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ADSTRACT in the radial direction . While the magnitude {and
direction) of the thermal bow varles from assembly to

A simple analytical model 13 developed of core assembly, It is generally proportional to P/F for each
‘radlal expansion for a fast reactor using a limited- assembly and maximum near the core radial boundary.
) free-bow core restraint design. Essentlally elementary When this bow 1s sufficlently large the TLP restraint
beam theory 1s used to calculate the elastic bow of a ring prevents further radial expansion at that
driver assembly at the core periphery 3subject to elevation and causes compaction of the core at the ACLP
temperature dependent boundary conditions at the nozzle elevation. When the P/F ratlo is sufficiently large 30
support, ACLP and TLP and subject to thermal and that the thermal bow has sgueezed out the avallable
Inelastic bowing deformations. gaps at the ACLP plane the restraint system is said to
The model is used to show the relative lmportance . be "locked-up”. Further Increases In P/F causes more

of grid plate temperature, core temperature rise, and thermal bowing of the assemblies but the ACLP and TLP

restralpnt ring temperature in the Inherent response of , contact states do not change. The ACLP plane stays
a limited-free-bow core restraint system to therval compacted and the TLP plane remains expanded to the TLP
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transients., It }s also used to explore how changes on  ring. The additional thermal bow !s accommodated by
the design parameters will effect thuis Inherent core elastic bowing of the assembly which results in an "s-
. shape” for the assembly with the TLP, ACLP and nozzle

i expansion. Limited verification of the madel usling

detailed 3-D core restraint calcufations 1s presented. points fixed. The assembly between the nozzle and the

ACLP expands while the portion between the ACLP and TLP
bows inward.

INTRODUCTION
Analysis of the position of assemblles for a LFB
Radial expension of the core due to rising core restraint design at P/F below lock-up is a complex
problem, It involves 3-D calculations of the

temperatures provides a major portion of the negative
reactivity necded to ensure passive shutdown of a Interactlion of bowing Assemblies and may be partially

Liquid Metal Fast Reactor (LMR) durlag unprotected indeterminate. The essence of the problem {s that
transients (1). The magnitude of the radlal thermal bowing reaction forces at the load pads cause
expansion of the core s dependent on the detalls of :  jdisplacements of nelghboring load pads Including.
the mechanical aupport of the core as well as thermal- »closing and opening gaps betwcen pads., As a result the
hydraullc features of the design. Previous work has _bowing of each assembly 13 coupled with the bowing,
demonstrated the superlority of a limited-free-bow displacement and rotation of all assemblies.

{LFB) core restraint design In providing radial Lock-up normally occurs at P/F of between 0.5 and
expansion of the core during critical periods of & 0.8. Several factors Influence lock-up Including
transient when the power-to-flow ratio (P/F) of the dealgned gaps within the restralnt ring, creep and
core is rising (2). The purpose of this work ls to ;sueulng of the ducts, manufacturing uncertainties in
provide an analytical model of core radial expansion as load pad dimensions, and friction at the load pads.

a basis for optimizing thls domlnate lrherent feedback yThe deslgn constraints are that the core be
mechanism. ' sufflclently loose at refueling temperatures to allow

The LFB core restraint design relles on the core : .removal of assemblies and that the core be sufficiently
support plate for radial restraint at the coolant inlet jtight at P/F=1 so that assemblies cannot move. Whlle
nozzle end Oof the assemblies. Load pads are provided 5the detalled determination of when lock-up occurs is
on the assembly ducts Jjust above the core (ACLP) to alsc a complex problem Involving most of the
provide spacing between assemblies and to carry the complicatlions lSSOClIted‘ with assembly positions below
loads assoclated with restraining bow of the lock-up, the salient feature of LFB core restraint

. the top of each assembly a second Yoad ' design is that lock-up must occur. This {s because the
;::emb(l-ll_:;) Agt; ;rovfded for same y reason. A thermal bow (increases monotonically with P/F and the

circumferential ring 13 provided outside the outer row available space Is restrlcted by the restraint ring.

