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Physics aspects of adjuster rod in dhruva 

tej Singh, Paritosh Pandey, Jainendra Kumar,  H. g. gujar, P.V. Varde & S. bhattacharya

Reactor Group, Bhabha Atomic Research Centre 
Email:t_singh@barc.gov.in

abstract

Cobalt based Adjuster Rod has been installed at G-19 lattice position, an important 150 KW 
unoccupied loop position, of Dhruva reactor. It was necessary to considerably reduce the minimum 
four days period generally required to bring the reactor at rated power from xenon free shut down 
state. It has, in turn, led to the enhancement of capacity factor, better utilization of fuel and 
improving the thermal safety margins due to increase in equilibrium moderator level. The design 
of adjuster rod has been optimized for the production of much needed high specific activity Co60 
isotope for Teletherapy and many industrial applications. Introduction of adjuster rod was also 
important for enhancing the thermal neutron flux level by a factor of five at self serve facility 
required for short and medium duration exposures of Research & Development material studies. 
This article summarizes various physics aspects of recently commissioned adjuster rod assembly 
in Dhruva reactor core 

Key words: Dhruva reactor, cobalt capsules, reactivity, argon activity, nuclear heating, temperature, 
shielding, reactivity worth of shutoff rods
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1. introduction

Dhruva is a 100 MWth, tank type thermal research 
reactor. It is fuelled with natural metallic uranium fuel 
with heavy water as coolant, moderator and reflector. 
Cross section of core layout is shown in Fig. 1. 

Co60 has been produced in Dhruva tray rod by 
irradiating 6 cobalt slugs (each with diameter 6 mm 
and length 25 mm) in regular capsules. However, the 
maximum cobalt activity is limited to 100 Ci/gm for 
dry handling and nuclear heating aspects.  In order 
to achieve the desired high specific activity of 250-300 
Ci/g, design of capsule for the adjuster rod has been 
optimized. The high specific activity can be obtained 
by increasing thermal neutron flux in the capsule. 
This can be achieved by either reducing diameter of 
the slugs to less than 4 mm or creating an annular gap 
of 2-3 mm for loading cobalt pallets instead of slugs 
to increase thermal neutron flux inside the target. 
Annular shape of capsule with cobalt in pellet form 
offers a very good design with low flux depression 
and better heat transfer geometry. In view of this, an 
adjuster rod with annular shaped cobalt capsules has 
been designed and installed at empty G-19 position of 
the reactor with insignificantly losing extra core excess 
reactivity. G-19 core position was chosen because of its 
location in highest flux position (i.e. near to the core 
centre) and it was being unutilized. 

Installation of adjuster rod in Dhruva reactor also 
provides many operational aspect benefits. When the 
reactor is started-up from shutdown state, moderator 
level in the reactor vessel increases slowly due to 
buildup of xenon load and normally it takes more than 
four days to reach the rated power level. Thus, adjuster Fig.1: Dhruva core map
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rod assembly is very much needed for Dhruva type 
research reactor to bring the reactor power at rated 
level from shutdown state within two day which also 
increases capacity factor of the reactor significantly. 
In present scenario, design of adjuster rod with heavy 
water cooling is not possible due to the complexity 
involved such as removal of deck plate. Keeping this 
in mind, design of an air cooled adjuster rod assembly 
has been optimized for Dhruva reactor for adjustable 
reactivity load and high specific activity of Cobalt with 
adequate safety margins.  

2. design of Cobalt filled Capsules 

In the initial days of Dhruva reactor, design of 
adjuster rod was proposed with Li-Al as absorber 
material, and cooled by heavy water. But the same 
was not found feasible on account of requirement of 
reactor deck plate removal for installation of adjuster 
rod guide tube; the proposal was not pursued further. 
Considering this, it was decided to design an air cooled 
assembly for G-19 lattice position where air cooling 
can be provided without any complications. It was a 
very difficult task to commission an adjuster rod with 
air cooling for normal capsules due to requirement of 
very large coolant flow (8000 to 10000 slpm) which is 
not possible with existing air cooling facility. Thus, 
the present design of the adjuster rod has been arrived 

at after detailed feasibility study for at least 4.0 mk 
adjustable reactivity load and thermal hydraulics 
analysis considering available air cooling capacity of 
less than 4500 slpm [1]. The design (see Figure- 2(a)) 
is based on annular shaped cobalt capsules loaded in 
movable tray section. The annular shaped capsule for 
the Adjuster Rod is made of two concentric aluminium 
tubes with 1.8 mm annular gap between the tubes. 
Inner & outer diameters of the capsule are 43 & 51.4 
mm, respectively. Length of the capsule is 55 mm. The 
inner tube provides a central hole in the capsule of 
43 mm diameter for passage of cooling air. Thus, the 
capsule gets cooling air on both inner as well as outer 
surfaces. Cross section area of normal and annular 
capsule is shown in Figure-2(b).

The annular gap of the capsule is filled with 
maximum 40 gm of cobalt pellets as target material. 
The capsules are held by spring clips on the Tray 
Section. The Tray Section is made of an aluminum 

Figure 2(a): Regular and Annular Capsules

Figure-2(b): View of Capsules in Tray Section  

tube of I.D. 66 & O.D. 68.4 mm. Total 10 nos. of 
identical windows (235 mm long and 62 mm wide) 
are cut on one side of the tube. Each window contains 
two pairs of spring clips to hold sample capsules at 
vertical gap of 50 mm. There are total 20 positions for 
sample capsules on the Tray Section. However, only 
17 capsules filled with 35 gm cobalt in each capsule 
have been loaded in the tray section.

3. Physics analysis

Physics design of the Adjuster rod was optimized 
for adjustable reactivity load, effect on critical 
moderator level  & core power distribution, etc. Total 
reactivity loads of adjuster rod assembly for 35 and 40 
gm of cobalt in each capsule have been calculated to 4.5 
and 5.0 mk (including fixed load of 1 mk), respectively 
for 20 cobalt capsules. It is seen from the analysis that, 
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after installation of the Adjuster rod, the individual 
worth of SOR-1 & -3 near the adjuster rod are reduced 
from 12 and 13 to 10 and 11 mk, respectively due 
to shadowing effect of the  adjuster rod. Combined 
worth of SORs without and with Adjuster rod are 
118 and 116 mk respectively which meets Technical 
Specification requirements. The powers of central 
fuel channels in the neighborhood of G-19 are also 
reduced by 5-10 % which leads to flattening of core 
power distribution. Estimated thermal neutron flux 
level at self serve facility increases by a factor 5 which 
is better for irradiation of short and medium term 
isotope production without affecting the operation 
of the reactor. The increase in moderator level due 
to installation of adjuster rod will result in relatively 
flattened flux profile along the axial direction due to 
reflection of neutrons from top heavy water reflector. 
Axial peaking factor is estimated to reduce from 1.5 
to 1.4 at 330 cm heavy water level resulting in lower 
thermal stress on the fuel assembly. Increase in 
equilibrium moderator level also leads to  reduce by 
(i) maximum heat flux of a fuel assembly by 10 - 12% 
and (ii) peak to average burn up of a fuel assembly 
by about 10% keeping the discharge burn up same.  
Analysis indicates that the thermal neutron flux level 
at tiers above 300 cm will increase by a factor of two 
which will help in enhancing isotope production 
capacity. 

Capacity factor of the reactor with adjuster 
rod is expected to be above 60%. Considering this, 
it is estimated that after 3 years of irradiation, the 
maximum specific activity will be about 300 Ci/g. 
Annual production of cobalt after first 3 years of 
irradiation will be about 50 –  60 KCi. 

3.1 radiological aspects

The adjuster rod assembly consists of outer 
sheath, tray section, sample capsules, headgear, top 
shielding and bottom shielding. Prior to installation 
of the Adjuster rod assembly, detailed analyses for 
optimization of the shielding components using 
Monte Carlo method and point kernel method 
based computer codes were carried out. Shielding 
calculations for the adjuster rod have been carried 
out in two steps. In first step, gamma and neutron 
fluxes were estimated in the regions of the adjuster 
rod close to the reactor core i.e. below and above 
MS shield plug in the tray section and below the 
shield plug in the end shield region, by modeling  3D 
geometry of the reactor core using K-code mode of 
the Monte Carlo method based code. In the second 
step, shielding components were modeled in detail 

using source mode of the Monte Carlo code with 
neutron and gamma fluxes obtained in the first step as 
source. Contributions from core gammas & neutrons 
and capture & decay gammas from cobalt capsules 
were considered appropriately. The photon and 
neutron flux values were used in Monte Carlo code 
for estimation of the source at top of pile. Radiation 
field at the top of pile after installation of the adjuster 
rod assembly is estimated to be about 27 mR/hr. Since 
the shielding calculation involves radiation streaming 
and transport over a length of   about 5 meters, the 
results can vary by a factor of two.  

It is estimated that due to the neutron activation of 
Argon present in the cooling air ~ 375 Ci of Ar41 is to 
be generated per day. The total release of Ar41 activity 
from the reactor will be ~1615 Ci/day which is less 
than the permissible value of 1620 Ci/day. 

3.2 thermal Hydraulic aspects

 Total heating in the adjuster rod assembly is 
estimated to be ~ 4.6 KW.  Maximum nuclear heating 
produced in a cobalt capsule has been estimated to 
be about 130 watt. 

The thermal calculation is done in three parts as 
mentioned below. a) The heat transfer calculation is 
done to calculate the maximum surface temperature of 
a capsule, which generates maximum nuclear heating. 
b) Calculation of Temperature of Tray section tube & 
Outer Sheath and heat losses (out of the AR system) 
- The temperature distribution for the tray section 
tube and outer sheath is found by performing finite 
element simulation considering different heat losses 
like, radiation, convection, and conduction. c) ΔT 
of flowing air was calculated considering different 
losses. Based on the ΔTair, temperature of the capsule 
is estimated.  

The heat generated in the annular capsule (Qs) 
is transferred by two modes, which are convection 
(Qc=Q1c+ Q2c) and radiation (Q2R). The heat transfer 
through radiation has been estimated to be about 5 
Watt. The heat transfer coefficient for both the regions 
is calculated using Dittus-Boelter correlation as shown 
in Figure-3. For a trip value air flow rate of 3500 slpm at 
3.5 atm pressure, the maximum surface temperature of 
the cobalt capsule is estimated to be 190 0C.  The total 
amount of heat produced in the adjuster rod assembly 
is 4600 Watt, out of which, 800  watt of heat is lost out 
of the assembly through radiation and conduction. 
So, the heat of 3800 watt is picked by the cooling 
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air. The outlet air temperature with 3500 slpm flow 
rate has been calculated to be about 93 0C. Estimated 
maximum capsule surface and air outlet temperatures 
with nominal air flow rate of 4000 slpm are about 175 
and 83 0C, respectively. The temperatures of the tray 
section tube and outer sheath are found to be about 
73 and 125 0C, respectively. Nuclear heating produced 
from different components  and maximum surface 
temperature of capsule  in adjuster rod are given in 
Table-1 & 2. 

table-1: nuclear Heating in adjuster rod

Components

nuclear Heating (KW)
40 g Cobalt in 

a Capsule
35 g Cobalt in 

a Capsule
18 Capsules   2.1 1.85
Tray Section   0.7 0.65
Outer Sheath   1.6 1.6

Others   0.5 0.5
Total   4.9 4.6

table-2: Max. Capsule Surface temperature with 
nominal and trip Value flow rates

Capsule  
Heating in 

Watt  

air 
flow 

(slpm) 

Heff  in 
W/m2/K

Capsule 
Surface temp 

(°C)
131 (35 g)

131 (35 g) 

150 (40 g)

150  (40g)

4000 

3500 

4000 

3500

72

66

72

66

175 

190 

189

206

3.3 Safety analysis 

The adjuster rod will be normally raised during 
reactor startup to override xenon poisoning. Loss Of 
Regulation Incident (LORI) analysis has been carried 
out wherein simultaneous withdrawal of adjuster rod 
and uncontrolled pump-up of heavy water is assumed. 
The transient is assumed to be initiated from two 
different power levels of 1 kW and 100 MW. Maximum 
withdrawal speed of 2 cm/sec has been considered 
for the analyses. 

The equilibrium heavy water level at 1 kW power 
is assumed to be 200 cm. With adjuster rod down, 
minimum moderator level will be about 210 cm to 
keep minimum shut down margin of 50 mk. The 
reactivity addition rate at this level due to uncontrolled 
pump-up of heavy water and uncontrolled withdrawal 
of adjuster rod together is estimated to be about 0.33 
mk/sec. 

As per 32.5 MW/m rule, the minimum equilibrium 
heavy water level at 100 MW power is about 308 
cm. The reactivity addition rate at this level due 
to uncontrolled pump-up of heavy water and 
uncontrolled withdrawal of adjuster rod is about  
0.15 mk/sec. Results are summarized in Table-3.

table-3: lori results at 1 KW&100 MW

Parameters (unit) lori at  
1 KW

lori at  
100 MW

Reactivity rate (mk/s)
Trip at 110 MW (s)
Peak Power (MW)
Max. reactivity add (mk)
Max. log rate (%/s)
Max. fuel temp. (oC) 
Max. clad temp. (oC)
Max. coolant temp. (oC)

0.33 
23.10 
157.8
7.86
143
635
221
102

0.15 
9.60 
133.9
1.05
3.5
460
189
113

On failure of air compressors, the reactor will trip 
as soon as the pressure comes down to 5.4 Kg/cm2 Fig.3: Geometry of Annular Capsule
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from normal value of 7.8 Kg/cm2. For cobalt capsules 
with specific activity of 300 Ci/g, the decay heat is ~ 18 
Watt for which the surface temperature of the capsule 
stabilizes at ~320°C. The conditional trips on air flow 
and pressure are effective only at power above LP. At 
LP, total heat deposition in the capsule from decay and 
core gamma will be ~ 20 Watt. For nominal air flow 
of 4000 slpm, the capsule surface temperature and air 
outlet temperature will be 68 and 42°C, respectively 
at LP.  If air flow through the adjuster rod stops when 
reactor is at LP, surface temperature of the hottest 
cobalt capsule reaches maximum up to 350°C.

4. observations

Important physics parameters were measured 
after commissioning of Adjuster rod, and comparison 
with estimated values are summarized in Table-4.

The reactivity worth calculation of all nine shut 
off rods with adjuster rod IN was carried out using 
inverse kinetics method.

At low power, however, proper estimation of 
source term (S) is necessary to get correct value of 
reactivity. If the source term is unknown, we proceed 
using the method developed by Hoogenboom [2].

Once full worth of the shut off rods, ρd is realized, 
its relationship with constant source term is given 
by: 

 

Once full worth of the shut off rods, d is 

realized, its relationship with constant 

source term is given by: d j j= - S/n

Here, j is reactivity calculated from 

inverse point kinetics with source term 

taken as zero, and nj is reactor power or 

equivalent.  Above equation is linear in 

form. To estimate d, least squares 

approximation for j and nj can be made. 

This method for determining the post-

scram reactivity is called Least Squares 

Inverse Kinetics Method (LSIKM).  

The reactor was initially made critical at 

low power (LP), and fast recorder with 

scan time of 1 msec was connected to 

record log power signal.  

Table-4: Estimated & observed values of 

important parameters with adjuster rod  

Parameter Estimated 

Values 

Observed 

Values 

Reactivity load 4.3 mk 4.2 mk 

Fixed load 1.0 mk ~1.0 mk 

SORs worth 118 mk 116 mk 

Peak OPF 1132 1133 

Ar41 release  375 Ci/day 365 Ci/day 

Radiation field at 

top of pile  

27  mR/hr 35 mR/hr 

Max. th in Self 

Serve facility 

1.5x1013 

n/cm2/sec 

1.54x1013 

n/cm2/sec 

Out Ait temp. 83°C 79 °C 

Concluding remarks  
The adjuster rod is much needed for 

Dhruva type research reactors. The 

adjuster rod installed at G-19 position, 

consists of 18 cobalt capsules with 35 g of 

cobalt in each capsule. The adjuster rod 

has total reactivity load of 4.3 mk with 3.3 

mk adjustable. Thermal safety margins 

and shielding analysis for adjuster rod 

assembly demonstrate adequate safety 

margins. The estimated results for reactor 

physics, thermal hydraulics and radiation 

shielding are in close agreement with the 

observed values. 
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abstract

Electronic system reliability is always limited by reliability of its components and solder joints. 
Over the years, component reliability has improved because of improvement in manufacturing 
technology. Nevertheless solder joint reliability can be a limiting case and early solder joint failure 
may hamper system reliability. Therefore, estimation and insurance of solder joint reliability is 
an important activity to ensure system reliability goals. 

Plastic Leaded Chip Carrier (PLCC) package comes with J-leads and the solder joint geometry 
is quite unique. For lead solder joints of this package life estimation models are not available in 
literature. Considering the fact that thermal cycle is the most predominant stress for electronic 
systems, causing fatigue failure of solder joints, thermal cycling experiments has been used for 
estimation of life of the solder joints. Parameters of Coffin-Manson model is estimated from the 
experimental data. With this a specific life model is derived for PLCC solder (lead) joints.

Keywords: Solder joints, thermal cycle, Fatigue life, Finite element, Accelerated life testing

  Life Cycle Reliability and Safety Engineering 
Vol.5 Issue 4 (2016) 06-13

1. introduction

Solder joints form a vital part of electronic systems. 
Their role is to provide i) electrical inter-connect ii) 
mechanical bond iii) thermal conduit for removal 
of heat. Over the years, component reliability has 
improved because of improvement in manufacturing 
technologies. However, solder joint reliability can be a 
limiting case and early solder joint failure may hamper 
system reliability. Therefore, estimation of solder joint 
reliability is critical to ensure system reliability goals. 
Also, extensive studies have shown that 25% of all 

hardware failures in electronic systems are due to 
solder joint failures [1] as shown in Fig. 1. 

Electronic components come in various packages 
such as DIP, BGA, and PLCC etc. For each of these 
packages, solder joints take a different geometry. 
Solder joint reliability depends on solder material, 
their microstructure and geometry, in addition to 
environmental factors [2]. As a result, a universal 
model for reliability/life estimation of each type of 
solder joint is not possible. 

