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Abstract

Abstract

The ability of coated particles of enriched uranium dioxide (UO-) fuel to withstand high temperatures
and contain the fission products in the case of a loss of cooling event is a vital passive safety measure
over traditional nuclear fuel requiring active safety systems to provide cooling. As a possible solution
towards enhancing the safety of light-water reactors (LWRS), it is envisaged that the fuel in the form of
loose-coated particles in a helium atmosphere can be introduced inside Silicon-Carbide nuclear reactor
fuel cladding tubes of the fuel elements. The coated particles in this investigation were treated as a bed
from where heat was transferred to the cladding tube by means of helium gas and the gas movement
was by natural convection. Hence, it is proposed that light-water reactors (LWR) could be made safer

by redesigning the fuel in the fuel assembly (see Fig. 1.3b).

As a first step towards the implementation of this proposal, a proper understanding of the mechanisms
of heat transfer, fluid flow and pressure drop through a packed bed of spheres during natural convection
was of utmost importance. Such an understanding was achieved through a review of existing literature
on porous media. However, most heat transfer correlations and models in heated packed beds are for
forced convectional conditions and as such characterise porous media as a function of Reynolds number
only rather than expressing media heat transfer performance as a function of thermal properties of the
bed in combination with the various components of the overall heat transfer. The media heat transfer
performance considered as a function of thermal properties of the bed in the proposed design is found to

be a more appropriate approach than the media as a function of Reynolds number.

The quest to examine the particle-to-fluid heat transfer characteristics expected in the proposed new fuel
design led to implementing this research work in three phases, namely experimental, theoretical and
numerical simulation. An experimental investigation of fluid-to-particle natural convection heat transfer
characteristics in packed beds heated from below was carried out. Captured data readings from the
experiment were analysed and heat transfer characteristics in the medium evaluated by applying the first
principle heat transfer concept. A basic unit cell (BUC) model was developed for the theoretical
analysis and applied to determine the heat transfer coefficient, h, of the medium. The model adopted a
concept in which a single unit of the packed bed was analysed and taken as representative of the entire
bed; it related the convective heat transfer effect of the flowing fluid with the conduction and radiative
effect at the finite contact spot between adjacent unit cell particles. As a result, the model could account
for the thermophysical properties of sphere particles and the heated gas, the interstitial gas effect, gas
temperature, contact interface between particles, particle size and particle temperature distribution in the
investigated medium. Although the heat transfer phenomenon experienced in the experimental set-up

was a reverse case of the proposed fuel design, the study with the achievement in the validation with the
I
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Abstract

Gunn correlation aided in developing the appropriate theoretical relations required for evaluating the
heat transfer characteristics in the proposed nuclear fuel design.

A slender geometrical model mimicking the proposed nuclear fuel in the cladding was numerically
simulated to investigate the heat transfer characteristics and flow distribution under the natural
convective conditions anticipated in beds of randomly packed spheres (coated fuel particles) using a
commercial code. Random packing of the particles was achieved by discrete element method (DEM)
simulation with the aid of Star CCM+ while particle-to-particle and particle-to-wall contacts were
achieved through the combined use of the commercial code and a SolidWorks CAD package. Surface-
to-surface radiative heat transfer was modelled in the simulation reflecting real-life application. The
numerical results obtained allowed for the determination of parameters such as particle-to-fluid heat
transfer coefficient, Nusselt number, Grashof number and Rayleigh number. These parameters were of

prime importance when analysing the heat transfer performance of a fixed bed reactor.

A comparison of three approaches indicated that the application of the CFD combined with the BUC
model gave a better expression of the heat transfer phenomenon in the medium mimicking the heat

transfer in the new fuel design

Keywords: nuclear fuel; light-water reactor; porous medium; numerical simulation; natural convection
heat transfer
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Introduction

Introduction

1.1 Background

Nuclear reactors are installations that contain and control sustained nuclear chain reactions [1].
There are fundamentally two types of nuclear reactors. These are research reactors, where the
neutrons produced in the fissioning process are the important product, and power reactors,
where the heat released in the fissioning process is the important product. The fuel design of

the latter type is the focus of the study.

Nuclear reactors produce energy through nuclear processes. In the fission reactors, energy is
produced in a controlled way through the splitting of the nucleus of certain fissile elements.
The energy released in this process is harnessed as heat in either gas or water, and is used to
produce steam. The steam is used to drive the power-generating turbines that produce
electricity. Today, there are about 450 nuclear power reactors that are used to generate
electricity in about 30 countries around the world [2]. Nuclear reactors can be classified into
four types: i) light-water reactors (LWR), ii) heavy-water reactors (HWR), iii) graphite-
moderated reactors and iv) fast-breeder reactors. Statistical data from the International Atomic
Energy Agency (IAEA) [3] reveals that there are 359 LWRs in 27 countries generating a total
of 328.4GWe. Of the world nuclear reactors, 80% are light-water reactors. The waste produced
in nuclear power plants, as distinct from other power-generating facilities, is the highly
radioactive materials produced in the fuel elements. These are called the fission products. As in
other industries, the design and operation of nuclear power plants aim to minimise the
likelihood of accidents, and avoid major human consequences when they occur. A central
safety problem in the design of a nuclear plant is to ensure in as much as it is possible or

practicable, that these fission products remain safely confined at all times during the operation
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of the plant, refuelling of the reactor, preparation and shipping of fuel after its use in the reactor

core.

There have been three major reactor accidents in the history of commercial nuclear power,
namely Three Mile Island (TMI-2), Chernobyl and Fukushima. The reactors of the three
accidents were all light-water reactors and one common consequence of these accidents was the
melting of the fission product retention barriers of the fuel. In 1979 at Three Mile Island
nuclear power plant in the USA, a cooling malfunction caused part of the reactor core to melt
down in the Number 2 reactor. On 26 April 1986, at the Chernobyl nuclear power plant
complex during the course of a safety system test being carried out just before a routine
maintenance outage, Chernobyl Number 4 boiling water pressure tube reactor (RBMK-1000
type) was destroyed as result of a power transient caused by violation of operating rules. The
Fukushima Daiichi nuclear disaster was a failure of the emergency core cooling system at the
Fukushima I Nuclear Power Plant on 11 March 2011, resulting in a melting of the cores of
three of the plant's six boiling water reactors [4]. The failure occurred when the plant was hit by
a tsunami triggered by the Tohoku earthquake [5]. The plant began releasing substantial
amounts of radioactive materials beginning on 12 March [5], becoming the largest nuclear
incident since the Chernobyl disaster and the second (after Chernobyl) to measure Level 7 on
the International Nuclear Event Scale (INES).

LWRs will continue to be the predominant type of reactor for some number of years because of
its established and accepted design. Although the generic designs are all accepted by nuclear
safety regulators worldwide, the ongoing objective of reactor designers is to improve the
general safety characteristics. Current LWR designs have been optimised over decades, and the
required improvements cannot be based on mere redesign but will require novel technologies.
Recent developments in high temperature gas-cooled reactors (HTGR) with the pebble bed
modular reactor (PBMR) being an example have been highly evaluated worldwide forming part
of the candidates for the Generation IV reactor systems. With HTGR research and
demonstration reactors now operational in Japan and China, renewed interest in these reactors
is based primarily on the unique properties of the technology to assure retention of radioactive
fission products by the fuel in all postulated event sequences by passive means.

Inherent safety is claimed for HTGR as a result of its design, fuel type and materials used. With

the large number of LWRs in existence around the globe and the constant evolution of the
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design towards safety enhancement, one important focus area for improvement is the high
temperature fission product retention capabilities of the fuel. This study proposes that light-
water reactors (LWR) can be made safer by redesigning the nuclear fuel in the cladding tube of the
fuel assembly by making use of fuel in the form of coated particles [6]. A proper understanding of
the heat transfer phenomena in packed beds of coated particles is therefore essential for successful
redesign of such systems and also for modified reactors applying the HTR particle fuel concept.

1.2 Research Problem Statement

The study investigates the heat transfer characteristics under natural convective heat transfer
conditions in beds of randomly packed spheres (coated fuel particles). The investigation will
help to develop an appropriate model that can suitably be applied to determine the heat transfer

characteristics in the medium of the proposed fuel design.

As part of the Institutional Research Theme on Energy (IRT-E) at the University of Pretoria, a
project was identified with the objective to investigate the use of Silicon Carbide as cladding
material in fuel elements. As an extension of this project, the use of SiC coated uranium
microspheres as the fuel material is investigated from a heat transfer point of view.

1.2.1 Traditional fuel and the proposed fuel design

The fuel cladding tube in LWR is approximately 4 metres long containing many fuel pellets
stacked end-to-end to form a fuel rod. The packing structure of the fuel in the tube as depicted
in Fig.1.1 is considered to be a simple (rod) with gas contained in the annulus between the
pellets and the tube and hence it makes the heat transfer phenomenon in the tube easy and

straightforward to calculate as discussed in Chapter 5.

The concept of the new design proposed in the study (see Fig.1.2) is to redesign the nuclear
fuel in the form of loose coated particles in a helium atmosphere inside the nuclear fuel cladding
tube of the fuel elements (see Fig. 1.3). The coated particle fuel being the heat source forms a bed
in the cladding tube, which is closed at both ends. The heat generated by the fuel particles through
nuclear fission is transferred to the gas filling the space between particles and interstice between
particles and the inside tube walls. The heat transfer from the fuel to the tube is the objective of the

investigation.
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Nuclear fuel

Fuel pellets

Cladding

Figure 1.1 Schematics of traditional fuel in the cladding

By converting the inside of the cladding into a porous medium, it is necessary to evaluate the
heat transfer characteristics inside the medium under natural convective heat transfer
conditions. To do this, there is the need to examine and confirm the suitability of using existing
correlations in determining the heat transfer phenomenon in the medium noting the peculiarity
of the medium. In the past, heat transfer correlations for packed beds have been investigated
but the applicability of these correlations is mostly limited to the particular bed materials used

in developing them. The applicability and accuracy of these correlations are uncertain.

UO, Kernel 0.5mm dia

Porous carbon buffer

—— Helium gas SiC barrier coating

«——— Containment of fuel
assembly

> Water

Coated particle fuel UO;
(microsphere)

SiC (cladding tube)

Figure 1.2 Schematics of proposed coated particle fuel design in a SiC cladding tube
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Fuel Fuel

Assembly Assembly

Figure 1.3 (a) Traditional nuclear fuel assembly  (b) Proposed new nuclear fuel design

An earlier review of most models (some of which are discussed in Chapter 3) used in predicting
heat transfer in packed beds as presented by [7] reveals that many of the models are highly
empirical in nature and applicable under forced convection. It is evident that these correlations
do not account for the thermophysical properties of contacting particles and flowing gas, the
interstitial gas effect, gas temperature, contact interface between particles, particle size and
particle temperature distribution in the medium. This measure is considered vital in heat
transfer phenomenon because they are parameters that define the heat transfer effects in the
system. The developed correlations are based on flow in the medium. This reason and the one
stated earlier annul the suitability of using the developed correlations in the cladding tube.
Review and work done by [8], [9] and [10] reveal an increasing use of theoretical modelling in
predicting the heat transfer in packed beds. Most work done on heat transfer in porous media
summarised by [9], [11] and [12], adopted a microscopic approach considering a finite contact
spot between individual particles in the bed and also relating the convective heat effect of the

flowing fluid (gas) with the conduction effect between adjacent particles at the contact spot.

1.3 Methodology

For adequate investigation of the heat transfer characteristics in the proposed new fuel design, a
theoretical model combining both the use of numerical and analytical methods needs to be
developed. To do this, a test facility was designed and constructed at the University of Pretoria
to investigate the fluid-to-particle natural convection heat transfer characteristics in an enclosed

porous medium. The experimental data obtained from the test carried out was analysed and a

5
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basic unit cell model was developed and applied to process the analysed results with the
objective of determining the heat transfer characteristics in the medium under investigation.

Although the heat transfer phenomenon experienced in the experimental set-up is a reversed
case (i.e. heat being transferred from the hot gas to the colder particles), the knowledge gained
from the investigation will help to establish an appropriate theoretical relation required for
evaluating the heat transfer characteristics in the proposed nuclear fuel design where the fuel
particle is hotter than the gas. Results of heat transfer performance parameters obtained from

the medium investigated were validated with the Gunn correlation.

Numerical simulation of a model mimicking the proposed design was later carried out to
investigate particle-to-fluid heat transfer characteristics and flow distribution under natural
convective conditions anticipated in slender beds of randomly packed heated spheres (coated
fuel particles) using CFD simulations. The numerical results obtained allow estimating useful
parameters such as particle-to-fluid heat transfer coefficient, Nusselt number, Grashof number

and Rayleigh number.

1.4 Contributions of the Study

The contributions of the study to existing knowledge are in three dimensions:

1. The introduction of the elements of passive safety measures utilised in HTR into the

traditional fuel configuration of light-water reactors.

2. Heat transfer characteristics in porous media should not only be associated and resolved
through media flow (transport) because very limited and complex flow recirculation may
exist in some media, which is the case in this study. For adequate evaluation of media heat
transfer characteristics, different models for packed beds with different heat-generating
sources should be developed. The heat transfer experienced at the nominal and regional
contact regions, by convective and radiative (if applicable) effects must be accommodated in

the developed models if heat transfer in packed beds is to be adequately evaluated.

3. The main limitation of heat transfer models in packed beds is the poor knowledge of flow

patterns within them; the use of modelling and simulation tools in the study makes it possible
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to define not only spatial distribution of involved species, but also temperature and velocity
profiles within the bed.

1.5 Proposed Nuclear Fuel Safety Enhancement

Accidents resulting in the release of fission products are principally driven by the degradation
of the barrier due to excessive temperature. Reactors are normally shut down due to rising fuel
temperature but the radioactive fission products keep on generating heat even after shutdown.
This residual heat is called decay heat. In ‘conventional’ reactors, heat is removed by active
cooling systems such as pumps, which rely on the presence of a coolant such as water. Any
such system may fail, and therefore, they are duplicated in conventional reactors to make sure

that there will be support, should the first line of defence fail.

The proposed nuclear fuel design in the cladding is tailored towards the concept of high-
temperature reactor (HTR) nuclear fuel pebbles. HTR particles of enriched uranium dioxide are
coated by three layers: pyrolytic carbon, silicon carbide and pyrolytic carbon (to make them
safer). These three layers are to protect the fuel itself in case of a complete loss of cooling [13].
The safety advantage of this proposed fuel design is that it utilises the elements of passive
safety to improve the high temperature resistance of LWR fuel. The internationally agreed main

safety function to be provided in the design of reactors is as follows [14]:

1. to control the heat production in the fuel by limiting decay heat levels and excessive
reactivity excursions;

2. to ensure sufficient heat removal capability (including the options of doing this by passive
means, so that the fuel will not exceed the specified limit);

3. to contain the radioactivity from being released to the environment.

The proposed fuel design will enhance the capability of the fuel to withstand high temperature
degradation of the containment of the fission products, and thereby, contribute to the last two

requirements above.

1.6 Publications

Four conference papers from the study have been presented in Europe, the USA and Canada.

Three journal articles produced from this work have been submitted to nuclear engineering

7
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journals, two have been published and the third is at the revised stage. The titles of the journal

and conference papers are as follows:

1.6.1 Journal papers

1.

0.0. Noah, J.F. Slabber, J.P. Meyer, Numerical simulation of natural convection heat
transfer and transport in an enclosed slender tube geometrical model containing heated
microspheres. Lead-way toward new nuclear fuel design. Nucl. Eng. Des. NED-D-15-
00603R, 2016. (Revised Manuscript submitted on April 29, 2016).

0.0. Noah, J.F. Slabber, J.P. Meyer, Modelling a porous region for natural convection heat
transfer and experimental validation in slender cylindrical geometries. Journal of Nuclear
Technology, 193(3), 375-390, 2016.

0.0. Noah, J.F. Slabber, J.P. Meyer, Investigation of natural convection heat transfer
phenomena in packed beds: Lead-way toward new nuclear fuel design. ASME J. Nuclear
Engineering and Radiation Science, 1(4), 2015, 041014-12.

1.6.2 Conference papers

1.

0.0. Noah, J.F. Slabber, J.P. Meyer, Numerical simulation of natural convection heat
transfer and transport in packed beds: Mimicking a proposed new nuclear fuel design.
Proceedings of the 2016 24th International Conference on Nuclear Engineering
(ICONE24), Charlotte, North Carolina, USA, June 26-30, 2016.

0.0. Noah, J.F. Slabber, J.P. Meyer, Natural convection heat transfer phenomena in
packed bed systems. Proceedings of ASME International Mechanical Engineering

Congress & Exposition, Montreal, Canada, November 14-20, 2014.

0.0. Noah, J.F. Slabber, J.P. Meyer, CFD simulation of natural convection heat transfer
from heated microspheres and bottom plate in packed beds contained in slender cylindrical
geometries. Proceedings of the 6th International Conference on Application of Porous
Media (InterPore), Milwaukee, U.S.A., May 27-30, 2014.
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4. 0.0. Noah, J.F. Slabber, J.P. Meyer, Experimental evaluation of natural convection heat
transfer in packed beds contained in slender cylindrical geometries. Proceedings of the 5%
International Conference on Applications of Porous Media (InterPore), Cluj-Napoca,
Romania, August 25-28, 2013, p. 301-316.

1.7 Chapter Outline

Chapter 2 presents a background to the open literature regarding packing structures
highlighting near-wall and bulk region radial porosity effects in cylindrical and annular packed
beds. Chapter 3 discusses the literature regarding heat transfer and transport through mono-
sized randomly packed spheres. Chapter 4 examines the experimental test facility set-up, the
use of the data acquisition system in capturing experimental data readings and the experimental
evaluation of heat transfer characteristics in the investigating medium. Chapter 5 demonstrates
the development of the basic unit cell model and its application to determine the heat transfer
characteristics of the medium investigated. The use of the model in this chapter coupled with
the knowledge gained from the experimental investigation has greatly aided in establishing a
mathematical relation for determining the heat transfer performance in the proposed medium. A
numerical simulation mimicking the medium of the proposed nuclear fuel design is carried out
in Chapter 6. Conclusions and recommendations on the work done and on the proposed design
are covered in Chapter 7.
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2.1 Introduction

The design of high-temperature reactors (HTR) containing spherical fuel elements in the core
such as the PBMR requires a thorough knowledge of the mechanisms of heat and mass transfer
between the fuel pebbles and the helium coolant as well as the pressure drop of the flowing
fluid through the core [15]. This customarily depends on the porous structure present in the
packed bed. Most of the difficulties encountered in predicting the effective thermal
conductivity have been attributed to the modelling of the microstructure in a porous matrix [16]
hence thorough understanding of the structural arrangement in randomly packed beds of
spherical fuel particles is crucial before any rigorous heat transfer analysis can be attempted.
Realising the importance of the structural arrangement in randomly packed beds, this chapter

will therefore focus on the various methods of analysing the porous structure in packed beds.

2.2 Analysis of Packing Regions

In the study, two packing regions are identified in the experimental set-up consisting of
randomly packed uniform particles contained in a cylindrical cavity. The bulk region is the
homogeneous section of the bed. The near-wall region is a significantly close vicinity to the
solid walls surrounding the particles and is considered to have a local effect on the flow and
heat transfer phenomena as noted by several investigators [17]. The porous structure varies
sharply near any wall, as the geometry of the packing is disrupted in this region. This wall
effect is composed of two separate components, namely the effect of the side wall (radial
direction) and the effect of the top-bottom wall (axial direction), referred to by [18] as the
thickness effect. The near-wall region is defined in the study as 0 < z < 0.4 (see Fig. 2.1),

where z is the number of particle diameters away from the wall.
10
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0<z<04 —» <*+—
Near-wall region

Figure 2.1 Packing regions defined in the study

2.2.1 Porosity

Porosity, €, also known as voidage or void fraction, is defined as the ratio of the void volume
through which a fluid can pass relative to the total volume, which includes the volume of the
obstruction in the flow path. It is also defined as one minus the packing density C (solid

fraction) and is the most basic parameter for characterising the microstructure in a porous

matrix.
— Vvoid -1 — Vsolid (2.161)
VTotal VTotal
e=1-C (2.1b)

where Veorar = Vsotia + Vioia

Total volume fraction: Solid fraction + VVoid fraction =1

A number of experimental [19], [20], [21], [22] and theoretical [23], [24] investigations
confirm that the porosity in beds of randomly packed uniform spheres varies from the limit of
1.0 at the containing walls, to the average bulk porosity of approximately 0.4 in the
homogeneous section of the bed. A homogeneous porosity model is accurate as long as the
diameter of the bed is larger than the diameter of the particle [25]. The wall effect is caused by
the particles’ point of contact with the wall. The transition in the wall porosity towards the
constant inner-bed porosity varies. A higher porosity promotes flow along the walls but a

higher surface area per unit volume hinders it. Shown in Fig. 2.2 is the measured of radial void

11
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fraction distribution [19] for packed beds of uniform spheres contained by a solid wall and the
exponential correlation of [20]. The porosity profile displays the form of a damped oscillation
around the mean value. The oscillation period is approximately slightly less than one particle
diameter. These oscillations are measurable for four to five particle diameters from the wall
with the minimum porosity occurring at a distance of half sphere diameter from the solid wall.
The number of particles, the packed height and cylinder diameter determine the overall porosity
in the cylindrical container. The porosity used in the study is defined on this basis because of its
slender cylindrical geometry. Pressure drop through a porous medium highly depends on the
porosity, €. The heat transfer coefficient tends to depend more on the specific surface area, Sp,

expressed by Eq. (2.2) [11]:

(2.2)

Benenati & Brosilos  [19] ——

Hunt & Tien [20] .oveeeee 1

Radial Porosity

01 I 1 1 L
) 1 2 3 4 5

Sphere diameter d,from inner wall

Figure 2.2 Local and average area void fraction [20]

A good overview of the experimental methods used by various researchers to evaluate the
radial voidage variation of packed beds in the bulk and near-wall region is given in [26], [27].
Correlations used to predict the variation in porosity can be classified into two categories: those
that attempt to describe the oscillatory behaviour of the variation in the porosity and those that

attempt to describe the variation of the averaged porosity using an exponential expression [28].

12
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An overview is given in Table 2.1, summarising the correlations found in literature to describe

the oscillatory behaviour of the variation in porosity.

Table 2.1: Summary of oscillatory porosity correlations in the radial direction

RESEARCHERS CORRELATIONS PARAMETERS
x=22"-1
P
£(x) 0.816 D/d, = oo
Martin, 1978 Emin + (1 + &min)x?, -1<x<0 ~ 10876 D/d, =203
= /s
gy + (ein — €p)e " *cos (—x), x=0
C Emin = 0.245, Bulk porosity (g,) = 0.385
1-¢(2) 7,
5|z —= <o.
1-e, 45[2 92] z<0.25 Lo BT
dp
e(z)—-1
Cohen & Metzer, i ) = a,e("%2 cos[azz — a,lm 0.25 a; = 0.3463, a, = 0.4273
1981 b
<z<8
az = 24509, a, =2.2011
£(2) = g 8<z<
Ridgeway & For 0<z<0.6
r—R; Ro+R;
z=—", Rj<r<—=>—
Tarbuck, 1968 e(z) = 1 —3.10036z + 3.7024322 — 1.246122° 4y
Ro—T  Ro+R;
For 0.6 <z < (R, — R;)/2d Z==" =5, STsSR
Kamiuto et al., 2= (Ro =~ R)/2d, e 2
1989 £(z) = —0.1865exp(0.22z%>) cos(7.66z,,) + &, | zm =2z—0.6
315
o {7.45 ~ /e, 202<D/dp <130
- 11.25
745 -2, 1302 D/d,
Mueller, 1992 r r
e =g+ 0 -5, [ad—] X exp (—bd—)
P P _ 0728 _ 0.22
b = 0.315 —D/dp’ &, = 0.365+ —D/dp
e(x) =2.14x%> - 253z +1 z < 0.637 7 = T;Ri' R <r< ROZRL’
p
De Klerk, 2003 e(z) = &, + 0.29exp(—0.62) x [cos(2.3n(z — Rt Rem g
0.16))] + 0.15exp(0.92) dp ' -
z > 0.637

In the case of [29] correlation, there are various variations and empirical constants for which
appropriate values are required. However, [30] demonstrates that the Bessel function of the first

kind J, does not provide an accurate representation of the void fraction in the near-wall region
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between 0 < z < 0.5. An overview is given in Table 2.2, summarising the correlations found in
literature to describe the exponential behaviour in porosity. After careful examination, [28]
found that the correlation of [20] gave the best representation of the averaged variation of

porosity in the radial direction.

Table 2.2: Summary of exponential porosity correlations in the radial direction
RESEARCHERS CORRELATION

Ry + R;

e(r) = ¢, [1 + Cexp {—N T;R"}], R, <r<
P

Vortmeyer &
Schuster, 1983

e(r) = g, [1 + Cexp {—N RZ_T}], # <r<R,
p

PARAMETER

N ZCEOdp[l —exp(—N (R, — Ri)/de)]
Sodre & Parise, - (E— &)(R, — R)
1998

d
§=03517 + 0387 ——>—
2(R, — R)

CORRELATION

er)y= |1+ {1 ;bgb}\jl—exp{—Zr; Ri}

-1

P

Ry + R
White & Tien, for R, <r< -

1987
) = 1+{1—eb} 1 2Ro—r
e(r) = Z exp a

Ry + R;
for %Srﬁ R;

14

© University of Pretoria



2

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

YUNIBESITHI YA PRETORIA
A 4

Porous Structure

HTTU numerical data, Du Toit (2008)
-~Vortmever & Schuster (1983)
Cheng & Hsu (1986)
==-Sodre & Parise (1998)
--Hunt & Tien (1990)
-+White & Tien (1987)

Radial porosity
[22]

0.5
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03| | | W/ ‘|‘ [
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Sphere diameter from inner wall

Figure 2.3 Comparison between radial exponential porosity correlations [28]

2.2.2 Coordination Number

The points of contact between a given sphere and adjacent spheres (and in some cases the
angular distribution of these points) must be determined. For regular packings, the number of
such points, called the coordination number, which is also known as the kissing number, is
indicative of the packing characteristics at a location; simple cubic, orthorhombic (body-
centred cubic), tetragonal-spherominal and rhombohedral (face-centred cubic) packings have
six, eight, ten and twelve contact points respectively. Determining the coordination number is
very useful for modelling transport phenomena through packed beds as noted by [31].
Experimental studies were conducted by [31] to determine the coordination number for 6.35
mm uniform-sized spheres, concluding that the average coordination number is approximately

eight for a randomly packed bed with an average porosity of 0.39.

The frequency distribution of the number of contact points, Ni/N, in most cases referred to as
the average coordination number, N.., where Ni is the number of samples that have the number
of contact points i and N is the total number of samples, is measured and given by [32].
Various researchers, such as [33], [34], [35], have endeavoured to derive correlations that can
predict the average coordination number for a given porosity in the bulk region of a randomly

packed bed. A summary of all these empirical correlations is presented by [36]. A revised
15
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summary of these correlations is given in Table 2.3. There are significant differences when
these correlations are plotted against one another as displayed in Fig. 2.4.

