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New finite element-based modeling
of reactor core support plate failure

ATHLET-CD is the severe accident module of the code system
AC? that is designed to simulate the core degradation phenom-
ena including fission product release and transport in the reac-
tor circuit, as well as the late phase processes in the lower ple-
num. In case of a severe accident degradation of the reactor
core occurs, the fuel assemblies start to melt. The evolution of
such processes is usually accompanied with the failure of the
core support plate and relocation of the molten core to the low-
er plenum. Currently, the criterion for the failure of the support
plate applied by ATHLET-CD is a user-defined signal which
can be a specific time or process variable like mass, tempera-
ture, etc. A new method, based on FEM approach, was devel-
oped that could lead in the future to a more realistic criterion
for the failure of the core support plate. This paper presents
the basic idea and theory of this new method as well as preli-
minary verification calculations and an outlook on the planned
future development.

Neue Finite-Elemente-basierte Modellierung der Reaktorgit-
terplatte. ATHLET-CD ist ein Modul des Codesystems AC?,
welches entwickelt wurde, um die Phinomene wihrend eines
schweren Storfalls zu simulieren: Kernzerstorung, Spaltpro-
duktfreisetzung und Transport sowie Phinomene im unteren
Plenum. Wihrend eines schweren Storfalls konnen die Brenn-
stibe abschmelzen, so dass die dadurch entstehende grofse ther-
mische und mechanische Belastung nach einer gewissen Zeit
auch zum Versagen der Kerngitterplatte fiihren kann. Wegen
dieses Versagens verlagert sich der angesammelte Schmelze in
das untere Plenum. In der aktuellen Version von AC? ist das
Versagen der Kerngitterplatte durch ein benutzerabhingiges
Temperatur- oder Zeitsignal gesteuert. Eine neue Methode, ba-
sierend auf dem FEM-Ansatz, wurde entwickelt, die in Zu-
kunft das Versagen der Kerngitterplatte realistischer berechnen
kann. In diesem Artikel werden die Grundidee und die ersten
Testrechnungen der neuen Methode prisentiert und das weitere
Vorgehen dargestellt.

1 Introduction

Understanding the phenomena that can occur during a nucle-
ar accident is very important. Experimental and theoretical
research works have been performed for many decades; most
of them are still ongoing. Simulation tools were developed in
order to model the behavior of a nuclear power plant during
an accident. ATHLET-CD is the severe accident module of
the code system AC? that can simulate the early and late
phases of a nuclear severe accident. The characteristic process
of the transition between the early and late phases of a nucle-
ar severe accident is the relocation of the molten material
from the core to the lower plenum. This relocation process is
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significantly influenced by the condition of the core support
plate.

Despite of the important role of the core support plate its
failure is currently simulated in AC? via a user-defined signal.
A more detailed model could predict the failure of the core
support plate with higher accuracy. With the help of more ac-
curate simulations further improvement of severe accident
prevention and mitigation methods would become possible.

The research work presented in this paper laid down the
foundation of a more detailed model that can simulate the fail-
ure of the core support plate. A detailed standalone program
was developed that is able to calculate core support plate defor-
mation caused by different mechanical and thermal loads. With
further improvements this model could complement the cur-
rently existing used-defined failure criterion for the core sup-
port plate in AC? This paper presents the theory of the new
model and the results of preliminary verification calculations.

2 Finite element-based model for the core support
plate failure

The in-vessel core melt progression including the core degra-
dation and followed by the relocation of the molten material
results in a large thermal and mechanical load on the core
support plate. Analytical examination of the deformation
and prediction of the support plate failure with its relatively
complex geometry is not a straightforward process or rather
an impossible option. Therefore, in this study a finite ele-
ment-based numerical approach was applied to define failure
criteria depending on the heat and mass load distribution on
the support plate.

2.1 Geometry of the core support plate

The future aim of the developed model is to accurately simu-
late the support plate failure of a real reactor core, therefore
the mechanical load calculation model was based on a typical
reactor support plate geometry. The generally applied materi-
al of reactor core support plates is austenitic stainless steel.
The core support plate of a generic German PWR has a cy-
lindrical shape with a thickness () of 340 mm and a radius
(R) of about 1700 mm. The perforated core plate has around
156 cylindrical holes with a diameter (d) of 133 mm. The con-
sidered geometry is shown on Fig. 1. The typical number that
characterizes the geometry is defined as 2R/t which is ~10
in the case of the target geometry.

