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ABSTRACT

Natural convection with high cooling effects is ioicreasing interest in cold
region geotechnical engineering. To study natumalcanvection in a highly-
permeable porous medium, convective and condubiat transfer experiments
were carried out using an insulated cylindricalktéiied with styrofoam chips.
Convection and conduction were caused by contrptlire temperatures at the top
and bottom of the tank, and a series of crossemiticonductive and convective
isotherms were generated from collected temperatate Additional convective
patterns were obtained from tests by centrallyllned heating below or cooling
above. Flow velocities were measured at the cesfténe tank. Results showed
that convective heat transfer rate was higher tharmal conduction. Convective
isothermal patterns varied with various boundarynditions and could be
influenced by small temperature perturbation. Gieg@propriate environmental
conditions, efficient convective cooling effectsnche used to enhance ground

freezing or to protect permafrost from degradation.
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1

INTRODUCTION AND LITERATURE REVIEW

1.1 General

Spurred by economic globalization, huge demandngtural resources has
caused rapid development of mining and petroleurold regions. The need
for facilities such as roads, railways, dams anpelmes in those areas
increases interest in research on cold region eegimg. Either prevention of
ground freezing that leads to frost heave or ptmecof permafrost from

thaw is a critical design consideration for thes@lities. The literature shows
that air convection in porous media, extensivelydsd through experiment
and numerical simulation in mechanical and thermadyical engineering, is
gradually becoming an important consideration iotgehnical engineering

because of the potential for high heat transfessrat

In areas associated with extremely low seasongbéesmtures, structures often
suffered from frost heave that can cause diffeaériteave and foundation
damage. If porous materials are placed above thmdftion soils, air
convection can occur in winter, enhancing the Hess from the ground
surface, and increasing the chance of frost hestbeasoil freezes. This must
be taken into account during design, using not ardynductive thermal
analysis, but also convective heat transfer aralyidie purpose of the study
by Goering et al. (2000) was to examine the impdchatural convection
within railway embankment ballast that caused esttenfrost penetration and
heave of the tracks for high speed rail lines. Aigent thickness of these
embankments along with an insulation layer is nemglto prevent detrimental

frost penetration.

It may not be well understood by the public andnewivil engineering
professionals that 20-25% of the land surface ef ¢larth is underlain by

permafrost. Most of this frozen ground has propsraf high strength and low



permeability, which are normally beneficial for @mgering purposes unless
the permafrost is close tG@. Structures constructed on permafrost need to be
protected from warming temperatures and espedialiying due to surface
condition modification or global warming. Goeringdakumar (1996) pointed
out that previous techniques, such as insulation,dact systems and
thermosyphons have limited efficiency and high tdmost. After performing
a numerical study, they concluded that natural @viair convection occurring
within high-permeability embankments would haveraportant influence on
the subsurface soil temperatures. Their convectradelling cases for a
highway embankment with a height of 2.5 m show thatrage annual
temperatures of the foundation can be reduced byoup’C, which is
sufficient to protect most permafrost from thawifkjgure 1.1). Harris and
Pedersen (1998) performed a temperature monitosgly at Plateau
Mountain in Alberta and found that the mean anmualind temperatures in
the blocky materials of that area are 4 1€ tooler than nearby mineral soils

because of convective cooling effect.

Natural convection of ground water is generally cmtsidered in engineering
practice (though hot springs are an exception)ceinoils are normally
saturated and the hydraulic conductivities aretikedly low, little to no

convective ground water movement can occur. Theroalduction is the
dominant heat transfer mechanism for soils. Andersland Ladanyi (2004)
provided a series of design methods to accourtidat flow in frozen ground,
where thermal conduction is the focus of thermadlyses for frozen soil,
water or ice combinations along with latent heatsederations. Natural air
convection is not possible to occur in low-permégbmineral soils as well

as surface organic with low Rayleigh numbers (aveotion parameter
reflecting the potential or strength of air convaa}. This is the conclusion
drawn by Kane et al. (2001), who examined seaste@perature data
focusing on the non-conductive heat transfer izdrosoils. In recent years,

however, convection from the surface has graduakyveloped as an



interesting subject for geotechnical research Valg initial work by Goering
and Kumar (1996). A number of studies on the capleffect of air
convection in highly permeable embankments haven bpeesented by
Goering (2003a; 2003b; 2002; 1998), Goering and &u(1999) from the
University of Alaska, as well as by Sun et al. (0@Cheng et al. (2008), Ma
et al. (2008), Wu et al. (2008), He et al. (200¥)y et al. (2007), Zhang et al.
(2007) Ma et al. (2006), Quan et al. (2006), Yuakt(2006), Zhang et al.
(2006), Sun et al. (2005), Zhang et al. (2005) &ndet al. (2004) for the
Qinghai-Tibet Railway in China. Arenson and Seg®0@ presented a
numerical simulation showing that convection ofdcelinter air in a coarse
mine waste rock cover for a tailings pond can bedut accelerate the
freezing and thus potential stabilization of thdirtgs. Air permeability,
boundary conditions, cover height and surface teaipee are the main
parameters influencing the design of a stable odiowe layer. Design

recommendations in different situations are alss@nted by these authors.

Therefore, both conductive and convective heatsteammechanisms must be
fully understood when working on cold region or rpafrost engineering in
which poorly-graded materials are being used forstoiction (e.g., railway
ballast embankments, rock fill dams, waste rockspdnd tailings covers after
mine closure). In this study, an experimental itigasion of convective air
heat transfer in a porous medium is presented. rabtwy tests were
performed using natural air convection and conaduactA variety of isotherms
were obtained by measuring cross-sectional temjoesat

From a geotechnical perspective, previous studeslving similar laboratory
experiments were carried out by Goering (2000) dncet al. (2004), whose
results can be directly compared to the work preseim this thesis.

Goering et al. (2000) studied convective heat teans railway embankment

ballast by using both numerical modelling and ekpentation. The tests



were carried out with either top heating or bottoeating using a gravel-filled
box (1nx1mx0.75m). Comparison of measured values of heatdanfirmed

that the convective heat transfer rate was coralidiergreater than that of
conduction. Non-linear cross-sectional temperatorefiles were obtained
through the three-dimensional modelling for thewaative heat transfer. The
model also showed that pore air moved upward atémeerline and sank at

the corners due to natural convection.

Yu et al. (2004) presented an experiment usinglasger rectangle open-top
boxes filled with coarse and fine crushed rockpeetively. Changing the
surface temperature over time in a range of -14&&€ caused temperature
variations within the box, illustrating that condwe and convective heat
transfer modes alternately developed. The variatiaof the bottom

temperatures of the boxes are shown in Figurevihi;h indicates that the
coarse rock layer enhances cooling more than tieeréck layer. The authors
recommended that the cooling effect of convectioparous rock layers can
be utilized to protect permafrost from thawing. Tdwghors also pointed out
that the efficiency of this technique depends oe thickness and mean
particle size of the layers, and boundary condgisach as boundary air flow
significantly impact the air convection process. ¢dmvective isotherm was
presented in Yu et al. (2004). The present laboyatwestigation, however,

involved use of sufficient temperature measurement®nstruct isotherms.

Ma et al. (2006), Sun et al. (2005) and Goering@89eported field studies
on air convection embankments, constructed of eoargshed rock, which
were instrumented to observe the thermal conditlmerseath and within the

test embankments.

This study is presented in a traditional thesisntat;, with chapters consisting

of Introduction and Literature Review (Chapter Experimental Apparatus



and Procedures (Chapter 2), Results and Discu¢Sibapter 3) followed by

Summary and Conclusions (Chapter 4).

1.2 Objective

The purpose of the present study is to investigataral air convection in a
porous low-conductivity medium via laboratory expents. A relatively
large testing space, a well-insulated cylindricahkt, was employed to

complete a series of convection and conductionraxgats.

There are many uncertainties associated with cdiveeair heat transfer in
porous media, related to boundary conditions antkmah properties. Since it
is inadequate to study only via numerical modellingth field and laboratory
experimental studies are necessary. This reseagjacpis not intended to
solve specific problems regarding convective awvflin porous media. It is
focussed on a more detailed understanding of theracteristics of air
convection in a porous medium within a particularclesure, including
factors that influence convective isotherms and ramvement, and the
transition between convection and conduction. Tihasearch study was
initiated to further this understanding to assighwnodelling of field studies
being carried out by the Cold Region Research Grtughe University of
Alberta. It is of practical significance to futuapplication of convective heat

transfer in cold region geotechnical engineering.

1.3 Methodology

It was proposed that convection and conductiorstestcarried out within a
cylindrical enclosure with impermeable boundariBse cylinder wall had to
be adiabatic and the top and bottom temperaturadsoy conditions of the
enclosure were controllable. Thus, an insulatethdgical plastic tank filled

with stryrofoam chips as a surrogate for porous imedvas selected.



Controlled heating or cooling systems were instadiethe top and bottom of
the tank to create different top-to-bottom tempeetboundary conditions
including localized heating at the bottom or cogliat the top, capable of
inducing conductive and/or convective heat transheternal temperatures
were measured at a number of locations on perpealadisections within the
tank, and isotherms and vertical temperature m®fikere obtained. At the
same time, air flow velocities were measured actetl locations. Before the
styrofoam were placed, tank tests when empty wenelwcted to examine air
convection and conduction mechanisms in the deefitank. The results are
compared with those from the tests on the tankdillvith the stryofoam

particles.

Two-dimensional numerical modelling for conductiteat transfer in a
cylinder was carried out using GeoStudio 2004, TBMRVersion 6.02) to

predict the conductive behaviors prior to experitaen

Preliminary convective thermal modelling was catrieut by Dr. Lukas
Arenson (former PDF) using Geostudio 2007, TEMPM AIR/W to predict
the convective behaviors in the tank, providingrehces for the convection
tests. Nam Pham (PhD student) performed furthernthle modelling of
conditions within the tank using FlexPDE. The reswlere compared with

the initial experimental data and summarized byn&om et al. (2007).

1.4 Theoretical Background

Conduction, convection and radiation are the threen modes of energy
(heat) transfer. Radiation is driven by electronegnwaves and can be
independent of the medium, whereas the other t@mat. Solar radiation is
the primary heat supplier to the ground surface.grobankments founded on
permafrost, radiation warming can cause problemsh sas longitudinal

cracking due to differential heat absorption alotige south facing



embankment slopes. However, radiation is difficati quantitatively
determine and is usually not directly consideredaid region engineering.
This section includes definitions, equations andteel theories concerning

conduction and natural convection are presented.

1.4.1 Definitions
1.4.1.1 Conduction

Thermal conduction is an energy transfer mechanmsed on particle
interaction. Fourier’s law is the fundamental laavgrning this mechanism,
wherein heat flux is a function of the thermal cociivity of a material and

the temperature gradient. It is expressed as:

dT
Q= kA— 1.1
ax (1.1)
where

Q = Heat flux

k Thermal conductivity of the material

T Temperature

A The cross-sectional area of x direction

X = Heat flux distance

Obviously, Fourier’s law has a similar expressiorDarcy’s law accounting
for fluid flows through porous media. When the thal conductivity of a
material is constant, heat flux is directly propmral to the temperature

gradient and moves from warm to cold surfaces.

1.4.1.2 Convection

Unlike conduction and radiation, convection is assed with mass transfer
such that heat is transferred through the movemérituids caused by a

temperature or pressure difference. It includesuraatconvection, forced



convection and convection with phase change subloiisg or condensation.
Turns (2006) defined convection as the heat tramsfecess that occurs at the
interface between a solid surface and a flowingdfllLunardini (1981),
however, defined convection as an energy trangggmmomenon rather than a
heat transfer process. Nevertheless, Newton’s mgpddiw is an empirical and
simplified approach using a convective heat transbefficient to account for
all types of convective heat flows between solidfasres and the ambient
fluids. For convection in porous media, the fluibvimg through the pores
essentially undergoes heat exchange with the s@iticles having highly

irregular surfaces.

Natural convection, also named as free convecti@msfers heat by fluid
flow induced by density differences due to tempematariations within the
given material. Temperatures inversely affect fldighsity. That is, a fluid

with a higher temperature has a lower density, #mat with a lower

temperature has a higher density. When a fluidnidetu an unstable density
gradient due to temperature variations, to reaeadst state, the higher-
density portion of the fluid is attracted by thetkagravity and will move

downward, and the lower density portion rises doe its buoyancy.

Consequently, a mass flow coupled with heat traresfeurs.

Forced convection, however, is heat transfer indumea pressure difference
that induces mass movement of a fluid. It is n&cdssed in detail in this
thesis, although it is more crucial in many othegieeering systems. For the
purpose of this thesis, the term ‘convection’ wdpresent natural convection

in the remainder of this thesis unless otherwigicated.

1.4.1.3 Rayleigh Number

The Rayleigh number (Ra) is a pivotal parameter $ardying natural

convection in porous media. As a function of vasiguoperties of the porous



fluid system, it indicates the occurrence of comeecand its strength. It is

essentially a ratio of buoyancy forces to the viscforces and is defined as:

_ CBgKHAT

Ra 1.2
K (1.2)
where

C = Volumetric heat capacity of a fluid

K = Intrinsic permeability

B = Thermal expansion coefficient of a fluid

v = Kinematic viscosity of a fluid

AT = Temperature difference

k = Thermal conductivity of a porous medium

If the Rayleigh number of a fluid contained withihe porous medium
exceeds a critical number, natural convection W# initiated and will
increase with the increasing Rayleigh number. Betbe critical number,
conduction dominates the heat transfer. The cliReg/leigh number (Rafor
internal natural convection heated from below i 4r 39.5 for planar
boundaries. According to Nield and Bejan (1999, titansition between heat
transfer mechanisms is summarized below in ternmbeimagnitudes of the
Rayleigh numbers:

For Ra<4¢, pure conduction;

For 47 < Ra<240 to 300, various stable convection;

For Ra>240 to 300, a stable regime was not reached

However, the authors concluded that the criticalyl®gh number of
convection can vary between 3 and 39.5 for diffefesundary conditions
under a linear stability analysis, especially foternal convection occurring
within porous media bounded in a finite area. laybndrical enclosure, the

critical Rayleigh number can be less thanf and is usually related to the



aspect ratio (radius to height, denoted as a)dNiatl Bejan (1999) suggested

an equation for Raas the function of the aspect ratio:

H 2

Ra, = 3.39((—} (1.3)

r

where H and r are the height and radius of thendgli, respectively. Sutton
(1970) provided another critical Rayleigh numberuapn for a two-
dimensional vertical channel with constant top aottom temperatures and
adiabatic walls. When the fluid is initially motil@ss, the equation is given as:
T (m2 + 4a2)2

4nm’a’

Ra. = (1.4)

where m is the number of convective cells and ¢hés aspect ratio (r/H).
Further discussions concerning Rayleigh numberscémvection in porous

media are be presented in Chapter 3.

Nusselt number (Nu), is defined as the ratio cltttansferred heat to heat
transferred via conduction alone (Burmeister, 1988hen only conduction
occurs, the Nusselt number is the minimum valu&Vhen Ra is greater than
the critical Rayleigh number, convection begins &dhdis an approximately
linear function of Ra. Once determined experiméytal analytically, the
Nusselt number is often used as a dimensionlessnéieconductivity to
calculate heat flux within the system (Elder, 1968amplifying calculations

of convective heat transfer.

In addition, the equation for the Rayleigh number pure air convection
(without any porous medium, known as Rayleigh-Bdnaonvection), is
different from that for air convection in porous aiee The air Rayleigh

number is given as (Getling, 1998):

_ COBgH AT
Uk

Ra (1.5)

10



c = Heat capacity of air

B = Thermal expansion coefficient of air
v = Kinematic viscosity of air
AT = Temperature difference

ki = Thermal conductivity of air

p = Density of air

H = Height

g = Acceleration due to gravity

The critical Raleigh number is 1707 for infiniterfzontal fluid layers with

two rigid boundaries (Getling, 1998). It is wortloting that the critical

Rayleigh number for fluids in a vertical cylindrienclosure largely relies on
the aspect ratio as a result of the impact fronctti@der wall. The number is
around 7180 for the tank used in this study acogrdo Rohsenow et al.
(1998).

1.4.1.4 Permeability

According to Equation 1.2, the intrinsic permedbibf a porous medium has
a critical influence on the degree of natural catiem. The higher the

permeability, the larger Rayleigh number a conwectproblem will have.

Goering and Kumar (1999) used numerical modellmgiscuss the effect of
permeability on the winter natural convection witha gravel embankment
using, and found that the model embankment witthdrigpermeability has
larger cooling effect and thus greater decreasgsaund temperatures below
the embankment.

The intrinsic permeability changes with the chasdstics of a porous
medium and is independent of the viscosity and itlermd the pore fluid.

However, the intrinsic permeability can be obtaibaded on the properties of
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the fluid in a porous medium. The equation is gianfollows (Carman,
1956):

Py
where kis the coefficient of permeability of a fluid, andand p are the
dynamic viscosity and density of the fluid, respesdy. It is difficult to
measure hydraulic conductivity accurately for ahhygporous medium such
as the styrofoam chips used in this project. Tloeegfthe permeability was
estimated using Kozeny-Carman equation present@&khy (1972):

> n
:1_8mO (I-nY¥

(1.7)

where ¢, is the average diameter of medium grains andthesporosity of
the medium. However, this equation is limited bgigrshapes as the validity
of Darcy’s law is uncertain when flow is not lamin@he correlation between
K (cm?) and mean grain diametef, (micron) was also used. It is given by
(Bear, 1972):

K =0.617x 10"'d? (1.8)
This is based on experimental data and indepenoktiie porosity. The
results from the two equations are averaged toigireglues of K for
calculation of the onset Rayleigh numbers of thevegtion tests reported in
this thesis.

