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The AP1000 is a strong candidate to participate in grid frequency stability because of its better transient
response capability. The investigations are essential to sort the behavior of activated corrosion products
(ACPs) under frequency control induced power transients. This paper seeks to assess the variation of ACPs
in the primary coolant circuit of AP-1000 under base-load as well as grid frequency stability modes. The
computer program CPA-AP1000 is modified to incorporate frequent power fluctuations. The simulation
results depicted that short-lived ACPs (°®Mn, 2Na) build up fairly rapidly whereas long-lived >°Fe,
Mo, >3Co and ®°Co exhibited slow rise, under customized base-load mode. All of the ACPs are noticed
to attain a saturation value of specific activity after several hours of the reactor operation. The corre-
sponding ACPs (°Mn, 24Na, >°Fe, >Co, °*Mo and ®°Co) in the primary coolant under frequency fluctuation
mode, are noted to be governed by the rise and fall in operating power level. The investigations are
extended to compare the variation in the behavior of *Mn, 2Na, *®Co, and %°Co in primary coolant
and on the inner walls of piping and core structure, under the grid frequency stability mode. The activity
due to corresponding ACPs is the highest inside the core followed by the coolant and piping structure. The
results revealed that activity associated with ACPs with shorter half-lives is more susceptible to power
oscillations, as compared to those having longer half-lives. The post-fluctuation activity of corresponding
ACPs is also explored and found to be significantly dependent on the final and post-fluctuated power
levels. The long-term dose of ACPs with longer half-lives is found to be more significant, because their
activity holds for an extended spell. This study provides a good insight into on-power accessibility of
the primary coolant circuit for recurrently happening operating scenarios.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

The corrosion of the metals in contact with water is inevitable
and generates the corrosion products (CPs), which are neutron
activated while passing through the reactor core. These activated
corrosion products (ACPs) emit harmful gamma-rays contributing
almost 90% of occupational radiation exposure (ORE) during oper-
ation and maintenance activities at PWRs (Zhang et al., 2016). The
half-lives of ACPs are >2 h, which specifies that primary coolant
will keep activity even after several hours of the reactor shutdown
(Nasir et al.,, 2017). The half-lives of major ACPS are shown in
Table 1. The operational and post-shutdown activities are seriously
affected due to a huge amount of ORE caused by the ACPs. These
radiation levels are two orders higher magnitude for PWR systems
as compared to gas or sodium cooled reactors. Consequently, oper-
ation and maintenance activities are prolonged, resulting in an
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increased reactor downtime and substantial revenue loss of several
million dollars per annum (Rafique et al., 2010). The response of
ACPs in the primary coolant circuit is strongly dependent on the
reactor operating parameters. These parameters include interact-
ing materials composition, coolant impurities, operating power,
coolant residence time in the core and rest of the circuit, tempera-
ture, pressure, coolant flow rates, corrosion rates, filter efficiency
and ACPs deposition rates (Malik et al., 2012). The longer cycle
length and flexible operating strategies of modern reactor designs
can also induce complicated effects on the buildup and decay
behavior of ACPs.

Currently, large and multiple grid systems are being used to ful-
fill the growing energy demands of the world. These systems are at
high risk of power imbalances because of contributions from the
intermittent power supply sources. The NNPs have been mostly
used for base-load operation with few exceptions in the world.
However, the fresh NPPs are made mandatory to be capable of
complying with grid frequency transients, because of the growing
contribution from NPPs in many national grids (Ponciroli et al.,
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Table 1
Corrosion products and their reaction properties (Nasir et al., 2017).

Sr. # Reaction Corrosion product Activation cross y-ray energy
section
1 23Na (n, ) 2*Na 24Na (Tyj2 = 15.40 h) 0.530b 4.10 MeV
(E »>11.60 MeV)
2 58 Fe (n, v) >°Fe *9Fe (Tyj2 =45.10 h) 0.900b 1.17 MeV (99.99%)
(E , is thermal)
1.33 MeV (99.99%)
3 %Mo (n, ) **Mo %Mo (T2 = 67.00 h) 0.450b 0.78 MeV (8%)
0.74 MeV (8%)
(E n>3.10 MeV)
4 9Co (n, ) 5°Co 50Co (T12=5.30y) 20.000b 1.17 MeV (99.99%)
1.33 MeV (99.99%)
5 55Mn (n, y) *Mn *Mn (Tyj> = 2.58 h) 13.400b 2.13 MeV (15%)
1.81 MeV (24%)
(E , is thermal)
0.85 MeV (99%)
6 59Ni (n, p) *8Co 8Co (Tyj2 =70.88 d) 0.146b
(E y is fast)

