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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 loads arising from 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 the elastic thermal stresses distribution solutions, the 

magnitude of the frequency response function is first derived and checked against the 

prediction by FEA. The connection between SIFôs power spectral density (PSD) and 

temperatureôs PSD is assured with SIF frequency response function modulus. The frequency of 

the peaks of each magnitude for KI is supposed to be a stationary narrow-band Gaussian 

process. The probabilities of failure are estimated by means of the Monte Carlo methods 

considering a limit state function.  

 

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 mixing or vortices 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 or vortices produce 

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 striping is defined 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 the core, because of the 

large temperature differences that exist between sodium emerging from the core sub-assemblies and from 

the breeder sub-assemblies.  
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Other areas of potential occurrence include pressurized water reactor nozzles where stratified flows are 

encountered. In dry-out zones in steam generators, the fluid/steam boundary can oscillate and induce 

temperature fluctuations on component surface [1]. The results in temperature fluctuations can be local or 

global and induce random variations of the local temperature 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 representation of the load. 

Transient temperature response in the interior of an infinite slab to a sinusoidal surface-temperature input 

has been investigated by several researchers [2, 3, 4, 5]. For cylindrical geometry it was used mainly 

isothermal internal boundary condition and with various type of thermal loading at outer surface [1, 6,7].   
 

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 sensitive becomes 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 that the 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 crack initiation likelihood [8]. 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 spectrum [Eroare! 

Marcaj în document nedefinit.].Thermal striping remains an important subject in the structural 

integrity area, also for future fast spectrum reactors [9], 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 density (PSD) 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 characteristics, are given as probability of 

failure as function of time reference period. The Civaux 1 NPP damage case is chosen as application of 

the model predictions.  

Statistical properties of the thermal spectrum and the temperature frequency response 

function 
 

The main assumption is that the temperature spectrum at the inner pipe surface can be modeled as a 

stationary Gaussian narrow-band process [Eroare! Marcaj în document nedefinit.], and that its 

power spectral density is known. Firstly, 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 single-input single-output 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 

developed in a previous paper [10]. A short overview will be given as follows. Assuming an infinite 

hollow cylinder made of a homogeneous isotropic material, with inner and outer radii r i and ro, the 1D 

heat diffusion equation has the form 
2

2

1 1

r r r k t
, (r i  r  ro, t  0)  (1) 
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Where 

0( , ) ( , )r t T r t T  (2) 

is the temperature change from the reference temperature at any radial position r and at time t. The 

reference temperature T0 is the body temperature in the unstrained state or the temperature at the initial 

state. The thermal diffusivity is defined as 

k
c

 (3) 

where  is the thermal conductivity,  is the mass density and c is the specific heat conduction. The 

solution (r,t) must satisfy the boundary conditions: 

( , ) ( ),ir t q t (t  0) (4) 

0( , ) 0,r t (t  0) (5) 

and the initial condition 

( ,0) 0,r (r i  r  ro) (6) 

The function q(t) is a known function of time representing the thermal boundary condition applied at the 

inner surface of cylinder. The analytical solution for the arbitrary boundary condition, q(t), is given in ref. 

[10] by using the finite Hankel transform, and it is expressed by: 

2 2

2 2

0

0 0 0 02 2
1 0 0

0

,

( )n n

n n o

n n i n i n

n n o n i

t

ks t ks

s J s r
r t k J s r Y s r J s r Y s r

J s r J s r

e e q d

         .    (7) 

 

Here J0 (z), Y0 (z) are Bessel functions of first and second kind of order 0 and sn are the positive roots of 

the transcendental equation 

0 0 0 0 0n i n o n i n oY s r J s r J s r Y s r . (8) 

A sinusoidal thermal loading at the inner pipe surface is assumed: 

0 0( ) sin sin 2q t t ft  (9) 

 where 0 is the amplitude of temperature wave,  and f correspond to angular frequency in 

radians/second and cycles/second (Hz), respectively, and t is time. Then the final form of the analytical 

solution for the temperature distribution through the wall-thickness of the pipe is 

2

2 2

0

0 0 0 02 2
1 0 0

2

0 2
2 2

, ,

sin sinn

n n o

n n i n i n

n n o n i

ks t

n

n

s J s r
r t k J s r Y s r J s r Y s r

J s r J s r

e ks t t

ks

. (10) 

 

In the article [10] 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 [10, 11]. 
The steady-state response of a linear single-input, single-output system (SISO) [12] to a real 

sinusoidal input of the form: 

( ) sin( )u t A t   (11) 
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is a sinusoidal function. Here A is the amplitude of the input and  is an arbitrary phase angle. For sake of 

simplicity we consider =0. This function has the same angular frequency  as the input, but modified in 

its amplitude by the factor ( )H , and shifted in phase by the quantity (i )  

( ) ( ) sin( ( ))sy t A H t i  (12) 
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Fig. 1. Comparison between analytical predictions and FEA  

temperature profiles for a thermal loading at frequency f=0.5Hz [10]  
 

 

Thus, in general, the steady state response of a linear single-input, single-output system to a sinusoidal 

input u(t)=A sin t can be characterized in terms of the magnitude of the frequency response function 

(FRF), ( )H , and the phase shift (i )= H( ). The magnitude of the frequency response function 

represents the ratio of the output amplitude to the input amplitude as a function of frequency. 

