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SUMMARY 

The safe and economi¢ operation of a nuclear reactor is highly 

dependent upon the detailed knowledge of the steady state thermal and 

hydraulic characteristics of the fuel. 

Various designs of HTR fuel element are discussed and the Tubular 

Interacting concept is described in more detail. This design, the one 

adopted for the Oldbury 'B' tender, was the one on which the analytical 

methods, described in this thesis, were based. 

The spatial and time distributions of heat generation, and fast 

heutron dose, are discussed and methods described which have been developed 

+o determine spatial and time distributions of channel mass flow rate and 

coolant outlet temperature. 

With these distributions as boundary conditions, methods (involving 

the use of computer programs) are described which analyse the thermal 

performance of a fuel element. Particular emphasis has been given to 

three important aspects of fuel behaviour. The heat transfer and pressure 

drop characteristics of the coolant passages are investigated analytically. 

Dimensional change caused by thermal and irradition effects has a marked 

effect upon fuel element temperatures and this phenomenon is studied in 

some depth: Methods have also been developed which postulate the form and 

development of corrosive attack of the fuel channel and determine the 

thermal and hydraulic effects of such corrosion. 

Using all these methods detailed spatial and time dependent temper— 

ature distributions are determined for a single fuel element. Spatial 

distributions of peak fuel channel temperatures at a particular moment 

in the reactor core life (Snapshot) are also determined and, by making 

certain statistical observations, expected frequency distributions 

are found.
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CHAPTER 1 

INTRODUCTION 

The High Temperature Reactor 

The High Temperature Reactor is the logical development of the United 

Kingdom gas cooled reactor programme. The HTR (Mik III) system follows 

on from the Magnox (Mk I) and Advanced das Cooled Reactor (Mk II) systems. 

The AGR has stainless steel clad v0, fuel, cooled by c0,5 achieving 

core power densities of about 2.8 MW/n?. Fuel ratings and boiler inlet 

coolant temperatures are limited by fission product release from the 

v0, fuel, contained within the can, and by temperature limitations of the 

can itself. 

The graphite moderator is resident in the core for the full thirty 

years! life of the reactor and must therefore be maintained below about 

400°C +o avoid excessive corrosion and irradiation induced distortion. 

This is achieved by means of a steel baffle allowing the co, to cool 

the moderator before the fuel. This baffle presents many design and 

operational problems. 

The HTR has been designed to overcome the restrictions of the AGR 

system and to provide further development potential. The main character— 

istics of the HTR that contribute to the desirability of the system can 

be summarised as follows: 

(i) Coated vo, particles which act as efficient fission product 

retention spheres are embedded and clad in graphite. Inert 

helium is the coolant with its high thermal conductivity and 

specific heat. A high core power density (eeg. 8.4 MiW/m?) 

is the result. 

(4i) The whole active core is replaceable allowing the moderator 

to be run at higher temperatures.



(iii) Higher operating fuel, moderator and coolant temperatures 

resulting in greater heat transfer and overall plant 

efficiencies. 

(iv) Large negative fuel temperature reactivity coefficient. 

(v) Uranium ore and separative costs are lower because of the 

higher power densities. 

(vi) As a result of the high plant efficiencies (41%) there are 

reduced requirements for cooling water allowing stations to 

be located inland, close to load centres. 

(vii) In the longer term, the high coolant temperatures facilitate 

process heating (e-g. aluminium smelting) and direct cycle 

conversion (eg. gas turbines). 

Fig 1 shows the main features of a typical HTR. 

Fuel element thermal performance calculations 

As with all reactor systems 'safety' and ‘economics’ are 

opposing considerations. In order to make a desirable compromise a 

detailed knowledge of the contributory factors must be obtained. 

For an HTR core the most important 'safety' factors are fission 

product release and core structural integrity. The opposing economic 

considerations would be high core power densities and operating 

temperatures (efficiencies) . 

Fission product release from the fuel and the structural behaviour 

of the core components are chiefly dependent upon their thermal and 

irradiation histories. Thermal performance calculations on the fuel 

and moderator are therefore required as one important step in achieving 

the lowest capital and operating costs of a 'safe' reactor system. 

This thesis describes the steps taken to determine the steady state 

thermal performance of an HTR fuel element; from basic station parameters



+o complete temperature and coolant distributions required for 'safety' 

calculations. It should be noted that the steady state performance must 

be backed up by studies of the transient and fault conditions of the 

reactore



CHAPTER 2 

DESIGN OF HTR FUEL ELEMENTS 

The fundamental temperature dependent component of the HTR system is 

the fuel particle. The composition of the particle, its incorporation 

in the fuel bed and particle failure modes are described in section 1 

of this chapter. In section 2 the various fuel element design concepts 

are discussed which have been considered over the last few yearse 

Finally, in section 3, the design concept adopted for the Oldbury 'B? 

tender is described in rather more detail and the optimisation of its 

geometry briefly discussed.
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Fuel particle and matrix 

Composition of the fuel particle and matrix 

The coated particle concept was devised to perform as its own 

fission product retaining vessel; such a system allowing higher 

irradiations than pellet (AGR) type fuel. These particles, of approx— 

imately 1100,m in diameter, are shown in Fig a, made available by 

VOICE (1). 

