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.1 NUCLEAR SAFETY AND SEVERE ACCIDENTS



STOCHASTIC MODELLING OF THERMAL FATIGUE CRACK GROWTH
FOR APPLYING IN THE STRUCTURAL RELIABILITY OF NUCLEAR
PIPING

VASILE RADU
RATEN ICN, Pitesti, Romania
vasile.radu@nuclear.ro

ABSTRACT

The problem of thermal fatigue in mixing areas arises in nuclear piping where a turbulent
mixing or vortices produce rapid fluid temperature fluctuations with random frequencies. The
assessment of fatigue crack growth due to cyclic thermal loadsgafiem turbulent mixing
presents significant challenges, principally due to the difficulty of establishing the actual
loading spectrum. To apply the stochastic approach of thermal fatigue, a frequency temperature
response function is proposed. For thasBt thermal stresses distribution solutions, the
magnitude of the frequency response function is first derived and checked against the
prediction by FEA. The connecti on bet ween SI Fobés
temperatur eds P Sfiequersy resgosase furettbn modulub. THe frdguency of
the peaks of each magnitude for i€ supposed to be a stationary nartmand Gaussian
process. The probabilities of failure are estimated by means of the Monte Carlo methods
considering a limit stateufiction.

Key words: structural reliability, thermal stresses, thermal fatigue, stochastic approach

Introduction

The assessment of the thermal fatigue damage (crack initiation) and subsequent crack growth due to
thermal stresses from turbulent mixingwmrtices in light water reactor (LWR) piping systems remains a
demanding task and effort continues to be devoted to experimental, FEA and analytical studies. The
problem of thermal fatigue in mixing areas arises in pipes where a turbulent mixing ces@tbduce

rapid fluid temperature fluctuations with random frequencies. Structures exposed to such temperature
fluctuations can suffer thermal fatigue damage and, subsequently, cracking phenomena, which can
produce through wall cracks. Thermal stripisgdefined as a random temperature fluctuation produced

by incomplete mixing of fluid streams at different temperatures. It can arise in certain light water reactor,
but also in certain fast breeder reactor structures, notably those situated above thecaoie of the

large temperature differences that exist between sodium emerging from the cassemblies and from

the breeder sussemblies.



Other areas of potential occurrence include pressurized water reactor nozzles where stratified flows are
ercountered. In driput zones in steam generators, the fluid/steam boundary can oscillate and induce
temperature fluctuations on component surfdgeThe results in temperature fluctuations can be local or
global and induce random variations of the loeahperature gradients in the structural walls of the pipe,
which lead to cyclic thermal stresses and strains. The strain variations result in fatigue damage, cracking
and crack growth. In particular, one of the most complex issues is the accurate rejppassrtse load.
Transient temperature response in the interior of an infinite slab to a sinusoidal-semfpeeature input

has been investigated by several researdi2er8, 4, 5].For cylindrical geometry it was used mainly
isothermal internal boundacondition and with various type of thermal loading at outer surfbc8,[7].

The determination of the influence of such a random process on subsurface temperatures is of great
importance in establishing the proper depth at which temperature seihgittomes a concern. Utilizing

the method of random process theory it is possible to determine statistical averages such as the mean and
standard deviation of the response from the corresponding statistical description of the input process
provided thatlie governing differential equations are linear. The effect of spatial incoherence in surface
temperature fluctuation can be used to calculate the mean square stresses and the mean square equivalent
strain range, that may be used as a measure of cracktiomtilikelihood B]. Also, this type of
incoherence has effect on the stress intensity factor in thermal striping. By assuming a perfect spatially
coherence but a temporal incoherence it was developed a method of calculating the crack propagation
using linear elastic fracture mechanics and stochastic properties of temperature spéctane![

Marcaj in document nedefinit].Thermal striping remains an important subject in the structural
integrity area, also for future $aspectrum reactor8][ with the objective of establishing thermal striping

limits or appropriate screening criteria.

The present study proposes a stochastic model to assess thermal fatigue crack growth in mixing tees,
based on the power spectral denfiRSD) of temperature fluctuation at the inner pipe surface. The results

of the stochastic approach to thermal fatigue crack growth in mixing tees, completed with the
probabilistic input to account for the variability in the material characteristicgji\vaee as probability of

failure as function of time reference period. The CivauXPP damage case is chosen as application of

the model predictions.

Statistical properties of the thermal spectrum and the temperature frequency response
function

The mainassumption is that the temperature spectrum at the inner pipe surface can be modeled as a
stationary Gaussian narrdvand processHroare! Marcaj in document nedefinit], and that its
power spectral density is known. §tly, an analytical solution for temperature distribution in the-wall
thickness of the pipe is derived under sinusoidal thermal loading at the inner surface. A frequency
temperature response function is proposed, in the framework of the-isipglesingleoutput approach.
In the next step the frequency response function is proposed both for stress and stress intensity factor
distributions.
The analytical solution for the time dependent temperature profile for an infinite hollow cylinder has been
developedin a previous paperl{)]. A short overview will be given as follows. Assuming an infinite
hollow cylinder made of a homogeneous isotropic material, with inner and outer; raalir,, the 1D
heat diffusion equation has the form

0’0 100 100
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Where

O(r,t)=T(rt)-T, 2
is the temperature change from the reference temperature at any radial poaitidrat timet. The
reference temperatu® is the body temperature in the unstrained state or the temgeedttive initial
state. The thermal diffusivity is defined as

k=2 3)

PC
where 4 is the thermal conductivityp is the mass density arais the specific heat conduction. The
solution &(r,t) must satisfy the boundary conditions:

o(r,t)=q(),(t=>0) (4)

o(r,,t) = 0,(t>0) (5)
and the initial condition

O(r,0)=0,(ri <r <Ty) (6)

The functionq(t) is a known function of time representing the thermal boundary condition applied at the
inner surfacef cylinder. The analytical solution for the arbitrary boundary conditiét), is given in ref.
[1Q) by using the finite Hankel transform, and it is expressed by:

- % Sb
Ot =kny, e sr% sr-3 80 Y s

{e@j &% (r) ct}

(7)

HerelJ, (2), Y% (z) are Bessel functions ofrfit and second kind of ord@ands, are the positive roots of
the transcendental equation

Yo 7 b s6-4 §r ¥ s5=0 (8)
A sinusoidal thermal loading at the inner pipe surface is assumed:
q(t) =0,-sin ot =0,-sin 2 ft 9)

where @, is the amplitude of tengpature wave,o» and f correspond to angular frequency in
radians/second and cycles/second (Hz), respectivelyt @niime. Then the final form of the analytical
solution for the temperature distribution through the wattkness of the pipe is

- S $E
O raot =kz). — .
n=1 Jo $h _‘Jo St

e+ k¢ sinwt-osinaot
k¢ *+o

[Jo 5T Y sr—-3 sry srx
(10)

X

0

In the article 1L0] the predictions of the analytical solution, given by Equation (10), have been checked by
a comparison with the finite element analyses performed with ABAQUS computer code (Figure 1), with
good agreement, 17.
The steadystate response of a linear singiput, singleoutput system (SISO)1P] to a real
sinusoidal input of the form:
u(t) = Asin(et+y) (11)
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is a sinusoidal function. Hereis the amplitude of the input angdis an arbitrary phase angleor sake of
simplicity we considefy=0. This function has the same angular frequena@s the input, but modified in

its amplitude by the factdH ()|, and shifted in phase by the quantiti)
y. (1) = A| H(a))|sin(a)t+;// +¢(iw)) (12)
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Fig. 1. Comparison between analytical predictions and FEA
temperature profiles for a thermal loadiag frequency f=0.5Hz]0]

Thus, in general, the steady state response of a linear-sipglke singleoutput system to a sinusiail
input u(t)=A sinwt can be characterized in terms of the magnitude of the frequency response function

(FRF)|H ()|, and the phase shifi(iw)= ~H(w). The magnitude of the frequency response function

represents the ratio of the outpumplitude to the input amplitude as a function of frequency.
The temperature fluctuations in the pipall is then given by

O r,ot ~OH; r.o|xsina ¢ (13)

Where|HT (r,a))| is the magnitude of temperature frequency response function.