The temperature fluctuations in the pipe-wall is then given by 

0, , , sinTr t H r t  (13) 

where ( , )TH r  is the magnitude of temperature frequency response function.   

In a conservative way, if the lag phase is approximate as 0, a comparison between temperature profiles 

through thickness predicted by Equation (10) and (13) is displayed in Fig. 2. With the same temperature 

range at the 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 Civaux case [13]. The highest value of response is 

obtained at x/l=4/9=0.44, while for deeper points in the pipe-wall its values decrease fast for whole range 

of frequencies.  
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Fig. 2. Comparison between predictions of temperature profile from 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 frequency for various 

depths through the thickness (l is the wall-thickness 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 axial) related to a sinusoidal 

loading at the inner surface was derived in [10]. 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 distribution. The hoop stress distribution at each time increment is given by the 

following relationships in the case of plane strain [14]: 
2 2

1 22 2 2 2

1
( , , ) ( , , ) ( , ) ( , , )

1 ( )

E r a
r t I r t I t r t

r r b a
 (14) 

The mathematical relationships for the integrals I1(r, ,t) and I2( ,t) are given in [10, 11, 15]. 

In the present application only hoop stress component, , is considered, to derive its frequency response 

function, but with a similar approach the frequency response forms for radial (r ) and axial ( z ) stresses 

can be obtained. The general approach is 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: 
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11 0 ,

1

, , , , sinI n n

n

I r t H r s t  (15) 

and 

22 0 ,

1

, , sinI n n

n

I t H s t   (16) 

The hoop stress from Equation (14) becomes: 

0, , , sinr t H r t  (17) 

with ( , )H r  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 from [15]. As can be seen from the comparison, it can be concluded that the 

magnitude of stress frequency response is reasonable described by Equation (17), in a conservative way.  

 
Fig. 4. Comparison between predictions for hoop stress: complete analytical solution, FEA, and by 

means of stress frequency response 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 derive the stress intensity factors is based on the polynomial representation of stress 

components through the wall-thickness of the pipe [16].  

To evaluate the Mode I stress intensity factor, KI, for surface crack under thermal stresses, the procedure 

from ref. [Eroare! Marcaj în document nedefinit.] was followed, which uses the following relation: 
2 3 4

0 0 1 1 2 2 3 3 4 4I

a a a a a a
K G G G G G

l Q l l l l  (18) 

where G0 to G4 are the influence coefficients (or magnification factors) and i (i=0,é,4) are the 

coefficients for polynomial stress distribution. In the case of a long axial crack and also fully 

circumferential crack on inner pipe surface the Q parameter is considered as Q=1. The calculation of the 

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

absolute value (magnitude) ,K

a
H

l
. The methodology was derived elsewhere [4, 6], and the weight 
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function method is the most used. The magnitude of frequency transfer function for SIF may be written in 

terms of the stress frequency response [4]. To do this, the function ,H r  is written as through-

thickness profile 
2 3 4

0 1 2 3 4,
x x x x x

H h h h h h
l l l l l   .   (19) 

The magnitude of SIF frequency response function (or amplitude of the frequency transfer function for 

SIF) is assumed to be given by 

, ,K K

a a
H a G

l l
                       (20) 

with 

4

0

,

i

K i i

i

a a a
G h G

l l l
.      (21) 

For the reference geometry considered in the work [13], the frequency response function can be used to 

obtain the stress intensity factor, KI. Its dependence on loading frequency for various crack depth is given 

by (see Fig. 5): 

0, , , sin( )K

a a
K t a G t

l l
. (22) 

The examination of this behavior of  KI, which is calculated for the instant of time t=T/4 (with T= time 

period of loading), suggests a highest value for frequency f=0.3 Hz, which is in a good agreement with 

previous study [15]. 
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Fig. 5. Stress intensity factor (instant T/4) using SIF frequency response function versus crack depth. 

 

The analysis 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 characterized by its power 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. This will be taken to be Gaussian, implying a Gaussian probability density function for 

temperature at any instant [6], 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 

stationary narrow-band process. In this case, the magnitude of SIF frequency response 

function, ,K aH x , relates the PSD of SIF, ,K aS x , and PSD of surface temperature ST( ),  

respectively, as 
2

, ,K a K a TS x H x S                        (23) 

with xa=a/l  crack depth to thickness ratio. 

