical. However, there is no explicit way to impteenent
twisting of the ribgnto the model. Since a helical scenario would increase turbulence, and thus improve heat
transferthe model is assumed to provideonservative estimate of the experiment.

46 RMS error is used in this thesis instead of Mean Absolute Error as it gives a greater weight to large errors,
since in this case, they are particularly undesired.
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Import Text Files
— Experimental wall temperatures
— Stainless steel material properties

Single-rod Choose Channel 3-rod bundle

Experiment Specific Parameters
— Obtain experimental parameters based on selected experimental trial
Set number of iterations, n
— Calculate hydraulic-equivalent diameter based on selected geometry
— Calculate rib characteristics
— Find pseudocritical temperature based on pressure of selected experimental trial
— Calculate profile of electrical resistance in rod based on imported inner wall temperatures

Fori=1:1:n

Bulk-Fluid Calculations
— Calculate heat flux profile at / based on clectrical resistance profile
— Calculate bulk-[luid temperature, Tp, at 7 using bulk-[luid enthalpy and heat [lux prolile
— Call bulk-fluid properties at / from NIST REFPROP assuming constant pressure

3-rod bundle

m=7 m=35

v

:

3. Dyadyakin and Popov (1977) [13] } ginale-roq
i Sing
'

| for correlation =1:1:m I:

L _ — S =
Set: Tassimeds = Tp +5°C Set: T-asunedit = Tassumed 1 |

A A\ 4
‘Wall Temperature using HTC correlation
— Call properties from NIST REFPROP at 7', umeq; assuming constant pressure
Calculate HTC using HTC correlation
— Calculate wall temperature, 7., using Newton’s cooling law and calculated HTC

S L — I8 [P Torsasnandt 057G

Wall Temperature
— Calculate fin efficiency then determine overall fin efficiency
Calculate outer wall temperature at rib base using overall fin efficiency
— Determine inner wall temperatures using the equation for conduction in a concentric cylinder

X, . sa
Is correlation = m

RMS Error Calculation and Experimental Outer Wall Temperature
— Calculate RMS errors lor inner wall temperatures
— Calculate experimental HTC based on perimeter averaged outer wall temperature

Figure 3-7. Method used to calculate inner wall temperature for the experiment
outlined in Section3.1
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3.2. UO; Fuel Temperature Profiles of SingleRod Annular Channels

The relevance of the experimental data detailed in Se8tiolo nuclear engineering can be
illustrated by modelling heat generatiomthe singlerod annular channel triatsy UG, fuel

pellets rathethan by electrical resistance.

3.2.1. Design of Nuclear Fuel Model

To obtain a more representative model, the same channel geometry, pressure, mass flux, and
heat fluxes as the experimental triaissused. The possibility of applying these experimental
conditions in nofresearch applications is dependent on ensuhagthe maximum U@fuel

temperature does not exceed the industry accepted operating limit of 1830°C

12.0mm 12.0mm

Parameters of Heated Rod(s)
Inner Diameterof rod: 4.5 mm
Outer Diameterof rod: 5.2 mm
Height of ribs: 0.6 mm
Length of ribs: 1 mm

M SS pressure tube

[ Shaped dielectric displacer
B SCW

\ SS Distancing fin

W UO: fuel pellet

18.0mm
-« >

18.0mm
-«

=
=
L
00

=
=
&
00

Figure 3-8. Crosssectional view of: arelectrically heated andUO: filled single-rod
channel [54].

In the experimental test section, wall temperatures were measured using seven thermocouples
installed along the heated length on the inner surface of the heated rod (tube); the first
thermocouplewas located beyond the entrance reglddg, > 25)[48]. A spline of theseven

experimental inner wall temperatsre&asusedto obtain arouter walltemperatureorofile.

3.2.2. Heat conduction through Stainless St88#4 sheath

Since experimental electrical heat generation was givennstef heat flux, the equivalent

value of volumetric heat generationll®; fuel isa function ofthe geometry’

47 It was assumed that there was no gapfubkepelletdiameter is equal to the inner SS sheath diameter.
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o)e}

- (3.26)

Table 3-3 relates given experimental heat fluxes to equivalent volumetric heat generation
values based on the rod geometry showhRigure 3-8. It should be noted thale valuesin
Table 3-3 are averagedfor easier readability)howeverthe calculations acaunted for a

variationof heat flux due to changes in electrical resistance along the heated length.

Table 3-3. Experimental heat fluxes versus their corresponding volumetric heat

generationvalues[54].
Trial Heat Flux, MW/m? | Volumetric Heat Generation, MW/m?
1 1.543 2048
2 1.758 2334
3 2.033 2699
4 2.244 2979
5 2.547 3381

The wall temperature of th8S304 sheath is determined by calculating the Hiising the
Jackson (20028] correlatiorand then compensating for the presence of ribs using the overall
fin efficiencyi- . The Jackson (2002)3] correlationwas used ai has some sensitivity of

wall conditions, and thus can capture, to a limited extent, onset of DHT.

00

. A v
Vho5os o Y (327

Given the thickness of the S®4 sheath (0.fhm) compared to the diameter of the LiQel
(4.5 mm), and the thermal conductivity of -884 sheath (~ 21 W/m-K as shown in
Figure 3-9) comparedo that of UQ (~ 2.5 W/m-K as shown iRigure 3-10), it was deemed
unnecessary to conduct an iterative approach on the radial change in temperdier8&f t
304 sheath. Rather, the inner sheatkntiperatureis determined using a modified form of
Fourier's law for conduction in concentric cylindgs2].

2 (0 Fs

Yio Ye o 55—l 1L (3.28)

h

Since thermal conductivityn the literaturds only available for some temperatures for SS
304 (data points illustrated iRigure 3-9), interpolation is usefb5].
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Thermal Conductivity, W/ mK

18 1 1 1
300 400 500 600

Temperature, °C
Figure 3-9. Thermal Conductivity variation of SS-304 between 250°C 600°C

As shown irFigure 3-9, the thermal conductivity of the S¥4varies linearly between 250°C
and 600°C.

The change in théhermal conductivity both axially and radially can be deteraainby
assuming uniform heat generation rate in the fuel pellet. The thermal conductivity for 95%
dense UQis defined by the correlation shownkigure 3-10 [56].
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40 Where t =T /1000, Tis measured in Kelvin.
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Figure 3-10. Thermal Conductivity variation of 95% dense UG between 500°Q
2500°C.

Heat conductions proportional to the themal conductivityandtemperatureg55]. The fuel
temperature was calculated using an analytical solution to temperature distribution in a solid
with uniform heat generation. It was assumed that the temperature, at the outer surface of the

fuel was equal to thinner sheath temperature, and that there was nb@hp

"Y ‘| "Y h ‘| ‘l (329)

3.3. Heat Transfer to SCW flowing upward in a vertical 2x2 RodBundle

The experimental data of SCW flowing upward ir2®2 rod bundle flow geometry was
obtained in atBWAMUP test facilityat Shanghai Jiao Tong Universitp 2015for a wide

range of operating conditiofd7].
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3.3.1. Test Faciliy

The SWAMUP facility consists of the main test loop, a cooling water loop, a water
purification loop, and 1&C systerfd7]. The main testoop consiss of a circulating pump,

pre-heater, mixing chamber, two heat exchangacsumulator and test sectigias shown in

Figure3-11.

Heat

Exchanger ©- L
‘ PSV
| l :

Mixing - I i

®® } &

1 UOIIIS 33

Z UORJ3S 3531

Bypass Control

. 1a

I] Chiller

Flowmeter

Electric
Preheater (1)

—i

kl
Accumulator

Deionized

Water Tank

-
~_1

Circulation
Pump

PN

Figure 3-11. Scheme of the SWAMUP test facilitf Courtesy of Zhao et al. (2015)J47]).

The main technical parameteds the test facilityare listed infable3-4.

Table 3-4. Technical specification of the SWAMUP test facility[47].

I] Chiller
/

Plunger
Pump

Pump head at maximum flow rate

Parameters
Design pressure 30 MPa
Design temperature 550°C
DC power for test section 0.9 MW
Heating power fopre-heater 0.3 MW
Heat exchanger capacity 1.2 MW
Max. flow rate 1.39 kg/s
80m
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3.3.2. TestSection Design

The channetonsists of four(2x2) Inconet718 heated tube&hannel is 20.32 mm by 20.32
mm) and a ceram square tube(23.20 mm thickness) The hydraulic diameterwas
determined to b6.98 mm using Equation(2.7) [47]. The channel lengthis 1328 mm and is
supported by 5 or 6 spacgrids [47]. The outer square tube is unheated and coverdd wit

fiberglas insulation to minimize he#bss[47].

1.45mm-—»

23.20mm

1.45mm
-

00

23.20mm

Parameters of Heated Rod(s

Outer diameter ofad: 8 mm
Thickness ofwods: 1.5 mm
Heated éngth: 1328 mm

Thermocouple Locations

\ 4

1.45mm

%@®‘

€4—20.30mm—»

Legend

1@ Centralsub-channel
2. A Wall sub-channel
3.8 Cornersub-channel
4.$ Gapsub-channel

[] Ceramic square tube

O Supercriticawater
O Inconel718 tube

Figure 3-12. Radial crosssection of a 2x2 rod bundlechannel

3.3.3. Instrumentation and Test Matrix

More than 500 measurement points were recordegheriments werearried outwith test

parameters shen in Table3-5.

Table 3-5. Range of est parameters[47].

Pressure, MPa | Mass Flux, kg/nfs | Heat Flux, MW/m? Bulk-Fluid .
Temperature, °C
23, 25, 26 50071 1500 0.4071 1.50 31071 390

The figuresfrom which the datavastranscribed calculated thauter rod €mperaturesising

experimentally measureidner wall temperaturestite thermal conductivif s depenndenc e

temperaturewas considergd47]. Furthermore, Zhao et al. (201B)7] assumed that the
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volumetric power density in the tulveasuniform and &ial heat conductionwasnegligible
The uncertainties destparametes areshown inTable3-6.