In aconservative way, if the lag phase is approximate«fls a comparison between temperature profiles
through thickness predicted by Equation (10) and (13) is displayeig.i@. With the same temperature

range athe inner pipe surface and with a slightly deeper penetration through the wall, the prediction of
temperature response with assumed magnitude of frequency temperature response may be reasonable
accounted Fig. 3 shows the influence of the loading frequency, in case of sinusoidal input, on the
temperature frequency response magnitude, for several points inside across the wall of the pipe,
considering the geometry and parameters from Wivease [1B The highest vale of response is
obtained ak/I=4/9=0.44, while for deeper points in the pipell its values decrease fast for whole range

of frequencies.
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Temperature profiles through thickness,f=0.5 Hz
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Fig. 2. Comparison between predictions of temperature mrdfdm complete analytical solution and
those obtained by means of the analytical temperature frequency response function in the pipe wall
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Fig. 3. Dependence of temperature frequency response magnitude on the loading freguesitys
depths through the thickness (I is the whitkness and x originates at inner pipe surface).

Modelling of the stress response to random thermal input

The general solution of elastic thermal stress components (hoop, radial and axialtoetasiousoidal

loading at the inner surface was derived1f][ Subsequently, the stress frequency response is obtained
by means of temperature frequency response function, which will be used in the corresponding analytical
solution for stress distribiain. The hoop stress distribution at each time increment is given by the
following relationships in the case of plane strdif]{

1 r’+a’
|: r_zll(r ,a)I )+m
The mathematical relationships for the integrglisd,t) and (o,t) are given in10, 11,15].
In the present application only hoop stress comporenis considered, to derive its frequency response
function, but with a similar approach the frequency response forms for radjedrid axial &; ) stresses
can be obtained. The general apptos to substitute the temperature frequency response function in the
solution of thermal stress components to make possible obtaining the stress frequency response function
[7]. Both integrals may be written in the form similar to Equation (13), such as:

Gg(r,a),t):il;E

1, @t )-0t ot ) } (14)
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Il r,a),t z®0'|:Z‘H|1ﬂ r’a)’sn :|S|n a)t—{ﬂ (15)
n=1

and
I, ot z@o-{Z\H,Zn 0,S, ]Sin ot—gp (16)
n=1
The hoop stress from Equation (14) becomes:
o, 1,0t ~Oy[H, 1.0 |sinad-gp (17)

with ‘H% (r,a))‘ is the magnitude for stress frequency response function.

Fig. 4 illustrates the comparison between the hoop stress from Equation (17) with the complete analytical
solution and FEA analysis fromi§]. As can be seen from the comparison, it can be concluded that the
magnitude of stress frequenresponse is reasonable described by Equation (17), in a conservative way.
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Fig. 4. Comparison between predictions for hoop stress: complete analytical solution, FEA, and by
means of stress frequen@sponse function (frequency of sinusoidal thermal loading f=0.3 Hz).

The Stress Intensity Factor frequency response

Let assume that there is a shallow crack of infinite length on the inner surface and parallel to the tube
axis. The approach to deritlee stress intensity factors is based on the polynomial representation of stress
components through the wdHickness of the pipelp).

To evaluate the Mode | stress intensity fackgr,for surface crack under thermal stres#les procedure

from ref.[Eroare! Marcaj in document nedefinit.] was followed, which uses the following relation:

o Y PN N ) O R .

where G, to G, are the influence coefficients (or magnification factors) andi=0, é, 4) ar e
coefficients for polynomial stress distribution. In the case of a long axial crack and also fully
circumferential crack on inner pipe surface @@arameter is considered @s1. The calculation of the

SIF from the surface temperature variation can bardegl as a frequency response calculation with

a
absolute value (magnitu%dejK [I_QJ . The methodology was derived elsewhete@, and the weight

12



function method is the most used. The magnitude of frequency transfer function for SIF wrétjelndan
terms of the stress frequency respore To do this, the functiodH% ro ‘ is written as through

thickness profile . 5 4
e (Fonn (ona (Fone (L

s

The magnitude of SIF frequency response function (or amplitude ofeabeeincy transfer function for
SIF) is assumed to be given by

H[?w ‘sz_a- G{?wj (20)
with |
oftme-<(()]

For the reference geometry considered in the wb8 [the frequency response function can beduse
obtain thestress intensity factok. Its dependence on loading frequency for various crack depth is given

by (seeFig. 5):
K[?,w,tj=®o-%- GK[?,a)j-sin(a)t—gé). (22)

The examination of this behavior df;, which is calculated for the instant of tirtel/4 (with T= time
period of loading), suggests a highest value for frequén@y Hz, which is in a good agreement with
previous study15].
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—

Yo
5
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0 01 0.2 0.3 0.4 05 0.6
Normalised distance through thikness

Fig. 5. Stress intensity factor (instant T/4) using SIF frequency response function versus crack depth.

The analys above has been performed by considering a sinusoidal thermal loading as surface
temperature fluctuations. For mixing tees the surface temperature variation is a random process. The
input of surface temperature fluctuations can always be characterizsdobyver spectral density (PSD),

which is the Fourier transform of the autocorrelation function. This may be obtained from experimental
measurements. Moreover, it is also necessary to postulate a probability distribution functional for
temperature. Thisvill be taken to be Gaussian, implying a Gaussian probability density function for
temperature at any insta ][ which is completely described by its PSD.
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The approach followed is to consider the temperature fluctuation and its spectrum as a Gaussian
staionary narrowband process. In this case, the magnitude of SIF frequency response

function|H, X, |, relates the PSD of SIFS, X,o , and PSD of surface temperatuBg),
respectively, as
2
S %0 =|H %0 $o (23)

with x,=a/l crack depth to thickness ratio.
The mean square (variance) of the SIF is given by

KZ . X, :.[SK X0 o . (24)

rms

Moreover, from practical point of view it is considered the-sided PSDwith frequency expressed in
Hertz (cycles/second)

W f =4r-S o (25)
with Wi(f) expressed ire(C)/Hz, and f = 22 in Hz and the PSD of SIF is given by
V2
2
W, x, f=[Ho x fwW f (26)
In the following we consider the orséded PSD of temperature Wi} + =W, = cons, for a range

of frequencies is considerdde f, f, , Figure6.

PSD=constant

PSD (CYHz)

f [

107 10" 10’ 10* 10’
Frequency (Hz)

Fig. 6. Onesided PSD for temperature fluctuations

The frequency opeaks of any magnitude f&, which is supposed to be a stationary narband
Gaussian processith zdelay timeis characterized bRRayleigh distribution:

K 1 K
foox,7=0 =—1 _exg =t 27

rms a rms
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Thermal fatigue crack growth lifetime estimate

The presenanalysis assumes the Paris law for crack growth per eya¢éhe range between maximum
and next zero is considered:

AK =K. (28)
The stochastic model for thermal fatigue crack growth developeddexla first part incorporating
stochastic loads (derived into stochastic behavidK)ond a second one that deals with Monte Carlo
simulation, to accommodate statistical characteristics of crack growth under constant amplitude.
Then™ moment of the Rdgigh distribution, the final form of stochastic crack growth rate is given by:

1 1
Lo E
dxa £ (Jf Hy %, f fdfoU\HK xd,f‘zdezx
T
% 2 ’ - 1
{WOTHHK X, f | df} ><><221"[1+Ej
fi

whereT is the Gamma function. This equationust be numerically integrated to obtain the normalized
crack lengthx,, as a function ofitne, whenC andn are given deterministically.

(29

Application

A prospective study for the probabilistic approach of thermal fatigue in mixing tees by means of limit
state function and Monte Carlo simulation, based on sinusoidal approach, has beenalpneviaus

work [17]. In the present work the limit state function will be based on the Equ@@riogether with a
probabilistic input to account for the variability in the initial crack depth af@lsoaling parameter.

A crack penetration depth of &) of the wall thickness has been considered as the limit state of the
thermal fatigue damage failure.

The geometry and parameters from Civaux case will be considered during this applic3tiag[For a
thermal spectrum assumed to be stationary Gaussi@hastic process we use the-sited temperature
PSD:

W,; =500C* / Hz, fe 0.1,1.0 Hz
W, f = (30

0,fe 0,0Hz v 1.Hz

By re-conversion using RSA method (Random Spectral Amplitude®) \ve extract a sample function

for temperature.

The Monte Carlo analyses were performeditmplementing in the MATLAB environment specific
scripts and described function, using a number of trials b1 @rder.

The results are displayed Fig. 7. The probabilities of failure, defined by limit state function from
Equation (35), are given &snction of the reference time period. The same graph displays the lifetime for
crack penetration through the wall as it has been reported for Civauxl&s@ije can see that the time

of 1500 hours, corresponds to a probability of failure of about 80%.