Plastic Leaded Chip Carrier (PLCC) package 
components have been extensively used in concurrent 
designs. These components come with J-leads and 
the solder joint geometry is quite unique. The solder 
material used in these designs is Sn-37Pb, i.e. lead 
solder. In literature solder joint life models are 
available for some packages with solder (lead) joints. 
With RoHS (Restriction of Hazardous Substances) 
directive in force, most of the research has focused on 
leadless solder joints. This has created a gap area for 
PLCC solder (lead) joints.

Environmental factors that greatly influence the 
life of solder joints include temperature, thermal 
cycling, vibration, shock etc. Each of them accelerates a Fig. 1: Failure causes distribution of an electronic system
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failure mechanism in the solder material causing them 
to fail. In this work, thermal cycling stress has been 
chosen to estimate life of PLCC solder joints due to its 
predominance in the actual use environment. Since, 
fatigue is the dominant failure mechanism under 
thermal cycling, it has been considered for estimation 
of solder joint life. Thermal cycling experiments have 
been used in the paper for life estimation.

Section 2 gives a background on fatigue mechanism 
in general and reviews solder joints of electronic 
components. Section 3 specifies the fatigue mechanism 
in solder joints and the model for fatigue. Section 4 
details the Finite element modelling of PLCC solder 
joints. In section 5, planning and conduct of accelerated 
thermal cycling experiments is given. Finally, section 6 
shows the estimation of fatigue model parameters.

2. background

2.1 fatigue

It is known that all materials are subjected to 
degradation & ageing with time & environment. A 
solder joint can be termed as failed if cracks have 
developed forming discontinuities. The three main 
causes of solder joint failure as per literature [2] are:

i)  Fracture: Mechanical overloading due to 
tensile rupture

ii) Creep: Damage due to long–lasting permanent 
loading at elevated temperature

iii) Fatigue: Damage due to cyclic loading

Fatigue failure is defined as a process causing 
localized, progressive and permanent micro-structural 
damage when the material is subjected to fluctuating 
stresses and strains at some material point or points 
[4]. It occurs under alternating stresses, causes failure 
when the maximum operating stress is of sufficiently 
high value, or there is enough variation of the applied 
stress or even if there is a sufficiently large number of 
stress cycles. Sooner or later, it leads to crack initiation 
and propagation and finally failure [2]. 

To quantify fatigue life, empirical fatigue life 
models are available in literature [3]. Widely used 
models are Coffin-Manson, Total strain, Solomon, 
Engel Maier etc. These models are based on plastic 
strain due to thermal cycling and/or vibration loading 
for a given environmental conditions. 

2.2 Solder Joints

Solder joints microstructure and geometry coupled 
with environmental conditions significantly affect 

their life. The geometry of solder joints varies with 
different component packages. For BGA packages, 
it takes a spherical shape while for PLCC packages, 
it takes an M shape. Since solder joint life greatly 
depends on geometry, it is imperative to evaluate life 
of individual type of solder joints. 

Solders are classified into lead and leadless ones 
based on the presence or absence of lead (Pb). Sn-
37Pb, Sn-3.5Ag-3Bi are examples of lead and leadless 
materials, respectively. Implementation of RoHS 
(Restriction of Hazardous Substances) directive 
imposed restriction on the use of Pb in the industry. 
Ever since, leadless solders gained the market and 
current research is also in line with that. As a result, 
life data is not available for solder joints with lead 
solder material, for concurrent package.

The electronics for critical applications, such as 
NPP, avionics and space, still uses lead solder joints 
due to their well-known behaviour and established 
reliability. The paper attempts to fill this gap for lead 
solder joints of PLCC packages. 

3. fatigue life of Solder Joints

3.1 fatigue Mechanism due to thermal Cycling

Fatigue caused by thermal cycling is categorized 
as a low cycle fatigue (LCF) phenomenon. That is, 
the number of cycles to failure is less than 104 cycles. 
The fatigue occurs due to mismatch in coefficients 
of thermal expansion (CTE) between the component 
leads, solder and the PCB [3]. On repeated exposure to 
thermal cycling, these materials expand and contract 
differently due to CTE mismatch. This induces plastic 
strain or deformation in the solder joint, culminating 
in crack initiation and further growth.

For fatigue life due to thermal cycling Coffin-
Manson model is well accepted. Here also, Coffin-
Manson is adopted as it considers only plastic strain, 
which is the main contributor for failure in case of 
thermal cycling.

3.2 fatigue Model

Coffin-Manson fatigue model [3] is the most 
widely used fatigue model for plastic strain based LCF. 
The total number of cycles to failure (Nf) is dependent 
on the plastic strain range (
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Where,
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: fatigue ductility coefficient, defined as the 
failure strain for a single reversal (2Nf = 1).

2Nf : number of reversals to failure.
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 and 
c need to be obtained for concerned solder joints to 
estimate Nf.

Due to the small size of solder joints, traditional 
methods of strain measurements such as strain 
gauges cannot be used. Literature suggests the 
use of Finite Element method for solder joints to 
estimate strain ranges. To estimate other model 
parameters, it is also necessary to estimate number 
of cycles to fatigue failure by accelerated testing. 
Details of the test sample, sample size, temperature 
ranges and acceleration life tests are given in the 
Appendix.

4. finite Element analysis (fEa) of PlCC 
solder-joint

PLCC solder joint under study is modelled using 
Finite element model. Through this method, 
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contributor for failure in case of thermal cycling. 

3.2 Fatigue model 

Coffin-Manson fatigue model [3] is the most widely used fatigue model for plastic 
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 is 
estimated. Step-up step procedure for FE analysis is 
given below.

4.1 assumptions in fEa

Assumptions for FE (Finite Element) analysis are 
as follows.

•	 All the parts in package are assumed to be 
perfectly bonded to each other.

• Temperature change and displacement is 
assumed to be uniform throughout.

• Except solder joints, all other materials are 
assumed to behave as linear elastic.

• No material is considered to possess time 
varying material properties.

Fig 11 indicates that sample is symmetrical in 
both axes, so a quarter model can be used. A quarter 
model possesses symmetry in boundary conditions 
and applied loadings. This helps in reducing the size 
of the model, hence the computation time, without 
affecting the results.

4.2 fEa model

The geometry of the package used for FEA is given 
in Fig. 2a & 2b.

Fig 2a: Complete FE model 

Fig 2b: Quarter model
 

Fig 2b: Quarter model 

Fig. 2a is the complete FE model while Fig. 2b shows the quarter model of PLCC package 
test assembly.  

Copper (Cu) pads, J–leads, plastic package encapsulation and PCB are modelled as linearly 
elastic materials. Sn–37Pb solder is modelled as elastic-plastic material with yield strength of 
27.23 MPa. The material properties for the model are extracted from standard references [6, 
7] and are listed in Table 1 and 2. 

Table 1: Mass of Materials of Sample Package 
Material Mass (gms) 

Plastic Package 2.44 (with J–leads) 
PCB 8.43 

 
Table 2: Material Properties used in FEA 

Material CTE 
(ppm/°C) 

ElasticModulus  
(GPa) 

Poisson
Ratio 

Density 
(kg/m3)

Copper pad and Leads 16.7 117 0.35 8940 
Plastic Package 22 13.79 0.30 1800 
PCB 18 22 0.28 2200 
Sn–37Pb Solder 24.7  15.7 0.4 8500 

 
Once the model is ready, the next step is to mesh it with finite elements. The size of elements 
and the degree of interpolation function chosen for the elements affect the accuracy of field 
variables such as displacement etc. Fine sized element mesh could ensure high accuracy of 
the FE results [8]. 
 

 

Fig 3: Meshing of quarter model 

Fig. 2a is the complete FE model while Fig. 2b 
shows the quarter model of PLCC package test 
assembly. 

Copper (Cu) pads, J–leads, plastic package 
encapsulation and PCB are modelled as linearly elastic 
materials. Sn–37Pb solder is modelled as elastic-plastic 
material with yield strength of 27.23 MPa. The material 
properties for the model are extracted from standard 
references [6, 7] and are listed in Table 1 and 2.

table 1: Mass of Materials of Sample Package

Material Mass (gms)
Plastic Package 2.44 (with J–leads)

PCB 8.43

table 2: Material Properties used in fEa

Material CtE 
(ppm/  

°C)

Elastic 
Modulus 

(gPa)

Poisson 
ratio

density 
(kg/m3)

Copper pad 
and Leads

16.7 117 0.35 8940

Plastic 
Package

22 13.79 0.30 1800

PCB 18 22 0.28 2200
Sn–37Pb 
Solder

24.7 15.7 0.4 8500

Rohit Khatri et al. / Life Cycle Reliability and Safety Engineering Vol.5 Issue 4 (2016) 06-13



9 © 2016 SRESA All rights reserved

Once the model is ready, the next step is to mesh 
it with finite elements. The size of elements and 
the degree of interpolation function chosen for the 
elements affect the accuracy of field variables such 
as displacement etc. Fine sized element mesh could 
ensure high accuracy of the FE results [8].

Fig. 5 and 6 show the plastic strain induced 
(light blue colour) in solder joints in ALT I & II 
respectively.

 
Fig 2b: Quarter model 

Fig. 2a is the complete FE model while Fig. 2b shows the quarter model of PLCC package 
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27.23 MPa. The material properties for the model are extracted from standard references [6, 
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Once the model is ready, the next step is to mesh it with finite elements. The size of elements 
and the degree of interpolation function chosen for the elements affect the accuracy of field 
variables such as displacement etc. Fine sized element mesh could ensure high accuracy of 
the FE results [8]. 
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The meshed geometry of the quarter model is 
presented in Fig. 3. Mesh density is made higher in 
solder joint volumes (area of interest) for accurate 
results and intentionally rarer at other areas so as to 
save on computational time.

The meshed geometry of the quarter model is presented in Fig. 3. Mesh density is made 
higher in solder joint volumes (area of interest) for accurate results and intentionally rarer at 
other areas so as to save on computational time. 

 

Fig 4: Solder joint & J-lead with solder joint 

The quarter model in Fig. 2b consists of 739965 nodes and 140694 elements with 3D SOLID 
186 elements. A more detailed view of the meshed geometry of the solder joint and J–lead is 
presented in Fig. 4.  

4.3 FEA results 

On simulation, the plastic strain range p , induced per cycle in solder joints for ALT I 

and ALT II (refer to Appendix for thermal loading profile) are summarized in Table 3. 

Table 3: ALT results 
Test p

FEA-ALT I 0.014983 
FEA-ALT II 0.011909 

 
Fig. 5 and 6 show the plastic strain induced (light blue colour) in solder joints in ALT I & 
II respectively. 
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Fig 4: Solder joint & J-lead with solder joint

The quarter model in Fig. 2b consists of 739965 
nodes and 140694 elements with 3D SOLID 186 
elements. A more detailed view of the meshed 
geometry of the solder joint and J–lead is presented 
in Fig. 4. 

4.3 fEa results

On simulation, the plastic strain range 

To quantify fatigue life, empirical fatigue life models are available in literature [3]. Widely 
used models are Coffin-Manson, Total strain, Solomon, Engel Maier etc. These models are 
based on plastic strain due to thermal cycling and/or vibration loading for a given 
environmental conditions.  

2.2 Solder joints 

Solder joints microstructure and geometry coupled with environmental conditions 
significantly affect their life. The geometry of solder joints varies with different component 
packages. For BGA packages, it takes a spherical shape while for PLCC packages, it takes an 
M shape. Since solder joint life greatly depends on geometry, it is imperative to evaluate life 
of individual type of solder joints.  

Solders are classified into lead and leadless ones based on the presence or absence of 
lead (Pb). Sn-37Pb, Sn-3.5Ag-3Bi are examples of lead and leadless materials, respectively. 
Implementation of RoHS (Restriction of Hazardous Substances) directive imposed restriction 
on the use of Pb in the industry. Ever since, leadless solders gained the market and current 
research is also in line with that. As a result, life data is not available for solder joints with 
lead solder material, for concurrent package. 

The electronics for critical applications, such as NPP, avionics and space, still uses lead 
solder joints due to their well-known behaviour and established reliability. The paper attempts 
to fill this gap for lead solder joints of PLCC packages.  

3 Fatigue life of Solder joints 

3.1 Fatigue mechanism due to thermal cycling 

Fatigue caused by thermal cycling is categorized as a low cycle fatigue (LCF) 
phenomenon. That is, the number of cycles to failure is less than 104 cycles. The fatigue 
occurs due to mismatch in coefficients of thermal expansion (CTE) between the component 
leads, solder and the PCB [3]. On repeated exposure to thermal cycling, these materials 
expand and contract differently due to CTE mismatch. This induces plastic strain or 
deformation in the solder joint, culminating in crack initiation and further growth. 

For fatigue life due to thermal cycling Coffin-Manson model is well accepted. Here 
also, Coffin-Manson is adopted as it considers only plastic strain, which is the main 
contributor for failure in case of thermal cycling. 

3.2 Fatigue model 

Coffin-Manson fatigue model [3] is the most widely used fatigue model for plastic 
strain based LCF. The total number of cycles to failure (Nf) is dependent on the plastic strain 
range ( p ), the fatigue ductility exponent (c) and the fatigue ductility coefficient ( '

f ). It is 

expressed by, 
c

ffp N2'      (1) 
Where, 

, 
induced per cycle in solder joints for ALT I and ALT 
II (refer to Appendix for thermal loading profile) are 
summarized in Table 3.
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M shape. Since solder joint life greatly depends on geometry, it is imperative to evaluate life 
of individual type of solder joints.  

Solders are classified into lead and leadless ones based on the presence or absence of 
lead (Pb). Sn-37Pb, Sn-3.5Ag-3Bi are examples of lead and leadless materials, respectively. 
Implementation of RoHS (Restriction of Hazardous Substances) directive imposed restriction 
on the use of Pb in the industry. Ever since, leadless solders gained the market and current 
research is also in line with that. As a result, life data is not available for solder joints with 
lead solder material, for concurrent package. 

The electronics for critical applications, such as NPP, avionics and space, still uses lead 
solder joints due to their well-known behaviour and established reliability. The paper attempts 
to fill this gap for lead solder joints of PLCC packages.  

3 Fatigue life of Solder joints 

3.1 Fatigue mechanism due to thermal cycling 

Fatigue caused by thermal cycling is categorized as a low cycle fatigue (LCF) 
phenomenon. That is, the number of cycles to failure is less than 104 cycles. The fatigue 
occurs due to mismatch in coefficients of thermal expansion (CTE) between the component 
leads, solder and the PCB [3]. On repeated exposure to thermal cycling, these materials 
expand and contract differently due to CTE mismatch. This induces plastic strain or 
deformation in the solder joint, culminating in crack initiation and further growth. 

For fatigue life due to thermal cycling Coffin-Manson model is well accepted. Here 
also, Coffin-Manson is adopted as it considers only plastic strain, which is the main 
contributor for failure in case of thermal cycling. 

3.2 Fatigue model 

Coffin-Manson fatigue model [3] is the most widely used fatigue model for plastic 
strain based LCF. The total number of cycles to failure (Nf) is dependent on the plastic strain 
range ( p ), the fatigue ductility exponent (c) and the fatigue ductility coefficient ( '

f ). It is 

expressed by, 
c

ffp N2'      (1) 
Where, FEA-ALT I 0.014983

FEA-ALT II 0.011909

Fig 6: Plastic strain in solder joints for ALTII

Fig 5: Plastic strain in solder joints for ALTI

Red colour in the colour bar indicates the highest 
strain area followed by orange, yellow etc.

As visible in the figures, largest strains occur at 
the outer edges of the solder volume; at the interface 
of the J–lead and solder. It is due to higher stiffness of 
the J-lead at the outer side compared to the inner side 
where its one end is free.

5. Experiment

5.1 Experimental Setup

The test set up as shown in Fig. 7, consists of 
two thermal chambers maintained at 165 °C and 
145 °C respectively. The cold temperature of 5 °C 
was achieved using a water bath. The samples were 
manually cycled between the two chambers in 
accordance with the cycling profile. An average of 12 
cycles/day was achieved.

Rohit Khatri et al. / Life Cycle Reliability and Safety Engineering Vol.5 Issue 4 (2016) 06-13



10 © 2016 SRESA All rights reserved

5.2 Pre-experiment defect analysis

Visual inspection aided by magnification between 
4X to 10X and use of additional magnification to 
resolve suspected defects is a reliable and widely used 
method [9] to detect solder joint failures. 

Following methods were employed for presence 
of cracks and thus identification of failure of solders 
joints:

• Stereo Microscope imaging of the sample.

• Resistance measurement of solder joints using 
Low Resistance measurement facility (100 nΩ 
to 2 Ω)

Stereo Microscope Images of the samples prior to 
commencement of experiments are shown in Fig. 8. As 
seen from the images, all the joints are healthy.

Resistance of all individual solder joints at the 
start of experiment were also recorded. The range 
of resistance for healthy solder joints (including 
component leads) was found to be varying between 
105 mΩ to 120 mΩ. 

Both the methods mentioned here are offline 
techniques; hence samples were removed from the 
test at regular intervals for monitoring. 

5.3 thermal Cycling Experiment

Two thermal tests are conducted keeping the 
same loading conditions as FEA. More details can be 
found in [10].

5.4 results

Results of conditions ALT I and ALT II are 
tabulated in Table 5.

table 4: Cycles to failure for alt i & ii

Experiment Nf

ALT I 255
ALT II 375

The first defect was observed at 200th cycle for 
ALT I conditions and 325th cycle for ALT II conditions. 
The tests were terminated at 255 cycles for ALT I and 
375 cycles for ALT II conditions for 50% solder joint 
failures.

Fig. 9 shows the stereo microscope images of the 
cracks occurred in ALT I and ALT II test conditions 
at the end of cycling. 

