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Abstract

Vacuum dryng of a used nuclear fuel (UNF) canister, in which helium pressure is
considerably reduced, is an important process the UNF undergo after it is removed from
water and the canister is filled with helium. During this process, the temperature of the fuel
claddings may considerably increase because it is the first time the fuel is transferred from
a water cooled environment to a lower thermal conductivity helium environment while its
heat generation is still relatively high. The low pressures associatedagiium drying
also contributeo the increase of temperature due to rarefaction effect. It is essential to
keep the temperature of the fuel claddings below certain limits (roughly 400°C) to avoid
temperaturalependent phenomena, such as corrosion and hgdiatle formation, which
has the ptential to decrease the ductiliof the claddings and make them unsafe for

transportation and loRtgrm storage.

This dissertation aim® develop a computational fluid dynamics (CFD) model that
can be used to predidtd temperature of UNF canisters during vacuum drying process by
including the effect of gas rarefaction. The CFD model is first compared to two kinetic
models that solve the Boltzmann equation (Direct simulation Monte Carlo, DSMC, and
Shakhov Smodel) in #@mnple geometries. The model is then validated against
measurements from an experimental setup that cerdfist 7x7 array of heater rods
enclosed in a stainless steel square cross section pressure vessel and maintained between
two spacer plates. The CFDodel was able to predict the temperature of the heater rods

in all rarefaction regimes.
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CHAPTER |

INTRODUCTION

Nuclear fuel assemblies consist Zircaloy cladding rods that contain highly
radioactive uranium dioxide (U{pfuel pellets and higipressure fission producand fill
gases The fuel rods are held in a square array%f # 18 18 by headers, footers and
periodic spacer plates to form a fuel assembly.

Following removal from a nuclear reactosed nuclear fug§lUNF) assemblies are
stored underwater, in a water pot redwe their radioactivity and heat generation rate
[1, 2]. After few years, aanster with an internal basket is placed in a transfer cask and
both ardowered into the water pool. The canister is then loaded with the fuel assemblies,
sealed, lifted out of the pool and drained. Small amount of water may remain at the bottom
of the caister, crevices of the canister and cladding surfaces after draining. All the
remaining moisture must be removed to avoid any corrosion or formation of combustible
mixture of hydrogen and oxygédrefore the canister is filled with helium (or nitrogen) and
transported to longerm storage facility

Federal regulations (10CFR72) require tdating longterm storagethe fuel
configuration remains subcritical, confined and contained, and retrievable. The cladding is
the primary barrier for the used fuel p#&dl@and fission gas. Its integrity must be protected
to assure that, after decades in storage, the assemblies can be safely transferred to other

packages, and/or transported to other locations. The requirement of Federal regulations for



drop and hypotheti¢accidental condition tests, that include thh3and 9 m droprequire
adequate ductility of the cladding.

During reactor time, ydrogenresulting fromwaterradiolysisprecipitates into the
cladding,forming zirconium hydride precipitate3.he coolant presurein the reactois
relatively high and the pressure difference across the cladding and the hoop stress within
the cladding are low. Because of this, the zirconium hydrides are preferentially oriented in
the circumferential direction. This orientatiodimes not significantly affect the cladding
ductility. During transfer and early dry storagee pressure difference across the cladding,
and the resulting hoop stresses within it, are relatively high due to the high temperature of
the contained gases aralativelylow external pressure. In loftgrm dry storagehe fuel
heat generation rate decreases, caubsiegmperaturef the UNFto slowly decline. This
causes the hoop stress and hydrogen solubility within the cladding to simultaneously
decrease. bwever, if the initial hoop stressmd temperature of the cladding (during drying,
loading and transferring operatiomsgsufficiently high, thecircumferential hydrides that
in the claddingmay dissolve andorm radial hydrides. The cycles of increasiagd
decreasing cladding temperature, which may occur during the drying procesds@an
increase the amount of dissolved hydrogen available for precipitation into radial hydrides.
This orientation may aéfct the cladding ductility anchuse them to becanbrittle.

Nuclear Regulatory Commission Interim Staff Guidatde Revision 3 (IS&.1)

[3] specifiescriteriathat are intended to prevent radial hydride formafiam.examplethe
maximum calculated fuel cladding temperature must remain below@addr normal
conditions of storage and short term loadipgrations like drying, backfilling with inert

gas and transferring to storage pad. For low burnup fuel, a higher short term temperature



limit may be used, provided that the best estimate cladding hoop stress is limited to 90 MPa
for the proposed temperatudimit. During loading operations, repeated temperature
cycling is allowed but should be limited to less than 10 cycles if cladding temperature
variations are higher than 6%. For offnormal conditions, the maximum cladding
temperature should not exce®70°C, based on creep (stress) rupture consideration.

The UNF assemblies may experience their highest temperature during drying
process because it is the first operation when the fuel assemblies are removed from water
cooled environment to relativelylower thermal conductivityelium environment while
theirheat generatiorates arestill relatively high.Vacuum drying is widely used to remove
moisture from the fuel canistefé]. During this process, helium pressus reduced to as
low as 67 Pdo promote evaporation and removal of wd&er6]. At these low pressure,
the temperaturefahe fuel claddings may considerably increase because of the rarefaction
effect, which induces a temperatjoenp thermal resistance at the seajjds interfacefs,

8]. It is importantto accuratelypredict thepeak cladding temperatures durimgcuum
drying operation to determine the maximum allowaldathgeneration ratef the fuel
assemblies that can be safely stored in a canber the required underwater storage
time. Overconservatism in thesealculations can lead to overlpng storage times,
especially for higkburnup fuel.

Package vendorgypically use wholecanister simulations to calculatee peak
cladding temperatures during drying and storagerations These simulations use
computational domasin which the fuekssembliesre replaced bymearedegiors with
effective thermal condiivities and effective flow porosis [5, 9]. The effective

conductivity is determined to give the same peak fuel temperatures as simulations that use



more geometricalhaccurate meshesind model conduction though the fuel rods and
basket wallsandcondudion and surfacéo-surface radiation across the gdled regions
However, the effective porosity is used to modebyancy induced gas motion and the
resulting natural convection heat transfere3émodelshave been validated10] against
temperature measurements performed in aeteidical and horizontal storage packages
pressurized to 158 kPa with helium or nitrogen, and under vacuum conditions (as low as
110 Pa)11, 12] However, they do not include the effect of gas rarefaction (temperature
jump) during vacuum dryingl10]. While the cladding temperature calculations have been
validated, the fuel heat generation rate in the tested package was lower than that expected
for high-burnup fuel.

In recent work$13, 14] theauthors attempted to model a used nuclear fuel canister
subjected to vacuum drying conditions and they included the effect of gas rarefaction.
The modeled canister was a ‘P4 loaded with 24 Westinghouse 15x15 used nuclear fuel
assembliesThe results showed that the peak cladding temperature (PCT) increased as the
pressure inside the canister is decreased from atmospheric pressure to 100 Pa. The increase

was due to the effect of gas rarefaction and was asakig3C.

1.1 Gas Rarefaction

Gas rarefaction occurshen the average distance travelled by gas molgcule
betweentwo successiveollisions @lso known as thmean free pathg) is comparable or
larger tharthecharacteristic lengthL¢) of asystem In this conditionthe continuum fluid
approximation breaks down and the particle nature of fluid must be taken into account.

Using the hard sphere intermolecular collision matthelmean free patban be written as



- qQY (1.2)

wherep is the temperature dependent gas viscoBiig,the pressurdg is the Boltzmann
constantM is the molecular mass afds the temperature.
The ratio of the mean free thao the characteristic length of the system is defined

as the Knudsen number

Le &= (1.2)

The Knudsen number is used to characterize the rarefaction level of a gas. Using
this parameter, four regimes ofeéaction may be distinguished:

i. Coninuum regime Kn ¢ 103): The number of molecules are high enough and
the flow and heat transfer can be accurately modeled using MNetolees and
conductive energy equation

i. Slip regime (16¢ Kn ¢ 10%): TheNavierStokes and Fourigquations are still
valid but conditions of velocitglip and temperatusggimp at the wall must be
used.The number of collision between wall and molecules are reduced.

iii. Transitional regime (16¢ Kn ¢ 10): The flow needs to be modeled using the
collisional Boltzmann equatioas the collision between the molecules are
highly reduced. The continuum methods like Na8&rkes equation are not
valid.

iv. Free molecular regime (10 Kn): The gas is rarefietb the extent that the
collision between molecules is negligible comparedaitision with wall. The

flow can be modeled using the collisionless kinetic Boltzmann equation.



Figure 1.1 shows the regimes of rarefaction categorized by the Knudsen number.
Because of the low pressures associated with vacuum dryinfpa@imter dimesions of
theused nuclear fuadanistes, helium is intheslip regime.Underthis regimethere is a
temperaturgump between the solid surfaces and gas in contact with them. This jump acts
like a thermalresistance for heat conductipf) 15-17]. As a resultthe temperature inside
the canister ikigher duringow-pressure condition than at normal or atmospheric pressure

(continuum regime) condition

Boltzmann Equation Collisionless
B.E.
ier-Stokes
Navier Ato | NS —extended be
Equation
. Transitional Free
Hydrodqmam Slllp I IOfld Molecular
ic Regime Regime Regime Regime
Free Mol.
0.001 0.1 10 100 Limit

Kn

Figure 1.1 Flow regimes categorized by Knudsen number

1.2 Temperature Jump Boundary Condition

In theslip regime thecollisions between the gas molecules are suffidiehighto
model the gas in the bulk of the system as a contintianvever, the number of collisions
between gas molecules and the wadl not enoughfor the gas moleculeto reach
equilibriumwith the wall. Therefore, an abrupt change of temperature from surface to the
gasoccurs. This phenomenon is known as tempergtumg. As a result, the Navier Stokes
equation can accurately model the momentum and energy transport awayeveati but

temperaturgump boundary conditiomust be used at the gasll interfaced7, 18].



The temperature jump boundary condition can be expres$éfl]as

Y

YooY o3 (13)

where,”Y is temperature of theagat wall interface,’Y is wall temperature and is
temperature jump coefficient. Different expressions for the temperature jump coefficient
, are proposed in the literatufg0, 21] In this study, the expression pased by
Welander[22] for monatomic gas, which was later generalized for polyatomic gases by

Lin and Willis [23] is used. This expression reads

G | W

: — TP X (14)

| 00 p
where,Pr is the Prandtl numbef, is the specific heat ratio of gas ands the thermal

accommodation coefficient.