2015). The operating modes are highly evolved and new PWRs are
capable of inducing large and rapid power fluctuations during reac-
tor operation (NEA, 2011). The first AP1000 in Zhejiang province of
China is seemed to substantially contribute to the local power grids
in the near future (World Nuclear News, 2018). China poses serious
concerns for the participation of NPPs in stabilizing frequency fluc-
tuations because of already faced grid frequency instability inci-
dents and rapidly increasing nuclear power capacity (Tang et al.,
2014). The studies have demonstrated that AP-1000 possess good
control capabilities throughout the cycle, with sufficient safety
and economy features (Wang et al, 2018). The AP-1000 has
enhanced favorability to participate in grid frequency control
because of its advantageous Mechanical SHIM (MSHIM) control
strategy. This feature provides reactivity control with the control
rods movement only in contrast to existing PWRs which are using
soluble boron concentration (Westinghouse, 2005). But, the capa-
bility of AP-1000 to adopt the demand of participation in grid fre-
quency control has provoked the frequent variation in specific
activity of the ACPs in the primary coolant circuit. These variations
in the specific activity of ACPs during design-based grid fluctua-
tions are not too large in value but these are rapid and frequent.
The study of ACPs behavior during such transients is crucial for
the assessment of ORE during on-power accessibility of primary
circuit.

The researchers have widely focused to analyze the behavior of
ACPs in typical PWRs during last few decades. The behavior of ACPs
in typical PWRs is studied in detail by developing computer pro-
gram CPAIR-P (Deeba et al., 1999; Mirza et al., 1998). The program
was later on updated to incorporate the changes in ACPs induced
by the linearly and non-linearly increasing corrosion (Mirza
etal., 2003). The code was further improved to study coupled effect
of time-dependent corrosion and coolant chemistry for long-term
fuel cycles (Malik et al., 2012; Nasir et al., 2017). The mitigation
of the crud in PWR systems has also been attributed a research
emphasis. Shim et al. have recently tested aluminum oxide
(Al,03) as a fuel cladding coating to investigate its crud mitigation
effects (Shim et al., 2018). The experimental results revealed that
crud deposits were decreased by 23% for the Al,0s-coated clad-
ding, as compared to the uncoated cladding. Owing to a wealth
of operating experience and research efforts, sufficient capability
has been established to study ACPs behavior in PWRs. However,
the study of CPA in fresh reactor designs is a standing challenge
(IAEA, 2012). The research efforts are being put to face this chal-
lenge to analyze the ACPs behavior in fresh reactor designs. The
operational experience of PWRs has been helpful to envisage the
associated problems in new designs of nuclear reactor fleet. The

experience has shown that use of a simulation tool, in addition
to loop experiments and the plant measurement campaigns, is also
crucial in envisaging the contamination by ACPs in the PWR cir-
cuits (Benfarah et al., 2016). It can be helpful in the improvement
of reactor operating parameters as well as the optimization for
the future plant designs.

The study of ACPs behavior in AP-1000 has previously attribu-
ted a limited focus mainly because of its fresh design. However,
the related research is recently getting more attention from the
researchers. The researchers have developed and applied homo-
geneous and two-node models to calculate activity from the acti-
vation products N, 7N, 3H and '“C in chosen regions of the AP-
1000 primary circuit (Guo et al, 2018). The analyses were
extended to assess the respective dose impact, employing the
point kernel code ARShield. An in-house computer code CAT 1.0
was developed to visualize the corrosion of structural material
and the inhabitation effects induced by the injection of Zn in
the primary circuit of AP-1000 (Jia, 2016; Mo Shuran, 2016).
The code uses the mixed conduction model to provide a good
insight of time-dependent behavior of CPs migration process.
However, the activation process and behavior of ACPs under var-
ious operating scenarios needs more research. So, the computer
program namely Corrosion Products Activity in AP-1000 (CPA-
AP1000) was developed to analyze the behavior of ACPs in AP-
1000 (Mahmood et al., 2018). The CPA-AP1000 was previously
employed to analyze the CPA behavior in the primary coolant of
AP-1000 under normal operation and MSHIM based power tran-
sients. The aforementioned works do not address the variation
of ACPs in different parts of the primary coolant system under
frequency control mode. The present study explores the behavior
of ACPs in the primary coolant system of AP-1000 under fre-
quency regulations, which are desirable to adapt the grid
demands. The behavior of ACPs in different sections of the pri-
mary circuit like coolant and inner walls of structures inside
the core and piping located outside the core is explored. The sim-
ulation methodology as developed in the code CPA-AP1000 is
updated to study the behavior of ACPs in the course of frequency
regulation.

