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Parametric Studies of the Dynamic Impact of Fuel Assemblies in PWR Cores

Matthew D. Snyder

Westinghouse Electric Company LLC, Pittsburgh, PA

ABSTRACT

For faulted conditions, the lateral dynamic response of reactor cores in pressurized water reactors (PWR’s) can be
described by a well established methodology that accounts for nonlinear behavior due to gaps between adjacent fuel
assemblies and other internal structures. Parameters used in the analysis are based on testing and estimates that are known to
bound the problem. The transient dynamic analysis generally makes use of computer codes that use numerical methods for
direct integration of the equations of motion. With these numerical models, it is easy to lose insight into the physical effects
and relative significance of the governing parameters. The purpose of this paper is to take a new systematic look at the
parameters appearing in these models.

The paper identifies the parameters that most strongly affect fuel grid impact forces.  A set of key dimensionless
parameters are identified and used in studying the lateral response of both single degree of freedom (SDOF) approximations,
multiple degree of freedom (MDOF) fuel assembly models, and rows of adjacent fuel assemblies.  The study starts with a
SDOF system located adjacent to a wall under the action of harmonic excitation. The nonlinear response is shown to have
resonance peaks at predictable frequencies. Also for harmonic excitations, the study examines systems with increasing
complexity by introducing gaps, multiple degrees of freedom per fuel assembly and varying numbers of adjacent fuel
assemblies.  For these harmonically forced analyses, normalized or non-dimensional impact forces are presented versus
frequency.

The final part of the study uses predicted seismic and LOCA transient forcing functions applied to several different core
models. Grid impact stiffness, grid impact damping and fuel assembly damping parameters are varied. Results show the
importance of accurate testing and estimation of the dynamic impact stiffness parameters.

INTRODUCTION

In this study, the lateral dynamic response of four fuel assembly designs will be evaluated using a series of increasingly
complex models and loadings. Initially, the focus will be on evaluating the effects of fuel assembly parameters on grid impact
forces. A short discussion of effects on the reactor vessel/core support system response will follow.

FUEL ASSEMBLY STRUCTURAL MODELING

Reactor Core Structural Modeling
The finite element model used to represent a row of adjacent fuel assemblies is shown in Figure 1. Each fuel assembly

is represented by a lumped mass/spring model shown in Figure 1 as a vertical beam with lumped masses. At each grid level
of the model there are two degrees of freedom; representing the displacement of the fuel rods and thimble tubes and the
second representing the displacement of the grid. The two degrees of freedom are connected by a spring-damper element
known as the "in-grid" stiffness and damper (ks and cs).  Between adjacent fuel assemblies and between the perimeter fuel
assembly and core barrel are gap elements and spring-damper elements that are known as the through-grid stiffness and
damper (kg and cg).

Dimensional Analysis and Simplifications
The maximum grid impact force, Fmax, is a function of the dynamic properties of the fuel assemblies, dynamic impact

parameters and gaps, fuel assembly geometry, and the applied boundary conditions that may be expressed as follows:

F max F 1 n a k s, k g, c s, c g, mg, M fa, ω fa
2, K fa, α fa, β fa, gaps, f ucp t( ), f lcp t( ), f cb t( ), (1)

where the independent variables are identified and categorized in Table 1.
As a final step of analysis, the maximum impact force is normally compared to grid strength to assess the potential for

grid crush for the LOCA and seismic events.  Since the model does not normally include grid crush strength in determining
dynamic response it is not included in the list of variables.

If the core barrel motions are linearly interpolated using the grid elevations, zg and core plate elevations, zlcp and zucp,
then:
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F max F 2 n a k s, k g, c s, c g, mg, M fa, ω fa

2, K fa, α fa, β fa, gaps, f ucp t( ), f lcp t( ), z.ucp, zucp, zg, (2)
 

and for the case in which the upper and lower core plate move sinusoidally and in phase:
 

F max F 3 n a k s, k g, c s, c g, mg, M fa, ω fa
2, K fa, α fa, β fa, gaps, A f sin ω f t.., (3)

where Af and ωf are the vibration displacement amplitude and circular frequency of the core plate motion, respectively.

