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Abstract

An elastic stiffness formula of a leaf type holddown spring{HDS) assembly with a uniformly tap-
ered width from wo to wr over the length, has been analytically derived based on Euler beam theory
and Castigliano’s theorem. Flastic stiffnesses of the tapered-width leaf type HDSs(TW-HDSs) des-
igned in the same dimensional design spaces as the KOFA HDSs have been evaluated from the
derived formula, in addition, a parametric study on the elastic stiffness of the TW-HDSs has been

carried out.

Analysis results show that, as the effects of axial and shear force on the elastic stiffness of the
TW-HDSs have been 0.15~0.21% of the elastic stiffness, most of the elastic stiffness is attributed to
the bending moment, and that elastic stiffnesses of the TW-HDSs have been about 32~33% higher
than those of the KOFA HDSs. It is found that the number of leaves composing a HDS assembly
could be lessened by one under the conditions that the TW-HDSs have been adopted in KOFA

1. Introduction

HDS assemblies, which are attached at the upper
most part of each fuel assembly in pressurized water
reactors, have the following two main functions ; first,
keeping the fuel assembly firmly seated on the lower
core plate during normal plant operation with enoug-
h holddown force against the buovancy forces and
the upward hydraulic flow forces that act on the fuel
assemblies due to normal reactor coolant flow ; sec-
ond, allowing changes to occur in the length of the
fuel assembly relative to the space between the upper
and lower core plates, while still providing an accept-
able holddown force.” These changes in relative len-
gth can occur due to differential thermal expansion

between the fuel assembly and the core support struc-
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ture, and iradiation induced growth of the fuel as-
semblies. In case the fuel assembly is lifted-off of the
lower core plate and dropped due to insufficient hol-
ddown force during even normal plant operation,
not only the fuel rods might be dropped, leading to
fuel failure, but the structural integrity of the fuel as-
semblies might be compromised. Therefore in order
to maintain the above two main functions under vari-
ously incessant loads during normal plant operation,
HDS should be designed to have good elastic beh-
avior.”

A tapered-thickness leaf type HDS(TT-HDS) adop-
ted in the fuel assemblies for Westinghouse(W) type
reactors in Korea, consists of a number of leaves
which are bent into design shapes and machined to

have uniformly tapered thickness along the leaf len-
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gth.***' Usually, the TT-HDS consists of two or more
leaves depending on the holddown force require-
ments. Although the leaf type HDS has the advan-
tage of maintaining a large holddown force with
small spring deflection and requiring small spaces for
setting it up, it is known that both the machining of
each leaf into design shapes and estimating its char-
acteristics within specific design variables? is difficult.
So, some nuclear fuel vendors have developed their
own methodologies to estimate the TT-HDS’s char-
acteristics and have used them for the initial estim-
ates of holddown force. For example, W developed
empirical formulas®” for each leaf spring based on
actual tests and Siemens/KWU derived a formula by
defining the leaf as a horizontal cantilever and apply-
ing an Euler beam model®. For design purposes,
both nuclear vendors directly use the force-deflection
curves obtained by testing production springs.

Some research attempting to assess the stiffness
characteristics of the TT-HDS have been successful.
Kim et al.” performed a spring characteristic analysis

by ADINA code and Song et al.*®? developed a met-
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Fig. 1. Leaf Type Holddown Spring Assembly with Tap-
ered Width(TW-HDS)
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hodology to predict the elastic stiffness of the
TT-HDS by Euler beam theory and Castigliano’s the-
orem based on the bending strain energy. Yim et al?
carried out a stiffness characteristic analysis and de-
sign optimization by ANSYS code. Recently Song'®
performed an elastic stiffness analysis on the
TW-HDS and reported that the elastic stiffness of the
TW-HDS was higher than that of the TT-HDS.

In this paper we analytically derive an elastic stiff-
ness formula of the TW-HDS based on the total
strain energy and also present parametric study res-
ults on the elastic stiffness of the TW-HDSs designed
in the same dimensional design spaces as KOFA{Kor-

a) For the upper most leaf

PR

Rq Sines

Fig. 2. Design Variables for Each Leaf of TW-HDS
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ean Fuel Assembly) HDSs.