15
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Fig. 7. Probabilities of failure: the stochastic modeling results of fatigue crack growth coupled with
probabilistic input for Monte Carlo simulation

Conclusions

The study proposes a stochastic model focused only to assess thermal fatigue crécikgnining tees

of NPP with the temperature spectrum assumed to be a Gaussian stationarybaadastochastic
process. The stochastic fatigue crack growth model used includes a main part for incorporating the
randomness of the -gervice thermal loadsand a second one which includes the description of the
statistical characteristics for the crack growth under constant amplitude loadings. Based on the analytical
solution of the temperature response (Hankel transform) within them®tNodology developeth
previous work, a temperature frequency response function through the pipe thickness is developed. By
considering the analytical solution for the thermal stresses developed in previous works, a stress
frequency response function for the thermal hoopsstris derived and a SIF frequency response
magnitude is obtained. With hypothesis of aitied PSD model for the temperature fluctuation, the PSD

of SIF is obtained by means of FRF methodology and, consequently, the expected value of crack growth
rate inHCF domain can be assessed using the Rayleigh distribution moments. The variability of the Paris
law parameters and of the initial crack size distribution is accounted for within the probabilistic approach
and the probabilities of failure are obtained b # The present methodology based on the stochastic
modeling of thermal fatigue crack growth can be used to analyze and improve the screening criteria
proposed to avoid cracking damage in nuclear piping, especially in tee connection where turbulent mixing
of flows with different temperature can occur.
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SEISMIC ISOLATIONT EFFICIENT PROCEDURE FOR SEISMIC RESPONSE
ASSESSEMENT

M. A. ZAMFIR and M. ANDRONE

RATEN CITON, Magurele, Roania
zamfirm@router.citon.ro, andronem@router.citon.ro

ABSTRACT

The aimof this analysiss to reduceghe dynamic response afstructure The seismidsolation
solution must take intoconsideration the specific site ground motion. In this papé#rbe
presentedesults obtainedy applyingthe seismicisolation method.Based on the obtained
results important conclusions can be outlindgtie seismic isolatiordevice has the abilityto
reduceseismic acceleratioaf the seismic isolatedtructureto vauesthatno longerpresent a
danger to people and environment the seismic isolation solution ifimiting devices
deformationgo safety valuegor ensuringstructuralintegrity and stabilityof the entire system
the effective seismic energgissipationandwith no side effectdoth forthe seismicisolated
building and for the devices usedand the return tdhe initial position beforeearthquake
occurrence are obtainedth acceptable permanent displacement

Key words: anti-seismic design, Vrancea eahigquakes, seismic energy dissipation, seismic
isolation

Introduction

The impact that a design earthquake has on a nuclear enuctear objective depends on the
characteristics of the seismicity of the site and the objective itself. Seismic isolatiennimst effective

way to protect structures against seismic events. The seismic isolation solution must take into account the
specificities of onsite earthquakes;94B a highly critical role having Vrancea earthquakes that, unlike the
surface earthquals, are slow earthquakes, with a corner perigg,nfoved to higher values. For this
reason, the seismic isolation must be done using systems of isolating devices which are capable to
overtake, without any risks, large displacements of the seismic response

Seismic protection of structures

Efficient structural seismic protection must consider several issues that shall be further stated.

18



Seismic qualification

Currently, seismic qualification of namuclear objectives can be achieved by several metbdedending

on the objective typezery important(heritage, museums, government targets, emergencies support, etc.),
seismic dynamic behavidhigh or short buildings, stiff or slender, ettype of the sitéhard, average or

soft soil), of theearthquale type(quick, moderate, and slow), of teeismic qualification cost®tc.

For nuclear objectives, until recently, it was used only the method that increased the rigidity of the
structurebs el ements and t he s ematnilotheddst ydéas,ahdys wer €
began to use other two methods for the seismic qualification, but only for modules/locations of the
Nuclear Power Plants, that can provide sufficient guarantees that an accidental damage due to the site
design earthquake exaace will not occur.

Base seismic isolation. Computer codes

The design codes studied in this paper, which uses the seismic isolation methdd, Mdagional
Building Code: P100/2013,[3]; (ii) Eurocode §ijii) Japanese Design Cod€hese codes can lagplied
to modules/substructures/systems of nuclear objectives which use seismic base isolation.

Mathematical models for describing hysteresis curves

This behavior is achieved using materials with high hysteretic dissipation on an oscillation cycle. The
mathematical models studied in CITON ackassical BoueWNen type, Taylor type, Maxwell type, Kevin
Voight type, Zener type, Rambedggood type, Bodd&/en modified type, Bow type, Coulomb type.

Seismic motion

Function of the analyzed objective (nuclear or-naclear), the seismic motion used for analyses must be
according to the applicable guidelin€&SA 289.310, [1; AECL Desi gn Gui de -WNE Cer n
[2]; RIZZO & Assoc. for UU4 and CTRF, [4]; P100/2013, [3].

Analysis method

The mathematical description, of the system made of structure and dampers, is, generally, a difficult
activity and with a low accuracy, bagse: (i) the existing commercial computing programs on the market,
cannot describe with sufficient accuracy the behavior of the most used damping devices (the nine types
above mentioned). Those models, either are not mathematically implemented, ejth@vihaot a high

degree of generality (narrow field for the parameters variation), either they cannot implement the specific
hysteretic behavior (example: the case of strengthening/consolidation damping); (ii) modeling as realistic
as possible the hysteie behavior requires a reime analysis for the accurate recoding of the energy
dissipated by the loadirigunloading cycles on the damping device.

Computationamathematical model

Mathematical model used for the seismic isolation process consist of: (1) structural model defined by the
dynamic characteristics of the building; (2) computatnathematical model for dampers;
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CITON Contribution

A representative as possible assessment of the seismic response of a building fitted with hysteretic
devices or with isolation devices is achieved with Simulink application from Matlab. Simolnuting

model development for more thari B storeys it becomes a difficult task and it is exposed to high level

of programming error. In order to prevent the occurrence of this type of errors, CITON has developed an
automatic generation tool for seisniiput for any number of usual storeys (maximum 20) requested by
the object Differential Equation Editor in Simulink computing program.

This applicationbecomesone of the computational toolsecessaryto performe analyses of seismic
behavior of structuedescribed in present methodology/7[5 This automatic generating tool for seismic

input includes automatically of the nine types of hysteretic mathematical models.

Obtained results

In this paper were analyzed various possible cases of structuré&in@puequipment, platform, etc.)
which will be actuated by an earthquake in the form of the design accelerogram. The results of applying
the method for reducing seismic response were performed for the following cases:

—-

1

1.  Civil building -

For an 8i storey buding placed in Cernavoda city the seisn
isolation method was applied. The geometric design of the buil
is shown in Figure 1. The input data are according to P100/
National Building Code.

2. Structure belonging to a Nuclear Power Plant (NPP)

The case studied in point 1 can describe also, from the dyn
characteristics point of view, structures belonging to a NPP.
input data are according to [4].

3. Equi pment, | aboratoryos
ventilationés platform

The seismic rgmnse analysis of a structure, system
component (SSC) equipped with damping devices is made usir
CTRF (Cernavoda Tritium Removal Facility) seismic analy | e
results, [10], because in this case we have the accelerograms . .-
buil di ng 6arthé dttaclnmentsapnirt of imajor SSCs. T
seismic input data are floor accelerograms given by [4]. (a) Without DIS. (b) With DIS

<

ET
..

L

T Th

rx

I

L3
.

.

S

N E
| ._1__.]____:1
ol __

i

-

4

Fig. 1. Calculation model
1. Civil building

| It was considered an eiglavels building, located in Cernavoda cityitiwa high level of horizontal and
vertical symmetry. It has been hypothesized that the structure has a shear like dynamic behavior,
considering that the floor has infinite stiffness in its plan. This way, nodal rotations is considered null.
Resistance fothe structure is given by the columns and the stress is lateral shear. In this case, the
structural rigidity is acting on horizontal direction. We also believe that the building has floors with equal
masses and equal side rigidities. In order to deterrtie modal motion characteristics and the seismic
response, it was considered, initially, the sgolated building. For this type of structure, the first eagen
vibration mode is approximate®, = 1s which coincides with the corner period from tigeound
response spectra of the analyzed site, [3]. Viscous damping ratio for module 1 isfhesgd. The
structure is tested to a design accelerogram artificially generated and compatible with the design ground
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response spectra, [3], and the dyiaresponse is calculated on the horizontal direction. The calculation
of dynamic response is performed with Simulink application in Matlab, [5]. Table 1 shows the maximum
values for relative displacement, drift, total accelerations and the seismic @vertgke by the noen
isolated building.

