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Abstract

(Keywords: Pebble bed reactors, effective therrmoabtactivity, radiation heat transfer, bulk region)

Through the years different models have been pexpds calculate the total effective thermal
conductivity in packed beds. The purpose amongserst of these models is to calculate the
temperature distribution and heat flux in high temgure pebble bed reactors. Recently a new model
has been developed at the North-West Universiyaath Africa and is called the Multi-Sphere Unit
Cell (MSUC) model. The unique contribution of tmsdel is that it manages to also predict the
effective thermal conductivity in the near wall i@g by taking into account the local variation et

porosity.

Within the MSUC model the thermal radiation hasrbeeparated into two components. The first
component is the thermal radiation exchange betwphpres in contact with one another, which for
the purpose of this study is called the short ranagétion. The second, which is defined as thgdon
range radiation, is the thermal radiation betwgamerses further than one sphere diameter apart and
therefore not in contact with each other. Curreatliew shortcomings exist in the modelling of the
long-range radiation heat transfer in the MSUC rhollevas the purpose of this study to address

these shortcomings.

Recently, work has been done by Pitso (2011) wBeraputational Fluid Dynamics (CFD) was used
to characterise the long-range radiation in a pdcked. From this work the Spherical Unit
Nodalisation (SUN) model has been developed. Thidysintroduces a method where the SUN
model has been modified in order to model the largge radiation heat transfer in an annular reactor
packed with uniform spheres. The proposed soluttas been named the Cylindrical Spherical Unit

Nodalisation (CSUN, pronounced see-sun) model.

For validation of the CSUN model, a computer prograas written to simulate the bulk region of the
High Temperature Test Unit (HTTU). The simulatedules were compared with the measured
temperatures and the associated heat flux of thEUH@xperiments. The simulated results from the
CSUN model correlated well with these experimentdles. Other thermal radiation models were
also used for comparison. When compared with therotadiation models, the CSUN model was
shown to predict results with comparable accurdeyrther research is however required by
comparing the new model to experimental valuesigtt kemperatures. Once the model has been
validated at high temperatures, it can be expataegar wall regions where the packing is different

from that in the bulk region.
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Uittreksel

(Sleutelwoorde: Korrelbed reaktors, effektiewe éigeleiding, radiasie hitte-oordrag, willekeurige

gepakte deel)

Oor die jare was daar verskillende modelle voorjesn die totale effektiewe geleiding in ‘n gepakte
bed te bepaal. Hierdie modelle word onder andeleuge om die hitte-geleiding en temperatuur
verspreiding in ‘n hoé temperatuur gepakte beddpahbl. Daar was onlangs by die Noordwes-
Universiteit in Suid-Afrika ‘n nuwe model ontwikk&lm juis dit te doen. Hierdie model word die
“Multi-Sphere Unit Cell (MSUC)” model genoem. Dienieke bydrae van hierdie model tot die
wetenskap was dat dit die totale effektiewe getgjdiok akkuraat in die gebied naby die wande kan

bepaal waar daar lokale variasies in die pakkirgiedid bestaan.

Die MSUC model verdeel die radiasie hitte-oordragnee komponente. Die eerste komponent is die
radiasie hitte uitruiling tussen sfere wat in dieekontak is met mekaar en word die kort-afstand
radiasie genoem. Die tweede komponent, wat die-ddstgqnd radiasie genoem word, is die radiasie
hitte uitruiling tussen sfere wat nie in kontaknie. Tans bestaan daar nog ‘n paar tekortkominge in
die modellering van die lang-afstand radiasie & MiSUC model. Die fokus van hierdie studie was

om dit aan te spreek.

Daar was onlangs werk gedoen deur Pitso (2011) diadang-afstand radiasie in ‘n gepakte bed met
die gebruik van Berekeningsvioeimeganika (BVM) sagtre pakkette gekarakteriseer is. Vanaf
hierdie werk was die “Spherical Unit Nodalisatid®lUN)” model ontwikkel. Hierdie studie stel ‘n
metode voor waar die SUN model getransformeer wsortht die lang-afstand radiasie in ‘n gepakte
bed gemodelleer kan word. Hierdie metode word diglihdrical Spherical Unit Nodalisation

(CSUN, gespreek sie-san)” model genoem.

Die CSUN model was gevalideer deur ‘n rekenaarkedskryf waarin die willekeurige gepakte deel

van die “High Temperature Test Unit (HTTU)” gesimel word. Die gesimuleerde temperatuur
verspreiding en gestadige hitte-geleiding het goed die eksperimentele waardes van die HTTU
ooreengestem. Ander radiasie modelle was ook dehinuidie simulasies sodat dit met mekaar
vergelyk kon word. In vergelyking met ander moddikt die CSUN model soortgelyke resultate
getoon. Verdere navorsing word wel benodig waarGB&JN model met eksperimentele waardes by
hoé temperature vergelyk word. Sodra die modellgmex is by hoé temperature, dan kan die model
uitgebrei word om gevalle te simuleer naby die veanaar die pakking verskil van die willekeurige

gepakte deel.
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Nomenclature

Abbreviations
C Constant
CFD Computational Fluid Dynamics
CSUN Spherical Cylindrical Unit Nodalisation
EES Engineering Equation Solver
HTO High Temperature Oven
HTR High Temperature gas-cooled Reactors
HTR-10 High Temperature Reactor with 10 MW thermatiput
HTTR High Temperature Test Reactor
HTTU High Temperature Test Unit
MSUC Multi-Sphere Unit Cell
PBMR Pebble Bed Modular Reactor
RDF Radial Distribution Function
RTC Radiative Transfer Coefficient
SUN Spherical Unit Nodalisation
\Y Varying
VHTR Very High Temperature gas-cooled Reactors
Variables
a Absorptivity coefficient/Coefficient in Singh andaiany’s (1994) model
b Scattering coefficient
A Surface area (M
B Breitbach & Barthels (1980) parameter/ Radiatiam$mission number
B, Radiation transmission number
Cq Specific heat of the pebbles (J/kgK)
d Diameter (m)
digyer Diameter of the long-range of short range layghenxSUN model (m)
d, Pebble diameter (m)
d, Modified pebble radius (m)
E Energy (W)
Ebsorb Energy absorbed (W)
Ep Black body emissive power (Wfn

E total emitted

Total energy emitted (W)
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E; Emission of a layer
F View factor
F12ave Average diffuse view factor between surface 1 and 2
Fr Radiation exchange factor
Foanl View factor of pseudo walll
Ji Non-isothermal correction factor
h Height (m)
h(4s¢,.6,) | Breitbach (1978) parameter
i Forward flux (W/nm)
K Backward flux (W/m)
kr Fluid conductivity (W/mK)
kS¢ Total thermal conductivity due to conduction thrbwplid and gas phase (W/mK
k, Total thermal conductivity due to radiation (W/mK)
kegy Total effective conductivity (W/mK)
Kk Total thermal conductivity due to long-range raidiat\W/mK)
kQS Total thermal conductivity due to short-range rédia(W/mK)
kg Conductivity due to radiation from solid to solM/{mK)
k., Conductivity due to radiation from void to void (iWK)
L, Length (m)
J Radiosity (W/m)
N Total number of surfaces/bodies
Riong Average long-range radiation coordination flux n&mb
R Resistance to heat transfer (K/W)/ Radiation réibecnumber
Rg Space resistance corrected for a specific directidhe radiation heat flux (K/W)
v Volume (m)
Veap Volume of a spherical cap {in
Viayer Volume of a layer in the SUN model i)n
Vying Volume of a ring in the CSUN model i)n
Viphere Volume of a single sphere {jn
Votal Total volume (M)
Vvoid Total volume of the voids (
ng Number of spheres
p, Density of pebbles (kg/f
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Radial distance (m)

q Heat flux per surface area (Wjm
0 Heat flux (W)
0, Heat flux due to conduction (W)
Qbe J Heat flux through a packed bed (W)
0, Total heat flux (W)
er Heat flux due to long-range radiation (W)
'er Heat flux due to short-range radiation (W)
T Temperature (°C or K)
T Average temperature (K)
VF Volume fraction
z Equivalent sphere distances
Greek symbols
a, Absorptivity
B Parameter in Kunii and Smith’s (1960) model
A Change in
&, Emissivity
€p Porosity
y Parameter in Kunii and Smith’s (1960) model
6 Flux angle
K Parameter in Kunii and Smith’s (1960) model
Ay Non-dimensional solid conductivity
o Stefan-Boltzmann constant (W)
T Parameter in Breitbach’s (1978) model
x Parameter in Robold’s (1982) model
Parameter in Breitbach’s (1978) model
Y, Parameter in Kunii and Smith’s (1960) model
Q Arbitrary assigned coefficient used in Robold’s§2pmodel
Subscripts
0 Zero emissivity condition
ik Pebbld, j ork
rad, r Radiation

Xi
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1. Introduction

In this chapter, background will be given on whgeaarch is needed on packed bed reactors
and the modelling of the heat transfer in packed f@actors. This will be followed by an
explanation of what long-range radiation is and whig study focused on the modelling

thereof.
1.1. Background

A stable supply of energy is required in order taimtain and improve global standards of
living. This can be achieved by improving the e#ficy of current systems and/or by
constructing more energy producing plants. Whersttanting more power plants, current
economic factors have to be taken into consideratighile balancing them with

environmental impacts. This drive has renewed @stein the nuclear industry based on its

low carbon emissions characteristics.

The use of nuclear power for electricity generafimvolves some intrinsic risks. The main
safety concern is exposure due to radio-activitye fiuclear accident at Chernobyl in 1986
showed the world what can happen when safety ish@ohighest priority. This accident led
to the untimely death of people, life-long healtblgems and hectares of unusable land. This
accident damaged the image of the nuclear indastdycaused stagnation in the industry for
decades. The recent (March 2011) partial core mehd at Fukushima also showed the
world the importance why the nuclear industry hasdevelop and start to construct

inherently safe reactor designs.

Due to the risks involved in the use of nuclear pgvemphasis is placed on the safety of
currently operational reactors and the design of, meherently safe reactors. This has led to
the drive to develop for the next generation ofleacreactors: the so-called Generation 1V
of nuclear power plant technology. According to Werld Nuclear Association (2010) these
new reactors must present new systems with advancesstainability, economics, safety,

reliability and proliferation resistance.
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The so-called High Temperature gas-cooled Rea¢khff) and even more advance Very
High Temperature gas-cooled Reactors (VHTR) amermaitionally recognized as one of the
more promising options of the Generation IV nucleawer plants. This is due to the inherent
safety features and the versatility of this desifime inherent safety of HTRs is due to the
low power density and the fuel design which incogbes multiple physical barriers that
protects against the release of radio-active pesticThe multiple physical barriers are
illustrated for the pebble fuel type design in Feu. The versatility of HTRs is also

highlighted by the ability to be used for eithew@p generation or process heat applications.

Sectioned fuel sphere
Smm shell of pure graphite
~15,000 coated particies

Coated particle
{diameter 0.92mm})
Successive shells of porous carbon,
pyrolytic carbon, silicon carbide,
pyrolytic carbon

i
Enriched U0z kernel
{diameter 0,5mm)

Figure 1. Graphite spheres containing triso-coateduel particles (Van Antwerpen, 2009: 2)

Fuel spheres
{diameter 60mm)
200g carbon
9q enriched uranium

The interest in HTRs is on a global scale. Protesypuch as the HTR-10 and HTTR have
already been constructed by China and Japan. ©thuertries such as the Republic of Korea,
France and the United States of America are algeloging HTR designs. South Africa was
also part of this effort with the Pebble Bed ModuReactor (PBMR). However, research
funding was discontinued by the South African goweent and the PBMR was left in a "care

and maintenance" mode, according to World Nucleaw§N(2010).

The knowledge gained on packed bed reactors iimibed to the nuclear industry because
packed beds can also be found in other industmpgliGations. Argento and Bouvard
(1996:3175) listed that research done for packed tsactors, also known as porous

structures, can be applied in the industries thatkwwith high-performance cryogenic
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insulation, coal combustors, chemical reactors,leaucfuel rods and powder metallurgy.
Therefore, research on packed bed reactors isretdvant in the current industry at an

international scale.

In order to assist in the development of high terafuee reactors, research institutions were
approached and funding provided in order to createore comprehensive knowledge base.
A better understanding is required of the therrhadfbehaviour within the reactor core
packed with pebbles. Rousseau and Van Staden GZ&B: stated that an understanding of
this is vital in order to predict the maximum faeperatures, flow behaviour, pressure drop
and thermal capacitance of a pebble bed reacte: dtre use of codes such as STAR-CD,
Flownex, FLUENT and TINTE had to be validated faeun the thermal-fluid design of the
core. For this purpose, the High Temperature Tesit (HTTU) was designed and
constructed at the North-West University's Potdinetsn Campus.

From the research done on the HTTU, a new modelpt@sosed that can be used in the
simulation of the decay heat removal chain of &kedded reactor. This model is called the
Multi-Sphere Unit Cell (MSUC) model. The MSUC modiulates the radial heat transfer
through a packed bed with a parameter known aseffective thermal conductivity.

Validation of the MSUC model showed that it is stéintly accurate in the bulk and near
wall region of the bed. This model could therefbesused in safety calculations required in

the packed bed reactor designs.

The effective thermal conductivity in a packed ldthracterises two of the heat transfer
mechanisms namely thermal conductivity and thenradiation. It is important to note the
difference between thermal conductivity and eleatriconductivity as well as radiation
related to radio-activity versus the term radiatised in heat transfer applications. In this
study the focus is on heat transfer and from hamaods the word "thermal" will be omitted

in most cases when referring to thermal condugtmitthermal radiation.

In the MSUC model the radiation is divided into twomponents, namely short-range and
long-range radiation. Short-range radiation is hieat transfer between spheres in contact
with one another and long-range radiation is that ltieansfer between the spheres not in
contact. During the development of the MSUC motlalh Antwerpen (2009:122) explicitly

reported that the approach that was used in madedtie long-range radiation was intended

3
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to be a first approximation. Van Antwerpen (2009)14reported that the effective
conductivity values predicted by the long-rangeaton model do not correlate well when
compared with other experimental values (showrheartext section) at temperatures above
1,200°C. The possible reasons for this were statdtan Antwerpen’s (2009:171) doctoral

thesis and initiated the investigation done in #tigly.