2. Derivation of an Elastic Stiffness Formula

2.1. Bending Moments, Shear and Axial Forces
for Eeach Leaf

A schematic diagram of the TW-HDS is shown in
Figure 1 and its design variables are shown in Figure
2, 3, and 4. For convenience’ sake, in this analysis
each leaf is divided into 4 or 5 regions as shown in
Figure 3 and Figure 4. The bending moments(M;),
shear forces(Vl), axial forces(P)), and second mo-
ments of the beam cross-sectional area(l) can be

obtained from the free-body diagrams in each region
‘v“‘ 8 /7\\R,o\
\‘/ .
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a) Region |

¢) Region [l

d) Region IV

e) Region V

Fig. 3. Free Body Diagram in Each Region for Upper
most Leaf of TW-HDS
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for calculating the total strain energy in each leaf.

2.1.1. For the Top Leaf

2.1.1.1. Region 1

M = —{(L,,+a)cosao+2R,,sin%(a,,—Q)COSB}F

+{(L,,+C)COSG,,+2R,,Sin%(O,,—O)COSG}FR
L= %waﬁ 0<0<a, (1)
P, = (F—Fy) sin(a,— 0)

Vi= (F—Fpg) cos(a,— 0)

2.1.1.2. Region II

M, =—(x+a)Fcos a,+ (x+ c)Fgcosa,

S
Iy =75 wt (2-a)
P, =(F—Fy) sina,
V, =(F—Fpg) cosa,
x+R101
where, w=—5——Tp , LL=<x=<L
re, L0+R1al Wo ? ‘
w= w, . OS)CS[,,
Fa* = Fa-Fa, for 2nd leaf
Fa” = Fa; - Fay,  for 3rd leaf
Fu' =Fa.  for 4th leaf

a) Region IIf b) Region IV

Fig. 4. Free Body Diagram in Region Il & IV for n™'th
Leaf of TW-HDS
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2.1.1.3 Region 1II

My= — F{a— R,sin{a;— 6,)}cosa,+
Fp{c— R;sin(a; — )} cosa,

]32 ‘11711)1‘3

Py= (F—Fpg) sin(a,+a;,— 8))

V3= (F—FR) COS(0¢,+01_'01) (3)
where,

w= w1+2R4(1— Ccos 04)
. R
04= sin 173—:-(a1—01)

0< 01301
OS 04304

2.1.1.4. Region IV

M,= — FR;sin(a;— 6;) + FpRy{1 + sin{a; — 0,)}
I4= 1_12‘ w,,t3 .056’2302
P4= (F_FR) Sin(az_ez)
V4 = (F - FR) COS(QZ— 02) (4)
2.1.1.5. Region V
M5: "FRRz(l_' Singg)
I,= 11—21,0,,t3 ,osagsg (5)
P5— FR sin 93
Vs= —Fg cosby

2.1.2. For the Lower(n+1th ; n>1) Leaf

In region [ and II for the lower(n+ 1th;n>1) leaf,
bending moments, shear forces, axial forces, and sec-
ond moments of the beam cross-sectional area are
expressed the same as equation(1) and (2-a), except
for the leaf width for region II, which is expressed as
the following equation(2-b). In region IIl and IV, ben-
ding moments, shear forces, axial forces, and second

moments of the beam cross-sectional area are expres-

sed as the following equation(6) and (7). And, for
each lower leaf, the resultant reaction force(F's) is
acting downwards at the reaction point as shown in

Figure 4.
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2.1.2.1. Region Il

x+ Rysin ay
- - w
L,+Rysina; " °
w= w) i

, L,=x<L,
, 0=<x</,

w= (2-b)