2.2 The Reissner-Mindlin plate theory

There are several unknown parameters regarding the core
support plate deformation during a severe accident. In the
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present investigation low strains and small displacements are
assumed with linearly elastic, homogeneous and isotropic ma-
terial behavior. Based on previously presented geometric pa-
rameters (i.e. in the typical number range for the target geo-
metry) the investigated core support plate can be treated as
a “thick plate” [2—4]. The theoretical description of the as-
sumed “thick plate” problem is based on the Reissner-Mind-
lin [5] plate theory that has the following kinematical assump-
tions:

1. The normal vector (n) of the mid-surface of the plate does
not stretch after the deformation.

2. The normal vector (n) of the mid-surface of the plate stays
straight after the deformation.

3. The material points of the mid-surface of the plate only
move in the vertical direction.

The above assumptions that are based on the Reissner-Mind-
lin theory lead to the following form for the displacement
field in the plate [5]:

u([) Ik ax(xay)
u(r):= | v(r) | = [ zx0y(x,y) (1
w(r) wo(x, y)

In Eq. (1) r is the coordinate vector, u and v are the in-plane
displacements of the mid-surface, while w is the mid-surface
displacement in the z direction. 0, and 0, designate the angles
which the normal to the mid-surface makes with the z axis,
therefore 6, is the rotation of the mid-surface in xz direction,
while 6, is the same but in the yz direction. Based on the as-
sumptions of the theory, the zz components of the strain and
stress tensors, i.e. the components that act normally to the
mid-surface are zero. The geometry equation [5—7] describes
the relation between the strain and the displacement fields
as follows:

dur 9
Ox irs 0 0
exe(r) ov(r) 0 0 0
eyy(r) dy 9 Qy u(r)
§(I’) yxy(l) L= 81’57;[) 8555) = a*y % 0 |: V([) j| (2)
Pz () oulr) , ow(r) Q 0 0 w(r)
Vyz (Z) Ba(z ) 5 6)({ ) dOZ Q g
L 9z T dy ] oz 9y

In Eq. (2) ¢ denotes the strain vector of which only the axial
components &, and ¢,, are considered, while y components
denote the shear angle in the given xy, xz and yz directions.
Based on Eq. (2) the strain vector can be determined. De-
pending on the temperature the strain induces different kind
of stresses in the material. To describe the temperature-de-
pendent stress vector the generalized Hooke’s law [5—7] was
applied (see Eq. (3)).

T (1)

1 v 0 0 0
Iy (1) %v 1Y 00
g([): ny(?_) = 00 T 00 *§(£]
Oxe(1) 00 0 EMY 1o
Oy, (1) 0 0 0 2*(1+v)[0 1]

©)

In Eq. (3) the o components are the elements of the stress
tensor, E(T) is the temperature-dependent Young’s modulus
and v is the Poisson ratio.
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Fig. 1. Typical core support plate geometry considered in the mechanical
model development [1]

2.3 The principle of minimum total potential energy

The calculation of the displacement field is based on the theo-
ry of minimum total potential energy. If there is a linear
elastic solid supporting external distributed loads which is
creating internal stresses and strains in the volume, and dis-
placements on the surface (in the examined case on the mid-
surface) of the solid, one can define several physical quanti-
ties, including the so called total potential energy function
() that is given by [6, 7].

n(r) =U(r) — W(r) 4)

In Eq. (4) U is the internal strain energy, while W is the vir-
tual work of the external loads and forces leading to deforma-
tions.

Ul(r) :%///VQT(Z) *g(r)dV (5)

W)= [[] w'@qwav+ [[ w0 «pa (6)

In Eq. (6) ¢(r) and p(r) are the volume and surface load vec-
tors of which the latter can be obtained as the product of the
surface stress vector and the surface normal vector. There
are several displacements that are consistent with the given
loads and reactions, but among them the so called correct
state of displacement is that which minimizes the total poten-
tial energy. The variation of the total potential energy can be
considered as the result of the difference between the consis-
tent displacements and the correct state of displacement [6].