This study therefore focused on the phenomenoorgf-tange radiation heat transfer within
a packed bed and to address this, a new simulatoatel was proposed. This model was used
to replace the long-range radiation model in thedJ@3nodel so that it can be compared with
the experimental data obtained from the HTTU tefte shortcomings identified by Van
Antwerpen's (2009) doctoral thesis, which led ® ithtiation of this study, are discussed in

more detail in the following section.

1.2. Problem statement

Radiation heat transfer in a packed bed is a compbenomenon to model. This is evident
from the number of studies done on the modellingadfation heat transfer in a packed bed.
Some of the researchers that did work and preseuateers on this topic are Argo and Smith
(1953), Kunii and Smith (1960), Chen and Churgtii#63), Wakao and Kato (1968), Zehner
and Schlinder (1972), Kasparek and Vortmeyer (197@&xmeyer (1978), Breitbach (1978),
Breitbach and Barthels (1980), Robold (1982), Kamet al. (1993), Singh and Kaviany
(1994), Argento and Bouvard (1996), Leé al. (2001), Chenget al. (2002) and Van
Antwerpen (2009).

In the development of the MSUC model a more funddaieapproach was employed in the
modelling of the packing structure. This resuliedhe ability to better predict the effective
thermal conductivity in the near-wall region. ltdition to this, the radiation component was
separated into its short-range and long-range capigs since distinguishing between these
could also lead to a more fundamental approach adefling the total thermal radiation.
However, the new long-range radiation model wag detived for the bulk region and is still
strongly dependent on empirical correlation factdrswas further assumed, for the time
being, that the parameters derived for the bulkoregvill provide reasonable estimates for

the radiation heat transfer in the near-wall regiimerefore, the current long-range radiation
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model in the MSUC does not properly take into aotoine difference in the packing
structure and contribution of the reflector wah. $pite of this, the comparison with the
experimental results of the HTTU proved to be reabte, although it can clearly still be

improved in the near-wall region, as illustratedrigure 2.

30 -
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Effective thermal conductivity (WimK)
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Figure 2: Comparison of total effective conductiviy models and the experimental data of the HTTU
82.7kW steady-state test, Test 1 (Van Antwerpen, 20:157).

When the radiation component of the effective catiglity used in the MSUC model is
compared directly with experimental data availabl®epen literature (shown in Figure 3) it
seems to exhibit a different trend at higher terapges (above 1,200°C). Van Antwerpen
(2009:171) listed the following possible reasornstifds:
» The view factor was assumed to be constant in the &d the near wall
region.
* The view factor was not weighted according to tlwenher of contributing
spheres.
* A view factor for a flat surface was used; thereferew factors for curved

surfaces should be investigated.
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 The same non-isothermal correction factor was disetbng-range radiation
that was derived specifically for the short-rangéiation model.
* The average temperature for spheres further awaytakan to be the same as

that of adjacent spheres.

25
o  Expenmental Data, Robold (1982) | E'n.—rq =35
— — Breitbach & Barthets (1980)
—g— Shor-Hange Radiation Compaonant i
— === L Oj-Rargs Radiaton Componen ﬂr;;..-_wg- =4.7
=z 20 4 0  Expenmentsl Data, Breithbach and Bartheds (1280 | “HH"‘"L
E Robotd ( 1982)
E s lAulti-Gphere Unit Cell (Radiation Component)
ps e [ 11510 - Spvare Uit Call {Radiabon Component
:E T - el T £ ETEE R g s
E e il Eem 73 BE 260 OESRE0T T+8 STES3E-08T= -1 2742080577 K] WmK]
= 5, =0 S05586+0 D00 TIF0MAT.5 2IRE3EO7T- + 1 104TIE- 10T [K],
'
2 g w b Dl - ”
L N
m ~t F.s
E 104 F. &
(] ~ a8
= P a
& e £ ik
-a'.n:_- 3 i A . nl:._'.h_ng = 4-?
- - Al
£ s - &
w -~
-
-
_—
—
r-l ] T T T T T T T
o 200 400 GO0 B 1O 1200 1400 1600

Temperature [ 'C)

Figure 3: Comparison of radiation models and expemental data (Van Antwerpen, 2009:144).

In order to get a better understanding of why teu$ of this study was specifically on the

long-range radiation, the fundamentals of radiati@at transfer will now be addressed.
According to Cengel (2003:621), the net radiatimtrtransferQi) between a black body

surface anaV other black bodies can be expressed as:

0= ) Fydio(Ti =T (L1

In the expression above there are two main compgen&he view factor multiplied by the

radiation heat transfer surface ar€g4;) accounts for how effectively the bodies “see”reac

other. The second component is the radiation tesmtyer difference(Tf-Tf). When a
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temperature gradient exists within a packed besl,pgbbles further away from each other
(the long-range radiation component) will havergéa radiation temperature difference than
pebbles that are closer together. Since the tefysesaare raised to the power four, the effect
of this temperature difference can be expected @¢oomme more dominant at higher
temperatures. Intuitively, this could lead to thereased gradient illustrated by the MSUC
model at the higher temperatures in Figure 3. Hanethese fundamental aspects were not
really accounted for in the long-range radiatiomponent of the MSUC model and therefore
needed to be investigated further.

1.3. Scope of this project

The aim of this project was to introduce a new nhdde the long-range radiation heat

transfer in a packed bed that was based on a modamental approach. This model had to
be developed so that it can be used as an altezntti the current long-range radiation

component employed in the MSUC model.

As a first step, this new model was only develofiedhe bulk region of an annular pebble
bed reactor. The effectiveness of the new modelavatuated by comparing its results with
the temperature profiles and heat fluxes that weeasured in the bulk region of the HTTU

tests.

Since the new model would be consistent with thelfumentals of radiation heat transfer it
should allow further development to broaden itpliapbility for different types of packed

beds and for the wall region. Also, it should pdeva better basis for modelling the radiation
heat transfer at higher temperatures where theruMSUC model seems to deviate from

existing experimental data.
1.4. Outline of this report

After this introductory chapter, a chapter discngspacked beds will follow. Within this
chapter the packing of annular beds will be diseds& summary of the MSUC model will
be provided so that the reader can obtain a relesarkground thereof in order to position

this study within the bigger picture. The HTTU téstility will also be discussed since it was
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used to validate the MSUC model and the model megoin this study. The High
Temperature Oven (HTO) will also be discussed b&zau number of the other radiation

models were developed with the use of this facility

The literature study in Chapter 3 will focus oniedibn heat transfer. The fundamentals of
radiation that were applied in this study will bssadissed. This chapter will also give a

summary of the different radiation models developeer the years.

In Chapter 4 the method of how the new radiatiomdehavas developed will be explained.
This model is called the Cylindrical Spherical Umibdalisation (CSUN) model. The
fundamental equations that were used for the CSUdtlemwill be explained. These
equations will be relevant for modelling the tengtere distribution of a randomly packed
bed.

In Chapter 5 the temperature distribution prediddgdthe CSUN model will be compared
with the temperature distribution of the bulk regiaf the HTTU tests. The values predicted
by the CSUN model will also be compared againsiviidaes predicted by the original long-
range radiation model in the MSUC model and otixéstimg radiation models, followed by

the conclusions that were made from the results.

The last chapter will summarise this project andegsome recommendations for future

studies.
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2. Heat transfer in packed beds

This chapter will provide some background on padieds which are part of the family of
porous structures. The theory will be mainly bagedhe advances made in the work by Van
Antwerpen (2009) and what is relevant for this gtuthe final section will introduce the
reader to the basic concepts of the (MSUC) modelthe relevance of this study in terms
thereof.

This study focussed on large mono-sized spheras annularly packed bed. Such a setup for
a packed bed is illustrated in Figure 4. In a pcatsetup in packed bed reactors, the packing
of the pebbles are of a random nature. Therefoethoads are required to characterise a
randomly packed bed in a simple and effective marsadhat thermal-fluid calculations can

be done. Some of these methods will be discusstxifollowing section.

Figure 4: Mono-sized spheres randomly packed withimn annular reactor.
2.1. Porosity and the Radial Distribution Function

Porosity ¢,) is the parameter that indicates what fractiothefspace is not occupied by the
solids. Therefore it is defined as the ratio betwé®e void volume K,,,;) and the total

volume (,,,,;) and it is mathematically expressed by the follggviormula:

14

void

& =

2.1)
Vtotal
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The formula above can be used to derive an equttaircan be used to calculate the average
total number of representative sphereg (n a given volume. The full derivation can be

found in the Appendix under Section 7.1 but thalffioermula is as follows:

_ Vtotal
ng= (1 '8p) (22)
Vsphere
When analysing the radial porosity of a randomlgkea bed (as illustrated in Figure 5), it
can be seen that three distinct regions exist dubdir radial porosity behaviour. The first
region is the wall region0(<z <0.5), the second the near-wall regioh5(<z <5) and the
third is the bulk regionz(> 5), wherez is the distance from the inner wall expressed in
sphere diameters. For more information on the pegaented in Figure 5 the reader should

consult the doctoral thesis of Van Antwerpen (200%:
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Figure 5: Comparison of radial oscillatory porosity correlations (Van Antwerpen 2009:14).

In order to better quantify the near wall regiorgnvVAntwerpen (2009:25-26) used a Radial
Distribution Function (RDF). According to Van Antmpen (2009:25) the RDF *“is defined as
the probability of finding one pebble centre atieeg distance- from a certain reference

position”. The RDF and the radial porosity for tH€TU experiment can be seen in Figure 6.

10
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Figure 6: Radial distribution function for the HTTU (Van Antwerpen, 2009:26).

From the analysis of the RDF, Van Antwerpen (208 redefined the characteristic length
of the near-wall region. The redefined near-wafjioa is now(0.5 <z <3.8. The resulting

definition of the three regions is illustrated iige 7.
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Figure 7: Packing regions for a randomly packed bed
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Van Antwerpen (2009:26) used this RDF to deriveoeosgity correction factor to be used
with the correlation describing the radial variatio porosity of a packed bed. This was done
so that the probability of finding a sphere at gaia location in the radial direction, can be
determined. From this, other important parameteas are used in the MSUC model can be
determined. These parameters are the coordinatimmber, contact angle and the
coordination flux number and will not be discusdeglte because they are not directly

relevant to this study. The following section vakitplain the MSUC model in further detail.

2.2. The Multi-Sphere Unit Cell model

The Multi-Sphere Unit Cell (MSUC) model was deveddpby Van Antwerpen (2009) in

order to characterise the heat transfer withinckea bed. A few new parameters were used
in this model in order to better quantify a packestl. Where other models are accurate
mainly in the bulk region, the MSUC model was depeld to produce accurate simulations
in the wall, near-wall and bulk regions. As willdeene clear later, the MSUC model was
also developed in such a manner that future impneves can easily be implemented for any

of the sub-components of the MSUC model.

In order to explain the methodology of solving treat transfer within a porous structure, let
us consider an annulus filled with pebbles thatsareounded by voids. Figure 8 illustrates a
radial cut through such an annulus. For simpliaitgl the focus of this study, the pebbles are
not moving and the surrounding fluid is also stagn# is assumed that the two sides are
represented by an inner and outer isothermal teatyrey; 7, and 7,. The top and bottom of

the slab are assumed to be adiabatic.

12
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Figure 8: Two-dimensional representation a radial at through a porous annular ring.

In modelling the radial heat transfer through tleeked annulus in Figure 8, the same
approach is followed as used in solving for thet hmanduction through a solid annulus.

Therefore, the heat transfer through a slice imeked bedeed) can be approximated by a

diffusion process with the use of Fourier’s law:

dT

- (2.3)

OQpea™ oA

The parametet,; is known as the total effective thermal condutyivil is the heat transfer

surface area anig Is the temperature gradient. The total effecthermal conductivity is the

important parameter that was researched over e @ince it characterises the heat transfer

of the packed bed structure.

For the development of the MSUC model, Van Antwarf#Z09:106) identified seven main
heat transfer mechanisms that have to be takencomtsideration in determining the total
effective thermal conductivity in a packed bed. §&henechanisms are illustrated in Figure 9
and are described as:

* The thermal conduction through the solid.

 The thermal conduction through the contact betweebbles taking surface

roughness into account.
» The thermal conduction from pebble to pebble thhoing participating gas phase.

» The thermal radiation between the surfaces of dibles.

13
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* The thermal conduction between the pebbles andltie at the boundaries.

* The thermal conduction from the pebbles to the smMdliough the participating gas
phase.

* The thermal radiation between the surfaces of thgbles and the walls at the

boundaries.

Conduction through
contact area
Force / Load

Conduction through
solid material

Conduction through
stagnant gas phase

Thermal radiation /

Reflector wall

Figure 9: Heat transfer mechanisms in a packed be@/an Antwerpen, 2009:33).

These mechanisms can be grouped into two compqgnerdsacterised by two of the main
modes of heat transfer namely conduction and radiatTherefore, the total effective
conductivity consists of two parameters: the effectonductivity due to conductioi3()

and the effective conductivity due to radiatiaf) (Mathematically this is expressed as:
keg=he ke (2.4)

Unlike all the other models which lump all the &thn into a single parameter, the MSUC
model divides the radiation component into two saobiponents (Van Antwerpen,

2009:118). The first radiation sub-component isabiductivity due to short-range radiation
(kQS). This parameter characterises the radiation exgdhdetween spheres in contact with

one another. The second sub-component is the ctivitiudue to long-range radiatioi’(*).

14
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This parameter characterises the radiation exchéeg@een the spheres not in contact.

These parameters can be mathematically expressed as
K=KS+1E (2.5)

The focus of this study was on the conductivity tluéong-range radiation. For an in-depth
understanding of the thermal conductivity and catidity due to short-range radiation, the
reader should consult the work done by Van Antwer{#)09:106-134). The flow chart in

Figure 10 summarises the outline of the calculgpi@mtess of the MSUC model.

Multi Sphere Unit
Cell Model

Input
parameters

Short-range

Long-range

radiation

radiation

L b J

Thermal Thermal ‘

conduction radiation

Effective thermal
conductivity

Figure 10: Calculation process of the MSUC model.