Table 1.Relative displacements, drift, total accelerations and the seismic energy overtake by th
isolated building. Maximum values.
Storey Relative displacement Drift Total acceleratio Overtaken seismic
[cm] displacement [m/s?] energy
[cm]

1 3.0 3.0 3.7 10.6

4 11.0 2.3 54

8 16.0 0.6 7.0

Building with isolation devices

The isolation devices placed have moisture free friction, C, and a classiéNBoubysteretic type. The
equation of the hysteresisirves are shown in Figu& Both characteristics work simultaneously. The
equation that describes the seismic motion with damping devices is:

where hysteresis forcé&;; is the solution of BoudVen type differential equation. The buildisgucture

being cut at the base, it is not participating as stiffness and viscous damping to the dynamic behavior of
the system. The conditions from previous section are maintaimdeigure 3drift displacement, total
acceleration variation and the hgistsis diagram for the system equipped with isolators are presented.
Table 2 presents the maximum values for relative displacements, drift displacements, total acceleration
and the seismic energy overtake by the isolated building. It appears that thec@regenysteretic
dissipation reduces the relative deformation to approx. 11cm (from approx. 20 cm without hysteresis),
reducing the peato-peak amplitude of 14 cm and a displacement from the equilibrium position at the
end of approx. 6 cm due to the seince of friction. Also, the presence of friction will cause shocks
absorption and accelerations reduction to approx. 0.08g, only accidentally to 0.1g (in few moments).
Hysteretic diagrams obtained show that BWen has the role to limit the deformatioimsisolation

devices and Coulomb has the role to dissipate the seismic energy and eliminates shocks.

Table 2.Relative displacement, drift, total acceleration and seismic energy overta
isolation device (ID). Maximum values

Level Relative/drift Total acceleration, Overtake seismic
displacement, [cm] [m/s]] energy
ID 11.0 0.8 0.53

F

A—IFI"(8 +v sign(Fi))

A, b hysiereticrturve parameters;

Fi hysteretic force; ¥ deformation;

F = uN - sign(#)
u, N1 hysteretic curve parametefs;= My g
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Fig. 3. Relative displacement and total displacem¢ Fig. 7. Energy dissipated diagram in isolation devi
in isolation devic&mayx= 11.0cm. Au= 1.2m/<.
Ameq= 0.8m/<.

2. Structures belonging to a NPP

Seismic isolatiom nal ysi s of a building located in Cernavo
reviewed for the design earthquake DBE, in accordance with [4]. NPP structures are generally more rigid
than civil ones, so that the results obtained areelaching beguse the seismic isolation of a more rigid

structure is more effective. The requirement of seismic isolation philosophy is easier accomplished. Also,
because DGRS RIZZO [4] has the maximum amplification level on a frequency range of approx. two
times lowerthan in P100 / 2013, the use of a ID similar to that of a civil building is also more efficient,

thus giving an extra ID's stability. The seismic action given by [4] represents the specific input data for

U3 - U4 and CTRF building from Cernavoda NPP. Modharacteristics of the structure without

i solation devices are those from chapter ABuil di
vibration mode is approximatefy, = 15 meaning that is farther than fe-0.4s, from DGRS for the

site analized, [4]. From this reason the building response, in relation to the one obtained in Chapter
ABuil ding without isolating deviceso i s-isdatower ( as
predisposition. Relative displacementdftdtotal acceleration and seismic energy overtaken are given in

Table 3.
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Table 3.Relative displacements, drift, total acceleration and seismic energy overtake
the nonisolated building. Maximum values.
Storey | Relative displacement  Drift Total acceleration Seismic energy
[cm] [cm] [m/s2] overtaken
1 2.2 2.2 7.6 3.0
4 7.8 2.0 8.3
8 12.2 0.9 10.0

Seismic isolated building

Applying requirement (11.2) of [3], we choose the same isolating devicd y#thss. Structur eé
response to thdesign accelerogram, [4], is showed in Figdr&'he presence of hysteretic dissipation

reduces the relative deformation to approx. 20 cm, without residual deformation. The presence of friction

will cause the shock absorption and the reduction of actielesao approx. 0.12g, 0.22g accidentally in

a few moments. Relative displacements, drift, total acceleration and seismic energy overtaken are given in
Table 4.

From the comparison of the two cases result the following:

e Deformation in isolation deviceof NPP, x=20 cm, is higher than the one for Cernavoda city, x=11
cm, because the PGA values for the given accelerograms are 0.35¢g/0.2g=1.75. If were applied the
same PGA for both cases, the deviceds defor mat.
meaning 11.4 cm, value practically identical with the one for the Cernavoda city.

e The total acceleration for NPP, A=0d,2s higher than the one for Cernavoda city, A=0.08g. But, if
we apply the same PGA, the total acceleration will be reduced to apptexih07g, value that is
below the one for the city;

e The energy overtake by the isolator from earthquake is 2u, towards 0.53u and will reach a value of
0.65u if the same PGA were applied (the ratio is 3)

Woor v =k
AR PrRALOANNDES 4

Table 4.Relative displacement, drift, total@deration
and seismic energy overtake by isolatibtaximum
values.

Level Relative Total Seismic energy

displacement acceleration overtake
 [em] , [m/s]
Isolator 20.0 1.2 2.0

Fig. 4. Relative displacement and total
acceleration in isolatioXna= 20.0cm. A=
2.2m/8. Anea= 1.2m/3.

The final conclusion is that the seismic isolation method used for NPP structures is more efficient because

the requirements are easily satisfied, due to: (1) DGRS for NPP site is specific for a quick
earthquakd-~0.4s, whi ch means that the buildingbs accel e
specific to the NPP are stiffer, making that requist= 3T; to be more easily accomplish.
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3. The seismic response analysis for SSCs equipped with isotiiaces at CTRF facility

It was assumed that at 100m and 108 m floor, fastening of the ColdBox (CB) and of LPCE (LP) columns
was achieved using a seismic isolation system, with an eagen vibrationpeicis. To compare the
results it is showrthe seismic response at level of relative displacement and absolute accelerations for
these equipment for different types of fixing (with different types of vibration periods). For numerical
calculation was used the floor accelerogram at elevation 108mi@® m for the fixing points of these
floors, as it is shown in the seismic analysis of CTRF, [10]. In Fi§utrés shown the seismic response

for ColdBox fixing points at elevation 100m, and in Fig@iieis shown the seismic response obtained for

LP fixing at elevation 108m.

ColdBox fixing: Elevation 100m. X direction. Damping = 5%
In the table below it is presented the floor accelerogram and the comparison of maximum floor

accelerations in various types of fixingy@& 0.2s, 0.5s, 1sthin line- and with ID cu | = 3si thick line)
and viscous damping rajfo= 5%.

“"\/\/\M% | 4 . ~_~’\"\/‘\/\,\A,~_

Fig. 5. Floor accelerogram at elevation 100m for the ColdBox fixing points. Comparison bet
the seismic responses as absolute acceleration of equipment witbrditfiration period.

LP fixing: Elevation 108m. X direction. Damping = 5%

It is presented the floor accelerogram and the comparison between various maximum acceleration values
in various fixing modes (= 0.2s, 0.5s, 1s and with ID with ¥ 3s) andviscous damping ratfh= 5%.

|
l
It { | l F { 4 AU { | kAL A =

Fig. 6. Floor accelerogram at elevation 108m for the LP fixing points. Comparison between
seismic responses as absolute acceleration of equipment of which fixing system has its
vibration period.

It is determined that the seismic response of the equipment provided with ID it is limited to a value
approximately equal to A = 1.2m/ffr acceleration, which means an attenuation of 7.5 times for CB
(elevation 100m), respectively 8.4 times for LP (elevati®8m) towards floor maximum values. In
proportion to equipment response, for 5% viscous damping ratio and for different vibration periods of the
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fastening system, the reduction is about 9 to 12 times (ferO0[03s/kk = 33Hz), 16 to 18 times (for,E

0.1s/ky = 10Hz), 9 to 12 times (for = 0.2s/kk = 5Hz), 10 to 15 times (for o= 0.5s/kk = 5Hz),
respectively 3 to 4 times (for, F 1s/k = 1Hz function of the elevation on which they are placed. Using a
maximum viscous damping ratio allowed by the mdtiogy, & = 30% leads to an acceleration seismic
response reduction, and mostly relative displacements, which is particularly important for the stability of
the isolation system. In case of seismic isolatifyn= 35 an increase of damping @sto a decrease of
relative displacement for the duration of the earthquake, the peak value decreases3atth Bor total
acceleration, for seismic isolation, the increase of damping leads to a decrease of acceleration for the
duration of the earthquakthe peak value lowering with only 10%. A good seismic isolation involves a

|l arge |1 D6s isolation period, and to |imit de dis
damping.

