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SUMMARY

Fuel element bowing is defined as the lateral deflection of an element during irradiation.
It is important to understand and to be able to limit this type of deformation since the
consequences of uncontrolled bowing could be, for example, element failure due to locally
restricted coolant flow, or difficulty in removing fuel assemblies after irradiation due to ele-
ment distortion. In this paper we analyse and discuss the phenomenon of bowing in pelletized
fuel elements with special reference to observations and experiments made in WR-1, an
organic-cooled, heavy-water moderated research reactor located at Pinawa, Manitoba. The
elements are constituents of fuel bundles similar in size and shape to those used in CANDU
(CANada Deuterium Uranium) power reactors.

Bowing is attributed to the action of bending moments generated both within the sheath
and between the fuel and sheath, by a temperature distribution which is not symmetric with
respect to the element axis. This temperature asymmetry is caused by: (i) non-uniform coolant
temperature due to imperfect coolant mixing; (ii) variable heat transfer coefficient between
fuel and coolant and (iii) asymmetric heat generation due to neutron flux gradients across the
element.

Explicit analytical formulae for the bending moments are derived, from which the relative
importance of different parameters can be assessed. For the fuel and experimental conditions
under discussion it is shown that neutron flux gradients and the interaction between fuel and
sheath are the dominant factors in element bowing. Experimental evidence supports this
analytical conclusion and suggests that progressive bowing is dependent upon such factors
as, initial fuel-sheath diametral clearance, sheath strength, and pellet length.

In addition to describing experiments in which the effects of different parameters were
investigated, a brief description is also given of the general experience and problems associated
with bowing in the “driver” fuel of the reactor, together with advances in experimental
techniques for studying in-reactor bowing. This experience coupled with a fundamental
understanding of bowing mechanisms suggests that minor fuel bundle design changes can
mitigate the undesirable consequences of fuel rod bowing.
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NOTATION
§ = magnitude of bow
2 = unrestrained length of fuel element
a, b = inner, outer sheath radii
t = b - a, sheath wall thickness
r, © = cylindrical co-ordinates of point P w.r.t. axls of element
Ry = distance of element axls to bundle axis
R = distance of point P from bundle axis
= d1nverse diffusion length for thermal neutrons in homogenized
bundle (fuel, sheath and coolant)
o = coefficient of thermal expansion
A = thermal conductivity
hge, hfg = heat transfer coefficlents, sheath/coolant, fuel/sheath
1/4 = 1/hgg + l/hgy + t/Xg, thermal impedance between fuel surface
and coolant (valid for thin-wall sheaths)
q = power per unit fuel length
w = surface heat flux
D = neutron flux gradlent factor, defined in text
T(r,9) = temperature at point P
AT, = difference between maximum and minimum sheath surface tem-
peratures
Te average coolant temperature
B, Y quantities defined in text relating to variation of coolant
temperatures and heat transfer
Subscript symbol with subscript s, c¢ refers to sheath, coolant; other-
s, ¢C wise symbol refers to fuel
1. INTRODUCTION

Fuel element bowing is defined as the lateral deflectlion of an element
during irradiation, and the magnitude of the bow is the maximum deflection
be ween points of restraint. This deflection is generally small in the sense
that the deformation occurs within the elastic limit of the cladding material.
For example, in a 500 mm long element of radius 7.5 mm, the bending strain due
to a bow of 1.3 mm 1s 0.03% (bending strain due to bow * 8b8/22). The fact
that some residual bow is usually observed during post-irradiation examination
implies that elastic recovery is imcomplete and some degree of stress-relaxa-
tion within the elastlic range has occurred during irradiation.