In the current setup the MSUC model also charasgsrithe short-range and long-range
radiation as similar to a diffusion process. Withirs study the long-range radiation was not

considered to be part of the diffusion componentd was calculated separately as an

15
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individual long-range heat quxgr). Mathematically this is expressed by the follogvin

formula:
: , dr
Opo= K+ A=+ Oy, (2.:6)

This study introduces (in Chapter 4) a new metloodaticulate the long-range heat flux for
the equation above. Before this is done, more kedgé is required about radiation heat
transfer and the different models that had beereldped to simulate this heat transfer
mechanism. This will be discussed in the next aragthe next section, however will discuss
the experimental setup used to validate the MSU@ahd he same experimental data was

used in this study.
2.3. The High Temperature Test Unit

Van Antwerpen (2009) used the experimental redubt® the High Temperature Test Unit
(HTTU) facility to validate the MSUC model. The HUTtest facility (refer to Figure 11) was
an experimental setup constructed at the Potcbefstr Campus of the North-West
University. The facility was constructed so thabetter understanding of certain flow and

heat transfer phenomena could be obtained.

Figure 11: Cut-away view of the HTTU (Rousseau & Va Staden, 2008:3068).
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The HTTU has a cylindrical shape. Mono-sized grapbkpheres (60mm in diameter) were
packed between two reflector walls as illustrated~igure 12. It should be noted that in
Figure 12 a uniform packing is illustrated but e texperimental setup a random packing
was used. The inside reflector wall was heatedenthié outer wall was the heat sink. The top
and bottom of the annulus were insulated in ordeminimize heat loss through these

sections. Thermocouples were used to measure dired eand axial temperature distributions

within the packed bed.
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Figure 12: Schematic of an axial cut through the amulus of packed bed of the HTTU (Rousseau & Van
Staden, 2008:3064).

The tests were done at near-vacuum conditions. nHag-vacuum condition was used to
minimize flow effects such as convection. This difrgal the conditions so that only heat
transfer effects due to radiation and conductiomldadbe investigated. The measured
temperature profiles and calculated total effecteaductivities are given in the Appendix
under Section 7.2. The heat flux at the inner viatl the tests is also provided in the

Appendix under Section 7.2 (p. 69).

In Section 2.1 the bulk region was defined as PBese diameters from the wall. In the
HTTU this region is found at a radial distance @528 m < r < 0.922 mAs already

mentioned, the focus of this study was within tieigion.

17



Modelling long-range radiation heat transfer ineblple bed reactor

The next section will discuss another experimesgilip that has been used to quantify the

radiation heat transfer in a packed bed.
2.4. The High Temperature Oven

The High Temperature Oven (HTO) was constructeébdealNuclear Research Center Jdlich in
Germany in order to assist with the developmenthotiels that quantifies the radiation heat
transfer in a packed bed. An illustration of th@exmental setup is shown in Figure 13. The
main difference between the HTTU and the HTO id thile the tests conducted in the
HTTU were done under steady-state conditions, thi® Hests were based on transient

behaviour.

The HTO are a graphite vessel with a diameter BmOand a height of 0.7m. The top and
bottom were insulated. The pebbles were made béritirconium oxide or graphite. To
eliminate effects due to convection, the tests vpeméormed under vacuum conditions 10

mbar).

__—~Thermal Insulation

SRLEUNNR RN
_§ \ ; Induction Coll
- \ =
Vacuum Pump N % = Graphite Reflector
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Figure 13: Schematic of the High Temperature OvenBreitbach & Barthels, 1980:396).
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An induction coil surrounded the vessel. This ewéls used to heat up the packed pebbles.
During the experiments the axial and radial temijpeeaprofiles were measured at constant
time intervals. With the use of the following rddieansient heat conduction equation the

total effective conductivity could be obtained:

10 oT

(1- c‘p)ﬂscsgz;a(keﬁ(@rg) (2.7)

wherep_is the density of the pebbles, is the specific heat of the pebbless the radial

distance from the centre a%tTdis the change in temperature over the time intserva

The data points of Breitbach and Barthels (198@) Rabold (1982) shown earlier in Figure
Figure 3 were derived from measurements obtainederHTO test facility. Van Antwerpen

(2009: 144) also used this data to correlate thg-tange component of the MSUC model.
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3. Literature study

This chapter will focus specifically on radiatiordt transfer. This will be done in two
sections. The first will introduce the fundamentaigadiation heat transfer and the second

will discuss methods that have been used to madightion heat transfer in packed beds.
3.1. Fundamentals of radiation heat transfer

3.1.1. Radiative behaviour of bodies

Energy in the form of radiation is emitted by aidddody when its temperature is above
absolute zero. When two bodies at different tentpega interact with each other through this
emitted energy, a net radiation heat transfer wtur. Radiation exchange requires no

participating medium and therefore radiation heatdfer can occur in a vacuum.

The first step in quantifying radiation is to arsdythe radiation emitted by a black body. A
black body is by definition a perfect emitter anosarber of thermal radiation (Cengel,
2003:565). A blackbody absorbs all the incomingatiin and uniformly emits (isotropic)
radiation (Cengel, 2003:565). The amount of therradiation emitted by a black body is
guantified by the following formula:

Eb:0'74 (31)

wherekE, is the black body emissive powerjs the Stefan-Boltzmann constant @hd the
temperature of the body in Kelvin. A black bodylso known as a diffuse emitter. A diffuse
emitter is a body that emits radiation evenly irdakections (Cengel, 2003:565).

Most surfaces found in practice are not black badidese bodies are called grey surfaces.
Therefore, other parameters have been introducedder to take this into account. One of
these parameters is known as the emissivity. (According to Cengel (2003:578) the
emissivity is “the ratio between the radiation dedtby a surface at a given temperature to
the radiation that will be emitted by a black battythat temperature”. From the definition
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and experimental measurements, it should be nb&demissivity of a diffuse surface is a

function of temperature.

Up to this point radiation leaving a body has bd&tussed, but the way in which incident
radiation behaves is also important in radiatioat ieansfer analysis. When radiation strikes
another surface the incident ray can be absorleftbcted or transmitted. When a non-
transparent medium (such as graphite pebbles) msidered, the radiation will not be
transmitted and can only be absorbed or refleGadaces that behave like this are known as

opaque surfaces.

The parameter that regulates the amount of radiagiobody absorbs is known as the
absorptivity ¢,). Kirchoff's law is used to relate the absorptviand the emissivity of a
surface. This law states that the emissivity ofasie at a specific temperature is equal to the

absorptivity at that temperature (Cengel, 2003:585)

3.1.2. The view factor

One of the fundamental parameters required whenngpfor radiation heat transfer is the
view factor. The view factor is also known as tihemse factor, configuration factor or the
angle factor (Cengel, 2003:606). A formal defimtiof the view factor as given by Cengel

(2003:606) is that the view factaf,() represents the fraction of the radiation lea\sogace

i that strikes surface

Figure 14: Configuration between two surfaces (Cera, 2003:606).
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The view factor between two arbitrary surfacesil{astrated in Figure 14) can be calculated
with the following formula taken from Cengel (20@R6-607):

1 cos 0 cos 6,
F]gz—f f —2dA1dA2 (32)
A] A2 A[ r

whereA; and4, are the surface area, andé, are the angles between the normals of the
surfaces and is the distance between the surface patedgsandd4,. From this formula it

can be concluded that the view factor is only depehon the geometry of a setup.

Similar to mathematical identities, view factorsé@aelations or rules which can be used for
manipulation in the calculation process. The twlatiens that are relevant in understanding

this study are the summation rule and the supeiposiile.

The summation rule is especially useful pertainingenclosures. According to Cengel
(2003:213) this relation states that “the sum efittew factors from surfadeof an enclosure
to all surfaces of the enclosure, including tolifsaust be equal unity”. This relation can be

mathematically expressed as:

N

Z F;=I (3.3)
j=1

The next relation is the superposition rule. Acaagdo Cengel (2003:215) the superposition
rule states that “the view factor from a surfate a surface is equal to the sum of the view

factors from surfaceto parts of surfacg This relation can be mathematically expressed as:

Fiop3=F1521F 13 (3.4)

3.1.3. Radiation heat exchange

The parameter viewed as the driving force behimlilateon heat exchange is known as the
radiosity (/). Radiosity is defined as the “total thermal réidia leaving a surface per unit

time per unit area” (Cengel, 2003:623). The radyosf a surface is required when radiation
heat exchange has to be quantified for surfaceshwhre opaque, diffuse and grey. A

schematic representation of radiosity is presemédgure 15.
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Figure 15: Schematic representation of radiosity laving a body.

During radiation heat transfer a surface continlyoesiits thermal radiation from its surface,

while at the same time the surface absorbs theradadtion incident from other surfaces. The

net rate of radiatioan.) leaving the surface can be quantified by the falhg formula:

o Epirdi

o (35)

where
_ Lo 36
l_Aigr’i ( . )

The coefficientR; is known as the surface resistance to thermahtiadi. Note that if the
emissivity is equal to one, the surface radiat®equal to zero. The equation above gives a
relation between the maximum radiation a body cait gelated to the black body emissive
power) to the actual radiation it emits (relatedradiosity). This is controlled by theet
radiation heat transfer of a body and the emigsiuit the surface. This can be written

analogous to an electric network and is illustrateBigure 16.

23



Modelling long-range radiation heat transfer ineblple bed reactor

Figure 16: Electrical analogy for radiation leavinga surface.

The next step is to quantify the radiation heatgfer between surfacei{),ﬁ) by linking the

radiosities. A derivation has been done by Cerif@3:625) and the final formula is:

iRy '
where
R;= ! 3.8
¥ ‘4i}l ( ' )

The coefficient®;; is known as the space resistance. This can alsaitien analogous to an

electrical circuit and is illustrated by Figure 17.

Qjj

Ri {i Rii ]‘I Rj

Figure 17: Electrical analogy for radiation betweensurfaces

With the use of the electrical analogy the surfeegistance and space resistance can be
extended to solve for radiation heat transfer betwmultiple surfaces as illustrated in Figure
18.
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Figure 18: Electrical analogy for a N-surface enclsure.

For an enclosure, the conservation of energy caappéed and a closed set of expressions

can be obtained. When these expressions are cotnthieeesulting formulas are:

N

0-).0, (3.9)

=1

~.

(3.10)

This completes the brief discussion about the foretdals of radiation heat transfer. The
next section will discuss how different researcheed to model radiation heat transfer in

packed beds.
3.2. Current radiation models for packed beds

As mentioned earlier, much research has been duee tbe years in the modelling of

radiation heat transfer in a packed bed. Differeaw models as well as improvements to
previous models have been proposed. Aimost ahedd models attempted to manipulate the
radiation to be modelled as a diffusion processshibuld also be noted that the models
discussed here do not differentiate between shoge and long-range radiation and treats

radiation within a single parameter.

Extensive research into radiation heat transferetsofbr packed beds have been done in Van
Antwerpen (2009:73-85) and Van Antwerpetnal. (2010:1813-1814). These models will be
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summarised in this section. Some new developmentthe modelling of radiation heat

transfer in packed beds will be discussed.
3.2.1. The radiation exchange factor

The most common method to characterise the radidieat transfer in a packed bed is by
means of a radiation exchange fact®f)( This factor is used when the radiation is treated

a diffusion process and it can therefore be relavetthe conductivity due to radiation. The
relation between the radiation exchange factortaedconductivity due to radiation may be

approximated as:
K,=4Fpod,T’ (3.11)

where T is the average temperature in Kelvin of the sudaoeder consideration. As
discussed in Van Antwerpeat al. (2010:1813), the equation is only valid when the
temperature drop over the local average bed dirnersi) is much smaller than the average
temperature of the bed AT/T<«1).

Two approaches have been used to characteriseathation exchange factor; the two
approaches as reported by Lee al. (2001:106) are: the Unit Cell approach and the
approaches that solve the Radiative Transfer Equati

The earliest models reported by Van Antwerpeal. (2010:1813-1814) are the models done
by Argo and Smith (1953) and Wakao and Kato (19@8)ese models characterise the

radiation exchange factors with the following e)gsiens:

2

Fe= (§-0.264) (3.12)
i

Fu= an (3.13)
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Chen & Churchill (1963) developed an expressionreliiee exchange factor is expressed by

the following formula:

2

wherea is the effective absorption cross section amslthe scattering cross section. Argento
and Bouvard (1996) stated that these coefficierdsdapendent on the particles, the packing
and the emissivity. The research done by Chen amardGill (1963) focused on glass,
aluminium oxide and silicon carbide. Therefore, aross section values are available for
graphite. The experiments done by Chen and Churt®#i63) have to be repeated for

graphite spheres before the expression above casdukfor a packing of graphite spheres.

Kunii and Smith (1960) accounted for radiation bgdrporating it into an expression which
is used for calculating the total effective condutt. The expression for the lumped

J’_
/ (3.15)
1 Fsdp y
v keox

wherey , y, x, # are all parameters that are defined for use irexpgession abové;, is the

parameter is as follows:

fluid conductivity,k,, andk,, are the conductivity due to radiation from voidvtmd and solid
to solid. This conductivity due to radiation paraems are calculated with the following

expressions:

k=0T (;—g) (3.16)
o <2(Ig:p)> (18—8) (3.17)

Over the years many researchers based their wortkheotunit Cell model that Vortmeyer
(1966) proposed. An illustration of this model dam seen in Figure 19. It can be seen in
Figure 19 that the system consists of a seriesaddllpl layers of spheres. The heat flux is

assumed to be one-dimensional and flow perpenditulhese layers.
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Figure 19: Vortmeyer (1966) layer model
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The net heat flux for a layer can be calculatedhwhe following expression:
g =1—-K (3.18)

where I; and K; are the forward and backward moving fluxes. Afsetving the fluxes
illustrated in Figure 19 and re-arranging the rsstihe emissionk;) of the layer can be

obtained with the following expressions:

Ei:Ii - Bli—l + RKl (319)

Ei:Ki—l - BKL - R[i—l (320)

whereB andR are the radiation transmission and reflection nemsibThe energy emission of

each layer can now be obtained with:

The parameters introduced above in equation (3died the foundation by which all the
following models in this section were developed.

Kasparek & Vortmeyer (1976) and Vortmeyer (1978)I®lned the first models based on this
approach and the expressions for the radiationangdnhfactor are:

_&1B,
£ (]'Br)

(3.22)
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_ 2Br+ 8r(]'Br)
F¥" 208508, 529

where the radiation transmission numbk#) (vas determined empirically as:

B,=0.149909-0.24791¢,+0.106337¢] +0.0159144¢}-0.0325521¢] for £,=0.4 (3.24)

B,=0.179-0.24791¢,+0.106337}+0.0159144¢]-0.032552 1} for £,=0.48 (3.25)

Breitbach (1978) proposed a model where the effeetto solid conductivity was also taken
into account. The model is expressed by the folgwget of equations (same equationApor

is relevant as above):

NEIR fh(Aﬁswep)(Hw))
(() (1 2o 29
R=(1-B,)(I-¢.) (3.27)
. &
8r=m (328)

1-B,-R
TIBR (3.29)
1+B,-R
V= TB AR (3.30)
B,.,-B, €,
h(Ase,6,)= 1-2( & ) d
( fg 817) < ]-B,,-R >£/lj(]-8p)+8;, (331)

Work done by Robold (1982) was also based on tleedimensional model and is expressed
by the equations (3.32-3.36) listed below. In tleeedopment of Robold’s (1982) model it

was realised that the temperature gradient withilay&r has to be accounted for (Van
Antwerpenet al, 2010:1813).