The mean square (variance) of the SIF is given by 

2 ,rms a K aK x S x d   .                            (24) 

Moreover, from practical point of view it is considered the one-sided PSD with frequency expressed in 

Hertz (cycles/second) 

4T TW f S                                            (25) 

with WT(f) expressed in ( C)
2
/Hz, and 

2
f  in Hz and the PSD of SIF is given by 

2

, ,K a K a TW x f H x f W f             (26) 

In the following we consider the one-sided PSD of temperature with 0 .fT TW W const, for a range 

of frequencies is considered 1 2,f f f , Figure 6. 
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Fig. 6. One-sided PSD for temperature fluctuations 

 

The frequency of peaks of any magnitude for KI, which is supposed to be a stationary narrow-band 

Gaussian process with  delay time is characterized by Rayleigh distribution: 

 

2 2

1
, 0 exp

2I

I I
K a

rms a rms a

K K
f x

K x K x
 (27) 
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Thermal fatigue crack growth lifetime estimate 
 

The present analysis assumes the Paris law for crack growth per cycle and the range between maximum 

and next zero is considered: 

K K .                                      (28) 

The stochastic model for thermal fatigue crack growth developed includes a first part incorporating 

stochastic loads (derived into stochastic behavior of K) and a second one that deals with Monte Carlo 

simulation, to accommodate statistical characteristics of crack growth under constant amplitude.  

The n
th
 moment of the Rayleigh distribution, the final form of stochastic crack growth rate is given by: 

2 2

1 1

2

1

1 1

2 2
2 22

2
2
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, ,

1
, 2 1

f f

a
K a K a

f f

n
f n

T K a

f

dx C
f H x f df H x f df

dt l

W H x f df
n

 .      (29) 

where  is the Gamma function. This equation must be numerically integrated to obtain the normalized 

crack length, xa, as a function of time, when C and n are given deterministically.   

 

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 been done in a previous 

work [17]. In the present work the limit state function will be based on the Equation (29) together with a 

probabilistic input to account for the variability in the initial crack depth and in C scaling parameter. 

A crack penetration depth of 80% 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 application [13, 18]. For a 

thermal spectrum assumed to be stationary Gaussian stochastic process we use the one-sided temperature 

PSD: 
2

0 500 / , 0.1,1.0

0, 0,0.1 1.0 ,

T

T

W C Hz f Hz
W f

f Hz Hz
        (30) 

By re-conversion using RSA method (Random Spectral Amplitudes) [19], we extract a sample function 

for temperature.  
The Monte Carlo analyses were performed by implementing in the MATLAB environment specific 

scripts and described function, using a number of trials of 10
4
-10

5 
order.  

The results are displayed in Fig. 7. The probabilities of failure, defined by limit state function from 

Equation (35), are given as function of the reference time period. The same graph displays the lifetime for 

crack penetration through the wall as it has been reported for Civaux case [13]. One can see that the time 

of 1500 hours, corresponds to a probability of failure of about 80%. 
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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 crack growth in mixing tees 

of NPP with the temperature spectrum assumed to be a Gaussian stationary narrow-band stochastic 

process. The stochastic fatigue crack growth model used includes a main part for incorporating the 

randomness of the in-service thermal loads, and 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 the SIN-methodology developed in 

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 hoop stress is derived and a SIF frequency response 

magnitude is obtained. With hypothesis of one-sided 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 in HCF 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 by MCS. 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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ABSTRACT 

 

 
The aim of this analysis is to reduce the dynamic response of a structure. The seismic isolation 

solution must take into consideration the specific site ground motion. In this paper will be 

presented results obtained by applying the seismic isolation method. Based on the obtained 

results, important conclusions can be outlined: the seismic isolation device has the ability to 

reduce seismic acceleration of the seismic isolated structure to values that no longer present a 

danger to people and environment; the seismic isolation solution is limiting devices 

deformations to safety values for ensuring structural integrity and stability of the entire system; 

the effective seismic energy dissipation and with no side effects both for the seismic isolated 

building and for the devices used, and the return to the initial position before earthquake 

occurrence are obtained with acceptable permanent displacement. 

 
Key words: anti-seismic design, Vrancea earthquakes, seismic energy dissipation, seismic 

isolation 

 

 

Introduction  
 

The impact that a design earthquake has on a nuclear or non-nuclear objective depends on the 

characteristics of the seismicity of the site and the objective itself. Seismic isolation is the most effective 

way to protect structures against seismic events. The seismic isolation solution must take into account the 

specificities of onsite earthquakes, [8-9], a highly critical role having Vrancea earthquakes that, unlike the 

surface earthquakes, are slow earthquakes, with a corner period, TC, moved 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. 
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Seismic qualification 
Currently, seismic qualification of non-nuclear objectives can be achieved by several methods, depending 

on the objective type: very important (heritage, museums, government targets, emergencies support, etc.), 

seismic dynamic behavior (high or short buildings, stiff or slender, etc.), type of the site (hard, average or 

soft soil), of the earthquake type (quick, moderate, and slow), of the seismic qualification costs, etc.  