The elements under consideration are constituents of fuel bundles
similar in size and shape to those used 1in CANDU (Canada Deuterium Uranium)
power reactors [1]. TFigure 1 shows a typical CANDU fuel bundle section.
Although in this paper we are primarily concerned with understanding the main
factors which cause bowing, we will briefly mention two observed consequences
of bowing in the driver fuel of the organic-cooled research reactor, WR-1 [2].
The first concerns the phenomenon known as "sticking'" in which the force
required to 11ift an assembly of fuel bundles out of a channel increases more

or less progressively with irradiation. To prevent excessive 1ift forces
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during removal operations, the fuel had to be discharged when 1t reached an
average burnup of ~ 120 MWh/kgU, i.e., about half its reactivity lifetime.
The "sticking" 1s a consequence both of bowing and of the detailed fuel
design. Subsequent modifications to the fuel bundle design have alleviated
this problem and extended the operational 1life of the fuel. The second con-
sequence, which has occurred several times in WR-1, 1s the failure of the
cladding in elements which have bowed to closely approach or contact the wall
of the coolant channel thereby causing local overheating due to restricted
coolant flow [3]. This type of failure can be avoided by proper location of
bearing pads in the fuel design.

In developing our model of bowing we do not discuss the time-depen-
dent behaviour of the element for two reasons: (1) the stress-relaxation pro-
perties of the cladding in a neutron flux over a wide fange of temperatures
are not well known, nor are the changes in fuel/sheath interactilon due to
irradiation and power cycling (11) although a time-dependent analysils would
provide information on the rate of development of residual bow it would not

add significantly to our understanding the main factors which cause bowing.

2. THEORY OF BOWING
2,1 Hypothesis and Preliminary Remarks

The basic hypothesis of our analysis is that bowing of pelletized
fuel elements, of the type under consideration, 1s a thermally induced pheno-
menon. One side of the element becomes hotter than the other and the element
deflects (bows) in the direction of the hotter side to accommodate the dif-
ferential axial strain. An equivalent statement, but one which 1s more use-—
ful for analytical purposes, 1s that temperature varlations around the fuel
and sheath set up bending moments, and the problem is to calculate these
temperature variations and hence the bending moments. These peripheral tem-
perature gradients are caused by:

(1) non-uniform coolant temperatures due to imperfect mixing,

(11) non-uniform heat transfer between sheath and coolant due

to variations in subchannel geometry and local flow con-

ditions,

(111) asymmetric heat production due to neutron flux gradients

across an element, henceforth called the flux gradient effect.
The flux gradient effect produces a bending moment which bows the element to-
wards the wall of the coolant tube. Bending moments resulting from factors
(1) and (4i) will cause the element to deflect in a direction depending on the
location of the maximum coolant temperature or the minimum heat transfer coef-
ficient with respect to the element. Bowing is therefore not necessarily con-
fined to one plane and a variety of bowed shapes 1s possible depending on the
relative magpitudes and directions of the bending moments resulting from fac-
tors (1), (11) and (i1i). Which of these factors dominate will depend on the

specific circumstance. For example, if there is a sudden and large deteriora-
tion in coolant heat transfer due to dry-out on one side of an element 1t is
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likely that the bending moment (ii) will dominate and cause the element to

bow 1n the direction of minimum heat transfer. On the other hand, both ana-
lysis and experiment confirm that under steady operating conditions the dif-
ferential axial strain between fuel pellets and sheath due to the flux gra-

dient effect 1s the dominant factor in element bowing (see sections 3 and 4).

2 2 Model and Assumptions

A diagram of the model and co-ordinate system used in the analysis 1is
shown in figure 2., The angle © is measured in the clockwise direction from
the vector CO. From the geometry of the bundle we make the plausible assump-
tion that the temperature distributions within the fuel and sheath are sym-
metrical about the vector CO. We also assume that the neutron flux gradient
through the bundle can be approximately described by a function of the form
Io(KR),* where Kk 1s the inverse diffusion length for thermal neutrons 1n the
homogenized fuel channel (fuel, coolant and sheath). There are some well-
known neutron physics arguments, which will not be elaborated on here, for
using this type of distribution. 1In addition, the function has useful co-
ordinate transformation properties which permit solutions of the problem by

analytical rather than numerical methods, i.e.,

Io(KR) = Io(kR{)Io(kr) + 2 I (-1)"I_(kR,)I_(kr)cosmd (1)
m=1 m m

With these assumptions it follows that the most general solutions to
the temperature distributions in the sheath and fuel respectively are given

by:

© C
T (t,0) = B_ + Bln r + I {B ™ 21 cosm® (2)
s [ m m
m=1 r
I

T(r,0) = A + AI (KR) + I A ™ cosm0 (3)

o] o] m
m=1

Note that in equation (3) terms in lnr and r " Mare inadmissible because the

temperature must remain finite as r *+ 0. The coefficients 1in these equations

are determined by the boundary conditions and are found by equating terms in

cosmO.