29



Modelling long-range radiation heat transfer ineblple bed reactor

2Br+ er (]'Br)

P30 8,)e,a-8) " (3:32)

B,=0.0894306-0.14456¢,+0.10633751+0.015914453-0.0325521¢} for £,=0.395 (3.33)
B,=0.0949306-0.144565,+0.10633762+0.0159144¢-0.0325521¢} for £,=0.43 (3.34)
FEo
=_L0 3.35
X 7 (3.35)
_ 49
9——] & (3.36)
Fp p4dioT +K

Robold (1982) also proposed an expression to be insthe near-wall region. However, this
expression will not be shown here because the fottiss study was the bulk region.

According to Van Antwerpeet al. (2010:1813) Breitbach and Barthels (1980) propased
model which was based on the model proposed byetedmd Schiltiinder (1972). The refined
model is expressed by the following formulas:

(%) ge1) 4

FE=<]- (1-gp)>gp+ -

z B !
” 1+ ( S%_I)Af

B=1.25 /]—8’7) j (3.38)
&p

According to Van Antwerperet al. (2010:1813) Singh and Kavainy (1994) analysed the

(3.37)

effects of solid conductivity on radiation heatnsér in packed beds. Monte Carlo
simulations were used to develop the following etopl correlation for the radiation
exchange factor. The expression developed by Snigaviany (1994) is:
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(49"

r

Fr=ase, tan™ <a2 ) +ay for 8p:0.476 (3.39)

a;=0.5756,a,=1.5356; a;=0.8011; a,=0.1843

For all the models discussed above, it is cleat some level of empirisism is required
somehow to bridge the gap between theory and peacltiherefore, most of the models are
limited to the type of packing and the radiativepgerties of the materials used in quantifying

the empirical equations.

Another shortcoming in the models discussed abgveat the models lump all the radiation
behaviour into one parameter. Some of the researche not consider effects further than
the directly adjacent layer. Others did realise #féects further than one layer has to be
accounted for and introduced factors to correctcthreelations accordingly. Van Antwerpen
(2009) was the first to introduce a new method lychv the separate effects of long- and

short-range radiation can be individually accourited
3.2.2. Voronoi polyhedrons

Chenget al. (1999) proposed a method to evaluate the effecoweluctivity within a packed
bed when the bed had been discretised with Vorgadyhedrons. A typical Voronoi
polyhedron is illustrated by Figure 20 and a twmeinsional representation of a packed bed

discretised with Voronoi polyhedra can be seeniguie 21.

N A
.\L ,‘d‘
Figure 20: A typical three-dimensional Voronoi Figure 21: Two-dimensional packing with a
polyhedron (Chenget al., 1999:4200). Voronoi tessellation (Chenget al., 1999:4200).
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In order to quantify the heat transfer, a model degeloped for the conductivity (Chery
al., 1999) and the radiation (Cheergal, 2002). The model was based on the double taper
cone model as illustrated in Figure 22.

Figure 22: Double pyramid and taper cone model (Cheg et al., 2002:4).

The expression used to calculate the radiation heaisfer was based on the general
expression used to calculate the radiation heasfiea between two surfaces (Chestgal,

2002:3). The final expression that was used is:

__oT-TY
jjrad  2(l-e,) | AilI-Fy)
&r,idi 2

(3.40)

The model explained in this section is only apfileavhen a bed is discretised by means of

the Voronoi polyhedrons.
3.2.3. The Radiative Transfer Coefficient

Leeet al. (2001:106) proposed a numerical method to pro@duisanperature distribution for
a packed bed with a resolution as fine as the gizthe spheres in the packing. In the
formulation of the method, a Radiative Transfer ficient (RTC) was developed. This
coefficient is a function of the microstructure ath@ radiation properties of a packed bed
(Lee et al, 2001:106). The RTC was defined by Leteal. (2001:106) as the ratio of the
energy absorbed to the energy emitted by the sgbeie certain packing. This ratio can be

expressed as:

Eopsor
RTC=—2ob (3.41)

E total emitted
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The set of algebraic equat®for each sphere within the packed hedormulated with the
following expression (Leetal., 2001: 106):

X RTCad, (3.42)
T TTIRTC,,

The temperature of the spheres thenbe calculated with the following expressi(Lee et
al., 2001:106):

(3.43)

3.2.4. The Spherical Unit Nodalisation model

The Spherical UnitNodalisatiol (SUN) model was proposday Pitso (2011). TheSUN
model successfully charactags the long-range radiation & packed be(This model forms

the foundation of thevork done ii this study and it wiltherefore be discussed in de

Pitso (2011) used a Computaial Fluid Dynamics (CFD) software package to calcuthte
view factors for a radiative sphere in the centre box of randomly packed pebbleAn

illustration of the setup ishowr in Figure 23.

Figure 23: Box of randomly packed pebbles.
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The CFD-program used a ray tracing approach tooxppate the double integral in the view

factor equation (equation 3.2) (CD-adapco, 201B126The surface areas (“patches”) are
represented by polygons. For each surface, muligyle are traced through the computational
domain. A view factor can then be calculated betwt#e surface area and its associated

patches.

The view factors that Pitso (2011) obtained from @FD-program are illustrated in Figure
24. From the figure it can be seen that the fiest iew factors are found at a distance of
z=1. This is because when no compression loads asemtreno sphere can be closer than one
sphere diameter from the central radiating sphEne.spheres located at one sphere diameter
away are the spheres contributing to the shorteaaadiation. Figure 24 also illustrates that
the view factor is essentially zero for spheresiterrthan four sphere diameters away. This is
because the spheres closer to the central sphetdauking its ability to “see” any sphere
further away. The sum of all these view factoredgial to unity and consistent with the

summation rule.

0.08

0.07

0.06

0.05 :

0.04

View factor

0.03 -

0.02

0.01 e

o o . '.
0 RS VIS T AL S A
T T Dt 1

0.0 1.0 2.0 3.0 4.0

Sphere diameters away from central spherez)

Figure 24: View factor data for a randomly packed led.

Pitso (2011) proposed that this packing can be Igiegp by lumping the view factors
together to form pseudo spherical surfaces aron@aéntral sphere. A graphical illustration
of this model can be seen in Figure 25. From tiperé it can be seen that the layers appear to

be similar to the layers of an onion. The lumpeelwfactors are shown in Table 1. From
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Table 1 and Figure 24 i$ evidentthat the view factor beyond three sphere diameters

small that it can effectivellge neglecte:

Figure 25: Three dimensional representation of the SN model.

Table 1 View factor values for the central sphere in theSUN model.

Layer 1 2 3 4 5 g 1
Distance from sphere (mm) 60 ( 120 15D 18( 21 24(
Sphere diameters away 1 1.9 y 2.% 3 3.5 4
View factor 0.50] 0.320F 0.1294  0.03420.0105§ 0.00404p 0.00013

Pitso (2011) used the fundamental radiation eqos discussed in&gtion3.1.3 and wrote a

computer code in EES (Engineering Equation Solthat can be used to solve tSUN
model numerically. The SV model was validated by using the same bed from lwthe

view factors weralerived. The central sphere was used aeat souce and a temperatu

boundary was placeah the outer surface of the t of spheresThe simulated results of tl
CFD-program and the EESdeare illustrated in Figure 26.hE figureillustrates that the
SUN modelgives results comparable with the CFD re«. The simulated results are not

perfect agreement further than three sphere diamateay. This we due to the difficulties
in simulating the boundary of the setup at the timmenFigure 26was available. Despite

this, ths region did not have a significant inct on the accuracy within three sph

diameters and it can therefore be negle
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Figure 26: Comparison of SUN model and CFD-simulatin results.

The SUN model managed to successfully capture aplexmCFD setup for a randomly
packed pebble bed using only a few layers.

3.2.5. The current long-range radiation model in the MSUCmodel

Van Antwerpen (2009) required a long-range radmtimdel to be used in the MSUC model.
None of the radiation models up to the time of tevelopment of the MSUC model
distinguished between short-range and long-randetran. Therefore, the need existed to

develop a new, more specific radiation model.

The initial research done by Pitso (2011) into\thesv factors within a randomly packed bed
was available at the time of the development ofMi8JC model. It was therefore decided to

base the new long-range radiation model on the faéetors presented in Figure 24.

Van Antwerpen (2009:119-122) decided to use a rhordamental approach due to the view
factors being available. It was assumed that tltkatian within a packed bed can be
modelled similar to radiation heat transfer betwéea diffuse, grey parallel plates (Van

Antwerpen, 2009:118). The expression for this v&gias:

o(T}-T3)

F I-g,; 4 1 4 1-&.,
en1d;  AiF12ave  &,242

(3.44)
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Because all the spheres are identical, the spheface areasA4;=A4,=4,) and emissive

properties &, ;=¢, ,=¢,) are equal, equation 3.44 simplifies to:

. Ao(T}-T)
Ir™ 2-2¢, L1

&l Fy -2,ave

(3.45)

When the heat transfer is considered to be difeysthe conductivity due to long-range

radiation ¢*) can be expressed as:

Gl (3.46)
A(T)-T»)
where 4, is considered to be the same surface area asdeoediin the conduction of the
MSUC model, thereford,,zdf,. L, is the radiation length. When the temperature dnop

packed bed is low, the following expression is asstito be valid:

-1,
_ (3.47)
(T;-T5) T

When equation 3.45 to 3.47 are combined, the foligvexpression for the conductivity due

to long-range radiation is obtained:

4L, 40T (3.48)
picom——

&1 F1-2,ave

kt=

Van Antwerpen (2009:122) also multiplied the presioexpression with an isothermal
correction factor ) to account for the effects of the solid condutfiof the spheres. This

factor compensates for the fact that the surfacgéeatures of the pebbles are not uniform.
The expression then also has to be multiplied leylémg-range coordination flux number

(71ng) @nd the final expression is:

e 2-2¢, ] k
A (=

il IFtongloAs0T (3.49)

&1 FI-Z,aVe

In order to obtain the unknown geometrical paranset®an Antwerpen (2009:121)

calculated where the average view factéy f,,) and the radiation lengthl) of the

surrounding pebbles are expected to be. This was dsing a polynomial curve fitted
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through the data of Figure 24 and the results larstriated in Figure 27. Van Antwerpen
(2009:121) noted that the view factors are nedkgiln the region ok>2.25 due to the
packing effects and therefore the formula quamgythe polynomial curve was set to be
equal to zero beyond this point. With the use & golynomial curve and an averaging
integral, the average long-range view factor wdsutated to be 0.0199 and the radiation
length is found to be at 1.83

0.05

007 4

@ View farfor results (CFMD)
—velage long-range view fador
0.05 4 = Ayerage gecmefical length
Paoly. (\iew factcr resultz (CID))
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]
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=
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0.02 - I

|

0.01 A |

1] T I

i) 0s

Sphere diameter distance

Figure 27: Long-range view factor for the bulk regon (Van Antwerpen, 2009:121).

The long-range coordination flux number was deteediempirically (shown in Figure 3)
from the experimental data of Breitbach and Basti{@¢P80:135) and Robold (1982:156).
The value of this parameter was then chosen to.Be(about 5 participating spheres).

Therefore, some level of empirical application vaso required in this model.
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4. The Cylindrical Spherical Unit Nodalisation
model

The focus of this study was to find a way to impégrinthe SUN model in an annular or
cylindrical reactor geometry. The objective wasrtodify a model, developed to simulate a
solution for a spherical system, to work in a cgtinal system. The proposed solution for
overcoming this problem was a scheme where the &iddel was discretised. The steps

implemented in this method will be discussed is tthapter.
4.1. Spherical model within a cylindrical system

The first step in understanding the methodology irmehthe proposed solution is to
understand in which form the solution is required &ow the SUN can be transformed to
work within this system. An annular reactor canrégresented within a cylindrical system as
illustrated in Figure 28. The radial lines are swhone sphere diameter apadf) (and
represent near-isothermal annular zones where themg@e temperature is located in the
centre. The spherical system of the SUN model Wastrated in Figure 25. Note that the
spacing of the different layers in the original Suidel was done at a half sphere diameter
distance @.5d,).

Annular zones
Inner wall (reflector)
Outer wall (reflector)

Figure 28: Annular reactor system.
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When the spherical system of the SUN model is plagighin the cylindrical system of an
annular reactor, the following representation isoied:

Top view

N

.
o
AN

e

[
M-

=
A —
oL

/]

Figure 29: SUN model within a spherical system.

At this point it was decided to modify the SUN mbtte be consistent with the one sphere
diameter spacing. The first layer is the short-earagliation and will be left as is. The second
layer represents the start of the long-range radiatone, which is already lined up with one
of the annular zones and will therefore be leftsag he third and fourth layers were grouped
together to form a new layer. The same was donéhirfifth and sixth layers. The view

factor of the final layer is very small and will\vea negligible effect on the heat transfer of
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the system. However, for completeness, this layes iwmped together with the previous two

layers. The resulting simplified SUN model is ilitzged in Figure 30.

Partial top view

Figure 30: Simplified SUN model within cylindrical system.

The lumped view factors for the simplified SUN mbaee:

Table 2: View factors for simplified SUN model

Sphere diameters View

Layer from central sphere factor

Short-range radiation layer exclu

1 1.5 0.3207000
2 2.5 0.1636000
3 3.5 0.014743%

When the spherical system is now removed from yfiadrical system and the lines are used
as cuts, the result is a collection of discretiseds. These rings are illustrated in Figure 29.

This system will from now on be referred to as @yindrical Spherical Unit Nodalisation
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(CSUN, pronounced see-sun) model. Because thedcidal system is typically much bigger
than the spherical system, the cuts are almostflatan be seen in the partial top view in
Figure 30. Therefore, the first approximation twédt be made is that these cuts are flat. This
will result in conical shaped and curved shapedsinThese shapes and the numbering
scheme of the shapes are illustrated in Figuré=8iIm this point onwards these shapes will
be referred to as rings. Through visual inspectiaran be seen that this approximation will

be more accurate at big radial distances and tzsgate at small radial distances.