For nuclear objectives, until recently, it was used only the method that increased the rigidity of the 

structureôs elements and the sectional loads were maintained into elastic domain. In the last years, they 

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 exedance will not occur.  

 

Base seismic isolation. Computer codes 
 

The design codes studied in this paper, which uses the seismic isolation method, are: (i) National 

Building Code: P100/2013,[3]; (ii) Eurocode 8; (iii) Japanese Design Code. These codes can be applied 

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 are: classical Bouc-Wen type, Taylor type, Maxwell type, Kevin-

Voight type, Zener type, Ramberg-Osgood type, Bouc-Wen modified type, Bow type, Coulomb type.  

 

Seismic motion                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

 

Function of the analyzed objective (nuclear or non-nuclear), the seismic motion used for analyses must be 

according to the applicable guidelines: CSA 289.3-10, [1]; AECL Design Guide CNE CernavodŁ U1-U2, 

[2]; RIZZO & Assoc. for U3-U4 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, because: (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, either they have not 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 hysteretic behavior requires a real-time analysis for the accurate recoding of the energy 

dissipated by the loading ï unloading cycles on the damping device.  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

Computational mathematical model  
 

Mathematical model used for the seismic isolation process consist of: (1) structural model defined by the 

dynamic characteristics of the building; (2) computation mathematical 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. Simulink computing 

model development for more than 2 ï 3 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 seismic input for any number of usual storeys (maximum 20) requested by 

the object Differential Equation Editor  in Simulink computing program. 

This application becomes one of the computational tools necessary to performe analyses of seismic 

behavior of structures described in present methodology, [5-7]. 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 structures (building, equipment, 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. Civil building 

For an 8 ï storey building placed in Cernavoda city the seismic 

isolation method was applied. The geometric design of the building 

is shown in Figure 1. The input data are according to P100/2013 

National Building Code. 

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

The case studied in point 1 can describe also, from the dynamic 

characteristics point of view, structures belonging to a NPP. The 

input data are according to [4].   

3. Equipment, laboratoryôs platform, Shakerôs platform, 

ventilationôs platform  

The seismic response analysis of a structure, system or 

component (SSC) equipped with damping devices is made using the 

CTRF (Cernavoda Tritium Removal Facility) seismic analysis 

results, [10], because in this case we have the accelerograms for the 

buildingôs floor and for the attachments point of major SSCs. The 

seismic input data are floor accelerograms given by [4]. 

  

(a) Without DIS. (b) With DIS 
  

Fig. 1.  Calculation model 

1. Civil building 

 

It was considered an eight levels building, located in Cernavoda city, with a 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 of the 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 determine the modal motion characteristics and the seismic 

response, it was considered, initially, the non-isolated building. For this type of structure, the first eagen 

vibration mode is approximately,  which coincides with the corner period from the ground 

response spectra of the analyzed site, [3]. Viscous damping ratio for module 1 is chosen,. 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 dynamic response 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 energy overtake by the non-

isolated building.  

 
 

Table 1. Relative displacements, drift, total accelerations and the seismic energy overtake by the non-

isolated building. Maximum values. 

Storey Relative displacement 

[cm] 

Drift 

displacement 

[cm] 

Total acceleration 

[m/s
2
] 

Overtaken seismic 

energy 

1 3.0 3.0 3.7 10.6 

4 11.0 2.3 5.4  

8 16.0 0.6 7.0  

Building with isolation devices 

 

The isolation devices placed have moisture free friction, C, and a classic Bouc-Wen hysteretic type. The 
equation of the hysteresis curves are shown in Figure 2. Both characteristics work simultaneously. The 

equation that describes the seismic motion with damping devices is:  

 

 
 

where hysteresis force,  is the solution of Bouc-Wen type differential equation. The building structure 

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 maintained. In Figure 3 drift displacement, total 

acceleration variation and the hysteresis 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 the presence of hysteretic 

dissipation reduces the relative deformation to approx. 11cm (from approx. 20 cm without hysteresis), 

reducing the peak-to-peak amplitude of 14 cm and a displacement from the equilibrium  position at the 

end of approx. 6 cm due to the existence 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 Bouc-Wen has the role to limit the deformations in isolation 

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

 
Table 2. Relative displacement, drift, total acceleration and seismic energy overtake by 

isolation device (ID). Maximum values 

Level  Relative/drift 

displacement, [cm] 

Total acceleration, 

[m/s
2
] 

Overtake seismic 

energy 

ID 11.0 0.8 0.53 

 

 

 
A, ɓ, ɔ, n ï hysteretic curve parameters; 

F ï hysteretic force; x ï deformation; 

 
, N ï hysteretic curve parameters;  

F ï hysteretic force; x ï deformation; 
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Fig. 2. Schematic representation of the mathematical model SDOF with Isolation Device. 