of removable assemblies at the TLP elevation to prevent Above lock-up, the analysis of the position of

adial expansion. An opticnal ring may also core assemblies {is greatly simplified. Since three
::c::::::e: at the fc;_p elevauon.p points on the assembly are fixed within the array

le, ACLP and TLP) the position of the core i3
As the P/F ratio rises, thermal gradients across (nozzle,
the ducts cause bowing of the asaémbly, predominately given by the thermal expanslons of the grid plate, ACLP
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plane, TLP plane, and the {individual bowlng of the
asgemoly. The only couplling i3 through compression of
the ACLP plane and slnce the gaps at the ACLP are no
longer changlng this compression 1s a linear function
of the bowing force.

: In this paper we develop a simplified model of
!core radial expansion for an LMR with a LFB core
restralnt In those bowing reglmes above lock-up.
Radlal expansion {s expressed as a linear function of
three characterlistlic temperatures, the coolant Inlet
temperature, T,, the core temperature rise, 4T, and the
restraint ring temperature T.. The coefflclents of

these temperatures are glven as [functions of the
materlal propertics, core destgn dimenslons, and the
ratio of radlal thermal gradlent to axlal core

-temperature rise. We examlne the influence of varlous
design parameters on core radial expansion and discuss
‘the implicatlons of various design cholcea. Flnally,
:the simplifled model i compared wlith detalled
‘calculations of radial expansion reactivity using the
NUBOH-3D code for two smail LMR3 (3).

t

"SINGLE ASSEMBLY ANALYTICAL MODEL

A simple analytlcal model (a3 developed of core
radlal expanslon for a fast reactor using a LFB core
restraint design. The model 13 restricted to those
bowing regimes where the ACLP plane 1s compacted to the
point where the outermost driver asacmblies are
restrained at the ACLP f(rom further compactlion by a
continuous network of contacting load pads, and where
the TLP of the outer driver assembllies are restralned
from further radial expansion by continuous load paths
to the TLP restraint ring. The model conslders a
single driver assembly at the core boundary. This
approxlmation ls deemed valid due to the fact that the
maximum displacement reactivity worths and maximum
itemperature gradlents occur at the core boundary.
;Also, the maximum displacements due to thermal dllation
‘of the ACLP and thermal expansion of the grid plate
joccur at this locatlion. Ffor these reascns, core radlal
/displacement of such a driver assembly 1s a good
‘measure of core dilation for the whole core.

The parameters used In constructling the model are
shown schematically in Fig. 1. The total length of the
iassembly from the nozzlo support to the TLP la L. Tnis
idistance is used to scale all the dimensions of the
model so that the axi{al location of the TLP relative to
‘the nozzle aupport is 1, The di{stance from the support
jto the ACLP is y and the distance from the support to
itho mldecore i3 8. The helght of the core is 2a.

The model treats the assembly as a simple
Bernoulli-Euler beam aupported at the nozzle end with
,elther a pinned or cantllever support. The axial
coordinate of the beam {s x=0, the mid core at x=8, the
ACLP at x=y and the TLP at x=1 ¢ o(x,T) ts the radlal
position of the beam axis at axial position x and
temperature T. At the TLP the beam {s restrained {rom
radial outward displacement by a rigld ring. The
radial position of that ring is o (1,T). At the ACLP,
the beam Is restrained from radlaﬁ tnward displacement
by a flexlble restraint representing the ACLP plane of
the Interior assemblles. The posttion of this
restraint 1s p.(y,T) prlor to any elastic compreaslon
0.(0,T) designates the grid plate restraint. Caps are
allowed to exist between the nominal straight position
of the aasembly and the two restraints. These are
deslgnated «¢(y) and «(!) with a positive value
indlcating a gap at x-1 and an Interference at =x-vy,
i.,e., positive gaps represent a radial outward
displacement of the restraint. All other displacements
are also positive In the radial outward direction.

fastraint foroces acting at the ACLP and TLP are
represented by o(y) and o(1) which are dimenslonless
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Dé¢menaionless Paramcters Used in the
Single Assembly Model

Fig. 1.

forms normalized using the assembly length and the ACLP
stiffness

{e.g ofy) = f{y)/KL).