Table 2.3: Equations for relation between average coordination number and porosity [10]

RESEARCHERS

CORRELATION

VALIDITY

Rumpf, 1958

N. = 31/¢

(02595 < e < 1)

Meissner et al., 1964

N = 2024018

(02595 < e < 1)

Ridgeway & Tarbuck,
1967

e =1.072 — 0.1193N, + 0.00431N,”

(02595 < £ < 1)

Haughey & Beveridge, | 7 _ 55 47 — 39.39¢ (¢ < 0.5)
1969

N, =1.61e7148 (e <0.82)
Nakagaki & Sunada,
1968 —

N, =428 x10737173 4 2 (e < 0.82)
Smith et al., 1929 N.=2649-10.73/(1 —¢) (¢ < 0.595)

Gotoh, 1978

N.=20.7(1 — &) —4.35

N.=36(1-¢)/n

(03 < &< 053)

(e > 0.53)

Suzuki et al., 1981

= (1-g)~1/3
N.=2.812
¢ (b/dp)”[1+ (b/dp)°]
where
b 2
1+ (5
(1—e) 13 = (dp>

e el

b/d, = (7.318 x 1073 4 2.19¢ — 3.357¢? + 3.194¢7)

(02595 <& < 1)

Yang et al., 2000

¥ =202 1+ 87.38(1 — &)*
€T T 14258(1— )t

(039<e<1)

Zhang et al., 2001

= 1
N.=
€ 0.183 — 659.248(1 — £)20:961

(0.37 < & < 0.45)

Du Toit, 2008

N, = 25.952¢3 — 62.364&% + 39.724¢? — 2.0233

(0.2398 < £ < 0.54)
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Figure 2.4 Comparison between various coordination number models (see Table 2.3) [28]

One aspect to be noted is that the empirical correlations shown in Table 2.3 are not valid in the
near-wall region of a randomly packed bed, although several boundary conditions clearly state
its validity up to a porosity of one. The main focus of the researchers was to quantify the bulk
region of a packed bed, and therefore, the correlations presented in Table 2.3 are valid up to

higher porosities in the bulk region for different types of packings.

2.2.3 Coordination Flux Number

An important aspect that is not widely recognised in heat transfer calculations is the actual
number of spheres in contact with the sphere under consideration contributing to heat transfer
in a certain direction. The parameter, n, is hereafter referred to as the coordination flux number.
In an endeavour to define this value, n, in a randomly packed bed, [37] argues that for a basic
loose packing, the value of n should be n = 1.5 and for a more dense close packing, the value of
n should be 4v3 for a porosity range of 0.260 < ¢ < 0.476. By using contact angles and
counting the number of positive and negative contact angles respectively for the particle under
consideration, [10] found that approximating the coordination flux number asn = N,/2 would

give adequate values for n. The introduction of this concept is aimed at determining a more
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accurate number of spheres in contact with the particle test sample (sphere under consideration)
to attain a precise conservative heat transfer balance in packed beds.

2.3 Structured (Ordered) Packing

In the open literature, such as presented in [38], ordered packing structures are classified into
three different arrangements. These are simple cubic packing (SC), body-centred cubic packing
(BCC) and face-centred cubic packing (FCC). Various researchers such as [36] noted that the
densest packing arrangement is FCC packing. Table 2.4, Fig. 2.5 and Fig. 2.6 present some
important specifications on the various structural arrangements. These structured packing
arrangements were used by [39] and [38] to quantify the porous structure in a randomly packed
bed for calculating effective thermal conductivity. They argue that if the porosity, ¢, in a
randomly packed bed is within a certain porosity range, the porous structure will be analogous

to that of a specific ordered packing structure.

Table 2.4: Comparison of coordination number and porosity with different arrangements [31]

TYPE OF PACKING POROSITY COORDINATION COORDINATION
ARRANGEMENT NUMBER FLUX NUMBER
SC array 0.476 6 1
BCC array 0.32 8 4
FCC array 0.2595 12 4

2r % %
v v
(a) Simple cubic (b) Body-centred cubic (c) Face-centred cubic

Figure 2.5 Ordered packing structures [31]
18
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(a) Simple cubic (b) Body-centred cubic (c) Face-centred cubic
structure unit cell structure

Figure 2.6 Ordered packing structures [40] and [41]

2.4 Limitations on Defining Packing Structures with Porosity Only

In most existing effective thermal conductivity models, the porous structure is commonly
quantified using porosity alone. Employing only porosity to quantify the porous structure in the
effective thermal conductivity calculations is usually valid on condition that the model is used
within specified porosity bounds. The most common simplification associated with these
models is to assume some form of ordered packing such as SC, BCC and FCC in order to
quantify the porous structure in the bulk and near-wall regions of a randomly packed bed.
When considering an ordered packing in the bulk region of a randomly packed bed, it can be
presumed that the porous structure is close to SC or BCC with the porosity approaching
quantities displayed in Table 2.4. However, the average coordination number of these ordered
packings is N, = 6 for SC and N, = 8 for BCC, while in the randomly packed bed used as the
basis for the study it is found to be N, = 5.6 from the graph of [36] in Fig. 2.4. This
comparison clearly demonstrates that the SC-ordered packing is the best option to use.
However, if one considers the coordination flux number, the magnitude for the SC-ordered
packing is n = 1, while for a randomly packed bed in the bulk region, it is actually found to be
n = N,/2 = 2.8. This clearly indicates a significant difference when used in heat transfer
calculations. When comparing the near-wall region in a randomly packed bed with a FCC-
ordered packing with a porosity of ¢ = 0.2595, important differences are also found. In the
numerical porosity calculations for a randomly packed bed presented by [28], it is shown that
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the porosity at 0.5d, away from the wall is e = 0.2398, which is very close to that of the FCC-
ordered packing. However, there is a significant difference between the calculated coordination
number in a randomly packed bed of N, = +4.35 and that of the FCC-ordered packing at N¢ =

12. Therefore, defining a porous structure using porosity alone is not sufficient.

2.5 Conclusion

The structure of a randomly packed bed of spherical fuel particles can be quantified with
various methods and tools. In previous work, it was found that the most widely used parameter
to quantify the porous structure was porosity. Experimental and numerical procedures were
developed and used by [28] to compare porosity variation in the radial and axial directions of a
randomly packed bed. It was further found that the coordination number could quantify the
porous structure to some extent. The limitations on using porosity as the main parameter to

quantify porous structure were also indicated.
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Convective Heat Transfer in Packed Beds

3.1 Introduction

Convective heat transfer in porous media arising in various engineering problems are
sometimes induced by a) central internal heat generation [42] as in the SANA test facility, b)
heat-generating TRISO particle fuels as in [43] high-temperature reactor (HTR), c) the Horton-
Rogers-Lapwood problem heating from below [44], d) heating from the top wall, e) enclosures
heated from the side walls. Experimental investigation by various researchers on natural
convection in saturated porous medium [45] started with the stability theory applied to an
infinite horizontal layer heated from below [44, 46]. Heat transfer in porous media most of the
time is a complex issue due to the different parameters involved in the media, such as the bed

materials, heat transfer mechanisms, packing structure and heat source (see Fig. 3.1).

Force/Load 4

Conduction through
solid material

Conduction through
contact area

Conduction through
stagnant gas phase

Thermal radiation

Container wall

Figure 3.1 Heat transfer mechanisms through a packed bed
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A number of researchers in literature have investigated heat transfer phenomena in different
porous media using their own concept or ideology and this has resulted in the development of a
number of correlations, mathematical formulae and models in characterising the media. This
chapter examines the work done by some researchers from their investigations of the heat

transfer effects in different porous media.

3.2 Well-known correlations

Correlations commonly employed in literature to characterise the heat transfer in packed beds
are those developed by Wakao [47], Gunn [48], Gnielinski [49], German Nuclear Safety
Standards Commission [50], Achenbach [51], Dixon [52], Churchill and Chu [53]. A heat
transfer correlation for forced convection through pebble beds was proposed by [47] from the
study conducted on published heat transfer data by various authors, the experimental set-up for
this data was obtained from different geometries and the accuracy of the correlation is
uncertain.

The correlation of Gunn [48] for buoyancy-driven flow holds for a porosity range of 0.35 <

€ < 1.0, and correlates experimental data for a Reynolds number range of 0 < Req, < 10°.
The correlation of Gnielinski [49] is valid for a Reynolds number in the range 500 < Req, <

103 and a porosity range 0.26 < & < 1.0. The KTA correlation is only valid for gas-cooled
reactor (Pr = 0.7) with Re ranging from 100 to 10° 0.36 <& < 0.42, D/d, = 20 and
h/d, = 4. Achenbach correlated convective heat transfer for a Re > 1 and a porosity ¢ of
0.387. Correlation by Dixon in heterogeneous medium holds for a Reynolds number range
from 300 < Redp < 3000.

Table 3.1 Correlations for the determination of heat transfer in packed beds

Author Correlation Type Re Geometry
Wakao et al 1 Heterogeneous Cylindrical
" | Nuyax = 2 + 1.1Pr3Re%6 particle-to-fluid 15 < Re < 850 y
1978 bed
model
Nug = (7 —10e + 5¢2) (1 + 0.7Re%?Pr*) + Cylindrical
p dp
Gunn (1978) Homogeneous 0 <Re<10° bed
(1.33—2.4¢+ 1.252)Re3'p7Pr1/3
Gnielinsk, Nug, = fi[2 + [Nud,, + N2 500 < Re < 103
1981 Ugn = fs Uiam Uturp s Res
Dixon -1 1 Heterogeneous
Nup = 0.523(1 - (D/d Pr3Re0-738 300 < Re <3000
(1997) o (1- (0/d,)™) Prires wall-fluid model
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Table 3.1 (Continued)

Heterogeneous B
Achenbach Nu = [(1.18Re0%8)* + (0.23Rel75)*]s particle-to-fluid 1<Re <105 | CVlindrical
(1995) bed
model
_ Nu— 24 0.600Ray*
Churchill- u= 059716 2/9 Heterogeneous Ragy < 101
Chu (1975) 1+ (W)
ri/3 1/2 Cylindrical
PBMR KTA | Nugry = 1.27 —55-Re®* + 0.033—5-Re®* | Homogeneous 100 < Re < 10°
(1983) £ £ bed

3.3 Solid and Fluid Heat Transfer Models

Some existing models accounting for the description of heat transfer performance in porous

media at low and high temperatures are discussed in this section.

Model 1: Balakrishnan and Pei, 1979 [7]

Balakrishnan and Pei studied analytically the conduction mode of heat transfer in packed beds
subject to flowing gases [7]. The analysis of [7] was based on the more realistic assumption of
a finite contact spot between the spheres in the bed, the dimensions of which may be obtained
from the Hertzian elasticity theory. Moreover, the convective effects of the flowing gas were
also incorporated into the analysis of [7] as boundary conditions. The effect of parameters such
as contact spot dimensions, packing geometry, Biot modulus (convective effects) and radiation

on the conduction mode was examined by [7].

A single sphere in Fig. 3.2 of radius r; = a between two planes A and B was considered by [7],
where A is at a higher temperature than B. Gas, at a bulk temperature of t;, flows past the
sphere and heat is transferred by conduction through the sphere between the two planes and by
convection between the sphere and the gas that surrounds the sphere [7]. The heat flux from
Plane A to the sphere is g, and a heat flux of g, leaves the sphere into Plane B [7]. The
convective flux from the sphere to the gas stream is equal to hsp(t - tf), where hg is the
convective heat transfer coefficient [7]. There is a finite contact spot between the spheres and
each of the other two spheres at Planes A and B respectively, and the contact radius is given by
the Hertz relation [7] in Eq. (3.1).
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31-—v? 13
T, = IZ A .a (3.1)
where radius of sphere a = r;
By definition, the thermal resistance of the sphere is given by Eq. (3.2) [7]:
T(a,0) — T(a,m)
= 3.2
Cdl CIO _|2_ CI1 T[T_CZ ( )

The resistance of a cubical volume of Side 2a, just enclosing one of the spheres in the bed, is
also R_41 (This is because the only solid phase in the cube through which conduction can take

place is the sphere) [7]. The effective thermal conductivity of the bed, k., can therefore be

defined by a heat balance on the cube (the cube being a part of the bed has the same k. ¢f) [7].

= be face] = = ke (4005 (33
R eff-larea of cube face “Theight of cube] e (4a°). 0 (3.3)
1
where keff = m

Therefore, the conduction heat transfer per layer of spheres in the bed is [7]:

keff 1
heg = = 3.4
@7 2a ~ Rp4a? 34
The corresponding Nusselt number gives:
hcd- 2a keff
‘ ky ky
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The conduction heat transfer coefficient obtained by Eq. (3.4) is used in obtaining the total heat
transfer in packed beds subject to gas flow [7] as analysed below. The validity of the analysis
can be confirmed by comparing the total heat transfer thus obtained with experimental data on
the total heat transfer of packed beds subject to flowing gas [7].
Total heat transfer = axial conduction with convective effects + convection from bed to fluid
+ radiation between bed particles (3.6)

To obtain the total heat transfer coefficient, h;, care should be taken that the contributing heat
transfer coefficients are based on the same area and temperature difference [7]. Consider Fig.
3.3, the area for axial heat transfer by conduction is the area of the face of a cube just enclosing
the sphere of radius a, i.e. 4a? (this is the cross-sectional area of the bed per sphere). The
temperature driving potential is AT, which is the temperature difference between Plane A and
Plane B, the faces of the cube perpendicular to the direction of heat flow. For the convective
mode, the area for heat transfer is the area of the sphere, 4ma?, and the temperature driving
force, T, the average temperature difference between the surface of the sphere and the fluid [7].
The total heat transfer coefficient h;, is defined on the same basis as hg, [7], and therefore,
from Eq. (3.6):

he(4ma?)(T) = hycq(4a®)(AT) + hsp(4ma®)(T) (3.7)

To evaluate the total heat transfer, Eq. (3.7) is rewritten as:

S (3.8)
t — rea T ‘1 fp )
Conductinfunth mm sective effect)
[ Tt Ty Rﬂl:ﬁﬂ?.ﬂ"l
g
Plane A

:@E’ﬁ/m_»ﬁﬂm ()
. “"\\B/f v

Flane &

Fluid of

- e .

Figure 3.3 Model [7]
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h,.q, is defined as the heat transfer coefficient representing both conduction and radiation [7],

it is derived and expressed by Eq. (3.9):

T
hrca = hea + hy (Z) (3.9
, 0227 73/21( 210
r 2 100 ] m=s ( . )
e—0.264

Req = r_ 1 (3.11)

cd RCdi Asi '
where i = 1 or 2 for simple cubic or body-centred cubic geometries respectively. The

convective heat transfer coefficient, h¢;,, obtained by empirical correlation [54] is expressed in
Eg. (3.12):

k
hp = 0.016 [ﬁ] .[A7,,19%5 (Rep)°S (3.12)
where Arm is the modified Archimedes number. The total heat transfer coefficient, h;, is then
compared with the literature values (see Fig. 3.4) in its dimensionless form as:

h:.2a
ke

Nu, = (3.13)
In summary, the proposed model is valid under the following conditions [7]: (a) Conduction
takes place in the axial direction only. (b) Radiation is restricted to transfer between the bed
spheres only. (c) The bed materials are uniform spheres and are perfectly elastic so that the
Hertz theory can be used to obtain the contact spot dimensions (to evaluate h.;) [7]. This
obviously excludes the case where 2a/D; is large [7]. (d) Values for the convective heat

transfer coefficients are available. (¢) Adiabatic wall conditions apply.

Fig. 3.4 shows a plot of Nu, vs Re,. The figure shows the data points of two other studies and
the solid lines represent the predictions obtained using the present model of the author.
Predicted values based on both the simple cubic and body-centred cubic geometries are shown
and it may be noticed that the simple cubic model tends to underestimate and the body-centred
cubic to overestimate the total Nusselt number. That is, the actual heat transfer rates are

between these two regular packing geometry cases.
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W0

Nu,

wi

o Lindauer

o De Acetis & Thodos

— Balakrishnan & Pei

i = 1: Simple cubic

i = 2: Body-centred cubic

Lt o] W0 WoLD

Figure 3.4 Comparison of model with literature data [7]

Model 2: Souad Messai et al. (2014) [56]

Souad Messai et al. carried out an experimental study to investigate and evaluate the
convective heat transfer coefficient in a cylindrical packed bed of spherical porous alumina
particles [56]. The task consisted of proposing a semi-empirical model to avoid excessive
instrumentation and time consumption [56]. The measurement of the bed temperature in
addition to making simple energy balances led to calculation of the gas-to-particle heat transfer
coefficient using a logarithmic mean temperature difference method. These experiments were
performed at atmospheric pressure. The operating fluid was humid air. The gas velocity and
temperature ranged from 1.7-3 m/s and 120-158 °C respectively. The data obtained was
compared with the correlations reported in the literature. It was shown that the proposed model
was in reasonable agreement with the correlation of [55]. Despite many proposed researches on
experimental investigations of heat transfer coefficients in packed beds at low and average
temperatures, few studies have presented a calculation of convective heat transfer coefficients
at high temperature (above 120 °C) [56]. A possible application of the proposed model is
drying and combustion.

Major correlations proposed in the literature are a function of the dimensionless number,
nevertheless, the heat transfer coefficient is shown to be affected by other parameters such as
particles and bed characteristics and boundary conditions. Therefore, the application of a

general correlation for packed beds is not possible. Moreover, the usual studies are at low and
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average temperatures. Therefore, this research attempts to quantify the heat transfer coefficient
based on experimental temperature data associated with simple energy balances at high

temperature and low Reynolds numbers.

Experimental set-up

The experimental device consisted of a thermally isolated cell containing the experimental
packed bed, a steam generator, a hot gas heating system, a closed loop for the circulation of
humid air (Pv = 0.6 bar), a data acquisition and control unit [56]. A schematic diagram is shown
in Fig. 3.5. The circulation of humid air was ensured by a fan. Gas flow rate and velocity in the
cell were controlled by adjusting the speed of the fan. A control system allowed setting the gas
temperature and vapour pressure. Water vapour was generated continuously in the steam
generator and injected into the closed loop through a control valve. The pressure was
maintained slightly above atmospheric pressure using a pressure control valve. The cell was an
opaque aluminium cylinder. The inside diameter and the length of the cell were approximately

0.18 and 0.32 m respectively.

2
(2) )

)
et g gl
e .
et 2(6)
e e
< e ?: (V3)
. .
(5)
H He
I balance I
(1) : steam generator (4): convective cell
(2) : pressure control valve (5): fan
(3) : steam flowrate valve (6): hot gas heating system

Figure 3.5 Experimental device [56]

Humid air flowed through the cell containing the packed bed of alumina particles. At the inlet
of the cell, a grid ensured a good distribution of humid air. Thermocouples of K-type were
placed at different positions in the bed to measure the temperature of the alumina beads [56].

28

© University of Pretoria



2

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

YUNIBESITHI YA PRETORIA
9

Convective Heat Transfer in Packed Beds

During the packing of the bed in the experimental cell, thermocouples were introduced into the
bed at the particle surface in different axial positions. Meanwhile, the experimental equipment
was heated to a desired experimental temperature and the steam generator was activated.
Steady-state conditions were reached. Then the experimental cell was inserted. The data
acquisition system was started immediately after closing the cell door, with continuous
measurement of the alumina temperatures at different depths in the bed. The experiment was

ended when the alumina particle temperature approached the gas temperature.

Gas-to-particle heat transfer performance

The temperature of the particle surface that is necessary to quantify the heat transfer can be
conveniently described in terms of the gas-to-particle heat transfer coefficient [56]. Based on
experimental temperature measurements obtained in this work, a simple model was developed
considering a steady-state energy balance and assuming the following [56]: i) that the granular
medium was homogeneous and isotropic, ii) that the bed porosity was uniform, iii) that the
operation was adiabatic, iv) that the bed was considered as a two-phase mixture (solid and gas)
[55]. The packed bed was a discontinuous granular medium made of spherical porous particles
(solid phase) crossed by humid air (gas phase). Energy balances were made in a bed portion

whose height and cross-section were respectively dz and So as shown in Fig. 3.6.

gas (humid air)

’

Figure 3.6 Packed bed section
The solid phase internal energy (U) is related to the evaporation rate, m, and the gas
temperature through applying the conservation of energy [56] in both regions:

aUs _ hC dng 3.14
dc . re g, Y (3.14)
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where C, 4, and Ty are the gas specific heat and gas temperature respectively.

For the gas phase, the energy balance is:

. dT, ds,
MGy —= = h(Ty — Ty) — (3.15)

h is the gas-to-particle heat transfer and S, is the total surface area of the particles.

For spherical particles:

6(1—¢)S
S, = 6@ ~ )0z (3.16)
dp
¢ is the porosity and d,, is the particle diameter. By replacing Eq. (3.14) by Eqg. (3.15):
dU; ds,
T —h(T, — Tg)Edz (3.17)
Integrating results:
T, —T, h(1 —¢&)SyH
In |2 gl _ _h=&)SH (3.18)
Tyo — Ty MCyd,

Tyo, M, H and C, are initial bed temperature, bed weight, bed height and solid specific heat
respectively. This equation indicates that a plot of the logarithmic temperature
In((Ty — T,;)/(Tpo — T,)) Vversus time should present a straight line with a slope equal to
h(1—€)SoH/MCysd, [56]. The value of h is obtained from the slope. Fig. 3.7 shows an
example of the logarithmic temperature differences versus time for different values of gas
velocity. As expected, a family of straight lines is produced. The determination of slopes of
these lines leads to the measured heat transfer coefficient, and consequently, the experimental
Nusselt number. Fig. 3.8 illustrates the relation between Nusselt and Reynolds numbers for the
model developed in the study compared with correlations reported in the literature for a packed
bed of spherical porous alumina particles [47, 57 and 58]. It can be seen that a general
correlation relating Nusselt number with Reynolds number for different materials with a wide
range of physical and transport properties is not possible [56]. This can generally be observed
in the literature where the correlation for the heat transfer coefficient of one author working
with one material is often at variance with that of another author working with some other
materials. In fact, the heat transfer coefficient depends both on the thermal properties of the bed

and on the flux rate.
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Figure 3.7 Straight lines obtained from Eqg. (3.18) [56]
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Figure 3.8 Nusselt versus Reynolds numbers and compared with other works [56]

However, most experimental correlations express it as a function of the Reynolds number.

Therefore, the applicability of these correlations is also limited to the particular bed materials

used in developing them. Moreover, the thermal properties of the walls (adiabatic or heated)

have a significant effect on the conduction mode, and therefore, studies using similar
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experimental techniques but different bed materials can also be expected to yield different
correlations relating the heat transfer coefficient to Reynolds numbers. A discrepancy of wall
heat transfer coefficient values showed by [59] is caused by the non-uniform distribution of gas
velocity, gas thermal conductivity, axial distribution of heat and errors in measurement. The
correlations of Nusselt number used to validate the study give a Re — 0 asymptote of Nusselt
equal to 2, which is reasonable for spherical particles. At low Reynolds number, the interfacial
convection heat transfer is insignificant compared with other terms in the energy equation, and
therefore, the suggested Re — 0 asymptote cannot be experimentally verified [11]. As
explained above, there are discrepancies in the Nusselt number. This may also be due to some
differences in experimental conditions (particle characteristics, height and diameter of the
packed bed, boundary conditions). These discrepancies can also be attributed to the position of

the thermocouples and errors in the measurement [60-61].

Model 3: Jafarpur and Yovanovich, 1992 [62]

Jafarpur and Yovanovich developed a simple approximate analytical method based on a
linearisation of the energy equation for the area mean Nusselt number for free convection heat
transfer from isothermal spheres for the range of Rayleigh numbers 0 < Ra < 108 and all
Prandtl numbers [62]. In the process of linearisation, the energy equation is reduced to the form
of the transient heat conduction equation for which the solution exists. Comparison of the final
correlation of Nu against Ra (which is an explicit form of linear superposition of the diffusive
limit and boundary layer solution) with other correlations and experimental air data reveals
very good agreement with a maximum difference of less than 5% [62].

The study adopted a simple analytical method based on linearisation of the energy equation as
well as the usual assumptions made for natural convection problems, i.e. the boundary layer
and Boussinesq approximations [62]. In the process of linearisation, the energy equation is
reduced to the form of the transient heat conduction equation. These simplifications make
otherwise intractable equations amenable to analysis and open a new door to the solution of

external natural convection problems [62].

Theoretical Analysis
In processes dealing with free convective heat transfer, the temperature field is linked with the

flow; therefore, the non-linear momentum and energy equations are coupled through the
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variation of the density [62]. To allow a more convenient procedure for obtaining approximate
solutions to these non-linear, coupled governing equations, several simplifying assumptions
and various approximation schemes have been used. Boussinesq and boundary layer
approximations, as mentioned earlier, are the two widely used simplifying approximations in

modelling natural convection heat transfer [62].

Linearisation of energy equation

Jafarpur and Yovanovich considered an isothermal sphere of temperature, T;, and diameter, d,,,
which was immersed in an extensive quiescent medium at constant temperature, T, [62] as
shown in Fig. 3.9. For this time-steady, small-scale problem with zero heat generation and
relatively large temperature difference, the Eckert number is taken as zero. The simplified
constant property energy equation Eq. (3.19) in the spherical coordinate system (7,6, @) is

written as follows:

Figure 3.9 Spherical polar coordinate system [62]

6T+v96T+ Vg aT]_k 16(26T>+ 1 6(_96T)+ 1 9°T 319
P Yy ™ 786 T Tsing dpl " |r2or " or) T r2sing 90 \*"™" 36) T r2sinze g2 (3.19)

Neglecting conduction in the -direction, and using the equation,

oT 92T
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due to the symmetry of the problem, the above energy equation is now expressed by
Eq. (3.21):

(3.21)

OT vy dT 19 ,0T
poo 0 2] < AL 2 o)

a7 oel T Kl ar

The two terms on the left-hand side of Eq. (3.21) are further approximated by a single
equivalent term, (,/r)(9T/00), where V, is some constant effective velocity yet to be

determined [62]. Therefore, the Linearised energy equation is written as shown in Eqg. (3.22):

(3.22)

V, T 10 ,0T
e =l ()

©v7 90 ~ “lrZar\" or
in the region; rzdz—p, 0<0<m,

Transient conduction-type equation and its solution

For large Grashof numbers (Gr > 10*), heat transfer occurs in a thin boundary layer [62],
therefore, r in the term appearing on the left-hand side of Eq. (3.22) can be approximated by
d,/2, thermal diffusivity, x = d,6/2, distance along the surface from the stagnation point, and
t =x/V, = d,0/2V, the effective particle residence time. The Linearised energy equation, Eq.