 

  
 

Fig. 3.  Relative displacement and total displacement 

in isolation device Xmax = 11.0cm. Amax = 1.2m/s
2
. 

Amed = 0.8m/s
2
. 

 

Fig. 7. Energy dissipated diagram in isolation device 

 

2. Structures belonging to a NPP 
 

Seismic isolation analysis of a building located in Cernavoda City (chapter ñcivil buildingò) has been 

reviewed for the design earthquake DBE, in accordance with [4]. NPP structures are generally more rigid 

than civil ones, so that the results obtained are far-reaching because 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 lower than 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. Modal characteristics of the structure without 

isolation devices are those from chapter ñBuilding without isolation devicesò. The period of the first 

vibration mode is approximately,  meaning that is farther than the , from DGRS for the 

site analized, [4]. From this reason the building response, in relation to the one obtained in Chapter 

ñBuilding without isolating devicesò is lower (as amplification level), the structure having a self-isolation 

predisposition. Relative displacements, drift, total acceleration and seismic energy overtaken are given in 

Table 3.  
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Table 3. Relative displacements, drift, total acceleration and seismic energy overtaken by 

the non-isolated building. Maximum values.  

Storey Relative displacement 

[cm] 

Drift  

[cm] 

Total acceleration 

[m/s2] 

Seismic energy 

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 device with . Structureôs 

response to the design accelerogram, [4], is showed in Figure 4. The 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 accelerations to 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: 

 Deformation in isolation device for NPP, x=20 cm, is higher than the one for Cernavoda city, x=11 

cm, because the PGA values for the given accelerograms are 0.35g/0.2g=1.75.  If were applied the 

same PGA for both cases, the deviceôs deformation for NPP will be reduced to approximate 75%, 

meaning 11.4 cm, value practically identical with the one for the Cernavoda city. 

 The total acceleration for NPP, A=0.12g, is higher than the one for Cernavoda city, A=0.08g. But, if 

we apply the same PGA, the total acceleration will be reduced to approximate 0.07g, value that is 

below the one for the city; 

 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) 

 

 

 

 
Table 4. Relative displacement, drift, total acceleration 

and seismic energy overtake by isolation. Maximum 

values. 

Level Relative 

displacement

, [cm] 

Total 

acceleration

, [m/s
2
] 

Seismic energy 

overtake 

Isolator 20.0 1.2 2.0 
 

 

Fig. 4. Relative displacement and total 

acceleration in isolation. Xmax = 20.0cm. Amax = 

2.2m/s
2
. Amed = 1.2m/s

2
. 

 

 

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 

earthquake, , which means that the buildingôs acceleration is smaller, and (2) the structures 

specific to the NPP are stiffer, making that request   to be more easily accomplish. 
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3. The seismic response analysis for SSCs equipped with isolation devices 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 vibration period,.  To compare the 

results it is shown the 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 100m and 108 m for the fixing points of these 

floors, as it is shown in the seismic analysis of CTRF, [10]. In Figure 5 it is shown the seismic response 

for ColdBox fixing points at elevation 100m, and in Figure 6 it is 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 fixing (T0 = 0.2s, 0.5s, 1s - thin line - and with ID cu T0 = 3s ï thick line) 

and viscous damping ratio .  

 

    
Fig. 5.  Floor accelerogram at elevation 100m for the ColdBox fixing points. Comparison between 

the seismic responses as absolute acceleration of equipment with different vibration 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 (T0 = 0.2s, 0.5s, 1s and with ID with T0 = 3s) and viscous damping ratio .  

 

 
 

   

Fig. 6. Floor accelerogram at elevation 108m for the LP fixing points. Comparison between the 

seismic responses as absolute acceleration of equipment of which fixing system has its own 

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/s
2 

for acceleration, which means an attenuation of 7.5 times for CB 

(elevation 100m), respectively 8.4 times for LP (elevation 108m) 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 (for T0 = 0.03s/F0 = 33Hz), 16 to 18 times (for T0 = 

0.1s/F0 = 10Hz),  9 to 12 times (for T0 = 0.2s/F0 = 5Hz), 10 to 15 times (for T0 = 0.5s/F0 = 5Hz), 

respectively 3 to 4 times (for T0 = 1s/F0 = 1Hz function of the elevation on which they are placed. Using a 

maximum viscous damping ratio allowed by the methodology,   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 isolation,  an increase of damping leads to a decrease of 

relative displacement for the duration of the earthquake, the peak value decreases with 30-35%. For total 

acceleration, for seismic isolation, the increase of damping leads to a decrease of acceleration for the 

duration of the earthquake, the peak value lowering with only 10%. A good seismic isolation involves a 

large IDôs isolation period, and to limit de displacements in ID it is necessary also a sufficiently large 

damping. 