Table 3-6. Uncertainties of primary parameters.

Parameter Maximum Uncertainty
Pressure +0.2%
Mass flow rate +0.4%
Fluid temperature +1.5C
DC current +1.0%
DC voltage +1.0%
Heated tube diameter +0.04 mm
Heated tube thickness + 0.02 mm

3.3.4. Experimental Data Sets

The outer wall temperatures transcribed from Zhao €2@i5) [47] for 2x2-rod bundle trials
are presented iAppendix E The data sewasanalyzed usinga program writterin Matlab,
shown inAppendix E whichcalled properties of water from NIST REFPR{R softwareat

each iteratior

3.3.5. Determination of Calculated Inner Wall Temperatures

By applying a heat balance to the test section with an-ategl increase set to 1 mm,dan
assuming negligible heat lossdke change in the specific enthalpy between two axial
positions can beleterminedusing Equation(3.9) [51]. The bulk-fluid temperature can be
determined based on a calculated spedfithapy value and a corresponding pressure in a
particular cross sectidb1].*® Thermophysical properties of 8Cat each cross section were
calculated based on the inlet pressure &mellocal bulkfluid temperature using NIST
REFPFROP [1] software

Section2.11summarizes SCW HTC correlations used to predict outer wall temperatyres
determining the HTC atach axial iteratiofb2].

48 Thermal and transport properties of water were retrieved from NIST REFPREIBn&10 softwarg63].
The properties of water in NIST are based on the 1995 forionlby the International Association for the
Properties of Water and Ste§60, 61, 62]

49 Pressure losses along the heated length were considlegédible
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Yioo— Y (3.30)

Newt onds | avasusedto e3mesd the Bxperimental HEQuation(3.14)), as the
rate of convectin per unit are@sinverselyproportional to the temperature difference between

the wall and the buluid.

RMS error analysis was used to determine the deviatiotheftranscribed outewall
temperatures from their calculated counterparts. RMS ealoes were determined using
Equations(3.24) & (3.25).

3.3.6. Flowchart of Method for Sectioi 1

Figure 3-13 illustrates the methodology presented above as a flowtthaetter explain the

steps taken in this section
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Import Text File
— Experimental wall temperatures

Figure 4 Figure 7

Experiment Specific Parameters
— Obtain experimental parameters based on selected experimental trial
— Set number of iterations, n
— Calculate hydraulic-equivalent diameter
— Find pseudocritical temperature based on pressure of selected experimental trial

A 4
e |

A

Fori=1:1:n

Bulk-Fluid Calculations
— Calculate heat flux profile at 7 based on electrical resistance profile
— Calculate bulk-fluid temperature, 7}, at / using bulk-fluid enthalpy and heat flux profile
— Call bulk-fluid properties at / from NIST REFPROP assuming constant pressure

T
1 Set correlation numbers 4

i 1. Bishop et al. (1964) [8]

» 2. Dittus-Boelter (1930) [2]

1 3. Dyadyakin and Popov (1977) [13]
1 4. Jackson (2002) [3]

; |
for correlation = 1:1:m |<

I Set: 7“,4_,,_‘_‘.“,,“,([., =T,+5°C Set: Tu‘-u.mmwd,: = Tu‘»u.v\xu/wd.A-l

v '

Wall Temperature using HTC correlation
— Call properties from NIST REFPROP at 7,,_ssqmeq; @SSUMing constant pressure
— Calculate HTC using HTC correlation
— Calculate wall temperature, 7). ;» using Newton’s cooling law and calculated HTC

- q - < | T T 50
Set: [w-m,cuuml.l - (Tvr—u,\w/m-d,l + T, -calc, 1-/) /2 Is |]“‘-<u/¢',l7 [\I‘-LL\‘UUI(’JJ ‘< 0.5°C

RMS Error Calculation

— Calculate RMS errors for outer wall temperatures and HTC values

Figure 3-13. Method used tocalculate inner wall temperature for the experiment
outlined in Section3.3.

52



Chapter 4. Analysis of Single-Rod and 3-Rod Bundle Trials

This chapteanalyes heatransfer to SCW flowing upwaiid annular and 3rod bundle flow
geometries Measured inner wall temperatures are compared against values calculated using
bare tube HTC correlationslo reduce errors that may arise duendo-uniformity of outer

wall temperaturg calculated inner wall temperatures will be compared to the experimental
data®® HTC profiles are showasareference tmtherexperimentshowever, te accuracy of

the HTCvaluesis lessthanthat of inner wall temperatur@alues asHTCs calculated using

bare tube HTQ@orrelationsdo not account for th@resence of rib%:

The range of heat fluxes in this experiment (outlined in Se@&idnis higher than those
applied in long bare tubes (16 m) due to the short length of the rods (only 0.48%4n}1,
58, 16, 36]

4.1. Bulk-fluid and Inner Wall Temperatures and HTC Profiles of Single-Rod Channel

Trials

Bulk-fluid temperatures were well below the pseudocritical temperataspite high heat
fluxes for all singlerod channel trials.Outer wall temperatures exceeded the pseudocritical
temperature wy for trials witha heat flux greater thad.2 MW/n.

1 Constant pessuran all trials. P = 22.6 MPaP¢-water= 22.064 MPa

0 Pseudocritical temperatur@pcazz.empa = 376°C

1 Constant rass fluxin all trials. G = 2000 kghs

1 Variable nlet temperatureTi, = 205°Ci 214°C>?

1 Variable eat flux g=1.543i 2.547 MWh?

HTC correlationshowninclude those proposed byBishop et al. (1964]8], Dittus-Boelter

50 For this geometry,reors may arise due to the unclear definition of outer wall temperature. For rods equipped
with fins, this thesis will takaweightedaverage obuter wall temperatussbased on the perimeter

51 Sincecorrelations do not account for ribs, the error asged with the inner wall temperature will differ from

that of the error associated with the HTC. This is because, while the experimental HTC is calculated using an
outer temperature that is corrected for ribs using EquéBi@3), the HTC determined using correlations is not,
which skews the plot of the experimental versus calculated HTC values.

52 The small variation of inlet temperatures between trials is notfigignt (less than 5%)and thusfor the
purposes of this thesis, thdet temperature can lmwnsidered a controlled variable.
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(1930) [2], Dyadyakin and Popov (1977)13], Jackson (2002]3], Krasnoshchekov et al.
(1967)[45], Mokry et al. (2011]36], and Swenson (196531]. It should be notedhatthe
maximum heat flux trial is outsidethe Mokry et al (2011)[36] c or r e lrangeiob n 6 s
applicability However, it was still included as it was basedr@Bishop et al. (1964]8]
correlation which isvalid atthis heat fluxrange Furthermore althoughthe Dyadyakinand

Popov (1977)13] correlationwas developed for bundles, not bare tubes, the majority of

correlations preseatl in this work were developed for bare tubes.

4.1.1. SingleRod Channel Trial,g = 1.543 MWh2

Figure 4-1 showsbulk-fluid temperatures, inner wall temperatyresyxd HTC profiles as
functiors of the heated length foupward flow of SCW ira singlerod annular channdbr a
heat flux of 1.543 MW/ (¢/G = 0.77 kJ/kg) andan inlet temperature &05°C>

53 The g/G ratio is showrhere,as all other parameters in the following trials are kept constant.
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Correlation proposed by:
——— ——— — Bishop et al. (1964]8] Krasnoshchekov et al. (196 7Yk
_______ Dittus-Boelter (1930)2] Mokry et al.(2011)[36]
—— —— —— Dyadyakin and Popov (1977)3] —-- —-- —Swenson et al. (196531]
--------- Jackson (2002[8]

. 34
IAnnular channel, heated rod with 4 helical ribs,

|SCW, P = 22.6 MPa, G = 2000 kg/m?s,
|T, =205°C, q,,,= 1.543 MW/m?, L, = 485 mm
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Figure 4-1. Bulk-fluid temperature, wall temperature, and HTC profiles along the
heated length ofa singlerod annular channet q= 1.543 MW/,

All correlationsillustrated in Figure 4-1 gave a conservative estimate dfie inner wall
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temperaturé? The error bars shown are based on values shoWakle3-2. Enhancemerst

in heattransferof experimental values as compared to HTC correlation predicted values is
most likely due tachannel geometry and r@gpendage®. At a heat fluxof 1.543 MW/n?,
bulk-fluid and wall temperatures were significantly lower than the pseudocritical temperature,
i.e. there was no significant deviation in thermophysical properties across any cross section,
which allowed accurate predicn of inner wall temperatures Experimental HTC values
ranged between 2529 kW/nfK. Table4-1 lists RMS erroscalculatedusingexperimental

inner wall temperature measuredt each of theseverthermocouple positions and the

corresponding valgeobtainedusing eachcorrelation®

Table 4-1. Inner wall temperature RMS errors in a single-rod annular channel, g =
1.543 MW/n?.

Correlation Proposed by Inner Wall Temperature RMS Error
Bishop et al. (1964]8] 5.0%
Dittus-Boelter (1930)2] 0.9%
Dyadyakin and Popov (1977]13] 5.1%
Jackson (20023] 1.7%
Krasnoshchekov et al. (196[4)5] 2.6%
Mokry et al. (2011]36] 7.6%
Swenson et al. (196%31] 7.3%

Most correlations accurately predidthe inner wall temperature.The Dittus-Boelter (180)
[2] correlationshowed the lowest RMS errdor inner wall temperaturavith the Jackson
(2002)[3] correlation having the second lowest. TWekry et al. (2011)36] correlationand

the Swensoret al. (1965)31] correlationshowedthe largest RMS errer

4.1.2. SingleRod Channel Trial,qg = 1.758 MWhHY

Figure 4-2 shows bulkfluid temperatures, inner wall temperatures, and HTC profiles as

54 A conservative estimate this thesis means that the walinperature was overestimated; even if the accuracy
is not high, the rod will noéxpectantlymelt due to underestimating the wall temperature.