\
/
TN

Figure 31: Discretised rings of the CSUN model (3Bings are not to scale).
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The result of this process is a series of isothbmngs. Therefore, if the effective view
factors for each specific ring can be obtainedn ttiee radiation heat exchange between a
radiating pebble and its surrounding rings candleutated. The view factors and the rest of

the required geometrical parameters will be catedlan the next section.
4.2. Geometrical properties in the CSUN model

To distribute the view factors in the CSUN modelyas decided to base the distribution on
the volume that each ring represents within theddiat it forms part of in the simplified
SUN model. This was done to be consistent withdisfenition of porosity, which is volume

based. Due to the assumption made in the preveeiga that the cuts are flat surfaces, the
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two sides in the CSUN model will be symmetrical.efdfore, the calculation of the

properties will be illustrated for one side of 8gherical system only.

The volume of each layer in the CSUN model can dterchined by calculating the volume

of a spherel(gphere=§d3) and subtracting the hollow spaces. The calculatiothe first layer

is illustrated below. The remaining layers were&lona similar manner.

T
Vlayer 1~ g (dISayer 1 'dfhort range layer) (4 1)
T
Vigwer 1= (0.18-0.12°) (4.2)
_ 3
Viayer 1=0.002149 m .3)
Similarly
Viayer 2=0.011084 m; V)0 3=0.024655 m? (4.4)

The volume of a spherical cap is illustrated inUrgg32. The volume of a spherical cap can

be calculated with the following formula (Mathwor2D11):

T2
Vcangh (3r-h) (45)

Vcap

Figure 32: Spherical cap.
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Using the formula for the spherical cap, the volanfar the rings that resemble spherical

caps can be calculated as follows:

T
Vving 33= 3 0.06°(3-0.21-0.06) (4.6)
Vying 33=0.002149 m? (4.7)

Similarly

_ 3
Ving 22=0.001470 m (4.8)

The remaining rings can be calculated by first waliing the volume of the spherical cap of
which it forms part (e.g. total volume of ring 223, 33 together) and subtracting the known

volumes (e.g. the known volumes of ring 22, 33dbtge volume of ring 23). The results are:

Viing 23=0.004072 m*; Vg 11=0.000650 m?; Vg 15=0.002714 m°; Vg 13=0.004072 m? (4.9)

The volume of each ring can now be used to determhiea volume fractiond/f) with:

Vrin
Lh4 (4.10)

VE ring xy = 7
ayer y

The results are:

Table 3: The volume fraction of each of the rings.

e Volu_me
fraction

33 0.087
22 0.133
23 0.165
11 0.303
12 0.245
13 0.165

To obtain the view factor for each ring, the vieactbr of the layer is multiplied with the

volume fraction, as given by:

Fring xx=VFring xy X Fiayery (4.11)
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The results are:

Table 4: Representative view factor for each ring.

Ring View factor
33 0.00128
22 0.02170
23 0.00243
11 0.09705
12 0.04007
13 0.00243

In Table 4 it can be seen that the view factorssdus add up to unity as expected for an
enclosed system or add up to 0.5 when only hathefsystem is considered as in the case
described above. This is due to two reasons. Tis¢ i that the short-range radiation

component, which is part of the global contributiaomitted here. The second is that there
will be no net radiation heat exchange betweenrsgireere under consideration and the rings
in the same annular zone (left unnumbered in Fi@lrebecause they are all at the same

temperature. Therefore, these rings are also amitte

A parameter that will be required later on is tkatce point of the surface layer of each ring,
i.e. the location at the centre of the annular zamé¢he surface layer. This was chosen to be
consistent with where the temperatures of the SUbdeh have been validated. The
temperature of the annular zone is also locatdflistpoint. The results are summarised in
Table 5.
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Table 5: Values for the geometrical parameters.

Ring 33 22 23 11 12 13
N
/
Two- > é | 2 . Z .
dimensional .4 -¢— : — ] .— ) ‘f ’ é
representation | | | | | / '
| 1
—1
Radial distance 3d, 2d, 2d, 1d, 1d, 1d,
Length 3.5, 2., 2.5, 1.5, 2.5, 3.5,
View factor 0.00128 0.02170| 0.00243 | 0.09705| 0.04007 | 0.00243
Annular zone i+3 I+2 I+2 i+1 i+1 i+1

This concludes the section on how the SUN model dissretised so that it can be used in
the cylindrical setup of an annular reactor. Thetreection will discuss the mathematical
equations that can be used in order to quantifyrélggation heat exchange for the CSUN

model.
4.3. Setup of the mathematical equations

Up to this section, the SUN model has been dismdtinto multiple rings. Each of these
rings is found at a specific location with its ovepecific view factor and associated
temperature. The radiation heat exchange will entiiied between a sphere located within

an annular zone and the rings surrounding it.

As previously mentioned, the heat within a packed ks transferred by means of three
different components. These components and howdheis transferred from one zone to the
other zones are illustrated in Figure 33. For andyical reactor these zones will be annular

in shape. For the CSUN model the long-range ramfiatiill radiate as far as three zones.
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——1— Conduction

b————— Short-range radiation

R

Longe-range radiation

Figure 33: Pebble within an annular zone in packeded reactor.

The total heat transfer can be presented by th@xfimig expression:
‘Qt:Qc—i_er—i_er (412)

The equation above is similar in character to aqnaf2.6) but with the difference that the
heat flux due to conduction and short-range raalalias been separated into two fluxes. The
same method as used in the MSUC model (Van Antwerp@09:107-122) will be used to
calculate the flux due to conductio@cg and the flux due to short-range radiati@srl.
When the subscriptrefers to an annular zone for which the heat feugalculated, then the
conduction and short-range radiation heat flux frome zone to the neighbouring zone are

calculated with the following expressions:

. T-T, 4.13
O =k&omL | - (4.13)
(%)
. T, — T, 4.14
Qsr = k2T2nL< : ri::1> ( )
in ()

The first step to quantify the total long-rangeiaidn leaving an annular zone is to quantify
it for a single sphere within the zone. Such a spheath its radiation and conduction heat
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transfer components in the radial direction issiltated in Figure 34. One of the assumptions,
that each body emits diffusely, should be kept imdn Therefore, the radiosity for each
annular zone is expected to be constant. Thissis ebnsistent with the units of radiosity

which is the energy emitted per unit surface area.

Rijj
Tj = Ti

A

W

Figure 34: Single pebble radiation towards surrounihg rings.

The radiation heat transfer between the pebbleome and its surrounding ringg) (are

linked with the following equation:

Ji-J;
= (4.15)
i Ry
where
1
= — 4.1
R; v (4.16)

Because the radial component of the heat transfeequired, the heat transfer must be
multiplied with the angle between the distancehi® ¢entre point of each ring and the radial

direction. Therefore, equation 4.15 becomes:
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JirJj
Q,=——cosb; (4.17)

Rjj
i <Lf> (4.18)

The radial distance and length can be re-arrangddyeouped within the space resistance so
that the geometrical parameters are grouped togefieis results in the following

expression:

N
: Ji-J; 4.19

(%) (4.20)

In order to quantify theet long-range radiation in annular zonét has to be multiplied with
the total number of representative spheres withen 2zone. Therefore, theet long-range

radiation is given by:

Ql‘j:ns

1

o (4.21)

N
=] Y

In order to obtain theet total radiation heat transfer in annular zonéhe incoming and
outgoing short-range radiation heat transfer hadvdoincluded. Therefore, theet total

radiation heat transfer is expressed by:

N
0, Y 0,+40, (4.22)
i=1
J-J
n, 9] 40 (4.23)
R“ Sr
i=1 Y
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The following equation can be used to relate thdiosaty of each annular zone to its

temperature:
Ey;-J;
= 4.24
0 (%) (4.24)
where
R= L (4.25)
i_Aigr,i '
Ey=oT? (4.26)
Therefore, the equations above can be combineny¢o g
Epi-J, A Ji-J (4.27)
bitdi\ _ i .
() = 0, 40,

i=1

When a steady-state condition exists and no hese$ occur, the heat flux through the

system can be expressed with (whietie the total number of annular zones in this case)
0,=0,.,=0 =0, ,=0, (4.28)

The total long-range radiation heat transfer legn@ach annular zone can be calculated with:

. I, 429
O,=n, ) = for T, (4.29)

i=1 U
The series of equations above are derived in sunhraer that it quantifies the heat transfer
within a bulk region of a packed bed. Therefores #ones are assumed to be far enough
away from any physical wall that it only “sees” anogeneous bed of other pebbles around
it. The equations above will therefore not be vdi zones closer than three sphere
diameters from the solid wall boundaries. For theppse of validation of the new model,
this shortcoming will be addressed in the nextisacty creating pseudo boundary
conditions that will replace the physical wall bdanes. This is only an interim solution
until the model proposed in this study is extenttethe near-wall region where a physical

wall can be taken into account.
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4.4. The pseudo boundaries

The focus of this study was to model the heat fean® the bulk region only. For the
purposes of using the HTTU data to validate the mewdel, a pseudo boundary was
introduced to replace the physical walls. This @ase by replacing the physical wall with a
pseudo bed of pebbles. The pseudo boundary valngisted of the sum of all the view
factors that would have been associated with tighbeuring pebbles, had the bed continued
beyond the physical wall. This will be illustratedthe diagrams below. For this study, the
pseudo boundary condition was required when a peishblithin three sphere diameters of
the physical wall. Therefore, three possible |laoadi needed to be derived because the

discretisation of the annular zones is one sphareater apart.

The first modification was for a pebble locatedtba boundary. The “missing” view factors
was accounted for by adding the view factors of piseudo rings together. This wall
represented a uniform temperature boundary fixethaitt location, such as illustrated in
Figure 35.

Wall

Pseudo pebble
bed boundary

Figure 35: Pebble touching the boundary.

With reference to the values contained in Tabléhd,view factor for the zone touching the

boundary is:

F

W

al=F 33T F o3t F oyt Fp +F 1+ F s (4.30)
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A pebble within two sphere diameters of the boupdaillustrated in Figure 36.

Wall

N
/

Pseudo pebble
bed boundary

il BN
[ T N\
\}

Figure 36: Pebble within two sphere diameters of th boundary.

The view factor for the zone within two sphere deaen from the boundary is:

Fran=F33tF3+F5);

A pebble within three sphere diameters of the bamd illustrated in Figure 37.

Wall

el
/ TN\

Pseudo pebble
bed boundary

Figure 37: Pebble within three sphere diameters dhe boundary.

(4.31)
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The view factor for the zone within three spheiiters from the boundary is:

Fwa11:F33 (432)

With these new view factors known, the long-randgjason could be calculated as was done
in the previous section. The only modification what the thermal radiation heat transfer
was between the pebbles within an annular zondgrengdseudo bed at a uniform temperature
replacing the physical wall boundary condition.

These boundary conditions conclude the model pexpbgre and can now be used to model

a bulk region of an annular packed bed.
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5. Validation of the Cylindrical Spherical Unit

Nodalisation model

In this chapter the CSUN model discussed in theipus chapter was used to simulate a bulk
region. The bulk region that was modelled was pattd from the HTTU. How the bulk
region was modified to form a postulated annulat bensisting of randomly packed spheres
between two boundaries will be discussed in thd segtion. The simulated results of the
CSUN model and other models will also be comparéti the results obtained from the
HTTU experiments. The chapter will be concludedhvgimulations and comparisons at high

temperature conditions.
5.1. Modelling of the bulk region

A schematic of the bulk region that was modelledlistrated in Figure 38. The packing
within this postulated reactor consists of mon@gigraphite spheres which were packed
randomly. The average porosity is 0.385 to be ctest with the bulk region of the HTTU.
The temperature boundary conditions were appliedhe first and last annular zones with
centres at a radial distance of 0.54 m and 0.90h®.zones are separated at a distance of one

sphere diameter apart, resulting in seven annolzes

Z
?
AN A NN NN AN NN NN
| |
—[ N S
L=12m > Qutcnd
Ti T
- T . Y.
Timer = 0.51m NV ARNRVRNRNNANNNARNE
rn=0.54m
__ r: = 0.90mm _
Touer = 0.93m

Figure 38: Postulated reactor (bulk region)
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A computer code was written in EES (Engineeringdigu Solver) to model the postulated
reactor. An example of the code can be found in Appendix under Section 7.3. The
equation as discussed in Section 4.3 and Sectidbwds used to calculate the temperature of
each annular zone and the steady-state heat ftuxthis model it was assumed that the total
heat flux was constant throughout the bed. The dtarynconditions for the four different

simulations were extracted from the HTTU test rssahd are listed in Table 6.

Table 6: Left and right boundary conditions and stady-state heat flux in the postulated reactor.

Tiatrn=| T7atr=|Heat flux

Test  1o.5am ¢c)lo.9om cc)|  kw)
Test1,82.7kW 927 555 66.4
Test2,82.7kW 930 553 67.2
Test 1, 20 kW 380 177 12.2
Test 2, 20 kW 395 189 12.0

The setup discussed in this section can be ussinidate different scenarios. The boundary
temperatures can be varied and the simulated sesiuthe different models can be compared
against each other. This approach can be usednipare the behaviour of different models
at higher temperatures. The model can also be reddib that one of the temperatures at the
boundaries can be removed and a known heat fluwalsanbe modelled for. The results of all

the simulations are presented in the followingisect

5.2. Results and discussion

This section will present the different results fehich simulations were done. The first
simulation was where the proposed CSUN model aedMISUC model were compared
against all the experimental test data of the HTF&. the second simulation, only one of the
HTTU experimental data sets was used for comparisgiveen all the radiation models
indentified in the literature survey. The final silation was done to understand the behaviour

of a few of the selected radiation models at heghgeratures.
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5.2.1. CSUN model and MSUC model compared to experimental
results

The simulated results where the CSUN model andM8&C model were used are listed in
this section. Only the temperature profile of tivstftests will be shown for this purpose
because the temperature profile of the second &stsery similar. The other temperature

profiles are in the Appendix under Section 7.4.
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Figure 39: Comparison of the HTTU Test 1 (82.7kW)emperature profile and the simulations.
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Figure 40: Comparison of the HTTU Test 1 (20kW) terperature profile and the simulations.
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The temperature profiles as predicted in the sitrarla are illustrated in Figure 39 and
Figure 40. As is evident from these graphs, théipted temperature profiles of both models

compare well with the experimental results.