As a result of thls definition o(y) I3 also the

dimenslonless magnitude of the compression of the ACLP

plane. The TLP does not compress in thls model.
A dimensionless stiffMmess ratlo {s required to relate

the relative stiffness of the beam model of the
assembly, El, to the ACLP plane stiffness, X. This
parameter is

x = EI/KL3,

It is convenient to define dimensionless
temperatures by multiplying temperatures by the

coefficlent of thermal expansion of the corresponding
materjal. Thus 4, the dimensicnless support plate
temperature, {s the actual temperature times the
coefficlent of thermal expansion of the support
plate, The temperature of the restraint ring is v, +
13 where 19 1s the temperature difference between lhe
réstralnt “ring and the support plate times the
coefficlent of thermal expansion of the ring. The
assembly temperature is v, from the inlet nozzle to the
bottom of the core and rises linearly to 1y + 15 at the
top of the core (v, is the core temperature rise times
the duct coeffictent of thermal expansion). The duct
temperature remalns at v, ¢ v, from the top of the core
to the TLP, Fig. 1. Dimensionless thermal expansion
.coefflcients, u, and u3, are defined by dlviding by the
‘expansion coefficient” of the duct and the ring,
respectively, by the grid plate coefficoient.

} A tranaversc temperature gradient exlsts across
the assembly and has a value of O at the bottom of the




core and a value t.v, at the top of the core. The
varlable i3 the ratio of the dimensionless
tranaverse icmperature gradient to the dimensionless
temperature rlue through the core, The tranaverse
temperature gradlent causes a bowlag of the assembly
which can be calculated as & (x) using siople beam

theory. 6 (x) satisfies the equatlon'
6}‘(!) =0 0<¢x < 8-a
= -t (x-ata)/2u B8-a ¢ X ¢ Bea
= "r'z 8sa < X €1

and the boundary conditions:
‘T(O) H
l'(O) s 0.

We are concerned with the vatues of “T evaluated at the

TLP, &;(1), at the ACLP, &p(y), and at the core
mldpoln[. GT(G).
]
R S IR T §))
! H £(1)12
!
1 2 1 2
Poagtn = -[50e-00° + g o, (2)
? : ey,
12
GT(B) I TIC I LY (3)
z l(ﬂ)12

The function E(x) 13 & thermal bow measure where
we have factored out the dependence on x5, It 1is
-positive In the radlal out directlon for a negative

|trlnsverao temperatures gradient, the usual case, Fig. 1.

i In addition to thermal bow, the assembly may have
.a bou deformation due to irradlatlon enhanced creep and
.swelling. We designate this inelastic deformatlon n{x)
cpositive in the radial out directlon. For a creep
i gominated core n(x) will genecrally be a negatlive valued
‘ function, while for a swelling dominated core it will
-be positive.

Now the problem remaining 1s to caiculate the
elastic bowing of the assembly neceasary to satisfy the
compatibility conditions imposed by thermal expansion
of the grid plate, ACLP plane and restraint rlng, the
thermal bow and inelastic bow ol the assembllies, the
gaps, and the compression of the ACLP plane due to the
force generated by the restrained assembly.

at initial radlus [N 1s:
Fr(o,T) B4 poll * “]Tl]l
That of the restraint ring 1s:

pr(l,T) z [po ISR 03(71 + Ty)] (5)

and the free thermal expanslon of the ACLP plane
{without regard for compression of the plane due to
bowing forcecs) la:

The thermally expanded positiorn of the grid plate'