1.3 Thermal Accommodation Coefficient

At low-pressure condition, the collision thatcors between gas molecules and
surfaces dominate the molecul@slecules collisionUnder these conditions the local
thermodynamic equilibrium and the continuitytemperatureat the wall is not achieved,
which is known as the temperatyuenp conditionsThe effect of temperatuje@mp was
experimentally investigated by Smoluchowski but the concept of the accommodation
coefficient was introduced by Maxwé¢f4]. He postulated that when the molecules collide
with the surface, a range of possible interadtioan take place depending upon the

temperatue of incidentT; and reflected’; molecules as

pd



where,”Y is temperature of the wall. The valueld¥aries from 0 to 1. In case bfequal

to 1, the molecules are reflected diffusely i.e. the reflected molecule accommodates t
condition of the wall, whereas, in caseéJgfqual to 0, the molecules are reflected specularly
without transferring any thermal energy to the wad.the value ofJdecreases, there is a
larger temperaturimp at the soliejas interfacésee Eqnl.4). The value ofUdepends

on the type of gas molecule and surface it is interacting with. The vallioofiifferent

gas molecules on different surfaces have been determined by experimental rf&&hods
28]. Far helium and stainless steblis reported between 0.4 and Of@r temperature

ranging from0 to 70C0°C. Its value decreases with increase in temper§2&je

1.4 Objective of the Dissertation

The goal of thisdissertationis to validate computational fluid dynamics (CFD)
models that can be used to accurately predict the temperature of UNF canisters during
vacuum drying process by including the effect of gas rarefaction. The working gas
consicered in thisdissertations dry helium and the effect of water vapor present in the

canister during vacuum drying is not taken into account.

To achieve the goal mentioned above, a comparison between results from CFD
simulations and two kinetic models tlsative the Boltzmann equation (Direct simulation
Monte Carlo, DSMC, and Shakhowvngodel) in simple geometries (concentric cylinders
and parallel plates) that contain rarefied gas in the slip regime is conducted. This
comparison is carried out to check tradidity of the CFD simulations in simplel and
2-D geometries. The next step is to validate the CFD simulations against measurements in

the continuum regime. Results from experiments conducted by Chatdsanj29] are



used for validation purpose. A differentperimental setup that consists of a 7x7 array of
heater rods enclosed in a stainless steel square cross section pressure vessel and maintained
between two spacer plates is constructed. Experiments are conducted for pressures and heat
generation rates ralant to vacuum drying conditions of a UNF canister. The results from

these experiments are used to validate the CFD simulations in the slip regime.
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CHAPTER 2

CFD VALIDATION IN SLIP REGIME IN SIMPLE

GEOMETRIES

In this chapter, the CFD simulatidor heat transfer across simgdled geometries
(concentric cylinder and parallel pla}eme validated against highly accurate numerical
methods solving simplified Boltzmann equation. Shakhoy (8odel kinetic equation
using discrete velocity method abBdrect Simulation Monte Carlo (DSMC) method are
used as methods with high accuracy. The results are compared for variation in parameters
like rarefaction, thermal accommodation coefficient, temperature ratio and radius ratio.
The results of this comparisgmovides an idea on limitation of use of CFD simulations.
The accuracy of CFD simulation is highly dependent on all the parameters, varied for this
study.The result of ID geometry presented in this chapter has been publi3@g&imilar
study for a simple twalimensional geometry is also conducted and compared with CFD
simulation. The chapter starts with brief description of numerical methods solving

Boltzmann equation.

2.1Boltzmann Equation

The Boltzmann equation describes the flow in all regimes from continuum to free
molecular. Limiting case of this equation at extrgm@mall mean free path gives the
continuum description provided blye NavierStokes equation and at large mean free path
givesthecollisionlessBoltzmann equatian

The Boltzmann equation for simple dilute gaf3ik, 32]
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where¢ is number densityQs velocity distribution functione is molecular velocityp,.

is relative molecular speeis external force per unit mass, (*) indicates post collision
values, Qand"Qrepresent thdistribution function of two different types of molecules of
class®andw, , is collision cross section of moleculerepresents timd, represents
physical space and/fepresents solid angle.

The term on the right is collision term and is egmted a8 "B'G 8The difficulty
associated with solving Boltzmann equation is in this term. To reduce this difficulty the
collision integral is replaced by a relaxation term as:

0 "B OB®Q 2 0 (2.2
where,"Q is amodel distribution functior33]. This distribution function depends on
the type of kinetic model used. Different models have been proposed like BEJE
and Ellipsoidal (ES) mod¢B4-36]. A brief description of Snodel is given below.
2.1.1 SModel Kinetic Equation

In steady state, angithout any external force on the fluid, then®del kinetic

equation is
rae . | .
Oaag T Q Q (2.3
where, @a»ho is one parti@ molecular velocity distribution functich i s t he mol e

collision frequency. The equilibrium distribution functi@ is
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where,"Q is the local Maxwellian distribution functioq, is the bulk velocity vectory
"I “lais the peculiar velocity vector anabis the hat flux vector.
In the frame of this model, the molecular collision frequency is assumed to be

independent of the molecular velocities and may be found as fdl&®js
T = (2.6)

where | is pressure andags viscosity of the fluid. The macroscopic parameters are then

calculated from the solution of the molecul#tdbution function'@@btained by solving

egn @.4) as
Y 0 Q »ho '
s T C&
ni < 7w Q »ho o cqy

The Discrete Velocity Method(VM) is used to divide the continuumolecular velocity

space in the system of kinetic equations into a discrete velocity set.

2.1.2Direct Simulation Monte Carlo Method
The traditionalDSMC technique proposed by Bif@1] is employed in this
dissertation This technique enables gas flows lbe modeled on a molecular level by

simulating the motion of individugdarticles according ttheir physical propertiedt can
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be viewed as a Monte Carlo method for solvingtihme-dependent nonlinear Boltzmann
equation.
A dilute gas is considered for DSM®here dilute gas refers to gidwat coveonly

a small portion of the space ie>> d,whereli= '

is the mean molecular spacing and

d is the diameter of the moleculés such gas, each molecule will move outside the range
of influence of other molecule. This consideratiomgportant because it allovesllision
process to be realizdaetween only two molecules at a time. The other assumption is
molecular chaos i.e. the probability of finding a pair of molecules in aptaticle
configuration is simply the product of probabilities of finding each molecule in the
corresponding one parte configuration.

DSMC comprises of deterministic modeling of particle motion with statistical
approach for computing collisions between particles. The standard DENI@akes use
of time splitting scheme. The real process is divided into two steps that are decoupled:

1 Motion of particle is applied for certain tin where velocities are unchanged but
position is changed.

1 Collision between particles, where molecular velocities are changed but the
position is unchanged.

The basic DSMC technique is discretization of space and time domain. The gas is
represented by discrete number of particles that are combination of aumberof real
molecules in terms of size and mass. In summary, the process can be divided into
following:

1. Initialization
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The time interval is divided into: with Dt time steps. Similarly, the space is also
divided intony cells withDx size. The gas molecules are simulated in the gap stochastically
with x; position andz velocity. Each particle represents a certain number of real molecules.
The main computationapproximations associated is to select the proper ratio of real to
simul at ed mol etowhithéessmaller thammears dolésipn titnemnd cell size
( & which is smaller than mean free pa#h (n general, the rule of thumb for the step
sizes ge:

Dt <t/3, Dx < //3; number of particles in cell > 30
2. Collision

The collision betwen molecules is binary which é@mputed without moving the
molecules. This step is the most complex one and is crucial to the consistency of the
simulation. IfVc is cansidered volume of a cell and number densitylibe cell contains
nV. real molecules and the average number of simulated particles is givn iy /Fn.

The probability of a collision between two patrticles is proportional to the product of their
relaive speedd) and collision crossection { . The total number of collisions per unit

time per unit volume of gas is expressed as

~
g

0 gé W, &N
Many efforts have been made to improve the original time counter schianime
counter (NTC) scheme proposed by Bisd] is used widelyThe probability of collision
between two simulated moleculeger the time intervald is equal to the ratio of volume
swept by the total cross section of the colliding molecules at the relative spéedhe

volume of the cell.
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w

iy P T

The probability can be calculated for sétll N(N-1)/2 potential collision pairs. However,

it is inefficient becaus@ is generally a very small number and computational time is
proportional to square of the number of molecules in the cell. In NTC method, only a
fraction of all the possible dwsion pairs is considered and the resultant probability is

increased by dividing eqn2.00) by the fraction

O, ® 30

n o P p

As N is not constantN(N-1) is replaced by the product of instantaneous value and a time
or ensemble averaged value. Therefdhe number of molecule pair considered for

collision per time step in NTC method is equal to

. pUOO, 0 30
Y c o P ¢
The collision f or tise@nhptedwthdpropahiityos over ti me
1 ” (:) 0_
n o ¢®
The parameter, & should be updated immediately if a larger value is obtained and

updated for each cell.
3. Motion of the particles
All the particles are moved inside the computational domain without colliding for
ti me s tt.é@r bowrfdaryggondition or interaction atgasi r f ac e, Maxwel | 0:¢

and diffuse reflection models are used.



16

2.2 OneDimensional (:D) Problem

2.2.1Problem Formulation

Figure2.1: Concentric Cylinder and Parallel Blayeometry used for DSM(
and Fluent result comparison

Simple one dimensional geometries (concentric cylinders andlgbatates) as
shown in Fig2.1 arechosen to compare conduction heat transfer across annular gaps filled
with helium in slip regime betweemwt kinetic methods (@odel and DSMChriefly
described earligrand continuum approael (ANSYS/Fluent and Angtical). The radii
and temperatures of the inner and outer cylinders\ateY and(Y RY , respectively,
with 'Y <Y and™Y >"Y . For simplicity, the same notation is used parallel plates:
thei axi s is nor mal t o bot hndpuppertplatésshaves the f a c e
locations and temperatur€y iY and (Y RY , respectively, withY = -Y. The
cylinders and plates are assumed to have infinite length in the direction perpendicular to
the figure

Both problems are similar; however, the coaxial cylinder problem is governed by

three physical parameters, which are temperature ratio, radius ratio and rarefaction. The
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parallel plate problem is governed by two parameters, which are temperaturendatio a

rarefaction. These parameters are defined as:

1 Temperature ratio between two cylinders or plates’Y 1Y ,
1 The aspect ratio for cylindeR = 4 7 ,

1 The rarefaction parameter is defined as

Y
1 —8 P T

For convenience, the distance between two walls is taketheageference
(characteristic)ength,’Y . The temperature of external cylinder or upper plate is used as
the reference temperature. The problem consideredDs hence there is only one
component for heat flux. Followinmgon-dimensionalariables are introduced

i n

N F] \ F] uY "YFI r r’]
SR ZRLI ~7 N R

¢Pp v
The influence of the gasurface interaction is taken into account by the tlaérm
accommodation coefficient)( Eqn 1.5)
2.11 Analytical Expression for Coninuum approach

The analytical expression for heat flux and temperature can be obtained by energy
balance. The hypothesis of zero macroscopic velocity and constant pressure between the
plates or cylinders are used to derive the analytical expressiongotinier law can be

applied to calculate heat flux

. ayY
n I a P o

For monoatomic gases, the gas thermal conductivity related to gas viscosityaas

follows [31]
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.

P X

where] is the viscosity index, which is equal to 0.5 for Hard Sphere (HS) model and 1
for Maxwell model. For this stugdy4S model was used.

In continuum regime, the tempeaue continuity condition may be assumed on the
surfaces. However, in the slip regime, the tempergtumg conditiong37] must be used
as boundary conditiorggven by Egn. 1.3The dimensionless form of the temperature jump

boundary condition at the cylinders and plates walls can be written as:

vy vy _,Q'Yﬁ i Y

. . Q1

Y I‘P"Y - _,Q.,E]( - P Y
t El 0i !