Conclusions

This paper was based on the study of seismitatisa analysis methodology, the seismic action
characteristics analysis and the seismic isolation devices characteristics. We wanted to acquire, improve
and conceive effective mathematical methods to describe the seismic response in order to avoid the
selious consequences caused by an earthquake of great magnitude and demonstrate the applicability of the
isolation solution a nenuclear and nuclear building on the Cernavoda site (city and NPP) and the SSC
seismic isolation solution on a floor of the CTREIting.

The results obtained lead to the following conclusions: isolation devices must show ability to: (1)
reduction of the seismic acceleratiavisthe seismic isolated building to values not dangerous for people,
environment and national heritage; &jminationtherefore ofclassical seismic qualificatiorwhich is
technically and economically expensive; [[@iting the strainsn the devices to safety values to ensure
structural integrity and stability of the entire system;d#gctive and withouside effects dissipation of
seismic energyaspects that provide (1) and (3) both for seismic isolated building and devices, and (5)
return to the initial positionpre-earthquake, with acceptable remanent displacements. In this case, the
structure remaim displaced about 6 cm from original position because of the friction. Reduction of this
remaining displacement will be done by the reduction of the friction coefficient to a minimum value (for
example by lubricating the surfaces in contact during earkejuan which case a new analysis using

other parameters shall be carried out to meei (3).

The final conclusion of the study is that the seismic isolation solution must take into consideration the on
site specificity of earthquakes. Vrancea is aipartul ar 'y cri ti cal site for R
earthquakes are slow earthquakes, with corner perigdsidved toward higher values. For this reason,

the seismic isolation solution must use seismic isolation systems which are calibrated for dind site
objective type, which must be capable to overtake large displacements induced by the seismic response
without any risks.

The methodologies, methods and procedures designed in CITON to improve the seismic qualification of
SSCb6s can be eatpes dbf greatdimportance, bath naclegr andmaciear.
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ABSTRACT

The main objectives of the present paper are to perform a study of the behavieupriftry

circuit during a LBLOCA 35% RIH event for a CANDU 6 reactor and analysis of the main
important parameters regarding nuclear safety. FIREBIRD models for a PHTS circuit have
been developed for a CANDU 6 reactor with standard fuel and a demomstattysis for a

35% RIH large break LOCA has been done. This type of accident gives the highest peak clad
temperature for CANDU fuel elements. This analysis uses the FIREBIRD code coupled with a
point kinetics module. The point kinetics module includegs timodels for neutronic
measurement instrumentation (the platinum detectors and the ion chambers) and the RRS
(Reactor Regulating System) module. The main results in this paper are divided in two types:
neutronic and thermalhydraulic. The neutronic resatissist in the total relative reactor
power, the void reactivity, the total reactivity and the neutronics trip times. The
thermalhydraulic results represent system parameters such as flow, pressure, inventory and
heat structure parameters such as cladaing fuel temperatures, cladditmcoolant heat
transfer coefficient. The paper concludes that the first two safety barriers (fuel and cladding)
are not overridden.

Key words: LBLOCA, LOCA, RIH, CANDU, NU

Introduction

Heat transport pipe failure is opnéthe accidents postulated by most designers of veaiged reactors to
provide a basis for assessing safety system performance.

Following a large break in a primary circuit pipe, the heat transport system would begin to void rapidly in
response to thiss of inventory, depressurization and increased boiling in fuel channels due to degraded
fuel cooling. The decrease in coolant density can be most pronounced in fuel channels of the broken loop
downstream of the break. Coolant voiding in the core wotldduce positive reactivity at a rate and

depth for which the reactor regulating system could not compensate. This leads to an increase in reactor
power. A primary consideration in the design of the two shutdown systems is the rapid detection of such
anincrease and the timely insertion of negative reactivity to prevent excessive stored energy in the fuel.
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A first step in the comprehensive analysis of the consequences of large breaks is the determination of
expected reactor power transients experiengethé fuel. Such a study involves detailed modeling of

both reactor physics and therniaidraulics phenomena. These are coupled since coolant voiding
determines the rate power increase, while the power increase has some feedback (although limited) on the
voiding rate.

Neutronic and thermalhydraulic analysis of PHTS predicts transient system parameters such as: reactor
power transient, flow, pressure, inventory and transient heat structure parameters such as the fuel
temperature, the clad temperature amddladto-coolant heat transfer coefficient.

The aim of this paper is to present the results obtained for simulation of 35% RIH large break LOCA and
to make an analysis of the behavior of the primary circuit during such an adoild€EANDU 6 reactor.

The model of primary heat transport system using FIREBIRD code

The FIREBIRD Computer Program [1] is a code developed primarily for predicting the transient
thermalhydraulic behaviour of CANDU reactor power plants following scenarios such as a postulated
loss-of-coolant accident with subsequent emergency coolant injection.

The code models the physical system in terms of a set of interconneatiegA node corresponds to a
userdefined segment of a pipe, a component, or a boundary condition in the sybemeometrical
parameters required for a node are: volume and pipe mass for the hydraulic calculation, pipe inside
diameter and pipe thickness for the thermal calculation. The connection between two nodes is defined as a
link. A link has geometrical paraeters of length, hydraulic diameter, pipe roughness, elevation and flow
area. The mass and energy conservation equations are solved for nodes. Quantities such as pressure,
density, internal energy, temperature, void fraction, static quality and enthgdeyam fuel temperature
distribution, heat transfer and heat transfer coefficient, and pump heat arelepeselent. The
momentum equation is solved for links. Quantities such as flow, drift flow, flow quality and enthalpy,
friction factor, twephase mulplier, pump head, pump speed and pump torque arelépkndent.

In the code, a set of user routines allows the user to program various boundary conditions and control
logic for a given problem. The code will couple these boundary conditions and dogicokith its fluid

flow conservation equations, fluid state equation and heat conduction equation to form the governing
equations for the system being analyzed.

The boundary conditions and control logic could be in the form of presstimalpy boundgrconditions,
flow-enthalpy boundary conditions, breaks in pipe, valve actions, pump condition changes, and fuel
power variations.

The FIREBIRD Il MODZX77 model [2] used in this paper consists of three basic components. Both loops
of the heat transposgystem are modeled (Figure 1) together with the pressurized connections ®the D
feed, bleed and liquid relief valves. A simple model of the secondary heat transport system (Figure 2) is
coupled to the primary system. Finally, the Emergency Core Co8listem network is modelled (Figure

3).

Fuel and Fuel Channel Modelling

Each core pass in this model is represented by one average channel, having the total flow area, coolant
volume and piping mass for 95 channels. Each channel contains 12 core nodsgooding to the
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bundle positions. Core nodes are identified by labels (REACT (N)) C1 and C2 for loops 1 and 2,
respectively. This feature allows different transient powers to be specified for each loop.

The FIREBIRD code models a fuel bundle or bundeet h a node as single #fa
represents all fuel el ements in a core node and ¢
fuel element. The hot pin calculation has no thermalhydraulic feedback to the system; hence it serves to
indicate the response of a high powered element under conditions affected only by the average pin.

4 (- CCCCErrEr TS
O E}@@{lllllllllll_

Fig.1 Nodalization of CANDU Primary Heat Transport System
Secondary Side Boiler Modelling

Four identical boilers (steam generators) with integral prehegésrsrate steam by transfer from the

heavy water in the primary cooling system to the light water on the secondary side.

Each of four boilers is modeled as a single node. Each node is a lumped heat transfer node, incorporating
the downcomer, riser, interhpreheater and steam drum portion of the boiler. The steam pipes between

each boiler and the steam balance header are each represented by one node, as the steam balance header
itself. All flows into and from this system (boiler feedwater, reheater, tarlsieam, main steam

discharge valves, auxiliary steam discharge valves and condenser steam discharge valves) are modeled as
flow-enthalpy boundary conditions.
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Fig.2 Nodalization of CANDU Secondary Heat Transport System
Emergency Core Woling System (ECCS) Modelling

The Figure 3 shows the nodalization for the ECCS model used in conjunction with tt@paloss of

coolant network model. This figure shows the connections to both loops and identifies the relevant
control valves.