This paper is structured as follows. Section 2 presents the for-
mulation of the mathematical model along with the assumptions
considered for modeling. Section 3 contains the core configuration
and necessary parameters of AP-1000. Section 4 comprises the
hierarchy of computational scheme. Section 5 presents the simula-
tion results and discussion of the related technical aspects. Sec-
tion 6 concludes this work and future recommendations are
outlined.
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2. Mathematical model

The mathematical model is built up by dividing the primary cir-
cuit into different zones like reactor core, primary coolant and pip-
ing structure outside of the core. The exchange processes in
different zones e.g. activation of CPs due to continuous circulation
of coolant, deposition, dissolution, erosion, filtration, the decay of
the CPs during circulation in the circuit are considered. Different
exchange pathways used for modeling are schematically described
in Fig. 1. The mathematical model of the time-dependent behavior
of dominant CPs in the primary coolant circuit of AP-1000 is estab-
lished considering the following assumptions (Deeba et al., 1999;
Mahmood et al., 2018).

o The composition of CPs corresponds to the chemical composi-
tion of original corroding material.

o The material on the walls of the cooling system corrodes uni-
formly and homogeneously.

o The intrinsic activity is considered to be negligible.

o The deposition on surfaces in contact with cooling water is pro-
portional to the concentration of CPs in water.

o The ion exchangers and filters eliminate impurities correspond-
ing to their concentration in the coolant.

The neutron flux is treated as representative of reactor operat-
ing power. The change in neutron flux rate is modeled as directly
affected by variation in reactor operating power. In order to incor-
porate the effect of power maneuvering, the power levels are mod-
eled with the subsequent scheme. The time-dependent operating
powerp(t) is defined in terms of normalized power parameter
f(t) and rated thermal power (RTP) p, as following;

p(t) = f(6)po (1)

The parameter f(t)is capable of describing reactor operation at
specified power levels as induced by either normal operation or
MSHIM based power transients. The power parameter f(t)
describes any linear increase or decrease in reactor operational
power as following;

D1, b <l
ft) = p1 — Wt —tes), trs <E<tlee (2)
D2, t>te
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Fig. 1. Schematic of exchange pathways for modeling activation products in the
primary coolant circuit.

where p, and p, represent operating power in terms of percentage
RTP before start and end of power maneuvering at time tand ¢
respectively, and u is the slope of linear increase or decrease oper-
ating power.

The activation of corrosion products is affected by the time
taken by a particle for traversing through the primary coolant cir-
cuit, and length of time it is exposed to the neutron flux. The effec-
tive neutron flux density ¢, (n cm~2 s~ ') links both of these time
intervals as following;

1—e e

¢E:1

1_em bo 3)

The concentration of target nuclides (atoms cm3) in the pri-
mary coolant, on piping and core surfaces, have been denoted
byNw.N, andN.respectively. The concentrations of activated
nuclides (atoms cm ) in the primary coolant water, on the inner
walls of piping and core surfaces, have been denoted byn,,n,,
and n. respectively. The rate of change of active material concen-
tration in primary coolant is given by;

dn, 5Q k, ke
W—Uf(t)(j)ENw_ (g + E +)L>nw+v np+vwnc
(4)

where ¢ is the group constant for the production of the isotope
from target nuclide.
The sum over j for ¢;Q; is given as following;

