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KINEMATICAL EXCITED VIBRATION OF THE NUCLEAR FUEL ASSEMBLY

V. Zeman, Z. Hlavac *

Abstract: The paper deals with modelling of the hexagonal type nudiealrassembly vibration caused

by kinematical excitation determined by motion of the suplates in the reactor core. The support plate
motion is excited by pressure pulsations generated by leiticun pumps in the main circulation loops. The

cyclic and central symmetry of the system is advantageauthéofuel assembly decomposition into six
identical revolved fuel rod segments, central tube andeskallinked by several spacer grids in horizontal
planes. The modal synthesis method with condensation dfi¢heod segments is used for determination
of steady vibration.

Keywords: Vibrations, nuclear fuel assembly, kinematic excitation, modal synthesis method, DOF num-
ber reduction.

1. Introduction

The hexagonal nuclear fuel assembly TVSA/T (further FA) (Fig.1) isiimtef mechanics very compli-
cated system of beam typey&®ra (2009)). Because of the cyclic and central symmetry of the whole
system (Fig.2) the FA decomposition into six rod segments (S), centre tupa(@Toad-bearing skele-
ton (LS) shall be applied (Zeman & Hla¥ (2011b)). Each rod segment (on Fig.2 circumscribed by
triangles) is composed of 52 fuel rods with fixed bottom ends in the lowgrastiplate and 3 guide
thimbles fully restrained in the lower and upper support plates in reacter ddre centre tube is fully
restrained. The skeleton is created of 6 angle pieces (AP) coupledibgdigrid rims (GR) at all levels

Number of segments S=6,number of lines h=10,number of fuel rods=312
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Fig. 1: Scheme of the fuel assembly Fig. 2: The FA cross-section
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of spacer grigs (SG). All FA components are linked by transverseespgicls which elastic properties
are expressed by linear springs with stiffnégplaced on 8 different horizontal plangs=1, .. ., 8.

2. Mathematical model of the system

The vectors of generalized coordinates of the fully restrained sulmsg¢ted segments and centre tube)
loosed in kinematical excited nodes can be partitioned in the form

a. = [(ay))". (@) (@) s =1,...,6,CT, (1)
and the skeletorm =LS fixed only in bottom ends in the form

ars = (@7, (g )

The coordinates of subvectoy%s) anqu) are displacements of end-nods of fuel assembly components

coupled with moving rigid support plates and displacements of free systées iaoe integrated in vectors

qgf) € R"s. The conservative mathematical models of the loosed subsystems in the dsednfock
form corresponding to partitioned vectors can be written as

M M o0 T1a0 ][RP KD o e ] [
Y N S A R B el
R A A A P
forthes =1,...,6,CT and for the skeleton as
[M(LLS) M(LLPS) ] [q(LLS) . K(LLS) K(LL;) ] [q(LLS) _ [ f(LLS) ] | @
mi ot | L | 7L i | L |7 L

The force subvectorfg) express the coupling forces between subsysieand adjacent subsystems
transmitted by spacer grids. The displacements of the end-nodes of #ysturb components coupled
with support plates can be expressed by the displacements of the lowegpperdplates in the form

¢ =1Vq,,5s=1,....6,CT,NS; ¢ =TWqy, s =1,...,6,CT. (5)
The second set of equations extracted from (3) and (4) for eadystgin is
MY + KD al) = ~ME,TD i, - MU, Ty - KT 0, ~ KT au + £

(6)
whereM%&g) =0, ngg) = 0. The global model of the FA has to large DOF number for calculation of
dynamic response excited by support plate motion. Therefore we asstralmendensed model using
the modal synthesis method presented in the paper Zeman &i2011a). Let the modal properties of
the conservative models of the mutually uncoupled subsystems with the seeedtbnd-nodes coupled
with immovable support plates be characterized by speditahnd modalV ¢ matrices of order,

suitable to orthonormality conditions

VIMPV,=E, VIKWYV,=A,, s=1,...,6,CT, LS. @)
The vectoqu;f) of dimensionng, corresponding to free nodes of subsystems, can be approximately
transformed in the form

¢ ="V, , @, e R™, s=1,...,6,CT LS, (8)

where™V, € R"™s are modal submatrices of chosen master eigenvectors of fixed subsystems.
The equations (6) can be rewritten using (7) and (8) in the form
s+ Ay = ~"VIM LTy + My T Gy + KT an + KT ap) +VIFE,

)
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s=1,...,6,CT, LS,

where spectral submatricE\, € R™s"™s correspond to chosen master eigenvector¥ ;. The

models (9) of all subsystems can be written in the configuration spaegx;|, s = 1,...,6,CT, LS

of dimensionm = Z ms as

S

E(t)+Azxt) = -VI(MQ, + MyQy +K1Q;, + KuQu)+VTfo, (10)

where f~ = [f(cs)] € R" n = Zns is global vector of coupling forces between subsystems and

S

matrices
A = diag["A,] € R™™; V = diag["V,] € R™™; X x = diag[X W\ TY)] € R™*;

Qx=Iq%,....¢%|" eR®; X =M K; X=LU;s=1,...,6,CT,LS

are block diagonal, composed from corresponding matrices of subsystde global vector of coupling
forces between subsystems can be calculated from identity

OF s
fo=—5"=-Kcap, ap = [a7]. (11)
qr
where I, is potential (deformation) energy of the all spacer grids (springs) legtweabsystems. The
expressions (11) can be substituted in (10) and then we get the cedderslel of the nuclear fuel
assembly of ordem

() + A+ VIKeV)a(t) = -VI(MLQL(t) + MyQu(t) + KLQ.(t) + KuQyu(t). (12)

3. Application

The VVER 1000 reactor core is formed from 163 nuclear fuel assemilesh fuel assembly is placed
in the core basket between core support plate and lower supportingppthteblock of protection tubes
by means of lower support tailpiece (LP) and headpiece (HP) (see Fldné3e support plates and pieces
can be considered in transverse direction as rigid bodies.