                    

Table 1 Summary of Variables used in Dynamic Impact Analysis

Variable Description

Maximum
number of

Independent
values

Assumed
number of

independent
values Remarks

ng Number of grids in impact model 1 0 ng = 5 for this study

na Number of adjacent fuel assemblies 1 1 na = 3,7,9,11, or 13 for this study

ks In-Grid Impact Stiffness ng 1
All grids assumed to have same impact 

stiffness and damping parameters

kg Through-Grid Impact Stiffness (na+1)*ng 1 "

cs In-Grid Impact Damping ng 1 "

cg Through-Grid Impact Damping (na+1)*ng 1 "

mg Local Grid Mass ng 1 "

Mfa Fuel Assembly Mass Matrix ng 5

ω2
fa Fuel Assembly frequencies 0 0

Not independent since may be determined from 
Mfa and Kfa

Kfa Fuel Assembly Stiffness Matrix (ng+1)*ng/2 15

αfa Rayleigh Damping, Mass Multiplier 1 1
Damping is input using a damping values 

calculated fron [C]=αfa[M]+βfa[K]

βfa Rayleigh Damping, Stiffness Multiplier 1 1 "

gaps
Gaps betweern baffle and adjacent 

fuel assemblies (na+1)*ng 2

The baffle - fuel assembly gap will generally be 
different from the fuel assembly to fuel 

assembly gap but otherwise are assumed equal

fucp(t) Upper core plate motion nt 2

Motion of core plates and core barrel will be 
assumed equal and sinusoidal with frequency ωf 

and amplitude Af

flcp(t) Lower core plate motion nt 0 "

fcb(t) Core barrel motion 2*ng*nt 0 "

nt = number of parameters describing each input motion displacement-time history

Figure 2 - SDOF Impact ModelFigure 1 Finite Element Model of Row of
Adjacent Fuel Assemblies
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As shown in the Table 1, even with simplification, there are 32 independent variables in the grid impact model.  At least
29 dimensionless products are needed in the grid impact force relationship.  In general, a core can include fuel assemblies of
different types, and gaps are not all equal to nominal values so the number of independent variables is very great.  Also, it has
been assumed that impacts are described by linear load deflection curves; whereas, the finite element program is capable of
more general relationships. A smaller set of variables will be selected by eliminating those variables that are normally similar
between fuel assemblies.
• For the initial part of this study, the damping of the fuel assemblies is based on an assumption of Rayleigh damping

parameters using 20% damping at the first fuel frequency and 10% at the last fuel frequency. The damping used for the
in-grid and through-grid impact are initially fixed at 25%.  Since damping ratios are assumed fixed, cs, cg, αfa, and βfa can
be eliminated from the list of significant variables.  The significance of damping parameters will be studied later in this
paper in a separate sensitivity analysis.

• The local grid mass, mg, is much smaller than the remaining lumped mass (local grid mass < 2% of lumped mass at each
grid) and can be eliminated from the list of significant variables.

• The gap between the baffles and fuel assemblies is normally smaller (typically 0%-20% smaller) than that between
adjacent interior assemblies.  Only the baffle to fuel assembly gap need be retained as a primary variable.

• Although there are 20 independent variables in the fuel assembly stiffness and mass, it is assumed that the dynamic
response can be described by a reduced number which will be chosen to be the total mass, M1, and the first 5 natural
frequencies of the fuel assembly, ω1 … ω5.

Using the remaining 12 variables, the dimensionless force is a function of the 9 dimensionless parameters:

F max

k eff A f
.

F 4 n a α,
k g

k eff
,

ω f

ω 1
,

ω 2

ω 1
,

ω 3

ω 1
,

ω 4

ω 1
,

ω 5

ω 1
,

A f

gap
, (4)

where:

                                

α
k eff ω 1

2
M 1

.

ω 1
2

M 1
.

(5)

k eff
1

1

k g

1

k s

(6)

The stiffness keff is defined as the value associated with the local and through grid stiffness acting in series.  This
definition of stiffness is chosen since in the model these two springs appear in series at the baffle-fuel assembly interface.
The stiffness ratio, α, will be explained later.  The baffle-to-fuel-assembly gap is used in Eq. (4).  The interior-assembly-to-
assembly gap is assumed to be the same value everywhere and to have approximately the same value as the baffle-to-
assembly gap.  The reason for this choice of variables will become more obvious when we look at simplified cases later on.

Continuing the simplification, first assume kg>>keff, which is generally approximately the case since kg is much larger
than ks and then keff is approximately equal to ks Therefore, the dimensionless term kg/keff is dropped.  Also, if we have a
single fuel assembly (na=1) which is considered to vibrate in a single mode (assume ω1 only, although we could consider this
type of relationship to apply to any mode) then we are left with:

F max

k eff A f
.