Here,, and, are the temperature jump coefficients of the hotter and colder
surfaces respectively. The assumptad the constant pressure between the cylinders and
plates is used to obtain egR.18 The expressiorproposed by Lin and Willidor

temperature jump coefficiem used (Eqn. 1.4). Thenalytical expression is obtained by

linearization of temperatureing ¢ —— and neglecting the order ef The expressions

used for dimensionless temperature profile and heat flux profile for parallel plai@8Jare

“Yi g "Y Y 01 pY Y i P w
. Py
I —0 g T
LT
where

0 & p
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The gas temperatures near the walls are

Y Yo op -1 p G& ¢
where
’ [ p ™ ’ 174 p
- —O0—h - —0— o
Ty Tyl <&
The dimensionless coordinat¥sandY for parallel plates are ™ andyY T®38

Similarly, the expressions for temperature profile and heat flux profiles for coaxial

cylinders are

o p . " " . AY . 2Y -
Yi c Y Y 61 p 11— 11— &1
pw
ni 0 c& v
where
5 Y Y 7 P & o
2y v 7 oy T

Ve 57—V 7T v
Two values of aspect ratio are considered for this st&ly0.5 and 0.1. The

corresponding dimensionless coordindteiy for each case are: [1, 2] and [0.11, 1.11],
respectively. The temperature of gas at wall interface is calculated by using the same

expressioras for parallel plate (2.22vhereas- and— are calculated as

h - — & X
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2.2Results

The results of steady state heat transfer between two parallel plates andl coaxia
cylinders in the slip regime are obtained from DSMC simulations. For comparison, the
results fom SModel kinetic approach amdso used39]. These resultarecompared with

continuum approaches using ANSYS/Fluent and analytical expressions mentioned abo

The results are obtained for parallel plates and coaxial cylinders @.5 and 0.1) and

temperature ratid = 1.1 and 2. The rarefaction parameters are varied from 3 to 100 which

covers near transitional regimes to continuum regimes.

Figure 2.2 showthe nondimensional temperature profile for= 1.1 and? = 0.5

(left) and 0.1(right) for i =3, 10, 50 and 100. The results for elldre shown separately.

For R = 0.5 the temperature profiles are almost linear whileRox 0.1, the profile are

logarithmic. The temperature jump increases with decreasaridUfor all methods. For

dof 50and 100, all methods show similar temperature profile and close temperature jump
at both walls. However, farof 10 and 3, the profiles from ANSYS/Fluent and analytical
expression differ from-8nodel and DSMC. A< 10 is in transitional regime, the metts

using continuum approach show some variation from kinetic approach.

Similarly, Fig 2.3 shows the temperature profileTor 2. The temperature profiles

from Smodel and DSMC are close for dlland U both radius ratios. But the difference
with contiruum approach is clear even for higlieand for allU There is huge variation
between kinetic and continuum approach. For smailethere is difference between

profiles from ANSYS/Fluent and analytical expression. Figure 2.4 shows the temperature

profile for parallel plates fof = 1.1 (left) and 2 (right). The results are very similar to the
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concentric cylinders where, the results from continuum approach shows good agreement

with kinetic approach fof = 1.1. Similar to concentric cylindeT, = 2, thereis huge

discrepancy between the results from continuum approach and kinetic approach.
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Figure 2.2: Nordimensional temperature profile along radial directionRor 0.5

and 0.1 and’ = 1.1 for different)
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Figure2.3: Nondimensional temperature profile along radial directionfor 0.5
and 0.1 andr" = 2 for differentU
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Figure2.4: Nondimensional temperature profile across parallel plategforl.1 and 2
for differentU
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Figure 2.5 shows nedimensional heat flux profile along radial directionTorl.1

and /R = 0.1 and 0.5 for differeni. The heat flux decreases along radial direction. The

nondimensional heat flux decreases with increasé s the value of) decreases, the

nontdimensional heat flux also decreases. The profiles are nearly linear for Wgher

whereas logarithmic for l@er /. The heat flux profile from all four methods are almost

identical forti > 10, whereas fori < 10, some discrepancy can be seen. The discrepancy

between kinetic and continuum approashhigher for # =0.1 compared to 0.5 and
increases as the value BtlecreasesFigure 2.6 shows similar results as Fig. 2.5Tor

2. Similar to temperature profilefor larger temperature ratio, the difference between
kinetic and continuum approach are observed clearlyJ At0.2, there is discrepancy
between kinetiand continuum approadbr highestvalues oftias well. For parallel plates,
as shown in Fig. 2.The comparisorare very similar to concentric cylinddt.is obvious
that the heat flux value is constant across the @hpse results show that the use of
continuum approach for higher temperature ratios arehighily accurate even in slip

regime and specially for lower values bf the difference is significant.
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Figure 2.8 shows the dimensionless heat fjuplotted as a function of rarefaction

parametefi for all combinations off and R considered for this study and for=1, 0.6

and 0.2.Results from kinetic (8nodel and DSMC) and continuum (numerical and

analysis) approaches are included. It is clear fronfigjuee that the value af increases

aslidecreases arldandT increase. The values gbbtained from both continuum models
are in a good agreement for cdse 1.1 regadless ofR andU ForT=2, the discrepancy
between the two models increases,asand R decrease. The value gfor the continuum

numerical model is systematically larger than the contiranaiytical model. AT=1.1,

the continuum and kinetic results are in good agreement for all vallesxaiept for cses

R =0.landU=1.

Thereason of this discrepancy is not clear and could be a good problem for future

research. Fof = 2, the agreement is good f& = 0.1 andU= 1, but not as good ds
decreases an@ increases. The disagreement between the continuum and kinetic models,

especially at largel, may be explained from the profiles of dimensionless pressure along

radial direction. The reason of this discrepancy is not clear and could be a good problem

for future research. Far=2, the agreement is good f& =0.1 andU=1, but notas good
as U decreases anf increases. The disagreement between the continuum and kinetic
models, especially at large may be explained from the profiles of dimensionless pressure

along radial direction.
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Figure 2.9 shows these profiles between thendglis and plates obtained from the

S-model kinetic equation in the case of full accommodation of the molecules at the walls.
The results are plotted faor =1.1 and 2R =1, 0.5 and 0.1 andl= 100, 50, 10 and 3. The
radial axis is scaled from 1 to 2 fasrovenience of comparison. From this figure, it can be
seen that, in all cases, the pressure varies longdhis between the cylinders and plates

and this variation is larger @asand R decrease, and increases.
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Figure 2.8: Nordimensional heat flux aa function of the rarefactior
parameter, for all combination of R(a, b and cand T, and different
values of thermal accommodation coefficidnt
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Figure2.9: Dimensionless pressure profiles between plates and cylinde
all combination of R and T and different values of rarefactiotfdr

As mentioned earlier, the contimm models assume that the pressure is constant

along ther-axis. Figure 2.9 shows that the pressure variations is very smdik=fbd,

which explains the good agreement obtained between the continuum and kinetic

approaches. However, far=2, the pressureariation is significant foli< 10, therefore,

the assumption of the constant pressure is not valid. This may explain the disagreement
obtainedin these case$igure 2.10 gives the percentage differenceran-dimensioml

heat flux g between DSMC and-8iodel (shown in blackymbols)and the continuum
numerical and $nodel (shownn red symbols) for both temperature and aspect ratios, and
for three values of the thermal accommodation coeffi@ensidered in this studyt can

be seen fronthe figure thatthe heat fluxes obtained frothe DSMC and Snodel are

within 3% of each other in all configurations. This differedeereases asincreases and
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the gas approaches the continutegime. It is also clear that, for the caBe=1.1, the

percentage difference between the continrsmummericaland Smodel is smaller than 4%

for all values oR , U andU, which is of the order of the diffence betweethe DSMC and

S-model approaches. However, in cdse= 2, the percentage difference between the
continuumnumerical and Smodels is significantly larger than the corresponding
difference between DSMC and-rfodel and of the order d0% at smalll. This
quantitative comparison between tr@ntinuum and kinetic approaches clearly
demonstrates thahe continuum models are appropriate for simulating traasfer for
small temperature ratio, however, for large rdkieir ability is largely reducedven at

large value ofi2 50.In general, it can be concluded that the continuum madelaccurate

fori2 10 andT =1.1, and foii2 50 andT =2, regardlessf the aspect ratio.
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Figure 2.10: Percent difference of the dimensionless heat flux betwee
model and DSMC (black), and numericartinuum (red) models as functio
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2.3Two-Dimensional (2D) Problem

2.31 Geometry

<+ Wa |

L Hel i um

St oai n!e
cladding

~—_Magnesiu

cement

Figure 2.11: A 2D geometric model

A 2-D geometrywith a heater roatenterednside asquareenclosure filled with
rarefied heliumwas used for the comparison between DSMC and CFD simulafibies
heater rod consists of magnesium oxide cement covered by stainless steetcleeklin
Fig. 2.11. The outer diamet of heater rod is 10.5 mm and thickness is 0.71 mm. The size
of square enclosure is 18.4 mhkheat is generated uniformly in the cement portion. The
heater is placed in an enclosure filled with helium gas and the enclosure walls are
maintained at constatemperatureAs for the 1D comparison, the CFD simulations were

conducted in ANSYS/Fluent.

2.3.2Cases

Three heat generations of 100 kW/rB50 kwW/n¥ and 5000 kW/rhare applied.
For cement and stainless steel, constaties of thermatonductivity wereused. The
thermal accommodation coefficietd) (of the claddingheliumwall was kept constant)=

1, for all caseswhereas three different valuesldfl, 0.6 and 0.2) were applied on the four
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enclosure wallswhich are set at isothermal temperature of 30G-&ur pressure values

were applied equadent torarefaction parametefl, Eqn. 2.14 of 5, 10, 20 and 5€hat

cover near transitional regime and slip regiinetotd, 36 different cases were simulated.