(3.22), can therefore be written as Eq. (3.23):

a dt  rior

10T* 1 0 ( 2aT*)

r— (3.23)

where, r>d,/2, 0<t<mnd,/2V,
T, is the temperature at a point far from the body and T*is the dimensionless temperature rise,
(T —T)/(Ts — Ty). The solution to Eq. (3.23) is given in Eq. (3.24):

d -
1 r——
T = —p—erfc 2 (3.24)
2r 2\ at
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This consists of the linear superposition of the steady-state solution, d,/2r, and the transient
solution. The local Nusselt number, Nug, (6), defined as h(6)d,/k, is related to the local wall

heat flux and the overall temperature rise as expressed by Eqg. (3.25):

qsdp

ua, (0) = g (3.25)
The wall heat flux, g¢', is determined from the Fourier rate equation
= —k(Ty —T. o 3.26
qS__(S_ OO)arrzdz_p ( )
which gives
k(T, — Ty 1 k(T — Ty
o k(T ) ( ) (3.27)

T a2 T Vr Jar

The wall heat flux, Eqg. (3.27), consists of the linear sum of two asymptotes: the steady-state
value and the transient solution for a half-space. Substituting for g, in Eq. (3.25), and setting

t = d,0/2V,, one obtains the local Nusselt number expressed by Eq. (3.28):

2\ (d,V,
=2 - P 2
Nug, (6) = 2 + \/(n) \/< — ) (3.28)
Thus, the area-averaged Nusselt number, Nug, = f Nug, (6)sinB dO, becomes:
dpVe
Nug, =2 +0.714 || (3.29)

It is worthwhile noting that Eq. (3.29), at this point, is applicable to both forced and free
convection heat transfer [62]. This, of course, depends on the type of transformation equation
to be used for the effective velocity, V,. The equation for the effective velocity applicable to all
Prandtl numbers is obtained using the Churchill and Usagi [63] blending technique and is

expressed by Eq. (3.30):
1/2
(Grd /2Pr)

v
v, = d
l 0.5 n/zr/n

(3.30)
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where a value of 9/8 can be used for n as recommended by Churchill and Chu [53] for their
f(Pr). Substituting the effective velocity of Eq. (3.30) into Eq. (3.29), the area-averaged Nusselt
number, Nu, becomes:

0.600Ray"

/
@™

Finally, in Fig. 3.10, the predictions of free convective heat transfer based on Eg. (3.31) are

Nug, =2+ (3.31)

compared with the results of correlation [64] as well as [65] quasi-steady-state experimental air
data. The comparison reveals that the results of the Jafarpur and Yovanovich study are in very
good agreement with the experimental data with a maximum difference of 4.3% (which is
within the maximum error bounds of the experimental data, reported as 6% [65] and r.m.s of
the differences of 0.25).

10"

Jafarpur and Yovanovich, 1992
*  Based on Churchill’s Correlation, 1983

g E

Jafarpur and Yovanovich, 1992

Nud

*  Chamberlain, 1983

HJ'E

f”mmmm
1 10 10 f0* 10f r0f f0* 107 o' 19’

Radp

Figure 3.10 Comparison of the [62] results with other correlations

Model 4: Ichimiya, 1999 [67]

The author proposes a new method to estimate the heat transfer between fluid gas and solid
material in a porous medium [67]. In the first stage, the local Nusselt numbers on the heated

wall of a flow passage in a porous medium are numerically obtained in advance for the heat
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transfer parameter, H,, including the volumetric heat transfer coefficient, h,, between the fluid
and the solid material in a porous medium. In the second stage, the experimental Nusselt
numbers on the heated wall are obtained by measuring wall temperatures and heat flux. The
volumetric heat transfer coefficient, h,, is evaluated by comparing experimental Nusselt
numbers with numerical ones [67]. This method also gives the longitudinal characteristics of

the heat transfer in a porous medium.

In the new method proposed to evaluate the heat transfer between solid and fluid in a porous
medium, the flow field in a porous medium is first analysed in a two-dimensional system [67].
The results are then applied to the energy equation that includes the heat transfer coefficient, h,
between solid and fluid. The volumetric heat transfer coefficient, hy, is obtained by comparing
the numerical and experimental values of heat transfer on a heated wall of a flow passage

without directly measuring the solid and fluid temperatures in a porous medium [67].

Description of the Problem

The fine structure of a porous medium is very complex. Therefore, the temperatures of solid
and fluid cannot be directly measured with sufficient accuracy. In the study by Ichimiya [67], a
new method that does not include directly measuring the temperatures of solid and fluid is
proposed. This method is based on thermally non-equilibrium convection in a porous medium.
In brief, there is a temperature difference between solid and fluid in a porous medium. In the
first stage, the flow field in a porous medium and the energy equation including the heat
transfer parameter between solid and fluid H,(= h,yZ /k,) are solved numerically to obtain
the Nusselt number on the heated wall of a flow passage. In the next stage, Nusselt numbers on
the heated wall are experimentally obtained by measuring the heated wall temperatures. The
parameter, Ha, is determined by adjusting Ha so that the numerical Nusselt number becomes

equal to the experimental one, and the volumetric heat transfer coefficient, h,, is evaluated.

Fig. 3.11 shows a two-dimensional model. A parallel plate duct with height, y,, is filled with a
porous medium of constant porosity along flow direction, 1 = 10y, (solid lines in Fig. 3.11).
Both the upper and lower walls of the duct are heated uniformly (heat flux, g"’). The working
fluid (air in the present case), uniform in temperature, runs into the flow passage. The velocity
at the entrance has a fully developed laminar flow distribution.
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Figure 3.11 Two-dimensional model [67]

The fluid is released into the atmosphere after achieving fully developed flow conditions after a
length of 20y, from a porous medium. The Nusselt numbers on the heated wall are then
compared with numerical values. The flow in a porous medium is assumed to be a non-Darcian
flow including the Brinkman viscous term and Forchheimer inertia term [68], [38] to apply this
method over a wide range. When the Darcy flow method is applied, both terms in the
momentum equation are neglected. The flow velocity is less than sonic velocity and the
temperature low enough in order to neglect the effect of thermal radiation; it is also assumed

that the flow is steady, laminar and incompressible.

Numerical Calculation
In the numerical calculation, the governing equations of the flow and the energy are written in
dimensionless form with the following parameters:
X=x/Yor Y =Y/Yor Z =2/Y5, U = ufUp,
V=v/up, ¥ =Y/ uny, Q= wy,/un
= Vyo/ka' H = vyo/k
®a,p,w (Ta,p,w - Ta)/(q”yo/ko)’ Re = 2um.'yo/v
Pr = cypia/ka, Gr = gBys (q"vo/ka)/V?,

Nu = Zq”yo/{ka(Tw - To)}: Da = k/yoz' (3-32)

Although the porous diameter may be better as a characteristic length, the heat source for

convection is the wall of the flow passage. Therefore, the width of the flow passage, y,, is used
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as a characteristic length. The dimensionless parameters, Ha and Hp, are introduced as
parameters of the volumetric heat transfer coefficient. The physical meaning of Ha is a kind of
volumetric Nusselt number between solid and fluid (air) in a porous medium. On the other
hand, the physical meaning of Hjp is a kind of volumetric Biot number for a solid in a porous
medium. The flow equation based on a non-Darcian flow as described in "Description of the
Problem" is expressed in Eq. (3.33):

aY 0X 09X oy

N C [6 {|61P ( alll)} d {|6LP (6‘1’)}] 4Gr 00, 0 333
Da%5 lox llax 0X aY llay | \ay Re?2 0X (3:33)

The coefficient C in Eq. (3.33) is expressed as the following equation given by (Ergun, 1952):

£2\9Yy 90X o0X avz Taxz) T Dare

1(6‘1’89 G‘PGQ) 2 [(0%Q 0%Q 20
eRe

C = (1.75/V175)e1 (3.34)

This constant, obtained on the assumption that a small particle bed is a porous medium, is
applied to 10 < Up,Dp/[v(1 — £)] < 2000 in which Dp is the hydraulic diameter of a particle.
The parameter U,,,D,/[v(1 — ¢€)] of a porous medium used in the heat transfer experiment is
133 for Re = 300. This satisfies the region applicable to Eq. (3.34). Energy equations including
the heat transfer between fluid and solid material are applied to each fluid and solid material in

a porous medium.

For a fluid section,

0¥ 90, 0¥I0 2¢ (020, 020 2H
- B ( B “) 2 (0,— 0p)=0 (3.35)

Y 9X 39X 9Y _ RePr\axz | arz RePr

For a solid section,

020 0%0
(1 _g)< e aY;) — Hp(0,— 0p) =0 (336)

The dimensionless boundary conditions are as follows:

At the entrance of the flow passage: U = —6Y2 +6Y, V=0, 06 =0
onthewall: U =0, V=0

on the unheated wall: 00,/3Y = 0

on the heated wall: 90,/9Y = (1,/14)(00,/3Y) = 1or — 1
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at the exit of a flow passage: oU/dX =0, V=0, 00,/0X =0

Numerical calculations are made for the following conditions: the Reynolds number, 300< Re <
600; the heat transfer parameter between fluid and solid, 100 < Ha < 50,000; the thermal
conductivity ratio, RRM = 154, which corresponds to the experiment; the Darcy number,
Da = (2.44 ~ 14.8) x 1075; and porosity, £ = 0.87. The numerical result is evaluated with
the Nusselt number Nu on the wall of the flow passage defined by Eq. (3.37):

2
(Tw - To)/qk—ilo]

Nu = 24"y, /lkq(Ty = T))] = | = 2/0, (3.37)

Heat Transfer Experiment

Fig. 3.12 shows the experimental apparatus corresponding to the model (Fig. 3.11). The
properties of the porous medium used are listed in Table 3.2. It was made of alumina-ceramic
foam (2MgO « 2A1,03 ¢ 5Si0,) with various porous diameters, permeabilities and Darcy

numbers for almost constant porosity € = 0.87.

o 2400 300 .| 800
o I®
— @ I ol sl
@ O 3 g )28 o
® 92)— @ ‘toov
@ Blower @ Manometer @ Thermocouples @@ Volt Meter

@ Valve (& Straightener @ Parallel Plate Duct () Ammeter
® Orifice ® Multirecorder (@ Porous Ceramics @ Slide Regulator

Figure 3.12 Experimental apparatus [67]

The complex cell and matrix structure (Fig. 3.11) caused the difference in the local heat
transfer. In the first stage, it was recognised that the numerical heat transfer without a porous
medium [69] agreed with experimental values within 3%. In the next stage, the experiment with

a porous medium was performed for Re = 300 and 600.
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Table 3.2 Porous medium [67]

d (mm) k (m? g (%) Da

x 108 ®x 10°

Porous Medium 1 1.3 2183 875 244
Porous Medium 2 20 3.779 ar.0 4,20
Porous Medium 3 4.2 13.324 87.3 14.8

ELISTN
eyl
P
‘.-t
' ')I, S

A
Mo
ol

Figure 3.13 Photograph of Porous Medium [67]

Fig. 3.14(a), (b) and (c) illustrate the numerical Nusselt numbers by solid and broken lines as a
parameter of Ha and the experimental values by solid circles. Fig. 3.14(a) presents the Nusselt
numbers for d = 1.3 mm, Da = 2.44 x 107>, and Re = 300. According to the figure,

experimental values agree well with numerical ones for Ha = 500 along the flow direction.

However, in a higher Reynolds number (Fig. 3.14(b), Re = 600), the experimental values
exceed the numerical ones at the first half and lower at the latter half compared with Fig.
3.14(a). The behaviour of Ha corresponding to those experimental values is similar to that of
the Nusselt numbers described above. When the porous diameter increases (Fig. 3.14(c), d =
4.2 mm), Ha tends to increase at the latter half. It is recognised that Nusselt numbers on the
heated wall and Ha have a relation to each other. This means that the physical variation in a

porous medium affects the heat transfer on the heated wall of a flow passage.
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Figure 3.14. Longitudinal Nusselt number (a) d = 1.3 mm, Re = 300; (b) d = 1.3mm,
Re =600; (c) d = 4.2 mm, Re = 300 [67]

Therefore, the longitudinal variation in the heat transfer between solid and fluid in a porous

medium can be evaluated quantitatively corresponding to the local Nusselt numbers on the

heated wall.

Model 5: Adeyanju and Manohar, 2009 [70]

Adeyanju and Manohar carried out a review of heat transfer in packed beds with the emphasis

on both experimental and theoretical techniques [70]. They observed that the two major modes

of heat transfer, namely conduction between the particles in the bed and convection between

the flowing fluid and the particles, interact with each other. Moreover, at elevated temperatures,

heat transfer by radiation will also be an important mode [70]. In many industrial applications,

it is found that two or more of the modes mentioned above take place simultaneously. The

interaction among the different modes is one of the main reasons for the difficulty in

correlating the total heat transfer and analysing the experimental data in this field [70]. Fig.

3.15 depicts the schematic illustration of the modes: (1) wall-to-fluid convection, (2) particle-

to-fluid convection, (3) wall-to-particle conduction, (4a) radial particle-to-particle conduction,

(4b) axial particle-to-particle conduction, (5a) radiant heat transfer between particles, (5b)

radiant heat transfer between wall and particles, (5¢) radiant heat transfer between fluid and

particles, (6) heat transfer by mixing of the fluid. The fourth mode, namely the conduction

between the particles, can be further subdivided into axial and radial directions. In the design of

42

© University of Pretoria



2

UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA

YUNIBESITHI YA PRETORIA
9

Convective Heat Transfer in Packed Beds

the packed bed for the thermal storage application, the Biot number should also be kept as low
as possible so that the thermal resistance in the solid does not become dominant.

Bed wall I
CGas flow

Figure 3.15 Modes of heat transfer in packed beds [70]

Theoretical Investigation

The first referenced and cited research on heat transfer in packed beds in most studies was by
[71]. A number of simplifying assumptions were made by [71] in the process of solving the
heat transfer equations for incompressible fluids passing uniformly through a bed of solid

particles with perfect conductivity. The derived heat transfer equations are as follows:

(Ts - Ts 0) Y-z
Tso) _ 4 _ 3.38
(Tro = Tso) ) (5:58)
z YIM(yz) = e V2 Z 7"M, (3.39)
(Tf B TS) -Y-Z
ST g 3.40
(Tro = Tso) ) (549
Z Y M (yz) = Y2 Z 7M., (y7) (3.41)

where T is the temperature (of fluid and solid), Y and Z are dimensionless quantities. The
solutions of these equations were presented in graphical form, called Schumann curves [70].

Thus, to evaluate the volumetric coefficient of heat transfer using these curves, it is only
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necessary to measure exit air temperature and the bed temperature. These curves could be used
to evaluate the heat transfer coefficient for a given packed bed exchanging heat with a fluid
provided that certain simplifying assumptions made by [71] are satisfied. Schumann’s curves
were extended by [72] to a wider temperature range. An emperical relation was postulated by

[72] for the evaluation of the heat transfer coefficient thus:

AGO-7T0-310(1.68ex3.56¢%)
h, = 709 (3.42)
p

where h, is the volumetric heat transfer coefficient, A is the constant dependent on the bed
material, T is the average air temperature, the particle diameter d,,, the porosity ¢, and G is the
air mass flow rate. Correlations derived by [72] through the application of dimensional analysis
were used to calculate heat transfer coefficient. However, this research was limited to spheres
and cannot directly be applied to other geometries of solid particles. Another correlation was
presented by [73] for evaluating the hear transfer coefficient between a gas and randomly

packed solid spheres. Using the Colburn j-factor, the correlation was given as:
ju = 0.23/Rep?® (3.43)

where ju = St.pr?/3

200 < Re, <50000and0.37 < & <0.39

The heat transfer between air and packed bed of granitic gravel was investigated by [74].
Unsteady state heat transfer coefficients were correlated with the air mass velocity and particle

diameter to obtain the equation:

h=0652(G/d,)" (3.44)

This was evaluated for 8mm < d,, < 33m; 50 < Re, < 500 and temperature range of 311 —
394K. It was concluded that the temperature of the entering air had no appreciable effect on the
coefficient.

The heat transfer coefficient between smooth spheres of low thermal conductivities and fluids
(air and carbondioxide) in packed beds and tubes with diameter of 50.8 and 6.4mm respectively
was determined by [75]. The ratio of particles to tube diameters varied from 0.082 — 0.27. Gas
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flow rate was of Reynolds number 250 — 3000. The correlation of film heat transfer coefficient
was found to be best described by:

h = 3.50(k/D,)e*oPp/Pe(PpG/K)07 (3.45)
by approximaion, this reduced to:

h = 0.4(k/D.)(DpG/1)0.7 (3.46)
or Nu = 0.4Re®” (3.47)

Maximum film coefficient was predicted and verified at a value of D,/D; of 0.153. The

dynamic behaviour of beds undergoing heat exchange with air using single and two-phased
modes was studied by [76] and [77]. By incorporating factors of axial bed conduction and intra-
particle resistance, which [71] ignored, the heat transfer coefficients were evaluated and found
to be (1 + Bi/5) times smaller than those predicted using Schumann curves. [78], [79], [80],
[81], [82] and [83] have all worked on various packed beds using air and other gases as fluids
and developed correlations involving the heat transfer coefficient. Extensive review of this
work was carried out by [84] and [85] and results were compared.

Table 3.3 surmmarises the experimental conditions, proposed correlations, range of parameters,
etc. of the many investigations which were reviewed [70]. Two parameters, the effective or
apparent conductivity, k, and the total heat transfer coefficient, h, are commonly used to
express the heat transfer rates in packed beds [70]. The effective thermal conductivity is an
averaged parameter that describes the total thermal performance of the granular medium that
constitutes the bed. In order words, the effective conductivity is the conductivity the medium
would have were it homogeneous. It should be noted that the effective conductiviy is not the
same as the conductivity of the material that constitutes the bed. The effective conductivity
depends both on the thermal properties of the bed and on the flow rate, but in most
experimental correlations, it is generally expressed as a function of the Reynolds number only
[70]. This implies that these correlations are valid only for the particular bed materials, which
were used in developing them. The other preferred parameter to describe the thermal
performance of a packed bed is the total heat transfer coefficient, h, which is also an average
parameter [70]. The total heat transfer coefficient generally incorporates the conduction mode
between the bed particles, the convection mode between the bed particles and the flowing
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medium, the wall-to-bed conduction and the wall-to-fluid convection. The last two modes can
be expected to occur when the walls of the bed are maintained at isothermal conditions [70].

As in the case of the effective conductivity, the total heat transfer coefficient also depends both
on the thermal properties of the bed and on the flow rate, but most experimental correlations
express it (in dimensionless form) as a function of Reynolds number only [70]. Therefore, the
applicability of these correlations is also limited to the particular bed materials used in
developing them. The commonly used dimenssionless numbers for expressing it are the

Colburn j-factor and the Nusselt number. They are defined as:

h
jhe =~ f;f (Prp)?/3 (3.48)
p
h.d
Nu, = ;cfp (3.49)

Depending on the experimental technique, it is expected that different modes of heat transfer
will contribute to the total heat transfer [70]. For example, in transient experiments performed
in beds with adiabatic walls, the modes that contribute are axial conduction and convection
between the bed and the fluid. On the other hand, in beds that have heated walls, the significant
modes are wall-to-bed and wall-to-fluid heat transfer in addition to the radial conduction and
the bed-to-fluid convection. Therefore, depending on the contributing modes, the
experimentally obtained correlations relating the total heat transfer rates to the Reynolds
number can be expected to show wide variation. Moreover, the thermal properties of the bed
have an effect on the conduction mode, and therefore, studies using similar experimental
techniques but different bed materials can be expected to yield different correlations relating

the heat transfer rates to the Reynolds number.
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Table 3.3 Experimental review of packed beds heat transfer [54]

Reynolds no.  Type of Correlation
Authors System range, (Rey) heating proposed Remarks
Balakrishnan Cormmercial catatyst 300-400 Micro wave (h)f,=0.018 Use of microwave heating results in uniform
and Pei (1974) formulations; (alurnina heating (Fr, 7 x 278 terrperature throughout the bed eliminating thermal
based spheres gradients in solid phase and therefore particle
and cylinders) conduction. Convective effects truly determined
Baumeister and Air-steel 200-10400 Electrical Jh=1.09 Re, Thebed consisted of 4in. internal diameter. Transite
Bennet (1958) induction cvlinder and the packing 0.155, 0.2495 and 0.3745
(steady state) in diameter high carbon-chrome alloy steel. The
heat transfer, therefore, consists of axial conduction
as well as fluid-particle modes.
Bradshaw and Air-celite 300-2500 Water soaked Jh =2.52 (Re,)*® Data are based on drying experiments. Assumption
Myers (1963) cylinders, etc. packing’s dried of constant surface temperature of all the particles
by air at room temp. is debatable.
Bunnel et . Air-alumina 30-150 Heated airbed K, k= Entering air at 400°C cooled by boiling water-jacket
(1949) wall maintained 5.0+0.061Re, at the walls. K,y rad .is therefore, effective radial
at boiling p oint. conductivity. Solid and gas temperatures are claimed
of water tobe identical, which is a questionable statement.
Bed consisted of 0. 125in. diameter alumina cylinders
Coberly and K,=0.018+ The gas inlet and outlet and radial and axial temp.
Marshall (1951  Air-celite 70-300 Stearn-heated wall ~ 0.00098Re, have been measured with high response thermo
(Dimensional couples. The experimental technique would seem
equation to indicate considerable axial conduction, which
in British units. has been ignored in the analysis.
Multiply k.,
obtained from
equation by
1.730735 to
convert
to JmsK)
Colburn Air pebbles, G:1-9 Steam-jacketed h =8aCv G # This study relates to the rate of heat transfer from
(1931) gramiles  pellets, packed tube a=f{DyD,) the wall to the fluid flowing in the packed bed. One
porcelain balls.etc (Multiply h of the earliest (1931) studies, it does not consider
obtained from the gradients within the bed.
equation by
5.678264 to
get SI units.)
De Acetis Air-catalyst 6.71-1000 Water soaked Jh=11/ Theusual assumption ofuniform temp. at the surface
and Thodos spheres particle dried by (Re 41 -0.15) of the bed particles, being the wet bulb temp.is used.
(1960) air at rooms temp. This could be wrong and the source for the break down
of the heat and mass transfer analogy.
Eichom and Air+ Co?and 38-374 r.f heating - Transient temp.measurements are made. While,
White (1952) divinyl benzene a constant temperature may be achieved during
steady- state measurements resulting in pure fluid-
particle mode, during the cooling cycle particle-
particle heat transfer will be significant.
Furnas (1930} Alr-iron 120-1200 Heated air h=6.91 x 107 x One ofthe earlier investigations (1930),termp. of both
spheres G:"7 = t; % G-1.56  solids and gases were measured. Test section was
(Multipty by 15 e diameter and 105 cm high, coated with
5.678264 to get 8il-0- Cel for insulation. Heat transfer therefore
h in 81 units) consisted offluid-particle mode and particle-particle
mode in axial direction.
Garnson et af. air-celite spheres 40-4000 Water-soaked Th=1.064 xRe,"*"  The assumption of wet bulb temperature as the
(1943) and cylinders packings dried Re »350 constant surface temperature ofthe bed is debatable.
by air Jh=181 x If true the heat transfer consists of only fluid-particle
Re,-'";Re,<40 mode.
Glasser and Air-ceramic/ 330-1500 Transient heating ~ Nu=1.25 Re,"* In the regenerative technique the surface temp.is quite
Thodos (1958) brass spheres 300-4000 by regeneration 300<Re;=4000 different from the values at the center. The electrical
technique; heating method is perhaps much more accurate.
steady-state
heating by single
electrically
heated sphere
Gupta and Existing data 33-6500 Electrical heating gjh =0.0108 + Used existing data in the literatre to obtain the
Thodos (1962a) of single sphere 0.929/Re,"#-0.483  correlation
Re >20
Gupta and Air-celite 95-2500 Water soaked gih=2.06/Re,* In this study, mass transfer rates are minimized so
Thodos (1962b)  spheres patticles dried by air as to achieve the direct heat and mass transfer analogy.
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Table 3.3 (Continued)

Reynolds no.  Type of Correlation

Authors Systemn range, (Re,) heating proposed Remarks

Houghen and Air-celite 193-2824 Heated air K/Cop=3.7¢ The bed is cooled by water at 60°F.

Piret (1951) spheres entering the bed % (Re)"? Therefore, there is a radial transport of heat in both
phases. Airis flowing downward k, values obtained
are 20-100 times that of the fluid and 2-15 times
that of solid.

Leva (1947) Air-smooth 500-3408 Heated wall h =0.813k¢/D.. Heat is transferred from wall to gases flowing ina

spheres et 0rhl Re® packed tube D/D,. Values ranged from 0.05-0.3.
(Multiply h by Maximum heat transfer occurred at D/Dy=0.15
5.678264 to get
SI unit values)
Leva and Air-smooth 500-3408 Heated wall h=0.813ky/ Extension of above work for non uniform beds
Grummer (1948)  spheres D,. ef@w0 arithmetic average of D, is used. Nominal D, for
Re, (Multiply h Raschig rings and D, of equal volume sphere for
by 5.678264toget  cylinders.
ST unit values)
Levaet al. Air-smooth 250-3000 Heat air and Co,; h=35k/D,, Extension of earlier research by leva.different equation
(1948) spheres bedwall is cooled  e*f0PDY, Re is obtained for cooling operations. Maximum heat
(Multiply h by transfer is at Dy/D,=0.153
5.678264 to
get SI unit values)
Lindauer (1967)  Air-steel 23-18200 Electrical resistance Cyclic temperature variations are used in the gas
and tungsten heating to produce phase. This could cause temperature gradients in
sinusoidal gas the solid phase leading up to the question, whether
temperature the measured values pertain to the gas-solid mode
variations. alone.
Plautz and Air-glass Steam heated wall;, K,,=0.439 + Reports both radial effective conductivity and wall
Johnstone (1955)  spheres 100-200 entering air at 85°C° 0.00129xRe, transfer coefficient.
maintained by hw = 0.09G" "
heating and [Multiply k., and
cooling coils h obtained from
correlation by
1.730735 and
5.678264,
respectively, to
get ST unit values.]
Wakao and Air-glass Concentric K.k = (K/kehyor = The effect of radiative heat transfer in conduction
Kato (1969) carborundum 0+0.707 has been evaluated.
electric heater Nu kRt
Yagi and Air-iron,porcelain, - Coaxial electric K./k=B+ Model agrees well with data at Re 20
Kunii (1957) cement clinker, fire heater at the center; RePry/D

brick and Rasc-hig rings

outside wall is
insulated with
fire brick.

Model 6: Nield and Bejan, 2006 [12]

Summaries of work compiled by Nield and Bejan start with a simple situation in which the
medium is isotropic and radiative effects, viscous dissipation and the work done by pressure
changes are negligible [12]. Initially, it was assumed that there was local thermal equilibrium
so that Ts = Tr = T, where Ts and T were the temperatures of the solid and fluid phases
respectively. Here, it is assumed that heat conduction in the solid and fluid phases takes place
in parallel so that there was no net heat transfer from one phase to another. The fundamentals of
heat transfer in porous media are also presented in [86], taking averages over an elemental
volume of the medium.