 

Conclusions 
 

This paper was based on the study of seismic isolation 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 

serious consequences caused by an earthquake of great magnitude and demonstrate the applicability of the 

isolation solution a non-nuclear and nuclear building on the Cernavoda site (city and NPP) and the SSC 

seismic isolation solution on a floor of the CTRF building. 

The results obtained lead to the following conclusions: isolation devices must show ability to: (1) 

reduction of the seismic accelerations of the seismic isolated building to values not dangerous for people, 

environment and national heritage; (2) elimination therefore of classical seismic qualification, which is 

technically and economically expensive; (3) limiting the strains in the devices to safety values to ensure 

structural integrity and stability of the entire system; (4) effective and without side effects dissipation of 

seismic energy, aspects that provide (1) and (3) both for seismic isolated building and devices, and (5) 

return to the initial position, pre-earthquake, with acceptable remanent displacements. In this case, the 

structure remains 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 earthquake), in which case a new analysis using 

other parameters shall be carried out to meet (1) ï (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 a particularly critical site for Romania because Vranceaôs 

earthquakes are slow earthquakes, with corner periods TC, moved toward higher values. For this reason, 

the seismic isolation solution must use seismic isolation systems which are calibrated for the site and 

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 

SSCôs can be applied to the objectives of great importance, both nuclear and non-nuclear. 
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ABSTRACT 

 

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

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 demonstration analysis 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 includes the models 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 results consist 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 cladding and fuel temperatures, cladding-to-coolant 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 one of the accidents postulated by most designers of water-cooled 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 the loss 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 would introduce 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 

an increase 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 experienced by the fuel. Such a study involves detailed modeling of 

both reactor physics and thermal-hydraulics 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 and the clad-to-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 accident for CANDU 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 interconnecting nodes. A node corresponds to a 

user-defined segment of a pipe, a component, or a boundary condition in the system. The geometrical 

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 parameters 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 enthalpy, pipe and fuel temperature 

distribution, heat transfer and heat transfer coefficient, and pump heat are node-dependent. The 

momentum equation is solved for links. Quantities such as flow, drift flow, flow quality and enthalpy, 

friction factor, two-phase multiplier, pump head, pump speed and pump torque are link-dependent. 

 

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 control logic with 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 pressure-enthalpy boundary conditions, 

flow-enthalpy boundary conditions, breaks in pipe, valve actions, pump condition changes, and fuel 

power variations.  

 

The FIREBIRD III MOD1-77 model [2] used in this paper consists of three basic components. Both loops 

of the heat transport system are modeled (Figure 1) together with the pressurized connections to the D2O 

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 Cooling System 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 nodes corresponding 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 bundles with a node as single ñaverage pinò which 

represents all fuel elements in a core node and a single ñhot pinò which represents a maximum powered 

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. 

 
  

Fig.1 Nodalization of CANDU Primary Heat Transport System 

 

Secondary Side Boiler Modelling 

 
Four identical boilers (steam generators) with integral preheaters generate 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, internal preheater 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, turbine steam, 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 Cooling System (ECCS) Modelling 

 
The Figure 3 shows the nodalization for the ECCS model used in conjunction with the two-loop loss 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 time is assumed 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 injection valves 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 effectiveness 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 UO2. The energy stored in the fuel at any time is the 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 physics analysis is used to calculate the power transients and neutronic 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 instrumentation (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 relative reactor power, the void reactivity, the total reactivity are 

presented in figures 4-6. 
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Fig.4.Average reactor power            Fig.5.Void reactivity - broken loop     Fig.6.Total reactivity - broken loop               

 
Thermalhydraulic  analyses determines 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 coolant injection is determined. 

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 system pressure 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 elements rewet (if dryout has 

occurred); 

-long-term emergency core cooling: the post ï accident 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 pressurizer is included; 

-an ñaverageò channel representing the 95 channels of each core pass is used to determine the overall 

circuit response; 

-high pressure ECCS is modelled and coupled to the main circuit. The valves connecting the 

accumulators to the PHTS are assumed to open on a LOCA signal. The initial injection pressure is 

assumed to be 4.14 MPa. The ECCS water temperature is 27 º C; 

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

-break size is 35% RIH; 

-clad temperatures are 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 include metal- water reaction, 

variation of fuel to clad heat transfer coefficient with clad strain or radiative heat transfer. These are 

included in the ñfuelò codes.  

-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 for CANDU 6 reactor is 

presented only for broken loop, critical pass (pass 1) and non-critical 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 100 seconds 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 stable status of the PHTS, before to initiate a transient regime. This is obtained using a steady state 

simulation of 300 seconds and a do-nothing (dynamics balancing) transient of 4000 seconds.  

 

 

 
 

Fig.7. Break in Primary Heat Transport System 

 
It is convenient to describe the thermalhydraulic behaviour of the PHTS in three phases: blowdown, 

transition emergency core cooling, long-term emergency core cooling phase. 