Fig 7: Thermal cycling chamber & water bath

 

Fig 6: Plastic strain in solder joints for ALTII 

Red colour in the colour bar indicates the highest strain area followed by orange, yellow etc. 
As visible in the figures, largest strains occur at the outer edges of the solder volume; at 

the interface of the J–lead and solder. It is due to higher stiffness of the J-lead at the outer side 
compared to the inner side where its one end is free. 

5 Experiment 

5.1 Experimental setup 

The test set up as shown in Fig. 7, consists of two thermal chambers maintained at 165 °C and 
145 °C respectively. The cold temperature of 5 °C was achieved using a water bath. The 
samples were manually cycled between the two chambers in accordance with the cycling 
profile. An average of 12 cycles/day was achieved. 
 

 
Fig 7: Thermal cycling chamber & water bath 

5.2 Pre-experiment defect analysis 

Visual inspection aided by magnification between 4X to 10X and use of additional 
magnification to resolve suspected defects is a reliable and widely used method [9] to detect 
solder joint failures.  
Following methods were employed for presence of cracks and thus identification of failure of 
solders joints: 

• Stereo Microscope imaging of the sample. 
• Resistance measurement of solder joints using Low Resistance measurement facility (100 

n  to 2 ) 

Fig 8: Stereo microscope images showing crack-free solder joints

Stereo Microscope Images of the samples prior to commencement of experiments are shown 
in Fig. 8. As seen from the images, all the joints are healthy. 

 

 

Fig 8: Stereo microscope images showing crack-free solder joints 

Resistance of all individual solder joints at the start of experiment were also recorded. The 
range of resistance for healthy solder joints (including component leads) was found to be 
varying between 105 m  to 120 m .  
Both the methods mentioned here are offline techniques; hence samples were removed from 
the test at regular intervals for monitoring.  

5.3 Thermal Cycling Experiment 

Two thermal tests are conducted keeping the same loading conditions as FEA. More details 
can be found in [10]. 

5.4 Results 

Results of conditions ALT I and ALT II are tabulated in Table 5. 
Table 4: Cycles to failure for ALT I & II 

Experiment Nf
ALT I  255 
ALT II 375 

 
The first defect was observed at 200th cycle for ALT I conditions and 325th cycle for ALT II 
conditions. The tests were terminated at 255 cycles for ALT I and 375 cycles for ALT II 
conditions for 50% solder joint failures. 

Fig. 9: Cracks observed in samples of ALT I & II  

Fig. 9 shows the stereo microscope images of the cracks occurred in ALT I and ALT II test 
conditions at the end of cycling.  

 

 

Fig. 9: Cracks observed in samples of ALT I & II   

Some additional observations of the experiments are as follows: 
1. The location of the crack, as seen in Fig. 9 was on the outer side of the interface, 

between solder joint and J–lead. This is clearly in line with the results of FEA, which 
indicated the very same region with maximum plastic strain. 

2. The resistance of individual solder joints with defects was observed to vary from 245 
m  (in case of small cracks) to 2  (for cracks spread throughout the volume). 

3. It was also observed that the change in resistance of the corner solder joints (Pin no. 1, 
11, 12, 22, 23, 33, 34 and 44) was the greatest (greater than 2 ). Thus, the corner 
solder joints for a PLCC package are the critical solder joints under thermal cycling 
loading. 

6 Estimation of model parameters 
The objective of the study is to estimate fatigue model parameters for thermal loading of J–
lead solder joints of PLCC package, with lead solder material. The results from experiment 
and FEA are used for estimation of fatigue model parameters. 

6.1 Parameter for Coffin-Manson (LCF) Model 

Results from experiment (Nf) and FEA (plastic strain range) for thermal cycle load are 
summarised in Table 5. These are used to estimate parameters of Coffin-Manson model. 
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Some additional observations of the experiments 
are as follows:

1. The location of the crack, as seen in Fig. 9 was on 
the outer side of the interface, between solder 
joint and J–lead. This is clearly in line with the 
results of FEA, which indicated the very same 
region with maximum plastic strain.

2. The resistance of individual solder joints with 
defects was observed to vary from 245 mΩ (in 
case of small cracks) to 2 Ω (for cracks spread 
throughout the volume).

3. It was also observed that the change in 
resistance of the corner solder joints (Pin no. 
1, 11, 12, 22, 23, 33, 34 and 44) was the greatest 
(greater than 2 Ω). Thus, the corner solder joints 
for a PLCC package are the critical solder joints 
under thermal cycling loading.

6. Estimation of model parameters

The objective of the study is to estimate fatigue 
model parameters for thermal loading of J–lead solder 
joints of PLCC package, with lead solder material. 
The results from experiment and FEA are used for 
estimation of fatigue model parameters.

6.1	 Parameter	for	Coffin-Manson	(LCF)	Model

Results from experiment (Nf) and FEA (plastic 
strain range) for thermal cycle load are summarised 
in Table 5. These are used to estimate parameters of 
Coffin-Manson model.

table 5: temperature Cycling loading results

Nf pε∆

ALT I 255 1.4983%
ALT II 375 1.1909%

From literature [6, 11], 

To quantify fatigue life, empirical fatigue life models are available in literature [3]. Widely 
used models are Coffin-Manson, Total strain, Solomon, Engel Maier etc. These models are 
based on plastic strain due to thermal cycling and/or vibration loading for a given 
environmental conditions.  

2.2 Solder joints 

Solder joints microstructure and geometry coupled with environmental conditions 
significantly affect their life. The geometry of solder joints varies with different component 
packages. For BGA packages, it takes a spherical shape while for PLCC packages, it takes an 
M shape. Since solder joint life greatly depends on geometry, it is imperative to evaluate life 
of individual type of solder joints.  

Solders are classified into lead and leadless ones based on the presence or absence of 
lead (Pb). Sn-37Pb, Sn-3.5Ag-3Bi are examples of lead and leadless materials, respectively. 
Implementation of RoHS (Restriction of Hazardous Substances) directive imposed restriction 
on the use of Pb in the industry. Ever since, leadless solders gained the market and current 
research is also in line with that. As a result, life data is not available for solder joints with 
lead solder material, for concurrent package. 

The electronics for critical applications, such as NPP, avionics and space, still uses lead 
solder joints due to their well-known behaviour and established reliability. The paper attempts 
to fill this gap for lead solder joints of PLCC packages.  

3 Fatigue life of Solder joints 

3.1 Fatigue mechanism due to thermal cycling 

Fatigue caused by thermal cycling is categorized as a low cycle fatigue (LCF) 
phenomenon. That is, the number of cycles to failure is less than 104 cycles. The fatigue 
occurs due to mismatch in coefficients of thermal expansion (CTE) between the component 
leads, solder and the PCB [3]. On repeated exposure to thermal cycling, these materials 
expand and contract differently due to CTE mismatch. This induces plastic strain or 
deformation in the solder joint, culminating in crack initiation and further growth. 

For fatigue life due to thermal cycling Coffin-Manson model is well accepted. Here 
also, Coffin-Manson is adopted as it considers only plastic strain, which is the main 
contributor for failure in case of thermal cycling. 

3.2 Fatigue model 

Coffin-Manson fatigue model [3] is the most widely used fatigue model for plastic 
strain based LCF. The total number of cycles to failure (Nf) is dependent on the plastic strain 
range ( p ), the fatigue ductility exponent (c) and the fatigue ductility coefficient ( '

f ). It is 

expressed by, 
c

ffp N2'      (1) 
Where, 

 is taken as 0.65 for 
Sn–37Pb solder material. Therefore the Eqn. (1) can 
be written in log form as:
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f is taken as 0.65 for Sn–37Pb solder material. Therefore the Eqn. 

(1) can be written in log form as: 
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Eqn. (2) clearly indicates a linear relationship between logarithm of 2Nf and p . From Table 

5, values of Nf  and corresponding p for two ALT levels are available. Single reversal 

(2Nf=1) forms the 3rd data point. Data points are summarized in Table 6.  

Table 6: Data Points for Regression Analysis for Estimation of c 
Data Point x =log (2Nf ) y = p

A 0 -0.4881 
B 2.7076 -1.8244 
C 2.8751 -1.9241 

 
The slope of best fit line is nothing but the value of c. 

Fig. 10: Regression plot to estimate c

From the regression plot shown in Fig. 10, c is estimated to be -0.604, which lies within the 
specified range (-0.5 to -0.7) [3]. Thus, the fatigue model for PLCC (with J–lead and Sn–
37Pb solder) solder joints under temperature cycling can be expressed as: 

604.0265.0 fp N      (3) 

7 Conclusion 
General empirical models for estimation of fatigue life are available in literature. These 
models have parameters which are function of geometry and material. In the paper, 
parameters of Coffin-Manson model for PLCC solder joint with Sn-37Pb solder material 
under thermal cycle loading are estimated. FE models were used to estimate the strain range. 
The results of strain analysis indicate highest strain at the outer edge of the package and the 
corner pins of the package. 
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on the use of Pb in the industry. Ever since, leadless solders gained the market and current 
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The electronics for critical applications, such as NPP, avionics and space, still uses lead 
solder joints due to their well-known behaviour and established reliability. The paper attempts 
to fill this gap for lead solder joints of PLCC packages.  

3 Fatigue life of Solder joints 

3.1 Fatigue mechanism due to thermal cycling 

Fatigue caused by thermal cycling is categorized as a low cycle fatigue (LCF) 
phenomenon. That is, the number of cycles to failure is less than 104 cycles. The fatigue 
occurs due to mismatch in coefficients of thermal expansion (CTE) between the component 
leads, solder and the PCB [3]. On repeated exposure to thermal cycling, these materials 
expand and contract differently due to CTE mismatch. This induces plastic strain or 
deformation in the solder joint, culminating in crack initiation and further growth. 

For fatigue life due to thermal cycling Coffin-Manson model is well accepted. Here 
also, Coffin-Manson is adopted as it considers only plastic strain, which is the main 
contributor for failure in case of thermal cycling. 

3.2 Fatigue model 

Coffin-Manson fatigue model [3] is the most widely used fatigue model for plastic 
strain based LCF. The total number of cycles to failure (Nf) is dependent on the plastic strain 
range ( p ), the fatigue ductility exponent (c) and the fatigue ductility coefficient ( '

f ). It is 

expressed by, 
c

ffp N2'      (1) 
Where, A 0 -0.4881

B 2.7076 -1.8244
C 2.8751 -1.9241

The slope of best fit line is nothing but the value 
of c.

Fig. 10: Regression plot to estimate c

From the regression plot shown in Fig. 10, c is 
estimated to be -0.604, which lies within the specified 
range (-0.5 to -0.7) [3]. Thus, the fatigue model for 
PLCC (with J–lead and Sn–37Pb solder) solder joints 
under temperature cycling can be expressed as:

 

Table 5: Temperature Cycling Loading Results 
 Nf 

 
p  

ALT I  255 1.4983% 
ALT II 375 1.1909% 

 
From literature [6, 11], '

f is taken as 0.65 for Sn–37Pb solder material. Therefore the Eqn. 

(1) can be written in log form as: 

fp Nc 2log65.0loglog     (2) 

Eqn. (2) clearly indicates a linear relationship between logarithm of 2Nf and p . From Table 

5, values of Nf  and corresponding p for two ALT levels are available. Single reversal 

(2Nf=1) forms the 3rd data point. Data points are summarized in Table 6.  

Table 6: Data Points for Regression Analysis for Estimation of c 
Data Point x =log (2Nf ) y = p

A 0 -0.4881 
B 2.7076 -1.8244 
C 2.8751 -1.9241 

 
The slope of best fit line is nothing but the value of c. 

Fig. 10: Regression plot to estimate c

From the regression plot shown in Fig. 10, c is estimated to be -0.604, which lies within the 
specified range (-0.5 to -0.7) [3]. Thus, the fatigue model for PLCC (with J–lead and Sn–
37Pb solder) solder joints under temperature cycling can be expressed as: 

604.0265.0 fp N      (3) 

7 Conclusion 
General empirical models for estimation of fatigue life are available in literature. These 
models have parameters which are function of geometry and material. In the paper, 
parameters of Coffin-Manson model for PLCC solder joint with Sn-37Pb solder material 
under thermal cycle loading are estimated. FE models were used to estimate the strain range. 
The results of strain analysis indicate highest strain at the outer edge of the package and the 
corner pins of the package. 

                      (3)

7. Conclusion
General empirical models for estimation of 

fatigue life are available in literature. These models 
have parameters which are function of geometry and 
material. In the paper, parameters of Coffin-Manson 
model for PLCC solder joint with Sn-37Pb solder 
material under thermal cycle loading are estimated. 
FE models were used to estimate the strain range. 
The results of strain analysis indicate highest strain 
at the outer edge of the package and the corner pins 
of the package.

The specific fatigue model for PLCC solder joint 
can be used for predicting the life in use environment 
as part of overall system reliability estimation. It will 
also be useful in deciding the need of environmental 
control and estimation of Remaining Useful Life 
(RUL).
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description of test Samples and thermal Cycles

a-1 test Sample

For both FEA and experimentation, sample under 
consideration is a 16.5 x 16.5 x 4.3 mm PLCC package 
mounted on 48 x 48 x 1.6 mm PCB as shown in  
Fig. 11. Four samples were cut out from a single 6U 
size module.

aPPEndiX

Fig.11: Test sample

APPENDIX 

Description of Test samples and thermal cycles 

Test sample 
For both FEA and experimentation, sample under consideration is a 16.5 x 16.5 x 4.3 mm 

PLCC package mounted on 48 x 48 x 1.6 mm PCB as shown in Fig. 11. Four samples were 
cut out from a single 6U size module. 

 

Fig.11: Test sample 

This PLCC package has 44 J-leads for solder joints. Solder material is Sn-37Pb. Hence, 
solder joints sample size available is 44, which is statistically a good size. More details on the 
same can be obtained from [10]. The details of the samples are summarized in the Table 7. 

Table 7: Dimensions of FEA Model Geometry 
Component Dimension (mm) 

PCB 48 x 48 x 1.6
PLCC Package 16.5 x 16.5 x 4.3 
Copper Pads 0.65 x 2  

Solder Joint Height 0.762 
Stencil Size 0.60 x 1.95 

 

Thermal cycles 
IPC–SM–785 [6] provides recommended accelerated testing levels for surface mounted 
electronics. The standard also prescribes that the rate of change of temperature should be less 
than 20°C/min to avoid thermal shock. Usually for experiments higher stress levels (range of 
thermal cycles) are chosen to reduce the experimentation time. 

Two stress levels chosen for carrying out temperature cycling are: 
i) ALT I: Cycling between 5 °C and 165 °C.  
ii) ALT II: Cycling between 5 °C and 145 °C.  

These conditions ensure acceleration of the fatigue mechanism and are well below the solder 
melting point to avoid shifting of active failure modes. 

This PLCC package has 44 J-leads for solder joints. 
Solder material is Sn-37Pb. Hence, solder joints sample 
size available is 44, which is statistically a good size. 
More details on the same can be obtained from [10]. 
The details of the samples are summarized in the 
Table 7.

table a-1: dimensions of fEa Model geometry

Component dimension (mm)
PCB 48 x 48 x 1.6

PLCC Package 16.5 x 16.5 x 4.3
Copper Pads 0.65 x 2 

Solder Joint Height 0.762
Stencil Size 0.60 x 1.95

a-2 thermal Cycles

IPC–SM–785 [6] provides recommended 
accelerated testing levels for surface mounted 
electronics. The standard also prescribes that the rate 
of change of temperature should be less than 20°C/
min to avoid thermal shock. Usually for experiments 
higher stress levels (range of thermal cycles) are 
chosen to reduce the experimentation time.

Two stress levels chosen for carrying out 
temperature cycling are:

i)  ALT I: Cycling between 5 °C and 165 °C. 

ii) ALT II: Cycling between 5 °C and 145 °C. 
These conditions ensure acceleration of the 

fatigue mechanism and are well below the solder 
melting point to avoid shifting of active failure 
modes.
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In Fig 12, dotted lines depict the thermal cycle 
profile used in Finite element analysis while the 
solid line profile is used in experiments. Due to the 
limitation of the thermal chambers, the ideal dotted 
line could not be achieved for experiments. Thermal 
cycling conditions employed are summarised in 
Table 8.

table a-2: thermal Cycle	Profile	for	FEA	and	
Experiments

Parameters fEa alt i alt ii

Cycle duration 40 min 40 min 40 min

Dwell time 10 min 20 min 20 min

Ramp rate 16°C/min 16°C/min 14°C/min

a-3 Estimation of acceleration factor and test 
duration

While conducting any experiment, test duration 
must be determined apriori. The most common 
approach in accelerated life testing is to use an AF 
(Acceleration Factor) model, operating stress & 
accelerated stress to calculate the expected cycles to 
failure at accelerated conditions.

Norris–Landzberg equation gives estimation of 
Acceleration Factor [11] for thermal cycling as

 

In Fig 12, dotted lines depict the thermal cycle profile used in Finite element analysis while 
the solid line profile is used in experiments. Due to the limitation of the thermal chambers, 
the ideal dotted line could not be achieved for experiments. Thermal cycling conditions 
employed are summarised in Table 8. 

Table 8: Thermal cycle profile for FEA and experiments 
Parameters FEA ALT I ALT II 
Cycle duration 40 min 40 min 40 min 
Dwell time 10 min 20 min 20 min 
Ramp rate 16°C/min 16°C/min 14°C/min 

 

 

 

Fig. 12: Actual profile for ALT I & ALT II 

Estimation of Acceleration Factor and test duration 
While conducting any experiment, test duration must be determined apriori. The most 
common approach in accelerated life testing is to use an AF (Acceleration Factor) model, 
operating stress & accelerated stress to calculate the expected cycles to failure at accelerated 
conditions. 
Norris–Landzberg equation gives estimation of Acceleration Factor [11] for thermal cycling 
as
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Where, 
Ea: Activation energy 
K: Boltzmann constant 
m, n: Parameters for material 
 

                                                                           
(4)

Where,

Ea: Activation energy

K: Boltzmann constant

m, n: Parameters for material

Values for m, n, Ea have been taken for Sn–37Pb 
eutectic solder from [11]. Operating environment 
cycling range is 5°C to 45°C at one cycle per day. Test 
conditions for ALT I and II are already specified. Ref. 
[12] also provides the use life of lead solder joints (Ntest) 
as 35000 cycles. 