For the solid phase:

(1= () 22 = (1 = )V, (ke VT + (1 — )"

> (3.50)
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and for the fluid phase:
oT,
e(pcp)fa—tf + (pcp)pv.VTy = eV. (kaTf) + eqf’ (3.51)

Here, the subscripts s and f refer to the solid and fluid phases respectively, c is the specific heat
of the solid, ¢, is the specific heat at constant pressure of the fluid, k is the thermal conductivity
and g'"[W/m®] is the heat production rate per unit volume. In writing Egs. (3.50) and (3.51), it
is assumed that the surface porosity is equal to the porosity. This is pertinent to the conduction
terms. For example, —ksVTs is the conductive heat flux through the solid, and thus V - (ksVTs) is
the net rate of heat conduction into a unit volume of the solid. In Eg. (3.50), this appears
multiplied by the factor (1 — ¢), which is the ratio of the cross-sectional area occupied by solid
to the total cross-sectional area of the medium. The other two terms in Eq. (3.50) also contain
the factor (1 — &), because this is the ratio of volume occupied by the solid to the total volume
of the element. In Eq. (3.51), there also appears a convective term, due to the seepage velocity.
It is recognised that v- VTz is the rate of change of temperature in the elemental volume due to
the convection of fluid into it, therefore this, multiplied by (pc,)s, is the rate of change of
thermal energy per unit volume of fluid, due to the convection. Note further that in writing Eq.

(3.51), the Dupuit-Forchheimer relationship is used:

v = &gV.

Setting Ts = Tf = T and adding Egs. (3.50) and (3.51), the following can be established:

oT
(pcp)ma + (pcp)fv.VT = V.(k,,VT) + qp (3.52)
where
(PO)m = (L= )(pO)s + £(pcy)y (353)
km = (1 —e)ks + ekg, (3.54)
qm = (1 —8)qs’ + eqf’, (3.55)

are the overall heat capacity per unit volume, overall thermal conductivity and overall heat

production rate per unit volume of the medium respectively.

If heat transfer between solid and fluid is allowed (that is, thermal equilibrium does not exist),
then Egs. (3.50) and (3.51) can be replaced by:
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(1- s)(pc)s% = (1— V. (ksVTy) + (1 —&)qd" + h(T; — Ts), (3.56)

aT nr
e(pcp)fa—g + (pcy)v.VTy = eV.(lVTy) +(1—e)q) +h(T, —Tf), (3.57)

where h is a heat transfer coefficient per unit volume. A critical aspect of using this approach

lies in the determination of the appropriate value of h.

Horton-Rogers-Lapwood Problem
Starting with the simplest case, that of zero flow through the fluid-saturated porous medium,

for an equilibrium state, the momentum equation is satisfied if

—VP+ prg =0 (3.58)
Taking the curl of each term yields

Vpr X g=0 (3.59)
If the fluid density, pr, depends only on the temperature, T, then this equation implies that VT x
g = 0. It can be concluded that a necessary condition for equilibrium is that the temperature
gradient is vertical (or zero). Intra-pore convection may increase effective conductivity of the
medium. A special interest in the problem of a horizontal layer of a porous medium uniformly
heated from below is thus developed. This problem, the porous-medium analogy of the
Rayleigh-B’enard problem, was first treated by Lapwood and Rogers [44] and independently
by Lapwood [46]. With reference to Fig. 3.16, the Cartesian frame is taken with the z-axis
vertically upwards. It is supposed that the layer is confined by boundaries at z =0 and z = H,
the lower boundary being at uniform temperature T, + AT and the upper boundary at
temperature To. A layer of thickness, H, and an imposed adverse temperature gradient, AT/H,
are attained, supposing that the medium is homogeneous and isotropic, that Darcy’s law is valid
and that the Oberbeck-Boussinesq approximation is applicable, and also making the other
standard assumptions (local thermal equilibrium, negligible heating from viscous dissipation,

negligible radiative effects, etc.).

Vv=20 (3.60)
ov u
CaPo 37 = —-VpP — Pl + prg (3.61)
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aT 5
(pc)ma + (pcp)pv. VT = kp, VAT

Pr = ,00[1 —B(T — To)]

r=TD
z=H
g
Porous Medium
F
I/y
z=10 .
T=TD+aT

(3.62)

(3.63)

Figure 3.16 The Horton-Rogers-Lapwood problem: infinite horizontal porous layer heated

from below [12]

Given that v is the seepage velocity, P is the pressure, u the dynamic viscosity, K the

permeability, ¢ the specific heat, k,, the overall thermal conductivity, and B the volumetric

thermal expansion coefficient.

Given that o, is a thermal diffusivity defined by:

Km
o, =
" (,0 Cp)f

where ar = k¢/(pcy)y is the thermal diffusivity of the fluid phase.

_ PogBKHAT pr = _# K
T ™ et 1T GPr,HY

(3.64)

(3.65)

In Eq. (3.65), Ra is the Rayleigh-Darcy number (or Rayleigh number, for short), Pr, is an

overall Prandtl number, and y, is a non-dimensional acceleration coefficient. In most practical

situations, the Darcy number K/H? will be small, and consequently, y, will be small.

Accordingly, take y, = 0 unless otherwise specified. Note that the Rayleigh-Darcy number is

the product of the Darcy number and the usual Rayleigh number for a clear viscous fluid.
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Internal Natural Convection: Heating from the side

Enclosures heated from the side are mostly representative of porous systems that function while
v is oriented vertically, as in the insulation of buildings, industrial cold-storage installations and
cryogenics. Here, the most fundamental aspects of the convection heat transfer process are
considered when the flow is steady and in the Darcy regime. Consider the basic scales of the
clockwise convection pattern maintained by the side-to-side heating of the porous medium
defined in Fig. 3.17. In accordance with the homogeneous porous medium model, the following
are considered: the equations for the conservation of mass, Darcy flow and the conservation of

energy in the H x L space:

6u+6v_0 3.66
ax Ay (3.66)
_ K oP 3.67
u= O (3.67)
K2 ) e

v= ——(=— :
5y P

oT  oT 92T 9T
U, (3.69)

Ua+va= %4‘%

By eliminating the pressure P between Egs. (3.67) and (3.68) and by invoking the Boussinesq
approximation in the body force term pg of Eq. (3.68), a single equation for momentum

conservation is obtained:

Ju OJv  KgBaT

dy ox v 0x (3.70)

where u and v are velocity components along the x and y axis, T is the fluid temperature, g is
the acceleration due to gravity, the permeability K, the coefficient of volumetric thermal
expansion coefficient, 3, the kinematic viscosity, v, and the porous-medium thermal diffusivity
o = ki /(pcy) 5. EQs. (3.66), (3.69) and (3.70) hold in the entire domain H co L subject to the

boundary conditions indicated in Fig. 3.17.
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Insulated wall

H’ (L sy

Warm r
wall I v

d

Cold
wall

Porous
medium

Figure 3.17 Two-dimensional rectangular porous layer held between differently heated side
walls [12]

The four walls are impermeable and the side-to-side temperature difference is Th — Tc = AT. Of
special interest are the scales of the vertical boundary layers of thickness 6 and height H. In

each & x H region, the order-of-magnitude equivalents of Egs. (3.66), (3.69) and (3.70) are:

u v
mass: 5 T (3.71)
AT AT AT AT
energy: (u7,v7> ~ (amﬁ,amm), (372)
u v KgB AT
momentum: (E’E) ~ 5 (3.73)

The mass balance in Eq. (3.71) shows that the two scales on the left-hand side of Eq. (3.72) are
of the same order, namely v AT /H. On the right-hand side of Eq. (3.72), the second scale can

be neglected in favour of the first, because the § x H region is a boundary layer (i.e. slender),

§ <H (3.74)

In this way, the energy conservation statement (3.72) reduces to a balance between the two
most important effects, the conduction heating from the side and the convection in the vertical
direction:
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AT AT

v F ~ Ay ﬁ (375)
longitudinal lateral
convection conduction

From the momentum scales in Eq. (3.73), it can be seen that the mass balance in Eq. (3.71)
implies that the ratio between (u/H) and (v/6) is of the order (§/H)?2. The first term on the
left-hand side of Eq. (3.73) can be neglected and it is found that the momentum balance reduces

to:

KgB AT
v 0

d 3.76
6 (' )

Egs. (3.71), (3.75) and (3.76) imply that the scales of the vertical boundary layer [12] are

K a
v~ %BAT ~ —Ra, (3.77)
8 ~ HRa™?, (3.78)
a
U~ 7’”1!3611/2 (3.79)

where Ra is the Rayleigh number based on height:

KHAT
Rq = JPKHAT (3.80)
v Oy,
The total heat transfer rate from one side wall to the other is simply
AT
q' ~ k,H— ~ k,,ATRa'/? (3.81)

)
The heat transfer rate is expressed per unit length in the direction perpendicular to the plane

H x L. It can be non-dimensionalised as the overall Nusselt number:

"k, ATRal/?
Ny= 1 ImBiRa”

= — £Ral/z (3.82)
q.  kn,HAT/L H '

in which q. = k,, HAT/L is the true heat transfer rate in the pure conduction limit (i.e. in the

absence of convection).
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Side Walls with Uniform Flux and Other Thermal Conditions

In the field of thermal insulation engineering, a more appropriate description for the side
heating of the porous layer is the model where the heat flux q" is distributed uniformly along
the two side walls. In the high Rayleigh number regime (Regime Ill, Fig. 3.18), the overall
Nusselt number is given by [87]

4/5

q"H 1 (L) 2/5
= ——— = —|= Ra; 3.83
u k., HAT/L 2\H @ ( )

, T
102 £
11} Tall systems < \\ .
/ Distinct vertical X
H P “ boundary layers
T , 0 L
p
P
10 4
Ed
/
Ve
-
s
, < [II) High Ra regime
1.7
. Ra
I} Conduction 1 N 102 104 106
AN
N
A
~
10 1 ~ Y
AN H-
N
~
~ p—
. 0 T
1V} Shallow systems ™ Distinct horizontal
102 ‘/ boundary layers

Figure 3.18 Four heat transfer regimes for natural convection in a two-dimensional porous
layer heated from the side [86]

In this Nu definition, AT is the height-averaged temperature difference that develops between
the two side walls, (Tn — T¢), while Ra- is the Rayleigh number based on the heat flux

_ gBKH?q"

Ra, = (3.84)

v Ak
Eq. (3.83) is based on a matched boundary layer analysis that combines [88] approach with the
zero energy flow condition for the top and bottom boundaries of the enclosure [89]. The
solution obtained also shows that:

(i) the vertical boundary layers have a constant thickness of order HRa; */?;
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(i) the core region is motionless and linearly stratified, with a vertical temperature gradient

equal to (¢"/kpm)Ra"® (%)2/5;

(iii) the temperature of each side wall increases linearly with altitude at the same rate as the
core temperature, and so the local temperature difference between the side walls is independent
of altitude; and

(iv) in any horizontal cut through the layer, there exists an exact balance between the net

upflow of enthalpy and the net downward heat conduction.

The conditions that delineate the parametric domain in which Eq. (3.83) and regime IlI are

valid are Ra*_l/3 < H/L < Ra,}/3. This solution and the special flow features revealed are
supported by numerical experiments performed in the range 100 = Ra = 5000 and 1 = H/L =

10, which also are reported in [89].

Experiments on convection about a vertical surface with uniform heat flux were performed by
[90], the medium being glass beads saturated with water. They observed that temperature
fluctuations occurred when the non-Darcy Grashof number Gr= attained a value of about 0.03.
Their results are illustrated in Fig. 3.19. The experimental data for the larger beads (diameter 5
mm) are above the predicted values from the Darcy theory, while those of the smaller beads

(diameter 1.5 mm) are below the predicted values.

102 p

Nu,
Uniform Heat Flux
Similarity Solution n

10!

B Large Beads (D = 5 mm)
A Small Beads (D = 1.5 mm)

1
102 103 104
Ray

Figure 3.19 Local Nusselt number versus local Rayleigh number for a vertical surface with

uniform heat flux [90]
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3.4 Conclusion

This chapter presented some well-known correlations and analysis of models found in open
literature, which were used to determine the heat transfer effects in porous media containing
mono-sized spheres. It was shown that relatively good accuracy could be obtained with unit
cell approaches in the bulk region of a packed bed but adequate thermophysical properties that
quantified the heat transfer between particles and fluid in the media were not completely taken

into consideration in the development of the analysed models.
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Test Facility and Experimental Evaluation of
Heat Transfer in the Investigating Medium

4.1 Introduction

Experimental test facilities aimed at measuring the heat transfer characteristics found in open
literature are usually case specific and must be fully understood before any attempt can be
made to compare simulation models with experimental data. This is particularly true when
analysing the porous structure in each experimental set-up as porosity alone cannot sufficiently
characterise a porous structure in all the regions. Considering the literature survey presented in
Chapter 3, it was found that more experimental researches were conducted with fluid flowing
in and out of the medium than heated fluid confined in an enclosed medium. It was also
observed that most of the experimental research found in literature was conducted under forced
convection compared with the experimental investigation in the study conducted under natural

convection.

The test facility used in the study as illustrated below is produced for use in investigating the
natural convection fluid-to-particle heat transfer phenomenon in packed beds heated from
below. As stated earlier in the thesis, the investigation will aid in better understanding and
development of a suitable basic unit cell model that can be used to establish appropriate
theoretical relations necessary for the evaluation of natural convection particle-to-fluid heat
transfer characteristics in a medium such as the proposed nuclear fuel design. Although
adiabatic wall conditions, often used in industrial practice, are assumed in the experiment, it
should be noted that this boundary condition is assumed only for experimental purpose to trap
substantial heat in the cylinder thereby necessitating a quick rise in helium gas temperature,

which may be lost to the environment if the cylinder wall is not highly insulated. This
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assumption is not applicable to the proposed design as heat is expected to be transferred across
the cladding to heat up the surrounding waters.

The facility consisted of one test section, a cylindrical enclosed cavity. The test section was
divided into three regions; the upstream region, the porous region and the downstream region.
The test section consisted of 500 mono-sized randomly packed stainless steel (AISI 304)
spheres of 17.46 mm diameter (hereinafter called particles). The cavity outside diameter was
150 mm and the inside diameter 72 mm. The height of the vessel was 760mm while the bed
(porous region) was 550 mm high and an axial heat path was generated by an inductively
heated steel plate situated at the bottom of the upstream region. The schematic diagram of the

experimental set-up is presented in Fig. 4.1.

Silicone tubes Power cables
Computer
Pressure QF ROWET Systgm
IO
transmltters
- Data acquisition
|

N

T-type thermocouples

Packed beds

«—— PTFE cylindrical vessel

Stainless steel plate

Induction heater

Helium gas

Figure 4.1 Schematic diagram of the experimental set-up

4.2 Facility Configuration

The facility vessel was a vertically orientated and highly insulating polytetrafluoroethylene
(PTFE)/Teflon structure, designed to enclose all internals and provide valves to connect with
helium gas cylinder for gas supply at inlet and for pressure relief or blowout at the outlet. The

vessel contained removable top and bottom lids as main access into the vessel. A wire mesh for
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suspending the bed in the tube (see Figs. 4.2 & 4.3) to allow for convectional fluid flow current
was placed a little distance vertically above the bottom plate inside the vessel. Miniature holes
for the passage of thermocouples and silicon tubes were created on the upper part of the

cylinder side wall and on the top lid of the vessel respectively as shown in Fig. 4.4.

Relief valve
T Silicone tube

Top lid ——

_ 11

]

;: 22 T-type thermocouples
[ and 2 silicone tubes

I Particle test
_—
| sample
Instrumented —=
adjacent contact
particles

Cylindrical —
vessel

Cylindrical cavity

Bed particle

— Wire mesh

m=—— Inlet valve
[ = ]—— Helium gas

Thermocouple /
I

Silicone tube—"| |

Heated steel plate

—— Bottom lid

—— Induction heater

Figure 4.2 Schematic diagram of the experiment cylindrical vessel (for illustration purpose)
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T-type thermocouples

Suspended wire mesh

Silicone tubes

Figure 4.3 Cylindrical cavity

Heat was generated inside the cavity by means of an electric induction cooktop that inductively
heated a steel plate placed inside the vessel located at the bottom of the cavity (see Fig. 4.2).
The vessel’s material insulation properties and the thick walls (see Fig. 4.3) prevented heat loss
both in the radial and axial direction when heat was transported through the beds. Leaks were
minimised by tight fitting both lids using silicon tapes at the threaded sides, the tape was also
used at the thermocouples and silicon by-pass passages. The particles were poured randomly
into the cylinder cavity; nine selected particles were instrumented with logged thermocouples
in such a way as to measure temperatures at the surface and central point inside the particle.
The instrumented particles were also poured randomly into the container having adjacent
contact with each other and identifying one as the particle test sample. Logged thermocouples
were also placed in the interstices of the particle test sample (at the void spaces) to measure the
average gas temperature neighbouring the particle test sample; silicone tubes connected to
pressure transducers were placed below and above the bed (see Fig. 4.2) to measure possible
pressure drop across the bed. The air in the cylinder was initially flushed out by running helium
gas continuously through the medium for a few seconds while the pressure relief value stayed
open before the cylinder was later finally filled with helium gas and both inlet and relief valves

closed.
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Pressure relief valve

Top lid

Thermocouple by-pass slot

Cylindrical vessel

Helium gas hose

Gas inlet valve
Bottom lid
Induction heater cooktop

Figure 4.4 Test facility

Thermal energy entered the packed bed by means of the inductively heated steel plate inside
the cylinder cavity, which transferred heat to the helium gas immediately above the plate.
Buoyancy-driven convectional flow and recirculation took place in the medium due to density
change as the gas became hot. The temperature of the bed particles was raised substantially by

the hot helium gas after five hours of heating the gas.

4.3 Particle Test Sample Instrumentation and Measurements

Nine particles were selected and identified as test particles. One out of these particles was

recognised as the particle test sample. All nine particles were sliced halfway using wire-cutting
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technology (see Fig. 4.5a). A PolyScience Circulating Bath PD20R-30-A12E was used for
calibrating the T-type thermocouples used in the experimental study before the test particles
and particle test sample were instrumented with the thermocouples. The calibration was carried
out to determine the relative error associated with each thermocouple. The readout of the
thermocouples was compared with the readout of a secondary standard at the same conditions.
Using regression, a slope and intercept were determined in order to adjust by appropriate
difference to reflect the same readout as that of the secondary to ensure accurate data
measurement in the experiment. Areas of the particles instrumented were as follows: the centre
point inside each test particle, the top and bottom of each test particle and at opposite sides of
each test particle (see Fig. 4.5b). The instrumentation was used for capturing the temperature
distribution at different positions on the surface and in the centre point of each test particle as
the particles gained heat from the hot gas. This action was necessitated due to the transient heat
conduction to be experienced by the particles due to the bottom heat source in the medium.
Properties of the particles were taken directly from the manufacturer’s tables and consisted

solely of the material properties of AISI 304 stainless steel.

The particle test sample was studied in conjunction with the other contacting adjacent test
particles. Thermocouples were also placed at the void spaces neighbouring the particle test
sample; this enabled the fluid (gas) temperature, Tr, surrounding the particle test sample to be
determined by considering the average temperature. The hot gas temperature and pressure were
measured just at the entry (immediately before the mesh wire) of the bed and at the exit of the
bed by placing thermocouples and silicon tubes at the mentioned positions. A 34970A Agilent
Data Acquisition/Switch Unit was used as a data logger and connected to a computer system to
acquire data (see Fig. 4.6). It consist of three 20-channel Armature Multiplexer cards onto
which the thermocouples and pressure transducers were connected. The pressure transducers

used in the experiments were calibrated to secondary standards as well.

The logger had provision to accommodate three multiplexer cards. Communication between the
Agilent Data Acquisition/Switch Unit and computer was established using the USB/GPIB
interface 2.0. The Agilent Data Acquisition/Switch Unit converted the measured thermocouple
voltage to temperature, using a built-in cold junction static temperature reference. Detailed
information regarding the calibration of the thermocouples is provided in Appendix A.1.
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T-type thermocouples

(@ (b)

Figure 4.5 (a) Sliced test particles with foil paper placed in-between (b) Sectional view of
instrumented test particle.

Pressure measurements were taken to measure the differential pressure across the bed. Two
WIKA Pressure Transmitters model A-10 (see Fig. 4.6) were connected to silicon tubes for
measurement of the hot gas pressure at the entry of the bed and at the top of the bed. The
pressure transmitters were powered by direct current power supply and the transducers were
connected to the multiplexer card in order to log the data onto the computer. Measured voltage
readings from the pressure transmitter were converted to gauge pressure using the
manufacturer’s manual guide. An induction cooker (cooktop) heated the stainless steel plate
placed inside the enclosed cylinder cavity by a principle of magnetic induction (see Fig. 4.2 and
Fig. 4.4). The heated steel plate heated the helium gas directly above and around its surface.
The heat supplied by the cooktop was regulated by digitally varying the temperature output and
power consumption using push buttons on the device. A temperature of 160 °C was maintained

during the experiment.
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VDC Power supply

Pressure transmitter

Agilent Data Acquisition/Switch unit

Helium gas
cylinder

e

--mm R L\

-‘“

Computer
system

Figure 4.6 Experimental set-up

4.4 Uncertainty Analysis

In general, an uncertainty implies a parameter associated with the result of a measurement, or
the combined result of several measurements, which characterises the dispersion or the width of
a specific confidence interval. Three different types of uncertainties are considered to
contribute to the total uncertainty in the test facility, i.e. statistical variance, instrument
uncertainty and drift uncertainty [93]. All instruments as well as measurement loops (i.e.
thermocouples) are calibrated before an experiment commences. Measurement loops are
calibrated by subjecting the instrument to a known process condition. The readout of the
instrument is compared with the readout of a secondary standard at the same conditions. Using
regression, a slope and intercept can be determined in order to adjust the field instrument to
reflect the same readout as that of the secondary. The slope and intercept of the measurement
loops used in the study, shown in Appendix A.1l. Eq. (4.1), were applied to determine the
statistical variance:

i, (g — %)?

= (4.1)

u(xi,statistical) =
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where x; is the reference temperature value and x the corresponding average measured
temperature of N sample points. The instrument uncertainty, u(xi,mstmment), on the other
hand, was obtained from the manufacturer and the drift uncertainty u(xl-,dn-ft) was obtained

after each major calibration. The uncertainties were then combined to give a total standard

uncertainty employing the following formula in Eq. (4.2):

u(xi,exp) = \/[u(xi,statistical)]z + [u(xi,instrument)]z + [u(xi,drft)]z (4-2)

Further discussion of this topic is provided in Appendix A.1.

4.5 Experimental Evaluation of Heat Transfer in the Test Facility

In the study, an experimental investigation was carried out in the test facility. The investigation
was divided in two parts, the first was to investigate the heat transfer characteristics of fluid-to-
particle by applying heat through an inductive heated bottom plate to the gas, which heated up
the particles. The second part was to consider the medium as a thermal energy storage system,
thus creating a particle-to-fluid heat transfer, which discharged stored heat energy in the

particle under natural convective condition.

The experimental evaluation of the heat transfer in the investigating medium is achieved by the
application of the basic first principles heat transfer concept. Considering the particle test
sample of mass, m, volume, V},, particle surface area, A, density, p, and specific heat, c,, the
particle test sample has an initial temperature, T;. At time t = 0, the particles are placed into
the medium of temperature, T, and heat transfer takes place between the particle and its
environment, with a heat transfer coefficient of h. During a differential time interval, dt, the
temperature of the particle rises by a differential amount, dT. The energy balance of the particle

test sample for the time interval, dt, is expressed as:

(Heat transfer into the particle) _ (Increase in the energy of the particle)
during dt N during dt

hA, (T, — T)dt = mc,dT (4.3)
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noting that m = pV},, and dT = d(T — T,,). Since T,, = constant, Eq. (4.3) can be rearranged
as:
d(T—T,)  h4,
(T — Te) pPVocyp

dt (4.4)

Integrating from t = 0, at which T = T;, to any time ¢, at which T = T(t), gives:

T(t)- T,  hép . A5
T T, T pVh, (4:5)
Taking the exponential of both sides and rearranging, Eq.(4.5) gives:
B T(t) — To\ PVCp
h=- <ln T.— T, ) At (4.6)

Analysed captured data of the convective and conductive heat transfer at the surface and within
the particle test sample was used in the experimental evaluation and representative results
obtained from the heat transfer characteristics of the investigated medium. The parameters used
in characterising heat transfer in the study are as follows: heat transfer coefficient, h, the

Nusselt number, Nug, the Grashof number, Gr, and the Rayleigh number, Rag,. These

parameters are of prime importance when analysing the heat transfer performance of a fixed

bed system.
_ hL,
Nug, = » (4.7)
T, — T¢| L3
Rag, = Mpr = Gr.Pr (4.8)

In Eq. (4.9), the correlation recommended by Nuclear Safety Standard Commission KTA [15]
is expressed. It is used to validate results of the heat transfer performance obtained in the

medium through the concept adopted for the experimental evaluation.

Pr” Pr¥
Nitxra = 1'27ER60'36 + 003355 Re®% (4.9)
Nugrg ky
-4, 4.10
d, (4.10)
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4.6 Results and Discussion

Experimental results in Fig. 4.7 reveal a change in particle temperature with time during the

process of fluid-to-particle and particle-to-fluid heat transfer.

320 T T

—— Measurements of Fluid-to-Particle
—&@— Measurements of Particle-to-Fuid

313

303

298

0 50 100 150 200 250
t (mins)

Figure 4.7 Plot of particle temperature against time

The temperature profile of the particle test sample is shown in Fig. 4.7 as the hot gas heated the
particle to create a temperature rise in the particle. A particle temperature drop is seen in the
above graph as the particle test sample acted as a thermal energy storage system when it gave
up the heat stored in it to the gas of which the temperature had dropped after the heating source
was switched off and left for a long time to cool. This created a particle-to-fluid heat transfer,
which discharged stored heat energy in the particle under natural convective condition. Results
from the experimental investigation carried out reveal the influence of dimensionless
parameters (Nusselt, Grashof, Rayleigh and Prandtl numbers), which define the operating
conditions encountered in porous media engineering applications. Fig. 4.8 depicts fluid-to-
particle heat transfer coefficient at different Ra,, values. Apparently, the KTA measured

values have higher hs, compared with measured values of Eq. (4.6). The reason is that the

KTA correlation was developed for nuclear reactors operating under forced convection while
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measurements of Eq. (4.6) were established on temperature difference relations between the
particle and the fluid. An equivalent Reynolds number was used in obtaining the KTA

measured values in Eq. (4.9) due to the flow recirculation that took place in the medium.