In the modelling phase of this study, the overadirmal conductivity of the
combination of air and a porous medium needs ttaken into account by
using the effective thermal conductivity (Bear, 2R 7That is:

K, = (1-n)k, + nk;, (1.9)

where k and kare the thermal conductivities of the porous medamd the
fluid, respectively. Similarly, the effective heeapacity to account for the

material heat capacity is expressed as:

C, = (1-n)c, +nc, (1.10)
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where ¢ and c; are the heat capacities of the matrix and of thed,f

respectively.
1.4.2 Governing Equations and Assumptions

Nield and Bejan (1999) present an all-around thtesalereview of convection
in porous media. According to the authors, numeémgadelling of natural
convection in porous media should use mass, momerdnd energy
equations to solve for the Darcy velocity and puessof the fluid, and

streamlines and isotherms can be obtained. Thog&Egag equations include:

Continuity equation:
Ow=0 (1.11)
Momentum equation (Darcy’s Law):

%v=—mp’+pg (1.12)

Energy equation:

cm%-}qvum =kOT (1.13)

where

vV = Fluid velocity in the pores

K = Intrinsic permeability of a porous medium

k = Thermal conductivity of a porous medium
Cn = Volumetric heat capacity of a porous medium
C: = Volumetric heat capacity of a fluid

u = Dynamic viscosity of a fluid

P' = Pressure

p = Density of a fluid

t = Time

Solving those equations gives the flow velocity:

v:—%(mmpoﬁ(T -T,)9) (1.14)
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where po is initial density of air, T is the initial temperature, arfél is the
thermal expansion coefficient of air. The first@sgtion is that Darcy’s law
is valid to relate pore air velocity and pressuihen it is invalid, a non-
Darcy term should be added to Equation 1.12. ThesBioesq approximation
is employed to simplify the analysis and is useddople the momentum and
energy equation. This approximation is valid whba tensity of the fluid

changes slightly so that:

P = po[1-B(T-T,) ] (1.15)
Heat release due to viscous dissipation is nedgigiBurthermore, when the
fluid is air, it is assumed that the pore air isompressible and in thermal

equilibrium with the solid matrix (i.e. an instan&us change of temperature

of the medium particle to match the air temperat(@®ering et al. 2000).
1.5 Additional Literature Review

Natural convection in porous media has been anrbiogpsubject for a long
time because of its application in many areas, saghporous insulation,
energy production and storage, agricultural stoegkgeothermal reservoirs.
Studies using experiments and numerical simulativese covered almost
every aspect of the subject (boundary conditionsdiom types, Rayleigh
numbers, oscillation, etc.), and new papers coatioube published. Some of
the previous studies, particularly those usingndyiical enclosures or cavities,
are reviewed. Topics such as critical Rayleigh nersbocalized heating,

convective patterns and cooling effect are of sgem this study.

Bau and Torrance (1982) performed an experimemgayson low Rayleigh
number (R<500) thermal convection in a verticalrayér, heated from below
and filled with saturated silica sand, Ottawa samndglass beads. Critical
Rayleigh numbers and four theoretical connectivel@sowithin the cylinder
were presented in the paper. Figure 1.3 showsedlagianship between the

critical Rayleigh number and the aspect ratio, wite ranges of preferred
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convective modes (numbers in parentheses). The litmstshows that the
critical Rayleigh number is 27.1 for an infinite rlamntal layer. The
convective pattern in the cylinder was found tanba-axisymmetric (1, 1), i.e.
one convective cell occurs in the tank. Asymmetanvection is also
preferred by Zebib (1978), who analyzed the ondetamvection for a
cylinder of water-saturated porous media with impegible boundaries and
found that the critical Ra tends toward¥ ds the aspect ratio of the cylinder
increases. Stewart and Dona (1988) performed naalenodelling on natural
convection in a heat-generating porous medium aogdain a finite vertical
cylinder. Single-cell flow occurred as Rayleigh rhenreached 7000. Prasad
and Chui (1989) presented a numerical study onralatonvection in a
cylindrical porous enclosure with internal heat g@@ation under three
different boundary conditions. The results basecaaange of the Rayleigh
numbers and aspect ratios indicated that the cdrreeitow is unicellular in
the half-cavity with insulated top and bottom. Heee multicellular patterns
occurred when the top was cooled. Furthermore,adrasd Tian (1990)
completed an experimental study of thermal conweecin fluid-superposed
layers in a cylindrical cavity with heating fromlb@. A highly complex
asymmetric multi-cellular flow structure was obssihin the upper fluid layer,
which also interacted with the porous layer benesktarply decreasing its
critical Rayleigh number to as low as unity. It wamncluded that the flow
intensity and the number of convective rolls arergy functions of both the

fluid Rayleigh number and the thickness and partstte of the porous layer.

Most previous studies on localized heating usingvection in porous media
were carried out using rectangular cavities. Theo rédenoted as s) of the
length of heated portion to the bottom length iemfdefined. Elder (1967b)
performed the first numerical and experimental gtod this issue for a
homogeneous isotropic slab of a porous medium wladiredemperature
boundaries were constant except for a partly helatgthm. At steady state,

only one convective cell formed in the half-cavity s=0.5 (Figure 1.4)
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whereas more than one cell existed for s>1.5. Hamt O’Sullivan (1974)
considered the localized heating problems for gargglar cross section with
adiabatic sides. For a case in which half of th&doo surface is heated,
oscillation occurred when Rayleigh numbers excedf#d Figure 1.5 shows
the oscillation for a localized heating problemhwiRa=750, s=0.5 and aspect
ratio a=1. Prasad and Kulacki (1985) studied tifects of centrally-located
heat source with different sizes at the bottom okwaty and different aspect
ratios. The top surface was at a constant temperand other boundaries
were adiabatic. Both flow rates and flow structumesre discussed. The
numerical modelling showed that a fluid flow is callular in the half cavity
if the length of the heated segment is not largantthe height of the layer.
The axial symmetry of the convection patterns wesimed. There exists an
aspect ratio (width to height) as a function of Rayh number for the
maximum heat transfer rate for a heated segmerdettne same boundary
conditions, Prasad and Kulacki (1987) then perfatae additional numerical
study for natural convection in a horizontal poréaxer with a larger aspect
ratio and localized heating from below. From a gesity analysis, they found
multi-cell convection occurs when the length of Heating portion is greater

than the height of the layer.

In geotechnical engineering, natural convectionlistl have been performed
for only about 15 years especially for embankmeatshermal diode effect
(heat loss in winter more than heat absorptiorumraer) due to convection is
most desirable to protect permafrost beneath enmbants. Goering (1998)
presented an experimental investigation for a 2.5high air convection
embankment to support numerical results from Ggeand Kumar (1996).
Temperature monitoring data illustrated a largelingoinfluence on the
foundation due to winter air convection within tleisibankment (Figure 1.6).
The results correspond with those from the numksggaulation shown in
Figure 1.1. Shown in the circles, the temperatwkshe foundation soil

remained stable during the summer. Goering (2068ajlucted experiments
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in an embankment to study the convective thernsgdaese to the temperature
fluctuations in winter. A series of temperature ti@ms show that the
temperatures in the embankment reacted rapidlyrteemperature changes.
Jargensen et al. (2008) measured temperatures famall open-air
embankment in a cold room with a constant tempegadfi -17C. The test
embankment was built to a scale of 1/4 to 1/2 ofeal embankment.
Temperature profiles below the shoulder of the &sbankment illustrated
high convective cooling effects, which were alsmfoaned by numerical
modelling performed by the authors. AdditionallyreAson et al. (2006)
studied a convective heat flow model for the puepasf evaluating

temperature variation in road embankments for aeisignorthern regions.

Moreover, the cooling effect of convection to paitpermafrost beneath the
embankments was studied intensively during thetoactson of the Qinghai-
Tibet Railway. Monitoring, experimental and numalicstudies were
undertaken to support the completion and to evaluataintenance
requirements for the project. Quan et al. (2006sented a convective
numerical simulation regarding the cooling effed§ three traditional
embankments constructed of sandy soil and opeapripr insulated riprap.
The authors proposed a new riprap slope covered avisunshade board,
which considerably reduces summer warming, effebtivraising and
protecting the permafrost table within the embankm&un et al. (2005)
completed an in-situ test in permafrost on the iogoéffectiveness of an air
convection embankment using two types of protecBlapes. One slope
consisted of small crushed rock with particle sig€$-8 cm, and the other
consisted of large crushed rock with particle siaeg40-50 cm. The results
show that the large crushed rock layer with highe@mmeability has a better
cooling effect due to enhanced air convection withihe embankment.
However, the maximum thaw depth beneath the lay@eased more than that
beneath the small crushed rock layer. This is gslybdue to the insufficient

thickness of the rock layer (0.80 m) and the lowsulating ability for the
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large crushed rock during the summer. The resudtsmalogous to those from
an in-situ monitoring study reported by Ma et &0@6), who studied the
cooling in and beneath three types of embankmeetan embankment with
protective slopes, a crushed rock embankment anenabankment with
ventilated ducts. The authors found that the penwsattable could be raised
1.3-2.4 m into the embankment constructed of crdisbek. Sun et al. (2004)
evaluated thermal diffusivity and conductivity afrpus ballast with a variety
of grain sizes. The natural convective effect @& Hallast specimens inside a
temperature-controlled cylindrical tank was alsaramed. Apparent thermal
conductivity for ballast specimens in an open-tapktis found to be much
greater than that in a closed top due to the cdiweecooling effect. Wu et al.
(2008) studied temperature monitoring data in asloed-rock based
embankment and indicated that convective coolirigcefis more significant
in colder permafrost with temperatures less th&iC-at the depth of zero
amplitude. Cheng et al. (2007) summarized the tesilprevious convective
cooling studies on crushed rock embankments inetudiaboratory
investigations, numerical simulation, and field esments, and described
crushed rocks as a “thermal semi-conductor”. Thitas recommended use
of this technology in engineering for its efficignease of operation, cost

effectiveness and less environmental impact.

In addition to natural convection studies, someddrconvection studies were
also performed to support the project of the Qindhiaet Railway, such as a
numerical analysis for a ventilated embankment widrmal insulation layers
(Liu and Lai, 2005) and wind velocity experimentsstudy the ventilation

properties of blocky stone embankments (He e2@Dy).

1.6 Chapter Summary

This is an experiment-based research project regarthtural air convection

in a porous medium within an insulated tank. Theppse, methods, related
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rationale and literature review for this projectvbabeen presented in this
chapter. It is noted in the literature that passweling technique based on the
mechanism of natural convection in highly permeabdgerials is a promising
method for geotechnical engineering. Governing Bgaosa and parameter
definitions related to natural convection were preged. The literature relating
to this topic from both theoretical and geotechiheragineering perspectives
were reviewed and summarized. In the next chalateoratory apparatus and

experimental procedures for convection and condadgsts will be presented.
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b) Conduction case with lower cooling

Figure 1.1 Numerical modelling results for convertand conduction cases
(modified from Goering and Kumar, 1996)
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Figure 1.2 Variations of bottom temperatures in testing boxes (modified from
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Figure 1.3 Critical Rayleigh number with respecagpect ratio for convection in
a cylinder with various convective modes (modifiemin Bau and Torrance, 1982)
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Figure 1.4 Localized heating-streamlines (left) audherms (right) at various
time; Ra=400, a=2, s=0.5 (modified from Elder, 1967
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Figure 1.5 Localized heating-computed isotherménduat single oscillation;
Ra=750,a=1,s =0.5; (a) to (d) at same timeruatl (modified from Horne and
O’Sullivan, 1974)
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Figure 1.6 Experimental results from an air conmecembankment (modified
from Goering, 1998)
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2 EXPERIMENTAL APPARATUS AND PROCEDURES
2.1 Laboratory Apparatus

Figure 2.1 shows the cylindrical tank with an indeameter of 120 cm and a
working height of 154 cm (between the aluminum g8t which provides an
aspect ratio, a=D/2H=0.39. The plastic tank wals\lecm thickness and was
coated on the outside with spray-on polyuretharemfansulation with an

average thickness of 17 cm. Four coils of 12 mnpeopubing were fixed on

two wooden plates, and two sets of aluminum platee contacted to these
to transfer the heat from the copper tubing to pletes. The plates were
placed at the top and bottom of the tank. Each @mlum plate consists of an
inner plate (diameter 60 cm) and an outer conaeattnular plate (diameter
120 cm), with different coils of the tubing attadn® each plate. The tubing
allowed for the localized heating or cooling duritgsts, i.e., different

temperatures can be applied to the inner and plagrs (Figure 2.2). The two
cooling/heating systems at the top and bottom veerenected to constant
temperature baths using plastic tubing. Waterdefaed temperature flowed
into the copper tubing and then back to the bathlvés were installed
between the copper tubing and the plastic tubingaiairol fluid flow. The

tank was placed on and covered with 20 cm thicknfdeoards to create a
space impermeable to outside air and ensure iesuladundary conditions.
Figure 2.3 shows the top of the tank when filledhwstyrofoam chips and

covered with the outside aluminum plate.

The selected porous material was Pelaspan-Padaymp S-shaped expanded
polystyrene (EPS) fill, with a measured solid dgnef 6.5 kg/ni (Figure 2.4).
The fill had an effective mean chip diameter of &% based on an equivalent
spherical volume. This kind of styrofoam has a abgaristic of low moisture

absorption, keeping the porous medium almost camlglalry in the tank,
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(zero water saturation). The porosity of the styanfi placed in the tank was

approximately 50%.

A primary instrumentation cross section (CS1) & tank was used to install
five vertical strings of thermistors as shown igu¥e 2.5 (thermistor positions
for part of tests are slightly different; refer Appendix | and 1l for detailed
coordinates). A secondary instrumentation crosgisec(CS2) with 16

symmetrically distributed thermistors was perpealdicto CS1 through the
centerline (Figure 2.6). The positions of the rmstentation sections are

shown in Figure 2.7.

Figure 2.8 shows a photograph for the whole tark @tated experimental
apparatus. The baths were Fisher Scientific Isotef@@8S and 3028D
refrigerating circulators with temperature rangds-26 to +100°C. The

temperature reading displayed on the LCD has duisio of 0.1°C.

The model of the thermistor sensors used duringtéséng program was
OMEGA 44007 with resistance of 5000 ohms @25The accuracy is 02

over a range of O to 76. Before the thermistors were installed and cotatec
to the data logger, each thermistor was checkedcatidrated using an ice-

water mixture.

The air flow meters were OMEGA FMA-904 (0-2000 shpamd FMA 900(0-
100 sfpm) air velocity transducers, with accurac@s 3% and 1.5%,
respectively. Air flow meters of the model FMA- 9Gdiled to record
velocities due to their low sensitivity. Only ong How meter (FMA-900)
recorded data successfully. It was located apprataiyn at the center of the

tank as shown in Figure 2.1.

A Campbell Scientific AM416 Relay Multiplexer datbbgger system
connected to a computer was used to record tenyperaind velocity data.
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2.2 Instruments

The working rationale of the main instruments fog £xperiment, thermistors

and air flow meters, are described in this section.

The thermistors of the type for this study were enafltemperature sensitive
resistors with a negative temperature coefficienu¢ch that the resistance
decreases with increasing temperature. The readitige calibrated resistance

gives a precise temperature value.

An air velocity transducer is contained on the dipa flow meter and is
composed of two RTD (Resistance Temperature Dedeatements, a
velocity sensor and a temperature sensor (Fig@e Zhe RTD used as the
velocity sensor is heated to maintain a constanpegature differential (3C)
above the temperature measured by the RTD usdtedsrmperature sensor.
When air flow cools the velocity sensor, an amoohtcompensational
electricity is needed to maintain the temperatuiferéntial. This is measured
and calibrated to provide readings of air velodityshould be noted that once
installed, the sensor can determine the velocityofdy one direction of air

flow.

2.3 Experimental Procedures

All the experiments were completed at a room teatpee of 21C. Both
convection and conduction tests were carried owgdbyng the top and bottom
temperatures of the tank by circulating fluid mained at the required
constant temperatures in the baths. Since waterused as the circulating
fluid in the baths, temperatures adopted for tisestevere all above 0°C, with
a range of 1°C to 63°C.
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In most cases, the temperatures in the tank warealieqd before testing to
obtain equilibrium temperature conditions. Howevanne of the convection
tests may have been initiated from previously disiadd steady state flow
condition in order to generate a wide range of tpottom temperature
differences. The initial conditions for those test8l be indicated in the

results presented in Chapter 3.

Temperature and velocity data were recorded aticetime intervals using
the data logger program to control the data acdpisi During convection
tests in the empty tank, artificial smoke was itgecinto the tank via an
access port in the wall to observe internal air emognts through a camera

placed at the bottom of the tank.