The fission product retention is achieved by a series of 'shells 

surrounding the v0, kernel. Fig 2/1 shows a section through a typical 

particle. The vo, kernel (800m diameter) has immediately adjacent 

a coating of porous pyrocarbon (100yum diameter). This buffer layer, 

as well as providing additional fission product accomodation space, also 

acts as a sacrificial layer for arresting fission fragments. A high 

density isotropic (HDI) pyrocarbon pressure retaining layer is then 

deposited (110m) followed by a metallic fission product retention 

layer of SiC. The "pre-stressing'! of the inner HDI pyrocarbon and SiC 

layers is achieved by another coating of (HDI) pyrovarbon (50 um)‘ which 

also provides protection against external chemical attack. The thickness 

of the coatings ha: been chosen to give a compromise between high heavy 

metal densities and particle integrity. 

There are two methods by which the particles are bonded together: 

(i) *Loose-bonding*" 

The particles are bound together by a resin-graphite 'glue!' 

producing high heavy metal densities. Under irradiation, 

however, the bonding has a tendency to break down allowing 

particles to become free. 

(ii) "Compacting" 

Here the particles are placed in a die with graphite and
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compacted at high temperatures. The heavy metal densities 

achieved (1e/ cc) are not as high as with the loose bonding 

method because of the risk of particle fracturing but the 

compacts so formed are highly stable under irradiation. 

A more detailed description of irradiation experience, typesof 

graphite etc. can be found in BISHOP (2). The bonding method finally 

adopted for the Oldbury 'B' tender design (partly as a result of the 

BISHOP committee work) was the compacting process; high integrity being 

preferred to low cost - at least for the first HTR. 

Failure modes of the fuel particle 

There have been two failure modes recognised from the limited irrad— 

iation experience available and they will now be briefly described. 

Further details can be obtained from BISHOP (2) who has attempted to 

quantify these failure phenomena so as to provide limiting criteria in 

design studies. 

(3) Amoeba_attack 

This is believed to be a chemically induced failure where the 

creation of free oxygen from the fission of the uranium allows 

oxidation of the buffer layer. I+ is a reversible process 

and the oxidation of carbon on one side of the kernel is 

accompanied by carbon deposition on the other side; the 

cross-kernel temperature difference (aT) causing this effect. 

Kernel rating (Q), absolute temperature (T) and irradiation 

(+) are also believed to be important variables; the amoeba 

attack building up in a cumulative way throughout the fuel dwell. 

After a certain degree of attack the particle becomes suffic— 

iently weakened for the internal pressure to cause failure 

and the emmission of fission products. BISHOP (2) has



(ii) 

quantified this effect in the following way. 

Since it is not possible to state a specific limit on amoeba 

attack which, once exceeded,will cause the particle to fail, 

BISHOP has defined a limit after which the particle is said 

+o be tat risk' i.e. the amoeba life, F,, is equal to 1.0 

when this limit has been reached. F is given by (see 

GREEN (3)): 

F = 0,072 (@ An)® exp[ 6.7 - S120 eee 

where t is in days, Q in W/cm?, aT and T in °K. 

Pressure failure 

During irradiation of the fuel the PyC will shrink giving a 

compressive stress in the stable SiC layer. Shrinkage of the 

inner PyC layer will give further compressive stress in the 

SiC before, possibly, becoming detached. As the fission gas 

pressure builds up, the compressive stress in the SiC reduces 

until it finally goes into tension where upon it is assumed 

to fail, so allowing metallic fission products to escape. 

The fission gas pressure is dependent upon burn—up and instant— 

aneous temperature and unlike amoeba failure is independent of 

temperature history. WALTHER (4) has provided a mathematical 

model of the stresses within the particle and CONWAY+JONES (5) 

describes how this model can be used to supply the limiting 

criteria on particle temperature and burn-up.



2.1 

Fuel element and moderator block designs 

As described above one of the essential features of the HTR is 

the integration of fuel and moderator such that, on refuelling, 

moderator is also replaced. A common feature of most designs considered 

to date is a hexagonal brick between 350 and 500 mm A/P which is the 

basic refuelling unit. Columns of these bricks contain the fuel and 

control channels and it is with thé type and distribution of fuel 

within the brick where conceptual variations have been applied. These 

designs can be divided into two categories arising from independent 

experimental experience of the USA and the UK: 

(i) fuel pin concepts {UK) 

(Gen) integral brick (USA) 

(The Pebble Bed reactor, studied in West Germany, will not be considered 

here.) 

The fuel pin concepts are those design where the brick has a number 

of channels containing fuel encased in graphite and cooled by helium 

passing over the pin. The integral brick designs are of a more homogeneous 

type where the fuel and moderator are closely integrated by having a large 

number of small channels; some containing fuel compacts and some passing 

coolant. 

Fuel _pin designs 

The most important of the various designs considered in the UK are 

the Hollow-rod, Teledial and Tubular (non-interacting and interacting) 

designs. These are shown schematically in Fig 2/2 reproduced from SMITH (6) 

(i) Hollow-rod 

This is a cylindrical compact in a cylindrical graphite can with 

three longitudinal anti-bowing ribs. Coolant passes through the 

annular channel between can and channel wall. This design has



(44) 

(iii) 

the advantage of simplicity of thermal and hydraulic 

analysis, (e.g. the position of peak fuel temperature is fixed 

at the inner compact surface). With limited heat transfer 

surface, however, thermal ratings are lowe The compact is 

unrestrained providing low compact stresses and therefore 

large (up to 1.0 mm) interface gaps can develope with 

irradiation producing high fuel temperatures at the end-of-life 

when the burn-up is at a maximum. From particle ‘pressure’ 

failure considerations this is undesirable. 

Teledial 
This is a cylindrical graphite tube with three anti-bowing ribs. 