1000 r r r
hd Measurements of the studv
----- Eauations (4.6 & 4.8) of the study
®  Measurements of KTA
----- ions (4.8 & 4.10) of KTA -
800 B Equations (4.8 & 4.10) o _ -
_ - -
e
- - -
>
600 | o - 4
~~ -~ -
X -
o~ Pd
E
= 400 | -
N—r
£
e
200 | -
_-l-———"'—__—_.-__—_
————
1 1 1
15 20 25 30 35
Ra (-
0

Figure 4.8 Fluid-to-particle heat transfer at different Rayleigh numbers (Pr = 0.689)

In Fig. 4.9, the variation of the particle-to-fluid heat transfer coefficient, hy¢, with Rayleigh
number, Ragp,, is illustrated as the stored heat energy in the particles was being
transferred/discharged to the fluid. As the particles lost heat to the fluid, the heat transfer effect
gradually decreased and after a long time, the particles and fluid would attain almost the same
temperature equal to the medium initial ambient temperature before heating commenced, a
condition at which T = T,,. A validation using the KTA measured h,, values of Eq. (4.10)

shows a parallel declining profile of gradual heat loss but at a distance apart.

The reason for the high measured values is that the KTA correlation did not have sufficient
medium properties that could capture the exact heat transfer phenomena taking place between

the particles and the fluid in the medium.
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Figure 4.9 Convective particle-to-fluid heat transfer in packed bed thermal energy storage
systems at different Rayleigh numbers.

Heat transfer results for N = 4.12 are presented in Fig. 4.10. The behaviour of the Nusselt
number with respect to the Rayleigh number is similar to what has been observed in literature
[31] for square annulus. In the present case, the Nusselt number increased gradually with

increasing Rag,, Which is a development of increasing convective mode in the medium. A

validation was equally carried out with the KTA correlation.

Fig. 4.11 illustrates the effect of Nusselt number on Rag, as the heat energy stored in the
particles was being transferred to the fluid under natural convective operating condition. The
Nusselt number measured value in Eq. (4.6) is observed to drop to a value close to zero as the
particles lost their stored heat energy, the heat transfer from particle-to-fluid continued to
decline as the medium returned to its initial start-up condition. Agreement exists when the

results are validated with the KTA correlation.
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Figure 4.10 Variation in Rayleigh number at different Nusselt numbers for convective fluid-
to particle heat transfer (N=4.12, Pr=0.689)
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Figure 4.11 Effect of Nusselt number on Rayleigh number in packed bed thermal energy
storage systems for convective particle-to-fluid heat transfer (N = 4.12, Pr = 0.689)
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4.7 CONCLUSION

The chapter described the experimental test facility set-up and use of data acquisition system in
the capturing of experimental data readings. The functions of equipment constituting the set-up
and experimental procedure were also discussed. Deliberations on experimental errors and
uncertainty were equally made in the chapter. For the porous medium investigated, an
experimental procedure used in evaluating the convective heat transfer coefficient of heat
exchange between the working fluid and the bed particles was detailed. While a validation of
the measured results with correlation recommended by the Nuclear Safety Standard
Commission KTA agreed with the plot profile of the dimensionless groups, the difference in
values was due to the non-consideration of the thermal energy exchange properties (conduction
and convection) in the bed by the KTA correlation. The concept of the medium investigation
was not intended on flow but on heat transfer characteristics between the solids and fluid
knowing well that the fluid was buoyancy driven due to temperature variation. Unlike most
studies where there was continuous and fresh replacement of cooling fluid, the experimental
set-up was tailored towards the proposed fuel design where the fluid was confined to an

enclosure.
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Theoretical: Basic Unit Cell Model

5.1 Introduction

Chapter 3 presented some correlations and models used for determining the heat transfer
performance in packed beds. It demonstrated that much empirical evidence was incorporated
into the various models to achieve the desired results in the prediction of the heat transfer
performance of the various investigated media. In Chapter 4, the first principle heat transfer
concept was applied to the experimental evaluation of the heat transfer in the medium

investigated.

The focus of this chapter is the development of a suitable theoretical model for evaluating the
natural convection heat transfer characteristics in porous media heated by a hot gas through
natural convection and that of heat-generating particles. Heat transfer mechanisms that play an
active role in packed beds are as follows (see Fig. 5.1): (i) the convective heat transfer from the
surface of the packing materials (particles) to the fluid, sometimes referred to as particle-to-
fluid mode; (ii) the convective heat transfer from the flowing fluid to the particles, sometimes
referred to as fluid-to-particle mode; (iii) the conduction heat transfer between the walls of the
bed and the particle interface constituting the bed; (iv) the conduction heat transfer between
individual particles in the bed, sometimes referred to as particle-to-particle mode; (v) radiant
heat transfer between particles and between particles and the container wall; (vi) radiant heat
transfer between fluid and particles [91]. However, the modes are not compartmentalised and
will naturally influence one another; for instance, conduction between the particles may be
affected by the convection between the particles and the fluid. This interaction among the
different modes is one of the main reasons for the difficulty in correlating the total heat transfer

and analysing the experimental data obtained. Fundamental heat transfer principles were
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applied by [9] to characterise the heat transfer mechanism between two contacting rough solid
spherical bodies. The model only dealt with conduction through the contact area between
spheres while incorporating surface roughness and conduction through the gas phase at lower
temperatures. Good results were obtained from the study when the model was compared with
other packings though limited to SC and FCC arrangements. It was suggested that the heat
transfer trends obtained in regularly packed beds through the model could be used to study the

effect of important parameters involved in randomly packed beds.

However, the new model developed in this chapter will be based on some of the thermal
conduction heat transfer principles used by [9]. While [9] concentrates on conduction across the
contact region of rough contacting spherical surfaces, this model is developed based on
Hertzian (perfect) contacts between the contacting particles since the particle falls within a
Brinell hardness of Hg < 1.3 GPa [97]. The newly developed basic unit cell model deals with
all the aforementioned heat transfer mechanisms, while distinguishing between short-range
thermal radiation, defined as radiation to and from spheres in contact with the sphere under
consideration, and long-range thermal radiation, defined as radiation to and from spheres not in

direct contact with the sphere under consideration (see Fig. 5.1).

Cylindrical
vessel (PTFE)

Particle test
sample

Heated steel
plate

Figure 5.1 Section through part of the test facility with a particle test sample highlighted. (i)
heat transfer by particle-to-fluid mode, (ii) heat transfer by fluid-to-particle mode, (iii) heat
transfer between the bed wall and particles, (iv) heat transfer by particle-to-particle mode, (v)

radiant heat transfer between particles, (vi) radiant heat transfer between fluid and particles.
Source: Noah et al., 2015
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5.2 Heat Transfer inside the Cladding of Traditional Fuel

In a quest to investigate the particle-to-fluid heat transfer characteristics expected in the
proposed new fuel design using the basic unit cell model, it is necessary to examine the heat
transfer process that takes place inside the cladding of the traditional fuel of LWR. This will

help to not only compare the two but also to give a better understanding of the new design.

In the traditional fuel design, energy is removed from a reactor by two fundamentally different
heat transfer processes [92]: conduction and convection. In conduction, heat is transmitted from
one location in a body to another due to the temperature difference existing in the body; there is
no macroscopic movement of any portion of the body. It is by this mechanism that heat
produced in fuel pellets is transferred to the surface of the rod. Heat convection involves the
transfer of heat to a moving liquid or gas, again as a result of a temperature difference and the
later rejection of this heat at another location. The heat generation rate is not constant inside the
fuel pellet being smaller at the centre due to the attenuation thermal neutron flux by the fuel.
Thus, the heat conducted to the surface of a fuel rod is carried into the coolant and out of the
system by convection. A gap between the pellets and the cladding tube is filled with helium gas
to improve the conduction heat transfer from the fuel pellets to the cladding. Consider fuel