Using eqn. (4) the Acceleration factors and thus 
estimates of number of test cycles required at test 
levels ALT I and ALT II are given in Table 9.

table a-3 acceleration factor Calculations

Parameter alt i alt ii
f (cycles per day) 36 36
T(0C) 160 140
Tmax (K) 433 413
Acceleration Factor 155.50 105.87
Ntest(cycles) 225 330

Fig. 12: Actual profile for ALT I & ALT II
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the solid line profile is used in experiments. Due to the limitation of the thermal chambers, 
the ideal dotted line could not be achieved for experiments. Thermal cycling conditions 
employed are summarised in Table 8. 

Table 8: Thermal cycle profile for FEA and experiments 
Parameters FEA ALT I ALT II 
Cycle duration 40 min 40 min 40 min 
Dwell time 10 min 20 min 20 min 
Ramp rate 16°C/min 16°C/min 14°C/min 
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Estimation of Acceleration Factor and test duration 
While conducting any experiment, test duration must be determined apriori. The most 
common approach in accelerated life testing is to use an AF (Acceleration Factor) model, 
operating stress & accelerated stress to calculate the expected cycles to failure at accelerated 
conditions. 
Norris–Landzberg equation gives estimation of Acceleration Factor [11] for thermal cycling 
as

testfield

a

TTK
En

test

field
m

test

field

test

field e
T
T

N
N

N
N

AF
11

    (4)

Where, 
Ea: Activation energy 
K: Boltzmann constant 
m, n: Parameters for material 
 

Rohit Khatri et al. / Life Cycle Reliability and Safety Engineering Vol.5 Issue 4 (2016) 06-13



14 © 2016 SRESA All rights reserved

1. introduction 

In nuclear power plants, there are many process 
control systems and safety systems which work 
together. Many of the advanced reactors are designed 
to utilize passive safety systems, which do not have 
any moving mechanical components [1]; however 
most of the passive systems use valves for either their 
activation or during the operation of these systems. 
For example, in passive decay heat removal system 
of advanced reactors, isolation condensers are used. 
The passive operation of heat removal is activated 
by opening of passive valves and a process control 
valve. These valves open and closes based on the 
signals of some process parameters like steam drum 
pressure, etc. The opening and closing of these valves 
is accomplished by electrical, hydraulic or pneumatic 
actuators, which get control signals from proportional 
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abstract

In nuclear power plants there are many process control systems and safety systems that work 
together simultaneously. Many of the advanced reactors are designed to utilize passive safety 
systems, which do not have any moving mechanical components; however most of the passive 
systems use valves for either activation or during the operation. Static reliability analysis 
techniques such as event tree and fault tree analysis, assume that such valves have binary-
states of failure (stuck open and stuck closed). However, these valves can fail at intermediate 
positions of opening as well. These partial failures of components can have dominant effect 
on the reliability of passive systems. Most of the failure databases, report binary-state failure 
probability of valves and do not provide any information about the intermediate state failure 
probabilities. In this paper, we conducted experiments and evaluated the probability of such 
valves failing at partial openings. These probabilities were determined on a dynamic reliability 
benchmark setup of holdup tank having three control valves and their associated control 
mechanisms. It was found that the probability of failure at intermediate states is considerably 
high and cannot be ignored for analysing the passive systems reliability.  The importance of 
considering intermediate state failure probabilities of such components in passive system 
reliability analysis, is presented by analyzing the reliability of a passive isolation condenser 
system of an advanced reactor as an example.   
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integral differential (PID) controllers. Static reliability 
analysis techniques such as event tree and fault tree 
analysis, assume that such valves have binary-states 
of failure (stuck open and stuck closed). However, 
such components can fail at intermediate positions as 
well. For example, a control valve can fail at 10% stuck 
open or 25% stuck open or at any other percentage of 
openings. In addition, it is also possible that the fault 
may increase/decrease in a particular direction with 
respect to time. These dynamic failure characteristics 
are often ignored in the static reliability analysis. 
Besides this, there can be certain other dynamic 
characteristics which may influence the reliability 
estimates of system. Most of the failure databases like 
IAEA [2]; NSWC [3] and MIL-HDBK-217E [4], report 
binary-state failure probability of valves, and do not 
provide any information about the intermediate state 
failure probabilities. 
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In this paper, we conducted experiments and 
evaluated the probability of such valves failing at 
partial openings.  These probabilities were determined 
on a dynamic reliability benchmark setup of holdup 
tank having three control valves and their associated 
control mechanisms. It was found that the probability 
of failure at intermediate states is considerably high 
and cannot be ignored for analysing the passive 
systems.  The importance of considering state failure 
probabilities of such components in passive system 
reliability analysis is presented by analyzing a passive 
isolation condenser system of an advanced reactor as 
an example.   

The article is organised as follows. The 
methodology for determining the intermediate state 
failure probabilities of valves is presented in section 2. 
In section 3, the reliability analysis of passive isolation 
condenser system of an advanced reactor considering 
the partial failure probabilities of valves is presented. 
The article is then concluded in section 4.

2. Methodology for determining functional 
failure Probabilities of Valves at Multiple 
States of opening 

In order to determine the probability of valves 
failure in intermediate positions of opening during 
operation of passive system, an experimental setup 
of hold-up tank was utilized. The details of the setup 
are discussed below: 

2.1. Experimental Set-up 

The experimental set-up consists of a fluid 
containing tank, which has three separate level 
control units. Fig. 1 shows a simplified line diagram 
of the set-up and Fig. 2 shows the actual photograph 
of the experimental set-up. Each control unit is 
independent of the other and has a separate level 
sensor associated with it. The level sensors measure 
fluid level in the tank, which is a continuous process 
variable. Based on the information from level sensors, 
the operational state of the control units is determined. 
Each flow control unit can be thought of as containing 
a controller which turns the unit “on” and “off” based 
on the signal from the level sensors, as shown in Fig. 
2. Failure of the system occurs when the tank either 
runs “dry” or “overflows”.

Total length of the tank in the experimental 
setup is 1 meter. The tank has a nominal fluid level 
at the start of system operation. This nominal level 
is assumed as zero meters for the simulation which 
corresponds to 0.5 meters in the experimental set-up; 

all levels are measured with reference to this zero level. 
The level which are above zero are referred as positive 
whereas below ones are negative. The maximum 
level of the tank for experimental considerations is 
+0.4 meter and the minimum is -0.4 meter. If the tank 
level moves out of this range, failure of the system 
will occur. Within this range, there are two set points 
at -0.2 meter and +0.2 meter. These set points define 
three control regions for system operation. Region 1 
is defined from point -0.4 meter to -0.2 meter; region 
2 is from -0.2 meter to +0.2 meter; and region 3 is 
from +0.2 meter to +0.4 meter. When the fluid level is 
in any of the three control regions, there is a specific 
action required for each of the three control units. 
During normal operation, the level is in region 2 (i.e. in 
between -0.2 meter and +0.2 meter). In this region, unit 
1 and 2 are in ON position so the flow is coming from 
unit 2 and outgoing from unit 1. Due to any failure or 
transient when level starts falling and reaches region 1 
(i.e. in between -0.2 meter and –0.4 meter), the system 
goes into a transition of state by turning OFF the 
unit 1 and switching ON the unit 3 and unit 2 so that 
the level in the tank rises to reach normal operating 
region 2. Similarly, when the level in the tank reaches 
upper control region 3 (in between +0.2 meter and 
+0.4 meter), the system goes into transition of state 
by switching unit 2 and 3 OFF while keeping unit 1 in 
ON position so that level can drop to normal operating 
range (region 2). Overflow failure occurs when level 
exceeds +0.4 meter mark and dryout happens when 
it dips below -0.4 meter mark.
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Fig. 1 Simplified schematic of experimental set-up
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Fig. 2 Experimental set-up

2.2 Methodology in Steps 

In order to simulate the actual failure of valves, 
the valves were made to fail in the experiment by 
disabling the control of that particular valve. Once the 
fault in the valve is initiated, it can get stuck at any 
positions of operation. However, the stuck position of 
operation cannot be read by using the PID controller, 
because they were disabled to simulate the failure 
of valve. In order to get the failed position of valve, 
the experiment was continued to record the actual 
failure of system i.e. either overflow or dryout. Once 
the time to failure of the system was recorder from 
the experiment, many configurations (% of stuck 
conditions) of the faulty valve were simulated using 
the methodology presented by Chandrakar et al.[5]. 
From the output of the simulation, the fault position 
was selected by comparing the system failure time 
obtained from the experiment and simulation. The 
above mentioned procedure was repeated for a large 
number of configurations and combinations of valve. 
The result so obtained are analysed and a histogram 
of fault positions is plotted to get the probability of 
failure at intermediate states of operations of each 
valve. The above mentioned procedure is delineated 
in steps with one example illustrated below:

Step 1: initiation of fault

In the experimental setup, the fault is induced in 
valves by disabling the automatic controller (PID). 
This fault is induced at the start of the operation 

when the main tank is at nominal operating 
condition.

observation: The fault in valve 1 was 
induced. Once the fault in the valve is 
initiated, it can get stuck at any positions 
of operation.

Step 2: record the System failure time

Continue the experiment to record the 
system failure. Failure of the system can 
be overflow or dryout based on the system 
dynamics and state of the valve failure.

observation: System fails in overflow 
and time to failure was 653 minutes.

Step 3: Estimate the fault Position

Simulate  many conf igurat ions  
(% of stuck conditions) of the faulty valve 
using the methodology presented by 
Chandrakar et al. [5]. From the output of 
the simulation, select the fault position by 

comparing the system failure time obtained from the 
experiment and simulation.

observation: A number of different cases with 
different fault positions were simulated using the 
methodology presented in Chandrakar et al. [5]. Table 
1 presents the simulated cases. From the output of the 
simulation, the fault position of 75% stuck was selected 
by comparing the system failure time obtained from 
the experiment and simulation.

table 1: Simulated Cases of fault in Valve 1

V1 V2 V3 failure type failure time
100% 100% 100% No failure NA
75% 100% 100% Overflow 652.9
50% 100% 100% Overflow 301.3
25% 100% 100% Overflow 221.1
0% 100% 100% Overflow 156.2

Step 4: repeat Step 1-3 
Steps 1-3, are repeated for a possibly large number 

of times. Accuracy of estimates of state probabilities 
increases by increasing the number of times the 
experiments are repeated. However, the constraints on 
the time and resources often put restrictions on this. 

Total of 100 experiments were performed as per the 
steps mentioned in section 2.2. The result so obtained 
from the experiments and simulations were analysed 
and a histogram of fault positions was plotted (Fig. 3) 
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to get the probability of failure at intermediate states 
of operations of valves (Table 2).

table 2: Probability of Valve failure at 
intermediate States

%  fault Probability of getting 
stuck

Stuck close – 100% ≈35%
Stuck intermediate-25% ≈5%
Stuck intermediate-50% ≈10%
Stuck intermediate-75% ≈15%

Stuck open - 100% ≈35%

consists of a vertical core having coolant channels  
(452 nos.) arranged in a calendria. The two- phase 
mixture leaving the coolant channels is carried to the 
steam drum (4 nos.) through corresponding tailpipes 
(risers). Steam drum is a horizontal cylindrical vessel 
with appropriate internals, where gravity separation 
of two-phase mixture is achieved. Nearly dry saturated 
steam leaves the steam drum through steam lines to 
feed the turbines. Recirculation water is mixed with 
feed water in the steam drum and it flows through 
the downcomer (4 nos. per steam drum) which are 
connected to a header which in turn is connected to 
coolant channels through corresponding feeders.

Isolation Condenser System comprises of a set of 
immersed condensers located in an elevated water 
pool called gravity-driven water pool (GDWP), and 
associated piping and valves. A branch connection 
from the steam line carries the steam to tube bundle 
of immersed condenser through a distributor and top 
header. The steam condensation takes place in the tube 
bundle and the condensate returns to the downcomer 
region of steam drum through a bottom header and 
condensate return line. The condensate return line is 
provided with a set of active and passive valves in 
parallel. The heat removal capacity is regulated using 
a passive valve where the valve opening is regulated 
passively depending on steam drum pressure thus 
maintaining hot shutdown. Hot shutdown state refers 
to the condition of zero reactor power (core under 
decay heat) with the steam drum pressure in range of 
76.5–79.5 bar79.5 bar (with corresponding saturation 
temperature) such that reactor can be started and 
powered after short duration outage. This is different 
from the cold shutdown state wherein the reactor 
coolant is cooled down to atmospheric pressure and 
temperature of about 40 degree Celsius. The passive 
valve is a self-acting single-port spring-loaded valve 
with pressure balancing by stainless steel bellows, 
working in proportional mode requiring no external 
energy-like pneumatic or electric supply for its 
actuation. The valve uses the steam drum pressure as 
the signal and has the linear characteristic, i.e. valve 
opening varies from fully closed to fully open with 
the variation of steam drum pressure in the specified 
range. The active valve (pneumatically operated) 
provided in parallel serves the purpose of bringing 
system to cold shutdown condition, if required. Under 
normal operation, valves remain closed thus isolating 
the ICS from the MHTS, and steam flows to the turbine 
circuit. Whereas, under shutdown conditions, turbine 
gets isolated from the MHTS, passive valve opens (and 

Fig. 3 Histogram of fault positions obtained 
from 100 experiments
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Step 4: Repeat step 1-3  

Steps 1-3, are repeated for a possibly large number of times. Accuracy of estimates of 

state probabilities increases by increasing the number of times the experiments are repeated. 

However, the constraints on the time and resources often put restrictions on this.  

Total of 100 experiments were performed as per the steps mentioned in section 2.2.

The result so obtained from the experiments and simulations were analysed and a histogram 

of fault positions was plotted (Fig. 3) to get the probability of failure at intermediate states of 

operations of valves (Table 2).

Table 2: Probability of valve failure at intermediate states 

%  Fault Probability of getting stuck 

Stuck close – 100% 35% 

Stuck intermediate-25% 5% 

Stuck intermediate-50% 10% 

Stuck intermediate-75% 15% 

Stuck open - 100% 35% 
 

 

 
 

Fig. 3 Histogram of fault positions obtained from 100 experiments 

3. application of Partial failures of Valves in 
Passive System reliability assessment

Importance of considering partial failures of 
components like valves can be better understood 
by analyzing and estimating the function failure 
probability of a passive safety system considering the 
probabilities of valve failure as presented in Table 2. 
For this purpose a passive isolation condenser system 
of an advanced reactor is considered.     

3.1 System description

The Indian Advanced Heavy Water Reactor 
(AHWR) is a 300MWe (920MWth) pressure-tube 
type boiling- water reactor employing many passive 
features. Natural circulation as the desired heat 
removal mode from the core under all conditions 
of operation is the most important passive concept 
adopted in this reactor. Decay heat removal is also 
accomplished in a passive manner by establishing 
a natural circulation path between the Main Heat 
Transport System (MHTS) and the Isolation Condenser 
System. Fig. 4 shows the general arrangement of MHTS 
and ICS of AHWR. The main heat transport system 
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Fig. 4 Schematic MHTS and ICS of AHWR

Fig. 5 The APSRA+ methodology

The reliability of an isolation condenser system has 
been analysed using APSRA+ methodology. APSRA+ 
methodology is presented in Fig. 5. The stepwise 
methodology to evaluate reliability of this system is 
described as follows

Step 1: System identification

In step 1, the passive system for which reliability 
will be evaluated is considered. The system being 
considered is the Isolation Condenser System (ICS) of 
Advanced Heavy Water Reactor (AHWR).

Step 2: System Mission, Success/failure Criteria 

System Mission:  mission of the isolation 
condenser system is to provide a heat sink which 
would condense the steam generated by the stored 
heat, fuel decay heat and will limit the pressure rise 
in the steam drum and prevent the clad temperature 
under threshold for grace period of 3 days without 
operator intervention.

failure Criteria: ICS is coupled to MHTS, any set 
of conditions that lead to excess peak clad temperature 
above 400oC is ascribed to failure of ICS. Thus, ICS 
is considered to be failing if it fails to maintain the 
peak clad temperature under 400oC for the duration 
of 3 days.

Step	3:	Identification	of Parameters 

Parameters that were identified in this step 
include:

a. presence of non-condensables in IC;  

closes also) in response to steam drum pressure and 
a natural circulation path gets established between 
MHTS and ICS.

3.2 reliability analysis of isolation Condenser 
System in Steps

b. water level in gravity driven 
water pool (GDWP); 

c. GDWP water temperature; 

d. active valve availability; 

e. passive valve availability; 

Step 4: System Modeling

The performance of ICS coupled 
with MHTS was modeled using 
RELAP5/Mod 3.2. 

Performance under normal 
operating range of Process 
Parameters

Isolation condenser along with 
main heat transport system is 
analyzed for the normal condition 
of operation as a base case. This 
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normal operating condition of ICs corresponds to 0% 
non-condensable, 100% submergence of IC tubes in 
GDWP water and 40oC normal operating temperature 
of GDWP water. Performance under normal condition 
is depicted in Fig. 6. With initiation of station blackout 
(SBO), decay heat is continuously added to the 
fluid. The main condenser including feed water is 
unavailable at t=1500 s. The main heat transport 
system is boxed. As a consequence of this, steam 
drum pressure increases from normal operating to 
7.65MPa over the period of 700 s. At this pressure, 
passive valve begins to open and thereafter pressure 
is maintained by regulating passive valve opening 
area as shown in Fig. 6(b). Core decay power and 
heat rejection in IC are closely matching, and, in turn 
maintaining the SD pressure constant. Under this 
condition, active valve remains closed, as it opens 
only when steam drum pressure reaches 80 bar or 
after 30 minutes of operation of Isolation condenser, 
However, for understanding the effect of dynamism 
involved in the operation of valves and their effect on 
the passive system operation, active valve is restricted 
to open only when SD pressure rises beyond 80 bar. 
As shown in Fig. 6(c), clad temperature remains 
constant and under the threshold. 