Table 2.1Different parameters varied for comparison

Heat generatigrg [kW/m?] 100| 550/ 5,000

Thermal Accommodation Coefficient)(| 1 | 0.6 | 0.2
Pressure [Pa] 21 | 42| 84 | 208
Rarefaction parametet)( 5110 20 | 50

2.3.3Results

The temperature contour from DSMC and Fluent simulation fo650 kW/ni, P

= 42 Pa andl-1 case is shown in Fig.12. Maximum temperature is at the center of the

heater rodHowever, he temperature of heater rod is almost uniform. The temperature

decreases gradually in helidiiied region. For further comparison of the results from

DSMC andCFD simulationthe temperaire profile along the diagonal line from center of

the heater rod to one of the corners is plotted for all the cases. Ei@By&.14 and2.15

show the temperature profiles along diagonal Ojferl00 kW/n¥, 550 kW/n? and 5000

kW/m? respectively.
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Figure2.14: Temperature profile comparison of DSMC a@&D for g=550 kW/n?¥
(a) heat generation in heater rod in CFD and DSMC (b) cladding temperature i
set to DSMC result



39

800 700
— Fluent b 21 Pa — Fluent
750 | @ 21Pa — DSMC 650 — DSMC
42Pa
600 6‘*
,,,,, 550 _7Q““6
% 500 | 84Pa i
&= 208 Pa
450
400
350 | 350
q=>5000 kWm?a=1 T q=5000 kWm? a=1
300 L L ! L ==pal 300 L L M T
0 0.002 0.004 0.006 0.008 0 0.002 0.004 0.006 0.008
X [m] x[m]
750
800 700
650
700 600
=550
2600 &z
= =500
P
500 450
400
400 350
q= 5000 kW/m? a = 0.6
q= 5000 kW/m? ¢ =0.6 300 ‘
300 : 0 0.002 0.004 0.006 0.008
0 0.002 0.004 0.006 0.008 x [m]
x [m]
1700 900
— Fluent
— DSMC
1500 800
1300
700
1100 —
M B4, 600
= 900 =
500
700 |
400
5001 208 Pa™ T
=5000 kW/m3 a=10.2 = 5000 kW/m? 0.=0.2 =T
300 q L L N 300 q L L L L =
0 0.002 0.004 0.006 0.008 0 0.002 0.004 0.006 0.008
x[m] x [m]

Figure2.15: Temperature profile comparison of DSMC &feD for g = 500 kW/n?’
(a) heatgeneration in heater rod in CFD and DSMC (b) cladding temperature in
set to DSMC result



40

The left plots in Ks. 2.13, 2.14, and 2.15hows the temperature proBl&om
DSMC andCFD simulationsalongthe diagonalline OD, shown in Fig2.12, forq = 10Q
550 and 5000kW/m?, respectively, for liree values othe thermal accommodation
coeffident, U= 1, 0.6 and 0.2t the enclosure walln all these plot, e temperature
increasesas thepressure and thermal accommodation coefficietrease and heat
generation increaseJhe difference of maximum temperature of heater rod predicted
betweerDSMC andCFD simulations is smalll¢ss than 0.5C) for small heat generation
rate = 100kW/m?®) and increases as the heat generation rate increases, especially for low
pressure caseB € 21 and 42 Pa)This difference is very large for the case q= 5000m>
and P =21 and 42 Pa for &l(see Fig. 2.15a). In all cases, the pressure decreases, the
temperaturgump at the interfaceincreasesThe temperaturump at both cladding and
enclosure wall interfacepredicted byCFD simulationsis higher than DSMCThe
maximum temperature pteted by the CFD simulations are mostly lower than those from
DSMC, except in few cases at low pressure and high heat generation rates. This behavior
is not well understood and hard to explain.

In order to quantify the temperature jump at the interfands@ conduct a direct
comparison between CFD and DSMC simulatioh® temperatureof the heater rod
obtained from DSMC simulations is used a boundary condition in the CFD simulations.
This allows eliminatinghe comparison of maximum temperatoéthe heater rod. Only
meaningful comparis@are the temperature jung each wall and temperature profile in
the helium regionThese results are presented in the right ploBgs 2.13, 2.14 and2.15
for all conditions. These figures shtlwe temperaturprofile along the same diagonal line

shownin fig. 2.12. The temperature profiles in the bulk of the helium filled region are
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different between CFD and DSMC simulations, especially for low pressure cases.
Therefore, there is also a difference in the tenajpee jumps predicted at each wall for all
cases. In general, the temperature jump predicted by CFD simulations is larger than those
of DSMC simulations, except for the cape 100 kW/ni, P = 208 Pa, antl = 1, where

the opposite behavior is observed.

To better illustrate these differences, Fig. 2.16 shows the tempejatype
difference between the two models (GEESMC) for both wall and all conditions of heat
generation,U, and rarefaction parametefi)( The left plots show the results for the
enclosue wall (DTt; wal, rbsmc), however, the right plots show the results for the cladding
wall (DT clad, Fosmc). For the enclosure wall, the results are consistent between all heat
generations, except in one cage=(100 kW/n%, Ui = 5, andU = 0.6). The diference in
temperature jump increases witie decreasef U andUand increase in heat generation
rate,q. For the cladding wall, the results are not consistent. It should be reminded here that
the value of the thermal accommodatldwas kept constangqual to 1, for the cladding
wall. The values oBlshown in the right plots of Fig. 2.16 are for the enclosure walls. As a
result, he difference of temperature jumpthis walldoes not vary a lot with variation in
the value olUfor theenclosure wallHowever, its variation as the rarefaction paramiter
and heat generatianvary is clear. Adl decrease angincrease, there larger differences.

From the above comparison between the DSMC and CFD simdatiche 2D
geometry, it showshat the CFD snulations are able to predict the temperature jump at

the wall only for small heat generation rates.



1.75 “ ol
(a) =100 kW/m? =006
15 '
a-0.2
125
X,
N
8
2075
F 05
< [
0.25 '
- e
0t . e
025 : ' '
0 10 20 30 40 50 60
6
12 ool
=550 kW/m P
0 0-0.2
< s
g
&8
56 F
& Foo"
< 4
2 . B
.
.. I
0 { ] 1 B e o s |
0 0 20 30 40 30 60
s
200 vl
g=5000 kW/m’ 0.6
o-0.2
150 |
=
g
&
100
F-.':
<
50| =
0 - o .
0 10 20 30 40 50 60

o — —
5] —_ o ~

=
>

AT, J_clad, F-DSMC [K]

< =
[ ES

- N hed R
— M b W B ta =

ATTJ clad, F-DSMC [K]

S =)
W D

n
(=]

=
(=]

=)
(=]

ATT‘J clad, F-DSMC [K]

10

o
<
T

42

(b) ¢=100 kW/m’> * ol
| =g-0.6
b a-0.2
i "
0 10 20 30 40 50 60
g
. _ 3 o -1
" ¢=550 kW/m 0.6
— 0-0.2
hY
.\\
L .
0 10 20 30 40 50 60
P)
=5000 kW/m? sl
. 4 m = 0-0.6
iy 0-0.2
£ N T -8
0 10 20 30 40 50 60

Figure2.16: Difference in temperature jump predicted from two methods (a) at encl
wall (b) heater rod wall with same heater rod and enclosure walktatures



43

CHAPTER 3

EXPERIMENTAL VALIDATION OF CFD  SIMULATIONS

UNDER PRESSURIZED CONDITION

The primary objective of this research is to validate the CFDlations in the slip
regime for conditions relevant to vacuum drying process. The CFD simulations were
validated in simple one and twbmensional geometries by comparing them to the accurate
kinetic models in previous chapter. The next step would be tdat@lthem in complex
threedimensional geometry. However, without sufficient knowledge of accuracy and
reliability of the CFD simulations for complex geometry in the continuum regime, it is not
possible to obtain reliable results in the slip regime. Therg e , an Ainter med
taken, where a validation of the CFD simulations is conducted for a complex three
dimensional geometry in the continuum regime (atmospheric or higher pressures). The
objective is to understand the effect of factors sucheasngtric tolerances, temperature
measurement uncertainties, etc., which are inevitable in any experiment, on the results of
CFD simulations of a complex threimensional geometry. The findings presented in this
chapter has already been publisbé@].

In this chapter, the results from experiments coratlibly Chalasarj29] for three
different pressures and heat generation rates are used to validate CFD simulations
conducted in thiglissertationin the continuum regime. The experiment resembles to a

portion of an array of 8x8 nuclear fuel assembly inside a canidterdescription of the
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experimental apparatus, numerical model used for the simulations and the comparison of

the experimental and CFD simulation results are given in details in the following sections.

3.1 Experimental Apparatus

The experimental apparatus designed to represent a section of a fuel assembly
between consecutive spacer plates, within a hefillea basket opening [23, 24]. A
disassembled view is shown in Fig. 3.1. It consists of (af 8ra&ay of heater rods, (b)
two stainless steelpacer plates, and (c) a square anodaedinum enclosure. Each
heater rod is 1.1 cm in diameter and 67.3 cm long. The sheath of each rod is made of 0.7
mmtthick Incoloy with compressed Magnesium Oxide (MgO) inside. Most of the rods are
mildly bowed, sich that the center of some rods are as much as 3 mm away from a line
connecting the rod ends. Each rod contains a Nichrome heater coil. The coil ends are
anchored to metal pins in both rod ends, which are connected to external power leads. The
manufactirer specifies that heat generation is uniform along the length of the heater rods
to within © 6%, except for 3.2 cm sections on both ends, which are unheated. For the 64
rods, the average and standard deviation of the heater resistances are, respegtiaely
0.12m Sets of eight heater rods are connected in series. The resulting eight sets are
connected in parallel to aIDOOW regulated DC power supply.

The stainless steel spacer plates are Gos3%hick and 11.9 cm on each side. Both
contain sixy-four 1.15cm-diameter holes that hold the heater rods in position. The hole
centerto-center pitch is 1.44 cm. A small threaded hole is centered between each set of
four rod holes. To hold the heater rods in position, a bolt with an expansion ring is

tightened in the threaded holes. The expansion ring pushes the rods to make them contact
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Figure 31. Dissembled experimental apparata$ Heater rod array(b) Spacer
plates, andc) Enclosure

the far sides of the rod holes. This eccentricity and the rod bowing lead to small but random
(uncontrolled) variations of the rod locations.

To make the encloserreasonably isothermal, it is constructed by tungsten inert
gaswelding four 2.54cm thick aluminum plates. The surfaces are black anodized. Its
interior forms a 12 cm by 12 cm square, and its total length is 91.5 cm. Figure 3.2a shows
an axial sectiorof the assembled experiment. The heater rod array is centered axially
within the enclosure, so there are-d# voids on each end to house power and
thermocouple wires. Theaxis is shown, with its origin at the axial rthne. When in
operation the teder rods are vertical, and the gravity ve&@s oriented in the negative
direction. The inner surfaces of the spacer plates are #80.5 cm, and are coplanar with
the ends of the heated regions of the rods.

Forty-seven of the 64 heater rods¢ain TypeK (chromel/alumel) thermocouples,

at one of four axial locationg,=-17.3, 0, 17.3 and 29.2 cm. These locations are known
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Figure3.2: Assembled experimental apparatus. (a) Axial cross section showing i
components (b) Photograph showing external insulation, and top extension tuk
wire feedthroughs

totolerances of £1.3 cm, and are indicated in Fig. 3.2a. In each instrumented rod, a chromel
wire exits one end whalan alumel wire exits the other. Stainless steel endplates with O
rings are bolted to both ends to seal the enclosure. The top endplate has extension tubes
with feedthroughs at their ends for thermocouple leads. The bottom endplate has a
thermocouple/peer feedthrough and another tube that is used to evacuate and backfill the
enclosure. That tube is connected to a tree with an atmospheric valve, an evacuation valve
connected to an oil filter attached to anlmlsed vacuum pump, and high and low pnessu
gauges. To increase the enclosure temperature, fiberfrax insulation blankets, with
thickness of eithelr= 2.5 or 5 cm, are used on the enclosure and endplates. Figure 3.2b is

a picture of the assembled apparatus wrapped in insulation.
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In this seald enclosure, buoyancy is expected to cause helium to flow upward in
the warm center of the rod array, and downward near the relatively cool enclosure walls.
This is somewhat different from the thermal syphoning pattern that exists in vertical storage
cansters. Thermal syphoning is governed by the ratio of buoyancy to viscous forces, which
is characterized by the Grashof number [5].