Figure 2.10 shows the schematic diagrams of foujomaxperimental
scenarios of boundary conditions with respect poaind bottom temperatures.
Scenario (1) in Figure 2.10 illustrates a conducttest using a vertical
temperature gradient. A higher top temperaturelt®sou heat transfer from
the top of the porous layer to the bottom. A typmanvection test is set up as
Scenario (2) with a higher temperature at the IbottGooling above and/or
heating below for the test system can cause temypergerturbation and
potentially induce convective air movements givercestain onset Ra as
outlined in Chapter 2. The upper temperature corgystem, the wooden
plate attached with the copper tubing, was rotédea new position during a
number of experiments to observe whether the oud#t position affected
convective patterns (especially for top-cooling ditions). The bottom
temperature control system was fixed throughouéxtleriments. To perform
localized convection tests as Scenarios (3) andn(#igure 2.10, the inner
plate at the top was cooled, or the bottom waseldeathile the other plates

were maintained at a constant temperature.
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2.4 Chapter Summary

In this chapter, the experimental apparatus in |Hi®ratory and testing
procedures have been described. Materials and gaesnfor the temperature
control system in the insulated tank were introduc®arameters for
styrofoam fill were presented along with the modefishe instrumentation
consisting of the data logger, thermistors, aiwfloneters, and constant
temperature baths. Four typical experimental seeman terms of top and
bottom temperature boundary conditions were presenh the next chapter,
results from the convection and conduction expemi&vill be presented and

discussed.
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Figure 2.1 Schematic cross section of experimesystem

Valves

Figure 2.2 Copper tubing attached to the wood @atecovered with the inner
aluminum plate. The tubing is connected to cond@mperature baths with flow
control valves.
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Outer Aluminum
Plate

Figure 2.3 The top view of the tank filled with sifoam chips and covered with
the outer aluminum plate

Figure 2.4 S-shaped styrofoam chips with measwkdssdensity of 6.5 kg/fh
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Outer Plate

Cross-section-1 (CS1

Figure 2.7 Schematic plan of the two instrumentasiections; view from top

Figure 2.8 Photograph of the insulated tank aneéexyental apparatus

33



Temperature Air Velocity
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T2 reduces under air flow.

To maintain constaliT=T1-T2,
more electricity is supplied and
calibrated to velocity

Figure 2.9 Air flow meter structure and workingraiple
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3 RESULTS AND DISCUSSION

Temperature and air flow velocity data were obtdifitdom experiments of
convection and conduction carried out both in entesy tank and in test tank
filled with styrofoam chips. Localized heating arating were involved in the
convection tests using styrofoam chips. Main cotiwacand conduction tests
conducted during this study are listed in the Appenl. Measured
temperature data at the two instrumentation sexti®®1 and CS2 from these
tests are presented in Appendix Il. Temperatur@amalized temperature
contours presented in this chapter were construdiaded on these
temperature data. Once a data set consisting atlic@bes and temperatures
was prepared, computer software, Sigmaplot (ver&@f) was used to plot
the contours based on linear interpolation betweerperatures measured at
the points. Temperatures profiles at the centerih¢he tank may also be
presented for part of the tests.

Non-dimensional temperature relationships have heeu to normalize the
temperature data in order to compare convectioncanduction heat transfer
tests with different top-to-bottom temperature lkaany conditions. Near
steady state, temperatures in the tank vary betwhenminimum and
maximum applied to the top or bottom plate. Therafdthe non-dimensional

temperature can be expressed as:

Convection, T, = o (3.1)
Tb—max _Tt— min
Conduction, T, = T Tomn (3.2)
Tt—max _Tb— min

where T, is the non-dimensional temperature in the range @f 1, T is the
temperature measured at a particular locatiofyinTand T.min are the
minimum temperatures measured at the top platedovection tests and the
bottom plate for conduction tests, respectivelymaf and T.max are the
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maximum temperatures measured at the top plateofwiuction tests and the
bottom plate for convection tests, respectively.nt@ars using non-
dimensional temperatures were plotted using a contderval of 0.5, and
using grey intensity shading such that temperatun@sase from dark to light.

As shown in Figure 2.10, only the top and bottomngerature boundary
conditions are changeable while neglecting any Heat through the
insulated tank wall. Hence, some terms used in té concerning
temperature-initiating methods need to be explaifed example, heating
below represents increasing the bottom temperatuee certain value while
the top temperature is maintained constant. Likewooling from above
refers to decreasing the top temperature to aioevedue while the bottom
temperature is kept constant. During localized ihgabn the bottom or
cooling on the top of the tank, only the tempemtoir the inner circular plate
is changed while that of the outer plate is mairgdiconstant. In addition, a
temperature setting on the bath is not identicahti recorded at the plate.
Reasons for this could include one or more of dtleing:
» the heating and cooling capacity of the bathamgdid;
* heat may lose to or gain from the environment dutine flow of
fluids from the baths to the circulating tubingaatied to the plates;
and

* internal air temperatures affect the plate tempeeatduring tests.

Table 3.1 presents a summary of material propeusesl in the calculation of
onset Rayleigh numbers for convection tests and citreductive thermal

model for the air and styrofoam combination in tiduek.

It should be noted that temperatures measuredialamvall from the sections
of CS1 and CS2 were used as boundaries for th@woplots, neglecting the
distances between these themistor strings andattie wall. Temperatures

measured on the top and bottom plates were avefagedntour construction
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except for localized heating and cooling tests wh@ner and outer plate
temperatures were different. Averages of adjacentperatures at a point

were used to fill the data gaps existing in theieacCS1 for part of the tests.
3.1 Convection and Conduction in Empty Test Tank

Results for the tests on convective and condudiaeg transfer of air in the
empty tank are first presented, and they will deofeed by similar tests with
the styrofoam chips filling the tank. Experimentstihe empty test tank were
briefly conducted only for comparison purposes willose tests in the
styrofoam-filled tank. No detailed air flow patterwere investigated, no flow
velocity measurements were made and no localizetingeor cooling tests

were conducted.
3.1.1 Convection in Test Tank

Five convection tests were carried out to obtamperature contours at or
close to steady state within the empty tank. Teatpee differencesAT) of
(B30-T25), 10C (B30-T20), 20C (B35-T15), 25C (B35-T10), and 3T
(B40-T10) (where T and B denote the top and bottoveye used. The
temperatures in the tank changed at nearly the safmas that of the top and
bottom plates, as shown in Figure 3.1 for test Wil+5°C. In other words,
most of the air in the tank rapidly changed temjppees to achieve steady
state. This is due to the fact that the Rayleigminer for each case, calculated
using Equation 1.5, is much greater than the tlieatecritical Ra of 1707
(Getling, 1998), or specifically 7180 for a verticglinder (Rohsenow et al.,
1998). Therefore, the convective air movement mstde tank rapidly
transfers the heat throughout the tank. An illusteaexample of this scenario
is a heater that rapidly increases the temperatue room. The onset air
Rayleigh numbers for the convection tests wereutaied using material

properties presented in Table 3.1. The resultssaremarized in Table 3.2,
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showing that the calculated magnitudes of Ra exdd®dwhich is much

greater than the critical Rayleigh number R4 7180.

Figure 3.2 shows the axial temperature profile afoavection test with a
temperature difference of °G, indicating that temperatures change
synchronously from about 24.5 to 2&5while the shapes of the temperature
curves remain similar as the changes occur. Naé dh steady state, the
temperatures of the top and bottom plates are’€5a8d 28.2C, respectively,
which are different from the applied boundary terapgres of 2%C and 30C.
The isotherms using non-dimensional temperaturestife primary cross
section are presented in Figure 3.3 (contoursHercase oAT=25C are not
shown due to similarity to the case &T=30°C). Most of the normalized
temperatures in the tank are between 0.3 and 0.4ATe5°C, while for
AT=1CC, 20C, 25C and 30C, most normalized temperatures are between
0.4 and 0.5, i.e. 40~50% of the measured top-tbottemperature
difference (Equation 3.1). Therefore, average emgeratures in the tank are
slightly less than the average of the top and bottemperatures. It reflects
that the convective air movement strengthens wittrelasing temperature
difference or Rayleigh numbers. Figure 3.4 showscatter plot for a
relationship between an average temperature ratd@p-to-bottomAT from
each convection test. This average temperature rafis defined as the
average of measured internal air temperaturesnfisears in the space) to the
average of measured top and bottom plate tempegatlihe plot shows that
the ratios are all close to unity. It reflects thabst of the thermitors
measurements are close to the average temperatuthse top and bottom
plates, as a result of rapid convective air movenrethe tank.

The four isothermal patterns are distinct from eather and temperature
stratifications within the tank are irregular. Aidial smoke was injected into
the tank through an access port in the tank watiligerve the air movement

during the convection tests. Flow movement was mesethrough internal
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videos recorded using a camera located at therhottiothe tank. From the
gualitative observation, no clear pattern of smwi@ement can be identified
and the flow appeared to be turbulent although etaiktd measurements of
turbulent spectra were made. Figure 3.5 shows graha of convection

regimes, which is mostly based on experimental ddi@ined by various
investigators (Getling, 1998). This figure illugea that convective air
movement is in a completely turbulent state when Rayleigh number is
higher than approximately 9000 (The Prandtl numier, for a fluid is a

dimensionless number defined as the ratio of vigcts thermal diffusivity;

for air, Pr = 0.713 at 2Q@). Therefore, for the current tests of Ra>>9008, t
convective air movement is turbulent according igufe 3.5 (Reynolds
number may be used to study the turbulent flowetaidl which is beyond the
scope of this research project). Generally, airupgog a large space is
sensitive to small temperature perturbation andurabtconvective air

movement occurs readily.
3.1.2 Conduction in Test Tank

Two conduction tests with temperature difference$5C (Case a) and 30
(Case b) were part of this study for the thermaldeation characteristics of
air within the tank. The isotherms shown in FigBe illustrate near
horizontal temperature stratifications, differingrh the convective patterns
shown in Figure 3.3. Overall non-dimensional terap@es in the tank were
higher in Case b than in Case a, demonstrating @zeste b had higher
temperature gradients that lead to more efficiemdactive heat transfer. As
illustrated in Figure 3.7, Case b wiiT=3(0°C had a temperature gradient of
2.9C/m, nearly twice the temperature gradient for CagethAT=15°C. The
temperature profiles at the center of the tank wapect to time are shown in
Figure 3.8. Compared to the air convection tesa diat lowerAT shown in
Figure 3.2, the air conduction test took longerathieve steady state. It

demonstrates that under the same conditions, aiweobion iS a more
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effective heat transfer mechanism than thermal eotiwh within the test

apparatus.

3.2 Convection Using Styrofoam Chips in Test Tank

Convective tests for pore air within styrofoam chipere carried out in the
insulated cylindrical tank with various top-to-bmtt temperature boundary

conditions.

3.2.1 Permeability and Onset Rayleigh Number

Since natural convection starts when a Rayleigh bmunis larger than the
critical Rayleigh number, it is necessary to catellthe Rayleigh numbers
before performing the convection tests with a pereonaterial to ensure
convection air movement will occur. According touatjon 1.3, the Rayleigh
number is directly related to the intrinsic permbigh the top-to-bottom
temperature difference, and the tank height, rdgssdof the inherent
properties of air and styrofoam. Equations 1.7 Ai8dwere used to estimate
the values of the intrinsic permeability of therefpam chips deposited in the
tank (Table 3.3).

Since the height of the tank is constant, the aeenaermeability used to
estimate the Rayleigh number can be presentedfasction of the top-to-
bottom temperature difference (Figure 3.9). Forddepted cylindrical tank,
it is necessary to determine an accurate valubeottitical Rayleigh number
(Ra&) using Equations 1.3 and 1.4. The result isR&2.3 from Equation 1.3
or 41.9 from Equation 1.4, with m assumed to b&He high magnitudes of
Rayleigh numbers presented in Figure 3.9 imply toatvective air movement
can easily begin in the tank, provided the critiRalyleigh number is either
22.3 or 41.9. Parameters used to calculate theeRdnyhumbers are presented
in Table 3.1.
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3.2.2 Transient Convective Patterns

Transient convective patterns were reconstructétgusie temperature data
recorded from the primary instrumentation sectidlCThe convection test
using aAT=5°C by heating from below achieved axisymmetric isoths,

with the temperature patterns changing with timeslaswn in Figure 3.10.
The air rose from the middle of the tank and sdokgthe outer sides. An
onset Rayleigh number of 626 calculated for ths$ veas probably high since

no unstable convective air movement was observed.

For convection induced with&T=10°C, patterns in the initial 10 hours show
a similar trend to those induced witdT=5°C. However, the centerline of the
contours eventually shifted to the right side & gection (Figure 3.11). This
could be due to one or all of the following factat$ the convection was just
in the transitional stage from stable to unstabtevection; 2) three-
dimensional irregular shape factors associated thi¢hplates and tank wall
caused the axis of the plume of air to shift; ahth@izontal convection may
occur as a result of horizontal temperature diffees at the bottom of the
tank (according to Mullarney et al., 2004, horimdntonvection is due to a
horizontal difference in temperature or heat flux aa single horizontal
boundary of a fluid, and can lead to highly asynrioetonvection). Steeper
contours indicate that the temperatures changedlyapinder a higher
Rayleigh number. In other words, in steady statemaves up faster in the
middle, touches the top boundary and then sinkkddottom along the outer
sides. The air movement induces continuous heahasmge between the
warmer base and the cooler top. These axial teryseraariations for the
initial 20 hours concur with the axisymmetric mdohg results reported by
Arenson et al. (2007).

Although the numerical modelling results showedoslte symmetric patterns

for both heating below and cooling above, the cotiva test under a
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temperature difference of 140 with cooling from above had a different
temperature pattern: the cold air sank from the sdtead of the middle of
the tank (Figure 3.12). A unicellular convectivettpen developed in the
whole tank. It may be due to the conditions atttpeseal were different than
at the bottom. Air is sensitive to small temperatperturbation such that the
convective pattern varied with minor temperaturanges. Also, horizontal

convection due to temperature differences at thpe dbthe tank may be

another factor that caused the asymmetric pattere®nvection (Mullarney

et al. 2004).

Corresponding axial temperature profiles for scesaof heating below and
cooling above are also different. The patternc@orvection by heating below
illustrate that the temperatures increased as dtterbh temperature rose. The
temperatures initially changed quickly and therwsld until steady state was
reached or established. All the temperatures vaoypatonically with the
height of the tank (Figure 3.13). However, the esrior the case by cooling
above have different shapes such that the vertraailations have non-
monotonic characteristics. It demonstrates that Ibleétom temperatures
gradually decreased and were lower than the upaerwhere steady state
was established (Figure 3.14). This was due toutmeellular convective
pattern in which colder air is sinking along thghti side of the tank.

3.2.3 Steady State Convective Isotherms

Steady state contours are shown in Figures 3.153ab@ for tests using
temperature differenceAT=5°C, 10°C, 2C0C, 30°C and 40C. Associated

vertical temperature profiles are also shown irufeég 3.17 and 3.18.

Heating below normally leads to a dual-cell beingrfed during convection
in the tank, i.e. air rising along an axis and sigkalong the outer tank wall.
For convection with higher Rayleigh numbers, thatoars are steeper and

the axis deflects from the centerline of the taflke rising air flow plumes
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near the center of the tank also have higher vabfeson-dimensional

temperatures (Figure 3.15).

Under current experimental conditions, it was obsérthat all tests by
cooling from above lead to steady state unicellatamvective flow patterns.
Comparing the contours at the left of the sectiahg non-dimensional
temperatures of the sinking air flow plumes aredovor the tests with higher
Rayleigh numbers (Figure 3.16). Note that the aarstaat the lower right
corner become denser froAT=10°C to 40C, illustrating that the cool air
moved more effectively to the right wall and these (Figure 3.16). These
observations demonstrate that convection with Hglyleigh numbers has

higher convective heat transfer rates.

The contour plots using data from the other sestican be used to confirm
the air flow patterns. The similarity of the patterat CS1 and CS2 in Figure
3.19 confirms the occurrence of a dual-cell convecpattern. Figure 3.20
shows that the unicellular convection can be cordat by the contours from
CS2.

To investigate the convective cell orientation #orunicellular convective
pattern, the top copper tubing coil was rotatedrexmately 45 degrees, as
shown in Figure 3.21. The isotherms shown in Fig&22 and 3.23 illustrate
that the convective air flow cell direction moverld new position between
the two cross sections, likely following the pawmitichange of the tubing
inlet/outlet. This, in turn, shows that the tempera at the top initiated by the
water entering the tubing may influence the didectiinduced in the
unicellular convective cell within the tank. A cative air flow mode tends
to form based on small disturbances of system spuider the existing

boundary conditions.
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3.24 Fluctuation and Oscillation

When a convection test &&T=50°C (B53-T3; Ra=6200) was carried out,
temperature fluctuations and oscillations occuriBuais test was started by
decreasing the top temperature &€ 3rom the previously established steady
state undeAT=30°C (B53-T23). As shown in Figure 3.24, temperatuaes
particular locations fluctuated extensively. Osdihns were contained during
the fluctuations and some points near the bottodemment large amplitude
variations. The plots illustrate that those ostidlas were time dependent with

varying amplitudes, and nearly disappeared by tigeod the test.

Part of the temperature variation curves (approieiga80 minutes) is
presented in Figure 3.25 to show the typical peaod amplitude of the
oscillation. The amplitude varies, and the largesiation is about 8C for
the thermistor T4, which is located at the cenféhe bottom (see Figure 2.5).
The curve of T4 shows that the time taken for tagation from point 1 to 3
is longer than that from point 3 to 4, indicatiigveer temperature decreases
from peak to trough than increases from trougheakpn a single oscillation
period (Figure 3.25). Corresponding contours at @8Jpoints 1 to 4 in the
oscillation period are presented in Figure 3.2@usitating unicellular
convective patterns and similarity between the tnaoire variation with time
patterns of points 1 and 4.

It was explained by Horne and O'Sullivan (1978} thes type of oscillation is
attributable to the high air flow acceleration czadidy the rapid temperature
changes. Kladias and Prasad (1990) performed anmeahstudy to examine
convective fluctuation and concluded that the highe Rayleigh number, the

shorter the oscillation period.