2.4 The finite element discretization

By spatially discretizing the analyzed geometry, M number of
elements are generated. According to the principle of the to-
tal potential energy, the sum of the potential energy of each
element gives the total potential energy of the analyzed sys-
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tem. In the following paragraphs the theoretical overview is
limited to an arbitrary element e. The correct state of displa-
cement (i.e. the solution of the strain-stress-displacement cal-
culations) — based on the applied finite-element theory — can
be approximated by the combination of the nodal displace-
ment coefficient values (u;, v, w;) and the element specific
shape functions (f;) as follows:

N
Z ifi(x7y)
vifi(x,y) ™)

1=
=

2
(=t

Mz

wifi(x,y)

u, is a hyper vector containing the nodal displacement coeffi-
cients (u;, v; w;) of the displacement components according to
Eq. (7) for all the nodes N within the element e. Hereinafter
bold letters designate hyper vectors and hyper matrices being
present and operating in the coordinate and the nodal space.
The dimension of this hyper vector equals to the dimension
of the displacement field (three) times the number of nodes
N within an element (the latter depends on the type of the ap-
plied elements within the spatial discretization process). In
the followings the element-wise potential energy (7.), stiff-
ness matrix (K ) and force vector (F,) are defined. The po-
tential energy is a scalar value, while the dimension of the
stiffness matrix is 3N x 3N and that of the force vector is 3N.
Eq. (8) describes the relation between the mentioned values

(6]:

ne:%yl*ge*ye—yl*ﬁe (8)
Based on the principle of the total potential energy, the total
potential energy of the complete system — without considering
interaction between the elements — can be calculated as the
sum of the potential energy of each element [6]:

M
n=Y = ‘,:%U «K+U-U"+F )

e=

_-

In Eq. (9) U vector contains the nodal displacement values
for the whole system (i.e. it is the global variable with the un-
known displacement coefficients), K is the global stiffness
matrix and F is the global force vector. The necessary criter-
ion for the minimization of the total potential energy based
on variation calculus is that the first variation of the total po-
tential energy equals to zero as follows [6]:

(10)

in=0=3(JUT KU~ UTF) ~K U~ F
Taking into account specific boundary conditions as well, the
displacement field of the system can be obtained according
to the following equation:

-1
U= (é + gboundﬂfy) *(E+ Ebou“dﬂfy) (1)

The spatial discretization can be performed by using triangu-
lar prisms for example, where the elemental volume can be

. tt .
defined as V =zxQ,:z € [—E,E],(x,y) € Q,, and ¢ is the

height of the triangular prism. According to this definition
Q, is a two dimensional triangular element. In the present
study, the unknown variables depend only from x and y (see
Eq. (1)) thus it is enough to model only the mid-surface of
the geometry (i.e. that of the targeted core support plate geo-
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metry). For stress calculations the application of isopara-
metric triangular elements (six-node triangles) is suggested
[8] by approximating the unknown variables in a quadratic
(parabolic) form.

For the calculation of the element stiffness matrices and
force vectors numerical integration was applied based on the
appropriate Gaussian quadrature rule. By this numerical inte-
gration method the integral of the functions having a polyno-
mial form - in this case — of degree 4 (which is obtained by
the product of two quadrilateral functions) over the isopara-
metric 2D triangular domain can be exactly calculated using
minimum 3 integration points [8]. The general form of trian-
gular quadrature rules is as follows:

1 1-r
/ / f(r,s)dsdr ~ Z wi  f(ri,si))
00 =l

(12)

In Eq. (12) f(r,s) describe a function depending on the r and s
variables as local coordinates, n is the number of the Gaussian
quadrature points, w; the Gaussian weight, while r; and s; are
the local coordinates of the i quadrature point. As high-
lighted above, a properly constructed n-point Gaussian quad-
rature yields to exact integration of maximum a (2*n-1) de-
gree polynomial. As in the present study the maximum
polynomial degree is four, the three-point quadrature is a
suitable choice to obtain exact integration results.