@Y Y b
O : 8 (3.2)

In this expressionQis the gravitational acceleratiorg, is the gas coefficient of
thermal expansioriy is the maximum cladding temperatuireand® are, respectively the
average gas dengiand dynamic viscosity, and is the height of the heated fuel rods.
Based on simulations for a canister that contains 24 fuel assemblies [6], the Grashof
number is of the ordex p 1

Figure 3.3 is a schematic of the experimental apparatss sextion. Th& andy
coordinate system is also shown. The circles represent heater rods. Each is named
according to its row (A to H) and column (1 to 8) location. The number inside certain rods
represents thelocation of the thermocouple within tiv@d. The 17 rods without numbers
do not contain a thermocouple. Twelve thermocouples are installed in the enclosure walls
to measure its temperature. Figure 3.3 shows wells in the middle of each walls whose ends
are 0.25 cm from the inner surface.ckavall has wells at = -29, 0, and 29 cm. In Fig.
3.3thefourblack i | | ed Xbé6s near the center, top anit
thex,y-locations of thermocouples that are on both the top and bottom spacer plates. The
open X near the botto right corner indicates the position of a thermocouple that is only

on the top spacer plate.
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Figure 3.3: Experimental apparatus cross section showing heater rods, en
walls, coordinate system and row ac@lumn names. Numbers in rods indica
location of thermocouples, and Greek letters indicate symmetry group (Table
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The section of the experimeint Fig. 3.3 is symmetric about tixeandy axes, and
diagonal lines connecting heater rodstA8 and rods H4A8. Due to the nearly isothermal
enclosure walls, symmetry of the experiment geometry and the expected natural convection
flow pattern, rods thare symmetrically located on either side of the symmetry planes are
expected to have nearly the same temperatures. Greek detteig d, e, z andh in Fig.

3.3 identify rods in seven symmetry groups that contain thermocouples. Table 3.1 lists the
rods in each groups, and thocations of the thermocouples within them. Bhgroup is

the one that is closest to the array cend@d theb, g d, e z andh groups are located
increasing further away.

Table 3.1 and Fig. 3.3 show that symmetry groauds andh have thermocouples
at all four elevationsz = -17, 0, 17 and 29 cm. In this work, measurements from each
group ae assembled to construct an axial profile for a typical rod in that group. Based on
distances of each group from the center of the array, gupsndh are expected to
contain, respectively, the hottest, second hottest and coolest rods in the array.

All the thermocouples in symmetry grougsl, eandz are atz = 0. Based on
symmetry, the temperature of the N = 6 or 7 thermocouples within each of these groups
will be nearly identical. However, within each group the indicated temperature may differ
by normallydistributed random amounts due to measurement and configuration errors.
Configuration errors are caused by small but uncontrolled variations in the heater
resistances, rod bowing, thermocouple placement in a rod, small variations in tharenclos
temperature and other factors. While measurement errors are expected to be roughly the

same for all symmetry groups, configuration errors are not the same. In this work the
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variation in temperatures within each of these groups is used to determiragitition of

configuration errors with group location.

3.2 Temperature Measurements

Table 3.2 describes the conditions of twelve experiments that are presented
in thisstudy Experiments are performed for two insulation thicknekse2.5 or 5 cm
three nominal helium pressur® = 1, 2, and 3 atm (which are measured when the
apparatus is at room temperature), and three rod heat generatio rafé¥), 300, and
500 W. For each experiment, Table 3.2 gives its Roman numeral experiment number,
Exp#, the measured press@érahen the experiment reached steady state conditions (which
is higher than @ due to the higher steady state temperature), and Grashof number (eqn.
3.1). Forthe Grashofcalculation,”Y and”Y are the maximunrnod andaveragewall
temperatures, anilis the heater rod lengtiChe experiment Grashof numbers range from
Gr ~ 10 to 1, which are one to two order of magnitude smaller than a nominal value for
a vertical used fuel canist&y ~ 1. As described earligthe flow pattern in the current
experiment is also somewhat different from that of canisters. All twelve experiments were
performed in a laboratory where the temperature was controlled to be approximately 23
The enclosure, spacer plate and rod teatpees were measured using a data acquisition
system at a sampling rate ohe sample/minute. When the heaters were off and the
apparatus reached steady state, all the thermocouples indicated approximately the same
temperature, within a standard deviatioh0.5°C. After the heater rods are powered,
approximately 25 hours were required for the temperatures tostesalystateconditions.

After steadystate was reached, &imperatures wergampled for at least 30 minutes,



Table 3.2Conditions f@ all 12 experiments presented in this work.

Total Rod Heat Generatio@,

Insulation | Nominal
Thickness)] Pressure 100W 300W S00W
I [cm] | Pn[atm] | Exp#| P[Atm] | "Oip 1t | Exp#| P[Atm] | 'Oidp 1t | Exp#| P[Atm] | "Oip Tt
1 I 1.38 0.91 v 2.30 1.1 VI 3.02 1.0
2.5 2 1 1.53 3.6 \Y 2.62 4.4 VIII 3.36 4.1
3 11l 1.66 8.0 VI 2.82 9.9 IX 3.56 9.0
5 1 X 1.16 0.78 Xl 1.42 0.81 Xl 1.62 0.72

51
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Figure 3.4:Measured thermocouple (open and filled symbols) and simulated (
and dotted lines and z symbols)temperatures within boundariesd rods for
experiments Il and VII

and then aveged. The uncertainty of each thermocouple measuremewWKE.

The symbols in Fig. 3.4 show measured enclosure, spacer plate and heater rod
temperatures versus axid) (ocation for Experiments Illl(= 2.5 cm,Pn = 3 atm,Q = 100
W, Gr=8x10) and MI (1 = 2.5 cmPn =1 atm,Q = 500 W,Gr = 1x10). The temperature

profile shapes in the two plots are similar, but their temperature scales are different. The
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solid circles at the bottom of each plot show the temperatures on all four enclosure walls
atthe three axial locations. At each elevation, the temperatures are not the same on the four
walls, but the average temperature increases with elevation due to natural convection. For
each experiment the four triangleszat -29 cm and five triangles at= 29 cm show the
temperatures of, respectively, the bottom and top spacer plates. Both plates are warmer
than the enclosure, and the top plate temperature is higher than the bottom plate, again due
to the natural convection inside the apparatus. Asa@geon both spacer plates, the plate
centers are hotter than locations near the enclosure walls. For both experiments, the open
squares, diamonds and circles show temperatures measured at four different axial locations
within, respectively, thea (hottest), b (second hottest) andd (coolest) rod symmetry
groups. Thea andh temperatures are measured in four different rods, as described in
Table 3.1. Thdé temperatures (diamonds) are measured in eight different rods, and have
two measurements at all foelevations. For thé temperatures, the two temperature
measurements at locations -17, 0 and 17 cm are approximately the same, whereas at
= 29 cm the temperatures differ byClto 3°C. This was observed in all twelve
experiments. As describedrker, these differences are caused by configuration and
measurements errors.

The Grashof number for Experiment lll is eight times larger than that for
Experiment VII. For Experiment Il, in rod groupsandb, the temperatures at&-17 cm
are lowerthan they are at = 17 cm. However, the temperatures at these locations are

closer to each other in Experiment VII, in which the effect of natural convection is less
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different insulation thicknesses and helium pressures versus heat generation
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significant. The solid and dotted lines in Fig. 3.4 are simulated temperatures fay bhe
andh group rods, which are described in a later section. The boundary conditions for those

simulations are the measured enclosure wall and spacer plate temperatures, which are

describedn the next section.
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3.2.1 Boundary Temperatures

In this wok the average measured enclosure wall temperatMrejs used to
characterize each experimerithe horizontal lines in Figs. 3.4a and 3.4b shows averages
in Experiments Il and VII which are, respectively, ¢ x 3and¢ p .3In Fig. 3.5a
the symbols connected by solid lines shé¥sversus the total rod heat generation ate
for all twelve experiments. As expected the average enclosure temperature increases with
heat generation rate and insulation thickness. The data=f@&.5 am indicate that the
average enclosure temperature is essentially independent of the gas pressure.

Figure 3.5a also shows the average temperalifierencesbetween the spacer
plates and the enclosure walls. The symbols connected by dotted lines shdor tize
top spacer plate€Y “Y, while dashed lines are used for the bottom spacer plate,
“Y . For all experiments, the upper spacer plate is warmer than the bottoh Z6rcm,
the temperature differences are more strongly affected by the heaatmem rate than the
pressures considered in this work. As the pressure increases, the top spacer plate gets
slightly hotter and the bottom spacer gets slightly cooler, but the change for these pressures
is less than L. Increasing the pressure incremshe gas density, Grashof number, and
the effect of natural convection. This causes the hottest locations on the rods to move to
higherz-elevations, and explains why the top spacer plate temperature iscedste
lower one decreases as pressuree@®es. Figure 3.5a also shows that the temperature
difference between the spacer plates and the wall is significantly smaller 5ocmthan
for1 =2.5 cm As already noted, the thicker insulation makes the apparatus hotter, which
increases radiatioheat transfer. This decreases the temperature difference between the

enclosure walls and spacer plates.
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To quantify the temperature variations within the enclosure wall, we define the
temperature range that statistically contains 95% of the meaauesyassuming they are
normally distributed. This deviation temperature is twice as large as the sample standard

deviation, and is calculated as [26]:

B Y "Y;
0 ¢ A h g (3.2

In this expressionY  is eat individual measured wall temperature, &d p gs
the number of wall measurementfie nonisothermality of the walls, and measurement
errors, caus® to be norzero. The top and bottom spacer plate deviatiGngndO ,
which arecalculated using Eqgn. 3.2 but employing the tdp &nd bottom B) plate
temperature measurements, assess measured temperature variations within those objects.

Figure 3.5b presents the measured temperature deviation versus heat generation

rate for thehree objects: the enclosure wall (symbols connected with solid lines), and the
bottom (dashed lines) and top (dotted lines) spacer plates. The temperature deviation
increases as the heat generation (and consequently object temperature) incredses. For
2.5 cm the enclosure wall deviations increase marginally with gas pressure. The wall
temperature deviation increases with insulation thickness because the insulation increases
the wall temperature. For the top and bottom spacer plates, the deveaigamsarly the
same aPn = 2 atm. However, as the pressure increases, the deviations on the top spacer
plate increase (as its average temperature increases), while those of the bottom spacer plate
decrease (as its average decreases). The temperatiat@odsvon the spacer plates are

smaller forl =5 cm than they are fb= 2.5 cm. This is because as the insulation thickness
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Figure 3.6 Deviation temperatures within each symmetry group versus ¢
average tempature minus wall temperature

increases the experiment temperature and the radiation heat transfer increase, which makes

the experiment temperatures morédamm. Even though the enclosure is physically larger

than the spacer plates, its deviations are smaller. This is due to higher thermal conductivity

of aluminum compared to that of stainless steel. Comparing Figs. 3.5a and 3.5b shows that

the temperaturéeviation in the spacer plates is not negligible compared to the average

temperature difference between those plates and the enclosure.

3.2.2 Configuration Errors

As described earlier, all rods in symmetry grogps e andz have thermocouples

atz=0.

The

variations withi

n

each

of

t hese

configuration errors, which are caused by uncontrolled experimental geometric and

boundary conditions. To do this, the average and deviation (Egn. 3.2) temperatures of each

of these four symmetry group was calculated for each of the 12 experiment. The Modified
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Thompson Tau test was used to determine if any samples within these 48 populations was
a statistically unlikely members of its population. As a result, measuremantsaoH5
were removed for all 12 experiments, and those from rod A7 were removed from
experiments | to IX. After these 21 thermocouple measurements were eliminated, the
average "(YAYRYhand"Y) and deviation ‘© HO HO handO) temperatures were
determined for all four symmetry groups and all twelve experiments.