.
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[ (v.T) = lp + e{v}] 11+ 02(T + AT)I (6)
The radlal position of the assembly prior to its
elastic deformatjon §s given by the nozzle position
plus the therma) and Inelastic bow:

¢{x,T) = poll + nITl] + C(x)nzAT + n(x) {(7)
The dimensionless compression of the ACLP plane is:
(f(¥)/K)/L = oly).
The net interference at the load pads is given by:
¢(1,T) = DrII,T) - +(1,T)
(8)
elv,T) 2 o (v,T) - ¢(v,T) j

Elementary beam theory states that the asecond
derivative of the elastlc bowlng displacement {s equal!
to the bending moment of the beam divided by the
sectlon modulus, EI., If L &(x) 13 the elastic bow,
then In dimensionless form

H(x)
‘IO(’) g == 9)
en? (
where M{x) 1s the bending moment, Since the only

restraint forces are at the nozzle support, the ACLP'
and the TLPF, HM{x) is llnear In x In both the domain

Osx<y and the domain y<x<Y. Thus &(x) is a cubic in:
x In each of the two domains and 8 constants of!

integration are required. In addition, the ACLP
reaction force o(y) must be evaluated. The following
conditions allow evaiuvation of these 8 ({ntegration

constants and the reaction force,
Compatibllity at the grid plate requires

§{0) = or(O.T) - ¢(0,T) = 0.
Compatibility at the TLP restructuring requires that
the elastic bow compensate for the net interference:

(1) = ¢(1,T) {10)

Similarly, at the ACLP the elastic bow minus the
compression of the ACLP plane must equal the net
interference.

¢{y) - oly) = c(y,T) Q)

At the TLP there 1is
condition of zero moment:

an additlonal boundary

(1) = 0.

‘At the nozzle we consider two cases, either a plnned
‘nozzle support which requires no moment:

&"(0) = O
or a cantilever support which requlres zero slope:

§°(0) =

.Contlnuity condltions are salso needed at the ACLP.

These are that &{(x), &§'(x), &''(x) be continuous at
X =y and that §'''(x) have a step discontinuity
proportlonal to the restraint force:

8 {y=) = 3'''(ye) = 0/2.
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_With thls notatlon the solutlon of (8) subject to the
boundary conditions and continufty conditions takes a
reasonably stmple form. In the case of a pinned
support:

5,080 = B, 1) ¢ ate-n) eIl ) 2)

‘The first term, s:(y,T), represents a rotatlon of the

assembly about the nozzile plnned support sufficient to
account for the net Interference at the ACLP. The term

[511*12 - ¢(1,T)] 1is the net interference at x = 1

after this rotation. The term 8(9-1) Is the elastic
displacement at x=B due to a net interference at x = 1.
It might be termed a bowing influence coefflicient and
depends only on the gcometrioc terma 8 and y and the
elastic parameter i,

- -y y(1-y) (13)

In the case of a cantilever support the assembly
;cannot rotate freely so the solutlon ls a superposition
of the {nfluence at 8 due to the net {nterferences
at x = y and x = 1,

cc(a.T) = B'C(V.T) + 0,8(1,T) (14}
where
i
S 8%(2(3y%(3-1)(3-8) ) 0s)
i y- T3 2
i Yy U=y} (1=y)" ¢ 122

"ia the elastic displacement at 8 due to the nat
interference at x = y and

L e, x B30 » 20%(3:03) (163
i ! 13("-1)(i-y) + 122
;1: the elastic displacement of 8 due to the net

iy Interference at x = 1.
Note that since the elastic 3olution 1s analytic

in the reglon Os<xsy, § (x,T) 1a obtained from (12) by
simple substtitution ot ’x for g, tn (12) and (13). The
(same is true for the cantilever case. &,{(x,T) in in
]the region O<xsy s obtained by sub:tltutﬁon of x for
8 tn (14), (15) and (16). We wlll, however, only make
use of &(8,T) In thls analysis.