§Q; = &Q; + &Qs + Q. + &Q, ()

where the quantities &Q;, &Qy Q. €,Q, are removal rates (cm3s71)

induced by ion exchanger, filter, core and pipe surfaces respectively.
The term Iy is rate (cm> s~!) at which the primary coolant is lost
during the k™ leak, k, and k. are rates (cm® s~!) at which isotopes
are removed from the scale on piping and core respectively. The
first term in equation (4) represents the production of radioactive
isotopes. The second term is loss rate of active nuclides caused by
purification by the ion-exchanger and filter, deposition on the pip-
ing and core, and radioactive decay. Third and fourth terms are the
rates at which activity is re-introduced into the water as a result of
erosion or dissolution of activity deposited on inner surfaces of pip-
ing and reactor core. The rate of change in target nuclide concentra-
tion in coolant water can be written as;

dN,, &Q; k, k.
AL :(Z Kl ’+Z +af )NW+V‘V’VNP+ Ne + Su
(6)

COSNOfnfs
VA (7)
-2 —1)

Sw =

where C, is effective corrosion rate (g cm S is area of the sys-
tem exposed to the coolant for corrosion (cm?), Ny is Avogadro’s
number (6.02 x 10?3 atoms g~' ™), A is atomic weight of target
nuclide (g mole™), f, is natural abundance of target nuclide and f;
is abundance of target nuclide in the system. The rate of change
of active nuclides on the surface of the cooling system inside the
reactor core is given by;

d C C C IC "
e (G M (AL ®)

The rate of change in target nuclei of the core scale is given by
the following balance;

= ke, — ({E+ af 00 )N, )
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where V.is voluthe me of deposits within the core (cm?). The rate of
change in active material on the piping surface can be obtained
from the following relation;

Ny — ﬁ+“n
w Vp Ay

where V,, is the volume of scale on the piping (cm?).

The rate at which target nuclei change on the piping scale is
given by the following relation;
dN, &0Q, &

dt v, Nw_vp

dn, _ &Q,
at v,

(10)

N, (11)

The above system of coupled differential equations (1-11) is
adequate to describe the dynamic response of ACPs under normal
operating conditions and a variety of power maneuverings. The
system of equations developed in the model is applicable regard-
less of corrosion pattern. However, a uniform corrosion is consid-
ered in the current investigations and space distribution effects
are ignored.

3. Core configuration and flux calculations

The AP-1000 is Westinghouse reactor design having rated core
power of 3400 MWy,. It consumes enriched UO, as fuel and light
water as a coolant and moderator. The reactor core comprises a
matrix of fuel rods lump together into mechanically identical 157
fuel assemblies in conjunction with control and structural ele-
ments. The core is proposed for an 18-month fuel cycle having
93% capacity factor and region average discharge burnup of
60,000 MWd/tU. The fuel assemblies are arranged in three radial
regions the form of a right circular cylinder having. The core
regions are structured in different enrichments to create a favor-
able power distribution. The fuel enrichment ranges from 2.35%
to 4.50% in the first core. The core is covered by light water and
stainless steel reflectors at top and bottom, and also in the radial
direction. The thickness of the top, bottom, and radial reflector
material are nearly 25 cm, 25 cm and 38 cm, respectively. Each fuel
assembly of the AP-1000 contains a 17 x 17 square lattice array, in
which 264 fuel rods, 24 control rod guide tubes, and one central
instrumentation tube are adjusted. The Discrete Burnable Absor-
bers (PYREX) and Integrated Fuel Burnable Absorber (IFBA) rods
are responsible to control the excess reactivity in the initial core.
The PYREX rods are supposed to detach from the core at the end

W 250w/o [l 3.40 w/o

2.35 w/o

(a) Radial enrichment map

of the first cycle. The burnable absorber is introduced for the con-
trol of peaking factors. It also regulates the moderator temperature
coefficient of the core to avoid its value positive during normal
operation. The AP-1000 reactor core contains total nine dissimilar
assembly types which are formed by the organization of PYREX
and IFBA rods in three and five distinct patterns respectively. The
radial enrichment map of the reactor core and fuel assembly con-
figuration of AP-1000 are shown in Fig. 2.

