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1. INTRODUCTION

Good fuel element performance means that failures do not arise in
service as a result of stresses imposed on the UO2 containment, and that
dimensional changes are not outside acceptable limits. It is the basis of
good design that such a performance requirement is met under all foreseeable
environmental and operational variations.

Reliability depends on the use of sound manufacturing methods, suitable
component specifications and the adoption of QA schemes which give a high
level of confidence.

Safety problems are exacerbated if poor performance or reliability
result in the presence of many failures at the time of an incident. On the
other hand, t'.iere are aspects of design where optimisation to improve per-
formance may increase the problems in an accident. One example of such a
situation is the fuel to cladding gap, if this is large there is little
danger of TCi (pellet clad interactions) and the fuel should perform well,
but in an ->ccident there will be more stored thermal energy and greater
internal gas pressure, both undesirable.

ТЫл paper sets out to show how the requirements for performance,
reliability and safety have been determined in the design of fuel for the
SGHWR system (Steam Generating Heavy Water Reactor).

2. SGHWR DESIGN OPTIMISATION

The SGHWR is a pressure tube reactor with boiling light water coolant
and an auxiliary heavy water moderator contained in a calandria tank. The
separated steam is taken directly to a saturated steam turbine and the
condensate returned via a feed treatment system to the steam drums. [1]

lue design of fuel for the SGHWR has been described before [2,3] and
reference has been made [4] to an improved design based on 60 - О.48О in
diameter fuel pins.



Fuel for the SGHWR is generically similar to that for other BWR's, but
the element must have circular geometry and fuel pins are arranged in 3
rings of 6, 12 and 18 (36 pin design) or 4 rings of 6, 12, 18 and 24 (60 pin
design), around a central unfuelled structural tube known as a sparge tube
because it serves to feed the emergency cooling water (ECW) into the centre
of the fuel element and spray it out radially in fixed directions. In the
60 pin design there are a further 6 sparge tubes in interstitial positions
between the outer two rings of fuel pins. Spacer grids are attached to the
Sircaloy 2 sparge tubes and have been of two types, one with springs,
spaced at 395 mm intervals, a second with ring ferrules only in which 3
Zircaloy 2 spacer pads attached to the fuel pin centralise the pins in each
grid with a designed in clearance. These are set at 305 mm intervals along
the element. The spring type spacer has been preferred for the 60 pin
element for the commercial SGHWR (CSGHWR) currently under development, Pig. 1.

The fuel pin design has been dominated by safety considerations at all
stages, the philosophy being to minimise stored thermal energy and fission
gas release for a given rating, the permissible rating limits then being
fixed in relation to a set of safety criteria which are discussed later.
The fuel pin design features which result from such an approach are:

(a) minimum fuel/clad gap consistent with ability to manufacture,

(b) maximum U0« density and resistance to densification,

(c) low fuel pin filling gas pressure,

(d) optimum fuel clad thickness, taking account of creep down,
swelling resistance in an accident and operational manoeuvring
requirements.

The design and performance parameters are summarised in Tables I and II.
Fuel pins designed to this philosophy are interacting at peak rating
positions, so that the important gap conductance is maximised. Recently
conventional fully sintered U02 has been replaced by a high matrix density
fuel (> 98% T.D.) with controlled porosity formed by additives (COMPOR) [5]
which gives both high TJO2 conductivity and very low densificatior at the
same bulk density. The low gas filling pressure, together with low fission
gas release, means that internal pressures are not likely to exceed 1 MPa
at any stage of life. Progressive clad creep down is observed at least up
to 15 GwD/te U, which means that as ratings reduce there is not an increase
in fuel/clad gap, or unrestrained fission gas bubble swelling, both of which
would lead to enhanced centre temperatures. This 'clad-follow1 behaviour
is important in improving LOCA behaviour late in life, since it is now
clear that solid fission product swelling does not compensate for thermal
contraction as ratings reduce.