55 Enhancements in heat transfer are characterized by éogperimentabvall tenperatures than thogeedicted
using bargube HTC correlations.

56 HTC RMS errors will not be shown because the perimeter averaged outer wall tempegaateighan the
outer wall temperature calculated using a correlation. Idher correlationobtaineduter wall temperature
causes a slight increase in HTC, which resuldeiceptively lower RMS error valae
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functions of the heated length for upwafidw of SCW in asinglerod annular channdbr a
heat flux of 1.78 MW/m? (¢/G = 0.88 kJ/kg),and an inlet temperature &07°C All other

parameters remained constématm the previous trial

Correlation proposed by:
——— ——— — Bishop et al. (1964]8] Krasnoshchekov et al. (196 7Yk
——————— Dittus-Boelter(1930)[2] Mokry et al. (2011)36]
—— —— —— Dyadyakin and Popov (1973] —-- —-- —Swensonetal. (196531]
--------- Jackson (20028]
— 34
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Figure 4-2. Bulk-fluid temperature, wall temperature, and HTC profiles along the
heated length ofa singlerod annular channet q= 1.758 MWn?.
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All correlationsillustrated inFigure 4-2 gave a conservative estimate dhe inner wall
temperature. The error bars shown are based on values showabte3-2. Bulk-fluid and
wall temperatures were well below the pseudocritical temper&dutee entire heated length
which is reflectedby a linearcalculated mner wall temperaturerofile. Expeimental HTC
values ranged between 2628 KW/ntK. Table 4-2 lists RMS errorscalculatedusing
experimental inner wall temperature measured at eatte severthermocouplepositions

and thecorresponding valobtainedusingeach correlation

Table 4-2. Inner wall temperature RMS errors in a single-rod annular channel; g =
1.758 MW/

Correlation Proposed by Inner Wall Temperature RMS Error
Bishop et al. (19648] 5.3%
Dittus-Boelter (1930)2] 0.8%
Dyadyakinand Popov (1977)13] 5.6%
Jackson (20023] 1.8%
Krasnoshchekov et al. (196/45] 2.6%
Mokry et al. (2011)]36] 8.3%
Swenson et al. (196531] 7.7%

Similar tothe trial with a heat flux 0f1.543 MWn?, most correlations predietl the wall
temperaturewithin 5% RMS error Again, the Dittus-Boelter (1930]2] correlationshowed
the lowest RMS errandthe Jackson (200338] correlatiorhad the second lowest RMS error
The Mokry et al. (2011)36] correlatiorandthe Swenson et al. (196831] correlatiorshowed
the largest RM&rrors.

4.1.3. SingleRod Channel Trial; q = 2.033 MW

Figure 4-3 shows bulkfluid temperatures, inner wall temperatures, and HTC profiles as
functions of the heated length for upward flow of SCW sir@lerod annular channdbr a
heat flux of 2.033 MW/rh(g/G = 1.02 kJ/kg),and an inlet temperature @&08°C. All other
parameters remained constémam the previous trial
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Correlation proposed by:
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Figure 4-3. Bulk-fluid temperature, wall temperature, and HTC profiles along the
heated length ofa singlerod annular channet q= 2.033 MW/,

All correlations illustrated inFigure 4-3 gave a conservative estimate of inner wall
temperature.The error bars shown are based on values showalile3-2. While bulk-fluid

temperatures were well below the pseudocritical temperaméer wall temperatures
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approachedhe pseudocritical regigrrausinga discontinuityin correlations that significantly
overestimated watemperature8’ While applying the Mokry et al. (2011)36] correlation

to thistrial, the convergenceriterion(basedoNe wt onds | awasoof me@aol i ng)
heated length of 0.480.nThis caused a rapid Bsnthe predicted wall temperature:150°C

rise in wall teanperature for a 1 mm axial stégnd a corresponding drop in HT.Civen that

the Dittus-Boelter (1930) [2] correlation didnot take into accountwall conditions it was

unaffected by the wallt e mp e r gtoximitye &os the pseudocritical temperature.
Experimental HTC values ranged betweeni 288 KW/nfK, which isconsistentwith the

previous trials Table 4-3 lists RMS errorscalculatedusing experimental inner wall
temperature measured at each of sle&enrthermocouplepositionsand thecorresponding

values obtainedusingeach correlation

Table 4-3. Inner wall temperature RMS errors in a single-rod annular channel g =
2.033 MW/m?,

Correlation Proposed by Inner Wall Temperature RMS Error
Bishop et al. (19648] 5.8%
Dittus-Boelter (1930)2] 1.0%
Dyadyakin and Popov (1977)13] 6.2%
Jackson (2002)3] 2.1%
Krasnoshchekov et al. (196/A5] 2.7%
Mokry et al. (2011)]36] 9.3%
Swenson et al. (196531] 8.0%

At higher heat flwes therewasan increase in RMS errfor mostcorrelatiors, as shown in
Table4-3 versusTable4-1. The Dittus-Boelter (830)[2] correlationcontinuel to showthe
lowest RMS error. t#en though it accounted fproperties at wall temperaturdietlackson
(20@2) [3] correlationcamein a close secondue to its variable exponent on the ratio of
specific heat The Mokry et al. (2011)36] correlationand the Swenson et al. (196531]

correlationcontinued to show the largest RMS errors.

57 While wall temperatures illustratedkigure 4-3 seem to berossinghe pseudocritical temperature, this is
somewhat misleading, as thage actually inner wall temperaturethe temperature of the fluid near the wall

is ~20°Cless than thoagthe inner wall. Correltions that significantly overestimated the outer wall temperature
predicted values near and/or equal to the pseudocritical temperature (which is a problem region for many
correlations) exhibited a discontinuity in the temperature profile.
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4.1.4. SingleRod Channel Trial; q = 2.24MW/n¥

Figure 4-4 shows bulkfluid temperatures, inner wall temperatures, and HTC profiles as
functions of the heated length for upwafldw of SCW in asinglerod annular channdbr a
heat flux of 2.244 MW/ (¢/G = 1.12 kJ/kg)and an inlet temperature ¢f10°C. All other

parameters remained constémam the previous trial
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Figure 4-4. Bulk-fluid temperature, wall temperature, and HTC profiles along the
heated length ofa singlerod annular channet q= 2.244 MW,
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All correlations illustrated inFigure 4-4 gave a conservative estimate e inner wall
temperature.The error bars shown are based on values showabte3-2. In this trial,the
outer wall temperature exceedt@ pseudocritical temperature causingny correlations to
exhibit the discontinuous behawrofirst observedn Figure 4-3. This discontinuity in wall
temperature predictiowas observed fothe Dyadyakin and Popov (1977]13] correlation
and the Mokry et al. (2011)36] correlationat a heated length df.443 m and 0.338 m,
respectively Furthermore,at a heated length of 0.483 the Sweanson et al. (1965]31]
correlationdid not convergeat all, resulting in a lack of a predicted wall temperature for the
remainder of théneated length Although the Dyadyakinand Popov (1977]13] correlation
showed astep increasean wall temperature, it was not as severe as thabheoMokry et al.
(2011)[36] correlation However, it was stilinexpectedo observe a break in predicted wall
temperaturegiven thatthe DyadyakinandPopov(1977)[13] correlatiorwas developedsing
short7-rod bundle with rod appendages similar to thogged in thisexperiment. It should
be noted that whiléhe Bishop et al. (1964B] correlationuses the same form te Mokry

et al. (2011]36] correlation it did not exhibita discontinuity in wall temperature prediction.
Experimental HTC values ranged betweeni288 kW/ntK. Table4-4 lists RMS errors
calculatedusing experimental inner wall temperature measured at each ofethen

thermocouplepositionsand thecorresponding valeobtainedusingeach correlation

Table 4-4. Inner wall temperature RMS errors in a single-rod annular channel g =
2.244 MW/m?,

Correlation Proposed by Inner Wall Temperature RMS Error

Bishop et al. (19648] 5.6%
Dittus-Boelter (1930)2] 1.0%
Dyadyakin and Popov (1977)13] 7.1%
Jackson (20023] 2.0%
Krasnoshchekov et al. (196[45] 2.2%
Mokry et al. (2011)]36] 44.8%
Swenson et al. (196531] N/A

The Dittus-Boelter (1930]2] correlationcontinual to show the lowest RMS error withe
Jackson (20073B] correlatiorin a close secondlhe RMS error forthe Swenson et al. (1965)
[31] correlationn Table4-4 is shown asiot applicablas the correlation was unableui@dict

awall temperature.
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4.1.5. SingleRod Channel Trial; q = 2.547 MY&Y

Figure 4-5 shows bulkfluid temperatures, inner wall temperatures, and HTC profiles as
functions of the heated length for upward flow of SCW sirglerod annular channdbr a
heat flux of 2.547 MW/ (¢/G = 1.27 kJ/kg)and an inlet temperature ¢f14°C. All other

parameters remained constémam the previous trial
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Figure 4-5. Bulk-fluid temperature, wall temperature, and HTC profiles along the
heated length ofa singlerod annular channet q= 2.547 MW",
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Unlike previoustrials, at a heat flux of 2.54KMW/m? there issignificantdeterioratiorof heat
transfer near theoutlet of thetest section which resulted in aapid increase inwall
temperature as shown irFigure 4-5. The error bars shown are based on values shown in
Table3-2. The correlations proposed [Bishop et al. (1964)8], Dyadyakin and Popov
(1977)[13], Mokry et al. (2011]36], and Swenson et al. (196531] all exhibitedsome level
of discontinuity in wall temperature prediction While, the Mokry et al. @011 [36]
correlationshowed the largestiscontinuity the Swenson et al. (196%31] correlationdid
not converge at all for songections of the heated lengtiihe Jackson (20023] correlation
showed a small discontinuity that actually sovhat followed the trend of the wall
temperature however, the walldmperature was underestimatelxperimental HTC values
ranged between 11828 kW/nfK due to onset of DHT.