As expected, strong fluctuation occurred during ttenvection test of
AT=60°C (Figure 3.27), particularly for those points ndae right side of the
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bottom plate. However, only minor oscillatory irstay was observed from
the curve of thermistor T22 (see Figure 2.5) lodatear the lower right
corner of the measurement section CS1. The osailtstill have a time-
dependent characteristic for this convection witRagleigh number of around

7500. More oscillations may occur in the future/egi a longer testing period.

3.25 Localized Heating or Cooling

Localized heating induced convection tests wer@ezhrout undeAT=10°C
(LB32-T22), 20C (LB42-T22) and 3tC (LB52-T22) (where L denotes
localized heating). Contours for these tests agsgnted in Figures 3.28, 3.29
and 3.30. Heat plumes rose in the center of thk teith steep and more
concentrated contours. High&T convection showed more compressed
central isotherms, indicating higher air flow ratesding to higher heat
transfer rate along the tank axis. Localized hgatipparently stabilizes the
symmetry of the convective air flow in the tankvearm air is well confined

to the center of the tank.

Localized cooling convection isotherms #r=10°C (B20.5-LT10.5), 15C
(B20.5-LT5.5) and 20C (B21-LT1.0) are presented in Figures 3.31, 3132 a
3.33, respectively. Dual-cell convection was obsdrwith poor symmetry
such that the thermal plume axis was situated enAB’O zone shown in
Figure 2.7. Comparison of the various isothermsashthat the cooled air
sank along the plume axis, thus reducing tempestur lower areas under

higherAT conditions.

Since the heating or cooling source at the bounday smaller, heat transfer
for convection with localized heating or coolinghddions were less efficient
than that with a fully heated or cooled boundarlgroligh comparison with
the magnitudes of the non-dimensional temperatsihesvn in Figures 3.15

and 3.16, it is demonstrated that the temperatuwrdbe tank are generally
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lower for localized heating tests (Figures 3.28.@0) and higher for localized

cooling tests (Figures 3.31 to 3.33).

Transient convective patterns from the instrumeématsection CS1 for

localized heating undeAT=10°C (LB32-22T) and localized cooling under
AT=10°C (B20.5-LT10.5) are presented in Figures 3.343&68, respectively.
It was observed that the convective patterns westabished in the first

several hours and the overall temperatures inahle tontinued to vary until

steady state was reached. The patterns are mdyke stean those shown
Figures 3.11 and 3.12. The symmetry of the paiténom localized heating

test is also better than that shown in Figure 3.11.

Temperature variations in the tank are stable dowection test with localized
heating underAT=60°C (LB63-T3). No fluctuation and oscillation were
observed as shown in Figure 3.36. This further destrates that localized
heating can stabilize the convective air movemedmpared to the
temperature variations shown in Figures 3.24 afd fr the tests under high

temperature differences with fully heated loweiktaoundary.
3.2.6 Air Velocity

According to the governing equations, air flow \ailies are related to air
temperatures in the tank and vary throughout thk. tdowever, as mentioned
previously, only one air flow meter (FMA-900) atetlttenter of the tank
recorded valid velocity data in the vertical difentduring the test program
(Figure 2.1).

The velocity variations with time for tests witht@p-to-bottom temperature
difference of 10C are shown in Figure 3.37, illustrating differarglocity
values and irregular fluctuations prior to estdbfient of stable air flow at the

measurement location. As demonstrated in the figuedical air movement at
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the center of the tank for the localized heatirgg i®the fastest. It is due to the

concentration of rising warm air under centrallgdbzed heating.

It is understood that those air flow velocities alieectly related to the
convective patterns. Since axial air flow for ufligdar convection is unstable
as observed from the contours from the tests byirgpdrom above,
measuring vertically at the center of the tank i®ren suitable for
axisymmetric flow with stable patterns than it & unicellular convective
flow. Therefore, convection tests with localizedatieg below have more
stable air flow (temperature) pattern, and velesitiecorded from those tests
were used to illustrate that higher Rayleigh nureb@sult in higher flow
velocity. It was observed from these tests withtingabelow that flow
velocity normally peaks then decreases to a relptigtable value. These
velocity data from tests of localized heating auvensharized in Figure 3.38,
showing that peak and stable values increase witiheasingAT under
localized heating conditions. In this study, a maxin velocity of 0.068 m/s
was observed for convective air movement in theop®rstyrofoam chips.
This flow velocity is a true velocity through a porand is distinct from the
Darcy velocity used in the governing equations sihawChapter 1 (using this
maximum velocity and assuming a pore diameter 60%.m, a Reynolds
number can be estimated to be 22.5).

3.3 Conduction Using Styrofoam Chips in Test Tank

Simplified thermal modelling under transient coratis was carried out using
TEMP/W (GEO-SLOPE, 2004) to predict the conductikieat transfer
behaviour of air and styrofoam chips inside thektdrhe tank wall insulation
was assumed to be adiabatic in the model. Theasothhesults after a model
run of 42 hours are presented in Figure 3.39, hadkial temperature profile
with time is presented in Figure 3.40. Material gedies used in the model

are shown in Table 3.1.
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After equalized to uniform temperatures inside tidwgk, conduction tests of
the styrofoam chip filled tank were started by @asing the top temperature.
Temperatures gradually increased vertically thraughthe tank. Clear

temperature stratifications were formed as showFigare 3.41.

Figure 3.42 shows the vertical temperature prefideying with time. It shows
a slow change compared with the thermal condudésts for air in the empty
tank (Figure 3.7). Furthermore, the profile slowalgproaches the theoretical
steady state, that is a linear distribution throtlgé styrofoam chips. It is
understood that the thermal conductivity of styesfois similar to the tank
wall insulation. Conductive heat transfer througle tall thus impacts the
internal heat flow system during these tests. Thikkely attributable to an
insufficient heat supply from the constant tempaebaths. If the bottom is
cooled at the same time, the steady state conteillsbe closer to a
theoretical condition (Figure 3.43). As comparedhwsonvection tests, the
ability to approach steady state is lower duringriiial conduction. This
illustrates that high heat transfer rates can lsédyeabtained from convection
in a low thermal conductivity medium through conwee air movement. It is
due to the fact that the lower thermal conductiatyhe porous medium leads

to the higher Rayleigh number.

3.4 Discussion

In this project, the vertical tank wall is insuldtend considered to be
adiabatic for convection within the enclosure. hosld be noted that
convective patterns will differ for other geomesrier in open layered systems.
However, heat transfer rates are normally highemtithose for thermal

conduction using the same materials.

49



The low-conductivity styrofoam chips increased fRayleigh number and
therefore maximized the ability of convective aiovement. The conductive
heat exchange through tank wall in this projecttherefore negligible
compared to relatively strong convective heat fiams the tank. However, if
porous media and vertical boundaries with higherrttal conductivity are
used, the conductive heat exchange through thedaoi@s may need to be
taken into consideration especially when attemptingrodel these scenarios.
Also, if permeable rockfill is used, which has mutigher thermal
conductivity than styrofoam, higher temperaturdedénces will be required

to initiate convection and achieve the same comeestrength.

Insulation limitations and conditions of the uppeal can cause unexpected
temperature perturbation leading to unstable cdiwee@ir movement that
affect the test results. Since convective air moyenis sensitive to small air
temperature perturbation, for given test conditjdhe limitations can impact
the convective pattern symmetry, the convectivé namber established,
fluctuations and oscillations as well as the timedach steady state heat flow

conditions.

A three-dimensional effect of the top and bottomtgsd and the tank shape is
an additional factor that may also influence thevextive patterns, such that
the flow directions may change when air flow cotgamny uneven surface on

the constant temperature plate and tank wall.

Arenson et al. (2007) presented results of two-dsr@nal numerical
modelling of convection witlAT = 5 and 10°C (heating from below) for this
testing system and compared them with the expetahdata from this study.
They illustrated that small discrepancy between eniral and experimental
data was shown for the convection casédf= 5°C, and better agreements
were obtained for convection case/F = 10°C in the first 20 hours, which

was modelled axisymmetrically. The authors furieknowledged that a two-
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dimensional model may underestimate the air flow &&mperature in the
tank, and recommended axisymmetrically two-dimemaicr even entirely
three-dimensional modelling to obtain better repiitbn for this particular
testing system. However, special modelling procesiland setup should be
required to simulate the asymmetric characteristitonvective patterns

observed in this laboratory investigation.

The capacity of the constant temperature bathsmgedd for warming or

cooling of the plates during the tests, particyldok those with larger top-to-
bottom temperature differences. Circulating wakteough the tubing entails
heat loss or gain, further impacting temperatui@ensequently, in this
experiment, the plate temperatures were not ablen&intain the same
temperatures as the baths. The top plate temperatunore affected due to

less insulation at the top of the tank comparethédbottom plate.
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Table 3.1 Properties Used in Rayleigh Number CQafimn and Thermal Modelling

)

Material Value Unit Source
[Fluid (Air)
Gt Specific heat capacity 1.005 kJ/(KC)
B |[Expansion coefficient 3.410° 1°C
_ . ) _ 5 > Henderson et al. (1997);
) Kinematic viscosity of air 1.5X10 m‘/s Air at 20°C
pr  |Air density 1.205 kg/rh
Ks Thermal conductivity 0.0257 W/(m [FC)
|Porous medium (Styrofoam)
Estimated for the project (se€]
K |Intrinsic permeability 1.15x10° m’ Table 3.3)
km  [Thermal conductivity 0.035 W/(m[PC) |Andersland and Ladanyi (2004)
Cm |Specific heat capacity 1.25 kJ/(KRC) |Andersland and Ladanyi (20G
Ps Density (particle) 6.5 kg/fh Measured for the project
n Porosity 50% Measured for the project
|Others
H Height 1.54 m
AT  |[Temperature difference varied °C
g Acceleration due to gravity 9.81 N/kg
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Table 3.2 Summary of Calculated Onset Air Rayldlgimbers

Temperature Onset Rayleigh Critical Rayleigh Number
Difference, Number, (Vertical Cylinder)
AT (°C) Ra Ra.
5 1.91x10°
10 3.54¢10°
20 7.0%10° 7,180
25 8.84x10°
30 9.4710°

Table 3.3 Estimate of Intrinsic Permeability foyi®foam Chips

The Kozeny- The
Unit Carman Correlation Average
(Equation 1.7), (Equation 1.8)
Intrinsic ) 5 ; 5
3 m 1.88<10 4.1%10 1.15¢10
permeability
Equivalent Air
(20°C)
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(AT=5°C, onset Ra= 626, heating below)

59



2h
1h 1.5h

3h 6h 10h

16h 20h

Figure 3.11 Convective isothermal contour pattearying with time
(AT=10°C, onset Ra=1253, heating below)
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Figure 3.12 Convective isothermal contour pattearying with time
(AT=10°C, Onset Ra=1253, Cooling above)
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Figure 3.13 Axial temperature profile versus tiro@nvection in styrofoam chips
with heating below AT=10°C (B33-T23)
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Figure 3.14 Axial temperature profile versus tiro@nvection in styrofoam chips
with cooling above AT=10°C (B13-T23)
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Figure 3.15 Convection in styrofoam chips steadsesisotherms for
instrumentation section CS1 (heating below)
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Figure 3.16 Convection in styrofoam chips steadsesisotherms for
instrumentation section CS1 (cooling above)
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Figure 3.17 Steady state axial temperature profifeonvection in styrofoam
chips by heating from below
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Figure 3.18 Steady state axial temperature profifeonvection in styrofoam
chips by cooling from above
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Figure 3.19 Convection in styrofoam chips steadyestsothermAT=10°C (B33-
T23) for the two perpendicular instrumentation et (heating below)

B B’
0.1] 0.1]
0.2) 0.2}
140 0.3 0.3
0.4
0.4 05
0.5 06 0.6
120
0.6
100
=5 = 0.5
2 < 0 0.5
K=y K=y
= =)
[} [}
b I 0.4
60
40 0.4
0.4 0.5
0.5 0.6
20 0.6 o7
0.7 X
0.8 o=
0.9 0.9
0 T T T T T
-60 -40 -20 0 20 40 60
Diameter (cm) Diameter (cm)
a) CS1 b) CS2

Figure 3.20 Convection in styrofoam chips steadyesisothermAT=40°C (B53-
T13) for the two perpendicular instrumentation gex (cooling above and
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Figure 3.21 Inlet/outlet position of the top coppeil rotated about 45 degrees in
order to study convective cell direction.
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Figure 3.28 Convection by localized heating frortole steady state isotherms
AT=10°C (LB32-T22) for the two perpendicular instrumentatsections
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Figure 3.29 Convection by localized heating frortobe steady state isotherms
AT=20°C (LB42-T22) for the two perpendicular instrumeragatsections
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Figure 3.30 Convection by localized heating frortobe steady state isotherms
AT=30°C (LB52-T22) for the two perpendicular instrumeragatsections
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Figure 3.31 Convection by localized cooling fronoed: steady state isotherms
AT=10°C (B20.5-LT10.5) for the two perpendicular instrurtagion sections
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Figure 3.32 Convection by localized cooling fronoed: steady state isotherms
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Figure 3.33 Convection by localized cooling fronoe: steady state isotherms
AT=20°C (B21-LT1.0) for the two perpendicular instrumergatsections
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(AT=10°C, localized heating below)
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Figure 3.35 Convective isothermal contour pattearying with time
(AT=10°C, localized cooling above)
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4 SUMMARY AND CONCLUSIONS

Mechanisms associated with convective heat transf@orous media have
been extensively studied in the literature. Howggenvective cooling effects
for application in cold region geotechnical engnreg have only been
examined for a limited number of years. Potentsd af the cooling effects to
reduce and/or stabilize frozen ground temperatubesheath rockfill

embankments and dams, permeable tailings covedswaste rock piles is
possible. It is therefore an economical approactaite advantage of frozen

soils generally with high strength and low hydrawonductivities.

To investigate convective heat transfer in a porowsdium, laboratory
experiments on natural air convection and thernealdaction were carried
out using a well-insulated cylindrical tank andoalshen it was filled with
styrofoam chips with low thermal conductivity. Bprdrolling the top and
bottom temperature boundary conditions for the testk, a series of
conductive and convective thermal contours andilpeofwere determined

from an extensive array of point measurements.

No clear patterns of air movement were observeihguronvection in the
empty test tank. In fact, markedly large fluid Ragh numbers were
associated with the testing system under the tdgttom temperatures used.
As a result, convective air movement could readibproach steady state,
resulting in more efficient heat transfer when cangg with that for the

thermal conduction of air in the tank.

As expected, convective pore air movement in tii&iam chips filled tank
easily appeared. However, the Rayleigh number gatu@y be overestimated
in terms of test results. Transient convectivegratt forAT=5°C heated from
below showed axisymmetric characteristics and stéxnperature patterns.

For convection undekT=10°C heated from below, the patterns were initially
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symmetric. However, the centerline of the contaewsntually shifted to the
right hand side of the temperature measuring secilibie possible reasons
include that the convection was in a transitionnfretable to unstable
convection, it is due to the three-dimensional &feof the test, and/or
horizontal convection that can cause asymmetriepat occurred in the tank
(Mullarney et al., 2004). Unlike numerical modefjimesults, a unicellular
convective pattern occurred during the convectiest tat AT=10°C with

cooling from above. This may be due to the fact #ilawas sensitive to small
temperature perturbation causing by imperfect ceatlitions of the top of the

tank.

A number of steady state isotherms showed that owstective cell patterns
with heating below deflected slightly from the aahtaxis, although related
numerical modelling results always show axisymmoetonditions (Arenson
et al., 2007). On the other hand, cooling the ttgiepresulted in a single
convective cell in the tank, i.e. cooler air modesvn along one side and rises
along the other side of the tank. The asymmetraratteristics of the patterns
may be due to small temperature perturbation arwideontal convection at
the top of the tank. Higher Rayleigh number durgcupvection has more
efficient heat transfer by comparison with the magtes of non-dimensional

temperature from the convection tests.

When the Rayleigh number is above approximately06ZDemperature
fluctuations and oscillations appeared during thevection tests. For tests
under AT=50°C with heating below, oscillations with varying mets and
amplitudes occurred close to the bottom heatintepltrong fluctuation also
occurred in the test diT=60°C with a higher Rayleigh number. However,
only minor apparent oscillation was observed newel corners of the tank.
As explained by Horne and O'Sullivan (1978), thesallations could be due
to high air flow acceleration as a result of theidachanges of air

temperatures.
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It was found that convection induced by localizeghting stabilized the
symmetry of the convective patterns and had steapérmore concentrated
isotherms in the center area of the tank. Dual-celivection with poor
symmetry was observed during the convection indumetbcalized cooling.
Heat transfer for convection by localized heatimgcooling conditions were
found to be less efficient than for that with ayluteated or cooled boundary
in the tank. Localized heating tests also showeat #r flow velocity
normally peaks, then decreases to a relativelyestadlue, and increases with
an increasind\T or Rayleigh number. It should be noted that thes fvelocity
measured in the tank reflected only the verticahpgonent of air flow through
local pore spaces of the styrofoam. A maximumlaiwvfvelocity of 0.068 m/s

was observed in this study.

This study also illustrated that convective air mwent was sensitive to small
temperature perturbation. Consequently, the linoitst of experiment
apparatus in this study (such as the tank seal iaswlation, the three-
dimensional shape factor, and the heating or coaystem) can influence the
symmetry of connective patterns, the number of eotive cells, and the time

required to reach steady state.

In light of the results from this laboratory invigsttion on natural convection
in the porous medium under unique experimental itiond, the following
can be concluded:

» Convective heat transfer through air movement isengfficient than
thermal conduction, and requires less time to aehisteady state
temperature conditions.

» Convection with a higher Rayleigh number has a déridteat transfer
rate.

» Convective patterns for natural air convection ihighly permeable

porous medium are sensitive to boundary conditiossnall
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temperature perturbation may change the symmédteycell numbers
and directions, and the time required to reachdytstate.

 Temperature fluctuation can occur near heating cgsurduring
convection with a certain level of Rayleigh numbelts usually
involves time-dependent oscillatory instabilitieshatt impacts
development of steady state conditions.