Freedom from fuel pin bowing is a major operational and safety
requirement in the fuel element design. This was one of the
factors influencing choice of the spacer pad/ring grid design
principle, the design intent being that fuel pins should slide freely
through spacer grids at all times. Experience has shown that this intent
is not fully met, in that interference may develop as a result of oxidation
and crud deposition. Nevertheless, fuel pin bowing is avoided in the 36
pin design because the central sparge tube to which the spacer grids are
attached strains preferentially, both in steady state operation and under
accident conditions. This is equally true of 36 pin elements in which
spring type spacer grids are employed, a substantial number of which have



been irradiated in the Winfrith Heath SGHWR (WSGHWR). This freedom from
fuel pin bowing is confirmed by the absence of any observations of detect-
able bow in the large number of elements that have had detailed post-
irradiation examination.

As a result of this experience, and because the spacer pad design is
more expensive to fabricate, the 60 pin element design for commercial
SGHWR's has been based on spring •uype spacer grids,

3. SGHWR FUEL PERFORMANCE

Fuel performance in WSGHWR has been reported periodically.[3, 63
Satisfactory steady state operation up to very high ratings (60 kW/m) and
to full design "burn-up (21 GWD/te U) has been demonstrated. Best estimate
peak rating (see Table II) has however been set at levels consistent with
meeting the prescribed safety criteria. Performance under daily power
cycling conditions Г3] and under power ramping conditions Г7J have also been
determined and have been shown to be consistent with theoretical models
based, in the case of power ramping, on a stress-corrosion cracking criterion
for maximum clad stress of 48О MPa.

Of particular concern in the context of this paper is an analysis of
defect experience in WSGHWR to see whether, with the safety-optimised design
principles, fuel performance under normal conditions is satisfactory. If it
is not, then one would expect to find systematic defect mechanisms becoming
operative as conditions become more onerous, i.e. as rating or burn-up or
some combination of the two increases.

The analysis of all defects is summarised in Tables III and IV. There
are significant trends for defects to occur with greater frequency at low
burn-up (up to 4 GWD/te U) and at ratings near the peak in the rating
distribution, 40-50 kW/m. However the total number of defects is dominated
by those occurring in the first year of reactor operation, which on investiga-
tion were found to be caused by overheating of the cladding beneath a layer
of impervious copper-rich crud deposit formed during a period "before the
water chemistry standards were tightened to present levels.[6] Thirty three
of the total of 56 defects were of this type, which explains the association with
higher ratings and low burn-up. These defects were not related to fuel design
and could not have been avoided by feasible changes in design. There have been
7 other defects also not related to design in the context of normal operation.
Tables III and IV also summarise the defects in 'standard

1
 elements, i.e.

omitting these 40 special cases. Again the trend for defects to occur
more frequently at low burn-up is noticeable, implying that they are
related to the initial condition rather than any deterioration, The rating
dependence shows a lesc pronounced trend than for the totality of defects,
and is not statistically significant, but it should be remembered that
these were mostly low burn-up defects, and the most probable cause, internal
hydriding, would be expected to show some rating dependency»

The conclusion reached is that defects are certainly not increasing in
frequency with burn-up, and that any rating dependence is associated with
initial quality related mechanisms. The defect population examined contains
a number of minor variants of design and materials specifications (UO2 and
cladding) and it seems apparent that defects have not been identified so far
that are related to design limitations. The majority of 'standard' defects
apparently result from failure to meet adequate standards of quality in
components or fabrication. It may be significant that 10 of the 16 low burn-
up 'standard' defects in Table III had pickled and autoclaved clad bore
surfaces.



It is surmised from the PIE examination that most of the defects have
arisen from internal hydriding. It is characteristic of such defects that
they o'jcur at very low burn-up, but leaks may not appear for a considerable
period of time, the latter being a result of propagation of bore surface
defects originated in the very early stages of irradiation. The two
isolated defects in Table III at 9-10 GWD/te U may well be of this type.

Ability to accommodate daily power cycling and power ramping without
damage to fuel pins is related to design, the main controlling parameter
being the thickness/diameter ratio of the cladding tube. Material condition
and pellet design may also contribute. In the SGHWR the t/d ratio at 0.039
(36 pin) and 0.05 (60 pin) is low compared with G.E.'s BWR 6, 0.068, and
Westinghouse's PWE at О.Об. In the FWR case this ratio must however be
judged against the pressure differential which depends on gas filling
pressure. Thus in the SGHWR there ir some sacrifice of operational
flexibility to safety (clad creep down), although this is less significant
in the 60 pin design as presently established. Experiments in WSGHWR have
shown that no damage, or detectable wall thinning,was caused by 208 daily
power cycles and this result when fed into the SEER/SLEUTH model leads to a
confident prediction that local wall thinning would not exceed 10% after
2000 daily power cycles of any magnitude. This amount of wb. .1 thinning
would give a low probability of failure, and the maximum clad stresses
involved are well below the stress corrosion cracking threshold stress.