Within the wall of the tube are contained a number of small 

cylindrical compacts. Coolant passes either side of the 

graphite annulus. With this design there are the advantages 

of a large wetted perimeter, low fuel shrinkage and small gaps. 

It is however a complex design with high stresses within the 

graphite. There are also increased costs arising from the 

larger number of compacts. Higher enrichments are also 

required because of the more homogeneous nature of the fuel 

and moderator. 

Tubular (Non-interacting and interacting) 

With these designs annular compacts are contained between graphite 

sleeves and coolant can pass within the inner sleeve and in the 

annular passage formed by the outer sleeve and channel wall. 

In the non-interacting case the clearance between compact inner 

surface and the outer surface of the inner can is chosen so as 

to ensure no interaction throughout the fuel dwell. This gives 

low compact stresses but leads to higher fuel temperatures owing 

9
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to large gaps: forming. In the interacting design the initial 

clearance is chosen so as to give interaction early in the 

fuel dwell producing smaller gaps at the cost of higher 

compact stresses- The tubular designs although more complex 

than the Hollow rod has» the advantageof alarger wetted 

surface producing lower temperatures and higher power densities. 

These tubular designs are formed by trepanning a graphite 

rod to form the two sleeves which are connected at one end. 

There are therefore limitations on inner-outer sleeve temperature 

differences caused by unacceptable stresses in this end region. 

Two major disadvantages are common to all these designs: 

(i) high manufacturing costs of fuel pins 

(ii) heterogeneous nature of the fuel which leads to high fuel 

temperatures. 

Both these faults can be overcome (with the inevitable introduction of 

others) by the adoption of an Integral Brick. 

Integral Brick 

This design, developed by Gulf General Atomic, has a lattice, 

usually triangular, of a large number (200 - 400) of holes containing 

fuel or coolant. The GGA design has 252 compacts and 126 coolant passages 

so that one coolant channel accepts heat from two compacts, assuming 

symmetry. 

With such a large number of compacts and coolant channels temperature 

drops are lower than with pin designs resulting in lower fuel temperatures. 

This is further enhanced by the reduced fuel shrinkage and interface gaps. 

In general, apart from its analytical complexity, the IB is, thermally, a 

highly desirable design as it goes a long way towards the ideal heat 

transfer system where the fuel and coolant are intimately mixed (e.g. 

10



as in a fluidised bed). There are however three major disadvantages: 

(i) high campact manufacturing costs arising from the large numbers 

(ii) high stresses within the brick 

(iii) higher enrichments resulting from worsening resonance integrals 

in this homogeneous design. 

In an attempt to lessen these problems compromise designs have been 

proposed — the Semi-Integral Bricks. Insteadof solid fuel compacts they 

are made annular with an inner protective graphite sleeve and coolant is 

allowed to pass within. There are also a similar number of compacts as 

in the pin designs (seventeen approximately). The Semi-Integral design 

overcomes the compact manufacturing cost problem but suffers from 

inferior heat transfer and probably higher graphite stresses. More 

detail of this design together with the I.B. can be found in a 

comparative exercise carried out by the Author: BALLARD (Q)- 

11
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The tubular interacting design 

At the time of the Oldbury 'B' Enquiry Specification (September 1970) 

it was believed that the Til.design was the most satisfactory as a fuel 

element for the first HTR. The advantages of the 1.B. although highly 

attractive could not be substantiated by irradiation experience in the UK. 

The T.I. design was probably the most attractive economically, of the pin 

type elements and the two major problems of compact and sleeve stressing 

were relieved in the former by further, more detailed, analysis and in 

the latter by optimisation of the pin geometry. 

It should be noted, however, that at the time of writing this thesis 

the I.B. appears to be the favourite for the first HTR. This probably 

results from increased American influence over the last two years. 

For the vast majority of the work described theliéthods: have 

been applied to the T.I. element which will now be described in more 

detail. 

Optimisation of fuel element geometry | 

Before the fuel pin and channel dimensions can be optimised there 

are certain overall design constraints which must be considered: 

(i) active core height ~ decided by core size considerations 

(ii) fuel compact thickness and diameter - manufacturing limitations 

(iii) fuel area - derived from reactor physics considerations 

(iv) sleeve thickness - manufacturing and stress limitations 

With these limitations in mind the geometry is chosen go as to 

achieve, for the T.I. design, the maximum channel power and minimum press- 

ure drop without exceeding the limits on fuel and graphite peak tempera— 

tures and inner-outer graphite sleeve temperature differences. 

The optimisation of a T.I. element is a complex procedure and 

although the Author was intimately involved in choosing the final T.I. 

12
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dimensions the work is not believed relevant to the main object of the 

thesis and will therefore not be related here, (See BALLARD (8).) 

The Pubular Interacting fuel element and moderator block geometry 

The final fuel element dimensions chosen for the Oldbury 'B' tender 

are given in Table 5/1 and Fig 2/3 is a drawing of the pin. I+ will be 

observed that the compacts are retained within the sleeves by a screwed 

end-cap which is at the downstream or bottom end of the pin for fuel 

corrosion reasons. (See Chapter 4, section 4.) 

The fuel block, containing seventeen fuel channels is shown in Fig 

2/4 and Fig 2/5 shows a control brick where there are nine fuel and three 

control channels containing, typically, one grey rod, one black rod and 

one secondary shutdown device, respectively. 

13



CHAPTER 3 

THE REACTOR ENVIRONMENT 

Before the performance of the fuel element can be examined in 

depth the conditions under which it will exist in the reactor must 

first be studied. 