As part of the solution we obtain the reactlon

forces necessary to maintaln the bowed state, For the
case of the pinned support we have

= 31[5('xt)'1‘u11)1
N+ 2 (1-y)?

oly)

and the condition that the assembly remaln in contact
with the ACLP plane of the internal assemblies is
‘(T’T) b Y‘('lr).

For the cantilever support the two reactlon forces are:

-

2
o(y) = BA=XT(3-1)01,T)-2¢(y,T))

T e O-nfoag

o(1y 202G (T2 )
i3 -n-neag

and the condittons that must be met to satlsfy the
assumptlon on contact at the ACLP and TLP are:

ofy) > 0 => ¢(v,T) > } v2(3-v)c(1,T)

- 2 —
o{1) 3 0 => ¢{y,T) > (3{;) ¢(1,T).
The radial position of the core midplane is then i
o8, T) = &(8,T) + ¢(8,T) (17)

where +(8,T) Is given by (4) and &(8,T) is glven by
(12) for a pinned support or (14) for a cantilever
support. it will prove useful to erxnress the
temperature dependence of p(s,T) explioitly. To do
this we define the temperature coefficlents of the nest
interference at the load pads by

t(1,T) = g g, (),

(18)

where g,(l) are the temperature coefficients of the net,
interference at the TLP defined by (8) through the usei
of {5) and (7). 1n particular: 0

{1 = (1) - a(1),

gy (1) = wgel1) - (1-u3dog,
‘2“, = - t“)’
¢3(1) = pg* c(1), and

1.

o
Similarly the temperature coefficients of the net

interference at the ACLP,
tl(y), are defined by

D elnm s ; g, tey, (19)
where

taly) = () - aly),

ty(y) = waely) - (1-u2)po.

t{y) = o, + ely) - &(y), and
2 0

| Cs(v) = 0.

He also deflne temperature coefficlents for the free

.bow posaition of the core midplane by

;

*(8,T) = E ¢, (8)e,,
0

|
t 1=
i

where
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"o(ﬂ) = po + “(e)n
01(8) s Don
¢,(8) = ¢(8), and
03(8) = 0.
Thia notatlon allows us to write
p(8,T) = E Ciryp (20)
1=0

where Cl are the temperature coeffi{clenta of the radlal
expansion at the core midplane. They are obtalned by
reference to (17), (18), (19), (7), and etther (12) for
the pinned support case or (14) for the cantllever
support case. In particular

c, =

¢ ly)
por T e aten]— - g (] e ey,

for the pinned case or
C, = g n) e () ey,
for the cantlilever case.

PARAMETER DEPENDENCE
I
One of the advantages of the single assembly model
of core radlal expansion {s that {ts analytic form
allows examination of the dependence of radial
expansion on a varlety of deslign parameters. In this
sectlon we explore that dependence.
The algebraic expressions involved {n defin{ng the
core rad{al expanslon temperature coefflcients, Cl, are
rather cocmplex. This wtll necessitate graphical
exploration of parameters dependence In some cases. To
accomplish this we will define a reference core by
‘ehoosing reference values of the varlous dimenslonless
parameters and establish a range of values over which
Lo vary those paramectera.
Table A 1ist the reference values for the
parameters of the reactor we will study. The reference
values correspond to a moderate size LMR with an above
core plenum using ferritic stalnless steel for assembly
ducts and restraint ring and using austenitic atainless
ateel for the support plate, Table B contalns the
calculated parameters and coefficlents [for the
reference case,
We choose the length of the assembly to be 170

the coefflcient of thegmal fxpanslon of the
ferritic duct to be 0.7 » 107 F~ ;nd Hhat of the
austenitic support plate to be V » 1077 *F~', For the
reference case the rate of core dilation due to grid
iplate temperature rise {s

i

in,,

o le) |

at, = LaT, = Loey
1 1

z 0.428 « 1073 In./*F for a pinned nozzle
support

i =z 0.452 « 10-3 in./*F for a cantilever
nozzle support.