Performance under degraded Conditions

In order to determine the effect of the parameters 
identified in Step 2 on system performance, sensitivity 

analysis of the various parameters is performed 
using RELAP5/Mod 3.2. The parameters are varied 
over a range as given in Table 3 and their effects on 
system performance are described in the following 
sections.

table 3: Parameters affecting System Performance

Si. 
no.

Parameter normal 
operating 
condition

range of 
variation

1. Non condensables 
in IC circuit

0% 0-100%

2. GDWP water 
temperature

40oC 30-90oC

3. Water level in 
GDWP 

9 m 0-9 m

4. Active valve 
availability

100% 0-100%

5. Passive valve 
availability

100% 0-100%

active and Passive valve availability: The passive 
and active valves in isolation condenser can fail at any 
intermediate positions other than stuck open or stuck 
closed. In order to understand the system behavior 
when active and passive valves fail at intermediate 
positions of opening, valve failures were simulated 
using RELAP5/mod3.2. Let us look at the effects of 
simultaneous failure of active and passive valves. It 
was observed in simulations that clad temperature 
rises above 400oC only when both valves fail during 

Fig. 6 (a) Variation of SD pressure, core decay power and heat rejection through IC with 
time during SBO transient in absence of degrading factors, (b) Passive and active valve 

during the operation of IC, (c) Clad temperature during the operation of IC

the assumed SBO transient. When 
all the other parameters are in 
nominal range, it was observed 
that when the active and passive 
valves fail in less or equal to 0.1% 
of opening, the clad temperatures 
rises beyond 400oC.  However, 
beyond 0.1% of opening, the clad 
temperature has the tendency to 
fall, since the mass flow across these 
valves are sufficient enough to cool 
the reactor dissipating the decay 
heat. It was also noted that when 
all the parameters (%NC, GDWP 
temp and %IC exposed because of 
GDWP level drop) are in nominal 
range, the system can fail only when 
passive valve fails first following 
which, active valve is triggered 
and subsequently fails on demand. 
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However, in case of parameters exceeding the limiting 
values, since both the passive and active valves are 
called on demand, the sequence of failure does not 
matter. Various  failure  cases  obtained  by  individual  
and combined variations  of  the  parameters  are 
discussed below.

Effect of non-condensables: For the purpose of 
this analysis, non-condensables (NC) are assumed 
to be initially present in the system. Steam drum to 
IC line is filled with steam–air mixture of a different 
concentration as an initial condition. GDWP water is 
at nominal and IC tubes are fully submerged in water. 
The assumed transient is initiated. At NC mass fraction 
of 6.5%, IC is found to fail to maintain hot shutdown, as 
shown in Fig. 7(a). At this NC fraction, it is found that 
though the passive valve is fully open, it is not able to 
maintain the SD pressure, due to degraded condition 
of heat transfer resulting in poor condensation of 
steam, causing the pressure to rise. As the pressure 
reaches 80 bar, active valve opens. With opening of 
active valve, SD pressure reduces to 76.5 bar that leads 
to closing of passive valve, but pressure continues to 

drop as active valve continues to remain open. Under 
such conditions, system inadvertently undergoes cold 
shutdown. During this scenario of NC mass fraction 
of 6.5%, if passive and active valve fails stuck (total 
passive+active opening area <0.2%) on demand, the 
clad temperature rises beyond 400o C within 3 days 
of grace period as depicted in Fig 7(b).

Effect of gdWP water temperature: With the 
simulation results, it was observed that, even at GDWP 
water temperature 90oC; the system is maintained 
under hot shutdown. Under this condition it was 
found that heat transfer condition has rather improved 
due to local boiling in the pool near the top node of IC 
tubes. A typical case of failure (i.e. clad temperature 
exceeding 400oC) at GDWP temperature of 50oC and 
5.5% NC, is observed in case of passive and active 
valve fails stuck closed partially(total <0.2% of their 
opening area) during SBO.

Effect of gdWP water level: As an initial 
condition, the steam drum to IC line is filled with 
pure steam and GDWP temperature is at 40oC. IC 
tubes external surface is partially exposed by reducing 
GDWP water level.  The hot shutdown is successfully 
maintained with 75% exposed IC tubes. This may be 
attributed to huge coolant inventory available in the 
pool. A typical case of failure due to exposure of IC 
tubes is observed at 87.5% exposed of IC tubes. At this 
condition, if the passive and active valve fails in stuck 
closed condition partially (total <0.2% of their opening 
area), the clad temperature rises above 400oC.

Combined effect of nC, gdWP water level and 
temperature: Based on the effect of degrading factors 
individually various combinations are considered. A 
typical failure case of 62.5% exposed tubes with 4.2% 
NC and 90oCelsius pool water temperature when 
active and passive valve fails stuck partially (total 
<0.2% of their opening area).

Step 5: treatment of Model uncertainty
In absence of adequate operational experience 

with passive systems, it is customary to depend on 
the prediction of their performance by best estimate 
codes. The applicability of best estimate codes such as 
RELAP5/Mod 3.2 to model such systems and capture 
various phenomena associated with such systems is 
questionable as the currently available best estimate 
codes were developed mainly for active systems. As 
a consequence of this, prediction of passive system 
performance is associated with uncertainties which 
can significantly influence the prediction of natural 
circulation characteristics and hence its reliability.

Fig. 7(a)Variation of SD Press, Core power and Heat rejected at 
IC in Presence of 6.5% NC; (b) Clad temperature in Presence of 

6.5% NC with active and passive valve failed stuck closed <0.2%
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Model uncertainties considered for this analysis 
are: (1) Heat Transfer Coefficient (HTC), (2) Pressure 
Drop (ΔP), (3) Choking Flow (c), (4) Abrupt Area 
Change (a), (5) CCFL (f), and (6) Modified Energy Term 
(e).On the basis of analysis of various combinations 
of the degrading factors, various failure points have 
been achieved.

Step 6- treatment of Process Parameter 
Variations

Treatment of process parameter variations is 
performed in several steps:

Step 6.1: Segregation of Parameters into 

a) dependent Parameters 

b) independent  Parameters

Process parameters are segregated as follows:

Dependent Parameters: Non condensables, GDWP 
Temperature, GDWP level and passive and active 
valve availability

Independent Parameters: None

Step	6.2:	Identification	of	Sources of dependent 
Process Parameters Variation by root Cause   

a) Non-condensables:  A close examination to 
the system reveals that control valves were 
used in the purging/ venting system of 
non-condensables. The accumulation of non-
condensable can be attributed to the failure of 
these control valves to remain open during the 
normal operation of reactor. 

b)  GDWP Level: The root cause for this parameter 
reveals that the cause for this parameter 
variation is failure of makeup circuit.

c) Active and Passive valve availability: Valve 
failure in itself is a hardware failure, hence no 
further root cause was performed. However, 
the valve failure can be further explored to the 
basic cause and its mechanism of failure by 
using physics of failure models.

d) GDWP Temperature: The primary cause of high 
temperature of GDWP water is the failure of 
GDWP recirculation system. 

Step 6.3: Quantification of Probability of 
dependent Process Parameter Variations
a) non Condensables: Accumulation of non-

condensable is attributed to the failure of the 
purging/vent valves to remain open during 

the normal operation of reactor. A simplified 
schematic of the venting valves for one set 
of isolation condenser is presented in the  
Fig. 8.

 To quantify the probability of presence of non-
condensable during the startup of isolation 
condenser operation, the following assumptions 
were made:

•	 The inspection time for the purging/
vent control valves is considered to be 
48 hrs.

• A typical undetected failure in between 
test inspections is considered to be half of 
the inspection time. In this case it would be  
12 hrs.

• In actual reactor, for quarter core (1/4th total 
power) the non-condensable accumulation 
over a 3 hrs period will be 6.2 kg (~ 1% 
of non-condensable as per our basis of 
calculation).

• Valve stuck probabilities considered in this 
analysis are per Table 2

With the above mentioned assumptions, the 
mathematical relation between non condensable 
generation rate can be expressed by eq.1. 

NC generated in %= NC generated per hour * No 
of hours spent after valve failure---(1)

The methodology of dynamic reliability mentioned 
in [5] was adopted to get the estimate of frequency 
of non condensable gases. The flow diagram of the 
methodology adopted for this case is presented in 
Fig 9.

Non-condensable gas present during the startup 
of the operation of isolation condenser system, 

Fig.8 Schematic of purging/vent system for one set of isolation 
condensers 

 

S

a)

F

 

Step 6.3: Qua

) Non Cond

of the pur

A simplif

presented

Fig.8 Schem

To quanti

isolation c

The inspe

A typical 

the inspec

In actual

accumula

our basis 

Valve stu

antification o

densables: A

rging/vent v

fied schemat

d in the Fig. 8

matic of purg

ify the proba

condenser op

ection time fo

undetected 

ction time. In

l reactor, fo

ation over a 3

of calculatio

uck probabili

of probabilit

Accumulatio

alves to rem

tic of the ven

8. 

ging/vent sy

ability of pr

peration, the

for the purgin

failure in be

n this case it

for quarter 

3 hrs period

on). 

ities consider

ty of depende

on of non-co

main open du

nting valves

ystem for on

resence of n

e following a

ng/vent cont

etween test i

t would be 1

core (1/4th

d will be 6.2 

red in this an

ent process p

ondensable i

uring the nor

s for one set

ne set of isol

on-condensa

assumptions 

trol valves is

nspections i

2 hrs. 

total powe

kg (~ 1% o

nalysis are p

parameter v

s attributed 

rmal operati

t of isolation

 

ation conde

able during 

were made:

s considered 

is considered

er) the non

of non-conde

per Table 2 

2

variations 

to the failur

ion of reacto

n condenser 

ensers  

the startup o

: 

to be 48 hrs

d to be half o

n-condensab

ensable as pe

20

re 

or. 

is 

of 

s. 

of 

le 

er 

Chandrakar A et al. / Life Cycle Reliability and Safety Engineering Vol.5 Issue 4 (2016) 14-24



22 © 2016 SRESA All rights reserved

based on this analysis is shown in Fig. 10. It is to 
be noted that the probability of non-condensables 
present in the ICS was considered as a constant 
(Probability of high NC=1e-4)[14] in case when 
only binary failure states was considered. However, 
considering the multi-state failure of valves leads to 
the probability values to be varying with respect to 
the percentage of non-condensable present during 
the start of the operation. The probability values are 
conservative in static analysis (binary failure cases) 
when compared to the multi-state failure considered 
case. In static analysis, the probability of presence 
of non-condensable gases is attributed to the failure 
of the purging valve. It was assumed that this valve 
fails in binary mode (i.e stuck closed or suck open) 
and whenever the valve fails in stuck closed mode, 

Fig.9 Flow chart of the methodology for deriving the probability of  
non-condensable% present during the startup of ICS

Fig.10 Probability of non-condensable present at the startup  
of ICS operation

it causes the non-condensable gases to 
accumulate. However, in actual the valve 
can fail in intermediate positions as well, 
and the partial failure will not always 
lead to very high non-condensable gas 
accumulation. These two factors: a) 
partial failure of purging valve b) time 
accumulated after the valve failure; were 
considered to estimate the presence of 
non-condensables probability. When 
these factors were considered, the 
probability of non-condensables present 
during the startup of the ICS was 
estimated to be very less than the one 
considered in binary failure case. 

b) gdWP level: The GDWP level fall 
causes IC tubes to be exposed to the 
atmosphere. The effect of GDWP 
level can be directly represented 

Fig.12 Probability of percentage of IC exposure  

Fig. 11 GDWP makeup and recirculation schematic
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by IC exposed. Hence the effect is represented 
by the %IC exposed. Since the GDWP level 
can fall primarily because of the failure of the 
makeup circuit, which consists of many valves 
(schematic presented in Fig. 11), a simulation 
similar to non-condensable gas probability 
estimation was adopted with appropriate 
modifications to model the behavior of these 
valve failures. The simulation result is shown 
in the Fig. 12. 

c) gdWP Water temperature: The GDWP 
water temperature is maintained by the heat 

GDWP temperature as inputs. The sampled non-
condensable values were then compared with the 
limiting value of the non-condensable calculated 
from response surface equation. If sampled value of 
non-condensable was found more than the limiting 
value, this indicated that point lies beyond the limiting 
surface.  

Response surface for case a) without considering 
model uncertainties: A full quadratic model was used 
to model the response surface. The fitted model has 
R2 – 88.7% and R2-adjusted -84.0%, which ensures that 
the fitted model is good approximation of the response 
surface. The equation for response surface without 
considering model uncertainties is given by eq. (2):

% NC =  6.52468 -0.00207*%IC_exposed  -0.01407*gdwp_
temp  -0.00058*%IC_exposed2  -0.00003 * gdwp_temp2  + 
0.00017*%IC_exposed*gdwp_temp ------------------(2)

Response surface for case b) with considering 
model uncertainties: A full quadratic model was used 
to model the response surface. The fitted model has 

Fig.13 Probability of high GDWP temperature 

dissipation in the recirculation loop. Hence the 
GDWP water temperature rise is attributed to 
the failure of recirculation loop, which consists 
of many valves (schematic presented in Fig. 
11), a simulation similar to non-condensable 
gas frequency generation was adopted with 
appropriate modifications to model the 
behavior of these valve failures. The simulation 
result is shown in the Fig. 13. 

Step 7: generation of response Surface of failure 
Causing Parameters

Response surface of limiting surface for cases 
a) without model uncertainties and b) with model 
uncertainties was developed (Fig.14). In both the cases 
the limiting value of non-condensable was considered 
as response and % IC exposed and GDWP temperature 
were considered as input variables. For estimating the 
probability of parameters falling outside the limiting 
surface, all three parameter values were generated 
for 1E+07 number of Monte Carlo runs based on their 
mathematical models or pdf developed. The limiting 
value of non-condensables were calculated from the 
response surface equation using % IC exposed and 

Fig. 14 Failure surface with and without considering model 
uncertainties

R2 – 98.3% and R2-adjusted -97.7%, which ensures 
that the fitted model is good approximation of the 
response surface. The equation for response surface 
with considering model uncertainties is given by eq. 
(3):

% NC =  2 .32193+ 0 .00787*%IC_exposed+ 
0.01637*gdwp_temp -0.00032*%IC_exposed2 -0.00014* 
gdwp_temp2 -0.00005*%IC_exposed*gdwp_temp------
-----------------------------------------------------------------(3)

Step 8: uncertainty Propagation:

From the analysis of isolation condenser system, it 
was found that clad temperature exceeds the threshold 
value of 400oC in the events when process parameters 
affecting the performance lie on or outside the failure 
surface and both passive and active valves fail. 
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Probability of any parameters falling outside 
the failure surface was estimated by using a Monte 
Carlo simulation. For the Monte Carlo simulation 
process parameter values were sampled based on 
the probabilities estimated in step 6. Each generated 
sample combination of process parameters were 
checked to find if it lays above or below the failure 
surface. Combination of valve failure probability 
was also estimated using Monte Carlo simulation. 
Finally the probability of IC fail to maintain the 
clad temperature below 400oC was estimated by 
multiplying the failure probabilities of valves and 
process parameters exceeding the failure surface. 

to utilize passive safety systems, which do not have 
any moving mechanical components; however most of 
the passive systems use valves for either activation or 
during the operation of these systems. Static reliability 
analysis techniques such as event tree and fault tree 
analysis, assume that such valves have binary-states 
of failure (stuck open and stuck closed). However, 
such components can fail at intermediate positions of 
opening as well. Most of the failure databases, report 
binary-state failure probability of valves and do not 
provide any information about the intermediate state 
failure probabilities.

In this paper, we conducted experiments and 
evaluated the probability of such valves failing at 
partial openings.  These probabilities were determined 
on a dynamic reliability benchmark setup of holdup 
tank having three control valves and their associated 
control mechanisms.  It was found that the probability 
of failure at intermediate states is considerably high and 
cannot be ignored for analysing the passive systems 
reliability.  The importance of considering state failure 
probabilities of such components in passive system 
reliability analysis is presented by analyzing the 
reliability of a passive isolation condenser system of an 
advanced reactor.  From this study, it can be concluded 
that quantification of functional failure probability 
of passive system is very much dependent upon the 
characteristics and probability of failure of its vital 
components like valves. 
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Fig. 15 Probability of failure of ICS with respect to the  
reactor years 

Step 9: reliability representation with uncertainty 
bounds of Model Errors 

Probability of ICS failure is presented in Fig.15. 
Probability of failure with considering the model 
uncertainties can be treated as confidence bounds on 
probability of failure. It can be seen that the probability 
of failure considering model uncertainties is higher 
than without considering the model uncertainties for 
isolation condenser system. 

4. Conclusions

In nuclear power plants, there are many process 
control systems and safety systems which  work 
together. Many of the advanced reactors are designed 
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abstract

Integrals appeared in shielding analysis for extended source shield geometry are difficult to evaluate 
by using first principle due to the implicit form of the parameters such as attenuation coefficient, 
material thickness, energy, geometrical dimension, etc. Monte Carlo simulation being a numerical 
and statistical enriched method of evaluation of integration, this paper aims an application of 
this Monte Carlo technique to evaluate the shielding integrals. Paper presents the details of the 
scheme of this evaluation with proper example. Evaluation of the integral appeared in shielding 
formulation of a self absorbing cylindrical volume source as well as spherical volume source 
along with rectangular shield geometry is presented in this paper. Numerical stability of these 
integrals are also discussed. 