The aspects in which the reactor environment influences the 

performance of a single fuel element are as follows: 

(i) heat generation distribution within the fuel element 

and associated moderator 

(ii) distribution of fast neutron damage dose within the 

fuel and moderator 

(iii) coolant mass flow rate through the fuel channel 

(iv) thermal interaction between the fuel channel and its 

neighbours. 

Items (i) and (ii) are dealt with only briefly in section 1 since 

the Author made only a small contribution to their derivation. Item 

(iii) in which the Author was intimately involved is discussed in 

more detail in sections 2 -— 5. 

In the case of the fuel pin type of elements (e.g. the hollow 

rod and tubular interacting elements) there is very little thermal 

interaction between fuel channels in a block and certainly as far 

as fuel element temperatures are concerned, fuel channels can be 

examined in isolation in this respect. 

In summary, therefore, the object of this chapter is to provide 

the complete distributions of heat generation, channel flow and 

coolant outlet temperature in the HTR core which is the basic data 

required for the work described in Chapters 4 and 5. 

14



1.1 

Time and spatial distributions of heat generation and damage dose 

Axial rating distribution 

The method of calculations of the axial rating profile using the 

one dimensional two-neutron energy groups code BLAZE is described in 

OLDBURY *Bt TENDER (9). 

Initially just one enrichment was specified axially and the 

conventional axial temperature profile was obtained where there is a 

large fuel temperature differential between channel inlet and outlet. 

In this HTR design the limiting criterion on fuel rating is fuel 

temperature and there are large incentives to reduce these temperatures 

without de-rating the core. It was realised that this could be done 

by having more than one enrichment axially, the higher enrichments 

towards inlet. 

From studies carried out by the Author it was found that sub- 

stantial fuel temperature reductions could be obtained with just two 

axial enrichments where the er'richment boundary is between the second 

and third brick from inlet. 

The enrichments were initially chosen to give equal fuel temperatures 

at the 2m and 4m level. This ‘equi-temperature' criterion, however, 

neglects the effect of rating on partical failure and. the enrichments 

should be chosen to meet an Tequi~amoeba failure risk' criterion. 

There are two major factors which need to be considered and which 

prevent the full benefits of a multi-axial enrichment scheme from 

being realised. 

(i) Coolant le e 

As explained in section 5 of this chapter certain columns in 

the periphery of the core, with large thermal and fast neutron 

dose gradients, bow and by interaction with their neighbours 

16



form gaps at their brick ends. Coolant flow can therefore 

bypass the channels upstream of these gaps producing 

higher temperatures at these positions. A dual axial 

enrichment scheme which increases the rating in the top 

bricks could raise temperatures in this region above the 

design limits. Fortunately it is unlikely the highest 

rated column will be a leaking colum. 

  

Compact corrosion 

As discussed in Chapter 4, section 4, the protection of the 

fuel compact depends upon the high temperature graphite reacting 

with the water as it permeates through the sleeves. 

Towards inlet however, the graphite temperatures are lower and 

if the fuel temperatures are near the design limit resulting 

from the dual enrichment scheme the fuel could suffer 

appreciable chemical attack. 

In conclusion, therefore, the dual axial enrichments were chosen 

(e.g. inner region, 4.74%, 5.88%) so that the fuel temperatures at 

the 2m peak were still well below the 4m temperatures (approximately 

100°c, see Fig 5/1) and the design limit. Even with this safety 

margin fuel temperature reductions of approximately 60°C over the 

normal single enrichment scheme were obtained. 

The axial rating shape is dependent on: the radial position in 

the core, the proximity of control rods and their degree of insertion. 

It will also depend upon fuel and moderator temperature.and there is 

a certain amount of iteration between the reactor physics and thermal 

performance calculations to obtain the correct axial profile. 

The axial rating profile for a particular channel will vary with 

the irradiation of that channel. As the irradiation proceeds the high 

16
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rating peaks will burnup at a faster rate than the lower rated positions. 

For the purposes.of the work in this thesis the axial rating 

profiles which apply to the peak rated channel in an equilibrium core 

have been used. Fig 3/1 shows the profile for different times in the 

dwell. 

Radial rating distribution 

The channel power distribution for an equilibrium core has been 

calculated using a 2-group SNAP model with six triangular meshes per 

column. A more detailed description of the method can be found in the 

OLDBURY ‘Bt TENDER (9). Each column in the core has been represented 

and the program calculates life average rating values at the centroid 

of each of the six equilateral’ triangles making up the hexagonal bricks 

(Fig 3/2). 

There are two radial enrichments chosen (5.2% mean inner, 6.7% 

mean outer) to give equal peak pin powers in the two regions of the 

core (Fig 3/3). 

From this SNAP information both column and channel powers are 

determined. The column powers are found by taking the arithmetic mean 

of the six values which are themselves normalised to a core mean of 104, 

Channel powers are found by first calculating an effective column 

gradient. 

By referring to Fig 3/2; if Ve is the distance of the centroid 

from the brick centre and Vp is the distance of the furthest fuel channel 

from the brick centre then the across column ‘gradient is defined as: 

a= %p. 
y, 

ceceeel 

B
I
I
S
>
 

° 

Where f is the peak value of the centroid rating values and r is the 

arithmetic mean. 

ay,
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From Fig 3/2 y, = 178 mm and therefore Yp/y, = 1633 

.NB It is believed that across column gradients will burm down over 

life. However, no firm data on the magnitude of the effect is as yet, 

available. 