Similarly, the rate of core dllatlon due to temperature
rise through the core is

Table i:: Dimensionless Design Parameters

for the Reference Reactor in the |

Parameter Study

Reference
Parameter Value

Core Half Height, a 0.13
Hidcore Axial Location, B 0.40
ACLP Axtal Location, y 0.55
Core Radius, o, 0.30
ACLP Gap, c(y) 0.0
TLP Gap, c(1) 1.0 x 10"3
Core Stiffness Ratio, ¥ 5.0 x 107
Thermal Gradient Ratio, t -4,40
Mid Core lnelastic Bow, nfﬂ) 0.0
ACLP Inelastic Bow, n(3) 0.0
TLP Inelastic Bow, n{1) 0.0
Crid Plate Temperature, t 5.94 x 1073
Core Temperature Rise, 1, 1.76 x 1073
Ring Temperature Rise, 1 1.56 x 1073
Duct Thermal Exp. Rattio, ¥a 0.71
Ring Thermal Exp. Ratlo, v3 0.71

Table B. Calculated Parameters for the
Relference Reactor Deslgn
Reference
Parameter Value

Core Thermal Bow, [(8) 0.0062
ACLP Thermal Bow, g(y) 0.0619
TLP Thermal Bow, £(1) 0.8044
Pinned Support:

. 1.2571

ofy) 0.0239

Co 0.2999

Cy 0.229

c, 0.3066

c -0.0310
Cantiléver Support:

’ ) 0.7501

* -0.0802

on) 0.0245

ol ) -0.0245

Co 0.2999

Cy 0.2415

Ce 0.2493

C3 -0.0241 '

A s LC,a, = 0.M07 x 1073 In./9F pinned

0.331 « lO'3 in./°F cantllevered.

The effect of Increasing restraint ring temperature is

[ 4
-

I

= LC,a, = -0.081 x 10”3 n./OF pinned

373

L ']
=
-

~0.032 x 10'3 in./%F cantilevered.

Clearly the pinned support glves a greater radial
expansiun for Increasing grid plate and core
temperature rise. Increasing the restraint ring
temperature causes decreased core dilation but the
magnitude ls small.

Material Property Effects

The coefflcients ol thermal expansion of the grid
plate, assembly, and restraint ring play a central role
in core dilatlon. They appear In the dimensionless

© me e s - ——



parameters of the single assembly model In Ltwo ways.
are linearly

First, the dimensionless temperatures, =«
dependent on the corresponding thermal expression
coelfllolent; e.g.

1" ] G‘Tl.

Secondly the two thermal expansion ratlos, u; and
appear In the algebralc expresslons for the grld plalg
thermal dilatlon coefficlent Cl' Thus the fast
temperature dilation Is dlrectly proportlonal to the
coefflclent of thermal expansion of the duct material
through t5. The Inlet temperature dilatlon 1s dlrectly
proportlonal to the grid plate thermal expanslon via 1,
but 1s also linearly proportlonal to both u, and upj.
Nearly a 40% increase {n the inlet temperature dllatlan
coefficlent can be obtained by changlng the duct
material from a ferritic steel to an austenltic steel.
Selectlon of a low aswelling alloy will not
irectly affectL the temperature response of the core,
4(8), nly), and n(1) contribute only to C,, but will
effect the lock-up criteria.

Core Location

The core location also plays a strong role.