To test whether these models produce these preatctdy using a correct method, it is
required to analyse the predicted heat fluxes. cdmparison of the heat flux can be seen in
Table 7. From this table it can be observed thatwo models predict the heat fluxes within

10% of the measured values, with the exceptiomefaf the tests.

Table 7: Comparison of measured heat flux to simulad results.

Measured | Simulated heat

0,
Test heat flux (kW) |  flux (kW) Error (%)

HTTU CSUN |[MSUC | CSUN | MSUC
Test 1, 82.7 kW 66.377 71.925 69.399 8.36 4.65
Test 2, 82.7 kW 67.241 73.049 70.506 8.4 6.p2
Test 1, 20 KW 12.215 12.738 12.7/6  4.12 4.p9
Test 2, 20 KW 11.975 13.234 13.3p6 1068 1111

It is clear that the CSUN model and the MSUC mautelduced reasonable predictions for
the modelled postulated reactor. The next sectidh present the results where other

radiation models found in literature were used.

5.2.2. CSUN model and other radiation models compared to HTU

experimental results

This section lists the predicted results when tazhamodels other than the CSUN model are
used for the radiation component in the MSUC mo@ely the conditions for the first HTTU

82.7kW steady-state tests were used.
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Temperatnre (°C)

Figure 41

The results of the simulations are illustrated iguFe 41. The differences between the
predictions of the different models cannot be setrarly on the graph because the
predictions of the temperature profiles were reabbnclose to each other when considering
the scale. The graphs illustrating the individuafiies when compared to the experimental
values can be found in the Appendix under Sectidn The difference between the models

become apparent when the predicted heat fluxesoan@ared to each other as listed in Table

8.
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Table 8: Heat flux comparison of simulated results.

Heat flux | Error
Model (kW) (%)

HTTU (experimental result) 66.4
CSUN 71.9 8.4
MSUC 69.4 4.6
Singh & Kaviany (1994) 83.1 25.1
Robold (1982) 63.2 4.9
Breitbach & Barthels (1980) 75.1 13.1
Breitbach (1978) 71.3 7.4
Vortmeyer (1978) 79.4 19.6
Kasparek & Vortmeyer (1976) 91.8 38.4
Wakao & Kato (1968) 89.8 35.2
Argo & Smith (1953) 69.8 5.1

095

: Comparison of other models and the HTTWB2.7kW, Level C, Test 1 experimental data.
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The models proposed by Argo and Smith (1953) anda&/and Kato (1968) are the simplest
of the group. This is because they only took irtcoaint one variable parameter namely the
emissivity. As observed in Table 8, the one modetipces good predictions, while the other
not. Because of the simplistic nature of these rspde cannot take all parameters into
consideration. Where one of these models providasanable predictions, it is most likely
that the scenario being modelled is similar to tastditions from which this model was

derived.

The predictions simulated with the use of the SEn¢gaviany (1994) model also deviate
significantly from the measured values. This is dog to inefficiencies in the model, but
because the empirical data for packed beds witbsitgrof 0.476 was used. Better results are
expected if the experimental procedure used by 8ingaviany (1994) is repeated for a
porosity of 0.385 to obtain more accurate empirgcatelations that can be used for the bulk
region of the HTTU.

The model of Kasparek and Vortmeyer (1976) alsovigeo results that deviate from the
measurements. This might be because this modaki®bthe first models proposed based on
the Unit Cell approach. The models proposed by deyer (1978) and Breitbach (1978),
which are based on the same approach but have fedieed further, provided more
reasonable predictions. This indicates that thet Qeil approach was successfully refined
over the years and has been extended to providemable estimates for different packings

with different parameters.

The models proposed by Breitbach and Barthels (1$8@ Robold (1982) provided

reasonably accurate predictions. The model of Rblfp982) was the more conservative
model because it predicted a lower heat flux wiadhr¢he other models predicted a higher
heat flux. The model proposed by Robold (1982) ha&lused together with the CSUN model
and the MSUC for comparison in the following sectiavhere fictitious higher temperature

scenarios are simulated.

5.2.3. Simulations for very high temperature scenarios

In order to evaluate the results of the differerddeis at higher temperatures, the same

postulated reactor used in the previous section wgasl. In this section the results of the
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CSUN, MSUC and Robold (1982) radiation componenlish@ compared. It should be noted
that no experimental data was used to do these aasops. These are purely simulated

scenarios.

In order to compare the radiation component ofGB&N model’s with the other models, the
radiation component (short- and long-range) andtevrias an effective thermal conductivity

using the following equation:

e & (5.1)

Two different groups of scenarios were investigateat the first group, the temperatures of
both the inner boundary and outer boundary weneatdd with the same value and therefore
the temperature gradient was kept constant. Isélcend group the temperature of the inner
boundary was elevated to higher temperatures white temperature of the outer zone
remained constant and therefore the temperatutBegitawas varied. . The boundary values
for the different simulation scenarios are showdable 9. "C" in the graphs refers to the

constant gradient simulations while "V" refershe warying gradient.

Table 9: Temperatures of boundary zones for the paglated high temperatute simulations.

Boundary zone temperature (°C)
Constant gradient| Varying gradient
T1 T7 T1 T7
< 1 927 555 927 555
T2 1150 780 1150 555
23] 1400 1030 1400 555
0n|] 4 1600 1230 1600 555

The results of the constant gradient scenarioslaoe/n in Figure 42 and it can be seen that

this results in single smooth line.
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Figure 42: Simulation results for constant gradientscenario.

The following two figures illustrate the resultstbe varying temperature gradient simulation
dotted onto the constant temperature gradient sitmouals, first for the MSUC and Robold

models, and then also for the CSUN model.
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Figure 43: Comparison of high temperature simulatims of Robold’s (1982) and the MSUC model.
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Figure 44: Comparison of high temperature simulatims with the CSUN model.

It is evident from Figure 42 is that the resultsnfrthe three models are in good agreement at
the lower temperatures. However, the MSUC and C®udels predict considerably higher
values in the high temperature region (above 10P@han that predicted by the Robold
(1982) model. While the values obtained with thelMSand CSUN models continue to rise,
the Robold values reach a maximum at around 1458 then start to decrease quite

rapidly.

In Figure 43 it can be seen that the results fervairying gradient scenarios of the MSUC
and Robold models do not deviate from that of tbastant gradient scenarios. This is
consistent with the fact that only the local tenapere level and the geometrical properties
are used to quantify the radiation heat transfethe@se models, and that the temperature
gradient is not accounted for at all. This is beeaboth these models have been developed
with the assumption that the local temperature igrdds small relative to the temperature
level (i.e.AT/T<«1). This is a valid simplifying assumption when @ibn heat transfer is
qguantified for the short-range radiation only bessathese pebbles are in close proximity to
each other and therefore the temperature diffeeerace relatively small. However, this
assumption will not be valid when the temperatuféeinces between the pebbles under
consideration become larger. This will typically tiee case for the long-range radiation
component where the pebbles under consideratiofludieer away from each other. Since
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the simplifying assumption was not made in the@ion of the CSUN model, it does take
into account the temperature gradients which maigt exver the longer distances and
therefore one can expect different results. Thauld be especially noticeable at the higher
temperature levels due to the power four in the ptmature difference term in the

fundamental expression for radiation heat transfer.

Figure 44 show that the CSUN model predicts smékr@nces in the effective conductivity
due to radiation when compared with the polynomialve introduced in Figure 42. This
indicates that the variation in temperature gradien a variable that does require
consideration. This might also be the reason wtgjtBach and Barthels (1980) and Robold
(1982) obtained different experimental values, siitated in Figure 3, when the same
experimental setup (the HTO test facility) was udedspite of this, these variations in the
effective conductivity due to radiation are not siolerably dissimilar and indicate that a

small temperature gradient is a valid assumptiorcéotain scenarios.

Also noticeable from the results predicted by Rd®0(1982) model in Figure 42 and Figure
43 are that the effective conductivity due to rdrareaches a maximum at about 1450°C
and then it drops. When considering the fundamgmtaladiation heat transfer it cannot be
explain why this happens. The expected trend waeldas predicted by the MSUC and
CSUN model, that for higher temperatures and latgenperature differences the heat

transfer potential (i.e. effective conductivity dweradiation) has to increase.

In Figure 43 it can be seen that the results fervairying gradient scenarios of the MSUC
and Robold models do not deviate from that of tbastant gradient scenarios. This is
consistent with the fact that only the local tenapere level and the geometrical properties
are used to quantify the radiation heat transfethe@se models, and that the temperature
gradient is not accounted for at all. This is beeaboth these models have been developed
with the assumption that the local temperature igrdds small relative to the temperature
level (i.e.AT/T<«1I). This is a valid simplifying assumption when @bn heat transfer is
guantified for the short-range radiation only bessathese pebbles are in close proximity to
each other and therefore the temperature diffeeerace relatively small. However, this
assumption will not be valid when the temperatuféeinces between the pebbles under
consideration become larger. This will typically tree case for the long-range radiation
component where the pebbles under consideratioflugieer away from each other. Since
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the simplifying assumption was not made in the@ion of the CSUN model, it does take
into account the temperature gradients which maigt exver the longer distances and
therefore one can expect different results. Thauld be especially noticeable at the higher
temperature levels due to the power four in the ptmature difference term in the
fundamental expression for radiation heat trandfggure 44 also shows that the CSUN
model predicts different values for the effectivanductivity due to radiation for different

temperature gradients.

In this regard it is important to note that in tH€O tests that were conducted by Breitbach
and Barthels (1980) and Robold (1982), illustrated-igure 3, the temperature gradients
were significantly smaller in the high temperattest cases than in the lower temperature test
cases. At the start of their experiment, the padietiwas at a uniform temperature. As soon
as the induction coil started to heat up the beelwall temperatures started to rise and heat
was transferred into the packed bed. Naturallywibk temperatures could only be increased
until a certain maximum temperature was reached.tdJphis point, larger temperature
gradients occurred nearer to the wall and smatkslignts occurred in the bulk region. At the
end of the experiment where the higher temperaguperimental data was extracted, the
temperature gradients became smaller. Due to tlalesntemperature gradients, and keeping
in mind the fundamentals of radiation heat trandiee heat transfer potential will start to
decrease. This might be why the effective conditgtextracted from this data will increase
at a slower rate and even start to decrease ahitieer temperatures as illustrated by
Robold’s (1982) data in Figure 3. This trend h&dsaurse been transferred to Robold’s
model as illustrated in Figure 42 and Figure 43.

Given this, there is some doubt in the author'schaa to whether the Robold model is really

applicable in all cases that might be encounterexdpebble bed reactor in practice.

The following section will discuss the conclusiahgt can be made from the results that

were shown in this and the previous section.

64



Modelling long-range radiation heat transfer ineblple bed reactor

5.3. Conclusions

From the results shown here it can be concludedttiea CSUN model can be used with
confidence for modelling the long-range radiatioithim the bulk region of a packed bed at
temperatures up to 1000 °C. At these temperattiralso compares well with the MSUC
model. From the results it was seen that the radiahodels proposed by Breitbach and
Barthels (1980) and Robold (1982) also provide gesdlts at temperatures below 1000 °C.

One of the aims of this study was to develop a matiech also has the potential to produce
good predictions for the long-range radiation congyd at very high temperatures (above
1000 °C). From the simulated results presented iheseclear that the CSUN model follows
the same trend as the MSUC model at high tempestwit are quite different from that of
Robold (1982). Whereas in the CSUN and MSUC modkés effective conductivity
continues to rise as the temperature is increasezkhibits a maximum value at around
1450 °C for the Robold model, after which it stadsdecrease. This trend is difficult to

justify based on the fundamental principles of atidn heat transfer.

The results from the CSUN and MSUC models are neoresistent with the fundamental

principles of radiation heat transfer and therefdwether investigation is required to

determine the reason for the differences when cosadp@ Robold’s (1982) model. Possible
reasons for the differences have been discussed,miove experimental data at high
temperatures will be required to arrive at a défiai conclusion. The main reason for the
uncertainty about Robold’s (1982) data is the ieherransient nature of the experiment
which produces higher temperature gradients at tleewperatures and lower gradients at

higher temperatures.

A lot of work is still required towards improvinghd refining the CSUN model. The model
proposed here was the first step in showing thatStIN model can be adapted for use in a
two-dimensional cylindrical frame of reference witdmperature variations in the radial
direction only. It is important to note that th&$ model can also be transformed to be
applicable to cases where there are also tempergtadients in the axial direction, and even
for full three-dimensional frames of reference, ethwould be more consistent with a variety

of practical cases.
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6. Summary and conclusions

This chapter summarises the important conclusiorsdemfrom this study. Some
recommendations will also be made for future rededrecause a new method of solving

long-range radiation heat transfer within a padied has been introduced.
6.1. Summary

Heat transfer modelling is very important in nucleaactor designs. It can be used to
illustrate the safety of new designs. This studgugsed on randomly packed pebble bed
reactors. In practice, the heat transfer in thesetors is modelled with the aid of a total

effective conductivity parameter.

A model for the total effective conductivity wasoposed by Van Antwerpen (2009) called
the MSUC model. The MSUC model managed to prove@desanable predictions for the total
effective conductivity in the bulk and the near Wwaljion. A shortcoming was that the long-
range radiation component seemed not to be thatraec at high temperatures (above
1,200°C) when it was compared with Robold (19820 &meitbach and Barthels' (1980)

experimental data.

The research into long-range radiation models shavat all the existing models lump the
radiation heat transfer into one parameter. Thisitdi the versatility of the models and
therefore a new model had to be developed, whicdmpted Van Antwerpen (2009) to

distinguish between short-range and long-rangeatiad.

The SUN model was shown to effectively model radraheat transfer within a packed bed.
This model can also be divided into short range land range components. A limitation of
this model is that it was developed to provide sohs for a spherical frame of reference
around the central pebble, while a model for anclical system is typically required in

pebble bed reactor designs.