The column power is proportional to Tr and it is now necessary to 

find the constant of proportionality. 

Wa = total fuel channel flow 

Too = mixed core outlet temperature of coolant 

De = inlet temperature of coolant 

Mp = number of fuel channels 

CF = coolant specific heat 

mean channel power, Qoq = C (Bog - Tg) seeved 

and Qoy = 104 on the SNAP power map. 

If Ne is the number of fuel channels within a column then: 

column power = Qytle L 

10° 
eeeeoe3 

From OLDBURY 'B' TENDER (9) and core data given in Table 3/1 the value of 

Son is 397 kw. 

Fig 3/3 shows the spatial distribution of column average powers (7) 

and across column gradients for a 1/6 sector of the core. 

The peak rated channel power (life mean), 514 kW, has been 

determined from this power map but also includes a margin for fuel 

management. 

Time evolution of channel power 

Owing to the burn-up of fissile atoms there is a reduction in the 

rating as the irradiation of a fuel element proceeds. This is offset 

to some extent by the creation of further fissile atoms in the form of 

239pys The fuel is left in the core until a particular burn—up (MWd/Te) 

18
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a) 

has been achieved and since different columns have different ratings 

there is consequently a whole spectrum of fuel residence times. 

The residence time assumed for the peak rated channel is 770 days 

at 75% load factor. This dwell is consistent with a burn-up of 

72000 MWa/Te. The age factor is defined as the ratio of the start of 

life channel rating to the life average value. The program BLAZE 

has been used to calculate the age factors for different regions of 

the core. The results are reported in OLDBURY 'B' TENDER (9). The 

peak rated channel is assumed to lie in the inner region of the core 

and therefore, according to this data, has an age factor of 1.18. 

It is a godd approximation to assume that the channel power falls 

linearly with time and Fig 3/4 shows the evolution of peak rated 

channel power with dwell. (OLDBURY 'B' TENDER (9)). 

Fine structure effects 

(i) Axial effects 

These arise from the presence of burnable poisons which are 

only present in the initial loadings. At equilibrium there 

will be no appreciable axial perturbations. 

(ii) Across pin gradients 

These gradients are only important for channels at the edge 

of the core or close to control rods. A peak rated channel 

is not likely to occupy either of these positions. 

(441) Flux depression effect 

There is negligible flux depression within the fuel compact 

of the Tubular Interacting element according to JNPG studies. 

Damage dose distributions 

The axial fast neutron flux profile follows very closely the 

rating shape and, for the purposes of the calculations in this thesis, 

the fast neutron dose at axial position z, will be given by: 

19
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D(z) = 

oO 

B
i
s
 ol

 

where R(z) = the axial rating factor at position z 

R channel mean rating factor (normally equal to 1) 
ol

 

= channel mean dose; 

The units of damage dose are usually given as neutrons/om* EDN 

(equivalent neutron flux in the DIDO reactor). 

From Table 3/1 the channel mean dose assumed for the peak rated 

channel was 2.0 x 40°! n/om? EDN. 

The dose at any particular moment in time must ofi:course be 

determined by the integration of the axial profile with time up to 

the moment of interest since, as can be seen from Fig 3/45 the axial 

rating shape varies with burn-up. 

Refuelling scheme 

Up to the time at which this work was carried out there was no 

refuelling pattern available for an equilibrium core. The Author 

has therefore devised a scheme which should be typical of a realistic 

pattern. The method for deriving this scheme was simple. Ten age 

groups were chosen: one at fuel loading, one at each gag change and one 

at the mid—point of each gag interval (Fig 3/4). (These ages were 

chosen to be of most use in the corrosion calculations described in 

Chapter 4 section 4). 

The columns in the sextant of the core considered were then 

allocated an age such that the following conditions were satisfied: 

(4) The total power in the sextant at this snapshot time is the 

same as that given by the sum of the life average SNAP rating. 

This was achieved to within 1%. 

(ii) There were equal numbers of columns in all age groups. With 

51 columns in the sextant age group 10 was allocated.the extra 

20
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colum. (See Table 5/3). 

Fig 3/3) shows the distribution of ages in the sextant of the 

core considered. 

Moderator heat generation 

Heat is generated within the moderator as a result of neutron and 

y irradiations. The axial and time distributions of this heat 

generation is assumed to follow the fuel heat generation. 

The fraction of the total channel heat generated within the 

moderator is small (8%) and the entire component is assumed to be 

within the fuel block; the graphite sleeves being only a small 

fraction of the total graphite volume. 

21



An introduction to the optimisation of core flow distribution 

The Oldbury 'B' design of HTR for which this study was made has 

301 columns; containing either seventeen (fuel column) or nine 

(control rod column) fuel channels (Figsi2/4, 2/5) totalling 4533 

fuel channels in all. 

As explained in the previous section the power variations between 

these channels at any particular time can be divided into two components: 

Gy Irradiation 

(ii) Spatial. 

The major limiting phenomena in this design of HTR are fission 

product release and graphite corrosion both of which are highly 

sensitive to fuel element temperatures. In order to maintain these 

limits in a peak channel, without the adjustment of channel flow to 

offset the power variations, it would be necessary to reduce the core 

rating or coolant gas outlet temperature, grossly overcooling the rest of 

the channels. Whereas, with the only major cost arising from higher 

pumping powers, significantly higher ratings and cycle efficiences 

can be obtained by judicious adjustment of the core flow distribution. 