‘Figure 2 shows the dependence of the temperature

coeffliclents on the location of the core within the
assembly, B8, assumlng that the ACLP i3 not moved
relative to the core. Ralsing the core glves a nearly
linear 1increase in the fast temperature dilation
coefficlent with the possibility of nearly doubling the

value of C, over reasonable ranges of core locatlon,
8. It does not significantly effect the (nlet
temperature dilatlon coefficient, C;, but does affect
the restraint ring dilation coeflflzient, Ca,
particularly for a high core.
<
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Fig 2. Temporature Dilatfon Cocfficlents as a

Functlon of Core Axial Locatlon, 8

Locatton of the ACLP relative to the core, y-g, is
a less sensltive deslgn paramcter. Ralsing the ACLP
cani  eclther modestly 1increase or decrease the fast
coefficient, C,, depending on the core location, 1t
wll) also make 3 more negative,

Load Pad Stiffness

The load pad stiffness, K, appears only In the

.temperature coefficlents through Eq. (13) for the
pinned support or Eqs. {15) and {16) for the cantllever
case Lhrough the parameter A=E1/KLZ. If & s
sufficlently large, the iInfluence of K is small. For
example, If
Ky 2B (21)
Loy( 1=y} '

then ¢ In the case of plnned support is essentially

Independent of K and so also 1s the whole solution. .

Figure 3 shous

the dependence of the temperature

dilation coefficients on 1/a which is proportional to '

K. 1/K represents the compliance of the ACLP plane
interior to the core boundary driver assembly due to

the bowing forces of the boundary driver and assemblies

exterior tc it.
a negative value for C,, and thls implles decreasing
radlus with Increases AT, ({nequallty (21) can be
considered as a design requirement for the above core
iload pad.
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Since smaller values of K may lead to -

bt

- —



Core Lock-Up

If we expand the core lock-up condition for the
plnned case, set uz = u,, that is the assemdly and the
restraint ring have the same thermal coefficlent, and
regroup the terms we have:

[uy(ely)-ve(1)) - (1-u,)(1-v)o )¥,

+ [ogrelad-eludevetn, - ylo +ctD)ey (22

> e(1)~ely}-n{1)en(y).

Several observatlons can be made from this
relatfonship. If the gap at the ACLP, c¢(y) i3 negatlve

{usual) and p,¢? then the Inlet temperature lock-up
coefficlent, that Is the term in (22) multiplying 1,
is always negative. Increasing the inlet temperature
tends to unlock the core. For an austenitic support
plate and (eccritic core materlals the dominate tera Is
the relative expansion of the grld plate over the
core. If the materials are the same {uy=1) then the
phenomena can be controlled by the proper selectlon of
the gaps, c(y) and «(1).

The dominate term {n causting lock-up
If we oxpand the expression for {{1) using Eq.

then:

13 yg(1)1,.
(),

1{(1)12 3 1(% (l-l)z . % cz|tr|2.

This term is domlnated by (1-8)2 so that lovering the
core wlll facflitate lock-up as will ralsing the load
pad, y, and increasing the transverse thermal gradient,
T For initfally straight assemblies the thermal
components of lock-up are balanced agalnat the
difference 1n gaps, c(1)-c(y). Later in 1ife the
inelastic bow terms,n{1) and to a lesser extent nly),
will tend to control. Since lock-up of the core Is
really a corc wide phenomena, the single assembly model
‘does not provide a good quantitative measure by which
to select design parameters, However, the qualitative
insight into the effect of changing deslgn parameters
,remains valld.

’The Bowing Component

The model allows us to address the lssue of the
{mportance of bow relatlve to ACLP expansion In the
fast thermal reaponse of the core. Creep and selling
'bow only effect the lock-up state. Thermal bow effects
both lock-up, as described above, and Cp the fast
temperature core dllatlon coefficlient. For the pinned

core the thermal bou term in C; Is
- B2 g(r) » le-1e(1) + wie).

in addition, even without thermal bow, the
assembly must bow elastlcally to account for the
interference of a thermally expanding ACLP relative to
the nozzle and TLP supports. This term l3:

8{¢-1
Y for
Flgure U4 shows the percent of the total fast
coefflcient, C5, due to thermal bow alone and the

peroent of total bow (1.e. the thermal boW plus the -

additlonal elastic bow) as a function of location of
the core within the assembly, 8. For the pinned core

!
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Fig. 4.

total bow represents 30-501 of the fast thermal:
'dllatlon coefficlent, becoming more significant as the!
ycore height is increased. Wlth a cantllever nozzle:
! support total bow is a lesser contributor to C,,

particularly when the core {s located low {n the

"assembly. For the core located below 0.3 bowing

decreases the magnitude of the fast coefficient.