During the blowdown phase the PTHS pressure descreases (Figure 8-9) as water leaves the circuit.  The 

boiling in the fuel channel increases and the coolant flow falls very low (fig. 10-11).  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 power rundown to the fission product decay power. In the blowdown 

phase appears the early stagnation.  
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Fig.8. Pressure in critical core pass                                   Fig.9. Pressure in non-critical pass 
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Fig.10. Flow in critical core pass                                           Fig.11. Flow in non-critical pass 

 

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 12-13 and 14-17 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 increases due to the worsening of heat transfer between the clad and the 

coolant. 
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Fig.12. Clad temperature for critical core pass                   Fig.13. Clad temperature for non-critical pass 
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Fig.14. Centre fuel hot pin temperature, critical pass     Fig.15. Centre fuel hot pin temperature,non-critical                 

pass 

     
Fig.16. Average fuel temperature, critical pass         Fig.17. Average fuel temperature, non-critical pass 

During the transition emergency core cooling phase the PTHS pressure decreases and the stagnation 

behaviour also exist. Fuel and clad temperatures decrease as the clad rewets and coolant flow increases. In 

the figures 18-19 are shown the coolant temperature transients for the broken loop. 

 

    
Fig.18. Coolant temperature, critical core pass                  Fig.19. Coolant temperature, non-critical pass 

 

Conclusion 

 
The main conclusions of the analysis are presented below:  

- 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 system action prevents 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 high-pressure emergency coolant injection at 15 

seconds after the LOCA signal; 

- the integrity of the core fuel rods is maintaining during 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 the reasonable values; 

 

The results of the hot pin calculation are useful to judge the severity of the break and the heat transfer 

coefficients (clad-to-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 Coolant Accident (LOCA) - either the entry or the exit of the reactor nuclear core - 

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 environment are 

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 obtained by the authors after the modelling of LBLOCA 35 % 

RIH accident facilities by using thermal-hydraulic code RELAP5/MOD3.2. The accident was 

modelled based on the technical specifications set out in the Final Safety Report Nuclear 

Reactor CANDU6, on how to 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 are comparable with results obtained in 

nuclear safety assessments carried out in previous years by using other thermal-hydraulic codes 

(FIREBIRD, CATHENA). 

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

 

 

Introduction  

 
The loss of coolant accident (LOCA) is one of 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 wide range of 

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 third variant of RELAP5 specialized thermal-hydraulic 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 experiment and evolution. 
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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 and increase 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 assumptions adopted in modelling 
An analysis of a LOCA accident type - Loss of Coolant Accident - assumes instantaneous appearance of 

cracks in the main heat transport system, the size of the rupture start-up parameter analysis. The main 

cause of developing a pipe rupture 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 

consequences on the environment. Because of this, the specialists 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 active area is 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 long-term cooling of the reactor core, is phase of restoration of cooling phase after 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 primary heat 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 

schematic 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 the steam generator 

  

In the thermal-hydraulic 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 header 1 - equivalent channel 1 - reactor outlet header 1 - steam generator 1 - 

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

2 - reactor inlet header 1. 

In the model that was developed, it was also modelled the pressure and inventory control system. The 

modelling was performed for pressure tank, condenser-degasser tank and discharge valves. By using the 

specific facilities of RELAP5/MOD3.2 code (use control variables) it was also implemented in the model 

the logic level control of pressurized water. 

 

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

code, the starting point in modelling must be characteristic of a stationary state. This means achieving 

constant values over time for thermal-hydraulic 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 reaches a constant value. 
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Fig. 3 Balance 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 Emergency Cooling 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 (Fig. 4). 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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Fig. 4 The mass flow evolution from the 35%RIH break  
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Fig. 5. Reactor inlet header pressure evolution during 35%RIH LBLOCA 
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Fig. 6. Reactor outlet header pressure evolution during 35%RIH LBLOCA 

 

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 coolant flow decreases (Fig. 7).  
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Fig. 7 Coolant flow evolution during 35%RIH LOCA 

0

0.2

0.4

0.6

0.8

1

1.2

0 50 100 150 200 250

v
o

id

time [s]

voidg 1120000

voidg 2120000

 
Fig. 8 Coolant flow void evolution of during 35%RIH LOCA 
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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 of steam 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. The temperature in centre of nuclear fuel and 

temperature in the fuel cladding increase (Fig. 9 and Fig. 10). 

 

a.

     

a.   b. 

Fig. 9 Temperature in the centre of fuel for 6, 7, 8 bundle, pass 1 (a) and 2 (b) 

 

 

  a.       b. 