Power ramp experiment in WSGHWR have shown that systematic failures
will occur if recommended limits„ based on the clad stress criterion, are
exceeded. Conditions to exceed these limits depend on prior history, pre-
ramp power level and burn-up. As a generalisation, however, ramps in excess
of 3096 above the prior power level are liable to cause failures unless pre-
cautions, in the form of a controlled power raising schedule, are adopted.

The sacrifice in operational flexibility is judged to be very small,
and moreover the SGHWR reactor design concept makes only small demands on
power ramping capability because it has no moving control rods and the fuel
cycle does not involve radial shuffling of elements. New fuel loading which
is done annually off-load, involves power ramps of 10% or less, many
hundreds of which have been completed without any failures. System demands
for nuclear stations to run for lengthy periods at reduced load, are unlikely
in the ТЖ, but if they materialise in the future operational guidance can be
given on safe power raising procedures or on intermediate short term periods
of higher power operation.

4. RELIABILITY

The essential features which determine the reliability of nuclear fuel
in a reactor are established long before the production of any power.
Extensive research and development, exhaustive design analysis, diverse large
scale fabrication experience and effective quality control are all
important factors in the production of fuel to meet high standards of
reliability.

Since the SGHWR first came on power in 1967 the 1ЖАЕА and BNFL have
carried out continuing research and development programmes aimed at improving
the fuel performance and reliability. The results of this programme have
been continually analysed and have led to the present optimised design of
SGHWR fuel element. Fuel has been fabricated at Springfields for over 20
years and during this time experience and knowledge have accumulated from
the manufacture of many different types of fuel. Much of the powder»



pelleting, алб. canning technology is applicable to any type of metal/oxide
fuel. An area where a process change has resulted in an improvement in the
consistency and hence reliability of the product is the introduction of the
BNPL dry conversion route for the conversion of EFg to UO2 in a single
stage. This Integrated Dry Route (IDR) produces UO2 powder of a consistent
and high quality which enables the pelleting plant to operate at constant
conditions and also to produce a consistent high quality product. An added
advantage of such a consistent process is that it eases the task of the
quality control function, and hence provides a cost saving to the customer.

The demand for high standards of reliability and quality, both by the
reactor operator and his licensing authority, requires that the fuel
supplier organises and sustains an efficient Quality Assurance System. The
system must make provision for the monitoring of all activities affecting
the quality of the product. It must start with the design and development
and continue through procurement, handling of materials, manufacture,
testing, inspection, storage and transportation. Provision has also to be
made for the training of personnel and for the assessment of activities
affecting the product quality through a formal aduiting programme. All
these activities form part of the total concept of safety and reliability
which in the case of SGHWR fuel contributes to the reliability of the
product.

It is demonstrable from SGHWR irradiation experience that the effort
put into improving reliability has paid off, the rate of incidence of
failures has steadily reduced. However, while defects continue to occur
the question must arise whether even higher reliability should be attained.
This depends on an economic assessment of the relative costs of buying
higher reliability fuel and of prematurely discharging fuel. SGHWR, being
a pressure tube reactor, has a minimum outage penalty for replacing fuel
failures, and the economic balance point is likely to be different from
that for most LWR's.

5. SAIETY CRITERIA

In any accident condition in SGHWR the prime aim is to ensure that fuel
can be cooled safely after a temperature excursion and that no distortion
arises during, or as a consequence of, the temperature excursion which will
jeopardise this cooling.

Transients predicted for a loss-of-coolant acident (LOCA) in SGHWR
1
 s

differ from those postulated for typical LWR
1
 s, in that it is assumed that

there is instantaneous and persistent stagnation, and that cooling is by the
FCW spray alone. This results in a simpler form of analysis and a transient
in which the peak clad temperature rises steadily to some maximum value,
determined largely by the stored heat, and then decays slowly until re-
wetting by the ECW occurs. It is known that the assumptions made are
extreme, and work is in progress to determine the amount of heat removed
during the blowdown phase as a secondary support argument.