pellets of radius a surrounded by cladding of thickness b, as shown in Fig. 5.2.

~~~~~

ve
74\(0?’\0y s

Figure 5.2 Fuel rod consisting of cladding tube and fuel pellets

Heat is produced at a rate of g™ per unit volume inside the fuel rod and heat released in the

cladding by ¥-absorption is very small compared with fission heating, hence it is assumed
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negligible. The temperature in the rod is only a function of the distance r from the axis of the

rod, so that in cylindrical coordinates, the heat conduction equation is expressed by Eq. (5.1):

AL L 5.1
dr? rdr kfuel B ( ' )

The boundary conditions appropriate to this problem are:
(i) T is non-singular within the rod @) TO)=T,
where T, is the central temperature of the fuel. The general solution is given in Eqg. (5.2):

nr, .2

T(r)= —

+ Cilnr + C 5.2
A e G (52)

where C; and C, are constants. In view of the boundary condition, C; = 0 and C, = T,,, thus

the temperature within the rod is:

"r,.2

q
4Kyl

T(r) = T — (5.3)

Consider an arbitrary volume V of material throughout a portion of which heat is being
produced. From the conservation of energy, the rate at which heat is produced within the fuel
rod must be equal to the rate at which it flows out of the rod. If this were not the case, the
substance would change temperature and therefore would not be in a steady state. In equation

form, let the volume of fuel rod be V = ma?H:
q = ma’Hq"" (5.4)

where a is the fuel pellet radius, H is the length of the rod and g is the heat flow out of the rod.
Solving for q"" in Eq. (5.3) and introducing in Eq. (5.4) given that r = a and T is the surface

temperature of the rod, Eq. (5.4) can now be expressed as:

T T (5.5)
R VI T |
In view of Eq. (5.5), the thermal resistance of the fuel is expressed by Eq. (5.6):
R = ! 5.6
fuel — 47Tkauel ( ' )

From Fourier's law, the total heat flowing out of the cladding having a thickness of b is:
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dT
q= —2n(a+b)Hk gq— (5.7)
dr
evaluated at r = a + b. Carrying out the differentiation of Eq. (5.7) yields

_ 2Hk 100 (Ts — Teiaa)

1= 71+ b/a) 8)
The thermal resistance of the cladding is given to be:
In(1+ b/a)
A = K rag (5.90)
Normally, b is much less than a. In this case, since
b
In(1+ b/a) = 2 (5.9b)
Eqg. (5.9a) can be written as
b
(5.10)

R, = ——
clad ZT[achlad
In terms of the overall temperature difference between the centre of the fuel and the surface of

the cladding, the heat flowing out of the rod is:

_ Tm - Tclad
Rfuel + Rgap + Rclad

q (5.11)

The heat transfer between the fuel pellets and the helium gas contained in the cladding is
expressed by Eq. (5.12a):
AT Tm— T,

q= = (5.12a)
Rtotalco,w hpfAtotal

The fuel pellet-to-gas heat transfer coefficient is determined from the above equation and
expressed in Eq. (5.12b):

Tp — T,
hpr = ——2 (5.12b)
thotal

where Riotar,,,,, 1S the total convective thermal resistance, A, is the total surface area of the

fuel in the cladding and Ty, is the temperature of gas contained inside the cladding.
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5.3 Development of the Basic Unit Cell (BUC) Model for Packed Beds

The BUC model adopts the concept of a single unit of the packed bed being analysed and taken
as representing the entire bed; it relates the convective heat effect of the flowing fluid with the
conduction and radiative effect between adjacent particles at the finite contact spot. A unit cell
is made up of any identified particle in the bed with adjacent contacting particles (see Fig.
5.3a). The model is an application of conservative heat transfer energy balance within any unit
cell in the medium. It brings into account every form of heat exchange that occurs in the unit
cell. One vital form of heat exchange intensely dealt with in the model is the conduction mode.
To completely resolve the issue of heat transfer by conduction in the unit cell, the model
combines both analytical and numerical methods in predicting the conduction mode of heat
transfer in packed beds; analytical refers to the use of the concept of thermal contact resistance
(TCR) of smooth sphere particles and numerical refers to the use of finite volume method

(FVM) to determine the temperature distribution within the particles.

Adjacent contacting particles

Identified particle

Figure 5.3a Single unit cell

5.4 Temperature Distribution within Particles

Randomly packed coated nuclear particle fuels in the cladding of the proposed design are
expected to exhibit a relatively uniform temperature distribution on the particle fuel surface.
Given the uniform heat removal from the particles, it can be expected to have a uniform
temperature distribution on the surface. However, in the experiment, temperature distribution

was not uniform due to the mode of heat-generating source in the medium and the nature of
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heat removal from particle surface. This development creates the need to determine the
transient temperature distribution on the test particle surfaces as they are being heated up by the

hot gas and neighbouring particles in contact with them.

It is assumed that the inductively heated bottom steel plate temperature increases the
temperature of helium gas on the top surface of the plate and the gas starts flowing upwards in
an axial direction through the bed pores due to buoyancy and the formation of convectional
fluid current at the near-wall region. The particle test sample gains heat by convection from the
hot gas and conduction from adjacent contact test particles. Fig. 5.3b depicts the particle test
sample in contact with a number of test particles at different finite contact spots on its surface,
this set-up forms a unit cell in the medium. In the experiment carried out, the thermocouples
were positioned at some specified locations to take temperature readings at contact spots and
were designed to determine the temperature distribution within each particle as it gained heat.
Due to the particle size, it is difficult and unreasonable instrumenting every contact spot on the
surface of the particle (see Fig. 5.3b), hence a numerical method is considered to be ideal for
this purpose. With the method, the temperature distribution in each control volume on the
surface of the particle can be determined. To achieve this objective, a finite volume
discretisation implicit scheme can be applied; the scheme is used because of its robustness and
unconditional stability as compared with other schemes. A Matlab programme in Appendix B.1

was written and used to assist in the discretisation calculation.

T-type thermocouples Test particles

Particle test sample

Figure 5.3b Schematic representation of contacting adjacent particles
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By determining the temperature of the contact spot, the appropriate heat transfer by conduction
between adjacent particles at the contact spot can be obtained. The one-dimensional heat

conduction equation in a sphere having an internal heat source S, is expressed in Eq. (5.13a):

10 oT S 10T

(2= gen _ _

r2 oz (r 62) + ks a dt (5-13a)
Considering the radius in an axial direction, Eq. (5.13a) can alternatively be expressed as:

°T oT

ksﬁ + Sgen = ,DCPE (513b)

Since the particles do not have an internal heat source S;., = 0 and the equation reduces to

d (aT) oT
0z

3, = Py FT (5.14)
The temperature distribution determined by numerical method in and on the surface of the test
particles and particle test sample is governed by the transient one-dimensional heat conduction
equation shown in Eqg. (5.14), using the appropriate initial boundary conditions. To determine
the temperature distribution within any of the particles, the particle is divided into a number of
control volumes as shown in Fig. 5.4, and thereafter, a discretised algebraic equation is
established as derived in Eg. (5.21).

Grid point

I |

Figure 5.4 Control volumes with grid points in the axial direction

Integrating the transient one-dimensional heat conduction equation in Eq. (5.14) over a control

volume at a time interval At gives:
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t+At n t+At n

d(pc, T
f f (pp )d dt f f dzdt (5.15)
0z
t+At t Az _ e ks(Ty—Tp) _ ks(Tp—Ts
pey[T5 - T = ft |- Te) _ Lo Ts) g (5.16)

given an analogy and an initial condition; t=0
t+At
f Tdt = ((1— f)TE+ fTH8) = (1= /)T + fT) (5.17)
t

substituting the analogy in Eq. (5.16) gives:

pcp[TP - T[?]AZ
— {k_n [(1 _ )Tt + Tt+At] _ k_n [(1 _ )Tt + Tt+At]
- aZ f N f N aZ f P f P

ks
(AL R v e (CRy  Ny| WY CR TS

Considering the scheme to be fully implicit, a Weighting parameter f = 1 is introduced hence
ay = %f, as = f ap = ay + as + pcp , a discretised algebraic equation can now be

established in Eq. (5.21).

Az o
PCp A_t [TP - TP]

k, o k, o
= &[(1_]()TN +fTN] - &[(1_]6)7119 +fTP]
kg ks
- &[(1—}37"19 + fTp] + &[(1—f)Ts°+fTs] (5.19)

( Az S ) -
— Tl 5 Az kn ks o
+ (k—”m _ T 4+ K- f)T") (5.20)
0z N 9z $ '
From the above equation, the discretised algebraic equation is expressed as:

apr = aNTN + asTS + agT]g) + b (521)

81

© University of Pretoria



2

UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA

YUNIBESITHI YA PRETORIA
9

Theoretical: Basic Unit Cell Model

From the discretised algebraic equation derived in Eq. (5.21), it is possible to determine the
temperature at the surface of a particle when it makes contact with another particle in the
surrounding medium. The conduction heat transfer at contact area spots can then be expressed
by using Eq. (5.22):

dT;

Qc = keysy “d (5.22)

where T; could be T;,T,,T5,Tyy «oovvnven.... ; T; accounts for the particle surface non-uniform
temperature (see Figs. 5.3b & 5.4). The graph in Fig. 5.5 validates the experimental
temperature distribution with numerical temperature distribution in the particle test sample
along axial direction. Temperatures Ty, T,, and T, are determined experimentally from the
thermocouples embedded in the particles. Temperatures in all the nodes are likewise deduced
numerically using the finite volume implicit scheme at a time step of two seconds. The graph in
Fig. 5.5 shows an error of less than 1% between experimental and numerical results and is

therefore regarded as appropriate for use. The value of kg, used in the above equation is

obtained from the expression in Eq. (5.38).

3115 , . , ,
: : —e— Experimental
i —5— Numerical (FVM)

311

310.5

Temp (K)

310

309.5

200 a ; a i a ; a
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
Distance (m)

Figure 5.5 Temperature distribution against particle diameter in an axial direction

In the case of the proposed design, coated particle fuel in the cladding tube will generate heat
by nuclear fission. Here, the heat to be generated by nuclear fission in the particle is expected
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to be uniformly distributed throughout the volume of the fissile material. The general governing
equation for the heat conduction in this case is expressed by Eg. (5.23), hence individual
particle surface temperature is assumed uniform and heat transfer by conduction at the contact
spot between adjacent coated particle fuels in the cladding tube can be expressed by using Eq.
(5.24):

19, ,aT aT
r—za(ksr &) + Sgen = pCpE (523)
. dr

where temperature T is uniform on each particle surface. The value of k¢, used in the above

equation is obtained from the expression in Eq. (5.38).

5.5 Heat Transfer at the Contact Spots

Conduction in packed beds occurs at the finite contact spot between adjacent particles in the
bed; this is sometimes referred to as the particle-to-particle mode. Conduction also exists at the
contact spot between the walls of the bed container and the particles constituting the bed. In
beds with adiabatic wall conditions, heat transfer may be assumed small or negligible in radial
conduction as well as in bed-to-wall contacts. It should be noted that in the case of the proposed
nuclear fuel design, conduction in both radial and axial direction exists at the finite contact
spot. Adiabatic wall conditions, often used in industrial practice, are assumed only for
experimental purposes. It should be noted that this boundary condition is assumed only for
experimental purpose to trap substantial heat in the cylinder, thereby necessitating a rise in
helium gas temperature, which might have been lost to the environment if the cylinder wall was
not highly insulated. This assumption is not applicable to the proposed design as heat is
expected to be transferred across the cladding to heat up the surrounding coolant. Consider a
particle test sample located at the bulk region in a random packing structure as shown in Fig.
5.1, the particle test sample bottom and top halves are in contact with m and n numbers of
particles respectively. Values of m and n are function of the bed porosity and particle
diameters; the values of m and n are in the range of 1 to 4 particles [91] as observed in the
experiment. The m and n particles serve as heat source(s) and sink(s) respectively to the particle
test sample. A thorough knowledge of contact mechanics and thermal contact resistance is
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needed in determining the total heat transferred to and from the particle test sample at the
contact region of m and n contacting particles.

Through the knowledge gained from this investigation, the heat transfer at the finite contact
spot between adjacent coated particle fuels in the proposed design is expected to be uniform in
both axial and radial directions because the proposed coated particle fuel is a heat-generating
source by nuclear fission. Hence the heat will be uniformly distributed across the surface of
each particle fuel. In the case of the proposed design, the number of point contacts between a
given coated particle fuel and adjacent particle fuels (and in some cases, the angular
distribution of these points) must be determined. Various researchers, such as [33], [34] and
[35], have endeavoured to derive correlations that can predict the average coordination N,
number for a given porosity in the bulk region of a randomly packed bed. A summary of all the

empirical correlations is presented by [36].

5.5.1 Contact area between adjacent particles

As in [7], [10], [93], [94], [95], [96], the model presented in this study utilises the concept of a
finite contact spot between individual particles in the bed; the dimension of the contact spot as
shown in Fig. 5.6 is evaluated from the Hertzian theory of elastic contact (contact mechanics
application). The Hertzian theory is based on the principle that contacting surfaces are ideally
smooth and in perfect contact thus occupying the entire nominal contact area. In this type of
contact, it is assumed that the radii of curvature of the contacting bodies are large compared
with the radius of the circle of contact; the contacting bodies are in frictionless contact; the

surfaces in contact are continuous and non-conforming.
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2r. |

Figure 5.6 Finite contact spot of smooth contacting spherical surfaces [6]

The area of contact, Ac, for a circle of radius, r., is given by the Hertz relation [97] in Eq.
(5.25), and depends on the normal load, F, while the maximum contact pressure, B, at the

centre of the circular contact area is given in Eq. (5.26):

31— 2 13
re= |7 % F.r, (5.25)
3F
Pnax = Z_AC ) A = T[I‘g (5.26)

5.5.2. Contact region between adjacent particles

The contact region is made up of the nominal contact area found at the contact spot between
two adjacent particles and the surrounding gas layer as shown in Fig. 5.7. The heat transferred
in an isolated contact region may be used to determine the thermal heat transfer behaviour of
the bed. Thermal energy can be transferred across the joint via radiation, conduction through
interstitial gas in the gap and conduction through the finite contact spot [9]. Conduction which
is predominant at the contact region [98] occurs in rough spherical surfaces via three main
paths [9]: microcontacts, @, the interstitial gas within the microgap, @, and the interstitial gas

within the macrogap, Q.
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Microcontacts are discrete spots in the nominal contact area where asperities make real contact;
it is usually a small fraction or a small percentage of the nominal contact area; microcontacts
are generally located far from each other in the nominal contact area, the gap between two
microcontacts is referred to as the microgap and is filled with interstitial gas. The microgap
constitutes a large portion of the nominal contact area. A gap between non-contacting parts of
adjacent particles filled with stagnant gas is referred to as the macrogap; it is an immediate gas
layer surrounding the nominal contact area; both the macrogap and the nominal contact area
make up the contact region, most of the heat transfer occurs through the interstitial gas

(macrogap).

: Isothermal
| b, | T,
| r X

Q., macrogap heat
flow lines

=G

4

T

- Isothermal

Figure 5.7 Heat conduction between two smooth elastic particles in perfect contact (Hertzian
contact) [6]

The total heat transferred by conduction across the contact region of adjacent particles with
particle surfaces of a Brinell hardness of 1.3 < Hz < 7.6 GPa [97] is the summation of the

available heat at these paths, which is expressed in Eq. (5.27):
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Qi = Qs + Qg + Q¢ (5.27)

The total heat transferred by conduction across the contact region of rough contacting spherical
surfaces, Q.,, is expressed by Eq. (5.28), it is deduced using the joint thermal resistance, R;,

acting at the contact region, a model developed by [9].

The joint thermal contact resistance of rough spherical surfaces with the presence of an
interstitial gas contains four thermal resistance components: (i) resistance of the interstitial gas
in the microgap, Rg; (ii) the thermal resistance of the interstitial gas in the macrogap, Rg; (iii)
the macrocontact constriction/spreading thermal resistance, R; (this is the summation of
macrocontact thermal resistance in Spheres 1 and 2, R.1 and Rr2); (iv) the microcontacts
constriction/spreading resistance, R;. An expression of the total heat transferred across the
region relating to the temperature difference across the region and the joint thermal resistance

at the contact region is given in Eq. (5.28):

Qcr = Qs + Qg + Q0 = 5 = (5.28)

where R; for the rough contact is given in the equation below:

fo | ]
BICEE R

In the study, 15.9 mm diameter stainless steel (AISI 304) spheres are used; the thermal

(5.29)

conductivity, specific heat at constant pressure and density are 15.6 W/m-'K, 456 J/kg-:K and
7913 kg/m? respectively and a Brinell hardness of Hy < 1.3 GPa. Hertzian (perfect) contacts
are assumed between the contacting particles in this work because the particle falls within a
Brinell hardness of Hyp < 1.3 GPa. Also for the study, a thermal resistance network will be
developed to illustrate thermal resistances present at different parts in the contact region and
also to assist in establishing a relation for the joint thermal resistance of particle-to-particle
contact in the medium (see Fig. 5.8).

In the case of Hertzian (perfect) contact, R, R, and R, are replaced by the Hertzian
microcontact, Rc, [94], due to the surface smoothness of the particle, as shown in Fig. 5.7. The

expected temperature drop across the joint usually experienced in rough contact because of
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thermal resistance is assumed here in Hertzian contact negligible. The total heat by conduction
across the region of adjacent particles in perfect contact Q., can then be expressed by Egs.
(5.30) and (5.33). It should be noted that the role played by helium gas in the medium by
exhibiting the quality of being a better conducting gas also helps to reduce thermal contact

resistance at the particle-to-particle interface.

Qcp = Q¢ +0Qg¢ (530)

The joint thermal resistance for Hertzian contact expressed in Eqg. (5.31) is made up of two
resistance components, R. and R, in parallel, as illustrated in the thermal resistance network in
Fig. 5.8.

1_1 .1 Ris
R, R. R

AT AT
QL‘p_ RC+RG

Figure 5.8. Thermal resistance for spherical Hertzian contact network [6]

(gL 531
j_ RC RG (')
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AT, AT, AT,

Qp = Qc + Q¢ = ?j:?c-l_R_G (5.32)

_ AT,
Qp = Qc +0Q = effEAc + T 1t

R

(5.33)

Heat transfer by conduction through the microcontact (finite contact spot), Q., is determined
using the expression in Eq. (5.22). While using an implicit finite volume scheme in obtaining T;
in the expression for Q. in Eq. (5.22), values of Q. and R are calculated from the relationships
developed by [99] in Egs. (5.35) and (5.37).

The method developed by [99] is applied to determine Q. The macrogap provides a parallel
path for transferring heat from the heat source to the sink. Conduction heat transfer in a gas
layer between two parallel plates/surfaces is commonly categorised into four heat flow regimes:
continuum, temperature-jump or slip, transition and free molecular. The parameter that
characterises the regimes is the Knudsen number, Kn = A/d, where A and d are the molecular
mean free path and the distance separating the two plates/surfaces respectively. The molecular
mean free path expressed mathematically in Eq. (5.34) is defined as the average distance a gas
molecule travels before it collides with another gas molecule and it is proportional to the gas

temperature and inversely proportional to the gas pressure:

vﬂ

A= C-2 (5.34)

Pg
where T, and P, are the gas temperature and pressure respectively, while C, is a gas specific
constant. The macrogap thermal resistance is considered to provide a parallel path between the
heat source and the sink. The macrogap area, A, of the non-contacting region of the solids is
divided into infinitesimal surface elements, drg, as shown in Fig. 5.7, heat transfer at this

region through interstitial gas, Qg, is determined using [99] in Eq. (5.35):

kg(Ty — Tp)
fj DO+ M dAg (5.35)
2 — 2 - 2 1
M = ( ar “”) Ya )4 (5.36)
arq (04 ) 1+ yg Pr
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where

e D(r) is the sphere profile in the non-contacting region;

e T,, T, are the heat source and sink temperatures respectively;

e d is distance between the two isothermal parallel plates/surfaces;
e a1, a2 are thermal accommodation coefficients (TAC);

e y, isthe ratio of gas specific heats;

e M is the gas parameter.

The thermal accommodation coefficient ot represents the extent to which the exchange of
energy takes place between the gas and the solid. A value of 0.55 is applicable for helium gas
and is used in the study. By using the relation, R; = AT /Q¢, the thermal resistance is obtained
in [99] Eqg. (5.37). The thermal resistance network for a Hertzian contact is represented in Fig.

5.8. The distance ranges, a; and b;, are the macrocontact radius and chord of the macrogap.

ar 17
l (5.37)

R 1 j‘bL r
¢ 2mkg|),, DO+ M

5.5.3 Effective thermal conductivity

The effective thermal conductivity, kes, is an averaged parameter, which describes the total
thermal performance of the granular medium that constitutes the bed. Effective thermal
conductivity can be determined in a porous medium by conduction when the fluid phase is
stagnant and by buoyancy-induced convection when the fluid phase is in motion. For
appropriate determination of the effective thermal conductivity in porous media, three
dominating variables are essential: the solid-phase thermal conductivity, the fluid-phase
thermal conductivity and the microstructure. The two correlations widely used [100] are the
models of [101] and a model based on the original work of [102]. The effective thermal
conductivity is considered to consist of three parts, listed below, and the sum gives the total

effective thermal conductivity:

o effective thermal conductivity at the contact interface between particles(kgsf);

o effective thermal conductivity due to thermal radiation (kg r);
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o effective thermal conductivity across the stationary fluid phase filling the interstitial voids
between contact particles (kgff).

(i) Effective thermal conductivity across the contact interface between particles: The

component of effective thermal conductivity that describes conduction through the particles

and across the contact between the particles is predicted by the model in Eq. (5.38) as defined

by [103]. The model is expressed as:

1/3
c 3(1 —v?) Fd, 1 (&)
eff — s 4E, 2 0.531S \N,

(5.38)

where F = P, S—F
14 NA

e Ny=1/d} and N, = 1/d, denote the number of particles per unit area and length
respectively.

e S =1 and Sr =1 are constants related to the volumetric arrangement of the particles
[38].

e ks is the solid-phase (particle) thermal conductivity.

e E denotes Young’s modulus of the particles (solid phase).

e v isthe Poisson ratio.

e Py and F are the external pressure as a result of the stacked particles and the force
responsible for particle deformation due to the accumulated mass of the particles in the bed

respectively.

The value of k¢, expressed in Eq. (5.38) is used as the effective thermal conductivity across

contact interface between particles in Egs. (5.22), (5.24) and (5.33).

(i1) Effective thermal conductivity due to thermal radiation: The effective thermal conductivity
accounting for interstitial void radiation and solid conduction is given by the Zehner-Schliinder

equation as modified by [104]:
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1
1—¢)2pf+1 1
ko= [1-(1—)?]e + ; 28 40T3d,, (5.39)
-1 B 1
/e, 1+ .
(e, -1)
¢s
where
10
_ /
B =125 (1 g) ’
k
LIJ — p
40Tdd,
Here,

e ¢, denotes the particle emissivity.

e . is the Stephan-Boltzmann constant.

e pasusedinEq. (5.39) is the deformation factor.

e Tsis the solid-phase temperature.

e s used in Eqg. (5.39) forms part of Damkohler’s equivalent thermal conductivity [105]
describing the radiative heat transfer.

e kj, is the thermal conductivity of the fuel particle.

Thermal radiation is a heat transfer mechanism that occurs in packed beds at high temperatures;
the phenomenon is a complex problem. Radiant heat as shown in Fig. 3.1 can be transferred via
three paths: radiation (a) between bed particles, (b) between the bed particles and interstitial
gas, and (c) between interstitial gas and the bed wall. The radiant heat transfer between the
particles can be analysed as a parallel path to the conduction part. While radiative absorption
and emission are major radiative mechanisms in homogeneous media, however, an additional
mechanism of scattering is considered if the medium contains inhomogeneities. Summaries of

most studies conducted on radiative heat transfer in packed beds are given by [106] and [107].

Thermal radiation heat transfer inside the microgaps is complex and very difficult to
characterise [98]. In contrast, [99] derives a ratio between the radiative conductivity and
thermal conductance through the contact area between a flat and a spherical surface. They
demonstrate that although radiation through the contact area becomes relatively important at

higher temperatures, the radiation heat transfer contribution is still far less than that of the
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conductance. Therefore, in the study, it is considered that the thermal radiation heat transfer
normally occurs in the region between r, < r < r,, for the Hertzian contact network. The heat

transfer through thermal radiation is expressed by Eq. (5.42):

10 oT 0qr
k) = % (5:40)
Integrating both sides
T aT 14}
eff 5, ~ 4R (5.41)
. oT .
Qr = 4y (keff &) = —Aq) (5.42)

(ili) Effective thermal conductivity across the stationary fluid phase filling the interstitial

voids between the particle: The component of kgff is given in Eq. (5.43):

G _ — —
@=1—\/T 2Vl—-¢ | (1 rc)ﬁl (1)_ﬁ+1 p—1 (5.43)

ks Et T g (a2 ™) " 2 T1=xp

where g is the same as in Eq. (5.39) and k = k,/k,, is the conductivity ratio. The model is

based on a one-dimensional heat flow for conduction through packed beds of spherical particles
as defined by [103]. The above correlations are combined to obtain an expression in Eq. (5.44)
for the total effective thermal conductivity of the homogeneous section of the packed particle
bed:

5.6 Porous Media Heat Transfer Characteristics

5.6.1 Medium under investigation

Heat transfer analysis between elements with point contact can be quite complicated due to the
time-dependent behaviour and the complex geometrical contact arrangement [39]. For a
bottom-heated porous medium shown in Fig. 5.1, heated helium gas flows axially upwards and

radially outwards due to wall channelling. Consider a particle test sample (which is the particle
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under consideration) with adjacent contact test particles in the medium as shown in Fig. 5.1.
The particle test sample experiences thermal energy being transferred in or out of it from
neighbouring contact particles and gaining heat from hot flowing helium gas (heated from

below) thus exhibiting an attribute of a heat collector or heat sink.

Considering the porous medium under investigation, which is isotropic and exhibits non-local
thermal equilibrium (NLTE), keeping in mind that heat transfer in the medium occurs between
solid and fluid phases, a conservative heat transfer energy balance as shown in Eq. (5.45) is
established to determine the heat transfer coefficient obtainable in the medium under
investigation. The equation accounts for the heat transfer experienced by the particle test
sample with adjacent contact test particles taking into consideration convective, conductive and
radiative heat transfer modes occurring around it. In beds with adiabatic wall conditions, the
radial conduction as well as the bed-to-wall surface heat transfer may be assumed to be small or
negligible. Adiabatic wall conditions, often used in industrial practice, are assumed in this
investigation. It should be noted that this boundary condition is assumed only for experimental
purposes to trap substantial heat in the cylinder, thereby necessitating a rise in helium gas
temperature, which might have been lost to the environment if the cylinder wall was not highly
insulated. This assumption is not applicable to the proposed design as heat is expected to be
transferred across the cladding to heat up the surrounding water.

N 4 T, ~
hep| Ap — zAce (Tf - p) + z Qmeary = (1 - S)(VTppCp)E + Z Qn(rcary (545)
e=1 m=1 n=1

The left of Eq. (5.45) represents the total heat supplied to the particle test sample while the
right-hand side is the heat stored within it plus that which is transferred from it. Heat from
adjacent contacting test particles (usually ranging from one to four) below the particle test
sample serves as heat source while the particle test sample serves as a heat sink. The reverse is
the case for adjacent contact test particles (usually ranging from one to four) above it where the
particle test sample supplies heat by conduction through the contact points. The surface area of
the particle test sample exposed to convective heat transfer is the difference between the
spherical particle total surface area, Ay, and the sum of e contact area spots located on the
surface of the particle test sample. The factor (1-¢) is the ratio of volume occupied by particles
to the total volume of the element V.. Because the particle test sample and adjacent contact test

particles are not in isolation but are in a porous medium, the solid volume fraction (1 — &) of
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the solid phase in the above equation is applied. Heat transfer effects in porous media are
determined by dimensionless parameters such as the Nusselt, Rayleigh, Prandtl, Grashof and
Reynolds numbers. In applying Eqg. (5.45) to evaluate the fluid-to-particle heat transfer
coefficient, hep, in relation to the work under investigation, the heat transfer modes mechanism
(natural convection, conduction and radiation) acting in the medium at elevated temperature
must be analysed and resolved effectively. Combined conduction and radiation heats
transferred to lower half Qcdr) Of the particle test sample, and from the upper half Qrcdr) Of the
particle test sample are established in Egs. (5.46) and (5.47). Incorporating the expressions into
Egs. (5.46) and (5.47) into Eq. (5.45), the values of hg, for the bed can be determined through
the expression in Eq. (5.48):

c dT; AT; iy
Qpcar = Qcp + Qg = {keff EAC + R_G}Bc {quR Be (5.46)
c dT; AT; .
Qrcar = Qcp +Qr = {keffEAc + R_G}Tc — {4pax e (5.47)
(1- D Dpresse_pey _ 38 =1[{k§ff%‘4€+ fa_TGi}BC - {apay),, . Z%=1[{k5ff%‘1£+ ?e_TGi}TC - {qu;;}TC]n
hrp = (= 2 20 T~ T)

(5.48)

Properties of the test particles were taken directly from literature and consist solely of the

material and thermal properties of 304 stainless steel (see Table. 5.1).

Table 5.1 Parameters used in determining the heat transfer effect in the medium

Parameter Value
Density, pp 7913 kg/m?®
Poisson ratio, v 0.29
Young’s modulus, E 193 GPa
Particle radius, rp 7.95 mm
Thermal diffusivity, o 4.3210 X 107 m?s~!
Thermal conductivity, kp 15.6 W/m K
Thermal conductivity, ks 0.14786 W/m K
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Table 5.1 (Continued)

Parameter Value
Number of particles 180

Bed diameter 72 mm
Cylinder height 760 mm
Cylinder wall thickness 38 mm
Prandtl number, Pr 0.689
Specific heat ratio of gas vyq 1.667
Molecular mean free path, A 173.6 nm
Thermal accommodation coefficient (TAC) 0.55
Initial enclosed cavity pressure (abs) 86.6 kPa
Induction cooktop power (max) 1800 W

5.6.2 Proposed medium

A schematic of the regular 4 metre long light-water reactor (LWR) cladding with fuel pellets is
depicted in Fig. 1.1. A possible solution towards enhancing the safety of LWR by re-designing
the fuel in the form of loose coated particles in a helium atmosphere inside the nuclear fuel
cladding tube is proposed in the study. A schematic of the proposed new fuel design is equally
depicted in Fig. 1.2. It is believed that the knowledge gained from the experimental evaluation
of the heat transfer phenomenon in packed beds will be found beneficial in the proposed

design.

Since the coated particle fuel is a heat-generating source by nuclear fission, the temperature
distribution on the surface of each coated particle is expected to be uniform. A situation of
steady-state heat generation is applicable in this circumstance. Heat is produced by the UO-
fuel kernel at the constant rate g™ [W/m?®] per unit volume inside the coating layers. The
temperature in the fuel kernel is only a function of the distance, rs,.;, from the centre of the
sphere (see Fig. 1.2) so that the heat conduction equation is expressed by Eq. (5.49). A Poisson
equation in Eq. (5.50) can be used to represent the one-dimensional steady-state heat

conduction of the fuel:

1 0 oT\  qlb, 10T
2 gen
9 (2 °F =& 5.49
12, 07 (rf uel ar) Kruel @0t (5:49)
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nr

1 0 ( ) (’)T) f dgen
—— — (171 =—dV + dv =0 5.50
'[;V I'Jguel or Juel or cv kfuel ( )

Integrating the governing differential equation in Eqg. (5.50) over a control volume (cv) gives
the solution expressed by Eq. (5.51) of the heat conduction by the fuel kernel at steady-state

heat generation:

oT aT
quel = Qunu = ([kfuel ELAS - [kfuel E]nAn) (5.51)

The expression in Eq. (5.24) is considered appropriate for the heat transfer by conduction at
contact spots between adjacent particle fuels. On this basis, Hertzian (perfect) contacts are
assumed between contacting particle fuels. For the proposed design, the thermal resistance
network developed in Fig. 5.8 to illustrate the thermal resistances present at different parts in
the contact region and to assist in establishing a relation for the joint thermal resistance of
particle-to-particle contact in a medium is applicable. Hence the total heat transfer by
conduction across the contact region of adjacent particles in perfect contact Q. is expressed by
Eqg. (5.52) for the new design with the assumption that the same magnitude of heat is conducted
in both axial and radial directions:
dT AT

Qp = Qc +0Q¢ = kgffEAc + Ro (5.52)

Consider an arbitrary volume, V, of material throughout a portion of which heat is being
produced. From the conservation of energy, the rate at which heat is produced by the fuel
kernel, Q,,, must be equal to the rate at which it flows out. If this were not the case, the
substance would change temperature and therefore would not be in a steady state. Hence the
conservative heat transfer energy balance in the proposed medium using the basic unit cell

model can be expressed by Eq. (5.53):

(pp Cp VT)AT

Qnu = 1-¢) At

+ N.Qg + Apqr + hppAAT (5.53)

Applying the BUC model to the medium of the proposed new fuel design, Q,., is the heat
generated by nuclear fission in the coated particle fuel, N, as discussed in Section 2.2.2, is the
frequency distribution of the number of contact points, which in most cases is referred to as the

average coordination number or average kissing number which is a function of both the bed
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porosity and particle diameter. The correlation proposed by [36] in Table 2.3 for N, expression
is applied in this study. The particle-to-fluid heat transfer coefficient, h,¢, developed for the

medium of the proposed design, is expressed in Eq. (5.54):

(pcpVr)AT (o dr AT z
Qnu — 1- 5)% - {Nc[( gffE)Ac + R_G - quR}

h = —
of (Ap - NCAC)(Tp - Tf)

(5.54)

where ¢, kgrr, qr, Ap, Ac represent the bed porosity, the effective thermal conductivity at the
contact interface between particles, the radiative heat flux, the spherical particle total surface
area and the area of contact spot respectively. The heat transfer characteristics in this study for
the proposed new fuel design under natural convection are evaluated using the particle-to-fluid
heat transfer coefficient, h,r, Nusselt number, Grashof number, Prandtl number and the

Rayleigh number. These are expressed in Egs. (5.55) and (5.56):

h..d
Nu= 2% (5.55)
kr
T. —T:| d3
Ragq, = gBl sz fl 2 pr = Gr.pr (5.56)

Gunn Correlation
The Gunn correlation [48] used to validate the heat transfer performance of the medium

investigated is expressed in Eq. (5.57):

Nug, = (7—10e +562) (1 + 0.7Re32Pr*) + (1.33 — 242 + 1.26*)Rel/Pr”  (557)

valid: 0 < Rey, <10°

The Gunn correlation is one of the well-known correlations. The correlation is chosen for the

following reasons:

o The particle type used in derivation of the correlation is homogeneous. This is similar to the

particle used in the experiment and in the proposed fuel design.
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e The correlation is developed to accommodate fluid flow within the range from negligible to
very large. This parameter in the correlation is essential as it relates to the experiment and

proposed design where flow recirculation is dominant in the media.

e The application of voidage or void fraction (porosity, €) is another important parameter in
the correlation. This aids in providing an understanding of the porous structure in the

medium under investigation.

5.7 Results

The evaluation of fluid-to-particle natural convection heat transfer in randomly packed beds
consisting of microparticles was carried out in a test facility of slender cylindrical geometry.
Reference values of thermophysical properties of sphere particle and the interstitial gas effect
used for the work in determining the conductive heat transfer mode at the contact region were
given in Table 5.1. In the investigation, the Nusselt number, the Rayleigh number and the heat
transfer coefficient were the basic parameters used in evaluating the convective heat transfer
characteristics in the packed bed considered. The value of these parameters was obtained using
the expressions in Egs. (5.48), (5.51) and (5.52), graphs were plotted to demonstrate the
variation of these parameters with one another in an increasing bed temperature. Graphs were
also used for validating the theoretical method with the [13] correlation. The graphs in Fig. 5.9