2.1.2.2. Region Il

M; o= —Fpld+ R(sina,—sinfp}cosa,
A %(w,+21€4(1—c0504)}t3 0<6,<a,
P3n+l= _F;? sina,
V3 n+] — _F;a cosa, (6)
2.1.2.3. Region IV
M, 1= —Frx cosa,
14 ntl = %u)ﬂ
P4 n+l = —F;q Sina(, (7)
Vine1= _F.R cosa,
where,
w=w, ) %std
W=w,— wy; , Ostg

2.2. Total Strain Energy in Each Leaf

When the TW-HDS is deformed, the total strain

energy in each leaf is™

2
U, = 21 zﬂéllids+f ZZE!_ ds+f2iGidV}
(8)
where,
U, :Total starin energy in the nthleaf
M :Bending moment
E  :Elastic modulus
A :Cross-sectional area
P : Axial force
G : Shear modulus
I : Second moment of the beam cross-sec-
tional area

T : Shear stress
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Assuming that the shear stresses are distributed
uniformly across the width and solving the equilib-
rium equations for the plane stress condition,’” we
can obtain the shear-stress distribution in a beam of

rectangular cross section as follows.
_ Vi L2

where,
V. :shear force
t«  :distance from the neutral axis to the top
surface of a beam
yr  :distance from the neutral axis to an arbi-
trary point on a beam cross section

2.3. In-Line Deflections at Loading{F) and Reac-
tion(Fr) Point

In-line deflections at loading and reaction point
are obtained by differentiating the total strain energy
(Un) in each leaf with respect to the load at that poin-
t. {Castigliano’s theorem™)

2.3.1. For the Top Leaf

aU

alea—Fl = AA] F_ABIFR (10)
d

61F~:T(P{‘;T:_‘AB] F+BBIFR (11)

2.3.2. For the Lower Leaf

Oy p, = g—gi = BB;(Fp—Fg) , for the 2nd leaf
(12-a)

8 py = ;F(‘]; = BB; (Fg,— Fgy) - for the 3rd leaf
{(12-a)

81k =2 Ig’; = BB, Fg ,for the 4th leaf

(12-c)
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AAi, AB:, BB:, BB:, BBs, and BB. are coefficients
expressed as a function of design variables in Figure
2 and Figure 3, which are attached in Appendix
And Fg, Fre, and Frs are the reactions at the reaction
points of each leaf.

2.4. Constraint Conditions on the In-Line Deflec-
tions at Reaction Point

Assuming that the in-line deflections at the reac-
tion point between leaves are equal, we can get con-

straint conditions as follows.

& r, = —6r,,forthetop and 2nd leaf (13-a)
8 r, = 8 F, ,forthe2ndand 3rd leaf (13-b)
83r, = O4r, ,forthe3rdand 4thleaf (13-c)

2.5. Elastic Stiffness Formula

From the in-line deflections of equation(10),(11),
{12-ab,c) and constraint conditions of equation(13-a,
b,c) we can obtain an elastic stiffness formula of the
TW-HDS as follous.

1
AB?
BB+ —1—

1 14
DI

K=

1
alF

AA]—

3. Results and Discussions

Based on Euler beam theory and Castigliano’s the-
orem, an elastic stiffness formula of the TW-HDS has
been analytically derived and by comparison of the
derived formula with an elastic stiffness formula of
the TT-HDS'"" it is found that the structure of thos-
e two formulas are identical except for their coeffic-
ients. The reason is that a theory and procedure for
the derivation of those two formulas are the same
except for their geometric shapes and dimensional
data.
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Table 1. Dimensional Data of the TW-HDS Designed in the 14 x 14 Type KOFA Design Space
unit : (mm or degree)
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17
a Ro Lo w t a b ¢ R R o R w w lo d e
Leaf #1 300 17.35810 190 43 110 80 19 10 715 42 475 95 52 38125 0 O
Leaf #2 2852215 77 190 43 90 80 17 0 0 0 475 95 52 38125100 80
Leaf #3 2852715 75 190 43 95 85 18 0 0 0 475 95 52 38125105 80

Table 2.