While the Krasnoshchekov et al. (196[45] correlagionhas not beeaxplicitly mentioned in
the sulsections above, Wwaspredictingresults only a few tenths of a percent greater than
those ofthe Jackson (2002)3] correlation® However in this trial, bulk-fluid and wall
conditions causedthe Krasnoshchekov et al. (196735] correlationto predict one wall
temperature in an iteratiamsing one exponenthen in the nextteration, predict one vastly
different due to the use of a diffeme exponent. This would result in an endless loop as the
predictedemperature would simply alternate betweesdte/o temperatures Furthermore,
since the temperature rangeas not complete, thisorrelation could notpredict wall
temperature for the majority diie region near the test sectiontlet Table4-5 lists RMS
errorscalculatedusing experimental inner wakmperature measured at each ofgbeen
thermocouplepositionsand thecorresponding valesobtainedusingeach correlation

58 This is to beexpected agshe Jackson (2002|3] correlationis in fact an improved version dhe
Krasnoshchekov et al. (196[A5] correlation

64



Table 4-5. Inner wall temperature RMS errors in a single-rod annular channel, g =
2.547 MW/m?.,

Correlation Proposed by Inner Wall Temperature RMS Error

Bishop et al. (19648] 7.8%
Dittus-Boelter (1930)2] 6.7%
Dyadyakinand Popov (1977)13] 13.0%
Jackson (20023] 5.0%
Krasnoshchekov et al. (196[A5] N/A

Mokry et al. (2011)36] 91.1%
Swenson et al. (196531] 13.7%

Interestingly, due tdhe Jackson (2002)3] ¢ o r r e |lvariable @xp@nents, it showed the
lowest RMS error in this trial witthe Dittus-Boelter (1930)2] correlationthis time coming
second. While the RMS error usinghe Dittus-Boelter (1930]2] correlationwas low, it was
completely insensitive to the region of DHT near the test channel olithetRMS error for
the Krasnoshchekov et al. (196[45] correlationwasshown inTable4-5 asnot applicable
as the correlation was unable to provide a predicted wall temperatutresechannel

conditions

4.1.6. Discussion orCorrelation Accuracyn SingleRod Trials

Experimental HT values ranged between RSB0 kW/ntK for all singlerod experimental
trials, except in the region of DHT iRigure 4-5 (¢/G = 1.27 kJ/kg)where it decreased
significantly to ~ BKW/n?K. Onset of DHT in single¢od channels occurred at a significantly
greater value of heat to mass flux than in bare t(ty€s= 0.7 kJ/kg) discussed in Sectich8.
For trials witha heat flux greater thath MW/n¥?, most correlations had discontinuity in the
calculatedvall temperatureprofile. This occurred because the convergesriterionwas not
met without anabrupt increase in wall temperatutbe difference between two consecutive
calculated wall temperature values the point of discontinuitfa 1 mm axial stepwas
~150°C. Therefore, it seems prudent to discuss dbdity of theseSCW correlationsat

predicting heat transfer to SCW flowing upward in siagld channels
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Table 4-6. Summary RMS error for all single-rod annular channel tri als

Inner Wall Temperature RMS Error

Correlation Proposed by | q=1.543| q=1.758| q=2.033| q=2.244| q=2.547

MW/m? | MW/m?2 | MW/m? | MW/m? | MW/m?
Bishop et al. (19648] 5.0% 5.3% 5.8% 5.6% 7.8%
Dittus-Boelter (1930)2] 0.9% 0.8% 1.0% 1.0% 6.7%
aéaf?y)a[‘ll(ga”d Popov 5.1% 5.6% 6.2% 71% | 13.0%
Jackson (20023] 1.7% 1.8% 2.1% 2.0% 5.0%
g;;;;[zgihekov etal. 2.7% 2.7% 2.7% 2.2% N/A
Mokry et al.(2011)[36] 7.6% 8.3% 9.3% 44.8% 91.1%
Swenson et al. (196531] 7.3% 7.7% 8.0% N/A 13.7%

RMS errorfor the Bishop et al. (1964]8] correlationvaried between 5 8% for almost alll
trials, whichis significant However, it had lower RMS error valussn many of theother
correlationsshown inTable4-6. Unlike other correlations, which grossly overestimated wall
temperaturg, the Bishop et al. (1964]8] correlationgave a realistic conservative estimate

even h regions of DHT (although only just, as showrrigure 4-5).

The Dittus-Boelter (1930)2] correlationwasthe easiest correlation to use, afigtnot require
an assumption ofvall temperature. It had tle lowest RMS ernofor all trials except in
Figure4-5. This is because once wall temperatures neared the pseudocriticatheoatyas
a total lack of response from the correlation, as itis dependent solely effumiiéonditions.
Part of the reason why the RMS error is so loweshapsdue to tle fact thecoolantin the
first four trials isa compressed fluichs discussed in Secti¢h6, which means itbehaes

similar to subcritical water.

Although the Dyadyakin and Popov (1977)3] correlationwas developedsing a short 7-

rod bundle withrodappendages similar to thosgthis experiment, it was unable to accurately
predict wall temperature. The RMS error rangpetiveensi 13%, which is relatively high
when compared tthe Dittus-Boelter (1930)[2] correlation Furthermore,the correlation

exhibited a discontinuity as shovimFigure 4-5.

The Jackson (2002)3] correlationshowed good agreement with experimental values for all
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singlerod channel trials; RMS error ranged around 2% exceptignre 4-5 whereit was

~5%. Although the Jackson (2002R] correlationwas developed for batebes, the varide
exponents allowed accurate prediction lufat transfereven when walltemperatures
approached the pseudocritical temperatutdnlike the Dittus-Boelter (1930)2] correlation

which was insensitive to areas of rapid rise in wall temperature (DHT), wall temperature was
incorporated into the correlation which allowed some sensitivity to wall conditions, as shown
in Figure 4-5. It should be noted that whitlee Jackson (20048] correlationdid experience

a discontinuity in wall temperature, it was very small.

The Krasnoshchekov et al. (196745] correlationshowed good results fdfigure 4-1 1

Figure 4-4 with RMS error only slightly greater thathe Jackson (2002)3] correlation
However, the ranges of the exeoits were not holisti¢it did not account for some wall
temperatures); this caused an inabilitthe calculationof wall temperature for someartof

the test section, as shownkigure 4-5. Due to thisthe Krasnoshchekov et al. (196[45]
correlatiorwill not be further analyzed in this thesis, as the correlation seems to be incomplete

for these experimental conditians

The Mokry et al.(2011) [36] correlationhad the largest RMS errqrg was unable to
accurately predict wall temperature, even at the lowest heat flux, as shéwguiae4-1. It
should be noted that all heat fluxes presented lie outside its range of applicability. However,
the Bishop et al. (1964]8] correlationwhich shares the same fonwith similar exponents,
had RMS error¢essthan half those athe Mokry et al. (2011)36] correlation The Mokry
et al. (2011]36] correlationwill alsonot be used in the-Bd bundle trialgas itsignificantly

overestimatedvall temperaturs.

The wall temperature approacked bythe Swenson et al. (196%31] correlationwas not
able to predicivall temperaturgit had one ofargest RMS errain everytrial. Furthermore,
the convergence criterion could not be satisireBigure4-4. Thereforethe Swenson et al.
(1965) [31] correlationwill alsonot be used in the-Bd bundle trialsas it significantly

overestimatedvall temperaturs.

To summarizethe correlationproposedy Dittus-Boelter (1930]2] and Jackson (20023]

showedthe best agreementith the experimental results of SCW flowing upward in a sigle
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rod channel.

4.2. Bulk-flud and Inner Wall Temperatures, and HTC Profiles of 3-Rod Bundle

Trials

Bulk-fluid temperatures were well below the pseudocritical temperature despite high heat
fluxes for all 3rod bundle trials. However, unlikiihe singlerod trials, wall temperatuse
regularlyexceeded the pseudocritical temperatieng the heated length.

9 VariablepressureP = 24.5 27.5 MPa P¢r.water = 22.064 MPa

0 Pseudocritical temperatur@,capasvraz7.smpa = 383.1/393.7°C

1 Variablemass flux:G = 150Q 2700 kg/r’s

9 Variable nlet temperatureTi, = 166, 212277°C

1 Variable leat flux: g = 3.07,3.2 MW/n¥

HTC correlations that will be shown includeose proposed bBishop et al. (1964)8],
Dittus-Boelter (1930)[2], Dyadyakin and Popov (1977)1L3], and Jackson (20043].
Krasnoshchekov et al. (196[A5] is not illustrated for this experiment, as the exponent range
was discontinuous; i.e. not all bllkiid and wall temperatures could be defined by tlieda
defined by the exponents, as discussed in Sedtibra The Mokry et al. (2011)[36]
correlationwas also removed as it consistently predicted results that were unredthése

experimental parameters lie outside its range of applicability.

4.2.1. 3-RodBundle Channel Trial; g = 377 MW/nt, G = 1500 kg/rfs, Tin = 166°C

Figure 4-6 shows bulkfluid temperatures, inner wall temperatures, and HTC profiles as
functions of the heated length for upwafldw of SCW in a3-rod bundle channefor a heat

flux of 3.07 MW/nt (¢/G = 2.05 kJ/kg) an inlet temperature df66°C, and a mass flux of
1500 kg/nis.
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Figure 4-6. Bulk-fluid temperature, wall temperature, and HTC profiles along the
heated length ofa 3-rod bundle channet q= 3.07 MW/m?, G = 1500 kg/m3s, Tin =
166°C.