* Localized heating or cooling can stabilize conwextpatterns, but
reduces heat transfer rates under the same corglitiigher Rayleigh
number may be required to initiate fluctuation tmmvection under
localized heating or cooling conditions.

» Convection with higher Rayleigh numbers has fastarvective air
movement. However, velocity magnitudes vary inetéht directions.

* Without a porous medium in a large space, natuavection for pure
air can easily occur because of large fluid Raylemymbers; as a

result, steady state can be achieved rapidly.

This laboratory study aiming at a detailed undediteg of the characteristics
of natural air convection in a porous medium withircylindrical tank was
completed. Principles and literature review firstoypgded a general
comprehension of convection. Then, comparisons dmtwconduction and
convection, various convective temperature patfefastors that influence
these patterns and convective air movement modege pweesented and
discussed to illustrate detailed variations unties inechanism, based on this

specific experimental setup.

However, the limitation of this study includes tleealy one medium material
was tested; only one type of test enclosure (geginetis used; and only one
type of boundary condition (i.e. variable top-tatbon temperatures with
adiabatic wall) was adopted. This therefore reflebtait the complexity of air
convection is significant, which is one of the m@as that air convection is

commonly excluded from thermal studies for projantgurrent cold region
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engineering practice. This study did not solve amecific problems of
convection, but is intended to provide a concegt tfatural air convection in
porous media is applicable for cold region geotesinengineering, and is
worth studying for engineers and researchers.

As an efficient and economical passive cooling appih, convective cooling
is suitable for use in relatively long-term opewatiof engineering projects
such as embankment roads, tailings covers, andfillodlms. It should
continue to be investigated experimentally and mcaky to become more
widely appreciated since it is an applicable andlalsee geotechnical
technology. Future research may include:

* laboratory investigations using the convective hé&ainsfer cell
assembled during this study and using differenesypf materials and
boundary conditions;

» convective thermal modelling of these varied fastuch as fluid flow,
radiation, wind and global warming; and

» field experiments in cold regions using highly peahle materials

such as crushed rock.
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6 APPENDICES

Appendix | List of Tests

Top-to-
bottom Bottom Top Cooling and/or
Test Type |[No Temperature| Temperature| Temperature Heating Means Notes
Difference
°C °C °C
1 5 30 25 Heating Below
: Continued
2 10 30 20 Cooling Above from Test No.A
Convection in . .
Empty Test | 3 20 35 15 Hceat||r_19 Betllow & fContmued
Tank ooling Above |[from Test No.2
: Continued
4 25 35 10 Cooling Above from Test No.
Heating Below &
5 30 40 10 Cooling Above
Conduction in 6 15 25 40 Heating Above
Empty Test
Tank 7 30 10 40 Heating Above
8 5 28 23 Heating Below| | ransient
patterns
9 10 33 23 Heating Below Transient
patterns; CS1
10 10 33 23 Heating Below| CS1 and CH
Convection Continued
vect 11 20 43 23 Heating Below from Test
Using
No.10
Styrofoam .
Chips in Test _ Continued
12 30 53 23 Heating Below|from Test
Tank
No.11
Heating Below &
13 50 53 3 Cooling Above
Heating Below &
14 60 63 3 Cooling Above
15| 10 23 13 Cooling Above |1 ransient
patterns
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Continued

16 20 30 10 Cooling Above|from Test
No.18
17 30 40 10 Cooling Above
Continued
18 40 50 10 Cooling Above|from Test
No.17
Continued
19 40 53 13 Cooling Above|from Test
No.12
20 10 22.5 12.5 Cooling Above| Rotation ch¢ck
21 40 52.5 12.5 Heat|r_19 Below & Rotation chec
Cooling Above
22 10 32 22 Localized HeatingTransient
Below patterns
. . |Continued
23] 20 42 gp | Localized Heatinge ooy
Below
No.22
. . Continued
24 30 52 gp | Localized Heatingg ooy
Below
No.23
o5 60 63 3 Localized Heating
Below
26 10 205 10.5 Localized CoolingTransient
Above patterns
. . Continued
27, 15 20.5 55 | Localized Coolinge oo
Above
No.26
. . Continued
o8 20 21 1 Localized COOI'ngfrom Test
Above
No.27
Conduction i
Using 29 20 23 43 Heating Above
Styrofoam -
Chips in Test 30 20 15 35 Coolln_g below &
Tank Heating above
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Appendix Il Measured Temperature Data for Generaton of Contours

The temperature data were calibrated and are gesshare following the order
of the test No. shown in Appendix I. Thermistorigoss are shown as follows:

Thermistor positions for Tests No. 1-9, 15-18 and 30 (no CS2):

Instrumentation section: Csi
0 15 45 60 90 110 12p
154 . . 154 | Top
135 . . . . . 135
115 . . . . 115
’g 95 . . . . 95
= 75 . . . . 75
.'5, 55 o o . o . 55
% 35 . . . . . 35
15 . . . . . 15
0 . . 0 |Bottom
0 15 45 60 90 110 12p

Diameter (cm)

Thermistor positions for other tests (CS1 and CS2):

Instrumentation section: Cs1
0 10 40 60 90 110 12p
154 . . . 154 | Top
135 . . . . . 135
~1 115 . . . . . 115
5 o5 . . . . . o5
= 75 . . . . . 75
% 55 . . . . . 55
| 35 R R . R . 35
15 . . . . . 15
0 . . 0 |Bottom
0 10 40 60 90 110 12p
A Diameter (cm) A
Instrumentation section: CS2
0 20 40 60 80 100 12p
| 154 154 | Top
5| 124 . . . . 124
E 93 R . R . 93
.g 62 . . . . 62
| 31 . . . . 31
0 0 |Bottom
0 20 40 60 80 100 12C
B Diameter (cm B'

. Thermistor
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Convection in Empty Test Tank
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Test No. 1

Recorded at: 30/01/2007 11:30
Test started at: 26/01/2007 16:04

Top-To-BottomAT=5°C (B30-T25)

(Heating below)
Instrumentation section: Cs1

Condition: Steady State Unit: °C
0 15 45 60 90 11C 12C
154 25.7 25.7 154 Top
135 26.3 26.4 26.4 26.4 26.3 13
115 26.4 26.4 26.5 26.3 11p
’g 95 26.5 26.5 26.5 26.4 95
-1 75 26.4 26.3 26.6 26.4 75
fﬂ 55 26.4 26.5 26.5 26.5 26.6 54
z| 35 26.5 26.6 26.5 26.6 26.7 35|
15 26.6 26.6 26.6 26.7 26.7 14
0 28.2 27.8 0 | Bottom
0 15 45 60 90 11C 12C
Diameter (cm)
Test No. 2 Top-To-BottomAT=10°C (B3C-T20)
Recorded at: 01/02/2007 17:00
Test started at: 30/01/2007 11:37
(Cooling above; continued from Test No. 1)
Instrumentation section: Cs1
Condition Steady Sta Unit; °C
0 15 45 60 90 11C 12C
154 22.8 22.8 154 Top
135 24.6 24.6 24.7 24.6 24.6 13H
1 115 24.6 24.7 24.7 24.5 11p
g 95 24.7 24.7 24.8 24.7 95
E 75 24.7 24.4 24.9 24.6 75
.g 55 24.8 24.8 24.8 24.7 24.8 54
] 35 24.8 24.9 24.8 24.9 25.0 34
15 24.9 24.9 24.9 25.0 25.1 14
0 27.1 27.1 0 |Bottorr
0 15 45 60 90 11C 12C

Diameter (cm)
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Instrumentation section:

Test No. 3

Top-To-BottomAT=20°C (B35-T15)
Recorded at: 02/02/2007 19:00
Test started at: 01/02/2007 17:36
(Heating below and cooling above; continued fronstTéo. 2)

Cs1

Condition Steady Sta Unit; °C
0 15 45 60 90 11C | 12C
154 21.3 21.3 154 Top
135 24.8 25.0 25.0 25.0 24.9 13
| 115 25.0 25.1 25.1 24.8 11p
g 95 25.2 25.2 25.1 25.0 95
E 75 25.2 24.9 25.3 25.0 75
.g 55 25.3 25.2 25.3 25.1 25.2 54
] 35 25.4 25.3 25.3 25.3 25.5 34
15 25.6 25.5 25.4 25.4 25.6 14
0 29.t 29.t 0 |Bottorr
0 15 45 60 90 11C | 12C
Diameter (cm)
Test No. 4 Top-To-BottomAT=25°C (B35-T10)
Recorded at: 05/02/2007 11:00
Test started at: 01/02/2007 19:30
(Cooling above; continued from Test No. 3)
Instrumentation section: Csi
Condition Steady Sta Unit; °C
0 15 45 60 90 11C | 12C
154 184 184 154 Top
135 22.8 22.9 23.0 23.0 22.9 136
| 115 22.9 23.1 23.1 22.9 11p
g 95 23.2 23.2 23.2 23.2 95
‘E 75 23.2 22.9 23.4 23.2 75
.% 55 23.3 23.3 23.3 23.2 23.4 5%
] 35 23.4 23.3 23.3 23.4 23.6 34
15 23.6 23.5 23.5 23.5 23.8 14
0 28.4 28.1 0 |Bottorr
0 15 45 60 90 11C | 12C

Diameter (cm)
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Height (cm)

Instrumentation section:

Test No. 5

Top-To-BottomAT=30°C (B4C-T10)
Recorded at: 18/01/2007 16:00
Test started at: 16/01/2007 13:00
(Heating below and cooling above)

Cs1

Condition Steady Sta Unit; °C
0 15 45 60 90 11C | 12C
154 19.9 20.0 154 Top
135 25.1 25.3 25.4 25.4 25.3 13
115 25.3 25.5 25.5 25.3 11p
95 255 25.6 25.7 25.6 95
75 25.5 25.3 25.8 25.7 75
55 25.6 25.7 25.7 25.7 25.9 54
35 25.8 25.8 25.7 25.9 26.1 34
15 26.2 26.0 26.0 26.1 26.3 14
0 31.¢ 31.€ 0 |Bottor
0 15 45 60 90 11C | 12C

Diameter (cm)
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Conduction in Empty Test Tank
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Instrumentation section:

Test No. 6

Top-To-BottomAT=15°C (B25-T40Q)
Recorded at: 22/01/2007 12:00
Test started at: 19/01/2007 16:20
(Heating above)

Cs1

Condition Steady Sta Unit; °C
0 15 45 60 90 11C 12C
154 35.1 35.2 154 Top
135 30.7 30.8 30.8 30.8 30.7 13
| 115 30.3 30.1 30.3 30.3 11p
g 95 29.9 29.9 30.0 30.0 95
E 75 29.7 29.6 29.5 29.7 75
.g 55 29.5 29.5 29.5 29.7 29.5 54
] 35 29.3 29.2 29.1 29.2 29.3 34
15 29.0 28.9 29.0 29.0 29.0 14
0 27.C 27.1 0 |Bottorr
0 15 45 60 90 11C 12C
Diameter (cm)
Test No. 7 Top-To-BottomAT=30°C (B1C-T40Q)
Recorded at: 24/01/2007 14:30
Test started at: 22/01/2007 15:56
(Heating above)
Instrumentation section: Csi
Condition Steady Sta Unit; °C
0 15 45 60 90 11C 12C
154 32.8 32.9 154 Top
135 25.5 25.5 25.6 25.5 25.5 136
| 115 24.7 24.6 24.7 24.7 11p
g 95 24.1 24.1 24.2 24.2 95
‘E 75 23.7 23.6 23.2 23.7 75
% 55 23.2 23.2 23.2 23.7 23.3 5%
] 35 22.7 22.6 22.5 22.6 22.7 34
15 21.9 21.9 21.9 21.9 22.0 14
0 15.1 16.Z 0 |Bottorr
0 15 45 60 90 11C 12C

Diameter (cm)
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Convection Using Styrofoam Chips in Test Tank
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Test No. 8

Test started at: 07/06/2007 18:54

Top-To-BottomAT=5°C (B28-T23)
Recorded at: 07/06/2007 20:00 (1h)

(Heating below)

Instrumentation section: Csi
Condition: Transient Pattern Unit: °C
0 15 45 60 90 11C 12C
154 22.6 23.2 154 Top
135 24.3 23.6 23.8 24.0 245 13
115 245 23.9 24.2 24.2 11p
’g 95 23.9 24.0 24.1 24.2 95
=l 75 235 235 235 23.4 79
f» 55 23.1 235 23.6 23.7 22.4 54
% 35 23.0 23.9 24.1 23.7 23.0 35|
15 235 24.8 25.2 24.5 23.2 14
0 26.3 26.2 0 | Bottom
0 15 45 60 90 110 12p
Diameter (cm)
Test No. 8 Top-To-BottomAT=5°C (B28-T23)
Recorded at: 07/06/2007 21:00 (2h)
Test started at: 07/06/2007 18:54
(Heating below)
Instrumentation section: Csi
Condition Transient Patte Unit: °C
0 15 45 60 90 11C 12C
154 22.7 23.2 154 Top
135 24.2 23.6 23.9 23.9 24.2 13
| 115 24.3 24.0 24.2 24.0 11p
g 95 24.1 24.3 24.2 24.2 95
E 75 23.7 24.0 24.3 23.6 79
.g 55 23.4 245 24.8 24.1 22.7 54
T| 35 23.3 25.1 255 24.6 23.3 34
15 23.7 25.7 26.3 25.1 23.4 13
0 27.1 26.7 0 |Bottorr
0 15 45 60 90 11C 12C

Diameter (cm)
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Test No. 8

Top-To-BottomAT=5°C (B28-T23)
Recorded at: 07/06/2007 22:00 (3h)
Test started at: 07/06/2007 18:54

(Heating below)

Instrumentation section: Csi
Condition Transient Patte Unit: °C
0 15 45 60 90 11C 12C
154 22.7 23.1 154 Top
135 24.0 23.7 24.0 23.9 24.0 13
| 115 24.3 24.2 24.3 24.0 11p
g 95 24.4 24.6 24.4 24.2 95
E 75 23.8 24.6 24.6 23.7 79
.g 55 23.6 24.9 25.3 24.4 22.8 54
T| 35 235 25.4 25.9 24.9 23.4 34
15 23.9 26.0 26.6 25.3 23.5 14
0 27.2 26.€ 0 [Bottorr
0 15 45 60 90 11C 12C
Diameter (cm)
Test No. 8 Top-To-BottomAT=5°C (B28-T23)
Recorded at: 08/06/2007 0:00 (5h)
Test started at: 07/06/2007 18:54
(Heating below)
Instrumentation section: Cs1
Condition Transient Patte Unit: °C
0 15 45 60 90 11C 12C
154 22.7 23.0 154 Top
135 23.7 23.7 24.1 23.9 23.7 13
| 115 24.1 24.4 24.3 23.8 11p
g 95 24.6 24.9 245 24.1 95
‘E 75 23.9 24.9 24.9 23.8 75
.% 55 23.7 25.1 255 24.6 23.0 54
T| 35 23.7 25.6 26.1 25.1 23.6 34
15 24.1 26.1 26.8 25.5 23.8 14
0 27.F 27.C 0 |Bottorr
0 15 45 60 90 11C 12C

Diameter (cm)

102



Test No. 8

Top-To-BottomAT=5°C (B28-T23)
Recorded at: 08/06/2007 5:00 (10h)
Test started at: 07/06/2007 18:54

(Heating below)

Instrumentation section: Csi
Condition Transient Patte Unit: °C
0 15 45 60 90 11C 12C
154 22.7 22.9 154 Top
135 23.3 23.7 24.1 23.6 23.2 13
| 115 23.7 24.5 24.2 23.3 11p
g 95 24.6 25.0 245 23.9 95
E 75 23.8 25.0 25.1 23.8 79
.g 55 23.8 25.2 25.7 24.7 23.1 54
T| 35 23.8 25.7 26.3 25.3 23.9 34
15 24.4 26.3 27.0 25.8 24.2 14
0 27.¢ 27.2 0 [Bottorr
0 15 45 60 90 11C 12C
Diameter (cm)
Test No. 8 Top-To-BottomAT=5°C (B28-T23)
Recorded at: 08/06/2007 18:00 (23h)
Test started at: 07/06/2007 18:54
(Heating below)
Instrumentation section: Cs1
Condition Steady Sta Unit; °C
0 15 45 60 90 11C 12C
154 22.7 22.8 154 Top
135 22.9 23.6 24.0 235 22.9 13
| 115 23.1 24.4 24.0 22.9 11p
g 95 24.4 25.0 24.3 23.5 95
‘E 75 23.4 25.0 25.1 23.6 75
.% 55 235 25.1 25.6 24.7 23.1 54
T| 35 23.8 25.6 26.2 25.5 24.1 34
15 245 26.2 27.0 26.1 24.6 14
0 27.1 27.2 0 |Bottorr
0 15 45 60 90 11C 12C

Diameter (cm)
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Test No. 9

Test started at: 09/06/2007 15:00

Top-To-BottomAT=10°C (B33-T23)
Recorded at: 09/06/2007 16:00 (1h)

(Heating below)