4. Primary coolant system configuration

The primary coolant system, also called the Reactor Coolant
System (RCS), consists of the reactor vessel (RV), the steam gener-
ators (SGs), the reactor coolant pumps (RCPs), a pressurizer, and
the connecting piping. The primary function of the RCS is to trans-
fer the heat from the fuel to the SGs and its second function is to
contain the radioactivity within the primary circuit. The AP-1000
has a two-loop RCS, each loop contains a SG and two RCPs
(Westinghouse, 2005). It has a single hot leg and two cold legs
for circulation of the reactor coolant. Additionally, the system
includes the pressurizer, interconnecting piping, valves, and
instrumentation for operational control and safeguards actuation.
All RCS equipment is located in the reactor containment. A layout
diagram of the primary circuit with steam generators is shown in
Fig. 3. The RCPs circulate the primary coolant through the RV and
the SGs during the reactor operation. The water is heated as it
passes through the core. It is then transported to the SGs where
the heat is transferred to the steam system. The coolant is ulti-
mately returned to the reactor vessel by the pumps to repeat the
process. The RCS pressure is controlled by operation of the pressur-
izer, where water and steam are maintained in equilibrium by the
activation of either electrical heaters or water spray, or both

The RCS pressure boundary is responsible for a barrier against
the release of radioactivity and it is for a high degree of integrity
throughout operation of the plant. An important characteristic of
the RCS is the materials which are in contact with the primary
coolant. These particular materials interact with the coolant and
therefore govern the vulnerability to corrosion and ultimately the
production of ACPs. The AP1000 follows the well-established and
industrialized approach of confining the material in contact with
the primary coolant. The materials of the parts of RCS interacting
with the water are fabricated from or clad with corrosion-
resistant materials. The materials exposed to the primary coolant
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(b) Fuel assembly configuration

Fig. 2. The radial enrichment map of the reactor core and fuel assembly configuration for AP-1000.
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Fig. 3. The layout of the primary circuit with steam generators.

are confined to stainless steels, nickel-chromium-iron alloys, and,
to a limited extent, cobalt-based alloys. An important design
choice, for the AP1000 RCS is the use of Inconel 690 in the ther-
mally treated state (1690 TT) for the tube material in the SGs.
The typical design specifications of the AP-1000 reactor are
described in Table 2.

5. Computing scheme

Based on the above model, a computer program namely Corro-
sion Products Activity in AP-1000 (CPA-AP1000), has been devel-
oped by programming in MATLAB. The CPA-AP1000 contains two
loops; one loop calculates specific activity under steady-state or
power maneuvering conditions, and other moves over different
isotopes. After initialization, the program calculates group fluxes
using Tally-4 of the MCNP code. Since the MCNP results are nor-
malized to one source neutron, the result has to be properly scaled

Table 2

in order to get the absolute comparison to the measured quantities
of flux. Therefore, the scaling factor is applied in data processing
and F4 tally results of core averaged group fluxes are scaled to
desired fission neutron source (power) level using Eq. (12) (Snoj
and Ravnik, 2006).

fission

" 1.6023.10 (L) wy(MeV /fission)

MeV.

. P(Watt) v ( n )

bra (12)

where P is power, vis avthe erage number of neutrons released by
fission, wy is the energy released per fission and ¢y, is the flux result
given by the tally F4. The system of coupled differential equations is
solved using 4th order Runge Kutta (RK-4) method. The overall
computational scheme is shown in Fig. 4.

6. Results and discussions

The execution of simulations was started at time t = 0, consider-
ing the reactor to be operated in the steady state and having no
impurities at the early stage. It has been assumed that the system
material corrodes uniformly and homogeneously with constant
corrosion rate. The primary coolant having a volume of
1.37 x 107 cm?, is exposed for corrosion of plant surface area of
about 1.01 x 108 cm? and an equilibrium corrosion rate of
2.4 %1073 g. cm™2 s ! is established after reactor operation of
one year (Mirza et al., 2003). The conservative value of normal
equilibrium corrosion rate of 25 pg. s~! has been selected for the
subsequent investigations. The deposition and resolution values
for the core and the piping structure are based on loop experi-
ments, in which exchange processes along with reasonable
assumptions described in Section 2 are considered. The experimen-
tal values of various factional exchange rates for deposition and
resolution for the core and the piping structure, used in the current
study are shown in Table 3.