Fig. 10 Cladding temperature for 6, 7, 8 bundle, pass 1 (a) and 2 (b) 

 

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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Fig. 11 Reactor power reducing 
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In the time period between (50-100) 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 pressure decreases below 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. 12 Opening ECCS'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 generator level, corresponding to pass 2 of the loop, Fig. 14. 
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Fig. 13 The evolution of the mass flow by MSSVs opening 
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Fig. 14 Evolution of the Steam generator level after MSSVs opening 

 

Conclusions  
 

During 35%RIH LOCA modelled with RELAP5/MOD3.2 code, the reactor 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 stagnation phenomenon 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 affected by the 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, vapors and 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 that the 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 of nanoparticles 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 

heat-transfer fluid, such as water, light oils, ethylene glycol or a refrigerant [1]. In many 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 will, therefore, allow for development of more compact and effective cooling 

systems for nuclear reactors, air-conditioning units, etc. [2]. Nanofluids have a slight enhancement 

compared to pure fluids in conductive heat transfer, convective heat transfer, but most importantly, 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 phenomenon, 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 surfaces Therefore, a physical-mathematical 
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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 coefficients [4ï5]. 

 

The major contribution of this study was to develop a physical-mathematical 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 thermo-hydraulic 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 nanoparticle concentration. 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 increased. Vapor leaves the 

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 bubbles wall. 

 

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 concentration 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 are more prone to 

sedimentation than small clusters because of the intensive gravity effect. In other words, the coagulation 

effect is able to augment the sedimentation effect [5ï6]. Another phenomenon that reduces the 

nanoparticles concentration in the viscous sublayer 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 surfaces the 

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 bulk flow 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. This phenomenon is known as 

"Thermophoresis", and is the ñparticleò equivalent of the well-known ñSoret effectò for gaseous or liquid 

mixtures. This leads to the migration of particles from warmer areas to cooler areas in a direction opposite 

to that of the temperature 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 the liquid phase in the viscous sublayer is expressed as follows [4ï9]: 

 

                                                                                       (1) 

 

g is given by: 
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Where, 
xg  is a dimensionless distribution function ( 

0

1dxg  ).  

The continuity equation for the vapor phase within the viscous sublayer is written as follows [4ï9]: 

 

                                                                                           (3) 

 

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

only applies to the viscous sublayer. The variation of nanoparticles concentration 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 the nanoparticles content. 

 

 
Fig. 1. Mass transfer mechanisms of nanoparticles within the viscous sublayer. 

 

 

The convection-induced nanoparticle mass flux can be expressed by the following equation: 

 

                                                                                                                                (4) 

 

The nanoparticle mass flux added to the viscous sublayer because of the liquid evaporation can be 

calculated as: 

                                                                                                                                 (5) 
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pK
, (0.5<n<2.5) , is the ratio of solubility in vapor to solubility in liquid [4ï10]. 
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 The diffusion-induced nanoparticle mass flux can be written as follows: 

                                                                                                                         (6) 

The Brownian motion is described by the Brownian diffusion coefficient, DB, which is given by the 

Einstein-Stokesôs equation [6]: 

                                                                                          (7) 

Where, KB ,  and dP denote Boltzmann constant (J/K), viscosity (Pa.s) and nanoparticle diameter (m), 

respectively. 

For water based nanofluids containing nanoparticles with a diameter of 1ï100 nm at room temperature, 

the Brownian diffusion coefficient varies from smto /104104 21210

. 

The nanoparticle mass flux caused by the Brownian diffusion and sedimentation can be calculated as 

follows: 

                                                                                                                 (8) 

                                                                                                                 (9) 
The gravity-induced settling velocity of nanoparticle,V g

, can be derived from the balance of the 

buoyancy and viscous forces [7]: 

                                                                                                                     (10) 

 

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

conservation equation: 

                                      (11) 

 

By considering and  as constant values, and by using the momentum conservation law, thevelocity 

gradient in the channel width can be obtained as follows [4ï10]: 

                                                                                                                       (12) 

 
                                                                                              (13) 
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                                                                                                                    (14) 

 
                                                                                                                               (15) 

 
The axial velocity profile is defined as follows: 

                                                                                                                                               (16) 

Where, U(m/s) is the average velocity of the fluid and Error! Bookmark not defined. ux andwx Error! 

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

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

                                                                          (17) 

Where:  

                                      (18) 

Eq. (17) is arranged as follows: 

                                                        (19) 

 
By assuming a steady state and expanding Eq.(18), the mass conservation equation of  nanoparticles is 

defind as follows: 

 

                                                 (20) 

 
By substituting Eqs.(13), (15) and (16) in Eq.(20) the resulting equation is written as follows:  

 

                     (21) 

 

 

 

 

 
                                       (22) 

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

 

                  (23) 
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Where:        

 

 

 

 

 

 

 

 
By defining the numbers, these equations are simplified asPeq

, Peu
 andPev

: 

                              (24) 

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

 

 

 

 

 

 
The applied boundary conditions and input data based on operation condition of the PWR reactors are as 

follows: 

 

 

 

Results 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 nanoparticles 

concentration in the evaporator channel 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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