Instrumentation section: Csi
Condition: Transient Pattern Unit: °C
0 15 45 60 90 11C 12C
154 22.6 22.8 154 Top
135 22.4 22.8 23.1 22.9 22.6 13
115 22.4 23.0 23.0 22.4 11p
’g 95 22.9 23.2 23.2 22.9 95
=l 75 225 23.1 23.7 22.9 79
f» 55 22.6 23.2 235 23.3 225 54
% 35 23.1 24.2 245 24.5 23.7 35|
15 24.3 26.1 26.3 26.2 245 14
0 29.0 29.1 0 | Bottom
0 15 45 60 90 110 12p
Diameter (cm)
Test No. 9 Top-To-BottomAT=10°C (B33-T23)
Recorded at: 09/06/2007 16:30 (1.5h)
Test started at: 09/06/2007 15:00
(Heating below)
Instrumentation section: Csi
Condition Transient Patte Unit: °C
0 15 45 60 90 11C 12C
154 22.6 22.8 154 Top
135 22.4 22.9 23.2 22.9 22.6 13
| 115 225 23.2 23.1 225 11p
g 95 23.3 23.8 235 23.0 95
E 75 22.7 24.7 25.3 23.1 79
.g 55 22.9 25.6 26.5 24.1 22.9 54
T| 35 23.4 26.9 27.9 26.2 24.0 34
15 24.2 28.0 28.9 27.3 245 13
0 30.4 30.C 0 |Bottorr
0 15 45 60 90 11C 12C

Diameter (cm)

104



Test No. 9

Top-To-BottomAT=10°C (B33-T23)
Recorded at: 09/06/2007 17:00 (2h)
Test started at: 09/06/2007 15:00

(Heating below)

Instrumentation section: Csi
Condition Transient Patte Unit: °C
0 15 45 60 90 11C 12C
154 22.6 22.8 154 Top
135 225 23.2 23.6 23.2 22.7 13
| 115 22.7 24.8 23.9 22.7 11p
g 95 25.4 26.1 24.7 23.4 95
E 75 23.1 26.7 26.1 23.6 79
.g 55 23.2 26.5 27.7 25.4 23.1 54
T| 35 235 27.3 28.6 26.7 24.1 34
15 24.2 28.2 29.6 27.5 24.6 14
0 31.1 30.4 0 [Bottorr
0 15 45 60 90 11C 12C
Diameter (cm)
Test No. 9 Top-To-BottomAT=10°C (B33-T23)
Recorded at: 09/06/2007 18:00 (3h)
Test started at: 09/06/2007 15:00
(Heating below)
Instrumentation section: Cs1
Condition Transient Patte Unit: °C
0 15 45 60 90 11C 12C
154 22.8 22.8 154 Top
135 23.1 24.9 25.5 24.4 23.2 13
| 115 23.5 26.4 25.3 23.3 11p
g 95 26.3 27.2 25.6 23.8 95
‘E 75 235 27.3 26.7 23.9 75
.% 55 235 26.9 28.2 26.1 23.4 54
T| 35 23.6 275 29.0 27.1 24.3 34
15 24.3 28.4 30.0 27.7 24.7 14
0 31.€ 30.7 0 |Bottorr
0 15 45 60 90 11C 12C

Diameter (cm)
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Instrumentation section:

Test No. 9

Top-To-BottomAT=10°C (B33-T23)
Recorded at: 09/06/2007 21:00 (6h)
Test started at: 09/06/2007 15:00

(Heating below)

Cs1

Condition Transient Patte Unit: °C
0 15 45 60 90 11C 12C
154 23.0 22.9 154 Top
135 23.6 25.7 26.3 25.1 23.6 13
| 115 24.0 27.1 26.0 23.8 11p
g 95 26.8 27.7 26.3 24.3 95
E 75 23.9 27.8 27.2 24.4 79
.g 55 23.9 27.1 28.5 26.7 23.8 54
T| 35 24.0 27.7 29.3 27.7 24.7 34
15 245 28.5 30.3 28.3 25.2 14
0 32.1 31.1 0 [Bottorr
0 15 45 60 90 11C 12C
Diameter (cm)
Test No. 9 Top-To-BottomAT=10°C (B33-T23)
Recorded at: 10/06/2007 1:00 (10h)
Test started at: 09/06/2007 15:00
(Heating below)
Instrumentation section: Cs1
Condition Transient Patte Unit: °C
0 15 45 60 90 11C 12C
154 23.1 23.0 154 Top
135 23.7 25.8 26.5 25.3 23.8 13
| 115 24.2 27.3 26.2 24.0 11p
g 95 27.0 27.9 26.6 24.6 95
?E' 75 24.2 27.9 27.6 24.7 75
.% 55 24.2 27.3 28.7 27.0 24.3 54
T| 35 24.3 27.8 29.4 28.1 25.2 34
15 24.8 28.6 30.4 28.7 25.7 14
0 32.2 31.2 0 |Bottorr
0 15 45 60 90 11C 12C

Diameter (cm)
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Test No. 9 Top-To-BottomAT=10°C (B33-T23)
Recorded at: 10/06/2007 7:00 (16h)
Test started at: 09/06/2007 15:00
(Heating below)

Instrumentation sectia Csi
Condition Transient Patte Unit: °C
0 15 45 60 90 11C 12C
154 23.1 23.0 154 Top
135 23.8 25.9 26.7 255 23.9 13
| 115 24.3 27.4 26.4 24.2 11p
g 95 27.1 28.0 26.8 24.9 95
E 75 24.4 28.1 27.9 25.1 75
.g 55 24.4 27.3 28.7 27.3 24.7 54
T| 35 245 27.8 29.5 28.4 25.7 34
15 25.1 28.7 30.t 29.1 26.2 15
0 32.2 31.2 0 |Bottorr
0 15 45 60 90 11C 12C
Diameter (cm)
Test No. 9 Top-To-BottomAT=10°C (B33-T23)
Recorded at: 10/06/2007 11:00 (20h)
Test started at: 09/06/2007 15:00
(Heating below)
Instrumentation sectic Csi
Condition Transient Patte Unit: °C
0 15 45 60 90 11C 12C
154 23.1 23.0 154 Top
135 23.8 26.0 26.7 25.6 24.0 13
| 115 24.3 27.5 26.5 24.4 11p
g 95 27.1 28.1 26.9 25.0 95
E 75 245 28.1 28.1 25.2 79
.g 55 245 27.3 28.7 27.4 24.9 53
T| 35 24.¢ 27.¢ 29.4 28.¢€ 25.¢ 35
15 25.2 28.7 30.4 29.2 26.5 15
0 32.2 31.4 0 [Bottorr
0 15 45 60 90 11C 12C

Diameter (cm)
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Height (cm)

Instrumentation section:

Test No. 9

Test started at: 09/06/2007 15:00

Top-To-BottomAT=10°C (B33-T23)
Recorded at: 11/06/2007 11:00 (44h)

(Heating below)

CSs1

Condition Steady Sta Unit; °C
0 15 45 60 90 11C | 12C
154 23.1 23.0 154 Top
135 23.7 26.0 26.9 26.0 24.5 13
115 24.3 27.6 27.0 25.0 11p
95 27.0 28.0 27.3 25.7 95
75 24.5 27.8 28.5 26.0 75
55 24.5 26.9 28.2 27.8 25.7 54
35 24.6 27.2 28.8 29.0 26.9 34
15 25.2 28.1 29.9 29.8 27.6 14
0 32.2 31.4 0 |Bottor
0 15 45 60 90 11C | 12C

Diameter (cm)
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Height (cm)

Height (cm)

Test No.10 Top-To-BottomAT=10°C (B33-T23)
Recorded at: 12/09/2007 13:30
Test started at: 10/09/2007 16:52
(Heating below)

Instrumentation section: Cs1
Condition: Steady State Unit: °C
0 10 40 60 a0 11C 12C
154 23.0 23.0 23.2 154 Top
135 23.6 25.9 27.2 27.8 26.3 S 3)
115 24.0 26.5 27.7 28.6 27.2 116
95 24.0 26.3 27.7 28.7 27.6 9E|
75 24.2 26.1 27.5 28.3 26.7 74
55 24.2 26.2 27.7 28.7 25.9 55|
35 24.3 26.9 28.5 29.4 26.9 35|
15 25.0 28.0 29.8 30.3 28.0 14
0 32.2 31.4 0 | Bottom
0 10 40 60 a0 11C 12C
A Diameter (cm) A
Instrumentation section: CSs2
Condition Steady Sta Unit: °C
0 20 40 60 80 10C 12C
154 154 | Top
124 25.5 27.3 26.7 25.1 124
93 25.6 27.3 26.5 25.0 93
62 25.4 27.3 26.6 24.8 62
31 25.4 27.7 27.2 24.9 31
0 0 |Bottorr
0 20 40 60 80 10C 12C
B Diameter (cm) B'
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Height (cm)

Height (cm)

Test No.11 Top-To-BottomAT=20°C (B43-T23)
Recorded at: 13/09/2007 13:30
Test started at: 12/09/2007 13:40
(Heating below; continued from Test No. 10)

Instrumentation section: Cs1
Condition: Steady State Unit: °C
0 10 40 60 a0 11C 12C
154 23.4 24.2 24.2 154 Top
135 26.4 31.2 32.9 33.1 29.9 S 3)
115 26.9 31.7 33.3 34.1 31.3 116
95 26.8 31.0 33.5 34.4 31.8 9E|
75 26.8 30.4 33.0 34.3 31.2 74
55 26.8 30.1 33.2 35.1 30.5 55|
35 26.7 30.6 34.4 35.8 31.8 35|
15 27.3 32.2 36.6 36.9 33.3 14
0 41.3 39.6 0 | Bottom
0 10 40 60 a0 11C 12C
A Diameter (cm) A
Instrumentation section: Cs2
Condition Steady Sta Unit: °C
0 20 40 60 80 10C 12C
154 154 | Top
124 29.5 32.8 32.0 29.4 124
93 29.5 32.6 31.4 28.7 93
62 29.2 32.3 31.0 28.0 62
31 28.6 32.0 31.4 27.6 31
0 0 |Bottorr
0 20 40 60 80 10C 12C
B Diameter (cm) B'
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Height (cm)

Height (cm)

Test No.12 Top-To-BottomAT=30°C (B53-T23)
Recorded at: 14/09/2007 12:30
Test started at: 13/09/2007 13:40
(Heating below; continued from Test No. 11)

Instrumentation section: Cs1
Condition: Steady State Unit: °C
0 10 40 60 a0 11C 12C
154 24.2 25.5 25.7 154 Top
135 29.4 36.5 38.8 39.2 35.0 S 3)
115 29.9 36.4 38.8 40.2 36.5 116
95 29.4 35.1 38.4 40.6 37.2 9E|
75 29.2 33.9 37.3 40.8 37.5 74
55 29.1 32.9 37.0 41.9 375 55|
35 28.8 33.1 38.4 42.7 39.2 35|
15 29.2 35.0 41.6 44.2 41.3 14
0 50.0 47.6 0 | Bottom
0 10 40 60 a0 11C 12C
A Diameter (cm) A
Instrumentation section: Cs2
Condition Steady Sta Unit: °C
0 20 40 60 80 10C 12C
154 154 | Top
124 34.3 38.3 37.2 33.7 124
93 33.8 37.4 35.8 32.2 93
62 32.8 36.2 34.6 31.1 62
31 31.5 34.7 34.8 30.4 31
0 0 |Bottorr
0 20 40 60 80 10C 12C
B Diameter (cm) B'
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Height (cm)

Height (cm)

Test No.13 Top-To-BottomAT=50°C (B53-T3)
Recorded at: 16/12/2007 20:40
Test started at: 14/12/2007 16:45
(Heating below and cooling above)

Instrumentation section: Cs1
Condition: Steady State Unit: °C
0 10 40 60 a0 11C 12C
154 7.0 11.6 11.9 154 Top
135 19.2 30.5 33.0 34.1 32.4 S 3)
115 19.7 28.9 31.1 34.0 33.9 116
95 19.1 26.1 29.2 33.5 34.7 9E|
75 19.0 24.3 27.0 31.4 35.0 74
55 19.1 22.2 24.5 29.2 35.5 55|
35 19.1 21.0 23.1 27.6 35.8 35|
15 19.5 21.2 29.6 27.3 35.8 14
0 46.5 45.7 0 | Bottom
0 10 40 60 a0 11C 12C
A Diameter (cm) A
Instrumentation section: Cs2
Condition Steady Sta Unit: °C
0 20 40 60 80 10C 12C
154 154 | Top
124 32.3 34.1 30.6 20.3 124
93 30.4 31.1 27.4 20.2 93
62 28.0 27.0 24.0 19.7 62
31 28.2 24.7 21.2 18.9 31
0 0 |Bottorr
0 20 40 60 80 10C 12C
B Diameter (cm) B'
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Height (cm)

Height (cm)

Test No.13 Top-To-BottomAT=50°C (B53-T3)
Recorded at: 15/12/2007 15:10
Test started ¢ 14/12/2007 16:45
(Heating below and cooling above; oscillation)

Instrumentation section: Csi
Condition Transient Patte Unit: °C
0 10 40 60 90 11C 12C
154 6.9 11.4 12.1 154 Top
135 17.8 28.4 31.0 31.8 29.2 13
115 18.2 26.6 29.0 30.9 29.6 116
95 17.8 24.0 27.3 29.9 29.4 o4
75 18.0 22.3 24.9 27.9 28.8 74
55 18.1 21.1 23.€ 26.1 29.F 55
35 18.3 26.0 26.5 24.9 325 33
15 19.0 31.8 28.0 23.7 36.5 13
0 46.1 46.4 46.1 0 |Bottorr
0 10 40 60 90 11C 12C
Diameter (cm)
Test No.13 Top-To-BottomAT=50°C (B53-T3)
Recorded at: 15/12/2007 15:17
Test started at: 14/12/2007 16:45
(Heating below and cooling above; oscillation)
Instrumentation section: Csi
Condition Transient Patte Unit: °C
0 10 40 60 90 11C 12C
154 6.9 11.4 12.1 154 Top
135 17.8 28.4 30.9 31.7 29.2 13
115 18.1 26.5 28.5 30.6 29.5 116
95 17.8 23.7 26.7 29.6 29.5 o4
75 18.0 22.3 25.3 27.8 28.9 74
55 18.1 215 25.7 26.2 29.4 54
35 18.3 22.1 25.7 25.3 32.4 34
15 18.9 23.6 24.8 24.0 36.5 13
0 46.2 46.2 0 [Bottorr
0 10 40 60 90 11C 12C

Diameter (cm)
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Height (cm)

Height (cm)

Test N0.13

Top-To-BottomAT=50°C (B53-T3)
Recorded at: 15/12/2007 15:25
Test started at: 14/12/2007 16:45
(Heating below and cooling above; oscillation)

Instrumentation section: Csi
Condition Transient Patte Unit: °C
0 10 40 60 90 11C 12C
154 7.0 11.3 12.0 154 Top
135 17.8 28.2 30.7 31.6 29.2 13
115 18.2 26.4 28.6 30.7 29.6 116
95 17.8 24.0 27.6 30.0 29.6 o4
75 18.0 22.6 26.1 28.1 29.0 74
55 18.1 20.9 24.4 26.6 29.3 54
35 18.2 20.0 225 25.3 32.4 34
15 18.8 22.8 221 23.9 36.4 14
0 45.¢ 46.2 0 [Bottorr
0 10 40 60 90 11C 12C
Diameter (cm)
Test No.13 Top-To-BottomAT=50°C (B53-T3)
Recorded at: 15/12/2007 15:35
Test started at: 14/12/2007 16:45
(Heating below and cooling above; oscillation)
Instrumentation section: Cs1
Condition Transient Patte Unit: °C
0 10 40 60 90 11C 12C
154 7.0 11.4 12.1 154 Top
135 17.9 28.4 31.0 31.8 29.3 13
115 18.2 26.7 29.0 30.8 29.6 116
95 17.8 24.0 27.3 30.0 29.6 o4
75 17.9 22.4 24.9 27.9 28.9 74
55 18.1 21.0 23.4 26.2 29.6 54
35 18.3 25.9 26.4 24.8 32.7 34
15 19.0 31.8 28.1 23.6 36.3 14
0 46.2 46.C 0 |Bottorr
0 10 40 60 90 11C 12C

Diameter (cm)
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Height (cm)

Height (cm)

Test No.14 Top-To-BottomAT=60°C (B63-T3)
Recorded at: 18/12/2007 22:00
Test started at: 17/12/2007 13:28
(Heating below and cooling above)

Instrumentation section: Cs1
Condition: Steady State Unit: °C
0 10 40 60 a0 11C 12C
154 8.1 14.1 14.4 154 Top
135 20.6 35.2 38.5 41.8 40.9 S 3)
115 21.6 33.0 35.8 41.6 42.8 116
95 20.9 29.5 33.3 40.7 43.9 9E|
75 20.7 27.4 30.6 37.6 44.5 74
55 20.7 25.0 27.6 35.0 45.2 55|
35 20.7 23.7 25.9 33.1 45.9 35|
15 21.0 23.9 32.0 34.6 47.4 14
0 55.6 53.7 0 | Bottom
0 10 40 60 a0 11C 12C
A Diameter (cm) A
Instrumentation section: Cs2
Condition Steady Sta Unit: °C
0 20 40 60 80 10C 12C
154 154 | Top
124 34.6 38.7 36.1 24.4 124
93 33.0 35.0 31.6 24.5 93
62 29.6 30.2 27.5 23.5 62
31 27.8 29.2 24.5 22.2 31
0 0 |Bottorr
0 20 40 60 80 10C 12C
B Diameter (cm) B'
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Test No. 15

Test started at: 07/09/2007 16:00

Top-To-BottomAT=10°C (B33-T23)
Recorded at: 07/09/2007 17:00 (1h)

(Cooling above)