F 5 α
ω f

ω 1
,

A f

gap
, (7)

The dimensionless force Fmax/(keff*A f) represents the ratio of the maximum impact force to the force in the springs (kg

and ks in series) if subjected statically to the maximum core barrel displacement, Af.  The first parameter, α , represents the
ratio of the stiffness acting with the gap closed to that acting when the gap is open. The final 2 dimensionless parameters
represent the applied frequency and amplitude, respectively.

Note that the model, shown in Figure 1, has a grid mass, mg, located between the two springs and dampers that are
shown in series.  However, as stated previously this mass is typically a very small fraction of M1.

It should also be pointed out that the in-grid spring, ks , through-grid spring, kg , and the corresponding dampers appear
in series only at the location where peripheral fuel assemblies are adjacent to baffles.  At interior fuel assemblies the spring kg

appears in series with two springs each with value of ks.  This will make the effective spring between interior assemblies
smaller for interior impacts.  This fact should be kept in mind when impact of rows of fuel assemblies is discussed later, but it
will not affect the conclusions made from the simple model shown.
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DYNAMIC RESPONSE OF IMPACTING FUEL ASSEMBLIES TO SINUSOIDAL EXCITATION

SDOF System Adjacent to Rigid Wall
Eq. (7) represents a simple one degree of freedom impact model shown in Figure 2. This problem is similar to the

bilinear oscillator studied extensively in Reference [1].  If we assume the gap size is small, the system is characterized by two
stiffnesses, i.e. k1=ω1

2M1 for positive relative displacements and k2=k1+keff for negative relative displacements, where
positive is in direction which opens the gap.  The governing equation of motion for relative displacement, x, has the form:

M1 x’’ + cix’ +ki x = -M1 Af ωf
2 sin(ωf t)       for      gap<<Af             (8)

where the prime (’) denotes differentiation with respect to time, t, and ki is k1 or k2 depending on the sign of the
displacement.  The damping term will not be defined as it will be replaced later in terms of an effective damping ratio.  The
free undamped vibrations of this system are composed of two half-sine waves where the first half-sine has period determined
by k1 and the second by k2.  The total period is:

T
1

2
T 1 T 2

. (9)

T π
M 1

k 1

. π
M 1

k 2

. (10)

The bilinear circular frequency is:
ω=2 π / T (11)

The equivalent stiffness be defined as:
Κ = Μ1 ω2 (12)

where:

K
4 k1

. k 2
.

k 1 k 2

2
(13)

Now define the bilinear critical damping as:
cc = 2 M1 ω (14)

and the bilinear damping factor as:
ζ = c / cc = c / (2 M1 ω) (15)

Define the frequency ratio, η , as:
η = ωf / ω (16)

Finally, the stiffness ratio is:
α = k2/k1 = (keff+k1)/k1 (17)

The frequency ratio, ωf / ω1, is given by

ω f

ω 1

2 η.

1
1

α

(18)

In Reference [1], the oscillator is subjected to a constant force, Fo, independent of frequency, and response is expressed
in terms of a non-dimensional displacement, X= x/(Fo/K).  Results shown in [1] are normally in terms of an amplitude
parameter, y, defined as half the positive peak to negative peak range of X.  Thus the referenced results have different scaling
and frequency dependence of the forcing term; nevertheless, the results illustrate the characteristics of the bilinear oscillator.
Reference [1] also contains a much more complete discussion of the results and waveforms of the responses.  The response in
terms of the dimensionless parameters used in the reference may be expressed as:

y F 5 η α, ζ,( ) (19)

The response for α=1 is simply the well known resonance response curve of a linear oscillator with a single resonance
peak at approximately η=1.0.  The effect of increasing α is to generate new resonance peaks near η=1.0, 2.0 , 3.0 etc. and
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smaller peaks for η<1.0.  The peaks to the right of the main peak are called regular resonances while those to the left are
called irregular resonances.  For the regular resonances peaks, the response occurs at approximately the same as the bilinear
circular frequency or response frequencies of approximately 1/2, 1/3 times the forcing frequency.  Since the higher responses
occur at frequencies that are fractions of the forcing frequency they are referred to as subharmonic resonances.  The irregular
resonances include peaks at η=0.505,0.360,0.295,0.250 but have relatively small amplitude.

Results for SDOF System Immediately Adjacent to Rigid Wall
Finite element models of single degree of freedom (SDOF) systems were constructed using parameters calculated from

the first mode for each type of fuel.
Initially the SDOF models were defined with a zero size gap on one side so that impacts occur on only one side.  This

configuration matches the bilinear oscillator described previously.
The models were run by applying the sinusoidal displacement to the upper and lower core plate for sufficient time to

reach steady state response.  The system is started from rest.  When not near resonance peaks, the maximum response occurs
during a starting transient phase of response.  At the resonance peaks, the steady state response is larger than the initial
transient and the steady state response is periodic but not generally sinusoidal.  No attempt was made to consider just the
steady portion of the response in calculating response.  This would make the valleys deeper in the response curves and, since
there will always be a transient response they were left in.