2.3 Analysis
(a) Bendine of an Empty Tube

If we neglect initially the mechanical interaction between the sheath
and fuel pellets and treat the sheath as an empty tube, the bending moment due
to temperature varilation within the sheath is found by substituting equation
(2) into the formula for bending in small deflection beam theory, viz,

A more accurate function is of the form Ig(KkR)Io(E®) but the subsequent
analysis 1s intractable [4].
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MS = o E fb IZW Ts(r,O)rzcosOdrdO
a o
which gives ﬂusE
My o= — £ {B,(b* - a*) + 2C1 (b2 - a?)}

Assuming hinged-end conditions, the deflection § of the sheath at
span due to this bending moment is given by

MSQZ uslz C1

§ = EE:T; 8h Ba1b + <

where Lg » mb’t 1s the moment-of-inertia of a thin-walled tube of
t=b-a. It should be noted that the hinged-end condition has been
rimentally to be a good approximation for elements in the type of
under investigation [5]. The problem 1s thus reduced to finding t
term in equation (5), and this may be shown to be approximately eq

the difference between the maximum and minimum surface sheath temp

that is,
C1 ATS
Bi1b + = E—E—
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(4)

the mid-

(5)

thickness

found expe-
fuel bundles
he bracketed
ual to half

eratures,

(6)

If we call ATg(1) the difference in maximum and minimum heath temperature

due to effect (1) etec., then,

2BTC
ATS(i)x h
1+ L8
h
sc
T (max) - T (min)
where B
Tc(max) + Tc(min)
and Tc = average coolant temperature around the element
= A
2ywb{1l +
ahfs
Similarly AT _(11) S e
A+ 1 - X )en 1+ 22
2 sc ah
fs
h__(max) h_ (min)
where vy = sc sc

hsc(max) + hsc(min)

Es average heat transfer coefficient around the element
W average heat flux.
1 4 -t
2qD hsc 2)‘s
and finally AT (1i11) z2<42
s Ta 1+
aH
II(KRi
where q is the power per unit length of the element and D =
IO(KRi

(8)

(9)

)I,(ka) 1s
)Ii(ka)

a factor determined by the flux depression through the fuel bundle and is

shown graphically in figure 3 as a function of KRy and Ka.
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The magnitude of the bow for each of the factors (i) (111i) 1s found
by multiplying the appropriate ATg by u522/16b.

(b) Interaction Between Pellet Stack and Sheath

The fuel column within the sheath 1s a stack of ceramic pellets -each
of which cracks into many smaller pieces during irradiation; the column is
therefore incapable of withstanding an applied bending moment. If, however,
the fuel grips the sheath it can induce a bending moment in the sheath because
the thermal expansion of the fuel at the Interface is greater than that of the
sheath. At the point (a,0) the difference in longitudinal thermal strain
between the fuel and sheath 1is given by,

As(a,0) aT (a,9) uSTs(a,O) (10)

and T(a,0) - Ts(a,@) = W(@)/hfS

where w(®) is the heat flux at the interface. If there is no slip between the
fuel and sheath, the sheath will be strained in the axial direction by an
amount equal to the differential thermal strain; 1f there is some slip the
mechanical strain will be less than the differential thermal strain. We
express the relationship between the differential thermal strain and the

induced mechanical strain by,

Ae(a,®) = GAs(a,0) (12)
where G 1s a factor between 0 and 1.
In the ensuing analysis we shall set G = 1 (an upper limit for the interaction

effect) and postpone discussion of G until section 3.
From equations (10), (11) and (12) we find

asw(O)
Ae(a,®) = (o-0_)T(a,0) + —— (13)
s hfs
and by substituting equations (2) and (3) into (13) and using the fact that
- 9T
w(0) = Aar , glves
r=a
o-0 o o (-1)"1 (KkR,)I (ka)cosm®
2 m 1" "m
Ae(a,0)= s | —= + 5 ;1 bt 5 (14)
’ 2ma H hfs Ii(ka) IO(KRi) m=1 1+ 1;1_1%