All correlations illustrated inFigure 4-6 gave a conservative estimate of the inner wall

temperature. While bulkuid temperatures were well below the pseudocritical temperature,
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outer wall temperatures approached the pseudodrigéigen, causing a discontinuity most
correlationsanda significant overestimation of wall temperaturé@g.such high heat and mass
fluxes, channel conditions are extreme, which makeslictingheat transfer more difficult.
There is significanenfancement of heat transfes compared to bare tubage to the complex
channel geometry, which would increase turbulentlee correlations proposed Byshop et
al. (1961) [8] and Dyadyakin and Popov (1971B] experienced discontinuitieas shown in
Figure4-6 at0.66 m,and0.1 m, respectivelyExperimental HTC values nged between 25
i 35 kW/ntK, which are greater than those of the singld channel trialsKigure 4-1 i
Figure4-5). Table4-7lists RMS errorgalculatedusing experimental inner wall temjagure
measured at each of teeverthermocouplepositionsand thecorresponding valgobtained

usingeach correlatian

Table 4-7. Inner wall temperature RMS errorsin a 3-rod bundle trial; g=3.07
MW/m?2, G = 1500 kg/ms, Tin = 166°C.

Correlation Proposed by RMS Error for Inner Wall Temperature
Bishop et al. (1964]3] 66.8%
Dittus-Boelter (1930)2] 5.9%
Dyadyakin and Popov (1977]13] 100.8%
Jackson (2002)3] 17.9%

The Dittus-Boelter (1930)2] correlationshowed the lowest RMS error, whillee Jackson
(2002)[3] correlationwas a distant second. The RMS errortfer Dyadyakin and Popov
(1977)[13] correlation shown inTable4-7, was very high, which isnexpectedconsidering

it was developed foshort7-rod bundles with ribsimilar tothis test section.

4.2.2. 3-RodBundle Channel Trial; g = 3.07 MWANG = 1500 kg/rfs, Tin = 212°C

Figure 4-7 shows bulkfluid temperatures, inner wall temperatures, and HTC profiles as
functions ofthe heated length for upwafldw of SCW in a3-rod bundle channegjiven an
inlet temperature of 222 (q/G = 2.05 kJ/kg) All other parameters remained constant from

the previous trial.
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————————— Jackson (200733]

@ Experimental T

3-rod bundle, heated rods with 4 helical ribs, SCW, L

P =27.5 MPa, G = 1500 kg/m’s, T, = 212°C,
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Figure 4-7. Bulk-fluid temperature, wall temperature, and HTC profiles along the
heated length ofa 3-rod bundle channel; g = 3.07 MW/m?, G = 1500 kg/n3s, Tin =
212°C.

All correlations illustrated inFigure 4-7 gave a conservative estimate of the inner wall
temperatureexceptDittus-Boelter (1930)2]. This is becausthe Dittus-Boelter (1930)2]
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correlationwasinsensitiveto the region of DHTat ~0.3 m as shown irFigure 4-7. While
bulk-fluid temperatures were well below the pseudocritical temperature, outer wall
temperaturesvereabovethe pseudocritical regionThe Dyadyakn and Popov (1977)13]
correlatiorshowed a discontinuity atheated length @.019 m,as shown ifrigure4-7. The
Bishop et al. (194) [8] correlationappeaedto overestimate wall temperature significantly
and this caused the calculate@C to decrease tbelowthe 10kW/n?K cutoff in Figure4-7.
Experimental HTC values ranged betweeri B kW/ntK, which are similar td=igure 4-5
(singlerod annular channel trial) where there was also onset of DHT redialgle4-8 lists

RMS errorscalculatedusing experimental inner wakmperature measured at each of the

sevenrthermocouplepositionsand thecorresponding valwesobtainedusingeach correlatian

Table 4-8. Inner wall temperature RMS errors in a 3-rod bundle trial; g=3.07
MW/m?, G = 1500 kg/nis, Tin = 212°C.

Correlation Proposed by RMS Error for Inner Wall Temperature
Bishop et al. (19648] 55.5%
Dittus-Boelter (1930)2] 5.7%
Dyadyakin and Popov (1977)13] 86.6%
Jackson (20023] 13.2%

The Dittus-Boelter (1930)2] correlationshowed the lowest RMS error, whillee Jackson
(2002)[3] correlationshowed the second lowest value. The RMS errorthércorrelations
proposed byBishop et al. (194) [8] and Dyadyakin and Popov (1971)3] were very high,

so much so that use of these correlations would net meaningless results.

4.2.3. 3-RodBundle Channel Trial; g = 3.2 MWANG = 2700 kg/rfs, T, = 277°C

Figure 4-8 shows bulkfluid temperatures, inner wall temperatures, and HTC profiles as
functions of the heated length for upward flow of SCW @@d bundle channebor a heat

flux of 3.2 MW/n? (¢/G=1.19 kJ/kg),an inlet temperature @&77°C, and a mass flux of 2700
kg/nts.
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Figure 4-8. Bulk-fluid temperature, wall temperature, and HTC profiles along the
heated length ofa 3-rod bundle channel; = 3.07 MW/n?, G = 2700 kg/mss, Tin =
212°C.

All correlations illustrated inFigure 4-8 gave a conservative estimate of the inner wall

temperature, excepthe Dittus-Boelter (1930)[2] correlationand the Jackson (2002)3]
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correlation This is characteristic ofhe Dittus-Boelter (1930)[2] correlationas it was
insersitive to the region of DHThearthe test section outleais shown irFigure 4-8. While
bulk-fluid temperatures were welbelow the pseudocritical temperature, outer wall
temperaturesvereabove the pseudocritical temperature for the entirety of the test selttion
should be noted that although this heat fluas very high (the highest heat flux of this
experimer}, the vey largemass fluxsignificantly reduced onset of DHTThe correlations
proposed byBishop et al. (194) [8] and Dyadyakin ard Popov (1977)13] appear to agree
with the experimental result bettin the trial illustrated ifrigure 4-8 than that inFigure4-7.
Experimental HTC values ranged betweeri &5 KW/ntK, which are significantly greater
than those of the singlled channel trialsKigure4-11 Figure 4-5). It should be noted that
the HTC values only decreabeear the outlieof the channel due to onset of DHFFigure4-8
shows how increases in bundle complexiyym singlerod to a 3rod bundle,can lead to
improvemets in heat transferTable4-9lists RMS errorgalculatedising experimental inner
wall temperature measured at each ofsteerthermocouplepostionsand thecorresponding

values obtainedusingeach correlation

Table 4-9. Inner wall temperature RMS errorsin a 3-rod bundle trial; g=3.07
MW/m?2, G = 2700 kg/ms, Tin = 277°C.

Correlation Proposed by RMS Error for Inner Wall Temperature
Bishop et al. (19648] 10.0%
Dittus-Boelter (1930)2] 3.0%
Dyadyakinand Popov (1977)13] 20.1%
Jackson (20023] 3.9%

The Dittus-Boelter (1930)2] correlationshowed the lowest RMS error, whillee Jackson
(2002)[3] correlationshowed the second lowest value; both errors were very low, showing
very good agreement withe experimental data. This is in contrast to previous@bundle
trials where lowest error was ~6%. The RMS errorgieBishop et al. (19648] correlation
andthe Dyadyakin and Popov (197[)3] correlationwhere still significantly high, butagain,

less than those of the previous trials.

4.2.4. Discussion orCorrelation Accuracy in d&Rod Bundle Trials

For trials withrelatively lowermass flux, there was a discontinuity in the calculated wall
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temperaturedecause the convergence criterion was not met without aptaibarease in
wall temperatur® Some trials even appeared to have reached a poimsafrdinuity even
before the heated length (as shownthiyBishop et al. (194) [8] correlationin Figure 4-7)

as theysignificantly overestimated wall temperatakong the entire cross sectiofherefore,

it seems prudent to discuss the ability of these SCWthbheecorrelations at predicting heat

transfer to SCW flowing upward iB+rod bundlechannels.

Table 4-10. RMS error of inner wall temperature for all 3-rod bundle trials.

Inner Wall Temperature RMS Error
Tin=166C Tin = 212°C Tin=277°C
q= 3.2 MW/n? q= 3.2 MW/n? q=3.07 MW/n?
G = 1500 kg/ms | G= 1500 kg/ms | G= 2700 kg/ms

Correlation Proposed by

Bishop et al. (19648] 66.8% 55.5% 10.0%
Dittus-Boelter (1930)2] 5.9% 5.7% 3.0%
Dyadyakin and Popov

100.8% .6% 20.1%
(1977)[13] 00.8% 86.6% 0.1%
Jackson (2002)3] 17.9% 13.2% 3.9%

RMS erroris notably lower in the final triatompared to the first two due to the lovggG
ratio, as shown imable4-6. The increase in mass flux in the trial showfrigure4-8 showed
significantly better HTC valuesomparedto all other previoustrials (3rod bundle or
otherwise). Thus, loweg/G ratios for agiven channel gemetry reduce onset of DHT.
Furthermore, trials with loweyG had lower RMS errors, as correlationsre better able to
predict heat transfer.Onset of DHT in 3od bundle channels occurred at a significantly

greater value of heat to mass flux than in bare tubes, discussed in Seéttion

RMS error forthe Bishop et al. (1964]8] correlationvaried between 1D 68%, which is a

very large range, as shownTiable4-10. TheBishop et al. (19648] correlatiorexperienced

a discontinuity in wall temperatures in almost all trials, with the exception of the last trial
where it overestimated the wall temperature near the channel outlet by a significant margin.