The SDOF model is intended to study the interaction of a single fuel assembly mode and an adjacent baffle.  We
somewhat arbitrarily select the entire mass and the first mode of the fuel assembly to represent the fuel assembly.  A more
rigorous definition of an equivalent system may result in a different selection of the effective or modal mass.  However for
the purposes of studying the nonlinear dynamic phenomena this selection of a simple model is adequate.

Figure 3 shows the normalized response for the SDOF system adjacent to a rigid wall. The analysis was run with4
different fuel assemblies having a range of stiffness ratio, α, from 17 to 30. The results of the analyses are normalized as
suggested by the previous dimensional analysis. The results confirm the presence of the regular resonance peaks.

Results for SDOF System Adjacent to Rigid Wall with Small Gaps In-Between
We next examine the effects of adding non-zero gap to the SDOF model.  This adds an additional parameter (Af / gap)

which was assigned values of 0.5, 0.75, 1.5, 3, and 10.  Smaller amplitudes are not of much interest since the gaps will barely
close and higher amplitudes produce results close to the values for the ratio of Af/gap=10.The non-dimensional impact force
versus frequency is plotted on Figure 4 for a typical fuel. For Af/gap of approximately 0.5 the first fuel mode is just reaching
sufficient amplitude to make contact with the wall. The response in this amplitude/frequency range is very sensitive to
forcing function variations. As amplitude increases further the response rapidly approaches that of the SDOF system
immediately adjacent to a rigid wall described previously.

Figure 3 Maximum Normalized Impact
Force Versus Frequency for SDOF
System Adjacent to Rigid Wall

Figure 4 Maximum Normalized Impact
Force Versus Frequency for SDOF
System Adjacent to Rigid Wall with
Small Gaps in-Between
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Results for Single Fuel Assembly Adjacent to Rigid Wall with Small Gaps In-Between
The models were run for different fuel assembly designs with a single fuel assembly and a gap on one side.  On the

opposite side, the gap was set to a large value so that impacts could occur on only one side.  Figure 5 shows non-dimensional
impact force versus frequency for a typical fuel. Under low amplitudes (Af/gap =0.5) the resonant peaks are slightly above
the linear fuel frequencies.  Increasing to Af/gap=0.7 results in a curve which is closer the SDOF response where there are
peaks near the normalized frequency of 1.0 and subharmonics of this frequency. When amplitudes of the core plate motion
are high, (Af/gap=10), Figure 5 shows that a multitude of resonance peaks develops as each mode of the fuel assembly is
added in along with each of their corresponding subharmonics. Each peak can be characterized by looking at response time
histories or phase projections.
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Results for Rows of Adjacent Fuel Assemblies Bounded by Rigid Walls
For rows of 3 fuel assemblies, plots of normalized impact force versus displacement are shown on Figure 6 for a typical

a fuel. assembly. For very small core plate displacement amplitudes, e.g. Af/gap =0.5, only the peripheral fuel assembly
begins to make contact with the baffle wall and all the curves show resonances near the fuel frequencies.  When the core plate
motion is increased to approximately Af/gap=0.75, the response curve is similar to that described by the one-sided single fuel
assembly previously. Some differences are attributable to the onset of impacts with the center fuel assembly.

Increasing amplitude, i.e. Af/gap > 1.5, causes impacts forces to increase at the center fuel assembly.  For very large
core plate displacement amplitudes, i.e., Af/gap=10, the response shows a single resonance at a normalized frequency of
approximately 4-5.  This resonance is similar to a linear system in which all grids at all fuel assemblies are impacting with
gaps

For rows of 13 fuel assemblies, plots of normalized impact force versus displacement are shown on Figure 7. The
response for low amplitude core plate motions (Af/gap=0.75) is similar for rows of 13 fuel assemblies to that for 3 fuel
assemblies.  This is because, for these low amplitudes, impacts are generally confined to the peripheral assembly.  For high
amplitude core plate motions (Af/gap=10) there are two main resonant peaks in the response curve.  Even for Af/gap=10,
large impact forces do not occur at the most interior assemblies of the 13-wide row as was the case for the 3-wide row.
Values of Af/gap> 10 were not analyzed since they are greater than typical of the LOCA or seismic events.