Keywords: Monte Carlo, Shielding, Extended source, attenuation coefficient

  Life Cycle Reliability and Safety Engineering 
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1.0 introduction 

Computation of the shielding thickness of a 
specific material such as concrete, lead or iron 
for gamma photons on the basis of point kernel 
technique has already been practiced for decades. 
Point kernel based shielding code for gamma photons 
are available in many literatures [1-4]. Radiation 
protection communities provide the support of 
adequacy checking of shielding thickness for any 
nuclear facility that handles radioactive sources. Even 
though computer codes for shielding analysis are well 
validated, it is very much desire to have always some 
fast calculation of the shielding thickness as ready 
reckoned; especially during operation of the facility. 
Standard practice in this regard is always fruitful 
because user will know the analytical expression of 
the photon flux in presence of a shielding of specified 
thickness and then just by multiplying photon flux to 
dose conversion factor, dose rate at the target point can 
be easily obtained. However, it is a very true fact that 
integrals appeared in the expression of photon flux for 
an extended source-target shielding geometry [5-6] 
are not analytically solvable. Researchers approach 
available in literatures so far is based on tabular values 
or monographs [7-8]. But these analytical tools very 
often fail to provide the true estimate of these integrals. 
In order to improve this difficulty while evaluating the 
integrals for computing gamma dose rate, Monte Carlo 
Integration technique (MCI) has been applied. MCI is a 

powerful method for computing the value of complex 
integrals using probabilistic techniques. It should be 
noted that MC based approach of shielding analysis 
is completely different from the present approach of 
usage of MC in the shielding problem. In Monte Carlo 
simulations of shielding problems, the code tracks the 
fates of individual photons as they move through the 
shield [9-12]; decisions as to how far a photon travels 
before interacting, what type of interaction occurs, 
what direction is taken by scattered photons, etc., are 
all made on a probabilistic basis in which random 
numbers are selected and associated with specific 
probabilities that are used to specify the decision 
outcome. Thus, if the fates of two identical photons are 
followed, we would expect them to be different much 
of the time, and it is only by investigating enough 
photons that we might expect the overall results to be 
representative of reality-e.g., that the determined dose 
at a receptor location will be correct. Two individuals 
running the same Monte Carlo code to solve the same 
problem will not necessarily arrive at exactly the same 
answers. This paper will only address the evaluation 
of the complex integrals appeared in radiation 
shielding by using MC technique. Technique will be 
demonstrated with the help of a problem on gamma 
photon flux at any target point due to a self-absorbing 
cylindrical volume source in presence of shield. 
Remaining part of the paper has been organized in 
this way: section 2.0 will describe the mathematical 
background of Monte Carlo Integration. Section 3.0 
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presents the actual problem for demonstration. Section 
4.0 presents the results and discussion.    

2.0 Mathematical background of Monte Carlo 
integration

Monte Carlo Integration [13-14] is a simple and 
powerful technique for approximating complicated 
integrals. Assume we are trying to estimate the 
integral of a function f over some domain D:

( ) ( )
D

F f x d xµ= ∫
 

                                                    
  (1)

Once again, vector notation is used to indicate that 
f need not be one-dimensional. In fact, Monte Carlo 
techniques are used mostly for higher-dimensional 
integrals, or integrals that cannot be evaluated 
analytically. Assume that we have a PDF p defined 
over a domain D. Then the above integral is equivalent 
to
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with respect to a random variable distributed 
according to )(xp 

.

It is also possible to estimate the value of the 
expectation of f(x)/p(x) by generating a number of 
random samples according to p, computing f/p for 
each sample and finding the average of these values. 
As more and more samples are taken, this average is 
guaranteed to converge the expected value, which is 
also the value of the integral. This process of averaging 
the value of f(x)/p(x) for multiple random samples to 
estimate the value of an interval is called Monte Carlo 
Integration.

Suppose we have a circle inscribed within a 
square. Let N be the number of darts thrown towards 
the circle with an objective that they should be within 
the circle and n* be the number of darts that land inside 
the circle. If A is the area of the square, the area of the 
circle is 

*nI A
N
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where

Xi = a + (b-a)U1 , 0 < U1 < 1                                        (15)

  Yi = c + (d – c)U2,  0 < U2 < 1                                   (16)

Therefore, we can write the following algorithm 
to evaluate an integral

1) Pick n randomly distributed points x1, x2, …., 
xn in the interval [a,b].

2) Determine the average value of the function,

 ( )
1

1 n

i
i

f f x
n =

< >= ∑                                          (17)

3) Compute the approximation to the integral

 ( ) ( )    *
b

a

f x dx b a f= − < >∫   

     

                    (18)

4) An estimate for the error is 

 
( )

( )

2 2

2 2

1

,

1              
n

i
i

f fb a
n

where f f x
n =

< > − < >≈ −

< >= ∑
                                                                            (19)

Example:

Suppose we have to evaluate the integral:  

 
5 5

2

2 2

( )  I f x dx x dx= =∫ ∫                                          (20)

The value of the
 

uniformly distributed in R. Then, f(X) is a 
random variable whose mean value is given by 

1( )
R

f X f
R

                            (6) 

and the variance by 

var(f(X)) =
 

2

21 1
R R

f f
R R

                     (7)
 

where 

RR dx
                                    (8)  

 

If N independent samples of X of similar 
distribution are taken and construct the average 
as 

1 2

1

( ) ( ) .... ( ) 1 ( )
N

n
i

i

f X f X f X
f X

N N           (9) 

2.1 Illustration of Monte Carlo based 
integration with Example 

Suppose we have to evaluate the following 
integral 

( ) 
b

a

I f x dx
                         (10)

 

In terms of Monte Carlo version, we can write 
the value of the integral as 

1

( )
N

i
i

b aI f X
N                   (11)            

 

Where Xi is a random number in the interval 
(a, b), that is, 

Xi = a + (b-a)U,    0 < U < 1       (12) 

For a two dimensional integral  

 
( , )  

b d

a c

I f X Y dX dY
               (13)

 

we can write the Monte Carlo version as 

1

( )( ) ( , ),
N

i i
i

b a d cI f X Y
N                (14)

 

where 

Xi = a + (b-a)U1 ,        0 < U1 < 1       (15) 

  Yi = c + (d – c)U2,    0 < U2 < 1       (16) 

Therefore, we can write the following 
algorithm to evaluate an integral 

1) Pick n randomly distributed points x1, 
x2, …., xn in the interval [a,b]. 

2) Determine the average value of the 
function, 

1

1 n

i
i

f f x
n                 (17)

 

3) Compute the approximation to the 
integral 

    *
b

a

f x dx b a f
         (18)

 

4) An estimate for the error is  
2 2

2 2

1

,

1              
n

i
i

f fb a
n

where f f x
n

            (19) 

Example: 
Suppose we have to evaluate the integral:   

    
5 5

2

2 2

( )  I f x dx x dx
                           (20) 

The value of the
5

2

2 dxx , for n = 1000 is 

obtained as 39.7858, whereas the exact answer 
of this integral is 39. So, the numerical error 
produced is equal to 0.7858, which can be 
reduced by increasing the more number of 
sample points within the domain of 
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2.2 approximation of a double integral using 
Crude Monte Carlo

The Monte Carlo method can be used to numerically 
approximate the value of a double integral. For a 
function of two variables the steps are:
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integral  
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4.5818, where n = 2500 is taken into account. 
Exact answer of this integration is 4.62. Thus 
error estimated as 0.04.  

3.0 Analytical expression of Gamma Photon 
Flux 

Analytical expression of gamma photon flux 
for extended source shield geometry is based 
on point-kernel technique. Shielding 
calculation on the basis of point kernel 
technique is carried out using standard point 

kernel codes. Therefore, a short literature 
survey on the point kernel codes is presented 
below. 
There are many codes in wide use that are 
based on the point-kernel technique. In these 
codes a distributed source is decomposed into 
small but finite elements and the dose at some 
receptor point from each element is computed 
using the un-collided dose kernel and a 
buildup factor based on the optical thickness of 
material between the source element and the 
receptor. The results for all the source 
elements are then added together to obtain the 
total dose. Some that have been widely used 
are Micro-Shield [13], the QAD series [14], 
and QAD-CG [15], MORSE [16], 
QUADMOD [17], G3 [18], ISOSHLD [19] 
and IGSHIELD [20] 
Self-absorbing I) cylindrical volume source 
and  II) spherical volume source geometry 
have been taken into account to illustrate the 
Monte Carlo approach based evaluation of the 
complex integral, frequently encountered in 
radiation shielding. The algorithm has been 
incorporated in a FORTRAN 90 code to solve 
these integrals using Monte Carlo method. 
I) In a self-absorbing cylindrical source the un-
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integral. For a function of two variables the 
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{ (xi, yi) | i = 1, 2,…. , n } in the 
rectangle              [a, b] x [c, d]. 

2) Determine the average value of the 
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Exact answer of this integration is 4.62. Thus 
error estimated as 0.04.  

3.0 Analytical expression of Gamma Photon 
Flux 

Analytical expression of gamma photon flux 
for extended source shield geometry is based 
on point-kernel technique. Shielding 
calculation on the basis of point kernel 
technique is carried out using standard point 

kernel codes. Therefore, a short literature 
survey on the point kernel codes is presented 
below. 
There are many codes in wide use that are 
based on the point-kernel technique. In these 
codes a distributed source is decomposed into 
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using the un-collided dose kernel and a 
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receptor. The results for all the source 
elements are then added together to obtain the 
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and QAD-CG [15], MORSE [16], 
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have been taken into account to illustrate the 
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radiation shielding. The algorithm has been 
incorporated in a FORTRAN 90 code to solve 
these integrals using Monte Carlo method. 
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Figure-1: Geometry for self-absorbing cylindrical 
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Thus the analytical expression of the attenuation 
function contains a function ( )1,,, bRpkG sµ
which is in integral form. Monte Carlo method of 
integration technique has been applied to evaluate 

( )1,,, bRpkG sµ . 

II) In case of spherical self absorbing volume source 
(Figure-2) with slab shield, the flux can be expressed 
using the attenuation function ( , , )v sG p R tµ µ in the 
formula. 

Figure-1: Geometry for self-absorbing cylindrical volume source 
with slab shield at side

Figure-2: Geometry for self-absorbing spherical volume source 
with slab shield at side
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The un-collided flux in the lateral direction at the 
detector point is given as
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co-ordinates.  

1 / 2 2

2 2
0 0 0

cos( , , ) exp ( )
2 cos cosv s

m dmd dG p R t A B
m p mp

(40)
 

Where, 

2 2 2 cos cos
cos cos

m p mp
A t

p m And

2 2 2 2 2 2 2

2 2

cos cos 2 cos cos (1 cos cos )

2 cos cos
s

m mp m p mp m p
B R

m p mp

(41) 

Monte Carlo method of integration technique has 
been applied to evaluate ( , , )v sG p R t . 

4.0   Results and Discussions 

Monte Carlo method of integration technique has 
been adopted to evaluate the value G (in case of 
cylindrical source) for various values of b1, p, k 
and sR.  Results are as shown in Table-1. It can be 
seen that percent error in the numerical value 
compared to literature [7] is mostly less than 5% 
only in three cases it is more than 5%, but in 
overall cases it is less than 10%. The literature 
values of the function is limited for few values of 
this function parameters 1,,, bRpk s , in case of 

shielding design there are no limitations on these 
parameters to evaluate the G function. 
At the design stage of shielding the values of 
these parameters will be changing according to 
the problem. Therefore, the Monte Carlo based 
numerical integration technique will be very 
much helpful to calculate any values of the G 

function parameters 1,,, bRpk s  without 

b1 p k 
 

G 
(simulated )

G 
(Literature )

Error 
(%) 

2 1.25 1 5 1.10E-02 1.08E-02 1.89E+00 

2 1.25 1 10 5.46E-03 5.27E-03 3.5411115 

2 1.25 3 5 1.08E-02 1.09E-02 1.0317479 

2 1.25 3 10 5.34E-03 5.27E-03 1.2301725 

2 1.25 5 5 1.06E-02 1.09E-02 2.0332291 

2 1.25 5 10 5.38E-03 5.27E-03 1.9676469 

2 3 1 5 3.29E-03 3.27E-03 0.8150199 

2 3 1 10 1.71E-03 1.65E-03 3.3184271 

2 3 3 5 5.34E-03 5.31E-03 0.5723083 

2 3 3 10 2.69E-03 2.61E-03 3.1528270 

2 3 5 5 5.47E-03 5.46E-03 0.1160864 

2 3 5 10 2.73E-03 2.67E-03   2.406413 

4 1.25 1 5 9.81E-04 9.22E-04 6.3785758 

4 1.25 1 10 4.84E-04 4.44E-04 8.9705538 

4 1.25 3 5 9.50E-04 9.23E-04 3.0062016 

4 1.25 3 10 4.78E-04 4.34E-04 10.011352 

4 1.25 5 5 9.38E-04 9.23E-04 1.7076878 

4 1.25 5 10 4.77E-04 4.34E-04 9.8920152 

4 5 1 5 1.54E-04 1.53E-04 0.6281111 

4 5 1 10 7.91E-05 7.71E-05 2.5546273 

4 5 3 5 3.22E-04 3.20E-04 0.5895875 

4 5 3 10 1.63E-04 1.59E-04 2.4934151 

4 5 5 5 3.56E-04 3.55E-04 0.4535372 

4 5 5 10 1.79E-04 1.75E-04 2.2439451 

20 3 1 5 2.51E-11 2.51E-11 0.2610052 

20 3 1 10 1.27E-11 1.26E-11 1.0769825 

20 3 3 5 2.60E-11 2.63E-11 1.1328686 

20 3 3 10 1.29E-11 1.30E-11 1.3544896 

20 3 5 5 2.54E-11 2.63E-11 3.1419048 

20 3 5 10 1.25E-11 1.30E-11 3.8440675 

20 10 1 5 4.04E-12 4.01E-12 0.6413033 

20 10 1 10 2.05E-12 2.00E-12 2.5213679 

20 10 3 5 9.07E-12 9.01E-12 0.6515276 

20 10 3 10 4.58E-12 4.48E-12 2.3838637 

20 10 5 5 1.03E-11 1.03E-11 0.6010895 

20 10 5 10 5.19E-12 5.08E-12 2.1085343 
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Monte Carlo method of integration technique has 
been applied to evaluate ( , , )v sG p R t . 

4.0   Results and Discussions 

Monte Carlo method of integration technique has 
been adopted to evaluate the value G (in case of 
cylindrical source) for various values of b1, p, k 
and sR.  Results are as shown in Table-1. It can be 
seen that percent error in the numerical value 
compared to literature [7] is mostly less than 5% 
only in three cases it is more than 5%, but in 
overall cases it is less than 10%. The literature 
values of the function is limited for few values of 
this function parameters 1,,, bRpk s , in case of 

shielding design there are no limitations on these 
parameters to evaluate the G function. 
At the design stage of shielding the values of 
these parameters will be changing according to 
the problem. Therefore, the Monte Carlo based 
numerical integration technique will be very 
much helpful to calculate any values of the G 
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Monte Carlo method of integration technique has 
been applied to evaluate ( , , )v sG p R tµ µ .

4.0   results and discussions

Monte Carlo method of integration technique 
has been adopted to evaluate the value G (in case of 
cylindrical source) for various values of b1, p, k and 
µsR.  Results are as shown in Table-1. It can be seen 
that percent error in the numerical value compared 
to literature [7] is mostly less than 5%. Only in three 
cases it is more than 5%, but in overall cases it is 
less than 10%. The literature values of the function 
is limited for few values of this function parameters 
( )1,,, bRpk sµ , in case of shielding design there 
are no limitations on these parameters to evaluate 
the G function.

At the design stage of shielding the values of 
these parameters will be changing according to 
the problem. Therefore, the Monte Carlo based 
numerical integration technique will be very much 
helpful to calculate any values of the G function 
parameters ( )1,,, bRpk sµ  without any limitations 

and the accuracy will be also within the acceptable 
limits. 

table 1: Evaluated g function and its Error

b1 p k g g Error
(Simulated ) (literature ) (%)

2 1.25 1 5 1.10E-02 1.08E-02 1.9
2 1.25 1 10 5.46E-03 5.27E-03 3.5
2 1.25 3 5 1.08E-02 1.09E-02 1.0
2 1.25 3 10 5.34E-03 5.27E-03 1.2
2 1.25 5 5 1.06E-02 1.09E-02 2.0
2 1.25 5 10 5.38E-03 5.27E-03 2.0
2 3 1 5 3.29E-03 3.27E-03 0.8
2 3 1 10 1.71E-03 1.65E-03 3.3
2 3 3 5 5.34E-03 5.31E-03 0.6
2 3 3 10 2.69E-03 2.61E-03 3.2
2 3 5 5 5.47E-03 5.46E-03 0.1
2 3 5 10 2.73E-03 2.67E-03 2.4
4 1.25 1 5 9.81E-04 9.22E-04 6.4
4 1.25 1 10 4.84E-04 4.44E-04 9.0
4 1.25 3 5 9.50E-04 9.23E-04 3.0
4 1.25 3 10 4.78E-04 4.34E-04 10.0
4 1.25 5 5 9.38E-04 9.23E-04 1.7
4 1.25 5 10 4.77E-04 4.34E-04 9.9
4 5 1 5 1.54E-04 1.53E-04 0.6
4 5 1 10 7.91E-05 7.71E-05 2.6
4 5 3 5 3.22E-04 3.20E-04 0.6
4 5 3 10 1.63E-04 1.59E-04 2.5
4 5 5 5 3.56E-04 3.55E-04 0.5
4 5 5 10 1.79E-04 1.75E-04 2.2
20 3 1 5 2.51E-11 2.51E-11 0.3
20 3 1 10 1.27E-11 1.26E-11 1.1
20 3 3 5 2.60E-11 2.63E-11 1.1
20 3 3 10 1.29E-11 1.30E-11 1.4
20 3 5 5 2.54E-11 2.63E-11 3.1
20 3 5 10 1.25E-11 1.30E-11 3.8
20 10 1 5 4.04E-12 4.01E-12 0.6
20 10 1 10 2.05E-12 2.00E-12 2.5
20 10 3 5 9.07E-12 9.01E-12 0.7
20 10 3 10 4.58E-12 4.48E-12 2.4
20 10 5 5 1.03E-11 1.03E-11 0.6
20 10 5 10 5.19E-12 5.08E-12 2.1

During the calculation of the G function a study 
has been done on the distribution (Figure-3 & Figure-4) 
of the variance with various iterations up to 106. It is 
seen that as the iteration increased the variance of this 
evaluated function gets more stable. An iteration step 
between 5x105 and 106 will give an exact estimate of this 
function while designing shield for a nuclear reactor. 
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Figure-4: Variance distribution of the ‘G’ functions with 
various iterations.