Heat removal from fuel during an accident in an SGHWR is strongly
influenced by radiation to the pressure tube and one of the important
functions of the ECW is to keep the pressure tube cool. Deformation
(swelling) of fuel pin cladding can obstruct cooling arid because of the
difficulties of performing reliable heat transfer experiments on severely
deformed elements, a maximum permissible fuel pin swelling of 5% on diameter
was fixed as a primary safety criterion.



A large programme of experimental work aimed at establishing the 5%
swelling boundary and margins has been completed under a variety of transient
conditions [8,9,10] and taking account of environmental effects such as
irradiation, corrosion and crud deposition. From this, and similar
isothermal data, it is easy to predict the amount and distribution of
swelling that will result from a particular transient at any time in the
life of a fuel element, and a model known as CANSWEL is available to make
such predictions. There are complex effects of oxygen pick-up in transients
exceeding about 950 С peak temperature which reduce both swelling and
ductility with beneficial results within limits. The most onerous swelling
condition never arises with new fuel in SGHWR's because of the low gas
filling pressure, but may arise between •£ and f- burn-up depending on the
nature of the transient.

The oxygen pick-up which reduces clad swelling, can also cause a degree
cf embrittlement which is unacceptable if it results in fragmentation of the
clad during subsequent cool down. Work in the UK has shown good agreement
with the 17% clad reacted criterion widely used elsewhere as a limiting
condition, and this extent of oxidation is not attained in the maximum
expected duration of SGHWR transients even at 1300°C. However, because of
the increasing contribution of the exothermic heat of reaction from the the
Zr + O2 reaction above 1200°C and also because metallurgical interactions
between fuel cladding and spacer grids become more extensive as temperature
increases above 1200 C, this temperature has been fixed as a second safety criter-
ion to sweep up these various requirements. A more sophisticated treatment of the
processes involved would clearly allow this temperature to be exceeded for
limited times. The critical period when the clad temperature limit is most
closely approached is, in general, within the first $0 days irradiation in
SGHWR's. Local peak rating is at or close to its peak in life value during
this period and if much TJO2 densification takes place, before being offset
by grain boundary bubble swelling and possibly by the widely postulated
relocation process, then the stored thermal energy will have a peak-in life
value. It is of course for this reason that design emphasis has been placed
on small fuel/clad gaps, high density, stable U0 2 and low gas filling
pressure in SGHWE fuel pins.

6. FUTURE SGHWR FUEL DESIGN DEVELOPMENT

In view of the potentially greater margins available in LOCA's, particularly
in relation to much reduced fission gas release, and therefore propensity to
can swelling, the 60 pin fuel element is currently the preferred design for
the 660 MW(E) commercial SGHW reactors. Work is therefore concentrated on
this design.

It is expected that performance margins will be demonstrated as in the
case of the 36 pin design, in which case further optimisation to increase
safety margins will be part of the future development.
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TABLE I

SGHWR FUEL ELEMENT DESIGN PARAMETEES

Rod distribution

Sparge tubes

Spacer grids

Dist. between grids

Fuel element length

Fuel element weight

Weight of ГО
2

Fuel rod length

Pellet stack length

Gas plenum volume

Filling gas

Weight of fuel rod

Weight of U

Fuel cladding

Clad o.d.

Clad wall thickness
(min.)

Fuel/clad gap (dia.)

uo
2

UOp density

Pellet length

Pellet diameter

Pellet dish volume

Number of pellets

36 rod

3 rings, 6, 12, 18

1 central

Ring with spacer pads (11)

305 mm

4162 mm

0.261 Те

0.1939 Те

3878 mm

3582 mm

42 cm
5

He/Кг at 1 atm

7.000 kg

5-385 kg

CW/SR Zircaloy 2

16.0 mm

О.635 mm

О.165 mm

Enriched

10.6 g/cm^

15.24 mm

14.53 mm

2.9%

235

60 rod

4 rings 6, 12, 18, 24

1 central, 6 outer

Spring (9)

394.5 mm

4315 mm

0.250 Те

0.1774 Те

3966 mm

3582 mm

31 cm
5

He/Кг at 1 atm

3.980 kg

2.957 kg

CW/SR Zircaloy 2

12.2 mm

0.597 mm

0.125 mm

Enriched

10.6 g/cur

12.7 mm

10.75 mm

2.77%

282



TABLE II

SGHWR FUEL ELEMENT PERFORMANCE PARAMETERS

36 rod 60 rod

Channel power, heat to coolant
(best estimate)

Peak linear rating (best est.)