All valves control logic is modeled in the user subroutine USCOVL. One or both of high pressure
injection valves which are located downstream of the high pressure water tanks are signalled to open
automatically at the time of the LOCA signal. The opening timesgimed to be 20 seconds. The ECC
Pump Suction valves connecting the dousing tank to the suction of the ECC pump are signalled to open
on the LOCA signal. The same valve characteristic (20 seconds opening time) as in the case of the high
pressure injectionalves is assumed. The medium/low pressure injection valves are signaled to open 90
seconds after the LOCA signal and remain open.
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Fig.3 Nodalization of CANDU Emergency Core Cooling System

Trip Effectiveness Criterion

For large breaks the effectivess criterion is maintaining the integrity of the fuel channels. The channel
integrity during the overpower transient, corresponding of LOCA is maintained if the energy deposited in
fuel is less than 850kJ/kg UOThe energy stored in the fuel at any tilmehe sum of the initial stored
energy in the fuel plus the energy added to the fuel by the power pulse. The high neutron power trip is the
primary trip signal for large breaks. The high rate logarithmic neutron power trip is the second trip signal.
In this paper it is credited only the backup trip signal for SDS1.

Analyses methodology
This section gives a short description of the methods used to analyze the LOCA 35% RIH event.

Reactor physicsanalysis is used to calculate the power transients anttoné& trip times, using
estimates of the void transient

This analysis using FIREBIRD code coupled with point kinetics module to calculate the reactor power
transient.

The point kinetics module includes the models for the neutronic measurement insatione(the
platinum detectors and the ion chambers) and the RRS (Reactor Regulating System) module [3]. For the
large LOCA, the RRS is of no effect, therefore the RRS option not be used for this analysis.

The neutronic results like as: the total relatreactor power, the void reactivity, the total reactivity are
presented in figures-@.
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Thermalhydraulic analyses dermines the PHTS response to the LOCA 35% RIH accident for CANDU

6 reactor. Transient values of the important process variables, such as flow, inventory and pressure, are
calculated. Also the timing of safety system actions, such as emergency coolmnngdetermined.

This analysis is performed with the computer code FIREBIRD, a complex circuit, suited for pipe break
analysis.

It is convenient to describe the sequence of LARGE LOCA in three phases:

-blowdown: during which the heat transport sysfgessure drops from normal operating level to
emergency core cooling injection pressure;

-transition emergency core cooling (rewetting and refilling): the initial phase of emergency
injection when the heat transport system is refilled and the fuel elenesves (if dryout has
occurred);

-long-term emergency core cooling: the pbstccident recovery phase when the emergency core
cooling system keeps the heat transport system full and removes decay power.

The main assumptions consist in:

-the model for presurizer is included;

-an Aaveraged channel
circuit response;

-high pressure ECCS is modelled and coupled to the main circuit. The valves connecting the
accumulators to the PHelare assumed to open on a LOCA signal. The initial injection pressure is
assumed to be 4.14 MPa. The ECCS water temperature is 27 ° C;

-steam generator crash cooldown is initiate 30 seconds after the LOCA signal;

-break size is 35% RIH;

-clad temperatureare predicted by a hot pin calculation associated with the average channel. The hot
pin does not feed back to the thermalhydraulics. The model does not includewaétalreaction,
variation of fuel to clad heat transfer coefficient with clad strairadiative heat transfer. These are
included in the 0 codes.

representing the 95 channe

Anfuel O

-the initial conditions are: reactor power 100%, average channel power 5.6MW, ROH pressure
9.9MPa
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Results

The thermalhydraulic response of PHTS to the LOCA 35% RIH accident forDCAB reactor is
presented only for broken loop, critical pass (pass 1) anetnitical pass (pass 2). Critical pass is the

pass downstream of the break location (Figure 7). A LOCA transient was calculated in this study. The
transient was simulated for 18@8conds after the break, this time being enough for all important neutronic
and thermalhydraulic parameters to reach a constant evolution.

The transient regime is a restart case from time t=4000s. It is necessary to start the transient simulation
from a sable status of the PHTS, before to initiate a transient regime. This is obtained using a steady state
simulation of 300 seconds and ammthing (dynamics balancing) transient of 4000 seconds.

pressure gradient across
one core pass recduced

STEAM GENERATOR
- jﬁl

- - PUMP
BREAK IN REACTOR
INLET HEADER ;
- —
ROH
i -
TR o
o< OUTLET
& PIPES
3 £y ]
s
e INLET
FEEDER
PIPES

Fig.7. Break in Primary Heat Transport System

It is corvenient to describe the thermalhydraulic behaviour of the PHTS in three phases: blowdown,
transition emergency core cooling, letggm emergency core cooling phase.

During the blowdown phase the PTHS pressure descreases (Figues &vater leaves the ciit. The

boiling in the fuel channel increases and the coolant flow falls very low (fid. 110 The reactivity
increases due to boiling. The shutdown system trips on neutronic trip parameters. The net effect is a short
overpower pulse followed by a pewrundown to the fission product decay power. In the blowdown
phase appears the early stagnation.
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Early stagnation gives high fuel and clad temperature for a short time. The transient values of the
important heat transfer parameters presented in this paper are the fuel temperature, clad temperature and
coolant temperature. These parameters were presented for each fuel bundle from 1 to 12, so in every

graphic we obtained 12 characteristic curves.

Figures 1213 and 1417 show the clad and fuel temperature distributions in broken loop, critical pass and
non-critical pass. Following reactor trip the average fuel temperature decreases as the heat generation rate
decreases. The clad temperature increagsegalthe worsening of heat transfer between the clad and the

coolant.
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During the transition emergency core cooling phase the PTHS mredeareases and the stagnation
behaviour also exist. Fuel and clad temperatures decrease as the clad rewets and coolant flowlincreases.
the figures 1819 are shown the coolant temperature transients for the broken loop.
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Conclusion

The main conclusions of the analysis are presented below:

Fig.19. Coolant temperature, nearitical pass

the primary trip signal is high neutron power and the backup is high rate log neutron power;
the core average peak power is about 1.42 FP in the Safety Report [5] and 1.67 FP in the present
analysis. This is because in the present analysis more conservative assumptions are generally

used;

automatic shutdown system and emergency core cooling systiem ptvents fuel failures in

the intact loop and limits them in the broken loop;
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- the broken loop fuel channels are refilled by Righssure emergency coolant injection at 15
seconds after the LOCA signal;

- the integrity of the core fuel rods is maintamituring postulated accident;

- the safety systems prevent the fuel rod overheating;

- early stagnation gives high fuel and clad temperature for a short time;

- the first two safety barriers (fuel and cladding) are not overridden

- the obtained results have tlEasonable values;

The results of the hot pin calculation are useful to judge the severity of the break and the heat transfer
coefficients (clado-coolant) from the hot pin calculation are used as boundary conditions for the
detailed fuel calculations.

Neutronic and thermalhydraulic results are useful for in containment, fuel and fuel channel analysis.
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ABSTRACT

The Loss of Coolamccident (LOCA)- either the entry or the exit of the reactor nuclear eore

is an accident included in the list of events evaluated in Final Safety Report of nuclear power
stations. The consequences of such an accident on nuclear power and to the envieweam

quite serious, depending of the evolution of the accident. Thus, the consequences of the
accident on the safety systems of nuclear power can damage the fuel with the release of fission
products in the reactor.

This paper highlights the results oibted by the authors after the modelling of LBLOCA 35 %

RIH accident facilities by using thermiaydraulic code RELAP5/MOD3.2. The accident was
modelled based on the technical specifications set out in the Final Safety Report Nuclear
Reactor CANDUSG, on howo ensure cooling of the reactor in the event of such an accident
(depressurization of primary heat transport system, cooling the steam generators and
intervention of emergency cooling core system).

The results of modelling using code RELAP5/MOD3.2 arepamable with results obtained in
nuclear safety assessments carried out in previous years by using other-tyeimaalic codes
(FIREBIRD, CATHENA).

Key words: nuclear safety, LOCA, RELAP5/MOD3.2

Introduction

The loss of coolant accident (LOCA) iseonf the accidents based project type that are specific to LWR
nuclear power plants with possible negative consequences on the integrity of the reactor core.

RELAP5 computer code was created to simulate transient of reactor cooling system for a wiaé¢ range
postulated accidents [1], especially for reactors cooled with light water. RELAP5 code is also used for
development of regulations, licensing, evaluation of strategies in accident management and planning of
experiments.