depicted an effect of gas temperature on both fluid-to-particle heat transfer coefficient and
thermal conductivity of helium gas. From the figure, it could be seen that the fluid-to-particle
heat transfer coefficient increased with a rising gas temperature. Another effect of rising gas
temperature in the medium shown in the graph was a slight increase in the gas thermal

conductivity.

99

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

YUNIBESITHI YA PRETORIA
A 4

Theoretical: Basic Unit Cell Model

m=mgp==h fp(Experimental study) I'A
=@ k_(Experimental study) A,'
’

500 4 o0.165
<& =~
<< 450 -=
£ - 0.16 g

3
g 2
2
400
-1 0.155
350
- 0.15
L= ] ] ] I ] ]
310 330 350 370
Temp T_(K)

Figure 5.9 Effect of gas temperature on convective fluid-to-particle heat transfer coefficient
and on gas thermal conductivity

Fig. 5.10 is a plot of the Nusselt number as a function of the convective heat transfer
coefficient in the bed. Heat transfer coefficient is a quantitative characteristic of convective
heat transfer between a gas medium (a fluid) and the solid (particle) surface submerged in the
fluid. In heat transfer, at a boundary (surface) within a gas, the Nusselt number (Nu) is the ratio
of convective to conductive heat transfer across the boundary. From the study, as depicted in
the graph, it can be observed that the Nusselt number increases with an increasing heat transfer

coefficient as the gas temperature rises.

The significance of the graph is that an increasing Nusselt number corresponds to more active
convective heat transfer between a surface and a gas flowing past it. Validation of the study
with suitable correlation such as [48] shows good agreement, the difference depicted in the
graph when compared with the study may be attributed to the bed materials (type of particle,
gas and wall) and nature of heat transfer (i.e. particle-to-fluid, type of convective heat transfer)

used in developing the correlation.
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Figure 5.10 Nusselt number in the packed bed as a function of convective fluid-to-particle
heat transfer coefficient

In Fig. 5.11, the variation of Rayleigh number (Ra) with the Nusselt number (Nu) is illustrated.
The Rayleigh number is a dimensionless term used in the calculation of natural convection heat
transfer in a medium; it is associated with buoyancy-driven flow. Its value in this investigation
is determined from the thermophysical properties of the particle test sample and heated helium
gas. Parameters needed for determining the Rayleigh number includes the thermal expansion
coefficient of the gas, the gas temperature and corresponding viscosity around the particle, the
Prandtl number and the particle diameter. Plotted values for Ra in the graph are obtained by

inserting these property values, which are mostly temperature dependent, into Eq. (5.56).

Another significant feature shown in Fig. 5.11 is that an increasing Rayleigh number from a
relatively low value, as depicted in the graph, is an indication of a rising natural convection

heat transfer in the packed bed.
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Figure 5.11 Variation of Nusselt number on the Rayleigh number for fluid-to particles heat
transfer

5.9 Comparison of Theoretical Analysis and Experimental Evaluation
Results

The experimental evaluation of heat transfer in the investigated medium was carried out in
Chapter 4 by applying the first principle heat transfer concept to the heat exchange that
occurred in the particle test sample and the results obtained forms a representation of the heat
transfer characteristics of the investigated medium. This was carried out in isolation from other
contacting particles. On the other hand, the basic unit cell model forming the theoretical
analysis of the investigation dealt systematically with the heat exchange that was active in and
around the same particle test sample putting into consideration contacting particles in the bed
and thermal radiation effect at elevated temperatures. A more detailed examination of the
particle test sample through the BUC model accounted for the transient heat conduction in the
particle test sample along with the various sources of heat at the contact points and at the
interstice through the application of different methods, which were not considered in the
experimental evaluation process. These differences made the results of the BUC model heat
transfer characteristics more dependable compared with results obtained from the experimental

evaluation. A conclusive action to provide sufficient assurance of the dependability of the
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theoretical analysis is achieved through close examination of the graph in Fig. 5.12 depicting
the variation of Nusselt number against the Rayleigh number for the experimental and
theoretical results earlier determined in this chapter and the previous one. From the graphs
depicted in Fig. 5.12, the Nusselt number for the experimental and theoretical results is
observed to rise gradually but with a different profile. The graph of the theoretical Nusselt
number is seen to have a similar profile as that of Gunn’s correlation results. The profile of the
experimental Nusselt number may be attributed to lumped system application assumptions on
the particle test sample and the non-consideration of heat source and heat sink phenomenon
associated with contacting particles in the investigated configuration. A further rise in the graph
of the experimental results after interception with the graph of theoretical results is observed to
approach the graph of validating Gunn’s correlation [48] results. This development may be
attributed to a phenomenon in which the experimental evaluation approach considers the test

sample as a single particle in the investigated configuration.
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=——@—= Theoretical
e GUNN

140

100 -
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Figure 5.12 Variation of Nusselt number with Rayleigh number for fluid-to-particle heat
transfer
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5.10 Conclusion

The chapter discussed the heat transfer in the traditional nuclear fuel. The aim of the theoretical
analysis was to investigate the heat transfer characteristics in packed beds under natural
convection and to validate the results with a suitable correlation such as that of Gunn [48]. The
investigation carried out in the bed was done in the bulk region of the bed that formed the
major part of the medium. The heat transfer coefficient, hs, Nusselt number, Nu, and the
Rayleigh number, Ra, were the parameters used in the evaluation and their values were all
determined in the bulk region. The results from the study revealed a rising natural convection
heat transfer effect between particle surface and the gas flowing past it at an increasing bed
temperature. Slightly differing values are likely to be obtained at the near-wall region because
of the high porosity associated with this region. Although the heat transfer phenomenon
experienced in the theoretical investigation was a reverse case to the real fuel application but
for design purpose, the study leads the way in developing a model suitable for evaluating the
heat transfer characteristics within the cladding tube with coated particle fuels. In addition, the
study has also established the limitations of experimental evaluation approach in determining

the heat transfer characteristics in porous media under natural convection.
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Numerical Modelling of Natural Convection
Heat Transfer and Transport in an Enclosed
Slender Tube Geometrical Model Containing
Heated Microspheres

6.1 Introduction

Gains from experimental investigations carried out in the study helped significantly in
developing a model that can be used in determining particle-to-fluid heat transfer
characteristics of the proposed new fuel design in the cladding. The main limitation of heat
transfer models in packed beds is the poor knowledge of flow patterns within them; the use of
modelling and simulation tools has made it possible to define not only spatial distribution of

involved species, but also temperature and velocity profiles within the bed.

Two approaches can be adopted in simulating porous media. The first is the traditional method;
it is a direct simulation of spherical packings permeated by fine-scale voids that permit the
passage of fluids in a cylindrical vessel. The second is by simulating a porous region whose
medium properties are defined; typically, the geometrical model representing the packed bed is
specified as a porous region. Lumped parameter effect and other uncertainties including the
inability to visualize flow patterns and obtain appropriate velocity profile within the packed
beds were part of the limitations identified when this model was simulated in the course of the
research work. Simulation results from this approach are just estimates compared with results
from direct simulation of spherical packings that are known to be closer to exact solution. Its
only advantage is the ability to simulate large-size porous regions using a system with an
average-size computational capacity. During this research work, simulations on both

approaches were carried out, but in this thesis, only the first simulation approach is reported
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because its geometrical model mimics the proposed fuel design contained in the cladding.
Simulation results of qualitative features in the medium are seen to depict a convincingly true

application.

In recent years, the use of numerical simulation through computational fluid dynamics (CFD)
has been growing and this offers the opportunity to predict the heat transfer and fluid flow
phenomena in packed beds, thereby providing important reduction of the time required for
completing the investigation. The use of CFD limits the number of experiments, accessing
information on a large scale which may not be measurable with experimental methods and it is
also possible to take into account real physical properties such as high temperature and pressure
conditions [108]. Although confronted in the past with microprocessor speed, memory size and
computational time, consistent gains over the years in these limiting areas have made highly
accurate and computationally expensive computer codes more practical in simulating system

behaviour in modern nuclear reactors.

The use of CFD to predict heat or mass transfer coefficients has been applied to many different
packed bed configurations but most applications are faced with problems ranging from porosity
[109], contact points and accurate meshing of models [110]. In most of the past studies,
problems arose as a result of improper meshing of contact points between particles when finite
volume methods were used to simulate the flow between particles. The challenge resulted into
contracting the particle diameter to permit the CFD calculation but the contraction of spheres
increased the porosity of the bed, which affected the pressure drop in the medium. The
approached used is detrimental to the quality of the results obtained from such a model.
Pressure drop and particle-to-fluid heat and mass transfer in low channel-to-particle diameter
ratio were also studied [111], [112], showing that a commercial CFD code can be used to
adequately predict particle-to-fluid heat transfer of a single free sphere, and that the CFD code
can predict the heat/mass transfer characteristics for packed beds of spherical particles with a
channel-to-particle diameter ratio between 1 and 2 with an average error of 15% compared with
experimental values. A simple model consisting of three spheres in a tube was later developed
to investigate the wall heat transfer coefficients [113]. An extended model by [114] was
developed to handle eight spheres, divided into two layers of four spheres without solid-solid
contact points. However, [115] incorporated contact points between the solids in a 10-sphere

model, which used spherical dead volumes around the contact points. This model showed flow
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and heat transfer behaviour that could not be described by the conventional fixed bed model.
Simulations were also presented for a model geometry of 44 solid spheres in a tube with tube-
to-particle diameter ratio equal to 2 [116]. Velocity field profiles and temperature contours
were obtained with emphasis on the wall-particle region. Comparisons were made with
measured temperature profiles in a typical experimental set-up with the same geometry. Several
correction factors were required to compensate for non-ideal experimental measurements, and
for phenomena that were not included in the CFD model. After correction, excellent agreement

could be obtained between simulation and experiment.

The study investigated the heat transfer characteristics and flow distribution under natural
convective condition, anticipated in beds of randomly packed spheres (coated fuel particles)
through the use of CFD simulations. A geometrical model of the bed containing 171 uniformly
sized particles randomly packed in an enclosed slender cylindrical tube was modelled and
analysed at a particle surface temperature of 700K. A particle surface temperature of 700K is
an assumed average working temperature in LWRs. Random packing of the particles was
achieved by discrete element method (DEM) simulation with the aid of Star CCM+ commercial
code while particle-to-particle and particle-to-wall contacts were achieved through the

combined use of the commercial code and a CAD package.

6.2 Heat Transfer in Models

The first step in the solution of fixed bed flow and heat transfer problems in complex geometry
is to solve the problem of one sphere suspended in an infinite domain of fluid. Basic simulation
knowledge of particle-to-fluid heat transfer for a single free sphere in an ‘infinite’ fluid domain
is considered necessary for better understanding of simulating packed particles in a tube.
Considering a single free sphere in a medium simulated using CFD for particle-to-fluid heat
transfer rate, Q, the temperature of the surface of the particle is set to a surface temperature, T,
while the fluid at the boundary of the domain is set to a lower bulk temperature, T,,. Due to the
temperature difference between the particle surface and the fluid, heat is transferred from the
particle to the fluid. For each simulation, temperature contour plots were analysed, and heat
flux through the particle surface was recorded. With this data, the particle-to-fluid average heat

transfer coefficient, h, can be determined as expressed by Eq. (6.1):
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- d Q
h= Ty— T md3(Tp, — Tw) 61
The average Nusselt number of the single particle is expressed by Eq. (6.2):
__ hd 0
o= o _ 0 6.2)

ke mdpkp(T, — Too)

This model works well for simple cases such as a single free sphere, where the temperature
difference between the surface and the bulk temperature is well defined. However, it is less
applicable to packed beds because the bulk temperature is not easily defined [112]. In packed
beds with a constant particle surface temperature, the resistance to heat transfer resides only on
the fluid side. Theoretical analysis shows that if axial fluid thermal dispersion is taken into
consideration, a conservative heat energy balance equation can be established and the heat
transfer coefficient deduced. For packed beds contained in an enclosed tube with a given
particle surface temperature, Tp, like the case under investigation, Q4 1s considered as the heat
generated by nuclear fission in the coated particle fuel, N, is the average coordination number
or average Kissing number [36], which is a function of both the bed porosity and particle

diameter, R is the thermal resistance of the interstitial gas in the macrogap.

Considering a basic unit cell in the medium of the proposed new fuel design, the convectional
engineering expression developed in the course of this research work for the particle-to-fluid
heat transfer coefficient, h,, [6], is given in Eq. (6.3). For each simulation, temperature,
thermal conductivities and density profiles along the bed were recorded and analysed. With the

collected data, h,,s is obtained from Eqg. (6.3):

pc, Vi )AT AT .
O = (1~ ( A T) { [keffd t R T quR}
hyy = (6.3)

(Ap - NCAC)(TD - f)

where ¢, kgrr, qr, Ap, Ac represent the bed porosity, the effective thermal conductivity at the

contact interface between particles, the radiative heat flux, the spherical particle total surface

area and the area of contact spot respectively.
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The heat transfer characteristics in this study under natural convection and as expected for the
proposed new fuel design are evaluated using the particle-to-fluid heat transfer coefficient, h,,,
Nusselt number, Nu, Grashof number, Gr, Prandtl number, Pr, and the Rayleigh number, Ra.

These are expressed in Egs. (6.4) and (6.5):

h,rd
f
Nug, = % (6.4)
f
T, — T;| d3
Ray, = il — /|4 Pr = GrPr (6.5)

6.3 Geometrical Models

6.3.1 Packing of spherical particles in the tube

Random particle packings can be built by means of different methods. These methods are
essentially of two types: deposition algorithms and the dynamic simulation method known as
the discrete element method (DEM). Deposition algorithms are generally very quick but
provide samples that are mechanically unstable. Furthermore, these algorithms are not suitable
for the construction of very dense packings such as a granular bed obtained by deposition under
gravity. In this work, a discrete element method simulation was used to construct a densely
packed cylindrical sample composed of spherical particles. A geometrical model of the
proposed new fuel design was developed with the aid of a commercial CFD code for the DEM
simulation (see Fig. 6.1) and a CAD package for creating contact points between adjacent
packed particles by expansion of packed bed particle diameter. DEM is an engineering
numerical method used to simulate motion of a large number of interacting discrete objects,
which are typically solid particles. The DEM model established by [117] is an extension of
Lagrangian modelling methodology to include dense particle flows; Star CCM+ uses a classical
mechanics method to model DEM, which is based on soft-particle formulation where particles
are allowed to develop an overlap [118]. The numerical sample is very similar to the
experimental close-packed materials and its solid fraction can be adjusted by the tuning friction
or cohesion between particles [119] and [120]. Before the random packing of particles is

carried out, a particle and cylinder diameters mimicking the proposed fuel design are chosen.
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Figure 6.1 DEM simulated randomly packed particles
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Uniform particles of 15.9mm diameter and a cylinder of 40mm diameter were used in this
study for the DEM simulation. Particle diameters of 17.46mm and 15.9mm are standard
stainless steel (AISI 304) spheres but the latter diameter was chosen to accommodate more
particles in the slender tube. A single injector with random point distribution was used to inject
particles (raining of particles) into an enclosed tube (see Fig. 6.1). The parcel centroid indicator
bar depicted in Fig. 6.1 is the visualisation of the locus of parcel positions in the z-axis
direction. Parcels are a discretisation of the population of particles. Further details on the DEM
simulation can be found in Appendix B.3. To establish real particle-to-particle and particle-to-
wall contact points, a 0.5% particle diameter expansion was carried out in the study on each
bed particle. Convergence problems were not detected during simulation runs.

6.3.2 CAD operation and contacts creation
For appropriate volume mesh generation to be carried out on the geometry, some work needed
to be done on the DEM simulated randomly packed particles to close up the existing gap

between adjacent particles and between the walls and particles (see Fig. 6.2a).

Parcel Centroid(Z) {m)
0.044242

-0.066799

Figure 6.2(a) DEM simulation model with gap between two particles and gaps between wall
and particles.
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The X, y and z centroid coordinate points of all packed particles obtained through the X-Y plot
were extracted from the Star CCM+ environment into an Excel spreadsheet. The centroid of all
the 171 particles was then imported from the Excel spreadsheet through the use of a macro
visual basic programme (see Appendix B.2) into a SolidWorks (CAD) environment (see Fig.
6.2b). Particles with 0.5% diameter increment (expansion to create small overlapping between
particles) were drawn on each centroid to generate particle-to-particle and particle-to-wall
contacts (see Fig. 6.2c). A Boolean subtract operation was carried out to cut out the packed
particles (solid spheres) in the cylinder fluid region. A Boolean operation was done to subtract
the spheres (see Fig. 6.3a) from the cylinder leaving empty spherical spaces (void) in the
cylinder (see Fig. 6.3b). The cylinder fluid region and the packed particles (subtract), which is
herewith referred to as the solid region, were simultaneously exported back to Star CCM+ for
surface and volume mesh generation. Heat transfer performance calculations were carried out

using the modified particle size.

Figure 6.2(b) DEM simulation centroid coordinate points (x, y, z) in CAD environment
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Figure 6.2(c) Expansion of packed particle diameter for establishment of contacts between
adjacent particles and between walls and particles using CAD

Empty (void) spherical spaces
due to particle subtract

(@)

Figure 6.3 (a) Packed particle subtract (solid region) (b) Sectional plane of fluid domain
after Boolean subtract operation (fluid region)
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6.4 Mesh Design and CFD modelling

6.4.1 Mesh design

A mesh is the discretised representation of the computational volume, which the physics
solvers use to provide a numerical solution. STAR-CCM+ provides meshers and tools that are
used to generate a quality mesh (as can be seen in Fig. 6.4) for various geometries and
applications. Mesh quality influences the quality of the numerical results, irrespective of the
set-up. Mesh establishes the accuracy of the simulation that has to be chosen with enough detail
to describe the simulation processes accurately. The cylinder fluid region and the packed
spheres solid region (subtracts) are simultaneously exported back to the commercial code
software from the CAD package for surface and volume mesh generation. A polyhedral mesh
in conjunction with a prism layer mesh model was used to generate orthogonal prismatic cells
next to wall boundaries (see Fig. 6.4). These layers of cells were necessary to allow the solver
to resolve near-wall flow accurately. This is critical in determining not only the forces and heat
transfer on walls, but also flow features such as separation. On a mesh of given quality and
sufficient fineness, higher-order schemes are applied for momentum and energy equations
because they yield more accurate results than lower-order schemes.

Empty spherical space
due to particle subtract

Prismatic cell
layers

Figure 6.4 Threshold of a generated quality mesh depicting particle-to-particle contacts in
the fixed bed geometrical mode
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Grid skewing is an important contributing factor (much more than grid stretching) to the loss in
nominal accuracy of the solution. Skewed meshes found around the contact points do not
actually create serious problems for laminar solutions, but they make convergence in some
specific cases unachievable when simulating turbulent flow. It turned out that the flow
velocities, especially in the fluid elements around the contact points, were increasing
dramatically, a very typical result for cells that are too skewed.

Concerning the mesh sensitivity analysis, the test consisted of increasing the mesh density at
the particle surface in order to properly capture the boundary layer associated problem. When
solving steady-state problems on fine meshes, start with a much coarser mesh, and then
successively refine the mesh by increasing the mesh density. Refinement enables better
resolution of the flow. Meshes should be well designed to resolve important fluid flow features
which depend on flow condition parameters such as the grid refinement inside the wall
boundary layer. Four grid refinement levels were carried out in this study, from coarse to finer
mesh. This was done by varying the mesh density to ensure that the CFD solution did not
change with further mesh refinement as the aim of grid refinement was for numerical accuracy
that led to a solution closer to the exact solution of a system of equations that implied
considerable physical approximations [123] and [124]. For a 1.0mm base size used in the study,
four sets of simulation sets were carried out within specified temperature range using varying

mesh density and temperature profile results plotted in Fig. 6.5a.
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Figure 6.5a Mesh sensitivity analysis
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It can be seen that as the temperature plot for the mesh density increases from 0.5 to 2.0, the
lines move closer and closer indicating a transition from coarse to finer grid mesh refinement,
the physical appearance of the mesh geometries also attests to this. Results obtained for the last
two finer meshes are almost identical (see Fig. 6.5a). Hence it can be established that
simulations had reached an asymptotic solution and the geometry with the last grid refinement
level of optimum mesh density 2.0 was used to build the fixed bed model. The chosen
geometry had 7,660,356 grid cells, 50,768,855 faces and 44,096,934 vertices (see Fig. 6.5b).
From experience, this should be adequate to capture heat transfer phenomena over the particle
surfaces. An in-place interface was placed in-between the fluid and the solid region, this
allowed for the appropriate transfer of quantities of mass and energy calculated during the

simulation.

Figure 6.5b Quality meshed geometrical model

6.4.2 Interface matching conditions
The work of [125] was one of the first attempts to study the fluid flow boundary conditions at
the interface region stated by [126] and [127]. Understanding the matching conditions for

velocity, pressure and temperature at the interface between a solid layer and a free fluid is of
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optimal importance in the use of interface between two regions. In the microscopic approach,
mass, momentum and energy conservation are clearly satisfied across the interface but not at
the macroscopic level. The study employed classical continuity conditions; the following
matching conditions need to be satisfied at the interface when continuity of mass, momentum

and energy are assumed [128]. The conditions are shown in Eqg. (6.6):

(] —ul)n; =0 (6.6a)
(/= ob)n; =0 (6.6b)
(¢, = )y =0 (6.6¢)

given that f, p, n;, 0yj, 7;;, t;, represent free fluid, porous medium, unit vector normal to the
interface, tangential stress, viscous stress and unit vector in tangential direction respectively.
An in-place interface was applied between the solid and fluid region in this work; it was
required to link together the two regions (fluid and solid) so that a conformal mesh was created
at the common interface planes during the surface and volume meshing process. When used as
part of the meshing process, the two boundaries imprinted on one another at the surface
remeshing stage to ensure a conformal mesh across the interface where applicable. When
applied to a volume mesh, the two boundaries were intersected and, if they were non-
conformal, some new discretisation was created. An explicit connection was created between
cells on each side of the interface so that mass and/or heat transfer occurred across the
intersected area. Pressure was generally assumed continuous across the interface and this
required that the normal components of the fluid viscous stress were balanced across the
interface [126], but was argued by [129] that in this way, the stress in the solid matrix would
not be taken into proper account. Regarding thermal conditions, local thermal equilibrium and

the energy conservation were assumed along the interface, as expressed by Eq. (6.7):

(Tf = T?P) =0 (6.7a)
oT' oT?
e " Kan M= (6.7b)
l l

where K represent the ratio between the conductivity of the fluid and that of the porous medium

saturated by stagnant fluid.
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With the above assumption, the nodal equations did not need any particular treatment at the
interface. The nodes placed along the interface would get adequate contribution from elements
placed in the fluid and solid medium [128].

6.4.3 Initial state and boundary conditions

For a problem to be well posed, boundary conditions must be specified on all solution domain
boundaries. Boundary conditions in this study were set the same as the boundary conditions
anticipated in the proposed design. The working fluid in the model was specified as helium gas
at initial static temperature 293.1 K, static gauge pressure 0.0 Pa and reference pressure
101.325 kPa. The boundary conditions determined the flow and thermal variables on the
boundaries of the physical model. The cylinder curved, top and bottom sides were set as walls,
and temperature 300K, cylinder wall thermal boundary condition was specified as environment
due to expected heat transfer across the cladding tube wall and at no-slip wall conditions. The
particles, which formed the solid region, had their surfaces set as wall boundary at 700K and

thermal boundary condition specified as convection.

6.4.4 CFD modelling

Modelling is the mathematical problem formulation of the physics involved in terms of a
continuous initial boundary value problem (IBVP). In conducting any CFD modelling, the
physics should first be set up for the model. Essentially, the physics models define the primary
variables of the simulation and what mathematical formulation will be used to generate the
solution. For this modelling, 171 uniformly sized solid particles, 15.98mm particle diameter
and 2.503 tube-to-particle diameter ratio geometrical model were used. The particles were
randomly packed in a helium gas environment contained in a slender cylindrical tube enclosed
at both ends. The space model selected was 3D because the mesh was generated in three
dimensions, it described the physical model accurately and was able to handle the flow
specifics of the packed bed geometry. For high-pressure simulation, the gas was taken to be
Newtonian, in the laminar flow regime and with variable density. Helium gas was selected as
the simulation fluid while coated particle surfaces were identified as graphite carbon and a
thermal specification of 7500W heat source was applied. The thermal and material properties
value of the two porous materials (gas and particles) was available on the Star CCM+ database.
The ideal gas law was used for the density temperature dependency and Sutherland’s law [118]

was used for the thermal conductivity and viscosity temperature dependencies. Gravitational
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acceleration is added to the operating conditions of the model. An implicit solver was applied
in this implicit unsteady flow simulation. Its function is to control the update at each physical
time for the calculation (solution of continuity, momentum and energy equations) and as well
to control the time-step size. Segregated fluid energy and segregated models are applied only
for implicit unsteady flow. Appropriate numerical parameters (convergence limit, under-
relaxation factor, number of iterations/time steps, etc.) were specified to control the calculation.
A maximum step criteria of 100,000 was set as convergence limit, under-relaxation factor of
0.45 and time-step size of 0.00008 second were used in this study while simulation is runned at
20 iterations per time step. The gray thermal radiation model was specified for the surface-
surface radiation expected at elevated temperatures. Simulations were run in a high-end
computer system (see Fig. 6.7) and simulation time ranged from one to 72 hours depending on

the studied case.

Numerical convergence of the model was checked based on a suitable diminution of the
normalised numerical residuals of computed variables. Residual monitor plots of conserved
variables such as the mass/continuity, momentum and energy against the iteration number were
very useful for judging the convergence (or divergence) of a solution, and they were created
automatically within every simulation. However, it is important to understand both the
significance of residuals and their limitations. While it is true that the residual quantity will
tend towards a very small number when the solution is converged, the residual monitors cannot
be relied on as the only measure of convergence. Other convergence criteria used in the study
were creating scalar and vector plots of the entire solution domain or parts of it, and visualising
these plots as the solution developed. This technique is useful when comparing with residuals
that cannot exhibit a converged solution. It is worthy to note that initial conditions affect
convergence path and a converged solution is one that is nearly independent of meshing errors.

6.4.5 Modelling thermal radiation

A radiation model can be involved in fluid flow and thermal analysis. It is heat transfer by
electromagnetic waves; either wave length dependent (multiband radiation) or wave length
independent (gray thermal radiation), which purely depends on surface temperatures, material
properties, transmission media, and topology of the geometry. If the solid is not interfaced with
the fluid domain, radiation is turned on only in the solid. If the solid is interfaced with the fluid
domain, the radiation model will be only on the fluid side, and not on the solid. The outside
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boundaries of the fluid are made transmissive so that they interact radiatively. Only the fluid
boundaries that are interfaced with the solid radiate to ambient.

In modelling thermal radiation for the study, surface-to-surface radiation was modelled on the
fluid domain while the outside boundaries of the fluid were made transmissive so that they did
radiatively interact. Under this circumstance, the amount of radiation received and emitted by
each surface was uniquely defined by the surface’s radiation properties and the thermal
boundary conditions imposed on it. The surface properties were quantified in terms of
emissivity, reflectivity and transmissivity radiation temperature. These properties were not
dependent on direction. Min/max temperatures for the fluid and solid continua were set to the
same value as appropriate for the run. When radiation properties were invariant with
wavelength, the radiation was said to be gray. Gray radiation in this study was modelled using
the Gray thermal radiation model selection. The radiation properties were taken to be the same
over the entire thermal spectrum, and only a single radiative transfer solution was necessary for

the full thermal spectrum.

6.5 Flow Calculation and Fields

6.5.1 Computation of Flow within the Packed Bed

Energy transport across the porous region is dealt with by specifying the thermal properties of
the region in addition to the thermal properties of the fluid passing through it. Computation of
flow is achieved by mathematical models based on conservation principles, namely the
conservation of mass, momentum and energy governed by the 3D Navier-Stokes equations
representing the fluid as a continuum for an arbitrary control volume. Natural convection is
generated by the density differences induced by the temperature differences within a fluid
system. By using the physical (interstitial) formulation and assuming a general scalar, @, the
governing equation in an isotropic porous region expressed in differential form [130] is shown
in Eq. (6.8):

d(ep®)
Jat

+ V.(epv@) = V.(eI'VD) + €Sy (6.8)

Assuming isotropic porosity and single-phase flow, the volume-averaged mass and momentum

conservation equations are given by Egs. (6.9) and (6.10):
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0
(;p) +V.(epB) = 0 (6.9)
a(gpﬁ) - - - a 82‘[,[ - 8362 > >
5t + V.(epvV) = —eVp + V.(e7) + eBf — 7v+ > p|v|v (6.10)

The CFD code solves the full set of discretised Navier-Stokes equations using a finite volume

6(epv)

approach as earlier mentioned. In Eqg. (6.10), is the time derivative term, where ¢ is the

porosity, p is the density and ¥ is the velocity vector. The last term in Eq. (6.10) represents the
viscous and inertial drag forces imposed by the pore walls on the fluid. In the term, , 4 dynamic
viscosity, K permeability, E’ body force, p density, ¥ velocity vector and C, is the inertial
resistance factor. Porous resistance properties can be specified in several different ways
depending on the particular media being modelled and the expected flow conditions through
the media. Two methods are widely used when specifying porous resistance, namely the
orthotropic viscous resistance method and the isotropic resistance method.

6.5.2 Flow through packed beds

In the porous region, the theoretical pressure drop per unit length is determined using the

Forchheimer equation [131]. This is represented in Eq. (6.11):

APu

T°% —u, + Bpul (6.11)

= (Pvuo + Piug)

An example of the above Forcheimer equation widely used in porous media flow is the Ergun
equation [132], a semi-empirical correlation applicable over a wide range of Reynolds numbers

and for many types of packing.

AP 150u(1 — &)*u, N 1.75p(1 — &)u?

= 6.12
L e3d3 e d, ( )

where u, is the superficial velocity through the porous region, B is thermal expansion
coefficient and P;j , Py are coefficients defining the porous resistance, known as the inertial
resistance and viscous resistance respectively. Values for the resistance coefficients can be

measured experimentally or derived using various empirical relationships, depending on the
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exact nature of the problem. When modelling laminar flow through a packed bed, the second

term in Eq. (6.12) is usually dropped resulting in the Blake-Kozeny equation [132].

6.5.3 Qualitative features of the flow fields

A velocity vector plot was created by defining a 2D plane. The resulting data set consisted of
all the elements that intersected the defined plane, so that the data to be shown was not
obscured by elements in front of the plane of view. The velocity vectors were coloured
according to their magnitudes, and their lengths were projections of the 3D fluid flow vectors
onto the defined plane. Fig. 6.6(a) shows a vertical section over the whole bed height, through
the bed centre, and extending to two particle diameters in the radial direction. The section
illustrates the bulk gas movement due to fluid temperature difference developed immediately
after simulation run, the initial heat supplied to the fluid created a sudden change in the

medium gas density.

Velocity (m/s)
-0.19537

0.15631
0.11725
0.078192

-0.039133

7.3151e-005

i T I~
TR 1y Vi b

Figure 6.6(a) Sectional plane velocity vector plot immediately after starting up the simulation
run

A scenario shortly after the simulation run is depicted in Fig. 6.6(b). From the yellow/green

contours, the area of highest flow was in the bed centre while noticeable flow recirculation
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gradually developed at the extreme corners of the top wall. As the gas temperature increased,
flow recirculation at specific locations in the medium became fully developed, as seen in Fig.
6.6(C).

Velocity (m/s)
-0.059802

0.047843
0.035884
0.023926

-0.011967

8.2888e-006

Velocity (m/s)
-0.061875

0.049500
0.037125

0.024751

-6.012376

1.1085e-006