These experiments show that, for these experimentaditoans, the Bishop et al. (1964]8]

59 The difference between two consecutive calculatedtemiperature values at the point of discontinuity (a 1
mm axial step) wast50°Cas shown irrigure4-6.
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correlationis nota viable correlatioto use.

The Dittus-Boelter (1930)2] correlationwas the easiestcorrelation to use, as it did not require
the setup ba loop to assume wall temperatures. It had the lowest RMS error for all trials, as
shown inTable 4-10. However, once wall temperaturepproachd the pseudocritical
temperature there was a lack of response from the correlation, as it is dependent solely on
bulk-fluid conditions, as shown iRigure4-7. Part of the reason why the RMS error is so low

is perhaps due to the fact the billid is a compressed fluid, as shownFigure 2-4, which

means it behaves similto subcritical water.

Although the Dyadyakin and Popov (197T)3] correlationwas developed using aréd
bundle with rod appendas similar to thosesed in thisexperiment, it was unable to predict
wall temperatureas he RMS erros ranged betweeB071 10®. Furthermore, there was a

discontinuity inthe wall temperature profile for thorrelation as illustrated iRigure 4-7.

The Jackson (2002)3] correlationshowed good agreement with experimental values for all
3-rod bundlechannel trials; RMS erresrangedbetweent i 18%. Unlike the Dittus-Boelter
(1930)[2] correlatiorwhich was insensitive to areas of rapid rise in wall temperature (DHT),
the Jackson (2002)3] correlationincorporatedwall conditions into the correlatiowhich
allowed some sensitivitytffough it showedhigher RMS errors), as shown Tiable4-10. It
should be noted that while thackson (2002)3] correlationdid experience a discontinuity

in wall temperatureas shown ifrigure 4-8, it was very smalland it followed the trend of the

wall temperature

4.3. Mechanism of Convection andOnset of DHT in Section4.1& 4.2 Data

Increases ime% ratio dscussed in Sectiadh 9for trials shown irSectior4.1& 4.2parallel
onset of DHT[38]. While the ratio vas not developed for this purpose, buoyancy effects seem

to increasatonset of DHT, as shown figure4-9.
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Figure 4-9. The%% ratio across the heated length foheat flux and channel geometries
presented in Sectiod.1& 4.2

The% ratio is significantly less thai2.4-10° across the heated length for all heat fluxes,

which indicates thathis ispredominantlyforcedconvectionflow. There is a increase in
buoyancy effectsepresented by the Grashof number in the numeratoonset of DHTas
shown inFigure4-571 Figure4-8. It should be noted that an increase in wall temperature does
not simply causean increase in buoyancy effects. Although there is a steady rise in
temperature along the heated lengtie, ratioof thetrials illustrated irFigure4-11 Figure4-4

does not significantly change.
4.4. Analysis of Section4.1& 4.2data based on the Eckert Number

The Eckert number (Equatiq2.3)) was introduced irSection2.10.1to describe the degree
of divergence of wall and butluid conditions. Figure 4-10 applies this concept to the data

set discussed inin Sectidnl & 4.2
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Figure 4-10. The Eckert number across the heated lengtfor single-rod and 3-rod
bundle trials.

In the firstfour annular channel trial$igure4-11 Figure 4-4, SCW is liquidlike (E > 1) at
each of the #measured points along the heated length, as showkigure 4-10. All
correlations were able to predibe wall temperaturén these trials (some more accurately
than others).The correlations proposed Rittus-Boelter (1930)2] and Jackson (20023]
werethe mostaccurate in predictinthe wall temperaturen this region

However, oncehere was a large deviation diensitiesin a crosssec t i o 1E O( (hgr®

was a discontinuity irmost correlationsthat hada ratio of thermophysical properties.
Furthermore, there was a universal inability to predait temperaturesse A 0 (especially

whenE < 0.3, as shown irFigure 4-5 1 Figure 4-8. It should be noted that although there

was no discontinuity in the BisBoelter (1930)2] cor r el ati E® When t0 wa@:
insensitive to the changes in thall temperaturealong the heated length as it was solely

dependenof the bulkfluid properties?®

60 |t cannottake into account the effect on heat transfehaswall temperature approached the pseudocritical
temperature
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A closer look at the -8od bundle rials inFigure4-61 Figure4-8indicates that, initially, even
though E > 1; the Jackson (2002)3] correlation(and other correlations) were unable to
accurately predict HTC in that region. Since most of those correlations were designed to
predictHTC in baretubes, this inability to predict HTC might be due to appendages in the
channel geometry and the increased complexity of floewyever,more data is needed to
arrive at a clear conclusiort should be noted that at the higher mass flux, loato ofg/G,

of the third 3rod bundle trial Figure4-8), correlations were able to more accurately predict

wall temperature with lower RMS errors.
4.5. Analysis of Section4.1& 4.2data based on the Modified Boiling Number

The modified boiling number (Equton (2.4)) was introduced in Sectiah10.2as aunique
method to correlate heat transfer data without needing to distinguish the mode of heat transfer

Figure4-11 applies this concept to the data set discussed in in Sécfién4.2

0

Sinale-rod channel
——Figure4-1,q= 1.543 MW/n}
Figure4-2, q = 1.758 MW/
Figure4-3,q=2.033 MW/n?
——Figure4-4,q=2.244 MW/n&
——Figure4-5, g = 2.547 MW/

3-rod bundle channel
— Figure4-6, Tin = 166°C
Figure4-7, Tin = 212°C
Figure4-8, Tin=277°C
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Figure 4-11. The Modified Boiling number across the heated length for singleod and
3-rod bundle trials.

However, sincghe modified boilingnumberis solely dependent on bufluid conditions, it

lacks any sensitivityo wall condition regions of DHT observed iRigure 4-51 Figure 4-8
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are not reflecteth Figure4-11. In fact, theredoes not seeno beany effecton the modified
boiling numberregardless of the heat transfexgime,asit remainedliinear across the heated

lengthin all trials.

Many authorshavecomparel the heat flux to the mass flux as a method of characterization of
heat transfer.However, the heat transfer regime is dependaninuch more thasimply the

heat and mass flux, as the geometry of flow playsrg largerole. One hyothesisis that
therewould be a different threshold fanset of DHT foreach flow geometry.However, a
concluding statementsingthe singlerod channel data is not possible as there is onset of DHT
in only one trial Figure4-5). Furthermore, there does not appear t@betrends in the 3

rod bundle trials either.
4.6. Discussion

Table4-11 comparesjpnr in bare tubes (calculated valuesjng Equation2.1) and gpwr in

the annular channeind 3rod bundle (experimental values)

Table 4-11. Comparison of DHT values in baretube, annular channel, and 3rod
bundle.

Test section Mass Flux gorT, MW/m?
Baretube G = 2000 kgnrs 1.43
Singlerod annular channel | G = 2000 kg/rfs 2.55
Baretube G = 1500 kg/nds 1.06
3-rod bundle G = 1500 kg/nds 3.07

Analysis of the data listed ihable4-11shows thatjpnr values in bare tubegesignificantly
lower (up tothree times) than those in the singted and 3rod bundlechannels This
difference can be due the following three resons:
1. Different flow geometries thabare tubes.
2. Rods were equipped with helical ribs, which can be considered as an enhanced heat
transfer surface and as an additional fiturbulization device.
3. The singlerod and 3rod bundledatawere ofa relatively slort heated lengtt{485
mm). Therefore even at high heat fluxes befkiid temperatures were always below

the pseudocriticaiemperaturgi.e., a liquidlike cooling took place.
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However, it should be noted that once the wall tenfperacrossed the psewatdical line,
DHT regime wa®bservedn both test sections.

This analysis shows that a simple function suchmagvs. G is not sufficient to cover various
flow geometries and different heated lengths. Therefore, more experimental data on these

fowgeometries should be coll ected and anal yzc¢

There seems to be a threshold for onset of DHT regime in siodlehannels.Giventhat all

other parameters are kept constant, onset of DHT isindeed a functiort fifhedn the first

four trials (Figure 4-1 7 Figure 4-4), there was no rapid increase in wall temperature;
temperature profiles were smooth and linear along the heated length. However, in the final
trial (Figure4-5), there is rapid increase in wall temperatara heatetength 0f0.37 mwhich

Is characteristic of onset of DHTWhile the Dittus-Boelter (1930)[2] correlationhad the
lowest RMS erroiin most trials, it lacked sensitivity to wall conditions especially around
regions of DHT. Although no correlation was able to accurately predict wall temperature in
regions of DHT,the Jackson (20048] correlatiorhadlow RMS errosand captured the trend
around the DHT region iRigure4-5 sufficiently to be recommended.

The second3-rod bundle trial Figure4-7) showed onset of DH&t a heatedength 0f0.25 m

even thoughit wasat a lower heat flux and inlet temperature than the thirod3boundle trial
(Figure 4-8). However, the third -3od bundle trial had a significantly greater mass flux
(almost doublehe first twq, which allowednore accurateredction of heat transfethan the

first two trials; however, there onset of DHT was observed near the channel outlet at a heated
length of 0.42 m The 3rod bundletrialshad significantly higher HTC values even in regions

of DHT than singlerod trials In 3-rod hundle trials where there w&T, HTC values were

almost double those of singted trials.
4.7. Temperature Distribution in Modeled UO; Fuel for a SingleRod Flow Geometry

Assuming heatis generatedn UO. fuel rather than by electrical resistance (discussed in
Sectiord. 1), projected U@ fuel temperatures at such conditions can be determireedngle-

rod channef® Modelled UQ fuel temperature profiles of a singted in an annular channel

61 The heat flux that is quoted 8ectiord.1is based on the outside surface of the rod (whicludes the ribs).
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cooled with upward flow of SCVeiredetermined using?
1. A spline of the seven experimentally measured inner wall temperatures shown
in Appendix A(electrically heated experiment discusse&attiond.l)
2. Inner wall temperatures obtained using the conduction in a concentric cylinder
equation based onuter wall temperatures calculated usithg Jackson (2002)3]

correlation

The percent error calculations between the centerline temperatures derived from the
experimental data and those calculated ugiegackson (20043B] correlatiorare determined
using Equatiorn(3.24).