The derivation of equation (l4) assumes constant coolant temperature and con-
stant heat transfer around the periphery of the sheath. In the fuel, tempera-
ture variaticns are due primarily to asymmetric heat generation and the error
in neglecting the effects of non-uniform coolant temperature and heat trans-
fer will be small.

The induced bending moment in the sheath 1s given by
2m

M = Ea’t / Ae(a,0)cos0d0 (15)
o

Terms in the integrand of equation (15) which are independent of © vanish when

integrated between the limits, as do all terms in cosmO except for m=1. Hence
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where we have used Is ~ ma’t for thin-wall tubing. Consequently the deflec-

tion 1s given by

2 =0 [¢A
s DL ; . s . hs 2 (17)
8ma? 1 + all fs

3y expressing equation (17) in the form

1
fs

16b h

the term in square brackets may be regarded as being equivalent to a tempera-
ture difference across the sheath which would produce a deflection equal to
that caused by pellet/sheath interaction, thus
9 a/as 1
ATS(iv) G + (18)
ma 1 + fs

[t should be noted that in equation (18) the G factor has been reintroduced to
smphasize that the bowing caused by pellet/sheath interaction depends on the
abi1l1ity of the fuel to grip the sheath,.

3. DISCUSSION OF RESULTS OF THEORY

To illustrate the relative importance of the various parameters affec-
ting fuel element bowing, the quantities AT4 in equations (7), (8), (9) and
(18) are calculated for fuels in two kinds of heavy-water moderated reactors.
first is the 200 MW(e) power reactor at Douglas Point, Ontario, which belongs
o the family of natural uranium reactors cooled by pressurized heavy-water,
lhe second 1s WR-1, an enriched, organic-cooled research reactor located at
’inawa, Manitoba. In both reactors the moderator is kept cool and the fuel
>undles are contained in zirconium alloy pressure tubes., The fuel for the
dJouglas Point reactor is UO, sheathed in Zircaloy and for WR-1 the driver fuel
Ls U0, sheathed in Zr-2% wt% Nb. In each case the calculations refer to an
slement in the outer-ring of a bundle. It should also be moted that the pres-
sure tube internal diameter and bundle dimensions are similar for the two

seactors.

3,1 Douglas Point Fuel (Natural Uranium)

The numerical values of the pertinent parameters are given in Table I.
lhe flux gradient effect in the element (neglecting pellet/sheath interaction)

ls given by equation (9),

T h
a sc

somparison with unity. Hence ATg(i1i) =~ 5°C. That is, the difference between

XTS(iii) « 29D [ 1 4 ?%— , where for U0, fuel we have neglected XA/aH in
s

D 1/6
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maximum and minimum sheath surface temperature due to the flux gradient effect
is of the order of 5°C. This will produce a deflection of the order of ~0.07
mm at the mid-span position.

We now inquire as to the variation 1in coolant heat transfer coef-
ficient which can produce a deflection of this magnitude, i.e. the condition
which makes ATg(1ii) =~ ATg(iii). ©Equating equations (9) and (8) and substi-
tuting the appropriate numerical values gives y ~ 0.12, Expressed alter-

natively,

hsc(max)