Figure 6.6(c) Sectional plane velocity vector plot before the end of the simulation process
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With flow recirculation now fully developed, bulk gas movement dropped tremendously in the
medium (see Fig. 6.6(c)) as bulk helium gas temperature approached particle surface

temperature while simulation progressed towards the end.

6.6 Numerical Errors and Uncertainties

Errors and uncertainty are unavoidable aspects of CFD modelling. They can be calculated by
different methods; Polynomial chaos method, Wilk’s method, etc. These errors and uncertainty
could emanate from round-off error (error caused by computational representation of real
numbers by means of a finite number of significant digits), iterative convergence error
(numerical errors resulting from truncating the iteration of discretised governing equations
before final or exact solution is reached), discretisation error (error from representing a function
by its values at a discrete set of points), input uncertainty (inaccuracies due to limited
information or approximate representation of geometry, boundary conditions, fluid/material
properties) and physical model uncertainty (discrepancies between real flows and CFD due to
inadequate representation of physical/chemical processes or due to simplifying assumptions in
the modelling process). Appropriate measures were taken to reduce some of these errors and

uncertainties to the barest minimum during the simulation process as mentioned in the thesis.

6.7 Results and discussion

Unlike in HTR where continuous input and output discharge of the cooling fluid is carried out
in the reactor, in this analysis both ends of the cladding were closed (see Fig. 1.2) with the
working fluid and packed coated particle fuel contained in it. Simulations of HTR performance
have been carried out by different authors using different simulation techniques and results
analysed. These techniques were looked into before the commencement of this study and the
most practicable simulation technique closer to the exact solution was adopted for the study.
Results of the CFD simulations were presented first in the form of temperature contour plots
and velocity vector plots to illustrate the qualitative features and insight that could be obtained.
Following the qualitative discussion, CFD data was extracted to generate parameter plots that
define the heat transfer performance in the medium. In this investigation, the heat transfer
coefficient, h,, Nusselt number, Nu, Grashof number, Gr, and Rayleigh number, Ra, were the
basic parameters used in evaluating the convective heat transfer characteristics in the packed

bed considered.
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Although Fig. 6.7 is modelled in a vertical direction, it is displayed in a horizontal direction for
better viewing and description of its temperature contours. The temperature contours for the
simulated packed beds are depicted in Fig. 6.7. It can be seen that particle surface temperature
in red contours are uniform but the side, top and bottom outer-wall temperatures are non-
uniform. On the side walls, the reddish-brown contours show the influence of conduction at
each particle-to-wall point contact and the heat spread out by the yellow contours on the side
walls from these contacts was due to the influence of the hot helium gas neighbouring the wall
boundary along axial direction. The blue/green contours on the outer side wall close to the top
and bottom of the tube were influenced by the gas temperature and heat transfer spread out
along the tube wall at these two locations. The tube top wall surface located on the extreme left
of the modelled diagram had no particle point contact on its surface hence the greenish
contours indicate the influence of less dense hot helium gas experiencing recirculation
concentrated on one part of the top wall boundary while areas with blue contours indicate the

influence of hot gas not experiencing recirculation.

Bottom wall

Temperature (K)
-699. 98
625.97

551.95
477.94

T

Figure 6.7 Temperature contour plot for packed beds in helium environment contained in an
enclosed slender cylindrical tube
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This can be confirmed by the heat spread out on the top wall surface, which is non-uniform
because one side of the surface received more heat than the other and this is proved to be true
by the velocity vector plot.

The two red contours on the bottom wall located at the extreme right of the modelled diagram
indicate the influence of just two particle point contacts on the bottom wall surface. The
yellow/green/blue contour is an influence of heat spread out from the two heated point contacts,
which were assisted by the hot gas neighbouring the wall boundary. Packed particle
temperature was measured using the commercial code along the axial and radial direction to
determine temperature uniformity along the directions. The hot helium gas helped to improve
the conduction heat transfer from the coated particle fuel to the cladding tube walls, thereby
creating a heat spread out on the walls of the tube. Fig. 6.8 illustrates the particle temperature
along the axial length to be uniform except for a slight drop for the first particle in contact with

the bottom wall, which could be due to heat loss to contacting the bottom wall through

conduction.
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Figure 6.8 Particle temperature profile along axial and radial positions
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Likewise, the particle temperature along the radial direction for the three locations examined is
relatively uniform except for a slight drop for particles in contact with the side walls. This
could also be attributed to heat loss to contacting walls on both sides through conduction. The
heat transfer coefficient is a quantitative characteristic of convective heat transfer between a
gas medium (a fluid) and the solid (particle) surface immersed in the fluid. A plot of increasing
fluid temperature rise against particle-to-fluid heat transfer coefficient is depicted in Fig. 6.9.
The graph shows a sudden initial rise in heat transfer coefficient followed by a plunge after the
gas had gained some substantial heat and later a gradual drop until around 600K when a rise in
the heat transfer coefficient started developing again. The initial rise in heat transfer coefficient
could be attributed to a sudden high heat input on particle surfaces due to nuclear fission
reaction. The initial sudden high heat input created a sharp increase in fluid density resulting in
initial high convective fluid velocity (see Fig.6.6a). The graph in Fig. 6.9 is related to the graph
in Fig. 6.11 because the sharp rise in the heat transfer coefficient is a function of the initial high
flow around the particles. As fluid temperature rose, flow recirculation began to develop at
various locations while convective fluid velocity was on the decline (see Fig. 6.6b). This

transformed into a decreasing heat transfer coefficient, as shown in Fig. 6.9.
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Figure 6.9 Effect of convective fluid velocity on particle-to-fluid heat transfer coefficient
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At the initial heating stage of the gas by the particles, convective fluid velocity was on the rise
due to reducing gas density at an increasing gas temperature. As gas temperature increased,
convective fluid velocity started dropping due to reducing buoyancy force acting on the gas.
The surrounding water on the outside of the tube prevented a condition of local thermal
equilibrium from being reached in the medium. While the dimensionless Reynolds number
governs the flow regime in forced convection, the flow regime in natural convection is
governed by the dimensionless Grashof number, which represents the ratio of the buoyancy
force to the viscous force acting on the fluid. The initial rise and a later drop in Grashof
number, as depicted in Fig. 6.10, was due to a surge in the buoyancy force acting on the gas at
start-up caused by sudden high heat input on particles surfaces. As partially warm gas mixed
with the cold gas, the gas temperature dropped and the buoyancy force equally dropped leading
to the fall in Grashof number shortly after starting up. The Grashof number increased again as

the gas average temperature rose and increased while it approached the surface temperature of

the particles.
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Figure 6.10 Effects of fluid temperature on Grashof number
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A turning point was reached as the gas temperature approached the surface temperature of the
particles when the buoyancy force began to drop due to low temperature difference between the
particles and gas temperature. It should be noted that the heat transferred from the cladding
wall to the surrounding water prevented the medium from reaching a point of local thermal
equilibrium (LTE) hence the possibility of the Grashof attaining a zero value was ruled out.
Even though the tube was tightly closed at both ends, initial bulk gas movement was observed
in the medium. Fig. 6.11 shows a sharp rise in surface average gas velocity occurring due to a
sharp fluid temperature rise caused by a sudden high heat input on particle surfaces
immediately after the fission reaction began. The initial sharp rise in the convective surface
average gas velocity was responsible for the initial sharp rise in the particle-to-fluid heat
transfer coefficient observed in Fig. 6.9. The graph in Fig. 11 is related to that in Fig. 9 because
hpr is a function of the flow around the particle surfaces. The rise was short-lived as the gas
velocity was seen to drop abruptly before rising again to a fairly stable value as the simulation
progressed.
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Figure 6.11 Surface average fluid velocity against particle temperature along packed bed full
height
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This could be caused largely by the tendency of the gas towards attaining a uniform
temperature as it gained heat. In heat transfer, at a boundary (surface) within a gas, the Nusselt
number (Nu) is the ratio of convective to conductive heat transfer across the boundary. In the
graph depicted in Fig. 6.12, a gradual increase in Nusselt number is observed as gas average
velocity rose due to increasing gas temperature. The Nusselt number in Fig. 6.12 is seen to rise
even though gas average velocity dropped; this could be attributed to flow recirculation
developing at different locations in the bed. As the gas temperature approached the particle
temperature, flow recirculation diminished and the Nusselt number dropped. Cooling by the
water surrounding the tubes would cause the Nusselt number to rise again; and a point of total

equilibrium would be reached.
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Figure 6.12 Nusselt number against surface average gas velocity

The Rayleigh number is a dimensionless term used in the calculation of natural convection heat
transfer in a medium; it is associated with buoyancy-driven flow. Its value in this investigation
was determined from the thermophysical properties of the particle test sample and heated
helium gas. The Rayleigh number depicted in Fig. 6.13 increased sharply immediately after the

gas gained heat and experienced some instability as the temperature increased.
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The initial increase in Ra could be due to a surge in buoyancy force, thereby creating an initial
rise in convective surface average gas velocity, as can be seen in Fig. 6.12. As the temperature
difference dropped, the Rayleigh number fluctuated due to convectional current fluid flow. As
the temperature difference increased steadily, the Rayleigh number experienced a gradual rise.
It can be noticed that as the gas temperature approached the particle surface temperature, a
declining temperature difference was established in the medium necessitating a drop in the
buoyance force, which relatively gave rise to a sharp fall in the Rayleigh number. The plot in
Fig. 6.14 depicts the changes in the Nusselt number with respect to the heat transfer between
the heat-generating particles and the hot gas. At an early stage of the gas temperature rise, an

increase in Nusselt number was experienced
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Figure 6.13 Variation of Rayleigh number with gas temperature

A further gas temperature rise resulted in a small decline in Nusselt number due to
recirculation. After a while, the Nusselt number is observed to increase as the gas temperature
increased with decreasing Rayleigh number due to a lowering buoyancy force that was

developing in the medium.
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Figure 6.14 Nusselt number against Rayleigh number for particle-to-fluid heat transfer

6.8 Comparison of Experimental Evaluation, Theoretical and CFD
Results

Before the three approaches used are compared, it is worth mentioning that Eqg. (6.3) was
applied to the CFD approach in the determination of hyr and Nugp. It should also be noted that
the experimental and theoretical analysis approaches are for fluid-to-particle heat transfer while
the CFD approach is for a particle-to-fluid heat transfer mimicking the new fuel design. In
comparing the three approaches, it can be seen through the smooth curves in Fig. 6.15 that the
heat dissipation process in the medium under experimental investigation was relatively calm
compared with the heat dissipation experienced during the numerical CFD simulation
approach, which showed some uneven initial heating in the medium. The three approaches
experienced substantial increase in the Nusselt number as medium temperature increased with
each displaying different profiles. A combination of the basic unit cell (BUC) model and CFD
best expresses the heat transfer phenomenon taking place in the media and the heat transfer

characteristics obtained from this combined process can be said to be reasonable.
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Figure 6.15 Nusselt number against Rayleigh number

6.9 Conclusion

Computational fluid dynamics (CFD) has proved to be a reliable tool for fixed bed reactor
design [133], through the resolution of 3D transport equations for mass, momentum and energy
balances. Solution of these equations has enabled the velocity and temperature profiles within
the mimicked cladding to be attainable. With the establishment of an adequate refined mesh,
the temperature contours, velocity vectors and graphs depicted the results of qualitative features
in the medium after simulation. These results presented in various modes illustrate the
relationships among the heat transfer coefficient, fluid temperature and velocity in the medium.
The hot helium gas through the heat gained from particles greatly assisted in accelerating the
heat transfer and heat spread-out along the wall surfaces; only a little fraction of the heat on
particle surfaces was conducted to the walls through point contacts. A non-uniform temperature
distribution on the walls through such point contacts was established. The development of
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recirculation at different parts in the medium enhanced heat transfer to the fluid and made the
thermal layer thicker. The graphs of different characterising parameters used in the study
revealed the transport and heat transfer phenomenon taking place in the medium. The walls of
the geometrical model were not made adiabatic but environment to mimic the high thermal
conductivity/low thermal resistance properties of the cladding tube (SiC). The medium was
prevented from attaining the local thermal equilibrium (LTE) condition by the cooling water

surrounding it.
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Conclusions and Recommendations

7.1 Conclusions

This PhD work is a contribution to global research to make water-cooled reactors safer. An
innovative nuclear fuel design was proposed and investigated at the University of Pretoria,
Department of Mechanical and Aeronautical Engineering. The proposal is to load these coated
particles into the fuel tubes instead of conventional fuel pellets. The particles will be
submerged in a helium gas that will transfer the heat to the surface of the tube. The heat
transfer from these particles to the tube wall is investigated as part of the research. Part of the

heat transfer is by means of natural convection, which forms a major focus of the investigation.

Three (3) types of analysis were performed in the process of investigating natural convection
heat transfer characteristics from heated microspheres in a slender cylindrical geometry. These
are experimental model, theoretical model and a CFD simulation. Contributions from this
research output to existing knowledge in water-cooled reactors and randomly packed beds are;
(i) introduction of elements of passive safety measures utilised in HTR into the traditional fuel
configuration of light-water reactors, (ii) heat transfer characteristics in porous media should
not only be associated and resolved through media flow (transport) because very limited and
complex flow recirculation may exist in some media, which is the case in this study, (iii) The
main limitation of heat transfer models in packed beds is the poor knowledge of flow patterns
within them; the use of modelling and simulation tools in the study makes it possible to define
not only spatial distribution of involved species, but also temperature and velocity profiles
within the bed.
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Carried out in the first analysis was an experimental investigation of fluid-to-particle natural
convection heat transfer characteristics in packed beds heated from below. Captured data
readings from the experiment were analysed and heat transfer characteristics in the medium
evaluated by applying the first principle heat transfer concept. In the second analysis, a basic
unit cell (BUC) model developed was used for the theoretical analysis, the model was applied
to determine the heat transfer coefficient, h, Nusselt number, Nu, Grashof number, Gr,
Reynolds number, Re, and Rayleigh number, Ra, of the medium. The model is an application of
conservative heat transfer energy balance within any unit cell in the medium; it related the
convective heat transfer effect of the flowing fluid with the conduction and radiative effect at
the finite contact spot between adjacent unit cell particles. As a result, the model could account
for the thermophysical properties of sphere particles and the heated gas, the interstitial gas
effect, gas temperature, contact interface between particles, particle size and temperature
distribution within the particles achieved by using finite volume method (FVM) in the
investigated medium. Although the heat transfer phenomenon experienced in the experimental
set-up was a reverse case of the proposed fuel design, the study with the achievement in the
validation with the Gunn correlation aided in developing the appropriate theoretical relations
required for evaluating the heat transfer characteristics in the proposed nuclear fuel design.

In the third analysis, numerical simulation mimicking the ideal nuclear fuel design using a
commercial code gave good display of contours and graphic illustration of the heat transfer
performance anticipated in the proposed design. Existing relationships of fluid temperature,
particle surface temperature and convective fluid velocity illustrated through the numerical
simulation provided substantial information on the nature of flow phenomena expected in the
proposed medium. Heat transfer characteristics in simulated medium mimicking the proposed
medium portrayed slightly different graphical profiles compared with the medium investigated
experimentally in the study. The reason could be the mode of heating in the medium and the
level of unsteady heat transfer between contacting particles compared with the transient heat
transfer obtained in the experiment. The heat transfer coefficient and other heat transfer
characteristics parameters used in the study were influenced by the relationships of convective

gas velocity, fluid and particle surface temperature difference.

The concept of using particle nuclear fuel to enhance safety in water-cooled reactors is an
innovative idea. Apart from the passive safety system advantage the proposal has over the
traditional nuclear fuel requiring active safety system, the risk of a rod break in case of some
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accident is expected to be lower. The ability of coated fuel particles to contain fission products
in the proposed design will make filling the cladding tube to the top with coated fuel particles
possible compared with the traditional nuclear fuel system, which has provision for plenum in
the cladding. Filling the cladding tube with coated fuel particles is expected to be quicker and
easier to do than filling the cladding with the traditional nuclear fuel. Although the traditional
nuclear fuel is expected to have a higher packing density in the tube than the proposed fuel
design, the reduction in the fuel content can be made up by merely increasing the enrichment
proportionally. On the other hand, higher fuel enrichment in the proposed nuclear fuel will
provide higher burn-up, which is another advantage of the proposed design over the traditional
nuclear fuel. Production cost of the proposed coated fuel particles is expected to be cheaper

compared with the traditional nuclear fuel (fuel pellet).

Although this study covered a large part of convective heat transfer in packed beds, it focused
on the convective heat transfer between particles and gas at the bulk region for a homogeneous
bed. The wall-to-fluid convective heat transfer experiment was not done in this study. The wall
to-fluid convective heat transfer is expected to differ from the pebble-to-fluid convective heat
transfer due to the very large porosity gradient close to the wall (near-wall region). The heat
transfer characteristics in the proposed design would presumably be influenced by spots
(locations) experiencing recirculation due to higher interstitial temperature expected at such

spots.

An aspect ratio of A = 19.54 was used in the modelling due to problems arising from
computational time but the aspect ratio for the cladding tube was expected to be as high as
200.00.

7.2 Recommendations for Further Work

Further work can be done in the near-wall region to investigate the influence of the region on
the overall heat transfer performance in the medium. Thermal radiation is a heat transfer
mechanism that occurs in packed beds at high temperatures; the phenomenon is a complex
problem. The study considered thermal radiation between bed particles only. Further work
should account for thermal radiation between the bed particles and interstitial gas, and between
interstitial gas and the bed wall.
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The effect of aspect and diameter ratios on the heat transfer performance in porous media needs
to be investigated in future work to evaluate their effects on the proposed design. Although a
porous region was modelled to validate the experimental results, future work can apply the
direct numerical simulation approach to equally validate the experimental results. Further
simulation work can be carried out to investigate the neutron flux distribution inside the
cladding tube containing the proposed nuclear fuel. The resultant heat distribution obtained
from such simulation can be compared with this present result. The heat transfer performance
from outer walls of the cladding tube to the surrounding cooling water can also be investigated
by CFD simulation can be included as part of the further work to be carried out for the
proposed design.
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Appendix A: Calibrations, Experimental
Uncertainty and Measurement
of Force for Loading

A.1 Thermocouple Calibration and Experimental Uncertainty

T-type thermocouples were used in measuring: 1) the temperature distribution within the test
particles, 2) the temperature of the gas at the interstice close to the test sample particle, 3) the
temperature of the hot gas entering the bed at the wire gauze and its temperature leaving the
bed at the top.

All the thermocouples used in the experiment were calibrated using the set-up in Fig. A-1. The
thermocouples were calibrated from a reference temperature of 18 °C to 51 °C at an interval of
2 °C using the PolyScience Circulating Bath (see Fig. A-2). The thermocouples were
systematically arranged at one end and taped to a slender wooden rod before being dipped into
the bath while the other end was fixed to the armature multiplexer card before inserting into the
data logger. The logger was attached to the computer system for display and storage of data
acquired. At each reference temperature, the corresponding thermocouple temperature at each
channel was captured/scanned. A graph of all reference temperatures against corresponding
scanned temperature was plotted for each thermocouple card channel and a linear equation

generated (see Fig. A-3).

An uncertainty analysis was done to determine the experimental uncertainty associated with
each thermocouple. Using Eq. (A.1), the statistical variance, U(X;ssatisticar), TOr €ach

thermocouple was calculated (see Table A-1):
/ T — %)
U(Xi,statistical) = + (A1)
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where x; is the reference temperature value and X the corresponding measured temperature of

N sample points. The uncertainty for the data logger that was used U(x,-,instmment) is +1°C.

Agilent data acquisition/Switch unit Computer system

PolyScience
circulating bath

—

T-type thermocouples

Figure A-1 Thermocouple calibration set-up

To combine the uncertainty of both the thermocouples and the data logger, Eqg. (A.2) is used.
The equation calculates the measured experimental uncertainty U(x,-,exp). The result of the two

equations can be found in Table A-1.

U(Xi,exp) = \/[U(Xi,statistical)]z + U(Xi,instrument)Z (A- 2)
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T-type thermocouples

Figure A-2 PolyScience circulating bath (PD20R-30-A12E) used for calibration
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Figure A-3 Linear equation for each thermocouple at the card channel

Table A-1: Statistical results for thermocouples

Name Channel Type U[xiﬁtﬂtisricﬂl ) U[xi,ax'p)
T101 101 T-Type 0.3368 1.06
T102 102 T-Type 0.0705 1.0025
T103 103 T-Type 0.0889 1.0039
T104 104 T-Type 0.2257 1.0252
T105 105 T-Type 0.4444 1.0943
T106 106 T-Type 0.6702 1.2038
T107 107 T-Type 0.6133 11731
T108 108 T-Type 0.5693 1.1507
T109 109 T-Type 0.5748 1.1534
T110 110 T-Type 0.5396 1.1363
T111 111 T-Type 0.4172 1.0835
T112 112 T-Type 0.4681 1.1041
T113 113 T-Type 0.366 1.0649
T114 114 T-Type 0.3262 1.0519
T115 115 T-Type 0.2677 1.0352
T116 116 T-Type 0.1725 1.0148
T117 117 T-Type 0.1357 1.0092
T118 118 T-Type 0.6018 1.1671
T119 119 T-Type 0.4835 1.1108
T120 120 T-Type 0.2019 1.0202
T201 201 T-Type 0.1475 1.0108
T202 202 T-Type 0.5568 1.1446
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A.2 Pressure Transmitter

Two WIKA pressure transmitters model A-10 (see Fig A-4) of 0 — 2.5bar measuring range,
about 5VDC power supply output and 0.25% non-linearity were used for pressure measurement
in the medium. The pressure transmitters were connected to silicon tubes on one end while the
other ends were positioned at the entry of the bed (at the wire gauze) and at the top of the bed.

The ambient temperature and pressure were 20.5 °C and 86.6kPa respectively.

Pressure Transmitter
Power Supply

Figure A-4 Pressure transmitter (PT) used

Table A-2: Calibration data for pressure transmitter

Pressure (Pa)
Name Channel Type 0.0 1000 2000 3000 4000 5000
PT: 219 Transducer | 0.218V 0.965V 1.724Vv 2.495V 3.246V 4.010v
PT> 220 Transducer | 0.135V 0.839V 1.610V 2.381V 3.147V 3.888V

A linear equation was fitted through the data in order to calculate the pressure for any given
voltage (volts). The equations are:

PT, = 1313.8V, — 267.32 (A.3)
PT, = 1320.5V, — 148.25 (A.4)
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Figure A-5 Linear equations fitted to pressure transducer data

A.3 Contact Force Distribution

The same numerically packed bed data set used for calculating the radial porosity and
coordination number was used to calculate the average contact force on each pebble as a
function of pebble bed depth. [134], who generated the numerically packed bed, treated the
contact region as two springs that compressed against each other (Fig. A-6). The combined
stiffness between two spheres can be calculated by:

kik;

_ A.
Kk, + Kk (A.5)

where k is the combined stiffness between Spheres 1 and 2. The deformation depth, w,, can be
calculated using:

w, = dp — dp (A 6)

where d,, is the pebble diameter and dr = d, — w, the distance between the two pebble centres

due to an external force acting on the pebbles.
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The contact force can then be calculated by:
F= w,k (A.7)

Figure A-6 Spring representation of contact force calculations

The distance between spheres in contact for the numerically packed bed was calculated using a
program in C++ while the contact force between each pebble was then further calculated on an
Excel spreadsheet. A further analysis was done calculating an average contact force as a
function of depth. This was achieved by calculating an average contact force for pebble centres

falling in increments of 1/4 d,, increasing in height. The result is presented in Fig. A-7 and a

linear curve fit obtained, given by:

F=72307(Zgepen) + 7.8716 (A.8)
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Figure A-7 Contact force as a function of height in the test facility
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Appendix B: Programming Codes,
Discrete Element Method and
Discretisation Scheme

B.1: MATLAB Codes

The temperature distribution within each test particle was determined experimentally at three
nodal points through the instrumented thermocouples. The temperatures were validated
numerically using the discretisation method. A finite volume method implicit scheme at a time-
step of two seconds was applied to validate the experimental captured temperature (see Fig.

5.5). The validation showed a good agreement with experimental temperature reading.

The discretisation method enables temperatures at many nodal points on the test particles to be
determined. This may be difficult to obtain experimentally. Applying the finite volume method
for the discretisation process is time-consuming when solving for temperature at each node
hence the use of MATLAB was found appropriate to facilitate the rate at which results were
generated. A programme in MATLAB was written to perform the discretisation exercise for

each particle for a given number of nodes.

Codes for calculating the temperature distribution within test particles

%% Heat equation subject to periodic boundary condition
function heat trial

clear all

sclc

global lambda m periodic cl

periodic = 0;

$nonperiodic = 0;

T .5;

0;

0.01746;

2;

linspace(a,b,m+l); % equal spacing
x = x(2)-x(1);

a
b
m
b
d
cl = [37.087106 35.54573 33.47026]; %constant initial condition
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$f = @(z)cl*z.”0; % function handle for initial condition
v(l,:) = cl;%f(x(2:m)); % stting the initial conditon
lambda = 0.5;
dt = dx”2*lambda;
n = round (T/dt):;
q = 0;
for j = 2:n+l
y(3,:) = vy(3-1,:) + rhs(y(3-1,:)) + q;
end
temp = y(n+l,:);%[cl(l) y(n+l,:) cl(3)1;
figure (1)
plot (x, temp, 'o-")
figure (2)
mesh (y')
save data
function Y = rhs(v)
global lambda m periodic cl
i=2;

c = 15.6/(7831*%456) ;
if periodic

Y(1) = c*lambda* (v(m) =-2*v(1l) + v(2));

Y(i) = c*lambda* (v (i-1) =-2*v (i) + v (i+1l));

Y(m+l) = c*lambda* (v(m) -2*v(m+l) + v (2));
else

v0 = cl(1l);

vm = 33.47025;

Y(1) = c*lambda* (v0 =-2*v (1) + v(2));

Y(1i) = c*lambda* (v (i-1) -2*v (i) + v (i+1l));

Y(m+l) = c*lambda* (v (m) -2*v(m+l) + wvm);

end

B.2: Visual Basic Codes

When centroid (X, y, z) coordinate points were exported to the CAD (SolidWorks)
environment, the diameter of the particles was increased by 0.5% of their original diameter to
enable particle-to-particle and particle-to-wall contacts. To perform this task, a programme in
visual basic was run in the macro tool of SolidWorks, this allowed the coordinate points to be

displayed on the CAD environment before a sketch-driven pattern operation was performed.

Codes for visual basic run in the macro of a cad package

Sub main ()

Set swApp = Application.SldWorks

Set Part = swApp.ActiveDoc

swApp.ActiveDoc.ActiveView.FrameState = 1

Dim skPoint As Object

Open "C:\Users\User\Documents\Practice For Sketch Driven pattern\Paper
Journal xyz Centroid plot txt.txt" For Input As #1
Part.SketchManager.Insert3DSketch True
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Do While Not EOF (1)

Input #1, X, Y, Z

Set skPoint = Part.SketchManager.CreatePoint (X / 1000, Y / 1000, Z / 1000)
Loop

Close #1

Part.ShowNamedView2 "*Isometric", 7

Part.ViewZoomtofit2

End Sub

B.3: Discrete Element Method (DEM)\

The amount of injected particles is controlled by the porosity limit property. During the raining
process, a loose (and non-physical) packing was generated. The forces at the point of contact
were modelled as a pair of spring-dashpot oscillators; one representing the normal direction and
the other the tangential direction of force with respect to the contact plane normal vector. The

force 136 between two spheres described by Eq. (B.1) has a normal part F“n due to the presence of

contacts between particles and a tangential part ﬁt due to friction (see Fig. B-1a). The two parts

are expressed by Egs. (B.2) and (B.3):

F.=F,+ F, (B.1)

For the force law between a pair of contacting particles, a linear-elastic approximation [110] is

used:
R « CC:
F, = (k8 + 2a/mk, 8) ﬁ for8<0 (B.2)
A

and E, = 0 otherwise. § = ||C,G|| — i(d; + d;) is the gap (see Fig. B-1b) or the overlap
between the two contacting particles i and j (Fig. B-1a), k,, is the normal stiffness, m =
mym;/m; + m; is the reduced mass and ae[0,1[ is a damping parameter, which controls
energy dissipation due to inelastic collision [110]. Since there is an interest in the equilibrium
state, the parameter a has a very weak influence on the final results, but high values of «
reduce the simulation time. For the friction, the classical Coulomb law was used and expressed
as a non-linear relation between the friction force I?'t and the sliding velocity 5t with a viscous

regularisation around the zero velocity:
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kX
!
5

t

Fo = —min {8, |6, nelI ¥} (B.3)

where f; is the tangential viscosity parameter and . is the coefficient of friction [110], values
of some of these parameters are displayed in Table B.1. Similar force laws were used to
compute the interactions of the grains with the top and upper plates and with the inner wall of

the cylindrical column [121].

N7

contact point tangential plane

(b)

(@)

Figure B-1 (a) contact force components between particles (b) Geometrical parameters and
gap between two particles [110].

Given the local interaction laws, the algorithm for the simulation of a collection of particles
follows the following general scheme: (1) At each time step, the displacements of the particles
are used to compute the forces between grains and with boundary walls. (2) The accelerations
are determined by means of the equations of motion from forces acting on the particles. (3) The
““velocity verlet’” scheme [122] is used for the integration of the equations of motion over a
time step in order to calculate the particle displacements. (4) The grain positions are updated
according to the calculated displacements. The friction between particles and the inner wall of
the cylindrical mould is neglected. The simulation was stopped when a dense packing was
formed and the particles fitted to the cylindrical geometry (Fig. 6.1).
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Table B-1 Parameters for DEM packing

Parameter Value

Normal stiffness, k, 10° N/m
Interparticle friction coefficient, . 0.3

Density of particles, p,, 2250 kg/m3
Damping coefficient, a 0.7

Tangential viscosity, INs/m

Time step 1.7835 x 1075 sec

For the study, 171 densely packed uniformly sized particles with packing ratio of 0.58 were
generated for the simulation. The construction of wall-to-particle and particle-to-particle
contact points is also an important subject in the process of developing a geometrical model.
Previous work in literature reports the emulation of contact points (leaving small gaps between

surfaces and assuming zero velocity in the gap) to avoid convergence problems [116].

B.4: Discretisation Scheme

In CFD analysis, each type of discretisation method (FVM, FDM and FEM) used should yield
the same solution if the grid is fine enough, but some methods are more suitable than others. In
the selection of discretisation methods, efficiency, accuracy and special requirements (i.e.
shock wave tracking) are some factors that should be considered. Higher order numerical
methods usually predict higher order of accuracy for CFD, but are more likely unstable due to
less numerical dissipation. Stability is attained if the method adopted does not magnify the
errors that appear in the course of the numerical solution process. A finite volume discretisation
method was used in this work. The solution domain was subdivided into a finite number of

small control volumes corresponding to the cells of a computational grid.

Discrete versions of the integral form of the continuum transport equations were applied to
each control volume. The objective was to obtain a set of linear algebraic equations, with the
total number of unknowns in each equation system corresponding to the number of cells in the
grid. With non-linear equation, iterative techniques that rely on suitable linearisation strategies
must be employed. The resulting linear equations are then solved with an algebraic multigrid
solver. Considering the general governing equation given in Eq. (B.4), which consists of the

transient term, convective term, diffusion term and the source term respectively, the
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discretisation approach for individual term differs. The transient term is only included in
transient calculations, it is not generally used as a device to obtain a steady-state solution. The
Implicit Unsteady solver in STAR-CCM+ offers two temporal discretisation options: first-order
and second-order. The first-order temporal scheme, also referred to as Euler Implicit,
discretises the unsteady term using the solution at the current time level, n 4+ 1, as well as the

one from the previous time level, n. This is expressed in Eq. (B.5):

a(zpt D) 1 V.(epi0) = V.(eTV0) + £5, (B.4)
d _ (00Do)™ " = (po@o)"
a(PK@V)O = At Vo (B.5)

The second-order temporal scheme expressed by Eq. (B.6) discretises the unsteady term using
the solution at the current time level, n + 1, as well as those from the previous two time levels,
n—1.

3(pePo)™ ! — 4(peDe)™ + (poBo)™ !
2At

d
dt (pu@V), = Vo (B.6)

On the first time-step of a second-order temporal simulation, a first-order discretisation is used
since only two time levels are available. The convective term at a face is discretised using the

expression in Eq. (B.7), where @ rand i are the scalar values and mass flow rates at the face

respectively, and G is the grid flux computed from the mesh motion:
[@p(v.a - @) = (m@), = ;0 (B,7)

The manner in which the face value @, is computed from the cell values has a profound effect

on the stability and accuracy of the numerical scheme. Several schemes are commonly used,
some of which are first-order upwind, second-order upwind, central differencing, bounded

central differencing and blended upwind/central.
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