Instrumentation section: Csi
Condition: Transient Pattern Unit: °C
0 15 45 60 90 11C 12C
154 16.5 16.7 154 Top
135 20.2 20.5 21.8 23.2 22.9 13
115 21.3 22.8 24.0 23.4 11p
’g\ 95 22.2 22.8 24.0 23.8 95
=l 75 22.0 22.6 23.1 22.7 79
f» 55 21.8 22.0 22.2 22.4 21.5 54
% 35 21.8 22.0 221 22.3 21.9 35|
15 22.0 22.1 22.2 22.4 21.9 14
0 22.7 22.7 0 | Bottom
0 15 45 60 90 110 12p
Diameter (cm)
Test No. 15 Top-To-BottomAT=10°C (B33-T23)
Recorded at: 07/09/2007 19:00 (3h)
Test started at: 07/09/2007 16:00
(Cooling above)
Instrumentation section: Csi
Condition Transient Patte Unit: °C
0 15 45 60 90 11C 12C
154 14.1 14.5 154 Top
135 17.6 17.1 20.7 23.0 23.0 13
| 115 18.6 21.1 23.3 23.2 11p
g 95 18.8 20.8 23.0 23.2 95
E 75 20.5 20.3 22.0 22.2 79
.g 55 20.8 19.5 20.2 21.7 21.2 54
T| 35 21.2 19.9 20.4 21.9 21.9 34
15 21.8 20.9 21.1 22.3 22.0 13
0 22.€ 22.7 0 |Bottorr
0 15 45 60 90 11C 12C

Diameter (cm)
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Instrumentation section:

Test No. 15

Test started at: 07/09/2007 16:00

Top-To-BottomAT=10°C (B33-T23)
Recorded at: 07/09/2007 21:00 (5h)

(Cooling above)

Cs1

Condition Transient Patte Unit: °C
0 15 45 60 90 11C 12C
154 13.9 14.2 154 Top
135 16.8 16.8 20.2 225 22.8 13
| 115 18.1 20.7 22.9 22.8 11p
g 95 18.2 20.2 225 22.8 95
E 75 20.1 19.8 21.0 21.8 79
.g 55 20.5 18.9 19.5 21.5 20.9 54
T| 35 20.9 19.3 19.5 21.1 21.7 34
15 215 20.0 20.0 21.6 21.9 14
0 22.€ 22.€ 0 [Bottorr
0 15 45 60 90 11C 12C
Diameter (cm)
Test No. 15 Top-To-BottomAT=10°C (B33-T23)
Recorded at: 07/09/2007 23:00 (7h)
Test started at: 07/09/2007 16:00
(Cooling above)
Instrumentation section: Cs1
Condition Transient Patte Unit: °C
0 15 45 60 90 11C 12C
154 13.8 14.0 154 Top
135 16.4 16.7 20.1 22.4 225 13
| 115 17.6 20.5 22.6 22.6 11p
g 95 18.1 20.1 22.3 22.6 95
?E' 75 19.7 19.5 20.9 21.6 75
% 55 20.3 18.6 19.4 21.3 20.7 54
T| 35 20.7 19.0 19.3 21.0 21.6 34
15 21.4 19.7 19.8 21.4 21.9 14
0 22.7 22.7 0 |Bottorr
0 15 45 60 90 11C 12C

Diameter (cm)
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Test No. 15

Test started at: 07/09/2007 16:00

Top-To-BottomAT=10°C (B33-T23)
Recorded at: 08/09/2007 2:00 (10h)

(Cooling above)

Instrumentation section: Csi
Condition Transient Patte Unit: °C
0 15 45 60 90 11C 12C
154 13.8 13.9 154 Top
135 15.8 17.0 20.0 22.1 22.3 13
| 115 17.0 20.4 22.4 22.3 11p
g 95 18.1 20.0 22.1 22.2 95
E 75 19.3 19.5 20.7 21.3 79
.g 55 20.0 18.4 19.2 21.1 20.5 54
T| 35 20.6 18.8 19.1 20.8 21.5 34
15 21.3 19.6 19.6 21.3 21.8 14
0 22.7 22.7 0 [Bottorr
0 15 45 60 90 11C 12C
Diameter (cm)
Test No. 15 Top-To-BottomAT=10°C (B33-T23)
Recorded at: 08/09/2007 4:00 (12h)
Test started at: 07/09/2007 16:00
(Cooling above)
Instrumentation section: Cs1
Condition Transient Patte Unit: °C
0 15 45 60 90 11C 12C
154 13.7 13.9 154 Top
135 15.5 17.1 20.0 22.0 22.2 13
| 115 16.7 20.4 22.3 22.1 11p
g 95 18.1 19.8 21.9 22.1 95
‘E 75 19.0 19.4 20.6 21.3 75
.% 55 19.8 18.3 19.0 21.0 20.5 54
T| 35 20.4 18.7 19.0 20.7 21.4 34
15 21.1 19.4 194 21.3 21.8 14
0 22.7 22.¢ 0 |Bottorr
0 15 45 60 90 11C 12C

Diameter (cm)
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Height (cm)

Height (cm)

Test No. 15 Top-To-BottomAT=10°C (B33-T23)
Recorded at: 08/09/2007 16:00 (24h)
Test started at: 07/09/2007 16:00
(Cooling above)

Instrumentation sectia Csi
Condition Transient Patte Unit: °C

0 15 45 60 90 11C 12C
154 13.8 13.8 154 Top
135 15.0 17.6 19.9 21.6 21.6 13
115 15.8 20.2 21.9 21.6 11p
95 18.2 19.8 21.6 21.6 95
75 17.5 19.2 20.3 20.8 75
55 18.5 17.9 18.7 20.6 20.1 54
35 19.5 18.1 18.6 20.4 21.2 34
15 20.€ 18.¢ 18.¢ 20.¢ 21.7 15
0 22.¢ 22.¢ 0 |Bottorr

0 15 45 60 90 11C 12C

Diameter (cm)
Test No. 15 Top-To-BottomAT=10°C (B33-T23)
Recorded at: 09/09/2007 4:00 (36h)
Test started at: 07/09/2007 16:00
(Cooling above)
Instrumentation sectic Csi
Condition Transient Patte Unit: °C

0 15 45 60 90 11C 12C
154 13.7 13.7 154 Top
135 15.0 17.6 19.9 21.5 21.4 13
115 15.7 20.1 21.8 21.4 11p
95 18.2 19.7 21.4 21.3 95
75 17.0 19.1 20.2 20.6 79
55 17.7 17.7 18.5 20.5 20.0 53
35 18.¢ 17.€ 18.2 20.1 21.1 35
15 20.1 18.4 18.t 20.€ 21.€ 15
0 22.4 22.¢ 0 [Bottorr

0 15 45 60 90 11C 12C

Diameter (cm)

119



Height (cm)

Instrumentation section:

Test No. 15

Test started at: 07/09/2007 16:00

Top-To-BottomAT=10°C (B33-T23)
Recorded at: 09/09/2007 15:00 (47h)

(Cooling above)

Cs1

Condition Steady Sta Unit; °C
0 15 45 60 90 11C | 12C
154 13.7 13.8 154 Top
135 14.9 17.6 19.7 21.3 21.3 13
115 15.7 20.0 21.6 21.2 11p
95 18.2 19.5 21.3 21.2 95
75 16.7 19.0 20.1 20.6 75
55 17.3 17.6 18.4 20.4 20.0 54
35 18.2 17.7 18.1 20.0 21.1 34
15 19.6 18.2 18.4 20.5 21.7 14
0 22.F 22.€ 0 |Bottor
0 15 45 60 90 11C | 12C

Diameter (cm)
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Test No. 16

Recorded at: 15/05/2007 8:00
Test started at: 09/05/2007 9:10

Top-To-BottomAT=20°C (B30-T10)

(Cooling above; continued from Test No. 18)

Instrumentation section: Csi
Condition: Steady State Unit: °C
0 15 45 60 90 11C 12C
154 12.4 12.5 154 Top
135 13.2 20.6 22.7 23.7 23.6 13
115 14.5 22.8 24.1 23.9 11p
’g 95 21.0 225 24.0 24.5 95
=l 75 15.2 21.5 23.3 24.6 79
fﬂ 55 15.4 19.1 20.4 23.6 24.5 54
% 35 15.7 18.4 19.5 22.4 25.8 31
15 16.2 17.9 19.2 22.3 26.6 14
0 27.8 27.4 0 | Bottom
0 15 45 60 90 110 12p
Diameter (cm)
Test No. 17 Top-To-BottomAT=30°C (B4C-T10)
Recorded at: 02/05/2007 8:00
Test started at: 26/04/2007 9:45
(Cooling above)
Instrumentation section: Csi
Condition Steady Sta Unit; °C
0 15 45 60 90 11C 12C
154 13.5 14.4 154 Top
135 16.0 26.0 28.1 29.5 29.2 13
| 115 17.9 27.7 29.6 29.5 11p
g 95 25.2 26.8 29.0 29.9 95
E 75 17.6 24.7 27.4 30.2 79
.g 55 17.6 22.4 23.7 28.1 30.5 54
T| 35 17.8 21.2 22.3 25.9 32.2 34
15 18.0 20.4 21.9 26.0 33.6 13
0 36.2 35.7 0 |Bottorr
0 15 45 60 90 11C 12C

Diameter (cm)
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Height (cm)

Test No. 18

Recorded at: 09/05/2007 3:30
Test started at: 02/05/2007 10:20

Top-To-BottomAT=40°C (B50-T10)

(Cooling above; continued from Test No. 17)

Instrumentation section:

Cs1

Condition: Steady State Unit: °C

0 15 45 60 90 11C | 12C
154 15.6 16.1 154
135 19.4 31.9 34.2 36.3 35.8 13
115 21.4 33.2 35.9 36.2 11p
95 29.8 31.7 34.9 36.6 95
75 19.9 28.7 32.3 36.9 75
55 19.7 26.0 275 335 375 53
35 19.7 24.4 25.7 30.5 39.6 31
15 19.9 23.2 25.1 31.3 41.6 14
0 44.4 43.5 0

0 15 45 60 90 11C | 12C

Diameter (cm)

122
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Height (cm)

Height (cm)

Test No. 19 Top-To-BottomAT=40°C (B53-T13)
Recorded at: 15/09/2007 13:30
Test started at: 14/09/2007 14:00
(Cooling above)

Instrumentation section: Csi
Condition Steady Sta Unit; °C
0 10 40 60 90 11C 12C
154 15.8 17.2 19.0 154 Top
135 23.7 335 35.9 37.9 36.3 13
115 24.1 33.7 355 38.4 37.8 116
95 23.6 31.6 33.9 37.8 39.1 o4
75 23.1 29.7 31.7 36.1 39.6 74
55 22.8 27.7 29.4 34.4 39.5 54
35 225 26.4 27.9 32.3 41.2 34
15 22.6 25.0 26.8 30.9 42.3 13
0 47.4 46.2 0 |Bottorr
0 10 40 60 90 11C 12C
A Diameter (cm) A
Instrumentation section: CS2
Condition Steady Sta Unit: °C
0 20 40 60 80 10C 12C
154 154 | Top
124 31.9 35.4 36.2 34.4 12§
93 30.6 32.8 34.0 325 93
62 28.5 29.6 31.7 30.7 62
31 26.5 26.9 30.9 29.9 31
0 0 |Bottonr
0 20 40 60 80 10C 12C
B Diameter (cm) B'
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Height (cm)

Height (cm)

Test No.20
Recorded at: 25/09/2007 15:30
Test started at: 23/09/2007 17:50
(Rotation check; cooling above)

Top-To-BottomAT=10°C (B22.5-T12.5)

Instrumentation section: Csi
Condition Steady Sta Unit; °C
0 10 40 60 90 11C 12C
154 13.3 14.1 14.3 154 Top
135 15.2 17.3 19.3 19.6 19.1 13
115 16.1 17.8 19.0 19.6 19.1 116
95 16.6 17.3 18.7 19.5 19.5 o4
75 16.7 16.9 18.1 19.0 19.4 74
55 16.8 16.5 17.3 18.7 18.8 54
35 17.2 16.5 17.0 18.5 20.0 34
15 18.3 17.2 17.5 18.8 20.7 13
0 21.7 21.¢ 0 |Bottorr
0 10 40 60 90 11C 12C
A Diameter (cm) A
Instrumentation section: CS2
Condition Steady Sta Unit: °C
0 20 40 60 80 10C 12C
154 154 | Top
124 20.2 20.5 17.7 14.8 12§
93 19.6 19.5 17.4 15.7 93
62 19.5 18.4 16.6 15.9 62
31 19.9 17.9 16.3 16.4 31
0 0 |Bottonr
0 20 40 60 80 10C 12C
B Diameter (cm) B'
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Height (cm)

Height (cm)

Test No.21 Top-To-BottomAT=40°C (B52.5-T12.5)
Recorded at: 27/09/2007 12:30
Test started at: 25/09/2007 17:51
(Rotation check; continued from Test No. 20)

Instrumentation section: Csi
Condition Steady Sta Unit; °C
0 10 40 60 90 11C 12C
154 15.7 19.4 19.9 154 Top
135 19.9 29.2 32.0 33.2 31.7 13
115 20.9 28.1 30.2 32.6 31.9 116
95 21.4 26.1 28.5 31.4 32.1 o4
75 21.3 24.6 26.6 29.6 31.3 74
55 21.0 22.9 25.0 28.1 31.0 54
35 20.7 22.1 25.2 27.3 32.3 34
15 20.7 22.1 32.8 26.8 35.4 13
0 46.2 45.¢ 0 |Bottorr
0 10 40 60 90 11C 12C
A Diameter (cm) A
Instrumentation section: CS2
Condition Steady Sta Unit: °C
0 20 40 60 80 10C 12C
154 154 | Top
124 325 33.8 29.4 20.2 12§
93 30.9 30.6 26.5 20.9 93
62 30.3 27.7 23.9 20.3 62
31 32.9 26.8 21.9 19.8 31
0 0 |Bottonr
0 20 40 60 80 10C 12C
B Diameter (cm) B'
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Height (cm)

Height (cm)

Test No. 22 Top-To-BottomAT=10°C (LB32-T22)
Recorded at: 29/10/2007 16:10 (1h)
Test started at: 29/10/2007 15:08
(Localized heating below)

Instrumentation section: Csi
Condition: Transient Pattern Unit: °C

0 10 40 60 90 11C 12C
154 21.6 21.5 21.7 154 Top
135 20.9 21.8 22.6 22.7 21.8 13
115 20.9 21.7 225 22.7 22.1 116
95 20.8 21.4 22.3 225 22.1 9E|
75 20.7 21.2 22.0 22.1 21.8 74
55 20.7 21.2 21.8 21.9 21.5 55|
35 20.7 21.9 23.1 22.3 21.5 35|
15 20.9 23.3 25.3 23.2 21.5 14
0 28.3 22.0 0 | Bottom

0 10 40 60 90 110 12p

Diameter (cm)
Test No. 22 Top-To-BottomAT=10°C (LB32-T22)
Recorded at: 29/10/2007 17:10 (2h)
Test started at: 29/10/2007 15:08
(Localized heating below)
Instrumentation section: Csi
Condition Transient Patte Unit: °C

0 10 40 60 90 11C 12C
154 21.8 21.8 21.9 154 Top
135 21.1 22.2 23.0 22.9 22.0 13
115 21.0 22.3 23.2 23.1 22.3 116
95 21.0 22.2 23.6 23.2 22.4 o4
75 20.9 22.2 23.8 23.1 22.2 74
55 20.9 22.6 245 23.2 21.8 54
35 20.9 23.2 25.6 23.4 21.7 34
15 21.0 23.9 27.1 23.7 21.7 13
0 29.¢ 22.2 0 |Bottorr

0 10 40 60 90 11C 12C

Diameter (cm)
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Height (cm)

Height (cm)

Test No. 22 Top-To-BottomAT=10°C (LB32-T22)
Recorded at: 29/10/2007 19:10 (4h)
Test started at: 29/10/2007 15:08
(Localized heating below)

Instrumentation section: Csi
Condition Transient Patte Unit: °C

0 10 40 60 90 11C 12C
154 21.9 22.1 22.0 154 Top
135 21.4 23.0 23.9 23.6 22.3 13
115 21.4 23.1 24.0 23.8 22.7 116
95 21.3 22.9 24.3 23.7 22.8 o4
75 21.3 22.8 24.3 23.6 225 74
55 21.1 23.1 25.0 23.5 22.1 54
35 21.1 235 25.9 23.7 22.0 34
15 21.3 24.1 275 23.9 21.9 14
0 30.1 22.4 0 [Bottorr

0 10 40 60 90 11C 12C

Diameter (cm)
Test No. 22 Top-To-BottomAT=10°C (LB32-T22)
Recorded at: 30/10/2007 3:10 (12h)
Test started at: 29/10/2007 15:08
(Localized heating below)
Instrumentation section: Cs1
Condition Transient Patte Unit: °C

0 10 40 60 90 11C 12C
154 21.9 22.1 22.0 154 Top
135 21.4 23.0 23.9 23.6 22.3 13
115 21.4 23.1 24.0 23.8 22.7 116
95 21.3 22.9 24.3 23.7 22.8 o4
75 21.3 22.8 24.3 23.6 225 74
55 21.1 23.1 25.0 23.5 22.1 54
35 21.1 235 25.9 23.7 22.0 34
15 21.3 24.1 275 23.9 21.9 14
0 30.1 22.4 0 |Bottorr

0 10 40 60 90 11C 12C

Diameter (cm)
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Height (cm)

Height (cm)

Test No. 22 Top-To-BottomAT=10°C (LB32-T22)
Recorded at: 30/10/2007 15:10 (24h)
Test started at: 29/10/2007 15:08
(Localized heating below)

Instrumentation section: Csi
Condition Transient Patte Unit: °C

0 10 40 60 90 11C 12C
154 22.0 22.2 22.1 154 Top
135 22.0 23.7 24.6 24.2 22.9 13
115 22.3 23.8 24.8 24.6 23.4 116
95 22.3 23.6 24.9 24.5 23.6 o4
75 22.3 23.6 24.9 24.4 235 74
55 22.2 23.8 25.4 24.3 23.1 54
35 22.1 24.3 26.3 24.3 22.9 34
15 22.2 24.9 27.8 24.5 22.7 14
0 30.2 22.7 0 [Bottorr