Nominal ТГО̂  centre temperature

Maximum surface heat flux

Maximum outlet steam quality

Coolant pressure (core exit)

Coolant exit flow (peak best
estimate, start of life)

Coolant exit mass velocity (-do-)

Coolant inlet velocity (-do-)

Coolant exit velocity (-do-)

Coolant exit flow (min. channel,
end of life)

Coolant exit mass velocity (-do-)

Coolant inlet velocity (-do-)

Coolant exit velocity (-do-)

Design burn-up

4-43
43-7

1480
е

0.89

16%

67-5

MW
kW/m
5
C

MW/m
2

bar

15.5

2536

3.1 1

14-4

25.7

4218

5-3 i

6.6 1

20 GWD/teU

4.43
28.4

1256°

0.75

16%

67.9

kg/s

kg/m
2
*

a/s

m/s

kg/s

kg/m
2
i

a/s

a/s

21.5

MW

kW/m

'c
MW/m

2

bar

3

3

GWD/teU



TABLE III

INCIDENCE OF ETJEL DEFECTS AS A FUNCTION OF BURN-UP (AT OCTOBER 1976)

Burn-up interval
(BUI)

(GWD/teU)

0-1
1-2
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18
18-19
19-20
20-21

Ф Л + Q I МЛ
ЮЪЭ.1 НО.

of elements
irradiated

in BU I

425
392
367
352
315
265
228
185
147
101

73
51
36
22
11

9
3
3
1
1
1

Total elements
defected

in BUI

N o . ( 2 ) %

7 1.6
12

9
16

6
2

3

7) 3.1
7) 2.5
11) 4-5
5) 1.9
1) 0.8
2) 1.3

-
- -
2 2.0
— —
1 2.0
- -
-
_
- -
- -
- -
- -
— —
-

Standard elements^

No

5
4
2

5
-
-
-
-
-
2
-
-
-
-
-
<-
-
-
-
-
-

defected
in BUI

(3)

4 i
0 1

3)

1.2
1.0
0.5
1.4

_
-
-
-
-

2.0
-
-

-
_

—
—
-
—
-

(1) Excludes defects caused by crud (33)» leaking thermocouple
leads (3)» power ramps (3) and fretting because of abnormal
flow (1).

(2) Numbers in brackets are crud defects.

(3) Numbers in brackets had pickled and autoelaved clad bore
surfaces.
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TABLE IV

INCIDENCE OF FUEL DEFECTS AS A FUNCTION OF ЕЕАК-Ш-TIME HATING

(AT OCTOBER 1976)

Rating
interval

(RI)
(kW/m)

20-23.5

23.5-27
27-30.5

30.5-34

34-37.5
37.5-41
41-43.5

43-5-47
47-50.5

50.5-54

54-57-5
57-5-61
61-64.5

64.5-68

68-71.5

Total
No. of

eiemenxB

in RI

1
-1

16

24
52
76
82

77
50
32
9
1
2
_
2

Total
in RI

No.(2)

_

1
1
4(2)
5(2)

3
20
15
6
1

14)

—
_
—
_
2(2)

elements

defected

%

100
6.2
16.7

9.6
3.9

24.4
19.5
12.0

3.1
-
_
-

100

Standard
in RI

No.

_
1
1
-
2
1

4
6
3

—
_
-
_
-

elements'1 *
defected

%

100
6.2
-
3.8
1.3
4.9
7.8
6.0
—
-
_
-
_
-

(1) Excludes defects caused by crud (ЗЗ)» leaking thermocouple
leads (3), power ramps (3) and fretting Ъесаиэе of abnormal
flow (1).

(2) Numbers in brackets are crud defects.

11
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