1+
h (min 1 - .27
sc

Y
Similarly we find from equation (7) that a coolant temperature variation of
5°C between diametrically opposite sides of the element will give a deflec-
tion equal to that produced by the flux gradient effect. Variations of 5°C

in coolant temperature, and about 20 to 30 per cent 1in heat transfer coef-
ficient around an element, are of the correct order in pressurized water at
2800C flowing through a multi-element bundle at a Reynolds' number of ~10°%,
Thus 1t is reasonable to deduce that effects (1), (i11) and (i1i) cause the
element to bow by approximately equal amounts, though not necessarily in the
same direction. If there were no fuel/sheath interaction the bow would be
small for this reactor, of the order of 0.1 mm or less. It 1s known, however,
that the fuel grips the sheath due to a combination of fuel thermal expansion,
small diametral clearances (0,08 mm) and collapse of the sheath down onto the
fuel under coolant pressure (10 MPa), consequently it is reasonable to sup-
pose that G ~ 1. Hence from equation (17), ATg(dv) ~ 29°C and § = 0.4 mm.
Mechanical interaction between the pellet stack and the sheath therefore has,
in this instance, about 6 times the effect on element bowing than either of
the other three factors. Since pellet/sheath interaction dominates, there
will be a tendency for the elements in the bundle to bow out towards the wall
of the pressure tube. The bows as calculated are elastic deflections; post-
irradiation measurements should be less than these unless the thermal and
mechanical stresses In the sheath have fully relaxed and there is no further

elastic recovery.

3.2 WR-1 Fuel (2.4 wt% 23°U 1in Total Uranium)

The numerical values of the pertinent parameters are given in Table I,
Carrying out the calculations as before we find ATg(iii) =~ 30°9C and the cor-
responding deflection § ~ 0.4 mm. This is a factor of 6 greater than the
previous examples and 1s attributed to a doubling of the flux gradient factor
D (due to fuel enrichment) and to a reduction in the coolant heat transfer
coefficient, viz, 13.0 as against 50.0 kW/m?°C for pressurized water. The
pellet sheath interaction term glves ATg(dv) ~ 749C corresponding to a def-
lection of 0.96 mm., Thus the combined effect of (iii) and (iv) is to produce
a bow of 1.36 mm corresponding to an effective ATg ~ 104°C. For a bow of this

magnitude to be produced by a coolant effect alone, a temperature differential
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of ~10409C would have to exist in the coolant across an element diameter. This
1s much greater than the coolant temperature differentials measured in WR-1
fuel bundles. Similarly by means of equation (8), 1t 1s possible to show that
the minimum and maximum heat transfer coefficients would have to differ by a
factor of at least 4 in order that a bow of this magnitude could be produced
by effect (11). Thus, given strong pellet/sheath interaction, effects (1i1i)
and (iv) will dominate the bowing pattern of the bundle.

From the previous numerical examples and from an inspection of the
formuae for bowing given by equations (7), (8), (9) and (18) we can deduce
the important parameters controlling the bow of pelletized fuel elements.

(a) If G ~ 1, the mechanical interaction between pellet stack and
sheath will dominate the magnitude and the direction of the bow. The def-
lection will be in the direction of maximum neutron flux and this direction
will generally be towards the wall of the pressure tube. Any factor in the
design or operation of the element which increases the mechanical interaction
between fuel and sheath will tend to increase the amount of bowing and vice
versa.

(b) Bowing increases with increasing element power (q) and with
increasing "blackness" to thermal neutrons (increasing K) within the channel.
If there is appreciable variation in neutron flux along the length of the
element, the bowed shaped will be skewed towards the high flux end of the
element.

(¢) Fuel elements bow more when cooled by poor heat transfer media.
Other factors equal, one would expect bowing to increase in the order of the
following coolants: boiling water, pressurized water, organlc, steam, gas.
Boiling water channels in a power reactor may have heat transfer coefficilents
as high as 100 kW/m20C, but 1f the liquid cooling film becomes unstable and
the whole element goes into dry-out then the heat transfer coeffilcient can
drop to ~2.0 kW/m209C and the bow will increase by a factor of about 3 in the
direction of the pressure tube, If dry-out occurs along one side of the
element the bow will increase by about the same factor, but will be in the

direction of the dry-out surface.