0 10 40 60 90 11C 12C

Diameter (cm)
Test No. 22 Top-To-BottomAT=10°C (LB32-T22)
Recorded at: 31/10/2007 17:10 (50h)
Test started at: 29/10/2007 15:08
(Localized heating below)
Instrumentation section: Cs1
Condition Steady Sta Unit; °C

0 10 40 60 90 11C 12C
154 22.0 22.1 22.2 154 Top
135 22.2 23.7 24.7 245 23.1 13
115 225 23.9 25.0 24.8 23.6 116
95 225 23.8 25.1 24.7 23.9 o4
75 225 23.7 25.1 24.6 23.8 74
55 225 24.0 255 245 23.4 54
35 225 245 26.5 245 23.2 34
15 22.6 25.1 27.9 24.7 22.9 14
0 30.4 22.7 0 |Bottorr

0 10 40 60 90 11C 12C

Diameter (cm)
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Test No.22 Top-To-BottomAT=10°C (LB32-T22)
Recorded at: 01/11/2007 19:40
Test started at: 29/10/2007 15:08
(Localized heating below)

Height (cm)

Height (cm)

Instrumentation section: Cs1
Condition: Steady State Unit: °C
0 10 40 60 a0 11C 12C
154 21.9 22.3 22.2 154 Top
135 22.3 23.8 24.9 24.6 23.2 S 3)
115 22.6 24.0 25.0 24.9 23.8 116
95 22.6 23.8 25.2 24.9 24.0 9E|
75 22.6 23.8 25.2 24.7 23.8 74
55 22.6 24.1 25.6 24.6 23.5 55|
35 22.7 24.6 26.5 24.7 23.3 35|
15 22.8 25.2 27.9 24.8 23.0 14
0 30.4 22.6 0 | Bottom
0 10 40 60 a0 11C 12C
A Diameter (cm) A
Instrumentation section: Cs2
Condition Steady Sta Unit: °C
0 20 40 60 80 10C 12C
154 154 | Top
124 24.6 25.5 24.0 22.4 124
93 24.8 25.5 24.0 22.6 93
62 24.0 25.2 24.1 22.5 62
31 23.6 25.9 24.7 22.5 31
0 0 |Bottorr
0 20 40 60 80 10C 12C
B Diameter (cm) B'
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Test No.23 Top-To-BottomAT=20°C (LB42-T22)
Recorded at: 03/11/2007 23:00
Test started at: 01/11/2007 19:45
(Localized heating below; continued from Test N&) 2

Height (cm)

Height (cm)

Instrumentation section: Cs1
Condition: Steady State Unit: °C
0 10 40 60 a0 11C 12C
154 22.1 22.9 22.5 154 Top
135 23.3 26.7 28.1 27.1 24.5 S 3)
115 24.0 27.1 28.5 27.5 25.5 116
95 24.2 26.8 29.1 27.6 25.9 9E|
75 24.2 26.8 29.3 27.5 25.9 74
55 24.3 27.2 30.6 27.3 25.4 55|
35 24.2 27.7 32.0 27.0 25.0 35|
15 24.3 28.0 34.3 26.6 24.4 14
0 38.4 23.5 0 | Bottom
0 10 40 60 a0 11C 12C
A Diameter (cm) A
Instrumentation section: Cs2
Condition Steady Sta Unit: °C
0 20 40 60 80 10C 12C
154 154 | Top
124 26.2 28.4 27.1 23.7 124
93 26.9 28.9 27.2 24.2 93
62 26.3 29.2 27.3 24.2 62
31 25.4 29.7 27.7 24.1 31
0 0 |Bottorr
0 20 40 60 80 10C 12C
B Diameter (cm) B'
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Test No.24 Top-To-BottomAT=30°C (LB52-T22)
Recorded at: 05/11/2007 21:30
Test started at: 03/11/2007 23:02
(Localized heating below; continued from Test N®) 2

Height (cm)

Height (cm)

Instrumentation section: Cs1
Condition: Steady State Unit: °C
0 10 40 60 a0 11C 12C
154 22.5 23.8 22.8 154 Top
135 25.0 30.3 31.7 29.6 25.4 S 3)
115 25.8 30.5 325 29.9 26.5 116
95 26.0 30.1 33.3 29.8 27.2 9E|
75 26.1 30.0 33.8 29.8 27.4 74
55 26.0 30.6 35.7 29.3 26.9 55|
35 25.9 31.0 37.7 28.7 26.4 35|
15 26.1 31.1 41.0 28.0 25.7 14
0 46.2 24.3 0 | Bottom
0 10 40 60 a0 11C 12C
A Diameter (cm) A
Instrumentation section: Cs2
Condition Steady Sta Unit: °C
0 20 40 60 80 10C 12C
154 154 | Top
124 26.8 31.3 30.6 25.6 124
93 28.0 31.9 30.7 26.1 93
62 27.8 32.3 30.6 26.0 62
31 27.0 325 30.8 25.8 31
0 0 |Bottorr
0 20 40 60 80 10C 12C
B Diameter (cm) B'
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Height (cm)

Height (cm)

Test No. 25 Top-To-BottomAT=60°C (LB63-T3)
Recorded at: 01/12/2007 15:30
Test started at: 30/11/2007 11:24
(Localized heating below)

Instrumentation section: Cs1
Condition: Steady State Unit: °C
0 10 40 60 a0 11C 12C
154 6.2 10.1 8.1 154 Top
135 15.4 24.7 27.0 24.2 19.4 S 3)
115 15.8 23.5 27.8 23.7 20.9 116
95 16.0 21.3 28.9 22.9 20.9 9E|
75 16.3 20.0 29.1 21.9 20.0 74
55 16.5 19.8 32.0 20.9 19.0 55|
35 16.8 20.0 34.1 20.3 18.4 35|
15 17.3 20.2 39.3 19.2 17.1 14
0 51.2 8.8 0 | Bottom
0 10 40 60 a0 11C 12C
A Diameter (cm) A
Instrumentation section: Cs2
Condition Steady Sta Unit: °C
0 20 40 60 80 10C 12C
154 154 | Top
124 22.9 26.7 24.2 15.0 124
93 22.6 27.9 21.7 15.2 93
62 21.1 29.7 19.6 155 62
31 19.6 30.4 19.3 15.8 31
0 0 |Bottorr
0 20 40 60 80 10C 12C
B Diameter (cm) B'
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Height (cm)

Height (cm)

Test No. 26 Top-To-BottomAT=10°C (B20.5-LT10.5)
Recorded at: 05/10/2007 23:00 (1h)
Test started at: 05/10/2007 22:00
(Localized cooling above)

Instrumentation section: Csi
Condition: Transient Pattern Unit: °C

0 10 40 60 90 11C 12C
154 19.9 17.1 20.5 154 Top
135 20.1 20.4 21.4 21.7 21.0 13
115 20.1 20.9 21.7 21.9 21.2 116
95 20.1 20.7 21.6 21.7 21.3 9E|
75 20.1 20.5 21.3 21.4 21.0 74
55 20.0 20.3 20.7 21.0 20.7 55|
35 20.1 20.3 20.5 20.9 20.8 35|
15 20.2 20.4 20.5 21.0 20.9 14
0 20.5 20.6 0 | Bottom

0 10 40 60 90 110 12p

Diameter (cm)
Test No. 26 Top-To-BottomAT=10°C (B2C.5-LT 10.5)
Recorded at: 06/10/2007 0:00 (2h)
Test started at: 05/10/2007 22:00
(Localized cooling above)
Instrumentation section: Csi
Condition Transient Patte Unit: °C

0 10 40 60 90 11C 12C
154 19.6 13.5 20.5 154 Top
135 19.8 17.7 19.9 21.5 21.1 13
115 19.8 19.3 20.8 21.6 21.2 116
95 19.9 19.9 20.9 21.6 21.3 o4
75 20.0 20.3 21.0 21.2 21.0 74
55 20.0 20.2 20.6 20.9 20.8 54
35 20.0 20.3 20.5 20.8 20.8 34
15 20.2 20.4 20.5 21.0 20.9 13
0 20.¢€ 20.¢€ 0 |Bottorr

0 10 40 60 90 11C 12C

Diameter (cm)
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Height (cm)

Height (cm)

Test No. 26

Test started at: 05/10/2007 22:00
(Localized cooling above)

Top-To-BottomAT=10°C (B2C.5-LT 1C.5)
Recorded at: 06/10/2007 2:00 (4h)

Instrumentation section: Csi
Condition Transient Patte Unit: °C

0 10 40 60 90 11C 12C
154 19.6 12.7 20.5 154 Top
135 19.7 17.0 19.2 21.2 21.1 13
115 19.6 18.2 19.9 21.2 21.1 116
95 19.5 18.7 19.7 21.1 21.1 o4
75 19.7 18.8 19.8 20.6 20.8 74
55 19.7 19.1 19.5 20.4 20.6 54
35 19.9 19.5 19.7 20.4 20.7 34
15 20.1 20.0 20.1 20.7 20.9 14
0 20.7 20.¢€ 0 [Bottorr

0 10 40 60 90 11C 12C

Diameter (cm)
Test No. 26 Top-To-BottomAT=10°C (B2C.5-LT 10.5)
Recorded at: 06/10/2007 10:00 (12h)
Test started at: 05/10/2007 22:00
(Localized cooling above)
Instrumentation section: Cs1
Condition Transient Patte Unit: °C

0 10 40 60 90 11C 12C
154 19.5 12.6 20.4 154 Top
135 19.5 16.8 18.8 21.0 20.9 13
115 194 18.0 19.6 21.0 20.9 116
95 19.3 18.4 19.5 20.8 20.8 o4
75 19.4 18.6 19.6 20.4 20.5 74
55 19.4 18.8 19.2 20.1 20.3 54
35 19.7 19.2 19.3 20.2 20.5 34
15 20.1 19.8 19.9 20.5 20.7 14
0 20.€ 20.€ 0 |Bottorr

0 10 40 60 90 11C 12C

Diameter (cm)

134



Height (cm)

Height (cm)

Test No. 26

Test started at: 05/10/2007 22:00
(Localized cooling above)

Top-To-BottomAT=10°C (B2C.5-LT 1C.5)
Recorded at: 06/10/2007 22:00 (24h)

Instrumentation section: Csi
Condition Transient Patte Unit: °C

0 10 40 60 90 11C 12C
154 19.5 12.4 20.4 154 Top
135 19.4 16.7 18.8 20.9 20.9 13
115 19.3 17.9 19.5 20.9 20.8 116
95 19.1 18.3 194 20.7 20.7 o4
75 19.1 18.5 19.5 20.3 20.4 74
55 19.2 18.7 19.1 20.0 20.2 54
35 19.5 19.0 19.2 20.1 20.4 34
15 19.9 19.7 19.7 20.5 20.7 14
0 20.5 20.¢€ 0 [Bottorr

0 10 40 60 90 11C 12C

Diameter (cm)
Test No. 26 Top-To-BottomAT=10°C (B2C.5-LT 10.5)
Recorded at: 07/10/2007 15:00 (41h)
Test started at: 05/10/2007 22:00
(Localized cooling above)
Instrumentation section: Cs1
Condition Steady Sta Unit; °C

0 10 40 60 90 11C 12C
154 19.4 12.5 20.4 154 Top
135 194 16.7 18.8 20.9 20.8 13
115 19.3 18.0 19.6 20.8 20.7 116
95 19.1 18.3 19.4 20.7 20.6 o4
75 19.0 18.5 19.5 20.3 20.3 74
55 19.2 18.6 19.1 20.0 20.2 54
35 194 19.0 19.2 20.0 20.4 34
15 19.8 19.6 19.7 20.4 20.6 14
0 20.5 20.€ 0 |Bottorr

0 10 40 60 90 11C 12C

Diameter (cm)

135



Height (cm)

Height (cm)

Test N0.26

Recorded at: 07/10/2007 15:30
Test started at: 05/10/2007 22:00
(Localized cooling above)

Top-To-BottomAT=10°C (B20.5-LT 10.5)

Instrumentation section: Csi
Condition Steady Sta Unit; °C
0 10 40 60 90 11C 12C
154 19.6 12.3 20.4 154 Top
13t 19.4 16.€ 18.¢ 20.¢ 20.¢ 13t
11E 19.2 18.C 19.€ 20.¢ 20.4 11E
95 19.1 18.4 194 20.6 20.6 9
75 19.1 18.5 19.5 20.2 20.4 74
55 19.2 18.7 19.0 20.0 20.2 54
35 19.4 19.1 19.2 20.0 20.3 34
15 19.8 19.7 19.7 20.4 20.7 13
0 20.¢€ 20.¢€ 0 |Bottorr
0 10 40 60 90 11C 12C
A Diameter (cm) A
Instrumentation section: CS2
Condition Steady Sta Unit: °C
0 20 40 60 80 10C 12C
154 154 | Top
124 21.5 21.2 17.0 18.9 12§
93 21.0 20.7 18.2 18.7 93
62 20.1 19.8 18.5 18.9 62
31 20.1 19.7 19.1 19.5 31
0 0 |Bottonr
0 20 40 60 80 10C 12C
B Diameter (cm) B'
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Height (cm)

Height (cm)

Test No. 27

Recorded at: 09/10/2007 13:25
Test started at: 07/10/2007 15:47

Top-To-BottomAT=15°C (B2C.5-LT 5.5)

(Localized cooling above; continued from Test N@) 2

Instrumentation section: Csi
Condition Steady Sta Unit; °C
0 10 40 60 90 11C 12C
154 19.1 8.7 20.3 154 Top
13t 18.¢ 14.7 17.C 20.z 20.5 13t
11E 18.t 16.C 18.C 20.C 20.1 11E
95 18.3 16.5 17.7 19.7 19.9 9
75 18.2 16.6 17.7 19.2 19.6 74
55 18.3 16.8 17.1 18.7 19.5 54
35 18.7 17.1 17.1 18.7 19.8 34
15 19.3 17.9 17.7 19.0 20.2 13
0 20.4 20.t 0 |Bottorr
0 10 40 60 90 11C 12C
A Diameter (cm) A
Instrumentation section: CS2
Condition Steady Sta Unit: °C
0 20 40 60 80 10C 12C
154 154 | Top
124 20.8 20.3 14.5 18.4 12§
93 20.1 19.5 16.0 17.8 93
62 19.4 18.4 16.4 17.7 62
31 19.5 18.1 17.0 18.5 31
0 0 |Bottonr
0 20 40 60 80 10C 12C
B Diameter (cm) B'
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Height (cm)

Height (cm)

Test No. 28

Recorded at: 10/10/2007 21:00
Test started at: 09/10/2007 13:26

Top-To-BottomAT=20°C (B21-LT 1)

(Localized cooling above; continued from Test N6) 2

Instrumentation section: Csi
Condition Steady Sta Unit; °C
0 10 40 60 90 11C 12C
154 18.8 6.4 20.2 154 Top
13t 18.7 13.€ 15.¢ 19.¢ 20.z 13t
11E 18.2 14.¢ 16.¢ 19.€ 19.7 11E
95 17.8 15.4 16.7 19.2 19.5 9
75 17.8 15.5 16.7 18.7 19.2 74
55 17.9 15.7 15.9 18.1 19.1 54
35 18.3 16.0 15.9 17.9 19.5 34
15 18.9 16.8 16.5 18.1 19.9 13
0 20.2 20.4 0 |Bottorr
0 10 40 60 90 11C 12C
A Diameter (cm) A
Instrumentation section: CS2
Condition Steady Sta Unit: °C
0 20 40 60 80 10C 12C
154 154 | Top
124 20.4 19.8 13.2 18.1 12§
93 19.6 18.9 14.7 17.4 93
62 18.9 17.7 15.2 17.3 62
31 19.0 17.1 15.9 18.1 31
0 0 |Bottonr
0 20 40 60 80 10C 12C
B Diameter (cm) B'
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Conduction Using Styrofoam Chips in Test Tank
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Height (cm)

Height (cm)

Test No. 29 Top-To-BottomAT=20°C (B23-T43
Recorded at: 27/11/2007 17:00
Test started at: 24/11/2007 16:45
(Heating above)

Instrumentation section: Cs1
Condition Steady Sta Unit; °C
0 10 40 60 90 11C 12C
154 41.4 40.8 40.9 154 Top
135 33.4 33.5 33.3 33.2 32.6 13
115 30.4 30.4 30.1 30.5 30.2 116
95 28.0 28.2 28.7 28.8 28.6 o4
75 26.4 26.6 27.1 27.2 26.8 74
55 25.0 25.2 25.4 25.5 25.2 54
35 24.1 24.2 24.3 24.5 24.1 34
15 23.3 23.5 23.7 23.9 23.5 14
0 23.C 22.¢ 0 |Bottorr
0 10 40 60 90 11C 12C
Diameter (cm)
Test No. 30 Top-To-BottomAT=20°C (B15-T35
Recorded at: 26/05/2007 15:00
Test started at: 24/05/2007 18:45
(Cooling below and heating above)
Instrumentation section: Csi
Condition Steady Sta Unit; °C
0 15 45 60 90 11C 12C
154 33.1 33.1 154 Top
135 27.8 28.4 28.4 28.0 27.3 136
115 25.7 25.4 25.7 25.1 11p
95 23.7 23.9 23.9 23.7 95
75 22.3 22.0 21.1 22.1 75
55 21.1 20.9 21.0 22.4 20.3 5%
35 19.7 19.6 19.6 19.8 19.9 34
15 18.2 17.9 18.1 18.3 18.4 14
0 15.€ 15.€ 0 |Bottorr
0 15 45 60 90 11C 12C

Diameter (cm)
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