Figure 3.6 is a plot of the temperature deviation for each goo(ior j = g, d, e
andz) versus the average temperature difference detvihe group and the wall Y.
Data from all twelve experiments are presented. Dotted lines that are fit to the results of
each group are included to better show trends in the data. For each group the deviation in
temperature increasesughly linearly with the temperature difference.

The deviations in Fig. 3.6 are caused by both measurement and configuration errors.
We expect the measurement errors from each group to be roughly the same, so the
differences between groups is causedth®y difference in configuration errors in each
symmetry group. The configuration error is smallest fogt®up, which is the one that
is closest to the array center. The error fordlaade groups, which are the second and
third closest groups, are larger than those fogtreup. The group, which is the furthest
from the array center, has a loweroe than those of théande groups.

To understand this behavior, we consider the temperature profiles along lines that
radiate from the array axigs € y = 0). These temperature profiles pass through the gas and
rods. They are fairly flat near theray center, but exhibits steeper gradients near the walls.

Bowing of the heater rods causes the thermocouples étto be shifted in thg- andy-
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directions by small but random amounts. The rods igtveup are relatively close to the
array centerso small shifts in their location will not cause a large change in their
temperatures. However, rods in theandz groups are close to the walls where the radial
temperature gradient is steep. As a result, their temperatures are relatively esémsitiv
small location variations. Interestingly, the temperature deviations withinghmup are
relatively small. It is possible that the rods in that group are relatively straight compared
to that of the other groups. Unfortunately, it is not possdtest that hypothesis because
the bowing of those rods were not observed before the experiment was disassembled.
Figure 3.6 shows that the configuration error within a symmetry group is larger for
groups that are nearer the array periphery, becaesddgmperatures are more sensitive to
random location variation than those in groups near the array axis. We conclude that
measurements made near the array axis are more valuable for assessing the accuracy of

simulations than ones near the periphery.

3.3 Numerical Simulations
3.3.1 Computational Domain

Two and threaimensional computational meshes representing the experimental
apparatus were generated using ANSYS Meshing. Figure 3.7a shoyyspdane of a
computational mesh. The outer portiortleé plane consists of a 0-2&+thick aluminum
region, which represents the portion of the enclosure that is inside the locations where

temperatures are measured. It also contains regions for the 64 heater rods (magnesium
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shaded regions show the helidiffed gaps. These gaps are between the spacer pléte an
enclosure wall (except at the corners where the spacer plates are supported), and between
the rods and plate holes. As described earlier, expansion rings between each set of four
rods press the rods against the portions of the spacer holes that arfeoavtye rings.

The resulting eccentricity of the rods and holes are represented in the mesh asca 45
contact surface. The total number of mesh elements in thedimeasional domain is
1,834,880. For comparison, another mesh was constructedheittods symmetrically
centered within the holes.

Temperature dependent material properties were assigned to all of the magnesium
oxide, Incoloy, stainless steel, aluminum and helium regiod$e emissivities of the
anodized aluminum enclosure wallscbloy heater rod sheaths, and stainless steel spacer
plates were measured. However, after the experiments were completed and the enclosure
was reopened, all interior surfaces were found to be coated with a film of vacuum pump
oil. The emissivity of theoated surfaces were not measured, but were approximated to be
very near unity [25].

In the model, heat is generated uniformly throughout the magnesium oxide, except
in thez-locations within the spacer plates. For the simulation of each experimetwotaihe
heat generation rate is equal to that of the experiment. The outer surfaces of the aluminum
region is set uniformly to the average measured temperature of the enclosure walls.

At the top and bottom of the domain (outer surfaces of the spaces)ptateend
surfaces of the heater rods and the helium gaps are insulated. Three different types of
boundary conditions are applied to the stainless spacer plates. The first is the Regional

Temperature condition, in which the spacer plates are dividedine regions, which are
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shown in Fig. 3.7a separated by the vertical and horizontal lines. The temperature in
Middle region of the top and bottom plates (marked M in Fig. 3.7a) is set to the temperature
measured at the center thermocouple for each fdanter X in Fig. 3.3). The temperature
of all four Side regions (marked S) is the value measured by the thermocouple at the side
of each plate (X near the top of Fig. 3.3). The Corner region temperature (marked C) is set
to a value that is the averagéthe measured two or three corner regions for that plate,
which was then averaged with the measured enclosure temperature. This second average
was used because simulation results show that significant portions of the corner regions
are cooler than thlecation where the temperature is measured. The second type of spacer
plate boundary condition is a Uniform Temperature, in which theaegghtedaverage
temperature for each plate is applied to
of boundary conditions, the outer surfaces of the spacer plates were simply insulated.

Conduction, natural convection, and radiation heat transfer within the domain were
simulated using ANSYS/Fluent. The steadgite momentum and energy equations were
solvedusing a pressurbased solver where the pressuedocity coupling was achieved
using the SIMPLE scheme and discretization was achieved using a second order upwind
scheme [27]. The discrete ordinate model was used to calculate radiation heat transfer.
For natural convection, buoyancy induced flow was generated using gravitational
acceleration in negativedirection. Temperaturbased density was applied to helium for
the steadystate pressure measured for each experiment.

To check the sensitivity of €hmesh, two finer meshes were constructed with
2,111,992 and 4,730,080 elements. Simulations representing Experiments | and IX (see

Table 3.2) were performed using all three meshes. The difference between the maximum
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temperatures for each mesh was less©.3C. Hence, the coarse mesh shown in Fig.

3.7 was used for all presented simulations.

3.4 Simulations Results

Figure 3.8 shows simulation results for the rod heat generation rate, gas pressure
and enclosure wall and spacer plate temperatures mdasurExperiment VII. These
simulations employed the Regional Temperature spacer plate boundary conditions. Figure
3.8a shows rod surface temperature contours. Half of the rods are removed to expose the
center of the array. The hottest region is slygabove the array mitleight, az= 4.4 cm.
Much of the central rod surface temperatures are fairly uniform, but the temperature
exhibits rapid drop offs at the rod tops and bottoms, and on rods close to the walls. Figure
3.8b shows the vertical compamt of gas velocity at the miaeight ¢ = 0). The surface
is colored according to the gas temperature. It shows that natural convection causes the
warm gas near the center to move upward with a maximum speed of around 4 cm/s, and
downward along the wallwith a peak of arouné cm/sec. The gas moves in rounded
crosssection ugflowing and downflowing jets in between the heater rods.

For Experiment VII, the average measured enclosure wall temperature and the
maximum measured rod temperature are, réspdy 217.5C and 288.8C,
corresponding to a maximum rdokwall temperature difference of 72@.  The
simulation shown in Fig. 3.8 used the measured enclosure temperatures as boundary
conditions, and predicted a temperature difference of €1.8 smulation perfornredwith
no fluid motion gave a temperature difference that was only 0.01% larger. Another
simulation was perfoned with surface emissivitgf 0.75 (reduced from unity), and gave

a temperature difference of 88%& These results indicatebat natural convection
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Figure 3.8:Computational results for Experiment VII. (a) Rod surface tempere
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contributes little to heat transfer in this system, but radiation and conduction are both
important.

The solid lines in Fig. 3.4 show the temperatures withimatheandh rods from
simulations that use the Regional Temperatyracer plate boundary conditions. Even
though there are multiple rods in each of these groups, only one line is needed since, due
to the precise symmetry of the simulation domain and boundary conditions, the
temperatures in all the rods are identicalor Both Experiment Il and VII, the rod
temperatures are fairly uniform in the middle 20 cm of the rods and drop off near the top
and bottom spacer plates, and ¢handb rods are significantly warmer than therods.

The simulations show that the heat loss through the outer surfaces of the spacer plates is
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less than 8% of the total rod heat generation rate. |a #redb rods, the location of the
maximumtemperéureis at a larger value affor Experiment llithan for Experiment VII.

This is caused by natural convection, and is similar to the trend exhibited by the
measurements.

Temperature profiles from simulations that use the Uniform Temperature spacer
plate condition are nearly the same as those from the Regional Temperature boundaries,
and so are not included. The dotted lines in Fig. 3.4 show rod temperatures results
assuming the spacer plate outer surfaces are insulated. While insulation increases the
temperatures of the rod ends, it has little effect on the middle 10 cm of the rods, where the
highest temperatures reside. From,twis conclude that the majority of the heat generated
within the center region of the rods is transferred radially teettobosure walls, and not
axially to the endplates. To confirm this, simple {hmensional simulations were
performed using the mesh shown in Fig. 3.7a. The andz symbols az = 0 of Fig. 3.4
show temperatures within tlae b andh rods groups, respectively. The good agreement
between the twalimensional and thregimensional simulations for both Experiment |
and VIl indicate that the spacer plate thermal bampdonditions have very little effect

on maximum rod temperatures, which are located near the redeight.

3.5 Comparison between Simulated and Measured Rod Temperatures

In Fig. 3.4, the simulated temperature for all three r@jsb( andh) in both
Experiment 11l and VII are within T of the measured values at all four elevations where
they are measured,= -17, 0, 17 and 29 cm. For tlerods, which are near the array

corners, the simulated temperature is below the measured valael@tcm, lut above it
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Figure 3.9 Simulated versus measured thermocotiplvall temperature difference
for dl 12 experiments.

atz=-17 cm. An additional simulation was performed using an axially varying enclosure
temperature that was hotter at the top than at the bottom, based on the measured enclosure
temperatures. The resulting simulated temperatures fdr tbd is in better agreement
with the measurements than curves in Fig. 3.4, and had little effect anatieb rods.
This suggests that temperatures of rods in the periphery of the array are more affected by
the wall temperature than those near the cenldris supports the assessment that rods
near the array periphery may exhibit larger configuration errors than ones near the array
center, since they are more sensitive to the enclosure temperature profile.

Since the measured enclosure wall and spalze pemperatures are used as
boundary conditions, the simulations essentially calculate the tempedhtige@nce

between the rods and the enclosure. To compare the simulated and measured temperatures,
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for all 47 thermocouples in each of the 12 expentsewe calculate the measured rod
temperature minus the average wall temperagité, Y Y, and the simulated rod
temperatures minus the wall temperatwe! “Y “Y. Since 21 measurements were
excluded based on the Médd Thompson Tau test, there are 543 measurements and
simulation results. Figure 3.9 is a plot of the simulated versus measured temperature
differences. These temperature differences are as large®ds. 7As expected, the
simulated temperature differee increases as the measudference increases, and the
correlation appears to be linear.

If the simulations perfectly recreated the measured data, then all of the data would
lie along3’Y 3Y, which is shown in Fig. 3.9 using a thin solid line. The simulated
results are scattered in a fairly narrow band above and below that line. The dotted line in
Fig. 3.9 shows the best linear fit to the dad};  @3°Y & whered and®are
respectively the slope and intercept found from thedsgsares techniqud-or the results
in Fig. 3.9,6  p8t cand® p& JC. The difference between the béistline and the
ideal line 3"Y 3"Y is an indication of th systematic differences between the simulated
and measured temperatures. The solid and dotted lines in Fig. 3.9 show that this difference
is small compared to the random differences.