A discretisation methodology was proposed withiis gtudy in order to transform the SUN

model so that it can be used in a cylindrical fraofereference, albeit with only radial
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temperature gradients taken into account. The mwdslalso simplified to fewer layers, i.e.

a coarser discretization, in order to lower thegition burden in the first step of this new
proposed solution. Fundamental radiation heat fiearexjuations were used to quantify the
long-range radiation heat transfer within a packed. The resulting model was named the
Cylindrical Spherical Unit Nodalisation (CSUN) madde

The CSUN model was then used to replace the lomgersadiation heat transfer model in the
MSUC effective conductivity model. The results 8amulations in the bulk region within a
HTTU based pebble bed compared well with the erpemial results (for which
temperatures were below 1,000°C). When comparedddels proposed by Breitbach and
Barthels (1980) and Robold (1982), it was eviddrdt tho significant improvement was
realised by the new model.

When the different models were compared for higleenperature test cases (higher than
1,000°C), different trends resulted. The trendofekd by the MSUC and CSUN models was
that the conductivity due to radiation heat trangfereased with an increase in temperature.
The trend displayed by the Robold (1982) model thas the conductivity due to radiation

increased at a slower rate at higher temperaturBkitureached a maximum point, beyond

which it started to decrease. However, it was shtvan the inherent transient nature of the
HTO tests could cast doubt about the validity @& teésults for the different cases that may be
observed in practical pebble bed reactors. Thezefoore research is required for the higher

temperature cases to clarify this.

6.2. Conclusions

It can be concluded that a new model, named theNC®lddel, has been presented that can
be used to model the long-range radiation heasfiearin a packed bed within a cylindrical
frame of reference and with temperature gradientghe radial direction only. Results
obtained with the new model compared well with fieat flux and associated temperatures
measured in the HTTU test facility. When compatiingith other radiation models (MSUC
and Robold) it was seen that the models producetpamble results for temperatures below
1,000°C. For temperatures higher than 1,000°C Rileold (1982) model displayed a very
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different trend than that of the MSUC and CSUN nied€urrently a definitive conclusion
cannot be made as to which of these trends are mapresentative of the reality, especially

at temperatures higher than 1,000°C.

6.3. Recommendations for future research

Listed below are recommendations for future resedocexpand and improve the CSUN
model:
* Expanding the model to also account for temperagnadients in the axial
direction.
* An experimental setup for a steady-state testnapéeatures higher than 1,000°C.
* An investigation where variations in view factoende expected due to different
packing structures.
» Keeping the layers within the SUN model dividedihtlf sphere distances instead
of the coarser discretisation used here of onersghiameter.
» Accounting for the reflector wall by expanding tinedel to the near-wall region.
* Transient simulations applied to Breitbach and IBzlgt (1980) and Robold’s (1982)
experimental data in order to further clarify thiéeet of the variations in the

temperature gradients.
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7. Appendix

7.1. Mathematical derivations
This section lists the derivations that have netrbéiscussed in detail within the report.

Thetotal number of sphereswithin a certain volume

For a volume consisting of a solid medium and véidsporosity of that volume is:

Vvoid

&,= v (7.2)
but
Vvoia=Viotal™Ms Y ppere (7.2)
therefore
VoV e (7.3)
v Viotal
After re-arranging:
nS=VVLal(J—8p) (7.4)
sphere

7.2. HTTU experimental data

This section lists the experimental data for theTHTtest facility as given in Van Antwerpen
(2009:201-202).

Table 10: Heat flux at inner wall (reflector).

Test Heat flux (kW)
Test 1, 20 kKW 12.215
Test 2, 20 KW 11.915
Test 1, 82.7 kW 66.317
Test 2, 82.7 kW 67.241
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Table 11: HTTU experimental values for Test 1 on lel C for the 82.7 kW steady-state test.

Radius|Sphere |Temperature |Uncertainty |Total effective |Unce rtainty
(m) diameter |(°C) @) conductivity (k eff)
(W/mK)

0.30 ( 1180.247 3.390 18.908 1.
0.36 ] 1100.3#4 2.593 21.157 1.
0.42 . 1037.592 2.296 21.474 1.
0.48 3 981.91y7 1.931 20.135 1.
0.54 4 927.234 2.271 17.574 0.
0.60 q 870.586 2.574 15.977 0.]
0.66 (i 811.208 2.489 13.096 0.
0.73 7.16fY 739.1%7 2.2P5 11.110 0.p
0.79 8.16Y 675.942 2.4p6 10.377 0.
0.85 9.16y 611.4%8 2.5B8 9.378 0.
0.91 10.16} 544.064 2.6p1 8.184 0.
0.97 11.16f 469.510 2.916 6.478 0.
1.03 12.16} 380.003 3.4B1 5.019 0.
1.09 13.16} 263.286 3.1476 3.%15 0.
1.15 14.16f 101.793 2.318 2.361 0.

Table 12: HTTU experimental values for Test 2 on kel C for the 82.7 kW steady-state test.

P
iN
o

o0
o1

Radius |Sphere |Temperature |Uncertainty|Total effective|Unce rtainty
(m) diameter |(°C) @) conductivity |(keff)
(W/mK)

0.30 ( 1171.466 3.5%2 21.455 1.804
0.36 ] 1098.036 2.5%4 23.031 1.808
0.4 p 1038.769 2.793 22.969 0.235
0.44 3 984.52D 2.9§2 20.663 1.124
0.54 4 929.97D 3.312 17.705 0.8$87
0.60 5 872.72B 3.331 15.062 0.726
0.66 & 812.40¢7 2.909 13.062 0.6$48
0.7 7.16Y 739.188 2.3FF3 11.414 0.p78
0.79 8.16Y 675.040 2.3B7 10.380 0.p13
0.85 9.16Y 609.8¢1 2.5B9 9.412 0.9152
0.91 10.16f 541.9%4 2.6[L1 8.345 0.p04
0.971 11.16f 467.128 2.6P5 6.155 0.B37
1.03 12.16f 377.644 3.1p4 5.096 0.p43
1.09 13.16f 261.346 2.9p3 3.979 0..70
1.15 14.16f 44,945 2.7p5 2.410 0.1L35
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Table 13: HTTU experimental values for Test 1 on kel C for the 20 kW steady-state test.

Table 14: HTTU experimental values for Test 1 on kel C for the 20 kW steady-state test.

Radius|Sphere |Temperature |Uncertainty | Total effective|Unce rtainty
(m) diameter |(°C) (T) conductivity |(keff)
(W/mK)

0.30 ¢ 556.46p 2.837 6.2b8 0.455
0.36 ] 509.81jL 2.623 6.110 0.361
0.44 . 468.990 2.310 5.8p2 0.347
0.49 3 431.32)7 1.897 5.3b2 0.339
0.54 4 395.139 2.124 4.874 0.381
0.60 q 359.538 2.331 4.4116 0.335
0.64 4 324.206 2.247 4.0B5 0.321
0.79 7.16Y 283.416 2.0p5 3.400 0.p15
0.79 8.16Y 249.399 1.9¥8 3.496 0.[L99
0.85 9.16Y 216.1¢2 2.0B1 3.344 0.[L82
0.91 10.16} 183.877 1.8p4 3.301 0.182
0.97 11.16} 152.215 1.569 3.913 0.188
1.03 12.16y 120.067 1.719 2.724 0..64
1.09 13.16} 85.547 1.8p6 2.316 0.1L35
1.15 14.16} 45.738 1.713 1.436 0.[191

Radius|Sphere |Temperature |Uncertainty|Total effe ctive|Unce rtainty
(m) diameter |(°C) (T) conductivity |(keff)
(W/mK)

0.30 ( 548.20p 3.421 6.2B7 0.378
0.36 ] 499.95 2.42 5.9173 0.396
0.42 p’ 457.187 2.414 5.642 0.371
0.48 3 417.76QR 2.216 5.249 0.364
0.54 4 380.296 2.309 4.841 0.306
0.60 5 344.01y7 2.346 4.463 0.358
0.66 & 308.61B 2.095 4.144 0.3241
0.73 7.16Y 268.439 1.7B9 3.458 0.p31
0.79 8.16Y 235.14 1.8p5 3.482 0.p17
0.85 9.16Y 203.046 1.9(9 3.948 0.p07
0.91 10.16f 172.125 1.812 3.423 0.p20
0.97 11.16f 142.022 1.6p9 3.359 0.p30
1.09 12.16f 111.901 2.1p3 3.902 0.[L80
1.09 13.16f 80.295 2.3p1 2.623 0.]L123
1.15 14.16f 44,985 1.6B1 2.149 0.]L.26
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7.3. Computer code

This section lists the computer code used in thruksitions. Note that the subscripts within

the computer code are not necessarily consistehttive subscripts used in the text.

CSUN (named discretised onion ring in the code) and MSUC mode!:

"WVA short-range model"
PROCEDURE kShort(N_c,d _p, A s, T_k, phi_c, A_r, epsilon_r, f k: k_sr)
F_12sr=0.0756
a_11 = 0.0841*epsilon_r"2-0.307*epsilon_r-0.1737
a_22 = 0.6094*epsilon_r+0.1401
a_33 =0.5738*epsilon_r"(-0.2755)
a_44 = 0.0835*epsilon_r"2-0.0368*epsilon_r+1.0017

k_sr:=2*N_c*d_p*SIGMA#*A_s*T_k"3*f_k*SIN(phi_c)/(A_r*((2-2*epsilon_r)/epsilon_r+1/F_12sr))
END kShort
PROCEDURE isothermalCorrectionFactor(k_s, T_k, d_p, epsilon_r: f k)

LAMBDA = k_s/(4*SIGMA#*T_k"3*d_p)

a_11 = 0.0841*epsilon_r"2-0.307*epsilon_r-0.1737

a_22 = 0.6094*epsilon_r+0.1401

a_33 =0.5738*epsilon_r"(-0.2755)

a_44 = 0.0835*epsilon_r"2-0.0368*epsilon_r+1.0017

IF (1/LAMBDA < 0.01) THEN

fk=1

ELSE

f k:=a_11*ARCTAN(a_22*(1/LAMBDA)"a_33)+a_44

ENDIF

END isothermalCorrectionFactor

"WVA long-range model"
PROCEDURE kLong(d_p, A_s, T_k, f_k, A_r, epsilon_r: k_Ir)

F_12Ir =0.0199

n_bar_long =4.7

k_Ir:=5.32*n_bar_long*d_p*SIGMA#*A_s*T_k"3*f_k/(A_r*((2-2*epsilon_r)/epsilon_r + 1/F_12Ir))
END kLong

"WvA conduction model for Hertzian Network"

PROCEDURE kCond(k_s,d p, T_c, T_k, N_c, phi_c:k _c)

R_HERTZ = 0.64/(k_s*r_c)
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P_0 = 85000

P_g = 10000

M_g=28

M_s=12

M_star =1.4*M_g

Pr_g = Prandtl('N2',T=T_c)

gamma = Cp('N2', T=T_c)/Cv('N2',T=T_c)

lambda_meanfree = P_O0*T_k/(P_g*273)*0.7387e-7

mu_vis =M_g/M_s

omega_0=r_c”"2/(2*r_p)

alpha_T1= EXP(-0.57*((T_k-273)/273))*(M_star/(6.8+M_star))+(2.4*mu_vis/(1+mu_vis)"2)*(1-
EXP(-0.57*((T_k-273)/273)))

alpha_T2 = Alpha_T1

i = (2 - alpha_T1)/alpha_T1+(2 - alpha_T2)/alpha_T2)*(2*gamma/(1 +
gamma)))*lambda_meanfree/Pr_g

rad_lambda=SQRT(r_p”2 - (r_p - 0.5*omega_0 - 5*lambda_meanfree)"2)

A _lambda=2*_p + - omega_0

B_lambda=SQRT(r_p”2 - rad_lambda"2)

C_lambda=SQRT(r_p”2 - r_c"2)

k_g = Conductivity(N2,T=T_c)

R_lambda = 2/(PI*k_g*(A_lambda*LN(ABS((A_lambda-2*B_lambda)/(A_lambda-
2*C_lambda)))+2*B_lambda-2*C_lambda))

A _G=2*_p-omega 0
B_G=SQRT(r_p”"2 - rad_lambda”?2)
R_G = 2/(PI*k_g*(A_G*LN(ABS(A_G/(A_G - 2*B_QG))) - 2*B_G))

R_in = (d_p - omega_0)/(k_s*PI*r_c"2)
R_mid=(d_p - omega_0)/(k_s*PI*(rad_lambda"2-r_c"2))

A out=r_p - 2*(0.5*omega_0+5*lambda_meanfree)
B_out = SQRT(r_p”2 - rad_lambda"2)
R_out= LN(ABS((A_out + B_out)/(A_out - B_out)))/(k_s*PI*B_out)

R_j=(1/R_HERTZ + 1/R_lambda + 1/R_G)(-1) + (1/R_in + 1/R_mid + 1/R_out)(-1)
k_c:=N_c*(d_p - omega_0)*sin(phi_c)/(2*d_p"2*R_j)
END kCond

"MSUC model"
DUPLICATEi=1,6

"conduction”

T_KWVA[i] = T_WVA[i] + 273.15

dT_drWvA[i] = (T_WVA[i] - T_WVA[i+1])/LN(r[i+1]/r[i])

Call kCond(k_sWVA([i], d_p, T_WVA[i], T_kWVAi], N_c, phi_c : k_cWVA]i])
Q_cWVA[i] = 2*PI*L*k_cWVA[i[*dT_drWvA[i]

"short-range radiation”

Call kShort(N_c, d_p, A_s, T_kWvA[i], phi_c, A_r, epsilon_r, f_ kWVA]i] : k_srWVA[i])

k_sWvA[i] = 147.096-0.229541*T_WVA[i]+0.000206027*T_WvA[i]*2-0.000000071529*T_WVA[i]"3
Call isothermalCorrectionFactor(k_sWvA[i], T_kWvA[i], d_p, epsilon_r : f_kWVA]I])

Q_srWvA([i] = 2*PI*L*k_srWVA[i]*dT_drWvA[i]

"long-range radiation”

Call kLong(d_p, A_s, T_kWVA(i], f_kWVA]i], A_r, epsilon_r : k_Ir'WVA[i])
Q_I'WVA[i] = 2*PI*L*k_IrWVA[i]*dT_drWvA[i]
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"total WVvA"
Q_tWVA[i] = Q_cWVAJi] + Q_srWVA[i] + Q_Ir'WvA]i]

END

DUPLICATE i = 2,7
Q_tWVA[i] = Q_tWvAJ[i-1]
END

"Boundary conditions"
T_WVA[1] = T[1]
T_WVA[7] = T[7]