2.5 The solution algorithm

Spatial discretization was performed by the GMSH free three-
dimensional finite element mesh generator which is coupled
with the program developed for the analysis of the core sup-
port plate failure. During one calculation the temperature of
the core support plate is considered constant, which enables to
reduce the computational costs taking symmetry considera-
tions and resulting boundary conditions into account. In this
way solely one quarter of the core support plate needs to be
modelled.

The algorithm starts with the extraction of the mesh infor-
mation (i.e. global numbering of the nodes, local numbering
of the nodes within an element and the global coordinates of
each node) from the output generated by GMSH, then -
based on the obtained information and along with the appli-
cation of a material parameter database — calculates the ele-
ment vectors and matrices.

During the calculations temperature-dependency of the
material properties is taken into account, however in this pre-
liminary model calculation of the thermal strain is not yet
considered. In order to avoid the continuous decrease of the
net weight of the support plate, a constant density of
7864.5 kg/m?® was assumed which is the density of the austeni-
tic stainless steel at a temperature of 20°C [9]. The following
table shows the applied values of the temperature-dependent
Young’s modulus:

Between 1200°C and 1600°C the Young’s modulus is de-
termined by extrapolation assuming that above 1600°C the
lower support plate failure definitely occurs due to reaching
its melting temperature.

By the application of the calculation method presented in
the previous subchapters, the element stiffness matrices and
force vectors were calculated for each element. As presented
in Eq. (12) the numerical integration is usually performed in
the local coordinate system which is defined — in the present
case — on the above mentioned triangular domains. To be able
to perform the integration in such a way, the associated coor-
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dinate transformation from the global coordinate system to
the local coordinates needs to be performed. The coordinate
transformation necessitates the calculation of the related Ja-
cobian matrix (J), while the calculation of the element stiff-
ness matrices — beside the Jacobian matrices — necessitates
the calculation of the matrices (B) containing the derivate of
the shape functions as the function of local coordinates (see
Eq. (13)). With the aid of matrices containing the local shape
functions (N) and the predefined volume- and surface load
vectors (q and p) the element force vectors can also be calcu-
lated (see Eq. (14)). The formulae applied in the algorithm
are the followings:

Z T(r;, 1) % C(T) + B(ri,si) *

(Lri50)| (13)

3 L
F,> wix N (risi) * (/Z q(ri,si,z)dz +£(’i75i)> * (é(rivsi))‘
i—1 -5

(14)

In Eq. (13) the matrix gives the relation between the external
load and forces and the material behavior according to
Eq. (2) and Eq. (3). Both Eq. (13) and Eq. (14) contains a
summation for Gaussian point including the corresponding
weights (w;). In Eq. (15) E(T) is the temperature-dependent
Young’s modulus (see Table 1), v is the Poisson’s ratio (con-

sidered to be 0.3 [9]), while k = >

¢ is a recommended correc-

tion factor [10].

1 v 0
SB+ET) |v 1 0 g g
— 17w (1 — w2y -
cry=|"*0""0 0 00 (15)
00 0 k=t=E(Mr1 o
00 0 2=(1+w)lo 1]

Table 1. Applied values of the Young’s modulus at different tempera-
tures [9]

Temperature Young’s modulus
T[°C] E [GPa]
20 200
100 193.9
200 186.2
300 178.9
400 172.0
500 165.7
600 159.7
700 153.7
800 147.3
900 139.7
1000 130.2
1100 117.9
1200 101.6
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The expressions in Eq. (13) and (14) are calculated for all the
M elements. With the aid of the nodal numbering information
(that connects the local numbering at the element level to the
global numbering at the system level) the global matrix and
vector can be built up from the element matrices and vectors.
This process, called assembling in the finite element terminol-
ogy, might be the most complex step of the finite element
solution process but not due to its mathematical complexity
rather because of the difficulty of handling large matrices
[6-8]. As a result of the assembling procedure the global stiff-
ness matrix and force vector are obtained.