4 EXPERIMENTAL RESULTS

Some experimental results are presented to support the theoretical
conclusions arrived at in sections 2 and 3. The nature of the problem makes
i1t difficult to model the phenomenon exactly and does not permit a quantita-
tive comparison to be made between theory and experiment. We have therefore
restricted ourselves to comparing trends predicted by the theory with those
observed in several experimental irradiations made in the WR-1 reactor.

Continuous traces of element bow as a functlon of length were obtained
using a LVTD which measured the deflection of an element from its central
axis. Deflections in several orientations can be obtained, but all the

results shown here are for bending in the 0-7 plane 1.e., the direction which
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coincides with the vector CO. Since all measurements were made during out-of=-
core examlnations they reflect only the amount of permanent or plastic deflec-
tion which occurred during irradiation, This does not obscure the effects on
bowing of the several variables studied as will become evident during the

discussion,

4.1 FEffect of Diametral Clearance on Fuel-Sheath Mechanical

Interaction

We have seen that under normal operating conditions theory suggests
that the dominant factor governing bowing is the amount of mechanical inter-
action between the fuel pellets and sheath. To demonstrate the effect of
fuel/sheath interaction on bowing we irradiated a number of U0, and UC
elements having a range of diametral clearance. In assessing the results of
the irradiations, which are shown in figures 4 to 7, the following two factors
are relevant; (a) the cladding in these tests 1s stable under the low organic
pressure (1.5 MPa), consequently any interaction between fuel and sheath must
be the result of differential thermal expansion and, for longer exposures,
swelling of the fuel due to irradiation effects, (b) the thermal conductivity
of UC is a factor of 6 greater than UO:, and for otherwise similar conditions
the UC will expand less than UO.

The results of the irradlations clearly demonstrate the effect of
diametral clearance on the development of bow, and are consistent with factors
(a) and (b). 1In figure 5 1t should be noted that the low clearance elements
have bowed into contact with the channel wall at the location of the mid-span
bearing pad. This location has now become a point of restraint, and the
element continues to bow outward between this point and the end of the element
(uppermost dashed curve). A second examination of the UC fuel at a higher
burnup, figure 7, suggests that increased mechanical interaction is occurring
in the high diametral clearance elements since they too are beginning to bow
in the direction of maximum neutron flux, i.e, toward the coolant channel

wall,

4,2 Effect of Neutron Flux Gradients

A stainless-steel sheathed element from an experiment intended to
test the performance of UC fuel at high rating and to long burnups was rotated
about its longitudinal axis through an angle of 180° after being irradiated
for 2408 hours to a burnup of 100 MWh/kgU, The first period of irradiation
resulted in a bow directed towards the coolant tube wall, i.e. in the direc-
tion of maximum neutron flux as shown in figure 2. The element was then
rotated about 1ts longitudinal axis through an angle of 180° so that the bow
was directed towards the center of the coolant channel and away from the wall.
If non-uniform heat transfer between sheath and coolant or non-uniform coolant
temperature are to control thermal bowing then the element should now bow

further toward the center of the coolant channel. As seen in figure 8, the



— 11
D1/6

measured deflections indicate that the element bowed in the direction of the
channel wall during succeeding periods of the irradiation. This 1s a vivid
demonstration that asymmetric heat generation in the fuel due to a neutron
flux gradient across the element is controlling the magnitude and direction
of element bow.

An example of the temperature distributlon due to asymmetric heat
generation in U0z can be obtained by observing the grailn growth patterns on
cress-sections of irradiated fuel as shown in figure 9. The displacement of
the peak fuel temperature, defined by the position of the axial void which
formed during irradiation, is ~1 mm. This is 13 - 14 per cent of the element
radius and lies in the direction of maximum neutron flux as defined by the

arrow.