Dimensional Data of the TW-HDS Designed in the 17 X 17 Type KOFA Design Space

unit : {(mm or degree)

1

2 3 4

5 6

7 8

9

10

11 12 13

14 15 16 17

oo

Ro Lo w

t a

C

Ri

Re

o2 Ra w

w2 lo d e

Leaf #1

3001735970 190 43

146

74 22

237 715 625 475 95

52 46125 0 O

Leaf #2

2652215 92 190 43

15.0

80

23

0

0

0

475 95

52 43625155 80

Leaf #3

2652715885 190 43

145

75

22

0

0

0

475 95

52 41875150 80

Leaf #4

2653215865 190 43

145

85

23

0

0

0

475 95

52 40.875 150 80

Table 3. Comparisons of Elastic Stiffnesses for the TW-HDSs and the KOFA HDSs

unit:(N/mm)

TW-HDS

In the case of considering

the bending
shear and axial force

235.299(156.495)
177.443(132.554)"

Type In the case of only con- KOFA HDS

sidering the bending mo- moment,
ment

235.800
177.702

% : In the case that number of leaves are reduced by one

169.777~178917
129.526~136.485

14x14 type
17 %17 type

Table 4. Variations of Elastic Stiffness of the TW-HDS vs Leaf Width, w:

width Elastic stiffness (N/mm)
(mm) N leaves N-1 leaves
w1 14x14/16 %16 Type 17 %17 Type 14x14/16x16 Type 17 %17 Type
(3 leaves) (4 leaves) (2 leaves) (3 leaves)
6.5 224252 167914 149.104 125400
75 227.663 170.892 151.371 127.626
85 231.325 174.052 153.820 129.998
95 235.299 177443 156.495 132.554
105 239.648 181.115 159.434 135.331
115 244 430 185.115 162.679 138.366
125 249.708 189.494 166.273 141.495
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Table 1 and Table 2 represent geometric dim-
ensional data of the TW-HDSs designed in the same
dimensional design spaces as the 14x14 type and
the 17 x 17 KOFA TT-HDS. Table 3 represents elas-
tic stiffnesses of the TW-HDSs from the equation(14)
and the geometric dimensional data of Table 1 and
Table 2. Being complicated functions of the design
variables of leaf springs, all coefficients in equation
(10)~(12) and the elastic stiffness in equation (14)
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are systematically evaluated from an in-house FOR-
TANS program.

Table 3 shows that elastic stiffnesses of the
TW-HDSs of which leaf thickness is 4.3mm and leaf
width is uniformly tapered from wo{19.0 mm) to w:
(9.5 mm) are 235299 N/mm and 177.443 N/mm
for the 14X 14 type and 17X 17 type, respectively.
These values are 32~33% higher than test results™
W of elastic stiffness of the 14X 14 type and 17x 17

Table 5. Variations of Elastic Stiffness of the TW-HDS vs Leaf Thickness, ¢

width Elastic stiffness (N/mm)
(mm) N leaves N-1 leaves
t 14x14/16x 16 Type 17 <17 Type 14x14/16 X 16 Type 17 %17 Type
(mm) (3 leaves) (4 leaves) (2 leaves) (3 leaves)
38 162.468 122502 108.054 91511
39 175.620 132422 116.422 98922
40 189461 142.863 126.007 106.721
41 204.010 153.838 135.684 114920
42 219.283 165.360 145.842 123528
43 235299 177.443 156.495 132554
44 252.075 190.100 167.653 142.010
45 269.628 203.344 179.328 151.903
46 287973 217188 191531 162246
300 300
—=— N leaves —m— N leaves
—&— N-1 leaves —&— N-1 lgaves
——— KOFA HOS (N leaves) 1 —— KOFA HDS (N leaves)
250 o ' 250 4
— '/./
£ -/'/./ g
2 2
2 2004 @ 200+
£ 2
@ 5 ) ./l/.
. A By
a o 2 —
150 - .————"”’/.//‘ 150
o *
./.__‘_f—./'
1
100 T T T T T 100 T
5 7 8 10 n 12 13 ] 7 é é 1'0 1r\ "2