This section describes the methods developed in a detailed study 

made on the Oldbury 'B' equilibrium core and gives the thermal and 

fuel performance repercussions for a range of flow gagging assumptions. 

The gagging scheme chosen for the Oldbury 'B' design is described 

in detail and using the radial power distribution and age factor 

data presented in section 1 the time and spatial distributions 

of channel gas outlet temperature are derived. 
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3.2 

Time gagging 

General considerations 

The reduction in channel power with burn-up, described in section 1 

would, with a constant gag setting, produce a corresponding reduction 

in channel gas outlet temperature and whilst maintaining the desired 

life average gas outlet temperature, large swings in temperature would 

occur. An alternative is to periodically adjust the gag so as to 

progressively reduce the mass flow rate in step with the channel power. 

In the limit the gag would be continuously changed so as to achieve 

the minimum (zero) deviation from the desired life mean gas outlet 

temperature. 

Appendix I derives the relationship between the peak gas outlet 

temperature and the life mean value assuming N gag changes at equal 

intervals throughout the fuel dwell. 

For the peak rated channel case (Table 5/1) the gas and fuel 

element temperature effects of different numbers of gag changes 

are given in Fig 3/6 and Tables 3/2, 3/3 derived using the AZIMUSMAP 5 

program. 

The ideal scheme, with remotely controlled continuous gag changing, 

as employed in the AGR, has special design problems in the HTR. In 

the TNPG Oldbury "Bt design the gags are changed by the refuelling 

machine and because of this time consuming method it is desirable to 

have as few a number of gag changes as possible. 

The following sub-section gives the fuel endurance. repercussions 

of such reductions. 

Fuel element endurance considerations 

The incentive to reduce the number of gag changes depends upon 

the limiting criteria, namely fission product release and graphite 
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corrosion. 

In order to remain within the limits on fission product release 

it is necessary not to exceeda particular failed particle fraction. 

The two recognised modes of particle failure during reactor operation, 

‘amoeba and 'pressure', are both highly temperature sensitive. 

As described in Chapter 2 ‘amoeba’! attack is a corrosion 

phenomenon of the inner PyC layer and is cumulative over life. 

"Pressure! failure is due to gaseous fission products causing the 

SiC layer to come under tension and is dependent upon the instantaneous 

particle temperature and burn-up. 

It is therefore important, in order to escape 'pressure' failure, 

to have a sufficiently low fuel temperature at the end of life, when 

the burn-up is at a maximum. For ‘amoeba! failure, however, the 

integrated fuel temperature over life is the important factor. 

To restrict the number of gag changes will result in higher 

temperatures at the start-of-life, lower at the end-of-life but 

with approximately the same life average values (Fig 3/6). From 

the above 'pressure' failure considerations this form of life 

evolution of fuel temperature would appear beneficial and the fact 

that the life average temperature is unaffected by reducing the 

number of gag changes, suggests that ‘amoeba!’ attack would not be 

increased. There is however some increase,as ‘amoeba' attack is an 

exponential function of fuel temperature,although a linear function 

of time (days). 

Table 3/3, derived using the AZIMUSTAP 5 - PARTICLE FAILURE link 

applied to the peak rated channel (Table 5/1) shows fuel element 

temperatures and fuel endurance for the reference four gag change 

scheme and a scheme where the gag is not changed throughout the 

dwell. 
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As a measure of the integrated 'amoeba' attack the factor F is 

given such that the particle is said to be at risk if F? 1. The 

extent of the 'failure' is also given in terms of the failed 

particle fraction in the channel. 

From the table it is clear that for this, the most limiting 

channel, the 'amoeba" failure is increased by reducing the number of 

gag changes to zero, whereas the possibility of pressure failure is 

removed. 

Although the peak fuel temperature for the no-gag case is 65°C 

above the reference case it can also be seen from this table that by 

a reduction of only 20°C on the mean gas outlet temperature tamoeba' 

failure can be reduced to below the four-gag change value. 

As far as the corrosion of graphite components is concerned there 

is no well defined limiting criterion on temperature. If, however, 

the number of gag changes are reduced, increasing. the overall peak 

graphite temperatures, this is known to significantly increase the 

graphite removal rates and such factors as a smaller allowable water 

ingress and the possible replacement of corroded graphite components 

have to be offset against the advantages of a smaller number of gag 

changes. 

For the Oldbury 'B* tender work and for this thesis a four 

gag change scheme has been adopted (Fig 3/4, 3/5). 

Fig 5/2 shows the life evolution of peak fuel and graphite 

temperatures for the reference peak rated channel for this scheme. 

In this section it has been assumed that in each gagging 

interval the mean gas temperature is maintained at the life mean 

value. If there is a large variation in fuel and graphite temperatures 

over life there is obviously some incentive to gag such that, although 

the overall mean gas temperature is maintained, the distribution with 
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life of gas temperature providesa more propitious distribution of 

fuel element temperatures. However, since the variation of fuel 

temperature with life is small and the two graphite sleeve 

temperature distributions are opposite in form (Fig 5/2) there 

appears to be little incentive to shape gas temperature distribution 

with this fuel element design. 
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Spatial gagging 

General spatial i hiloso: 

Spatial gagging can be regarded as providing an ‘optimum! distribution 

of channel gas outlet temperature within certain design limitations. 

The radial power variations between channels across the core, which 

are to be gagged out, are made up of two components: 

(4) dolumn to column variations 

(ii) across column power gradients. 

For the Oldbury 'B' design, however, there is one gag per column 

and therefore only column to column power variations can be gagged out. 