The code RELAP5/MOD3.2 is the tHivariant of RELAPS specialized thermaldraulic code which

was conducted in 1979. Initially, this version of the code was used by the specialists of Idaho National
Engineering Laboratory to test the understanding of loss of coolant Semiscale expandewnolution.
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After that, the code was quickly accepted worldwide for systems analysis of the commercial and
experimental LWR type reactors, [1]. Each version of the code highlights the previously accumulated
knowledge and progress in programming andease computing capacity of computers. RELAP5 code
development was performed using the code for simulation of experiments. The results from code were
compared with those obtained experimentally in international programs.

The analytical model and assumptios adopted in modelling

An analysis of a LOCA accident typd_oss of Coolant Accidentassumes instantaneous appearance of
cracks in the main heat transport system, the size of the rupturesiaarameter analysis. The main

cause of developing a pipepture is a material defect in the internal structure of the pipe which increases
due to working conditions [2].

Large LOCA accident is a complex accident affecting major safety systems and can have adverse
conseguences on the environment. Because oftlléisspecialists in nuclear safety analysis study Large
LOCA accident according to the phenomena occurring in the active area. To facilitate the study of
phenomena that occur in the active area along LOCA accident type phenomena were divided into 3 stages
[2]:

1. Phase of pressure discharge in which the pressure in the main heat transport system drops from normal
operating value to the pressure of water injection by the emergency cooling core system (ECCS).

2. Transition phase of emergency cooling activeaas the stage where water injection is performed and

thus the main heat transport system is refilled with water and fuel elements are rewetting (if any drying
them).

3. Phase of longerm cooling of the reactor core, is phase of restoration of cooliagephfter the
accident, when emergency cooling core system maintains active primary heat transport system full of
water and evacuates waste heat from the active area.

The analytical model

For this type of accident analysis, it was considered that priheat/transport system of CANDU 6 type
nuclear power plant consists of a single loop, comprising two passes through the reactor core. Schematic
diagram of the reactor core modelling and encoding, used in components, is shown in Fig. 1. In Fig. 2 is a
scheméic diagram of secondary steam generators, used in modelling and coding the specific components
that appear in model, [3] used by code RELAP5/MOD3.2.

Fig. 1 Primary heat transport system nodalisation
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Fig. 2 Nodalisation of the secondary side of tkeasn generator

In the thermahydraulic modelling of the reactor core of a CANDU NPP, the term "a passage through the
reactor core" means involment of 95 fuel channels, the circulation of coolant through the active area being
made thus: reactor inlet hebar 1- equivalent channel 1reactor outlet header -1steam generator 1

pump 1- reactor inlet header 2equivalent channel 2reactor outlet header-Zyenerator steam-2pump

2 - reactor inlet header 1.

In the model that was developed, it wasoatsodelled the pressure and inventory control system. The
modelling was performed for pressure tank, condetisgasser tank and discharge valves. By using the
specific facilities of RELAP5/MOD3.2 code (use control variables) it was also implementedniote

the logic level control of pressurized water.

Doesn't matter what type of transient that is intended to be modelled with a specialized-hiyeranalic

code, the starting point in modelling must be characteristic of a stationary state. Thisagtgansg
constant values over time for theramidraulic amounts of interest, i.e. pressure, temperature, mass flow

of coolant, etc. Achieving steady state is also evidenced by the balance of the mass of fluid in the system
versus time (Fig. 3) which relaes a constant value.
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Fig. 3Balance of light water and heavy water mass in the model
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Assumptions adopted during modeling

The evaluation of the accident was made taking into account the following assumptions:

- Reactor operates at 100 % FP;

- Collector rupture occurs instantaneous;

- Shutdown system trips on neutronic parameters trip;

- At 30s after the accident occurs, broken loop is isolated and steam generators are crash cooling down by
opening MSSV and CSDV valves;

- Intervention of the EmergencCooling Core System is done when the primary circuit pressure reaches
5.24 MPa.

Results
Direction of coolant flow is caused by pressure differences in the circuit. The break is characterized by

coolant low pressure and flow leaking from the break (B)g.A depressurisation in the reactor core
appears (Fig. 5 and Fig. 6) as a result of the break occurrence in the reactor inlet header.
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The amount of coolant flow of modelled loops 1 decreases (Fig. 4). Coolant flow from the second path
heating more, and coolant boiling is accelerated because coolamteftreases (Fig. 7).
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Thus, at the output of the two passes of the loop had obtained a greater quantity of steam (Fig. 8). With a
larger amount oteam out of the channel, the number of neutrons absorbed into the coolant is lower, and
thus increase reactivity in the active area. Increased reactivity exceeds regulating reactor system control
of reactor power, leading to increased power reactor. t€hmerature in centre of nuclear fuel and
temperature in the fuel cladding increase (Fig. 9 and Fig. 10).
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Shutdown system operates and the reactor trips on the neutronic trip parameters so reactor power is
reduced (Fig. 11). In this model, it was used a point kinetic module specific of RELAP5/MOD3.2 code.
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In the time period between (8M0) second, in Fig. 7 it is observed the stagnation phenomenon which
lead to the increase of the cladding temperature, Fig. 10b.

The emergency cooling core system operates when the primary pressueseebeiow 5.42 MPa. The
pressure in the broken loop achieves a constant value (about 1.0MPa). The ECC system maintains an
appropriate cooling in the broken loop. The high pressure injection flow from the valves is presented in
Fig 12.
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Fig. 120peningeCCS's valves

The steam generator crash cooldown is initiated at 30 seconds after the LOCA signal (Fig. 13). At this
moment, the main steam safety valves are opened. So, the steam generator level on the pass 1 decreases
more rapidly than the steam generdevel, corresponding to pass 2 of the loop, Fig. 14.
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Fig. 13The evolution of the mass flow by MSSVs opening

43



18

16 -

14 4

=
o

level [m]

—cntrlvar 990 genlevl
—cntrlvar 992 genlev2

0 50 100 150 200 250
time [s]

Fig. 14Evolution of the Steam generator level after MSSVs opening

Conclusions

During 35%RIH LOCA modelled with RELAP5/MOD3.2 codee tfeactor power reaches 1.82Pn.

The maximum cladding temperature value goes above 620°C and maximum fuel temperature value is
1280°C.

The flow falls to the minimal values and the cooling stagnation appears between 50 seconds to 100
seconds. The stagnatiphenomenon lead to the increases of the internal fuel energy, without the failure
of the fuel elements.
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ABSTRACT

Nanofluid coolants could bring about various advantages for nuclear reactor applications
including increased safety margins and/or moderate uprates in existing PWRs. The
nanoparticles distribution and neutronic parameters are intensively affscthe local boiling

of nanofluid coolant. The main objective of this study is to calculate the distribution of
nanoparticles near the evaporator channel walls in the nucleate boiling regime. The steady state
mass conservation equations for liquids, vapand nanoparticles were written for the flow
boiling within the viscous sublayer adjacent the fuel cladding surface. The derived differential
equations were discretized by the finite difference method and were solved numerically. The
results also show thahe nanoparticles distribution is mostly affected by convection and
diffusion as the two dominant mechanisms.

Key words: Nanofluid, Nucleate boiling, Viscous sublayer, Diffusion, Brownian motion

Introduction

Nanofluids are colloidal suspensions @noparticles in a base fluid. These particles can be metallic or
metal oxides, carbon (diamond, nanotubes), glass or other materials, with the base fluid being a typical
heattransfer fluid, such as water, light oils, ethylene glycol or a refrigerantiflmany physical
phenomena, such as boiling, there will be a significant change in the properties evaluated such as latent
heat, thermal conductivity and heat transfer coefficient by adding nanoparticles. An increase in the CHF
of the boiling system willtherefore, allow for development of more compact and effective cooling
systems for nuclear reactors, -eanditioning units, etc. [2]. Nanofluids have a slight enhancement
compared to pure fluids in conductive heat transfer, convective heat transfeggbutnportantly, a great
enhancement of critical heat flux (CHF). With the exception of heat transfer studies, little has been done
to investigate the application of nanofluids to the unique properties of the nuclear reactors [3].

During the boiling phenoenon, the nanoparticles concentration increases within the viscous sublayer

due to several processes. This significantly affects the heat transfer coefficient and prediction of the CHF
phenomenon, and also causes corrosion on the heat transfer surfaadsréha physicahathematical
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model for estimation of the distribution of nanoparticles in the nucleate boiling regime can be useful to
predict the CHF, Hide out and Return phenomena and heat transfer coeffigiéts [4

The major contribution of thistudy was to develop a physigahthematical model based on the mass
conservation equations in the dimensionless form for fluids, vapors and nanoparticles and to solve the
derived equations using a numerical iteration method.