Leaf Width (w )

mm

Fig. 5. Variation of Elastic Stiffness vs Leaf Width w: for

14 x 14 Type HDS

Leat width (w }

mm

Fig. 6. Variation of Elastic Stiffness vs Leaf Width wi for

17x17 Type HDS
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300
—u— N leaves
1 ~—&8— N-1 leaves
—— KOFA HDS (N ieaves)
E
250 4
£
E
2
2 2004
£ .
]
Z e
F]
@ ] e e
150 v
/
100 ——r——r—T—y T
35 40 45 5.0
Leaf Thicknass () mm

Fig. 7. Variation of Elastic Stiffness vs Leaf Thickness t
for 14 x 14 Type HDS

250
1 —u— N leaves
—&— N-1jeaves
——— KOFA HDS (N leaves)
200 A
£
2
w
& 150
c
E
& *
o
w
100 ././
P
S0 v T T
35 4.0 45 5.0
Leat Thicknass (t) mm

Fig. 8. Variation of Elastic Stiffness vs Leaf Thickness t
for 17 x 17 Type HDS

type KOFA TT-HDS. And Table 3 shows that elastic
stiffnesses of the TW-HDSs, the number of leave of
which is reduced by one, are comparable with elastic
stiffnesses of the 14X 14 type and 17x17 type
KOFA TT-HDS. In addition, Table 3 shows that, in
the case of considering the bending moment, shear
and axial forces, elastic stiffnesses are only about O.

15~0.21% lower than those only for considering the
bending moment. The reason why elastic stiffnesses
are decreasing while additionally considering the
axial and shear force is that due to the axial and
shear force, the total strain energy is a litle more in-
creasing and consequently results in a little more sof-
tening the TW-HDS. This implies that the elastic stiff-
ness of the TW-HDS is dominantly attributed to the
bending moment. Therefore, in estimating the elastic
stiffness of the TW-HDS, it seems _reasonable to ig-
nore the effect of shear and axial force.

Table 4 and Figure 5, 6 represent the effect of leaf
width(w:) on elastic stiffnesses of the TW-HDSs with
leaf thickness of 4.3 mm. Table 4 and Figure 5, 6
show that the elastic stiffness is in approximately lin-
ear cormrelation with w.

Table 5 and Figure 7, 8 represent the effect of leaf
thickness(t) on elastic stiffnesses of the TW-HDSs
with leaf width(w:) of 9.5mm. Table 5 and Figure 7,
8 shows that the elastic stiffness is in approxmately
cubic correlation with t.

4. Conclusions

We analytically derive the elastic stiffness formula
of the TW-HDS and present parametric study results
on the elastic stiffness of the TW-HDSs designed in
the same dimensional design spaces as the KOFA
TT-HDSs. The results from this study are listed as fol-
lows.

1. The structure of the elastic stiffness formula of
the TW-HDS is identical as that of the TT-HDS
except for their coefficients.

2. The effects of shear and axial force on the elas-
tic stiffness of the TW-HDS are only about 0.
15~0.21% and most of the elastic stiffness is
attributed to the bending moment.

3. Because elastic stiffnesses of the TW-HDSs des-
igned in the same design spaces as the KOFA
TT-HDSs are 32~33% higher than those of the
KOFA TT-HDSs, elastic stiffnesses of the
TW-HDSs, the number of leaves of which is red-
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uced by one, are comparable with the test res-
ults of elastic stiffnesses of the KOFA TT-HDSs.

4. It would be expected that the cost of the
TW-HDSs might be reduced because of easy
machinability of the leaf springs and less leaf
numbers composing a HDS assembly.