The scatter of theesults above and below the béstine is an indcation of the
random differences between the simulations and measurements. The estimate of the best

fit |ineds r an daanideneerleved[R6)],is vaiculated as: 9 5 %

: B V¥ y
O C : Eqgn. 3.3
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The summation is carried out for the N643 pairs of Y'Y andY"Y. In terms of Fig. 3.9,
this is the vertical distance above and below thefitdste that statistically contain85%

of the data. For the results in Fig. 3®, u& JC, and dashed lines are plaas® JC
above and below the bef#tline. The region between these two lines contain roughly 95%

of the results.

Table 3.3Slope and Intercept values of regreadiae for difference boundary conditions
and models tested

Random
_ _ Slopem | Intercept b
Simulation . Error Egs
[-] [°C] .
[°C]
Baseline 1.02 -1.2 5.7
Concentric Heater Rods 1.02 -1.1 5.6
AreaWeighted Average Spacer Plate
1.02 -1.5 6.2
Temperature
Baseling(without Outermost Heater Rod{ 1.02 -0.1 4.4
Baseline (Maximum Temperature Only]  0.99 1.4 2.0

Table 3.3 reports the beft slope, intercept and random error for several
simulations and comparisons. The baseline comparison, which is presented3m® Fig.
uses (a) the simulation mesh with rods placed eccentrically within the spacer plate holes,
(b) the Regional Temperature spacer plate boundary condition, and (c) all 543 qualified
measurements. The bdgtslope, intercept and random error for tleséline are given in
the first line of Table 3.3. Under ideal conditiomss 1, b = 0OandEes = 0, and simulations
that give parameters that approach those values are judged to be superior to ones whose

values are further away. Table 3.3 shows thatlsitimns using the computational domain
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with rods placed concentrically (rather than eccentrically) in the spacer holes gave
parameters that are slightly more favorable than the baseline. Simulations that use the
Uniform Temperature (Are®eighted Averageypacer plate boundary condition gave
larger random errors than the baseline.

The random differences between the measured and simulated temperatures are
affected by inaccuracies of the simulations, configuration errors, and thermocouple
measurement error The objective of this work is to assess the inaccuracies of the
simulations. As discussed earlier, the configuration errors are larger in the array periphery
than they are near its center. Table 3.3 shows that if the outermost rods (all rods in rows
A and H, and column 1 and 8 of Fig. 3.3) are eliminated from the comparison between the
simulations and measurements, then the random differences between the measured and
simulation results is reduced t& €. If only the maximummeasured and simulated
temperatures are compared, the random error isc@ikzZ, a63% reduction compared to
the baseline comparison. This is not substantially larger than the thermocouple
measurement uncertainty @pJC. However, the simulations systematically over
predictedthe maximum temperatureWe view these latter comparisons to be a better
assessment of the uncertainties of the simulation methods than the ones that include all of

the rods, because the outer rods are more affected by configuration errors.
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CHAPTER 4

RAREFIED GAS EXPERIMENT

In this chapter, the design and constructiomoéxgperimental apparatus consisting
of a 7x7 array of electricalljjeateerods maintained between two spacer plates and
enclosed inside a square crgggtion stainless steel presswessels presented. The
experiment is usetb evaluate the temperature of the raalsa geometry relevant to a
nuclearfuel assemblyvithin a dry storage canister subjected to vacuum drying conditions
Thermocouples are installed @l the heater rodsspacer plates and enclosure wadls
provide a complete temperature profile of the experiméarious pressures, ranging from
~ 50 to 108 Pa of dry lelium and heat generatioatesQ = 50, 100 and 150 Welevant to
vacuum drying conditions are testddhe results from this experiment will be used in the

following chapteto validate CFBsimulationgor vacuum drying conditioflow pressure).

4.1 Experimental Apparatus

The experiment was designed to represent a central portion of a 7x7 fuel assembly
surraunded by stainless steel basket between two consecutive spacer plates inside a nuclear
canister oriented vertically. The experimental apparatus consists of a stainless steel
enclosure containing heater rods bundled in a 7x7 configuration and held byawes sp
plates. Figure 4.1 shows the model of the experiment. The enclosure is made transparent
to show the inner parts of the experiment. The most impodamtponentsof the

experiment are described below.
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(a)
(b) Support Rod

(d)

Section A

Section B

Support
Thermocouple locatic Rod Slot

Figure4.1: (a) Assembled model of experiment, (b) Enlarged viev
Section A (c) Spacer plate (d) Enlarged view of Section B

4.1.1 Heater Rods

Electrically powered heater rodme used to simulate fuel rods of a nuclear
assembly between two consecutive spacer grids. Each rod consists of a Nichrome heating
coil surrounded by compressed magnesium oxide (MgO) cement and covered with a
stainless steel sheath of 0.72 mm thicknebgsyThave a diameter of 1.25.003 cm and

a total length of 68 0.5 cm long. Eeh heater rod is rated to be 2@W. Heatis generated
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throughout the length of the rod except for unheated sections at both ends. The unheated
length was designed by the nudacturer to be 2.2 cm long. However, by takingays of

10 random heater rods, the unheated length was found to be 3 cm on average. As the rods
are bundled together in a 7x7 array, seven rods in each of the seven rows are connected in

series. These sevgnoups are then connected in parallel.

All the heater rods have ohgeK thermocouple installed at one of five different axial
locations.The uncertainty of these thermocouples is +2.Z%&re are 21 heater rods with
thermocouple aheiraxial cente (z= 0 cm,Plane Q, 13rods withthermocouple at = 25
cm (above the axial centdPlane 25, 11rods withthermocouple at = -25 cm(below the
axial center Plane -25), 2 rods withthermocouple az = 10 cm and two others with
thermocouples a = -10 cm The above cited axial locations of the thermocouples were
provided by the manufacturer. A test was conducted to check their locations, and it was
found that their actual location varied within £5 cm from the value stated by the
manufacturer. The nelecation of the thermocouples was determined waithuncertainty

of ° 3 mm.

4.1.2 Spacer Plate

Two square stainless steel plavggh a thickness oi1.5 mm anda length of11.5
cm, areusedto maintain the heater rods in the 7x7 configuratiesch plate &s 49 holes
with a diameter 01.17 cmand acenterto-center pitch of 1.625 cm. The corners of spacer
plates were rounded to accommodate the inner shape of the enclosure and to leave a
constant circumferential gap between the plates and enclosure inteiSwell slots on

four edges of thepacerplateare createdo bolt the plateto the suppdrrods which are
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used tosecure the spacer plates and heater rods in,geed-ig. 4.1b and 4.1€ourteen

(14) typeK thermocouples, with an uncertainty df.2°C, are welded tavsall holes of 1

mm diameter and 0.5 mm deptirilled in specific locationsf the spacer plates, sEg

1c. Thesethermocouplesreused to obtain a complete temperature profile of the spacer

plates.

4.1.3 Support Rods

Support rodsre used to secure the spacer plates and heater rods in place. Figure
4.1b shows two support rods bolted to the top spacer plate and enclosure. The length, width
and thickness of each rod is 21.5 cm, 0.65 cm and 0.6 cm. The top of each rod has a threaded
hole to bolt the spacer plate to the rod as shown in enlarged view of section B in Fig. 4.1d.
A step is machined on the same end with a depth equal to thickness of the spaddreplate.
thickness of the stejs equal to the gap between the spacer plateecantbsure wall as
shown in Fig. 4.1d. On the other end, a slot was machined to bolt the supporting rod to the
enclosure wall. The slot facilitates ease in assembly small amount of movement of the
support rods relative to the enclosure wall. This ensueeshtange in length of the heater
rods without bending when temperature changes. Eight support rods are used, four on each

spacer plate.

4.1.4 Enclosure

The enclosure consists of a square stainless steel tube with 12.7 cm outside
dimension and a wall thickess of 4.75 mm. The total length of the tube is 122 cm. The
dimension of two sides is slightly different (12.76 cm and 12.90 cm). Since the tube is
constructed by folding a stainless steel plate, the corners are round. On theatigtefr

the enclosure,grooves of 1.2 mm depth and 1 mm wide were machined to host 13
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thermocouples on each wall as shown in Figadllhese thermocouples are calibrated and
their uncertainty i$ 1.1 °C.The thermocouple locations are shown as small circléseat
beginning ofthese groove<On each wallthere arghree thermocouples locatatlz = 0
cm (axial centey, z = 30 cm andz = -30 cm (spacer plateaxial locatiors), and a
thermocouple each at=-15and15 cm. Two thermocouples are placed beyond spacer
plate level.These thermocouples provide complete axial and longitudinal temperature
profiles of the four outer walls of the enclosure.

The enclosure is covered with5 cmthick insulation board on all four wall&.5
cm thick insulation blanket is used to cover otparts where flat board cannot be used.
Additional 2.5 cmthick insulation was also used on top of insulation board for experiments

with 5 cmthick insulation.

4.1.5 Vacuum System

Ultra-high vacuum flanges were welded to both ends of the enclosure to hold
vacuum inside the chamber. The top flange hosts four thermocouple feedthroughs and one
power feedthrough, which are used to connect the heater rod and the top spacer plate
thermocouples. The bottom flange houses a thermocouple/power feedthrough and a
vacwm tree. The vacuum tree consists a stainless steel tube attached to which are a vacuum
pump (HiCube 80 Eco), pressure gages (MKS 626 C 1000 and MKS 622B 20), and a
helium tank through an open/close and a leaking valve. Both pressure gages have
uncertaintyof 0.25% of reading and the zetemperature coefficient error is 0.005% of
full scale. This induces the pressure reading error of 6.6 Pa and 0.13 Pa per °C of change

in the ambient temperature for 1000 Torr and 20 Torr pressure gage respectively. For
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pressure below ~ 2000 Pa, readings from MKS 622B 20 is used. Figure 4.3b shows a

picture of the experimental apparatus fully assembled.

4.1.6 Symmetry groups

In order to obtain the completemperatureprofile from the heater rods, the
location of the thermawple in each heater was strategically chsoen by taking advantage
of the geometrical symmetry of the experieth@all the enclosure walls hawhe same
temperature profile, then there is symmetry acsasandyz planes, and planes passing
through dd.j and cbd>;j of the square enclosyras showiin Fig. 3a. Thereforg onlyaone
eight (L/8") crosssectioncan represent the complete temperature profile of the experiment.
The circles in Figd4.3a represent the heater rod ameltumerical valusinside theecircles
represent thdistance in centimeterd the thermocoupl®cation from theaxial centein
each rod The Greekettersrepresent the groupf rods that are in symmetriocatiors in
all the oneeight sectionsThere arégensymmetric locationg each sectioand hencgen
symmetry groupsSince allthe symmetry groupsexcept the centermost one that has just
one heater rochave rods with thermocouples at various axial locatiars| profiles of
temperature can be generafed each group. & examplethe group U hasfour heater
rods two of these rods have a thermocouplePéne Oandthe two others have a
thermocouple a@lane-25and25, respectivelyFigure4.3b shows the number of rods with
thermocouples at the same axial locatiorRlane for each symmey group. The left one
eight section gives the Greek letter names of the symmetry groups, howevexttheee
sections give the number of thermocoupleBlane-25, 0, and25, respectively. All groups

have ateast one thermocouple in algpes, excefor groups, which has no thermocouple
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Figure 43: (a) Schematic of experimental apparatus showing thermocouple loc
and symmetry group obeh heater rod (b) oreghtsmodel showing symmetry grou
and no. of heater rods with thermocouple at same symmetry group for all three

at Plane-25, and groupb at Planes-25 and 25. Thethermocoupleshat arein the same
symmety group and the same plarghould ideallymeasure thesametemperature.
Thereforethey areused to verify theymmetricity assumpin of the experiment

The row position ofheheater rods are represented by alphabets from Awh&eas
the columns are represented by numbers from 1,tas7shown in Fig4.3a The
combination of alphabets and numbers can be used to name thedestarany position

if needed
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4.2 Experimental Conditions
Experiments are carried out foeat generation ragef Q = 50, 100 and 150 W,
nine nominal pressuy@y ranging froms8to 1 Paand two insulation thicknessks 2.5
cm and 5 cmThe pressug values are selectadcordingo Knudsen number (Eqn 1.1 and
1.2).Based on the dimensions of the experiment, helium is in continuum and slip regime

for the pressures appliglliringthe experiment.