4,3 Effect of Sheath Creep Stremgth

A comparison of the effect of sheath creep strength on bow has been
made using several UC fuelled elements sheathed in either Zr-2% wt% Nb or 304
stainless steel tubing. The increase in permanent bow with irradiation time
for two of these elements is shown in figure 10, The element sheathed in
stainless steel clearly exhibits less bow than the one sheathed in the zir-
conium alloy. The explanation for this 1s thought to be the difference in
creep strength of the two materials. The effect on bow of a larger coef-
ficient of thermal expansion for stalnless steel compared to the zirconium
alloy 1s small and can be neglected in considering the differences shown in
figure 10. Sheath temperatures during this irradiation were in the range of
450 - 485°C and for the same stress 1t 1s estimated that the stainless steel
sheathing would have a creep rate 3 or 4 orders of magnitude lower than Zr-2%

wt% Nb.

4.4 Effect of Pellet Length

A few remarks can be made about the effect of pellet length on element
bowing. A reduction of pellet length/diameter ratio tends to reduce the
amount of bowing in the initlal stages of irradiation and this effect has been
observed in UO; fuels cooled either with organic or with pressurized water [6]
This reduction, though measurable, was relatively small compared to the effect
of increasing fuel/sheath clearance. The conclusion arrived at in reference
[6] is that the fuel design giving lowest axial strain will cause the least
bowing. Decreases in axial strain with reduction in pellet length have been

reported previously [7] and lend some support to this conclusion.

CONCLUSIONS

It has been demonstrated both theoretically and experimentally that
reducing the mechanical interaction between pellet stack and sheath reduces
element bowing. One way of achileving this in a fuel design which uses free

standing sheath in which there 1s a certain amount of interaction at power is
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to increase the initial clearance between fuel and sheath. This delays the
onset of appreciable bowing, and increases the burnup at which permanent
element distortions caused by bowing may lead to element failure or to dif-
ficulties 1in removing fuel assemblies after irradiation. Increasing initial
fuel-sheath clearance also reduces element diametral expansion in this type
of fuel design. It is now known that diametral expansion of the elements in
a typical close packed, multi-element bundle makes a considerable contri-
bution to the generation of the large sticking forces associated with remov-
ing bowed fuel assemblies from the WR-1 reactor. Thus, increasing initial
fuel-sheath clearance can serve a dual purpose Iin improving the performance
of WR-1 fuel.

Our conclusion, that given a strong pellet/sheath interaction the
deflection of the element will be in the direction of the coolant tube, 1s
given further support by recent measurements of in-reactor bowing using
straln-guage bowmeters. The bowmeters consist of beams with strain guages
which are loaded by the fuel elements during initial assembly. A lateral
deflection of the fuel element during irradiation 1s detected as a change 1in
the bending strain in the beam. Preliminary results indicate that bowing is
directly proportional to changes 1n reactor power, as expected, and 1is in the
direction of the coolant tube.

A device for measuring the forces required to move fuel assemblies
with the reactor at power has been developed at WNRE and 1s now being used to
monitor fuel moving forces as a function of operating history. These experi-
mental techniques coupled with a fundamental understanding of bowing mecha-
nisms will allow fuel designers to better assess the role of element bowing

in the performance of various fuel designs.
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TABLE I

NUMERICAL VALUES OF PARAMETERS USED FOR CALCULATIONS
IN SECTIONS 3.1 AND 3.2

s A
a € 9 "o oo p
-

Q
i o

>

hse
hfg

Douglas Point

7.2 mm

0.4 mm

500 mm

0.26

1.20

0.032

1.04 MW/m?
50.0 kW/m

6.5 um/m.°C
11.0 mm/m.°C
0.013 kW/m.oC
0.003 kW/m.°C
50.0 kW/m?2.9¢C
10.0 kW/m?.°¢C
280°¢C

WR-1

7.2 mm

0,68 mm

500 mm

0.40

1.90

0.07

0.94 MW/m?
46.5 kW/m

6.5 um/m.°C
11.0 mm/m.°C
0.013 kW/m.°¢C
0,003 kW/m.°C
13.0 kW/m?2.,°C
10.0 kWw/m?.%¢
3500°¢
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Figure 9: Displacement of Grain-growth Pattern in UO:; in the Direction
of Maximum Neutron Flux (see section 4.2)
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Figure 10: Illustrating the Effect of Cladding Creep Strength on Residual

Bow