5. The fact that the elastic stiffness are dominantly
proportioned to w: and t' implies that the
defection of the TW-HDS is mainly caused
by the bending moment.
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Appendix
Coefficients in equation{14) are expressed as follows
AA; A3+ U+ 1y (A1)
ABy Ast B Cor s (A-2)
B3, At Byt Ot Dy B (A-3)
BB+ Ax ng By ong 20 a4 0y (A-4)
12R
here, A, —s ¥
where Ewf (A-5)
B B ao
A= An[an(Ln-F a)? cos’a,+ % R,(L.+ u)cosa,(cos 5 = cosa,)
(A-6)

2

+f?f(a,,7*sina,,~é~ sin2a,,)} + PAl + VAl

3

Ay = A,,[ a,(L,+ a)( L.+ c)cos e, + % R.(2L,+a+ ¢) cosa,(cos Lo _ cosa,)

2
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+R§,(ao~%sinan—%si112ao)] + PA2 + VA2

A= A,,[a,,(L,,+ o)?cos 2a,,+%1?,,(L,,+ 1) cosa,,(cos%"—— cosa,)

e (A-B)

+R§(an~%sinao—%si112a,,)] + PA3 + VA3
PAl = PA2= PA3 =2 (a,— L sin2a)
2Ew,t Fo g S

VAl = VA2 = VA3 =53T1;",,?("0+ % sin2a,)

Bl= B[(Ln)—B‘(Io) + PBI + VBl
Bz=Bz(Ln)—Bz(1,,) + PR + VB2 e
B3= Ba(Lo)—B3( lo) + PK3 + VR3

12(L,+ R,a,) cos a,

where, B,=

B(x)= B,,[—;-(x+ Ria)?—2R,a(x+ Rya)) + (Rya)? In(x+ Ra,)
+2a{x— Ria;In(x+ R &)} + &® In(x+ Ra,)]

12cos %a,

1 3_ 3
Ew,t® 3{(l°+a) @)

Bg(x)= B,,[—%—(x+R,a|)Z—2Rla,(x+ Rla1)+(Rla,)2 ln(x+R1al)
+(a+){x~ RiaIn(x+ Ria,)} + ac In(x+ R,a,)]

12cos %a,

+ Ewlfs

[% B+ %(a+c)lf,+ acl,}

By(x)= B,,[—é—(xi— Ry a))* 2R, a\(x+ R,a)) + (R,a,)* In(x+ Ra,)

+2¢{x— Ria;In(x+ Ria))} + ¢ In(x+ Rya))]

12coszanl 3_ 3
Ewlta 3{(1,,+C) C}
Sinza,, l{, L,,+R,al L,,+Rlal
PBl=PR=PRy= —Spe [ o4 SR (e i) )
_ _ _ 6 cos ?a, l, L,+ Ry L,+R o
VBL= VR = VBy= ZTZ [+ S ln( 10+R101)
12R,cos 2a,
a, — B — 2
a= G {a~ Risin(ay g’)’ 6, + PCl + VQl
w,+2R4[1~cos[sin_'-lT:(a1—01)}]
G=C [ {”—R‘Sm(“‘_6‘»“_1;‘5'"(“’—‘9‘)} 6, + PQ2 + VC2
w1+2R4[1—cos{sin"T?-:*(a.—-ﬁl)”
a, _ 5 — 2
G=Cf {e= Rysin(a, — 6,)) d6, + PG3 + VC3

w1+2R4[1 *cos{sin'l%(al—ﬁl)}]

Ews T

- (A-15)

(A-16)

o (AT

(A-18,19)

- - (A-20)

(A-2D)

(A-22)

(A-23)
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R(1—cosay) = *w"é “
— Lobry Wo — Wy
Lay= cos (I IR, )
Rsinay = R,
R . 1
alzTe’:—sin cos 1(l"'u,);et'ﬂ)
R, inX(a,+a,— 6
PCL=PC2~ PC3= 4 | sin{a.t o= )
w1+2R4[1—cos(sin_]7t;:-(a1—l9l)}]
an 2 -
VCl= V2= V(3= 65‘2; ;, cos (e, + ) g‘)
N w\+2R4[1—cos(sm‘1—k—:(a,—el)}]
12R}
° Fw

D,:%Da(ag—%—sianzz) - PDL + VDL

Dy= D1 —cosay) + Dy + ’D2 + VD2
Dy=Dja,+2(1 — cosa,)) + D, + PD3 + VD3
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