Table 4.1 Nominal pressure, heat generation and ingrathickness for different

experimental cases and final pressure for each experimental case

Kn 10| 20 | 50 | 100| 300 | 1000| 3000 | 10000| 20000
Nominal
PressurePy | 58| 116| 290| 580 | 1745| 5820| 17460| 58190| 116380
[Pa]
I Q Final Pressure [Pa]

S50 W 65| 129|284 | 590| 1746| 5816| 17/850| 57938| 101788
2.5¢cm 100 W 65| 126| 276| 575| 1771| 5762| 17484 | 58095| 112715
150 W 72| 135|299|576| 1721| 5749| 17548 58243| 108045
S0 W 65| 135|302 | 593| 1750| 5793 | 17400| 55741| 103535
100 W 85| 139| 285|580 | 1749| 5774 | 17440| 58077| 103267

5cm

Initially, the experimental apparatus was outgassed for few days with an applied
heat generation rate of 50 W to assist in the outgassing process. The experiments are
conducted for one value @ for all nine nominal pressures before moving on to G@&xt
value. Between each experiment, the apparatus is vacuumed for approximately 30 min. As
the pressure inside the apparatus is not precisely controlled, the final pressure varies
slightly from nominal pressure. Tabdel shows nine Knudsen number and corresponding
nominal pressures that are varied for different experiments for two different insulation

thickness. The insulation is indicatedlby 2.5 cmandl =5 cmfor 1 and 5 cminsulation
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thicknesgespectively The final pressure for each experiment is also shdwa ambient
temperature in lab varies within 21 to 23. Each experiment takes about 36 hours to get
to steady state. The experiments are run for few additional hours past steady state to collect

data.

4.3 Experimental Results

4.3.1 Temperature profile of the enclosure walls

As mentioned earlier, 13 thermocouples iastalledin eachof the fourwalls to
measurghe temperatureFigure 4.4shows the temperature variation alangxis of the
four walls for lowest nominal pressurBy = 58 Pa forl = 2.5 cm respectively. The
temperature profile is plotted for thermocouple installed along center of enclosure wall.
The temperature measured by thermocouples beyond the spacer plate location is not
presented, as they are not of particular interest for thily sfthe temperature of the wall
variessignificantly along the axial directiorz{axis). The axial wall temperature profiles
are slightly asymmetric across the mapldine. The temperatureseasuredbove the mid
plane ¢>0) are slightly larger than thenesbelow it <0). The maximum temperature
measured is at axial center and the minimum temperature measured is at the iowest
Fig. 4.4 The difference of temperature for all four walls at sartaation is less than 2
~C. Furthermore,he temperature vation on each enclosure wall along the longitudinal
direction & or y axes) is less than Z in all cases. Hence, the average of all measured
temperatures of four walls at samocation is used toepresentemperaturegrofiles of
the walls.Thesolidline in Fig. 4.4showsthe fit curve for average wall temperature along

axial direction
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Figure4.4 Temperature Pfide of four enclosure walls & = 50W
andPn =58 Pafor (a) = 2.5 cm

4.3.2 Temperature Profile of Spacer Plate

The temperature profiéeof the spacer platedongx-y directionsare expected to
form a domeshapewith the highest temp&ture at the centesf the plates The six
thermocouples along the diagonal of the spptaes (see Fig. 4.1c) anesed to generate
thar temperature profikas a function of radial distant®m the centerFigure4.5shows
the temperature profiggfor the top and bottom spacer platestfoe caseP = 65Pg Q =
50 W, andl = 2.5 cm The temperature of the top spacer plate is higher than the bottom
spacer plate in the centragionbut islower in the peripheral region. This behavior is
observed foall caseswith insulation thickness of 2.5 grwhich suggests that more heat
is being conducted through thaver part of the experimettiroughthe central region of

the spacer plate and more from the top in the peripheral region. This is due to¢hegres
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Figure 4.5 Top and Bottom Spacer Plate temperature profiles as functic
distance from plate center f@r= 50W,Pn = 58 Pa fol = 2.5 cm

of vacuum tree connected to the bottom of the experimental apparatus. Moreover, the
experiment rests on a table creating an additional path for heat condhictvweever, forl
=5 cm insulation thickness castte temperature profile of top spapiateis higher than
bottom spacer acrosse whole radialdistance for the same reason explained above. The
spacer plate temperatures are averaged using a seatergolynomial equation as shown
in Fig. 4.5.
4.3.3 Temperature \ariation with pressure

Figure 4.6and 47 shows the maximumndminimum wall temperature and average

temperatures of two spacer plates for all heat generation rates as a function of pressure for
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Figure 4.7 Average top and bottom spacer, maximum and minimum
temperature for nine pressures @r 50 and 100V forl =5 cm

| = 2.5and5 cm respectively. The maximum wall temperature is the average of all
measured temperaturest z = 0 planefrom four walls Similarly, the minimum wall
temperature is the average of all measured temperatuzes -80 cm.The variation in
maximum and minimum enclosure wall temperatures is less than 1.5 °C as pressure varies

and seems to be mainly affected by the variation in room temperature, as their profiles look
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very similar for all heat generationBhe average spacer plate temperatures are between
the maximum and minimum wall temperatures. The average temperature ofatap sp

plate is higher than bottom spacer plate for all cases. This difference is higher in the cases
with | =5 cm.As the pressure decreases from = tb05000Pa (continuum regime)the

average spacer plate temperature is almost conétatite pressurdecreases below 5000

Pa (slip regime), a noticeable increase in the spacer plate temperature can be observed. This

is due to the effect of gas rarefaction (temperature jump).

4.3.4 Consistency Check of Heater Rod Temperature

As shown in Fig. 4.3, thereeaten symmetry groups of heater rods. Among them,
there are nine groups Btane Q four groups aPlane 25 and three groups &ane-25
with at least two thermocouples at those planes. Comparing the temperatures at these
symmetric locations, the symmieity and/or consistency of measurements can be
checked Symmetricity is checked if the maximum difference between the thermocouples
at the same axial location and symmetry group is smaller than the uncertainty on
thermocouples, +2.2°C. However, consistens verified if the calculated temperature
difference between thermocouples at the same axial location and symmetry group is nearly
constant as the pressure changes.

It wasmentioned irtheHeater Rodsection thathe thermocouplcation insome
of the heater rodwas found tovary by as much asb cm fromthepre-determined location.
These heater rods are not includedtie symmetricitydonsistency check as the

temperatur@nay vary considerably
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Figure 4.8 Maximum emperaturelifferencebetween heater rods thte same
symmetric location for three different pkas and for alQ, with insulation
thickness] = 2.5 cm.
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Figures 4.8 and 4.9 show the maximum tempeeatudifference between
thermocouples that are at the same symmetric location and symmetry group for three
different planes, for all heat generations rates and all nine presancethe two insulation
thicknesses, respectively. The symmetric locationplatéed as the radial distance from
the origin of thexy-plane.The circular markergdicatePlane Q square markeigsdicate
Plane 25 and diamond markerghdicate Plane -25. If the experiment is perfectly
symmetric and thermocouple uncertainty is zérenthe temperature difference between
thermocouples at the same axial location and symmetry group will be eqeabidhese
figures showthattherearesome differenceletween the symmetric thermocouples, which
aredue togeometrical and thermocow@phxal locationuncertainties, and error related to
temperaturemeasuremest From thee plots, it can be observed that the maximum
differenceincreases as heat generation increases for all thermocouples in symmetric
locations. Most of these differencesdess than the uncertainty on the temperature
measurement. The obtained maximum differences for the 2.5 cm insulation thickness are
as high asl.7, 2.5 and 3.0 °Gor Q = 50, 100 and 150V, respectively.For the 5 cm
insulation thickness, the maximumfeifences are as high as 2.1 and 3.0 °@fer50 and
100 W, respectively.

As the pressure changes, it seems that there is no or a negligible variation in the
maximum temperature difference for the symmetric thermocouples. This demonstrates that
the expefinental results are very consistent with regard to the pressure variation. Since the
variation in temperature difference is negligible, this suggests that these differences are due
to systematic error caused by tragiationof the axial location of the theocouples in the

heated rods.
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4.3.5 Maximum Temperature of Heater Rod

Figure 4.10showsthe maximum heater rod temperature minuaximum wall
temperature as a function of presstwe all heat generation ratesd two insulation
thicknessesThe maximumheater rodemperature is measuratithecentral rod D4, see
Fig. 4.3a)which hasathermocouple installed #teaxial centefz= 0 cm) The maximum
wall temperature is the average of all measured temperatures @tplane from four
enclosure wallsas mentioned earlielThe error bar indicatethe uncertainty of the
thermocouples used for measuremenrtd is equal to 2.2°CThe dotted vertical lines
indicates the limits of theontinuum and slip reginseHowever, he dashed horizontal
lines showthe averageof the continuum regime temperatsre

It is clear from Fig. 4.10 that the temperature difference in the continuum regime is
nearly constant for all heat generation rates and insulation thicknesses. Howeveljpn the
regime, the temperatudifferenceancreases as the pressure decreases below 2000 Pa. This
increase in temperature is due to tempergturg caused by rarefaction effect at low
pressures, which acts as thermal resistance at thsofidénterfaces. It can also be noticed
that,for a given insulation thicknesthe increase in temperature difference is larger as heat
generation rateQ, increasesHowever, for the same heat generation rate, the increase in
temperature difference is lower for thicker insulation. Furthermore, temperatu
differences obtained for the 5 cm insulation are lower than those obtained for the 2.5 cm
thick insulation. As more insulation is added to the experiment, the temperatures of the
experiment, including heater rods and enclosure wall, increase consyd@iabl causes
heat transfer by radiation to relatively increase compared to conduction heat transfer

through helium, which decreases the temperature difference between the heater rods and
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(@)

(b)

Figure 4.10Maximum temperature of the heater rod minus maximum temperature -
walls as function of pressure for all heat generat@andinsuation thickness(a) | =
2.5cm, (b) =5cm.

Table 4.2 Temperature increase due to rarefaction effect

Tempeature increase due to rarefaction ¢

I Q=50W | Q=100W | Q=150W
2.5 cm 9.8 17.7 25.7
5cm 8.8 16.0 -





























