2.6 Failure limit calculation

In order to examine the failure state of the core support plate,
the obtained displacement field can be compared to a user-
defined, even time-dependent displacement limit, e.g. accord-
ing to the following equation:

Ity = V12 + V2 +w? < LIMIT(1) (16)

The norm of the displacement vector can be calculated for
each node according to Eq.(16) and it can be decided
whether the predefined condition is met. If the norm of the
displacement vector reaches the limit at any node, the me-
chanical damage of the core support plate at the position of
that specific node can be set true.

3 Calculation results

The developed method was tested for one- and two dimen-
sional problems. In this section the calculations performed
with the developed finite element-based program are pre-
sented and compared to analytical solutions. The following
subsections show the result of this preliminary verification.

3.1 One-dimensional verification

As a first step in the verification process a one-dimensional
fixed beam problem (Fig. 2.) [11] was recalculated. This prob-
lem can be considered one-dimensional because the length of
the system in one direction is more extensive than that in the
other dimensions. If holes are not considered on the target
geometry (i.e. core support plate) it can be regarded similar
to a fixed beam problem. The applied geometric parameters
of the fixed beam problem in the Reissner-Mindlin model
are: length (L) of 10 m, width (Y) of 1 m and thickness (¢) of
0.2m. Two different cases were calculated: the effect of
100 N concentrated force (F) in the end of the middle axis
(case 1) and the effect of constant 100 N/m distributed load
(p) (case 2). Similarly to that in the model description in sec-
tion 2, the mid-surface is examined and the mesh is generated
over its middle axis. For the calculations aluminum beam is
considered with the following properties [11]:

Fix

~ ——

Fig. 2. Fixed beam geometry

KernTeCHNIK 82 (2017) 6
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Using the above mentioned assumptions and properties,
the numerical calculations were performed and the obtained
results were compared to the analytical solution of the same
problem. The relative error was calculated based on the fol-
lowing formula:

__ |numerical result — analytical result|

RELATIVE ERROR|%] = [analytical resul] + 100

17)

The analytical solution (see Eq. (18) and (19)) is based on the
solution of the differential equation of the bending curve with
fixed boundaries (the values for the Young’s modulus (E) and
second order area () can be found in Table 2).

F Lxx> x°
WU(x)concentraIed = “I+E * < 2 g) (18)

Lxx? Lz*x2> (19)

4
P X
w0 (X) gistributed = — E * (ﬁ T 6 + 4

The numerical calculation was performed using a one-dimen-
sional mesh with 365 nodes. Mesh independence study was
performed and the obtained results confirmed that the calcu-
lation at this level of mesh resolution can be considered inde-
pendent from the number of nodes. The results of the com-
parison are shown in Fig. 3. and Fig. 4.

S,
* =

Table 2. Material properties of the aluminum beam applied for one-di-
mensional verification [11]

Second moment of area
I[m%]

Poisson’s ratio

v[-]
033 71

Young’s modulus
E [GPa]

3
Y1*2’ = 0.0000833333

Figure 3. and Fig. 4. show that the numerical results agree
well with the results of the analytical solutions in this one-di-
mensional verification problem based on a fixed beam calcu-
lation. The relative error of the results is between 1-5 %.

3.2 Two-dimensional verification

The analytical form of the Reissner-Mindlin model is a system
of partial differential equations which consists of material
laws, strain-displacement equations, equilibrium equations
and the assumptions given in Section 2.3. For simple geome-
tries in more dimensions the analytical solution of the system
of partial differential equations can be also given.

In order to perform a preliminary two-dimensional verifica-
tion, a two-dimensional square plate was considered. The
plate is at all sides simply supported [12] and has a specific

[ % FEM solution
——Analytic soutian |

S UM SHERORN | CHIIONETS. R Sty SRV ol (il ve. o 0T
z ;
B b e S s S R R
; : 3
-8 | | | [ i | | ]
0 1 2 3 4 5 6 i 8 9 10
x[m]
T T T T
g s
: -
10 :
i Fig. 3. Results and relative error of the com-
i ; i i parison between numerical and analytical so-
5 5 7 8 9 10 lutions in case 1 of the one-dimensional fixed
x [m]

beam problem

¥ FEM solution
—Analytic soution

Eoplmniivsssdanmsninmni e e g o Bl b i e
z
S e R B G e P R
-3
0 1 2 3 4 5 6 74 8 8 10
x[m]
3
.g_ ............................. .|
]
Fig. 4. Results and relative error of the com-
i i parison between numerical and analytical so-
2 3 4 [’5- | 6 7 8 9 10 lutions in case 2 of the one-dimensional fixed
x[m
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distributed load function. The applied geometrical, material
and load properties are shown in Table 3.