4.7.1. SingleRod Heatedby UG, fuel, q = 1.543 MW/

Figure4-12shows a contour of fuel temperature at the axial position of maximum temperature
for a singlerod annular channel at a heat flux of 1.543 MWand an SCW inlet temperature
of 205°C.

Experimental Data |[q= 1.543 MW/n? Jackson (2002)3] |g= 1.543 MW/n?
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Figure 4-12. Contour of maximum UO, temperature cross sectiong = 1.543 MW/nf.

For g = 1.543 MW/, the Jackson (2002)3] correlationoverestimated the fuel centerline

Therefore, the heat flux in this section given that heat generated in the fuel is not in fact equal to that in
Sectiord.1, however, for the sakof continuity, the same heat flux will be quoted; however, the corrected heat
flux is used in the calculations.

62 Fuel temperatures are assumadiallyisotropic.
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temperature by 57°C: a percent error of ~ 5%. The maximum fuel temperature was well below
the industry accepted operating limit of 1% [53].
4.7.2. SingleRod Heatedby UQ; fuel; g = 1.758 MW/rh

Figure4-13shows a contour of fuel temperature at the axial position of maximum temperature
for a singlerod annular channel at a heat flux of 1.758 MWand an SCW inlet temperature
of 207°C.

Experimental Data |[q= 1.758 MW/n? Jackson (2002)3] |g= 1.758 MW/n¢
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Figure 4-13. Contour of maximum UO; temperature cross sectiong = 1.758 MW/nft.

Forqg = 1.758 MW/, the Jackson (2002)8] correlationoverestimated the fuel centerline
temperature by 66°C: a percent error of ~%%The maximum fuel temperature was well

below theindustry accepted operating limit 0830<C.

4.7.3. SingleRod Heatedby UQ; fuel; g = 2.033 MW/rh

Figure4-14shows a contour of fuel temperature at the axial position of maximum temperature
for a singlerod annular channel at a heat flux20d33MW/m? and an SCW inlet temperature
of 208°C.

63 Even though the difference between the experimental fuel temperature and the ond obiadgnhel ackson
(2002)[3] correlation is increasing, the error remains around 5%. This is because the temperature is larger,
which negates the significance of a small increase in difference.
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Experimental Data |[q= 2.033 MW/n? Jackson (2002)3] |g=2.033 MW/n?
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Figure 4-14. Contour of maximum UO; temperature cross sectiong = 2.033 MW/nft.

For g = 2.033 MW/, the Jackson (2002)3] correlationoverestimated the fuel centerline
temperature by 74°C: a percent error of ~ 5¥he maximum fuel temperature approached

industry accepted operating limit of 18&D%hencompared to earlier trials.

4.7.4. SingleRod Heatedby UG, fuel, q = 2.244 MW/rA

Figure4-15shows a contour of fuel temperature at the axial position of maximum temperature
for a singlerod annular channel at a heat flux20244MW/n? and an SCW inlet temperature
of 210°C.
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Figure 4-15. Contour of maximum UO; temperature cross sectiong = 2.244 MW/nft.
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For g = 2.244 MW/, the Jackson (2002)3] correlationoverestimated the fuel centerline
temperature by 80°C: a percent error of ~ 5%. Maximum fuel temperature was almost equal

to theindustry accepted operating limit 8850C.

4.7.5. SingleRod Heatedby UG, fuel; g = 2.547 MW/

Figure4-16shows a contour of fuel temperature at the axial position of maximum temperature
for a singlerod annular channel at a heat flux of 2.547 MW/and an SCW inlet temperature
of 214°C.

Experimental Data |q= 2.244 MW/n? Jackson (2002)3] |g= 2.244 MW/n?

12200
% 0, e & 0

T . 2294°C 2200 T oy 2222°C

12000 12000

{1800 11800

4 1600 1 1600

1 1400 1 1400

1200 1200

1000 1000

800 800
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400
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|Figure 4-16. Contour of maximum UO, temperature cross sectiong = 2.547 MW/nft.

Forq = 2.547 MW/, the Jackson (2002)3] correlationunderestimated the fuel centerline
temperature by 72°C: a penteerror of ~ 3%. The maximum fuel temperature was
significantly greater than thedustry accepted operating limit of 1880°Unlike the previous

trials, the significant increase in wall temperature is due to the region of DHT near the channel

outlet, & shown inFigure4-5.

4.7.6. Discussion

As shown inFigure 4-12 7 Figure 4-16, the Jackson (2002]3] correlationprovided a
conservative estimate of fuel temperature for the first four trieigure 4-17 illustrates the
radial temperature profile of maximum centerline terapge andprovides a summary of
Section4.7.
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—— Calculated using the Jackson (2002) [3] Correlation
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o 1750 —— Calculated using the Jackson (2002) [3] Correlation
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Figure 4-17. Radial UO; fuel temperature distribution and summary of percent error
for all single-rod channel trials with heat generated byUO, fuel.

The Jackson (200438] correlatiorshowed good agreement with the experimental dptang
aconservative estimate) for the first four trials. Oalythetrial with the highest heat flux

(2.547 MWhY) did fuel temperatures excetrw industry accepted limit of 1850°C (although

the percentage error was still only 3.1%). It should be noted that at that heat flux, there was a
region of significantDHT not fully captured byhe Jackson (2008] correlation as shown

in Figure4-5. Although only a small data set was used, this is an attempt to sHowimaey

results of using such a geometry, especially for its applicability in transport reactors, and the
resultant effects of using bare tube HTC correlations to predict fuel centerline temperatures.
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Chapter 5. Analysis of2x2 Rod BundleTrials

This chapter anapgs heat transfer to SCW flowing upward an2x2 rod bundlelow
geometry Outer wall temperatures transcribed fraimao et & (2015) [47] are compared
against values calculated using HTC correlat{d.%* The uniqueflow geometryof a 2x2
rod bundlecausedhe developmendf severakub-channels each with slightly different wall
and bulkfluid conditions; wall temperatusewere measured at the resulting: oemtwall,
corner, and gap stuthannés, as shown irFigure 3-12% The presence of spacers caused
significant local turbulence ofthe coolant®® Heat fluxes found in this experimentere
significantly lower than those found iBection4.1due to the longer heated length.

5.1. First 2x2 Rod Bundle Trial; G = 900 kg/nts, q = 1.2 MW/n?

Bulk-fluid temperatures wer@most equato the pseudocritical temperature near the outlet of
the test section; most HTC correlations had difficulty in accurately predicting heat transfer in
this region. Channel parameters in the fiesst2 rod bundldrial are
9 Constant pressur®.= 23 MPa;Pcr-water= 22.064 MPa
0 Pseudocritical temperatur@ycagavpa= 377.5°C
1 Mass flux:G = 900 kg/nis
1 Heat flux:q= 1.2 MW/n?t

HTC correlations that are illustrated incluti®se proposed byBishop et al. (1964)8],
Dittus-Boelter (1930) [2], Dyadyakin and Popov (1977)13], Jackson (2002)3], and
Swenson (196531].

64 Since raw experimental data was not used, the percentage error is greater than experimental uncertainties given
in Table 3-6. It is difficult to say exactly how naln error is caused by transcribing the densely packed data in
Figure5-1; however, every effortwas put to ensure accurate results (such as: zooming, confirmibgasing
values).

65 Due to the limitations of ordimensional heat transfer correlations, minor differences inftuitkconditions

between each suthannel are not captured; however, the presence of spacers increases mixing offbiel bulk
significantly (a the expense of pressure head), reducing the deviation oflbiglte mperatures.

66 Regions of high turbulence are indicative of regions of improved heat transfer. This improvement in heat
transfer is due to increased turbulence and is not the samenpdieon as IHT (discussed in Sectios), which

due to variation in thermophysical properties.
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5.1.1. Bulk-fluid and Inner Wall Temperaturesnd HTC Profiles

Figure 5-1 shows bulkfluid temperaturespouter wall temperatures, and HTC profiles as
functions of the heated length for upward flow of SCW in a &xdbundlechannel at a heat
flux of 1.2MW/m? anda mass flux of 900 kg/fm

Correlation proposed by:

------ Bishop et al. (1964[8] @ Outer Wall Temperature in Central Sabannel
—————— Dittus-Boelter (1930)2] A Quter Wall Temperature Wall Subchannel
—— —— —- Dyadyakin and Popov (197733] O Outer Wall Temperature i@ornerSubchannel
--------- Jackson (2002B] ¢ Outer Wall Temperature i@apSubchannel
—_——— ——- Swenson et al. (196531]
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Figure 5-1. Bulk-fluid temperature, wall temperature and HTC profiles along heated
length of a 2x2 rod bundle channej q= 1.2 MW/n?, G = 900 kg/nis.
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Only the correlations proposed [8wenson et al. (196981] and Dyadyakin and Popov
(1977)[13] gave a conservative estimate of theerwall temperature, however, they did not
follow the trend of the experimentalata Almost a third of the heated length hadksfluid
temperature almost equal taghe pseudocriticalemperature; this wasroblematic for most
bulk-fluid dependent correlations due to rapid variatiothermophysical propertiesBoth
correlations proposed hyittus-Boelter (1930)2] and Jackson (20023] initially showed
good agreement with thexperimentaldatg however,as bulkfluid temperature approached
the pseudocriticalemperature the accuracyf predicted outer wall temperatsrelecreased
significantly. The Bishop et al. (1964)8] correlationoverestimated the wall temperature

initially, and then underestimated it near the outlet.