Figure-3: Variance distributions of the ‘G’ functions with 
various iterations.

 table-2: Evaluated ( , , )v sG p R tµ µ function and its Error

a/r µt gv literature gv evaluated Error (%) gv literature gv evaluated Error  (%)
μsR 4 4 10 10

1 0 3.39E-01 0.334095 1.5 1.49E-01 0.136824 8.3
1.25 0 1.51E-01 0.15129 0.5 6.27E-02 6.27E-02 0.1
1.25 3 3.88E-03 3.91E-03 0.8 1.58E-03 1.60E-03 1.2
1.25 5 3.84E-04 3.87E-04 0.9 1.54E-04 1.57E-04 2.1
1.5 1 3.07E-02 3.07E-02 0.0 1.26E-02 1.26E-02 0.1
1.5 10 1.47E-06 1.48E-06 0.4 5.91E-07 5.96E-07 0.8
2 1 1.74E-02 1.75E-02 0.1 7.15E-03 7.18E-03 0.3
2 5 2.46E-04 2.46E-04 0.1 9.99E-05 1.00E-04 0.5
2 10 1.24E-06 1.24E-06 0.0 5.02E-07 5.04E-07 0.3
3 3 9.92E-04 9.95E-04 0.3 4.07E-04 4.09E-04 0.5
3 5 1.27E-04 1.27E-04 0.2 5.22E-05 5.23E-05 0.2
3 10 7.52E-07 7.51E-07 0.1 3.05E-07 3.07E-07 0.6
5 1 2.80E-03 2.80E-03 0.0 1.15E-03 1.15E-03 0.2
5 3 3.71E-04 3.72E-04 0.1 1.52E-04 1.53E-04 0.6
10 0 1.91E-03 1.91E-03 0.1 7.83E-04 7.85E-04 0.3
10 1 7.01E-04 7.00E-04 0.2 2.89E-04 2.88E-04 0.1
10 3 9.42E-05 9.43E-05 0.0 3.87E-05 3.88E-05 0.3

The variance of the function G(5,3,10,20) (Figure-4) 
is very less (~10-22) compared to the Fig-3 (~10-5),  so 
different figures are employed here for the distributions 
of variances with various iteration steps. 

In case of the spherical self absorbing volume 
source with shield the value of ( , , )v sG p R tµ µ for 
various values of b1, p, k and µsR are as given in 
Table-2. Here 106 iteration steps have been considered 
to get these values. The values obtained are compared 
with the literature [21] and it has been found that 

except only one value all the results are in line with 
the literature value. The error is less than 5% in most 
of the results obtained using the Monte Carlo method 
in FORTRAN 90 language. 
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abstract

40 MW (Thermal) Research reactor Cirus is located at Bhabha Atomic Research Centre, Mumbai, India. The 
reactor used natural Uranium metal fuel, heavy water moderator, light water coolant and graphite reflector. 
It was operated from year 1960 to 2010. From year 1997 to 2003, the reactor was under refurbishment. 
Currently the reactor has been defueled, spent fuels have been reprocessed and heavy water has been removed 
from the reactor. A deferred dismantling strategy has been selected for its decommissioning. Preliminary 
activities in this regard has been started.   Various properties of irradiated graphite are being analysed to 
assess condition of graphite to select the best course of action during decommissioning which includes options 
such as re-use and / or disposal.

Key words – graphite, Wigner energy, reflector, lattice, neutron flux   
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1. introduction

Cirus research reactor was shut down in 2010 
after logging over 45 years of service life. This reactor 
had seen major refurbishing based on ageing studies 
performed as part of life extension programme. 
This data and experience generated during 
ageing studies and refurbishment programme can 
significantly contribute to future need of ageing 
assessment and residual life prediction for core 

components of research reactors. An IAEA CRP on 
“Ageing Data on Corrosion and Irradiation Induced 
Degradation of In-Core Components of Research 
Reactor Cirus” was initiated and studies related 
to Graphite were identified as a major component 
of the programme. This report describes about 
stored energy in irradiated graphite and physical 
condition of Graphite blocks indicating the extent 
of degradation.   
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2
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Fig. 1: Cirus Reactor structure cross section

1.1 brief description of Cirus 
reactor 

 Cirus is situated at Bhabha 
Atomic Research Centre, Mumbai, 
India. It is a 40 MW (Thermal) natural 
Uranium metal fuelled, heavy water 
moderated, light water cooled 
research reactor commissioned in 
July 1960. The maximum thermal 
neutron flux of Cirus reactor is 
6.6 x 1013 n/cm2-sec. Graphite has 
been used as reflector. Reactor 
vessel is an Aluminium tank of 267 
cm diameter and 320 cm height. 
The graphite reflector is arranged 
in the form of two concentric 
cylinders around the reactor vessel. 
The annular gap between the 
inner and outer graphite reflectors 
can accommodate irradiation 
assemblies. Ventilation air passing 
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through the reactor structure removes the heat 
produced in such irradiation assemblies as well as the 
structural components including graphite reflectors. 
Thermal shields are provided around the reflector 
and above and below the reactor vessel. The RV, the 
reflector and the side thermal shields are surrounded 
by 8 ft. (24.4 m) thick high density concrete. 

2.	 Neutron	Flux	Profile

At the rated power of 40 MW, the maximum 
neutron fluxes at the various structural components 
vary in the range 3.2E+12 n/cm2/sec for the neutron 
energy above 1 MeV to 6.5E + 12 n /cm 2 /sec for 
neutron energy below 0.4 eV. The estimated region 
mean slow neutron flux values at 40 MW in the radial 
direction varied in the range 5.4E + 13 n/cm2/sec in the 
Calandria (fast flux ratio=0.61) to 2.7E+06 n/cm2/sec 
at the cast iron side thermal shield (fast flux ratio = 72). 
The estimated region mean slow neutron flux values at 
40 MW in the axial direction varied in the range 3.6E 
+06 n/cm2/sec in the bottom base plate (fast flux ratio 
= 260), 3.9E+13 n /cm2/sec in the Calandria region and 
to 1.4E+08 n/cm2/sec at the top steel thermal shield 
(fast flux ratio = 256).

graPHitE rEflECtor: The graphite reflector 
of Cirus consists of two co-axial cylindrical structures 

irradiation.  The volume averaged neutron flux values 
(neutron energy > 500 eV) at rated reactor power 
are estimated to be 3.4E+12 n/cm2/sec for the inner 
graphite reflector and 5.0E+11 n/cm2/sec for the outer 
graphite reflector.  The corresponding neutron fluence 
after 31 years of operation in year 1991were 2.3 E+21 
n/cm2 for the inner reflector and 3.4E+20 n/cm2  for 
the outer reflector.  

For cooling of graphite, ventilation air is made to 
pass through the annular space between the inner and 
outer graphite structures, known as J-rod annulus. 
Under normal operating condition of ventilation 
system, the graphite reflector is cooled with 18000 
cfm (106000 m3/h).  Under off-site (Class-1V) power 
failure condition, the ventilation system with class-
III supply, provides cooling to the graphite reflector 
at flow rate of 12000 cfm (7000 m3/h). The measured 
maximum operating temperature of the inner reflector 
at 40 MW is about 150° C and that of the outer reflector 
is about 100° C.  When graphite is irradiated, crystal 
lattice defects are produced due to displacement of 
atoms from their normal position in the lattice leading 
to stored Wigner energy. The energy stored due to 
irradiation is a function of neutron energy, neutron 
irradiation received and operating temperature 
during irradiation. Thermal conductivity of graphite 
also decreases with increase of stored energy. When 
irradiated graphite temperature is raised by external 
heating or by the heat generated due to irradiation, the 
displaced atoms can get back to their vacant positions 
in the lattice, thus causing release of stored energy. The 
energy release depends on the temperature attained by 
the irradiated graphite and stored energy level. During 
irradiation when stored energy is getting accumulated, 
concurrent annealing of graphite also occurs.

Fig. 2: Flux Profile in Reactor
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Fig. 2: Flux Profile in Reactor 

 

GRAPHITE REFLECTOR: The graphite reflector of Cirus consists of two co-axial cylindrical 

structures of 330 cm height placed around the reactor vessel and separated by an annular gap of 

2½” (6.35 cm), called J-rod annulus, between the inner and outer structures. The inner reflector 

has a thickness of 23 cm and weight of about 10 Tons, while the outer one has a thickness of 61 

cm and weight of about 36 Tons. This graphite has been subjected to intense neutron irradiation.  

The volume averaged neutron flux values (neutron energy > 500 eV) at rated reactor power are 

estimated to be 3.4E+12 n/cm
2
/sec for the inner graphite reflector and 5.0E+11 n/cm
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For cooling of graphite, ventilation air is made to pass through the annular space between the 

inner and outer graphite structures, known as J-rod annulus. Under normal operating condition of 

ventilation system, the graphite reflector is cooled with 18000 cfm (106000 m
3
/h).  Under off-

site (Class-1V) power failure condition, the ventilation system with class-III supply, provides 

cooling to the graphite reflector at flow rate of 12000 cfm (7000 m
3
/h). The measured maximum 

operating temperature of the inner reflector at 40 MW is about 150° C and that of the outer 

reflector is about 100° C.  When graphite is irradiated, crystal lattice defects are produced due to 

displacement of atoms from their normal position in the lattice leading to stored Wigner energy. 

The energy stored due to irradiation is a function of neutron energy, neutron irradiation received 

and operating temperature during irradiation. Thermal conductivity of graphite also decreases 

with increase of stored energy. When irradiated graphite temperature is raised by external 
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GRAPHITE REFLECTOR: The graphite reflector of Cirus consists of two co-axial cylindrical 

structures of 330 cm height placed around the reactor vessel and separated by an annular gap of 

2½” (6.35 cm), called J-rod annulus, between the inner and outer structures. The inner reflector 

has a thickness of 23 cm and weight of about 10 Tons, while the outer one has a thickness of 61 

cm and weight of about 36 Tons. This graphite has been subjected to intense neutron irradiation.  

The volume averaged neutron flux values (neutron energy > 500 eV) at rated reactor power are 

estimated to be 3.4E+12 n/cm
2
/sec for the inner graphite reflector and 5.0E+11 n/cm
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outer graphite reflector.  The corresponding neutron fluence after 31 years of operation in year 

1991were 2.3 E+21 n/cm
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for the inner reflector and 3.4E+20 n/cm
2 

 for the outer reflector.   

 

For cooling of graphite, ventilation air is made to pass through the annular space between the 

inner and outer graphite structures, known as J-rod annulus. Under normal operating condition of 

ventilation system, the graphite reflector is cooled with 18000 cfm (106000 m
3
/h).  Under off-

site (Class-1V) power failure condition, the ventilation system with class-III supply, provides 

cooling to the graphite reflector at flow rate of 12000 cfm (7000 m
3
/h). The measured maximum 

operating temperature of the inner reflector at 40 MW is about 150° C and that of the outer 

reflector is about 100° C.  When graphite is irradiated, crystal lattice defects are produced due to 

displacement of atoms from their normal position in the lattice leading to stored Wigner energy. 

The energy stored due to irradiation is a function of neutron energy, neutron irradiation received 

and operating temperature during irradiation. Thermal conductivity of graphite also decreases 

with increase of stored energy. When irradiated graphite temperature is raised by external 

of 330 cm height placed around the reactor vessel 
and separated by an annular gap of 2½” (6.35 cm), 
called J-rod annulus, between the inner and outer 
structures. The inner reflector has a thickness of 23 
cm and weight of about 10 Tons, while the outer one 
has a thickness of 61 cm and weight of about 36 Tons. 
This graphite has been subjected to intense neutron Fig 3: Simplified plan of Cirus reactor structure
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heating or by the heat generated due to irradiation, the displaced atoms can get back to their 

vacant positions in the lattice, thus causing release of stored energy. The energy release depends 

on the temperature attained by the irradiated graphite and stored energy level. During irradiation 

when stored energy is getting accumulated, concurrent annealing of graphite also occurs. 

 

Fig 3: Simplified plan of Cirus reactor structure 

GRAPHITE REFLECTOR ASSEMBLY: There are also two thermal column on east and west 

side of reactor called EAST Thermal Column and WEST Thermal Column.  Moderator used in 

thermal column is graphite. Thermal column is a source of thermal neutrons.  Each thermal 

column has a central hole, which is plugged by reactor grade graphite plugs. The inner plug is 

made of two sections and extends from the inner face of the inner reflector up to the outer face of 

the fixed thermal column.  The outer assembly is made of three sections and extends throughout 

the entire length of the removable thermal column.  

    

          Fig. 4: Inner Plug from I-15 position                              Fig 5: Outer plug (3 nos) from I-15 position 
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3.	 Graphite	Reflector	Assembly:	

There are also two thermal column on east and 
west side of reactor called EAST Thermal Column 
and WEST Thermal Column.  Moderator used in 
thermal column is graphite. Thermal column is a 
source of thermal neutrons.  Each thermal column 
has a central hole, which is plugged by reactor grade 
graphite plugs. The inner plug is made of two sections 
and extends from the inner face of the inner reflector 
up to the outer face of the fixed thermal column.  The 
outer assembly is made of three sections and extends 
throughout the entire length of the removable thermal 
column. 

4. assessment of (Wigner) Stored Energy in 
Irradiated	Graphite	Reflector

carried out on reflector graphite plugs that were 
extracted from mid height location of the east thermal 
column and west thermal column. These plugs were 
expected to represent the portion of the reflector, 
which is subjected to irradiation with maximum 
neutron fluence and consequently the worst conditions 
of stored energy. Details of Graphite plugs are as 
under:

(a) GR-I: After 37 years of normal operation of 
CIRUS but at < 20 MW   power in its last phases  
(from I-15 position of thermal column).

(b) GR-II: After 37 years of usual operation but at 
<20 MW power in its last phases followed by 1 
month operation at > 20 MW power (from I-22 
position of thermal column).

(c) GR-III: After 37 years of usual operation but at 
<20 MW power in its last phases followed by 1 
month operation at >20 MW power and drawn 
on 18-01-2005 after restarting and operating 
CIRUS subsequent to its refurbishing. It was 
essentially the same plug as for GR-1 sampling 
but with higher service period. 

(d) GR-IV: In 2014, after about 3 ½ years of 
permanent shut down of reactor, a plug from 
west thermal column of reactor was removed 
and samples were prepared for study of Wigner 
energy, thermal conductivity, specific heat, 
hardness, XRD and study of lattice structure. 
This plug has always been in reactor since the 
beginning but at a lower flux level. The average 
neutron fluence seen by the plug was estimated 
to be 1.7 E+19 nvt while the maximum fluence 
seen by the inner most part of the plug towards 
core was 4.1 E+19 nvt. The fluence seen by 
the outer most part of the plug was 4.3 E+18 
nvt. The average gamma fluence in the plug 
was estimated to be 2.1 E+16 photons/cm2. 
The maximum value at the incident face was 
4.2 E+16  photons/cm2.   The block measures 
4”x4”x30”, having contact field 15-20 mR/h. 

(e) GR-V: In 2016, after about 6 years of permanent 
shut down of reactor, a plug assembly from 
I-15 position of East thermal column of reactor 
was removed and samples were prepared for 
study of Wigner energy, thermal conductivity, 
specific heat, hardness, etc. The inner plug 
of this plug assembly had been replaced in 
January 2005 and was in service for six years till 
permanent shut down of the reactor. The outer 
plugs (three nos) remained the old ones. GR-I 
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                    Graphite plug in I-18 position                        Graphite plug in I-15 position 

Fig. 6: Arrangement of Graphite in Thermal Column and Graphite plugs 

 

Assessment of (Wigner) stored energy in irradiated graphite reflector 

A few years prior to the shutdown in 1997 for refurbishment work, the Cirus reactor was 

operated at 20 MW. It was considered that this could have increased the Wigner energy in the 

graphite due to decreased concurrent annealing during this period.  For measurement of Wigner 

Energy release by Differential Scanning Calorimetry, sampling was carried out on reflector 

graphite plugs that were extracted from mid height location of the east thermal column and west 

thermal column. These plugs were expected to represent the portion of the reflector, which is 

subjected to irradiation with maximum neutron fluence and consequently the worst conditions of 

stored energy. Details of Graphite plugs are as under: 

(a)   GR-I: After 37 years of normal operation of CIRUS but at < 20 MW   power in its last 

phases  (from I-15 position of thermal column). 

(b) GR-II: After 37 years of usual operation but at <20 MW power in its last phases 

followed by 1 month operation at > 20 MW power (from I-22 position of thermal 

column). 

 

(c) GR-III: After 37 years of usual operation but at <20 MW power in its last phases 

followed by 1 month operation at >20 MW power and drawn on 18-01-2005 after 

restarting and operating CIRUS subsequent to its refurbishing. It was essentially the same 

plug as for GR-1 sampling but with higher service period.  

 

Graphite plug in I-18 position       Graphite plug in I-15 position

Fig. 6: Arrangement of Graphite in Thermal Column and 
Graphite plugs

A few years prior to the shutdown in 1997 for 
refurbishment work, the Cirus reactor was operated 
at 20 MW. It was considered that this could have 
increased the Wigner energy in the graphite due to 
decreased concurrent annealing during this period.  
For measurement of Wigner Energy release by 
Differential Scanning Calorimetry, sampling was 
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sample had earlier been collected from this 
plug assembly    (I-15 position) from the inner 
plug. The maximum thermal neutron fluence 
seen by the inner most part of the inner plug 
towards core was 22.06 E+20 nvt. The thermal 
neutron fluence seen by the plug at about 90 cm 
away from the inner most face was 0.75 E+20 
nvt. Radiation field on contact at the inner most 
face was 3 R/hr.