According to [12], if the load function defined in Eq. (20) is
applied, the solution of the z-directional displacement is the
Navier-solution in the upper criterion’s case shown in
Eq. (21). The values needed for the calculation of the analyti-
cal solution can be found in Table 3.

_ L (TxX\ . (kY
p(x,y) 7p0*sm<—X )*sm( v ) (20)
WO(x7y):
2,02 _ X2
Do * X ek 1%k (2 v)*<l+Y2>
Esf } X2\ ? 10 (1 —v) = X2
21— " *(HW)
. (T*X . (TxY
*sm(—X )*sm(—y ) (21)

The numerical calculation was performed using a two-dimen-
sional triangular mesh with 545 nodes (Fig. 5.). Mesh indepen-
dence study was also performed and the obtained results con-
firmed that the calculation at this level of mesh resolution is
independent from the number of nodes. The results of the
comparison are shown in Fig. 6.

Figure 6 shows the results obtained by the finite element
solution as well as the analytical values for the z-directional
displacement in every node. In Fig. 6 the envelope curves for
the calculated displacements are also presented. It can be as-
sessed that the numerical results agree well with the results
of the analytical solutions in the two-dimensional verification
problem based on the square plate calculation. However, in

Fig. 5. Mesh of the analyzed 2D square geometry

the case of inner nodes the relative error of the results falls
between 15-22%. The distribution of the relative errors
shows an increasing tendency towards the boundaries while
lower relative error values can be found in the direction of
the center of the plate.

Table 3. Geometrical, material and load properties applied for the two-dimensional verification in the case of the square plate [12]

Geometrical properties

Length Width Thickness
X [m] Y [m] t[m]
1.716 1.716 0.343

Material properties

Load properties

Young’s-modulus

Poisson’s ratio
E [GPa] v[-]

Amplitude of load function
po [N/m?]

200

0.3

-10000

w [m]

690

| FEM solution
# Analytic soution

Fig. 6. Results of the comparison between nu-
merical and analytical solutions in the case of
the two-dimensional square plate problem

KernTeCHNIK 82 (2017) 6
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Based on the experience gathered during the verification of
the developed method a test calculation was performed on a
core support plate to simulate its deformation at 1200°C and
190 tons of distributed load. In order to reduce computational
cost symmetry condition was used and only one quarter of the
core support plate was modelled. The mesh for the model is
depicted in Fig. 7.

The first results are shown in Fig. 8. As expected, the big-
gest deformation can be seen at the inner side of the core sup-
port plate. The test calculations showed the potential for fu-
ture use of the developed program. However, before further
development a detailed validation is planned.

o ey C.05¢ 128

Fig. 7. Mesh of the analyzed quarter core support plate

-2,5E-10 m

K
N 12{%'4“%
SRS

o

Vel

-9E-5m

Fig. 8. Deformation of the analyzed quarter core support plate (T =
1200°C and load = 47.5 t)
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4 Conclusions and outlook

The introduced model is still under development, but the first
steps towards the calculation of a more realistic core support
plate failure criterion were achieved. One and two dimen-
sional sample calculations were performed based on the im-
plemented theoretical failure model using finite element solu-
tion and compared with analytical results. The numerical
simulations showed good agreement with the expected theo-
retical results even considering that solely a preliminary mod-
el was implemented. The one dimensional case shows a mini-
mal relative error potentially caused by the finite element
discretization process and it can be stated that the obtained
results overestimate the analytical ones. In the two dimen-
sional problem it is the contrary, the obtained results overesti-
mate the analytical solution. The received relative errors for
the two cases are not in same scale and the experiences show
that their behavior is opposite.