"Bulk constants”

d_p=0.06

rp=d_p/2

epsilon_r =0.8

epsilon_p = 0.385

A s =Pl*d_p"2

V_s = 4/3*PI*r_p"3

L=1.2

A r=d p™2

N_c = 25.952*Epsilon_p”"3-62.364*Epsilon_p~"2+39.724*Epsilon_p-2.0233
phi_c = (-6.1248*N_c"2+73.419*N_c-186.68)*P1/180

"discretized onion ring (old numbering system)"
[[31=0.21

[[21=0.15

[[22=0.21

_11=0.09

[L12=0.15

L13=0.21

r_31=0.18

r_21=0.12

r_22=0.12

r_11=0.06

r_12 =0.06

r_13=0.06

F_31=0.0013
F_21=0.0217

F_22 =0.0024
F_11=0.0971

F_12 =0.0401

F_13 =0.0024

R31 = (I_31/r_31)/(A_s*F_31)
R21 = (I_21/r_21)/(A_s*F_21)
R22 = (I_22/r_22)/(A_s*F_22)
R11 =(_11/r_11)/(A_s*F_11)
R12 = (I_12/r_12)/(A_s*F_12)
R13 = (I_13/r_13)/(A_s*F_13)
R_s=(1 - epsilon_r)/(A_s*epsilon_r)

“inner wall - 0"

T_k[0] = T[O] + 273.15

r[0] = 0.51

dT_dr[0] = (T[O] - T[L])/LN(r[1])/r[O])

Call kCond(k_s[0], d_p, T[0], T_K[0], N_c, phi_c : k_c[0])

Q_c[0] = 2*PI*L*k_c[O]*dT_dr[O]

k_s[0] = 147.096-0.229541*T[0]+0.000206027*T[0]*2-0.000000071529*T[0]"*3
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Call isothermalCorrectionFactor(k_s[0], T_k[0], d_p, epsilon_r : f_k[0])
Call kShort(N_c, d_p, A_s, T_K[0], phi_c, A _r, epsilon_r, f_Kk[0] : k_sr[0])
Q_sr[0] = 2*PI*L*k_sr[O]*dT_dr[0]

E_b[0] = SIGMA#*T_k[0]*4

(E_b[0] - J[0])*epsilon_r*2*PI*r[0]*L/(1 - epsilon_r) = Q_sum][0]

Q_sum[0] = -1*(n_s[1]*Q_wall[1] + n_s[2]*Q_wall[2] + n_s[3]*Q_wall[3]) + Q_sr[0]
Q_Ir[0] = -1*(n_s[1]*Q_wall[1] + n_s[2]*Q_wall[2] + n_s[3]*Q_wall[3])

Q_t[0] = Q_c[0] + Q_sr[0] + Q_Ir[0]

"ring 1"

E_b[1] = SIGMA#*T_k[1]"4

n_s[1]*(E_b[1] - J[1])/R_s = Q_sum[1]

Q_sum[l] = n_s[1]*(Q_wall[1] + Q_r31[1] + Q_r21[1] + Q_r22[1] + Q_r11[1] + Q_r12[1] + Q_r13[1]) +
(Q_sr[1] - Q_sr[0])

F wal[l]=F 31+F 21 +F 22+F 11 +F 12 +F_13

Q_wall[1] = F_wall[1] *A_s*(J[1] - J[Q])

Q_r31[1] = (J[1] - J[4])/R31

Q_r21[1] = (J[1] - J[3])/R21

Q_r22[1] = (J[1] - J[3])/R22

Q_r11[1] = (J[1] - J[2])/R11

Q_r12[1] = (J[1] - J[2])/R12

Q_r13[1] = (J[1] - J[2])/R13

Q lout[1] = Q_r31[1] + Q_r21[1] + Q_r22[1] + Q_rl11[1] + Q_r12[1] + Q r13[1]

"ring 2"

E_b[2] = SIGMA#*T_k[2]*4

n_s[2]*(E_b[2] - J[2])/R_s = Q_sum[2]

Q_sum[2] = n_s[2]*(Q_wall[2] + Q_I11[2] + Q_I12[2] + Q_I13[2] + Q_r31[2] + Q_r21[2] + Q_r22[2] +
Q_r11[2] + Q_r12[2] + Q_r13[2]) + (Q_sr[2] - Q_sr[1])

F walll2]=F_31+F 21 +F 22

Q_wall[2] = F_wall[2] *A_s*(JI[2] - J[O])

Q_I111[2] = (J[2] - J[1])/R11

Q_I112[2] = (J[2] - J[1])/R12

Q_I113[2] = (J[2] - J[1])/R13

Q_r31[2] = (J[2] - J[5])/R31

Q_r21J2] = (J[2] - J[4])/R21

Q_r22[2] = (J[2] - J[4]))/R22

Q_r11[2] = (J[2] - J[3])/R11

Q_r12[2] = (J[2] - J[3])/R12

Q_r13[2] = (J[2] - J[3])/R13

Q_lout[2] = Q_r31[2] + Q_r21[2] + Q_r22[2] + Q_r11[2] + Q_r12[2] + Q_r13[2]

"ring 3"

E_b[3] = SIGMA#*T_K[3]"4_

n_s[3]*(E_b[3] - J[3])/R_s = Q_sum[3]

Q_sum[3] = n_s[31*(Q_wall[3] + Q_I21[3] + Q_I22[3] + Q_I11[3] + Q_I12[3] + Q_I13[3] + Q_r31[3] +
Q _r21[3] + Q_r22[3] + Q_r11[3] + Q_r12[3] + Q_r13[3]) + (Q_sr[3] - Q_sr[2])
F wall[3] =F_31

Q_wall[3] = F_wall[3] *A_s*(J[3] - J[0])

Q_121[3] = (J[3] - J[1])/R21

Q_122[3] = (J[3] - J[1])/R22

Q_I111[3] = (J[3] - J[2])/R11

Q_112[3] = (J[3] - J[2])/R12

Q_I113[3] = (J[3] - J[2])/R13

Q_r31[3] = (J[3] - J[6])/R31

Q_r21[3] = (J[3] - J[5]))/R21

Q_r22[3] = (J[3] - J[5])/R22

Q_r11[3] = (J[3] - J[4])/R11
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Q_r12[3] = (J[3] - J[4])/R12
Q_r13[3] = (J[3] - J[4])/R13
Q_lout[3] = Q_r31[3] + Q_r21[3] + Q_r22[3] + Q_r11[3] + Q_r12[3] + Q_r13[3]

"ring 4"

E_b[4] = SIGMA#*T_k[4]"4

n_s[4]*(E_b[4] - J[4])/R_s = Q_sum[4]

Q_sum[4] = n_s[4]*(Q_I31[4] + Q_I21[4] + Q_I22[4] + Q_I11[4] + Q_l12[4] + Q_l13[4] + Q_r31[4] +
Q _r21[4] + Q_r22[4] + Q_r11[4] + Q_r12[4] + Q_r13[4]) + (Q_sr[4] - Q_sr[3])
F wall[4] =0

Q_131[4] = (J[4] - J[1])/R31

Q_121[4] = (J[4] - J[2])/rR21

Q_122[4] = (J[4] - J[2])/R22

Q_111[4] = (J[4] - J[3])/R11

Q_112[4] = (J[4] - J[3])/R12

Q_113[4] = (J[4] - J[3])/R13

Q_r31[4] = (J[4] - J[7])/R31

Q_r21[4] = (J[4] - J[6])/R21

Q_r22[4] = (J[4] - J[6])/R22

Q_r11[4] = (J[4] - J[5]))/R11

Q_r12[4] = (J[4] - J[5])/R12

Q_r13[4] = (J[4] - J[5])/R13

Q_wall[4] = F_wall[4] *A_s*(J[4] - J[4])

Q_lout[4] = Q_r31[4] + Q_r21[4] + Q_r22[4] + Q_rl11[4] + Q_r12[4] + Q_r13[4]

"ring 5"

E_b[5] = SIGMA#*T_k[5]"4

n_s[5]*(E_b[5] - J[5])/R_s = Q_sum[5]

Q_sum([5] = n_s[5]*(Q_I31[5] + Q_I21[5] + Q_I22[5] + Q_I11[5] + Q_I12[5] + Q_I13[5] + Q_r21[5] +
Q_r22[5] + Q_r11[5] + Q_r12[5] + Q_r13[5] + Q_wall[5]) + (Q_sr[5] - Q_sr[4])
F wall[5] =F_31

Q_I31[5] = (J[5] - J[2])/R31

Q_I121[5] = (J[5] - J[3])/R21

Q_122[5] = (J[5] - J[3])/R22

Q_I11[5] = (J[5] - J[4])/R11

Q_I12[5] = (J[5] - J[4])/R12

Q_I13[5] = (J[5] - J[4])/R13

Q_r21[5] = (J[5] - J[7])/R21

Q_r22[5] = (J[5] - J[7])/R22

Q_r11[5] = (J[5] - J[6])/R11

Q_r12[5] = (J[5] - J[6])/R12

Q_r13[5] = (J[5] - J[6])/R13

Q_wall[5] = F_wall[5] *A_s*(J[5] - J[8])

Q_lout[5] = Q_wall[5] + Q_r21[5] + Q_r22[5] + Q_r11[5] + Q_r12[5] + Q_r13[5]

"ring 6"_

E_b[6] = SIGMA#*T_k[6]"4

n_s[6]*(E_b[6] - J[6])/R_s = Q_sum[6]

Q_sum([6] = n_s[6]*(Q_I31[6] + Q_I21[6] + Q_I22[6] + Q_I11[6] + Q_l12[6] + Q_I13[6] + Q_r11[6] +
Q_r12[6] + Q_r13[6] + Q_wall[6]) + (Q_sr[6] - Q_sr[5])
F walll6]=F_31+F 21 +F 22

Q_I131[6] = (J[6] - J[3])/R31

Q_l21[6] = (J[6] - J[4])/R21

Q_l22[6] = (J[6] - J[4])/R22

Q_l11[6] = (J[6] - J[5])/R11

Q_I12[6] = (J[6] - J[5])/R12

Q_113[6] = (J[6] - J[5])/R13

Q_r11[6] = (J[6] - J[7])/R11

Q_r12[6] = (J[6] - J[7])/R12

Q_r13[6] = (J[6] - J[7])/R13
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Q_wall[6] = F_wall[6] *A_s*(J[6] - J[8])
Q_lout[6] = Q_wall[6] + Q_r11[6] + Q_r12[6] + Q_r13[6]

"ring 7"

E_b[7] = SIGMA#*T_K[7]"4

n_s[71*(E_b[7] - J[7])/R_s = Q_sum[7]

Q_sum([7] = n_s[71*(Q_I31[7] + Q_I21[7] + Q_I22[7] + Q_I11[7] + Q_I12[7] + Q_I13[7] + Q_wall[7]) +
(Q_sr[7] - Q_sr[6])

F walll[7]=F 31+F 21+F 22+F_11+F_12+F_13
Q_I31[7] = (J[7] - J[4])/R31

Q_l21[7] = (J[7] - J[5])/R21

Q_122[7] = (J[7] - J[5])/R22

Q_I11[7] = (J[7] - J[6])/R11

Q_I112[7] = (J[7] - J[6])/R12

Q_I113[7] = (J[7] - J[6])/R13

Q_wall[7] = F_wall[7] *A_s*(J[7] - J[8])

Q_lout[7] = Q_wall[7]

"outer wall - 8"

T _K[8] = T[8] + 273.15
r[8] = 0.93

E_b[8] = SIGMA#*T_k[8]"4
(E_b[8] - J[8])*epsilon_r+2*PI*r[8]*L/(1 - epsilon_r) = Q_sum(8]
Q_sumi8] = -1%(n_s[5]"Q_wall[5] + n_s[6]Q_wall[6] + n_s[7]*Q_wall[7]) + (-Q_sr[7])

DUPLICATE i =1,7
"conduction”
T_K[i] = T[i] + 273.15
rli] = 0.54 + (i-1)*d_p
Vil = PI((r[i] + r_p)™2 - (r[i] - r_p)"2)*L
n_s[i] = (1 - epsilon_p)*V[i]/V_s
dT_dr[i] = (T[i] - T[i+1])/LN(r[i+1)/r[i])
Call kCond(k_sl[i], d_p, TIi], T_k[i], N_c, phi_c : k_c[i])
Q_c[i] = 2*PI*L*k_c[i]*dT_dr[i]

"short-range radiation"

Call isothermalCorrectionFactor(k_s[i], T_k[i], d_p, epsilon_r : f_Kk][i])

Call kShort(N_c, d_p, A_s, T_K]i], phi_c, A_r, epsilon_r, f_K][i] : k_sr[i])
k_s[i] = 147.096-0.229541*T[i]+0.000206027*T[i]*2-0.000000071529*T[i]"3
Q_st[i] = 2*PI*L*k_sr[i]*dT_dr]i]

"long-range and total"
Q_Ir[i] = n_s[i]*Q_lout][i]
Q_tfi] = Q_cfi] + Q_sr[i] + Q_Ir[i]

END

DUPLICATE k=1,7

Q_tlk] = Q_t[k-1]
END

"Boundary conditions"
T[1] =932

T[7] = 556

"Q_t[7] = 68000"
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7.4. Simulated results

This section lists the results that was not dispiiayithin the report but is included for
further reference.
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Figure 45: Comparison of the HTTU Test 2 (82.7kW)émperature profile and the simulations.
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Figure 46: Comparison of the HTTU Test 2 (20kW) terperature profile and the simulations.
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Figure 47: Comparison of Singh & Kaviany’s (1994) adiation model and the HTTU 82.7kW, Level C,
Test 1 experimental data.
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Figure 48: Comparison of Robold’s (1982) radiatiormodel and the HTTU 82.7kW, Level C, Test 1
experimental data.
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Figure 49: Comparison of Breitbach & Barthels (1989 radiation model and the HTTU 82.7kW, Level C,
Test 1 experimental data.
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Figure 50: Comparison of Breitbach’s (1978) radiatbn model and the HTTU 82.7kW, Level C, Test 1
experimental data.
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Figure 51: Comparison of Vortmeyer’s (1978) radiatbon model and the HTTU 82.7kW, Level C, Test 1
experimental data.
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Figure 52: Comparison of Kasparek & Vortmeyer's (196) radiation model and the HTTU 82.7kW, Level
C, Test 1 experimental data.
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Figure 53: Comparison of Wakao & Kato’s (1968) radation model and the HTTU 82.7kW, Level C, Test
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Figure 54: Comparison of Argo & Smith’s (1953) radation model and the HTTU 82.7kW, Level C, Test 1

experimental data.
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