5. normal operating temperatures of graphite: 

The graphite temperature largely depends 
upon heat flux and flow & temperature of cooling 
air. It is affected by equilibrium moderator height, 
moderator temperature, loading in annulus, structural  Fig 8: Hole after removing the plugs
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(d) GR-IV: In 2014, after about 3 ½ years of permanent shut down of reactor, a plug 

from west thermal column of reactor was removed and samples were prepared for study 

of Wigner energy, thermal conductivity, specific heat, hardness, XRD and study of lattice 

structure. This plug has always been in reactor since the beginning but at a lower flux 

level. The average neutron fluence seen by the plug was estimated to be 1.7 E+19 nvt 

while the maximum fluence seen by the inner most part of the plug towards core was 4.1 

E+19 nvt. The fluence seen by the outer most part of the plug was 4.3 E+18 nvt. The 

average gamma fluence in the plug was estimated to be 2.1 E+16 photons/cm
2
. The 

maximum value at the incident face was 4.2 E+16  photons/cm
2
.   The block measures 

4”x4”x30”, having contact field 15-20 mR/h.  

 

(e) GR-V: In 2016, after about 6 years of permanent shut down of reactor, a plug 

assembly from I-15 position of East thermal column of reactor was removed and samples 

were prepared for study of Wigner energy, thermal conductivity, specific heat, hardness, 

etc. The inner plug of this plug assembly had been replaced in January 2005 and was in 

service for six years till permanent shut down of the reactor. The outer plugs (three nos) 

remained the old ones. GR-I sample had earlier been collected from this plug assembly    

(I-15 position) from the inner plug. The maximum thermal neutron fluence seen by the 

inner most part of the inner plug towards core was 22.06 E+20 nvt. The thermal neutron 

fluence seen by the plug at about 90 cm away from the inner most face was 0.75 E+20 

nvt. Radiation field on contact at the inner most face was 3 R/hr. 

 

 

        

Fig 7: East Thermal Column                              Fig 8: Hole after removing the plugs 

Normal Operating Temperatures of Graphite:  The graphite temperature largely depends 

upon heat flux and flow & temperature of cooling air. It is affected by equilibrium moderator 

height, moderator temperature, loading in annulus, structural temperatures, incidental water 

ingress into annulus, etc. Twenty-seven thermocouples were provided for monitoring the 

temperature of inner graphite reflector (IG) and nine thermocouples for outer graphite reflector 
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Normal Operating Temperatures of Graphite:  The graphite temperature largely depends 

upon heat flux and flow & temperature of cooling air. It is affected by equilibrium moderator 

height, moderator temperature, loading in annulus, structural temperatures, incidental water 

ingress into annulus, etc. Twenty-seven thermocouples were provided for monitoring the 

temperature of inner graphite reflector (IG) and nine thermocouples for outer graphite reflector 

Fig 7: East Thermal Column   
Fig 9: Reactor vessel (within the circle) seen after removal of 

Graphite plug
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(OG). Temperatures varied from 60-150 ºC in graphite reflector block. Temperature of graphite 

in thermal column is <60 ºC. 

 

Fig 9: Reactor vessel (within the circle) seen after removal of Graphite plug 

Table 1: Neutron Flux and Fluence of GR-V Sample 

Sl. 

No. 

Distance from 

inner face of 

inner plug (cm) 

Thermal Neutrons 

(E < 0.625 eV) 

Epithermal Neutrons 

(0.625 eV<E <821 KeV) 

Fast Neutrons 

(821 KeV < E < 20 MeV) 

Flux (x 

10
13

) 

n/cm
2
/s 

Fluence 

(x 10
20

) 

n/cm
2
 

Flux (x 

10
12

) 

n/cm
2
/s 

Fluence 

(x 10
19

) 

n/cm
2
 

Flux (x 

10
11

) 

n/cm
2
/s 

Fluence 

(x 10
18

) 

n/cm
2
 

1 0 2.88 22.06 4.92 37.69 2.61 19.99 

2 5 2.66 20.37 3.28 25.12 1.72 13.17 

3 10 2.42 18.53 2.15 16.46 1.11 8.5 

4 15 2.17 16.62 1.37 10.49 0.691 5.29 

5 20 1.97 15.09 0.964 7.38 0.483 3.7 

6 30 1.69 12.94 0.562 4.3 0.266 2.03 

7 40 1.32 10.11 0.225 1.72 0.11 0.084 

8 50 0.99 7.58 0.0871 0.67 0.0446 0.034 

9 60 0.70 5.38 0.0383 0.29 0.0206 0.016 

10 70 0.45 3.44 0.0105 0.08 0.00816 0.0063 

11 80 0.22 1.71 0.0065 0.05 0.00429 0.0033 

12 90 0.098 0.75 0.0040 0.03 0.00169 0.0013 

Differential Scanning Calorimeter (DSC) procedure 

For the DSC studies, un-irradiated graphite material, obtained from CIRUS, was used as the 

reference material.  The DSC scans were carried out from ambient to 700ºC.  The results of the 
table 1: neutron flux and fluence of gr-V Sample

Sr. 
no.

distance from 
inner face of 

inner plug (cm)

thermal neutrons 
(E < 0.625 eV)

Epithermal neutrons 
(0.625 eV<E <821 KeV)

fast neutrons 
(821 KeV < E < 20 MeV)

flux  (x 1013)  
n/cm2/s

fluence 
(x 1020) n/cm2

flux  (x 1012) 
n/cm2/s

fluence 
(x 1019) n/cm2

flux (x 1011) 
n/cm2/s

fluence 
(x 1018) n/cm2

1 0 2.88 22.06 4.92 37.69 2.61 19.99
2 5 2.66 20.37 3.28 25.12 1.72 13.17
3 10 2.42 18.53 2.15 16.46 1.11 8.5
4 15 2.17 16.62 1.37 10.49 0.691 5.29
5 20 1.97 15.09 0.964 7.38 0.483 3.7
6 30 1.69 12.94 0.562 4.3 0.266 2.03
7 40 1.32 10.11 0.225 1.72 0.11 0.084
8 50 0.99 7.58 0.0871 0.67 0.0446 0.034
9 60 0.70 5.38 0.0383 0.29 0.0206 0.016
10 70 0.45 3.44 0.0105 0.08 0.00816 0.0063
11 80 0.22 1.71 0.0065 0.05 0.00429 0.0033
12 90 0.098 0.75 0.0040 0.03 0.00169 0.0013
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temperatures, incidental water ingress into annulus, 
etc. Twenty-seven thermocouples were provided for 
monitoring the temperature of inner graphite reflector 
(IG) and nine thermocouples for outer graphite 
reflector (OG). Temperatures varied from 60-150 ºC 
in graphite reflector block. Temperature of graphite 
in thermal column is <60 ºC.

6. differential Scanning Calorimeter (dSC) 
Procedure

For the DSC studies, un-irradiated graphite 
material, obtained from CIRUS, was used as the 
reference material.  The DSC scans were carried out 
from ambient to 700ºC.  The results of the first scan 
were used for Wigner energy calculations.  Repeated 
scans on the irradiated samples did not show any 
further discernible Wigner energy release.  The second 
run on the same sample was used for blank correction. 
The parameters chosen for DSC measurement were:

Temperature range of scanning:  Ambient to 
700ºC 

Pan Material : Platinum 

Sample weight  :  30 mg 

Environment:  Lolar – II Argon at a flow rate of 
50 ml / min

Heating programme:- Linear heating rate of 
5±0.1ºC / min

Reference material :  Un-irradiated graphite of 
CIRUS 

Blank correction : Second DSC scan on the same 
sample

Calibration:  Done using pure Indium standard. 

The DCS plots were re-plotted after conversion 
of the energy release values (in mW) to the units of 
specific heat (i.e. cal/g/°C or J/g)) to give the Wigner 
energy spectrum.

Cylindrical blanks of 4mm diameter were drilled 
out from predetermined locations in the graphite plug. 
Thin wafers for DSC measurements were sectioned 
using a slow speed diamond wafering wheel. Dry 
cutting was resorted to, in order to avoid possible 
errors that would arise due to the entrapped coolant in 
the samples. For DSC measurements, 2mm thick wafer 
samples were sectioned from the cylindrical blank 
of 4mm diameter. This method of sampling ensured 
perfectly flat and parallel surfaces with smooth finish. 
The sampling tools and the procedure were designed 
to restrict the temperature rise, at the sampling site, 
not more than 1°C during cutting operation. This was 
essential since any increase in sample temperature 
could lead to uncertainties in the stored energy 
measurements.

7. linear Heating Experiments on Samples from 
graphite Plug gr-1 

table–2 : Wigner Energy release in graphite 
Reflector	of	CIRUS	at	different	Reactor	Operation	

Period

Sr 
no.

distance 
from rV 
side end 

(mm)

net Wigner Energy (J/g)

gr- 
i

gr- 
ii

gr- 
iii

gr-
iV 

gr- 
V

1 0 560.12 543.4 480 -- 275.47
2 24 338.58 426.36 352.54 -- --
3 100 259.16 280.06 316.55 -- --
4 150 -- -- -- -- 209.96
4 216 292.6 217.36 242.86 -- --
5 306 359.48 246.62 233.12 -- --
6 450 163.02 158.84 162.39 -- --
7 1590 -- -- -- 138.83 --
8 1840 -- -- -- 236.51 --
9 2060 -- -- -- 219.16 --
10 2250 -- -- -- 13.71 --
11 2280 -- -- -- 15.55 --

Fig 10: Graphite plug sampling plan for Wigner energy release 
studies
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Linear heating experiments on samples from graphite plug GR-1  

The DSC plots gave the results of energy release in the units of mW (mcal/s). These values were 

re-plotted after converting to the units of specific heat, J/g/°C (cal/g/°C) to give the Wigner 

energy spectrum.  

The DSC plots gave the results of energy release in 
the units of mW (mcal/s). These values were re-plotted 
after converting to the units of specific heat, J/g/°C 
(cal/g/°C) to give the Wigner energy spectrum. 

From the Wigner energy release spectra of the 
different samples from graphite plug GR-I it could 
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be seen that all the Wigner energy spectra, except the 
one for the sample from 305mm distance from the RV 
side end of the plug, are seen to lie below the specific 
heat curve. The Wigner energy spectrum of the sample 
from 305mm location is seen to be crossing the specific 
heat curve at a temperature of 195°C. From equivalent 
area treatment, it was seen that this would lead to a 
sudden temperature increase to 260°C. 

8 isothermal annealing Studies on Samples 
from graphite Plug gr-i

Isothermal annealing experiments were carried 
out on freshly prepared samples from different 
locations on the plug. Step heating studies were 
carried out in temperature steps of 10°C from 110 
to 170°C as per the predetermined temperature 
program. This experiment was to ascertain whether 
there was any energy release at low temperatures 
(in the range of 100 – 170 °C) and to find out the 
total energy release up to 450°C. Extended period 
isothermal annealing studies were also carried out at 
120°C for 12 hours with a predetermined temperature 
program. 
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Fig 11: Wigner energy spectra of the samples from irradiated graphite plug (GR-I) of CIRUS after about 37 years of 

reactor operation. 
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Fig 12: Wigner energy spectrum, of sample at 305mm from RV side end of irradiated graphite plug (GR-I) of 

CIRUS after 37 years of service, showing spontaneous temperature rise during linear heating 

From the Wigner energy release spectra of the different samples from graphite plug GR-I it 

could be seen that all the Wigner energy spectra, except the one for the sample from 305mm 

distance from the RV side end of the plug, are seen to lie below the specific heat curve. The 

Wigner energy spectrum of the sample from 305mm location is seen to be crossing the specific 

heat curve at a temperature of 195°C. From equivalent area treatment, it was seen that this would 

lead to a sudden temperature increase to 260°C.  
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reactor operation. 
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Wigner energy spectrum of the sample from 305mm location is seen to be crossing the specific 

heat curve at a temperature of 195°C. From equivalent area treatment, it was seen that this would 

lead to a sudden temperature increase to 260°C.  
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Fig 11: Wigner energy spectra of the samples from irradiated 
graphite plug (GR-I) of CIRUS after about 37 years of reactor 

operation.

Results of step heating experiments indicated 
measurable energy release of the irradiated graphite 
even during short time (2 hours) isothermal annealing, 
in such low temperature regimes as 100-170°C. 
The results of 12 hours isothermal annealing 
experiments at 120°C have confirmed the possibility 
of partial irradiation annealing of the Wigner energy 
in CIRUS reflector graphite by brief periods of 
operating temperatures higher than the corresponding 
temperatures at 20 MW reactor operations.

9. Studies on the graphite Plug (gr-ii) after 
High Power operation of CiruS

Subsequent to CIRUS reactor operation at power 
level higher than 20 MW for a brief period of about 
one month in September 1997, a graphite plug (GR-
II), that was considered similar in all respects to the 
plug GR-I, was removed for detailed Wigner energy 
estimation. Evaluation of the stored energy release 
was carried out, using the same DSC scan parameters 
as used for the plug GR-I. 

The significant feature of the Wigner energy 
spectrum of the samples from GR-II is that there 
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Fig 14: Wigner energy spectra of the samples from irradiated graphite plug (GR-III) after high power operation. 

Fig 13: Wigner energy spectra of the samples from irradiated 
graphite plug (GR-II) of CIRUS after high power operation of 

CIRUS.
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Fig 14: Wigner energy spectra of the samples from irradiated 
graphite plug (GR-III) after high power operation.

Rakesh Ranjan et al. / Life Cycle Reliability and Safety Engineering Vol.5 Issue 4 (2016) 32-39



38 © 2016 SRESA All rights reserved

Fig. 15: Wigner energy spectra of the samples (GR IV) from 
graphite plug from I-18 hole
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Fig. 15: Wigner energy spectra of the samples (GR IV) from graphite plug from I-18 hole 

 

Fig. 16: Wigner energy spectrum of irradiated graphite sample I-18/1 
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Fig. 15: Wigner energy spectra of the samples (GR IV) from graphite plug from I-18 hole 

 

Fig. 16: Wigner energy spectrum of irradiated graphite sample I-18/1 

 

Fig. 16: Wigner energy spectrum of irradiated graphite sample 
I-18/1
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Fig. 17: Wigner energy spectrum of irradiated graphite sample I-18/2 

 

 

Fig. 18: Wigner energy spectrum of irradiated graphite sample I-18/3 
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Fig. 17: Wigner energy spectrum of irradiated graphite sample I-18/2 

 

 

Fig. 18: Wigner energy spectrum of irradiated graphite sample I-18/3 

Fig. 17: Wigner energy spectrum of irradiated graphite sample 
I-18/2

Fig. 18: Wigner energy spectrum of irradiated graphite sample 
I-18/3
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Fig. 19 Wigner energy spectrum of irradiated graphite sample I-18/4 

 

 

Fig. 20: Wigner energy spectrum of irradiated graphite sample I-18/5 
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Fig. 19 Wigner energy spectrum of irradiated graphite sample I-18/4 

 

 

Fig. 20: Wigner energy spectrum of irradiated graphite sample I-18/5 

Fig. 19 Wigner energy spectrum of irradiated graphite sample 
I-18/4

is no location on the plug GR-II where the Wigner 
energy spectrum crosses the specific heat curve. 
Whereas, the sample from GR-I showed the Wigner 
energy spectrum crossing the specific heat curve. 
This indicates that, as expected, some irradiation 

annealing has taken place in the CIRUS graphite due 
to the high power operation, though the maximum 
temperature of the graphite was only 120°C.

Experience with Removal of Inner Graphite Plug 
from Thermal Columns: As inner graphite plugs of 

Fig. 20: Wigner energy spectrum of irradiated graphite sample 
I-18/5
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Fig. 22: Wigner energy spectrum of irradiated graphite sample 
(GR V) from I-15 hole
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Fig. 21: Wigner energy spectrum of irradiated graphite sample (GR V) from I-15 hole 

 

 

Fig. 22: Wigner energy spectrum of irradiated graphite sample (GR V) from I-15 hole 
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Fig. 21: Wigner energy spectrum of irradiated graphite sample (GR V) from I-15 hole 

 

 

Fig. 22: Wigner energy spectrum of irradiated graphite sample (GR V) from I-15 hole 

Fig. 21: Wigner energy spectrum of irradiated graphite sample 
(GR V) from I-15 hole

thermal column positions I-15 and I-22 were extending 
right up to inner face of inner reflector, they were 
thought to be the most representative samples as 
they had been subjected to same neutron flux and 
other stresses as the inner face of inner graphite. 
Theoretical estimate of applied force to remove the 
plugs was made.  Factors such as weight of the plug, 
friction coefficient between mating surfaces, maximum 
tensile strength of reactor grade graphite, weakest 
link between two sections, safety factor, etc. were 
taken into account and a force of about 200 kg was 
estimated to be enough to take out the plugs.  The 90” 
long outer section of graphite plug from I-15 position 
was removed on 8.1.97 by simply pulling out.  Due 
care was taken to prevent any vertical displacement 
of three sections.  Maximum field on contact on this 
section was 2 R/hr. Attempt was made to pull out the 
inner section of the plug by applying load of 150 kg, 
however it was unsuccessful. Subsequently, the plug 
was cleaned at its location near J-rod annulus with 
liquid nitrogen and air remotely. The tensile force 
on the plug was made collinear using appropriate 
tools and it was increased slowly in steps.  When a 
load of about 250 kg was applied, the graphite plug 
moved out with a jerk. The plug was taken out with 
due precautions. Maximum radiation field on inside 
surface of the plug was 7 R/hr. On 01.06.1998, the plug 
from I-22 position of thermal column was taken out 

in similar fashion by applying 220 kg force. Here, in 
this case cleaning of the plug near J-rod annulus with 
liquid nitrogen and air was not warranted.

10. assessment of Physical Condition of Cirus 
graphite blocks: 

Graphite blocks seem to be intact and not deformed 
due to irradiation as they have been subjected to low 
temperature and damage as corroborated by low 
Wigner energy. This is further corroborated by i) 
Straightness of neutron beam lines, ii) Straightness 
of J-rod holes iii) Straightness of Self-serve (an 
irradiation facility) carrier tubes, etc. Visual inspection 
of beam holes by camera in past have not shown any 
distortion.
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