Material and methods

In the case of fully developed nucleate boiling, the thetmdraulic condition of steam near the boiling
surface is independent of the condition in the bulk stream. Outside the viscous sublayer due to the fluid
turbulences, there cannot be any gradient of natiolgaconcentration. The solubility of nanoparticles in

liquid phase is much more than vapor phase. Hence, due to the nanofluid evaporation within the viscous
sublayer, the concentration of nanoparticles near the evaporation surfaces is increase@avVepahé
viscous sublayer in the form of bubbles and the liquid from the bulk flow with its content of nanopaticles
takes the place of vapor [4]. Meanwhile, just some parts of nanoparticles leave the viscous sublayer
because of the cohesion on the bubhlak.

As nanoparticles concentration increases in the viscous sublayer, some nanoparticles leave the viscous
sublayer due to the "Diffusion" phenomenon until the concentration of nanoparticles within the viscous
sublayer stabilizes. Consequently, the camiration of impurities in the viscous sublayer is decreased.

The coagulation phenomenon in nanofluid is engendered by the formation of big nanoparticle clusters.
The processing of coagulation causes the particle clusters to grow. Large clusters apzon®rn®
sedimentation than small clusters because of the intensive gravity effect. In other words, the coagulation
effect is able to augment the sedimentation effe¢t6][5Another phenomenon that reduces the
nanoparticles concentration in the viscouslaydy is the "Brownian Motion". The random motion of
nanoparticles within the base fluid is called the Brownian motion, which results from continuous
collisions between the nanoparticles and the molecules of the base fluid. Near the evaporation furfaces th
nanoparticles have high kinetic energy because of the higher temperature of the nanofluid, and as a result
some nanoparticles leave the viscous sublayer via the Brownian motion [6]. Meanwhile, some
nanoparticles enter the viscous sublayer from the Halk because of the Brownanin Motion. In this

study, due to the low kinetic energy of nanoparticles, the Brownian effects are ignored in the
nanoparticles continuity equation.

Nanoparticles can diffuse under the effect of a temperature gradient. Thistgmamois known as
"Thermophoresis", and is #kkmewnhpdaStireteefdgueit valfeon
mixtures. This leads to the migration of particles from warmer areas to cooler areas in a direction opposite

to that of the tempenate gradient [7]. Whereas the temperature gradient in the viscous sublayer is
inconsiderable thus the transfer of nanoparticles across the boundaries of the viscous sublayer by the
thermophoresis phenomenon is dispensable.

The continuity equation for tHejuid phase in the viscous sublayer is expressed as folla\Ws [4

a —>
a(w(l—a)pf )+VA-a)Wp)+y(1-a)p;g=0 1)
g is given by:
_ q
STy ahgo o @
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Where, 4 is a dimensionless distribution functiorj § dx=1)-
0

The continuity equation for the vapor phase within the viscous sublayer is written as foll&vs [4

oo -
VPg o pV(paWe)+y(1-a)p,g=0 (3)

As shown in Fig. 1, the model presented for-naiform distribution of nanoparticles in the boiling flow

only applies to the viscous sublayer. The variation of nanofegrtioncentration in the viscous sublayer
takes place through the following mechanisms: liquid convection flow and evaporation which lead to an
increase in the concentration and diffusion of nanoparticles; Brownian motion and sedimentation which
reduce thenanoparticles content.
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Fig. 1. Mass transfer mechanisms of nanoparticles within the viscous sublayer.

The convectiosinduced nanoparticle mass flux can be expressed by the following equation:

J.=Wo (4)
The nanoparticle mass flux added to the viscous sublayer because of the liquid evaporation can be
calculated as:

Je=ke Qo (5)

Where _{Pg] (0.5<n<2.5) , is the ratio of solubility in vapor to solubility in liquid 19].
p
P
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The diffusiorinduced nanoparticle mass flux can be written as faiow
J, =Do Ve (6)

The Brownian motion is described by the Brownian diffusion coefficient, DB, which is given by the
EinsteinSt okes 6s :equation [ 6]

— kﬁ‘j—
3mpd,

Ds
(7)

Where, K, 1 and ¢, denote Boltzmann constant (J/K), viscosity (Pa.s) and namndpattameter (m),

respectively.

For water based nanofluids containing nanopatrticles with a diamet&d@® hm at room temperature,

the Brownian diffusion coefficient varies frdhi10*°to4x10*nt/s,

The nanoparticle mass flux caused by the Browni#lmsion and sedimentation can be calculated as

follows:
Js =DsV
B : 4 (8)
Js=Vgp (9)

The gravityinduced settling velocity of nanopartiolg,, can be derived from the balance of the
buoyancy and viscous forces [7]:

:d|2= ’)P_p:é

Vo 18u

(10)

The distribution of nanoparticles in the viscous sublayer can be expressed by the following mass
conservation equation:

o N

S 1-@)9) + VyA-a)Wp - Do Vo —Ds Vo -V,0) +p/(1-a)gK, 0 =0 (11)
By consideringy anda as constant values, and by using the momentum conservation |asldtigy

gradient in the channel width can be obtained as follows$

.

vW=-g (12)
X _q X
W=|gdx=———"——|g,dx
! w(lfa)hpgpﬁl (13)
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wxzjgxdx (14)
0
oW,
_ V% 15
%= (15)

The axial velocity profile is defined as follows:

u=Uu, (16)
Where, U(m/s) is the average velocity of the fluid &nbr! Bookmark not defined. y, andwy, Error!

Bookmark not definedare the linear functions for axial and radial velocities, respectively.

Egs. (11) and (12) can be combined into the following equation:

a — — - —>

E¢+V(\N¢)—V(DDV¢)—V Ve —VV¥0 VWK 0=0 (17)
Where:

VW.p) =W.Vp +pVW (18)

Eq. (17) is arranged as follows:

0
a‘f TW.V- V(Do V)~V Ve —V¥yp +VW(I-K,)g =0 (19)

By assuming a steady state and expanding Eq.(18), the mass conservation equation of nanoparticles is
defind as follows:
(W.V) V(Do V)~V DV —V¥yp + VW(1L- K,)¢=0 (20)

By substituting Egs.(13), (15) and (16) in Eq.(20) the resulting equation is written as follows:
o _ op op\ op o¢  Op
ax(DDax De axj az[DD oz e sz v [8x azj

9 W0¢ ua—¢+# *(1-K,)p=0 (21)

+7
y(l-a)h Ps ™ ox “oz y(@-a)h,P S ox

o dp ) d ) ] > o %, 6@]
X X + ~ X X +
Do {ax[DD 6x] Do az} D{ax(DB ox ) P Vel o T a2

q o¢ op q ow,
9 WP 929 Mg yp-0
pA-a)hyPs “ox "oz pl-a)hyPo Ox A=Ky = (22)

The above equation can be written in the dirmess form as follows:

DDD[)g 6(1)2+DDDD& 5 0 (D+DBDB§ 6(/) +DBDB‘,’E 5? 82¢+Vg§6£+
D &&? D 2 o0t D ©&&? D H?20? D o
2
OW,
Vg0 B£+ qo Wago us? u o¢+ q L -k o=0

HD & w(@-a)h,p,D ~ 3¢ HD 3 wl-a)h,P6D o

(23)
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Where:  y_ g5 0>¢&>1

Il
o

z=¢H 0>¢>1

Dpo+Dg=D Doy = DD§ Dex = DB(:

u, =055

WX:W55 szug Wgzé

By defining the numbers, these equations are simplifigghape, andpe,:

? 2 58 0 o
p? ,p 200 Vs %ere,%erqug%—pejugg—?Jr

ow, B (24)
aggz x aé,z D of oc o8 P&, @ Kp)(/’—o

og

The dimensionless groups used in Eq. (24) are defined by the following relation:

qs _Us? Pe, :Vgiz g

y(@-a)hy oD %~ HD HD H

&

_ DD Doé‘ i DB Dsg _ DD DDéf + DB DB§
D D D
The applied boundary conditions and input data based on operation condition of the PWR reactors are as

D

follows:

Resuls and discussion

The mass balance differential equation derived in the dimensionless form was discretized by the finite
difference method and was solved numerically. The steady state spatial distributions of nanopatrticles
concentration in the evaporatonannel are shown in Fig. 2. Parameters and stand for the width and
height of the viscous sublayer in the dimensionless form, respectively. As seen in these figures, the
maximum concentration is located adjacent to the channel wall.
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