This design limitation implies that uniform peak channel temperatures 

cannot be realised. Therefore, the criterion for a successful spatial 

gagging scheme within these limits would be if all columns, or group 

of columns, gagged to their own gas outlet temperature, had the same 

peak temperature; the temperatures assumed in this study being peak 

channel gas outlet, graphite and fuel temperatures. Ultimately 

instead of temperatures, fission product release or corrosion could 

be considered. 

In order to realise equal peak channel temperatures between columns 

it is necessary to gag each column to its own gas outlet temperature 

because of differing column average powers and gradients (e.g. the 

higher the gradient the lower the 1). 

By applying the 'grouping' principle, following AGR practice, 

the columns can be arranged into groups of similar gradient, gagging 

all the columns within a group to the same . This reduces, to 

some extent, operational complexities at some cost in performance. 

For example, if @ is the maximum gradient and N groups are chosen 

these groups would contain channels of gradient O - G/x, G/n-2G/, 

ecccecce(N-1) G/N - G. a



The following section itemises the calculation route from 

obtaining core power maps to the final temperature distributions and 

gives the resulting thermal performance for different spatial gagging 

schemes and optimisation criteria. Finally, for the chosen gagging 

scheme, the core flow — Ty distribution is determined. 

In order +o compare different gagging options it has been 

assumed that there is constant flow axially through all columns i.e. 

there is no inter-brick leakage of flow. 

In reality there will be significant leakage in particular areas 

of the core and this is discussed, giving the resulting flow dist- 

ributions in section 5. 

4.2 General theory of group gagging 

Although it is possible to equalise peak fuel and graphite 

temperatures between groups only the equalisation of peak channel 

gas outlet temperature will be considered here. 

Let R be a column mean channel heat generation and let G be the 

column gradient where G = : and R = maximum channel heat generation. 

Ro, is the heat generation (life mean) of the jth column in the 

ith group. Assuming N gag groups then: 

Gy Go ahi: a are the maximum gradients in each group 

where the columns are grouped according to gradient ise. 

group 1 contains those columns with the lowest gradient 

and group N those with the largest. 

If there are M, columns in group 1, M, columns in group 2 etce 

then the combined heat generation of all columns in the groups is 

given by: 

z 2 Ry = Rey, + Re, + Re), eevee Rewy 
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= Ry Re,, + Reo, + Ro,3eceee Reon 

rR, = Roy, + Roy + Royyerees Rem 

The heat balance from the core shows: 

CoWA(T a, - T,) = ER, +E Roteeeee E Ry 

  

where We = total core flow through fuel channels 

ie = mixed gas outlet temperature from all fuel channels 

i = inlet gas temperature 

ies ty Boo --- are the colum mean gas outlet temperatures from 

each group: 

DRy +H, +R ~~ Ry | PR) ER, aed 
,, a me) GN.) (TT) (Ty, .) 

The gagging criterion is that the peak channel gas outlet temperatures 

from each group are eualised i.e. 

tT - a 1s i A = cece t =. (Boy - Me) & FH = (Bp - MQ) % BS (Boy ~ 740) 4yFh 
where Phy Fh, --- FR is the factor which allows for across—block 

flow variations. (F #0°°4 derived in Appendix II ). 

Therefore: 

(Bo, i 7,4) = (Ty 7 2,4) %, ¥1/2, BS Aan 

(Bay - Te) = (By - Me) 8, F/R By J 

Substituting equations 5 in .4 we have: 

= =! & t 

(Bj, - 2,,) = (T—-T 0) (ar, + 22") op, + 2h 2R,)eeeees 
i: q 1 (R, + ER, +-- £Ry) at GF 

Having found bu from equation 6 q, -- i can be found from equations 5. 

The maximum reduction in peak channel gas outlet temperature is 

obtained, when the number of groups equals the number of columns in 

the core when individual column i, gagging is achieved. 

4.3 Thermal performance effects of various gagging schemes 

Group gagging to the gas outlet temperature criterion can be done 

explicitly without the need for iteration to ensure conservation of 
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mass flow. Gagging to other criteria such as peak fuel or graphite 

temperature is, however, a complex iterative calculation requiring 

computing techniques. 

A program, FOIL, has been written, specified by WILLIAMS (10) 

which incorporates the a, gagging criterion method developed by the 

Author as well as the peak fuel and graphite temperature criteria. 

The program derives the resulting temperature histograms, using the 

method of deducing channel peak temperature from integral 

AZIMUSTAP 5 data developed by the Author and described in Chapter 5. 

FOIL has been used to investigate the performance repercussions 

of different gagging schemes and the Author acknowledges the 

assistance of Mre LeG. Williams in making this study. 

Channel gas outlet temperature criterion 

Using the case where all the columns in the core are gagged to 

the same gas outlet temperature as the datum, Fig 3/7 shows that 

for the maximum gas outlet temperature the greatest saving occurs 

when changing from one to two groups and for further increases in 

the number of groups, the saving diminishes until the limiting 

value is obtained at around twelve groups. The relationship between 

the number of groups and the gas outlet temperature appears to follow 

an exponential curve, but the relationships relating the fuel and 

surface temperatures are more complexe 

The results for fuel and surface temperatures shown in Fig 3/7 

indicate that savings in fuel are less than gas temperature savings 

while savings in surface temperatures are greater. The grouping 

of columns on cross—column gradient, neglects the effect of rating 

and columns having high gradients do not necessarily have high 

ratingse This means that peak fuel temperatures can occur in colums 
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which are not necessarily the peak gradient columns in a group. It 

is this phenomenon that causes the saving in fuel temperature to fall 

below the saving in gas temperature; the fluctuation of location of 

peak temperatures from.one column to another also causes the 

discontinuous nature of the curves. 