SENSITIVITY ANALYSES FOR SEISMIC/LOCA EXCITATION

Sensitivity analyses were performed by running the finite element model with varying parameters.  The core plate/core
barrel motions were not varied but kept fixed at those determined from the reactor vessel/core support system analysis.
Parameters that were varied include grid impact stiffness, grid impact damping, and fuel assembly damping.

Figure 5 Maximum Normalized Impact
Force Versus Frequency for Single
Fuel Assembly Adjacent to Rigid
Wall with Small Gaps in-Between

Figure 6 Maximum Normalized Impact
Force Versus Frequency for Row of
3 Fuel Assemblies Bounded by
Rigid Walls
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Grid Impact Forces
Figures 8 and 9 show the result of varying the in-grid and through-grid stiffness with all parameters held fixed.  The

results show that the maximum LOCA grid impact force is very sensitive to the both grid impact stiffnesses. For the LOCA,
these results are shown for 3-wide rows of fuel assemblies since this generally produced the maximum forces. Similar
analyses were performed for the SSE where maximum impact forces are generally governed by wider rows of assemblies.
For the SSE with 13 wide rows of assemblies, the maximum impact force was also sensitive to both grid stiffness values, but
in contrast to the LOCA, the SSE forces were more sensitive to through-grid stiffness than in-grid stiffness.
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For the LOCA , Figures 10 and 11 show the result of varying the grid impact and fuel assembly damping with all
parameters held fixed.  Similar results were obtained for the SSE.

Reactor Vessel / Core Support System Response
In all of the analyses discussed above, the core plate motions were specified as fuel assembly parameters were varied.

In fact, the fuel assembly design will have an effect on the reactor vessel/ core support system that can be significant [2]. To
study this effect, a full dynamic analysis of the system was performed for LOCA and SSE loadings using four different fuel
assembly designs. Comparisons were made of downcomer and baffle-region pressure time histories, lateral forces on the
vessel and core barrel, core plate and core barrel motions, baffle bolt stresses and displacements, fuel grid impact forces, and
fuel assembly displacements.

Figure 8 Sensitivity Analysis of Maximum
Normalized Grid Impact Force Versus
In-Grid Stiffness, Ks
(LOCA - 3-Wide Fuel Assembly Row)

Figure 9 Sensitivity Analysis of Maximum
Normalized Grid Impact Force Versus
Through-Grid Stiffness, Kg
(LOCA - 3-Wide Fuel Assembly Row)

Figure 7 Maximum Normalized Impact Force
Versus Frequency for Row of 13 Fuel
Assemblies Bounded by Rigid Walls
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It should be noted that these studies were performed primarily to assess the effects of different fuel assembly designs
upon acceptable reduced baffle-barrel-former bolting patterns [3]. Therefore the emphasis in the comparisons was on baffle-
former bolt stresses and baffle displacement.

A complete discussion of these comparisons is beyond the scope of this paper. It can be noted that the studies
demonstrated that recommendations for acceptable baffle bolt patterns, that were generally dependent on LOCA loads, were
not strongly affected by fuel assembly design parameters. This was primarily a consequence of the insensitivity of LOCA
downcomer pressures to the fuel types considered. Caution should be used in using applying this observation to other core
support or internal structures since the study included a limited number of fuel designs and LOCA break parameters.
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DISCUSSION

The development of simple models and analysis of response to harmonic excitation was most useful in identifying key
parameters in the fuel assembly design.  In particular, the importance of grid impact stiffnesses was demonstrated. Of course,
the grid impact strength is just as important since grid impact forces are generally required to be less than this value.

The evaluations reported in this paper were focused on grid impact forces. Fuel assembly displacements and stresses as
well as control rod insertability criteria are also typically evaluated. While lower grid impact stiffnesses generally decreased
impact forces, the fuel assembly displacements can be larger, especially for the SSE where fuel assembly displacements and
stresses or control rod insertability may more significant.

The study of reactor vessel/core support structure response was based on a set of plant and LOCA/SSE loading
parameters used in analyses of acceptable-baffle-bolting patterns [3].  In order to generalize the results of the current study, a
systematic evaluation of reactor vessel/core support structure/loading parameters would be useful in extending the results of
the current study.
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Figure 10 Sensitivity Analysis of Maximum
Normalized Grid Impact Force Versus
Grid Impact Damping
(LOCA - 3-Wide Fuel Assembly Row)

Figure 11 Sensitivity Analysis of Maximum
Normalized Grid Impact Force Versus
Fuel Assembly Damping
(LOCA - 3-Wide Fuel Assembly Row)
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