Deslgn Transient Calculatlions

The relatlve f{mportance of the inlet temperature
dilatlon coefflecient, Cy, the fast coefficient, C,, and
the restraint ring coefflcient, Cq, will in general
depend on other plant characteristlgs. If, for.a given
plant, the critical transient and the critical times
durlng those translents are known, this model will glve
guidance on how the design might be modified to
Increase jJnherent safety margins. It may be prudent,

j for example, to lower the core somewhat glving a larger
‘value for C, at the expense of a smaller value of C, If
the critical time In the criltical transient occurs when
. the grid plate is heatihg up. Or it may be that AT is
,decreasing at the critlcal time so that a smaller value
lor €, I3 beneficial.

VALIDATION

1 This single assembly model of core thermal
dilatfon has been validated by comparison with detalled
calculzstions of assembly deformations for two core
designs wusing the NUBOW-3D code. Tuo types of

{ comparison were made. The first, termed an "integral"

'comparison, is made by comparing the sum of the

-reactivity changes due to assembly motions for all the
-Individual assemblies of the NUBDOW simulation with the
reactivity change predicted by multiplying the core
dllation preduced by the single assembly model by the
uniform dilation worth of the full core. Table C
presents the results ol these comparlsons for a small
LMR (425 MWt), a medium LMR (S00 MWt) and for parameter
variations on the small core.

The second method of validation is to formulate a
vector version of the single assembly model, where both




Table C. Model Valldatlon: Comparison
with Detalled 3-D Calculations

Thls a'nilytlcal mode)l allows an analysls of the
uncertainty of core radial expansion calculations which

will be explored In a companion paper (4). That paper

Reactivity Change between P/F=1 and P/F:2. will also explore the affects on changes and
SAM NUBOW-3D ! uncertalntles 1in core expansion on the inherent

. response of a reactor to beyond-design-basis transients.

Medium Core -22.4¢ -18.8¢ ' The model 1s also useful for exploring the
Small Core Interaction between detailed assembly-displacement

-25.6¢ -28.1 to -29.7¢
: reactivity worths and expected assembly displacements .

during transients, A paper exploring this aspect of

the inherent response of LMR's Is in preparation. )

Percent Reactivity Change between
P/F=1 and P/F=2 due to change in:

SAM NUBOW-3D :

Core Location -21% -20% ACKNOWLEDGHENT !

Load Pad Stiffness  -50% -47% The author wishes to thank his collea :

gues in the ;

Duct Materlal +30% +35% Integral Fast Reactor program at Argonne Natlonal )
: Laboratory who provided encouragement and criticism in
. balance. Particular thanks to Y. Orechwa who persisted

the radial and oircumferential components of the in his demands for clarlty of thought. i

jthermal and elastic bow are inoluded, compare the;

‘reaultlng predicted displacement at the core midplane This work was supported by the U.S, Department of
}

Energy, Nuclear Energy Programs under Contract HW-31-

with the NUBOW calcuiated displacements., Flgure § 109-Eng-38

;glves the results of this comparlson for a P/F change

‘of 1 to 2 at EQOEC condltions for the small core. .
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CONCLUSIONS .

We have developed an analytical model of core,
radial expansion for LFB designs at large P/F ratios.
This model has allowed us to examine the effects of a
variety of design parameters on core dilation. Whlle i
conclusions as to the desirability of particular design ;
cholices depend on other design constraints we found
that in general a more flexible nozzle support and a
sufficlently stiff ACLP load pad enhance core radial
expansion, Raising the core location within the
assembly will enhance early core expansion due to
riaing core AT but wlll deorease long term expansion
dus to rislng inlet and restraint ring temperatures.
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