The surface temperature results all show reductions that are 

greater than the gas temperature reductions as these peak temperatures 

occur in columns more closely related to the peak channel gas 

temperature columns. The minimum saving appears to occur for the 

inner sleeve; thé maximum occurring for the channel wall. These 

savings are consistent with the characteristics of the Tubular 

Interacting element where the peak inner sleeve temperature occurs 

further from outlet than the peak outer sleeve and channel wall 

temperatures and therefore does not benefit to such a great extent 

from flow increases. An increase in the number of groups results 

in an increase of flow in the channels having the peak temperatures 

and this produces a slight modification in the heat and flow splits 

which also contributes to the effect of the saving in temperature 

on the inner sleeve surface being less than that on the outer sleeve 

surface. The channel wall has the greatest reduction in temperature 

because there is an additional reduction owing to a smaller radiation 

component heat flux, resulting from the lower outer sleeve 

temperatures. 

The core distribution of life peak fuel and graphite surface 

temperatures are shown in Figs 3/8-3/11. These results show that 

the effect of increasing the number of groups on the temperature 

distributions, is to produce a more weighted histogram at the 

higher temperature end; at the same time, however, reducing the 
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overall peak value. 

N.B. These are results produced at the early stages of the 

research programme and do not include all the work 

described in Chapter 4 (e.g. corrosion). ‘They are, 

therefore, only to be used to compare different gagging 

schemes and cannot be expected to be consistent with 

the final results presented in Chapter 5. 

Fuel and graphite surface temperature criteria 

The significant reductions in fuel and graphite temperature 

by gagging to equalise peak channel gas outlet temperature can 

be further improved if the fuel and graphite temperatures themselves 

are equalised. 

The gas outlet temperature of each column is chosen so that the 

peak fuel or particular graphite surface temperature is equal in 

all columms. The distribution of column a, values will depend on 

which temperature is being optimised and so it would not be 

possible to simultaneously optimise fuel and all graphite surface 

temperatures. If, however, on—line computing facilities were 

available a combined fuel and graphite temperature optimisation 

scheme may be devised. 

In order to determine the possible performance advantages of 

a more complex optimisation procedure the program FOIL has been 

employed where it is possible to optimise the flow distribution 

to satisfy the following options: 

Option 1 - Equalisation of life peak fuel temperature in all 

columns 

Option 2 — Equalisation of life peak inner graphite surface 

temperature in all columns 
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Option 3 — Equalisation of life peak outer graphite surface 

temperature in all columns 

Table 3/4 gives the corresponding life peak temperatures for the 

three options together with, for comparison, a 12 group equalised 

channel gas outlet temperature scheme. 

N.B. Once again these temperatures are presented only for comparison 

and are not consistent with the Chapter 5 figures. 

The distribution changes to which these temperature reductions 

correspond are similar to those experienced by increasing the number 

of groups given in the previous sub-section ise. the high temperature 

'tail' is forced into the lower temperature bands. 

The 20°C to 30°C temperature reduction found by optimising the 

flow distribution in this way is quite significant particularly 

for the graphite surfaces. As explained in Chapter 5 it is the 

changes of distribution where the high temperature tail is removed 

that has the most beneficial effect on irephite corrosion. 

It is conceivable to advance one stage further and optimise to 

Yequal risk of particle failure which would provide the mein 

performance savings. The lack of understanding on particle 

failure modes and the uncertainty on local rating and temperature 

perturbations, however, make such a scheme unjustifiable. 

The reference three group peak channel gas outlet temperature 

scheme 

For the Oldbury 1B? tender a relatively simple scheme was 

devised so as not to deviate from previous (acR) experience. Operation 

of the reactor is certainly simplified if only three life mean gas 

outlet temperatures need to be considered at, of course, some cost 

in reactor performance. 
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The object therefore was to determine three values of column 

overall mean gas outlet temperature (2) which, given the radial 

power distribution, minimises peak channel gas outlet temperature. 

The quantities which need to be known are: 

G) column average power for each column, 

(2) power gradient for each column, 

(iii) number of channels in each column. 

Sextant symmetry has been assumed and the above data for 6 th 

of the core is given in section 1 (Fig 3/3). 

The across column flow variation factors (F') also need to be 

known and these can be found from Appendix. II. 

Using the theory developed in section 4.2 the three values of 

t can be derived (Appendix III) i.e. 

819°C, 782°C, 754°C. 

The overall peak value of channel gas outlet temperature found in 

the largest gradient column of each group is 850°C. 

The resultant distributions of column flow, nN and channel peak 

gas outlet temperature: are shown in Fig 3/126 

The: peak rated channel in the core which has been used for the 

studies of single channel performance in the following chapter is 

not shown on either the power map (Fig 3/3) or flow map (Fig 3/12) 

since it includes additional margins. I+ has been assumed, however, 

that it has an across column gradient of 7.5%and can therefore be 

allocated to group 2 (Appendix III) giving its colum a n, of 782°C 

and a channel gas outlet temperature (life mean) of 833°C. 

So far inter—column flow leakage has been neglected. As will be 

explained it is not possible to gag spatially allowing for leaking 

columns and the final flow distribution will be off optimum to some 

degree. The effect on channel flowsand temperatures of leakage is 
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