Let us consider the steady vibration of both mentioned support platesekyifgressure pulsations
generated by circulation pumps in the main circulation loopgi(Ra - Krupa & Klatil (1997)). The
force effect of pressure pulsations in the gap between core bawdgbr@ssure vessel walls can be ex-
pressed in the global model of the reactor by excitation vector in the complex(Zeman & Hlaac

(2008))
ZZf ot (13)

Wherefg.k) is vector of complex amplitudes &f-th excitation harmonic component caused by hydrody-
namic forces generated in oeth circulation pump. Corresponding angular rotational frequency of the
Jj—th pumpw; = 27 f; is defined by pump revolutions per minute [rom], where can be for particular
pumps slightly different. Steady dynamic response of the reactor in deeeraoordinates is given by

identical form .
D=2 3 ane (14)

The vectors of complex amplltudq'aC must be transformed into vectors@i“C (X = L,U) describ-
ing steady vibration of the support plates causedbyh harmonic ofj—th pump

In consequence of lightly damped fuel assembly components we considal daomping of the sub-
systems characterized in the space of modal coordingtbyg diagonal matrice®, = diag[QD,(f)Q,(f)],

WhereD,(f) are damping factors of natural modes zﬂ)@ are eigenfrequencies of the mutually uncou-
pled subsystems. The damping of spacer grids can be approximativessegrby damping matrix
B¢ = K ¢ proportional to stiffness matrik ~ by coefficients.
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That being simplifying supposed and the polyharmonic excitation (13) thgeceative condensed
model (12) will be completed in the complex form

&t)+(D+BVIKV)&(t) + (A +VIKoV)x(t) =
S [(KL — KM )QY) + (Ky — k%]?MU)Qg’fH ekt (15)
J k

Steady response of the fuel assembly subsystems according to (8) is

q(FL?)(t) = Z Z mVsmglj;?eikwjt ) s = 17 crty 65 CT? LS? (16)
ik

Wherea:gfj) are subvectors of the global vectoj’c) of the complex amplitudes
2" = ~[A + (1 +ipkw)) VT KoV + ikw; D]
k k
2593 [(KL ~ M )QY) + (Ky — Bw?My)QY) (17)
7 k

corresponding to subsystesn Subscriptj € {1,2, 3,4} is assigned to the operating circulation pump
and subscripk to the harmonic component of pressure pulsations.
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Fig. 3: Orbits of the fuel rod centre =14 in the first fuel rod segment on the level spacer grids 2,4,6

The methodology was applied for steady polyharmonic response of tr@aRUBVSA-T fuel as-
sembly in the VVER 1000 reactor core in NPP Temel As an illustration, the orbits in transverse
planes of the random selected £14) fuel rod centre in the first fuel rod segment£ 1) on the
level spacer gridg =2,4,6 caused by pressure pulsations generated by all circulation pusipsiuiz
Hlavat (2008)) are shown in Fig.3 and separately in Fig.4. The rotational dregi@s of the particular
pumps weref; = f» =16,635 Hz andfs = f; = 16,645 Hz. The condensed model (15) with 3272
DOF (ms = 500, mgr = nor = 32, mrs = nrs = 240) was used for the calculation of the orbits.
The accuracy of condensed model was tested in terms of relative efr@25 lowest fuel assembly
eigenfrequencies defined in the form

_ ‘fzx(ms> B fzz|
fv

£y ,v=1,...,125, (18)
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Fig. 4: Orbits from the figure 3 depicted separately

where f,, are eigenfrequencies of the full (noncondensed) model with 10832 Dke relative errors
g, for different condensation level of the rod segments expressedrperuof the rod segment master
eigenvectorsn, =100,300,500 is shown in Fig.5. Relative errors decrease with decrezsidgnsation
level (ms increases) in all FA eigenfrequencies. The orbits of these particulaelsndistinguish only
little.
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Fig. 5: Relative errors of the fuel assembly eigenfrequencies for diffenemberm of rod segment
master eigenvectors
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4. Conclusion

The described method enables to investigate effectively the combinedallexud torsional kinematic
excited vibrations of the nuclear fuel assembly. The fuel assembly vibgatice caused by motion
of the two support horizontal plates in the reactor core. The speciatlicabe system of radial and
orthogonal lateral axes for each fuel rod and guide thimbles on theaalésgrid levels makes possible to
separate the central symmetrical fuel assembly into several identichledvod segments characterized
by identical mass, damping and stiffness matrices.

The presented new approach based on the system decomposition intstenisslinked by spacer
grids and modal synthesis method with reduction of DOF humber was appliedagdnal type nuclear
fuel assembly vibration. The developed methodology, mathematical modealodimehre in MATLAB
was used for modelling and dynamic deformation analysis of the Russian tgbean fuel assembly
components caused by motion of the support plates excited by presssaggns generated by circula-
tion pumps in the main reactor circulation loops.
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