Rapid drops in wall temperat@®ereobserveat spacer locatiws,which werenotaccounted

for by anycorrelationas theycamot accountfor the local improvement in heat transfer due
to pacers The outerwall temperaturén corner subchannel consistently showed the highest
temperature values, possibly duethe low degree oturbulencein the corner region. The
central subchannel hd the lowesbuter walltemperature values due to the large degree of
turbulence in that regionOuter wall temperaturesf the gap and wall sutthannet werein
betweenthese two extremes Experimental HTC values ranged between 62 kW/ntK,
which weresignificantly lower than HTC values obtainedGhapter 4due tolower heat and
mass fluxep Table5-1lists RMS errors calculated usiegperimental outer wall temperature
transcribed from Zhao et al. (20)47] werecompare to the corresponding value obtained

usingeach correlation.

Table 5-1. Outer Wall Temperature RMS errors of Central, Wall, Corner, and Gap
sub-channels in a 2x2rod bundle; q= 1.2 MW/n? and G = 900 kg/nts.

. Outer Wall Temperature Sub-channel RMS Error
Correlation Proposed by
Central Wall Corner Gap
Bishop et al. (1964|8] 11.5% 9.0% 9.3% 9.4%
Dittus-Boelter (1930)2] 18.5% 20.0% 21.2% 19.5%
DyadyakinandPopov (1977]13] 16.6% 13.3% 12.1% 14.1%
Jackson (20023] 12.9% 13.8% 15.1% 13.4%
Swenson et al. (196531] 21.0% 17.3% 15.9% 18.2%

The Bishop et al. (1964)8] correlationshowed the lowest RMS error in this trial witie
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Jackson (20028] correlationcomingin a close secorfd. RMS errorfor the Dittus-Boelter

(1930) [2] correlationwas high as it gave a completely inaccurate prediction of wall

temperature (underestimatedpenerally, the central stthannel had the largest RM&rors,

as it had thedrgest heated length.

5.1.2. Mechanism of Convection and Onset of D&f Sectiorb.1.1data

Variation in ther,% ratio discussed in Sectigh9for the trialshown inFigure5-1 are shown

in Figure5-2. Since there was no onset of DHTHigure 5-1, rapid increases in the ratio are

not expecteaxcept in the spacer regions
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0.6 0.8 1.0 1.2 14
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Figure 5-2. The :—I;rh} ratio across the heated length fog = 1.2 MW/n? and G = 900

kg/m?s.

67 It should be noted that RMS errors inthis trial are a bit mistgadThe Bishop et al. (196B] correlation
gave a significantly overestimated value for the wall temperature near the channel outlet, while giving a
significantly underestimated value near the outlet, which resulted in an average line, thus achieving the lowest

RMS error.
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As shown inFigure 5-2, the% ratio is significantly less than 2.4-2Gcross the heated

length (for all subkchannels) which indicates that this is solely forcedvection flow. There
are no increses in buoyancy effects and no onset of DHTis is because ancrease in wall
temperaturgas in the case of DHTJoes not simply causan increase in buoyancy effects

wall temperaturan Figure5-1 steadily increaskalong the heated length with no effect on the

ratio.

5.1.3. Analysis of Sectiod.15.1.1data based on the Eckert Number

The Eckert number (Equatigi2.3)) was introduced in Sectidh10.1to describe the degree
of divergence ofvall and bulkfluid conditions Figure 5-3 applies this corept to the data

set discussed in in Sectiénl
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0.0 0.2 04 0.6 0.8 1.0 1.2 1.4
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Figure 5-3. The Eckert number across the heated lengtbf a 2x2rod bundle for
q= 1.2 MW/n? and G = 900 kg/nts.

As E A 0inthe latter part of the heated length, theessignificant decrease in the accuracy
of prediction of wall temperature, as showrfigure5-1 & Figure5-3. In fact, onceE M 0.2,

the Dittus-Boelter (1930)[2] correlationbecameunable to predict wall temperatureThe
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Jackson (2002)3] correlationwas able to predict wall temperature uiiiM 0.1, as shown

in Figure 5-1 & Figure 5-3.%¢ The Eckert number mirrors trends of outer wall temperature.
Although the heat and mass flux were significantly lower than the experiment illustrated
in Chapter4, the proximity of the bulfluid temperature to the pseudocritical temperature

caused large increases in RMS error for all correlations.

5.2. Second2x2 Rod Bundle Trial; G = 1000 kg/nds, q = 0.8 MW/n?

Bulk-fluid temperatures wedightly lower tharthe pseudocritical temperature near the outlet
of the test section, unlike the trial presented-igure 5-1. Thus, channel parameters in the
second2x2 rod bundle trial are:
i Constant pressur®. = 23 MPa;Pcr.water= 22.064 MPa
0 Pseudocritical temperatur@ycaegampa= 377.5°C
1 Massflux: G= 1000 kg/r’s
1 Heatflux: q= 0.8 MW/n?

HTC correlations that are illustrated incluti®se proposed byBishop et al. (1964)8],
Dittus-Boelter (1930)[2], Dyadyakin and Popov (197713], Jacken (2002)[3], and
Swenson (196531].

5.2.1. Bulk-fluid and Inner Wall Temperatures, and HTC Profiles

Figure 5-4 shows bulkfluid temperaturespouter wall temperatures, and HTC profiles as
functions of the heated length for upward flow of SCW in a 2x2otwdlle channel at a heat
flux of 0.8 MW/n? and amass flux of 1000 kg/fa.

68 The other @rrelations did not follow the trend of outer wall temperatures throughout the heated &sngth,
shown inFigure5-1, and thus did not warrant further discussiongsire Eckert number.
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Correlation proposed by

------ Bishop et al. (1964[8] @ Outer Wall Temperature in Central Sobannel
—————— Dittus-Boelter (1930)2] ¢ Outer Wall Temperature i@apSubchannel
—— —— —- Dyadyakin and Popov (1977)3]
--------- Jackson (2002[8]
—_— Swenson et al. (1965311
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Figure 5-4. Bulk-fluid and outer wall temperature of a 2x2 rod bundle channel along
the heated length;g = 0.8 MW/n?, G = 1000 kg/nis.

All correlations illustrated inFigure 5-4 gave a conservative estimaté the outer wall
temperature. The correlation proposed Bwenson et al. (196%31] and Dyadyakin and

Popov (1977]13] significantly overestimatethe outer wall temperatureThe region near
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the test section outlebad bulkfluid temperaturs slightly lower thanthe pseudocritical
temperatureunlike Figure 5-1, both correlations proposed ittus-Boelter (1930)2] and
Jackson (2002)3] showed good agreemewith theexperimentaldata.

Rapid drops in wall temperatures were observed at spacer locations, which weceuoteat
for by any correlation as thesannot account for the presence of spacEns.gapsub-channel
showed the highest temperature val@esgept right after thepscers This is due to increased
mixing and dower subchannel heated perimeter compared whidcentral subchannel. The
central subchannel had the lowest outer wall temperature values due higtinéurbulence.
Experimental HTC values rangbatween 20 40 kW/ntK, which were significantlyhigher
than those observed Figure5-1.%° Table5-2 lists RMS errors calculated usiegperimental
outer wall temperature transcribed from Zhao et al. (2Q4%3) were comparel to the

corresponding value obtaineding each correlation.

Table 5-2. Outer Wall Temperature RMS errors of Central, Wall, Corner, and Gap
sub-channels in a 2x2rod bundle; g=0.8MW/m? and G = 1000 kg/nts.

Outer Wall Temperature Sub-channel RMS
Correlation Proposed by Error

Central Gap
Bishop et al. (19648] 4.4% 3.6%
Dittus-Boelter (1930)2] 3.2% 2.4%
Dyadyakinand Popov (1977)13] 6.1% 5.3%
Jacksor(2002)[3] 4.1% 3.2%
Swenson et al. (196531] 9.9% 8.9%

The Dittus-Boelter (1930 [2] correlationshowed the lowest RMS error in this trial witie
correlations proposed bgishop et al. (194) [8] and Jacksor§2002)[3] coming in a close
second. The correlations proposed Bwenson et al. (196%31] and Dyadyakin and Popov
(1977)[13] both had large RMS error value3he Bishop et al. (1964]8] correlationalso
managed to give an accurg@iedictionof wall temperature, however, it was skdks accurate
thanthe correlations proposed Bgckson (20048] and DittusBoelter (1930)2]. The gap

69 Significantly improved HTC values irigure5-4indicate that there was onset of DHT regim€&igure5-1.
This is interesting because the only difference between the two trials is a slightly lower heat flux, and a slightly
larger mass flux.
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subchannel was predicted with lower RMS errors than the centratisatinel,asit had a
lower sub-channel heated perimeter

5.2.2. Mechanism of Convection and Onset of DHT of Se&idridata

Variation in ther% ratio discussed in Sectiégh9for the trialshown inFigure5-4 are shown

in Figure5-5. Since there was no onset of DHTHigure 5-4, rapid increases in the ratio are
not expected except in the spacer regions

Figure 5-5. The %H;g ratio across the heated length fog = 1.2 MW/n? and G = 900
kg/m?s.

As shown inFigure 5-5, the # ratio is significantly less than 2.4-2@cross the heated

length (for all subkchannels) which indicates that this is solely forcedvection flow. There
are norapid increases imuoyancy effects represented and no onset of DHfie ratio did
increase steadily along the heated length. should be noted that an increase in wall
temperature does not simply cause an increasaidyancy effects wall temperaturein

Figure5-4 steadily increases along the heated length motleffect on the ratio
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