The developed model provides a good basis for further im-
provement and for its future implementation of its results into
ATHLET-CD. There are still many phenomena that have to
be analyzed: the temperature-dependency of the Young’s
modulus, plasticity, nonlinear behavior, as well as other me-
chanical and creeping models. The present model itself needs
to be further developed in order to handle different types of
boundary conditions.

One big advantage of the implemented model is that it is
possible to define different material parameters, mechanical
load or even thermal load in the future for each element.
The model also enables the consideration of temperature dis-
tribution in the core support plate. With the presented meth-
od node-wise failure criterion can be determined thus the
evolution of the in-vessel core degradation process can be
more accurately modelled.

Currently, the implemented model only calculates the dis-
placement values in the defined nodes, however in general
the failure of the support plate is determined by the equiva-
lent stress. In future the result of the displacement calcula-
tions have to be converted into an equivalent stress field
which could provide an improved failure criterion, as well as
the possibility of the application of more sophisticated failure
models, like that of Larson and Miller [13]. It is also planned
to take the temperature distribution into account which
would make the coupling between the thermal and mechani-
cal field more realistic.

(Received on 25 September 2017)
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Safety of Nuclear Fuel Cycle Research and Development
Facilities. Published by the International Atomic Energy
Agency, 2017, IAEA Safety Standards Series No. SSG-43,
ISBN 978-92-0-103116-7, 93 p., 44.00 EUR.

The objective of this Safety Guide is to provide up to date
guidance on engineering actions, conditions and procedures
to meet the requirements established in NS-R-5 (Rev. 1)
based on experience gained in Member States. This Safety
Guide is intended to be of use to researchers, designers, oper-
ating organizations and regulatory bodies for ensuring the
safety of R&D facilities.

This Safety Guide includes guidance on radiation protec-
tion measures to meet the safety requirements specified in
Radiation Protection and Safety of Radiation Sources: Inter-
national Basic Safety Standards, IAEA Safety Standards Ser-
ies No. GSR Part 3. GSR Part 3 and the associated guidance
in Occupational Radiation Protection, IAEA Safety Stan-
dards Series No. GSG-7, also present measures for personnel
dosimetry, optimization of protection, measures to control
and limit the discharge of radioactive materials to the envi-
ronment and radiation monitoring of the workplace as well
as contamination monitoring of workers.

This Safety Guide provides examples of the application of
a graded approach to nuclear fuel cycle R&D facilities. The
graded approach in itself is a requirement in many IAEA
standards, e.g. Requirement 1 of Safety Assessment for Fa-
cilities and Activities, IAEA Safety Standards Series No.
GSR Part 4 (Rev. 1), and Requirement 6 of GSR Part 3.
Application of a graded approach ensures that safety mea-
sures and safety related activities are proportionate to the ha-
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zards of a facility.

This Safety Guide contains guidance specific to nuclear
fuel cycle R&D facilities based on relevant IAEA safety re-
quirements cited in this publication. The recommendations
in this guide have been referenced to the corresponding re-
quirements, where consistent with the readability of the text.
This Safety Guide covers all stages in the lifetime of an
R&D facility, including site evaluation, design, construction,
commissioning, operation and decommissioning. It also pro-
vides specific guidance on modifications, maintenance, cali-
bration, testing and inspection as well as emergency prepared-
ness, where such guidance is appropriate.

General safety guidance for an R&D facility is provided in
Section 2. The safety aspects to be considered during the pro-
cess of evaluating the site for a facility are described in Sec-
tion 3. Section 4 deals with safety in the design stage and Sec-
tion 5 deals with safety aspects in the construction stage.
Section 6 describes the safety considerations that arise during
commissioning. Section 7 contains guidance on practices to
ensure safety during facility operation. It also covers the man-
agement of facility operations and emergency preparedness
and response. Section 8 provides guidance on meeting safety
requirements in the decommissioning of an R&D facility. An-
nexes I and II show the typical process route for the two
classes of R&D facilities covered by this guidance. Annex 11
gives examples of structures, systems and components (SSCs)
important to safety in R&D facilities, grouped by process
areas. Examples of operational limits and conditions for
R&D facilities are provided in Annex IV.
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