The study of the dominant effect of key parameters of the sub-
jected model has identified that ion- exchanger removal is the
most sensitive parameter to effect CPA values (Mirza et al,
2010). An approach adopted in our previous study was employed
to visualize the detailed effect of ion exchange removal on satura-
tion specific activity of 2*Na (Mahmood et al., 2018). The specific

Typical design specifications of the AP-1000 reactor (Stefani et al., 2015; Westinghouse, 2005).

Parameter Design value Parameter Design value
Power Mass of UO,/m (Kg/m) 6.54
Thermal (MW) 3400 Loops

Electrical (net) (MW) 1090 Number of cold legs 4
Specific power (kW/kg U) 40.20 Number of hot legs 2

Power density (MW/m? 109.70 Hot leg ID, cm 78.74
Core Cold leg ID, cm 55.88
Height (m) 427 RCP

Diameter (m) 3.04 Number of RCPs 4

Fuel Type Sealless
No. of fuel assemblies 157 Effective pump power, MWt 15

Rod array dimension 17x17 Pressurizer

Rods per assembly 264 Number of units 1

Rod pitch (mm) 12.60 Height, cm 1277.62
Clad thickness (mm) 0.5715 Inside diameter, cm 254

Fuel loading, UO, (kg) 95,974 SG

Material uo, No. of units 2

Pellet diameter (mm) 8.1915 SG power, MWt/unit 1707.5
Number of fuel rods 41,448 Type Vertical U-tube
Rod, OD (mm) 9.50 Material 1690 TT
Diameter gap (mm) 0.1651 Coolant

Dimension of FA (mm X mm) 214 x 214 Pressure (MPa) 15.51
Clad material ZIRLO Inlet temperature (°C) 279.44
Fuel pellet length (mm) 9.83 Avg. temperature in core (°C) 303.39
Enrichment levels 2.35w/o, 3.40w/o, 4.50w/o Total thermal design flow rate of vessel (kg/s) 14300.76




F. Mahmood et al./Annals of Nuclear Energy 125 (2019) 138-147 143

>JI Initialize variables Id—
/ Read Input data /

| Choose time step |

!

Core averaged group fluxes
using MCNP Tally-4

I

Scaling of Tally-4 group fluxes

Yes Update group
fluxes as per
operating
conditions

No

»{ Solve ODEs using RK-4 Method

Next time step

>§

Next | soto pe

|
No

End

Fig. 4. Flowchart of CPA-AP100 for computing ACPs under various operating
modes.

activity of 2*Na was calculated for several values of the ion-
exchanger removal rate, during reactor operation in steady-state
for a particular time. The results depict that saturation activity is
higher enough for low ion exchanger removal rate and it drops
in a non-linear manner as ion exchanger removal rate is increased.
When value of Q; approaches 400 cm® s~!, saturation activity
fluctuates with a negligible slope and becomes nearly constant at
600 cm® s~!. Therefore, the optimum value of ion exchange
removal rate of 600cm® s ! was selected for subsequent
evaluations.

6.1. The behavior of ACPs under various operating modes

The grid load fluctuates subjected to the varying power
demands, and ultimately causes grid frequency fluctuations (NEA,

Table 3
Fractional exchange rates of a typical PWR (Mirza et al., 2003).

2011). The power plant participating in frequency stability has to
monitor the grid frequency and instantly adjust its operating
power level to maintain the desired value of the grid frequency.
The operation of NPPs for grid frequency control is characterized
by rapid and approximately random oscillations in reactor power
level. In this mode of the operation, the reactor can experience fre-
quent power swings up to 10% RTP at ramp power rate fluctuations
as large as 5% per minute (Drudy et al., 2009). The MSHIM control
strategy is advantageous to control rapid power fluctuations dur-
ing reactor operation because of automatic reactor control with
control rod movements only. This control strategy without induc-
ing variation in soluble boron concentration has an additional ben-
efit of stable axial power distribution control. The behavior of ACPs
under various operating modes was studied by allocating distinct
operating modes in three specific segments of reactor operation
time period as following;

i. Customized base-load mode during the period (0 h - 500 h)
ii. Grid frequency stability mode during the period (500 h -
505 h)
iii. Full power base-load mode during the period (505h -
1500 h)

The representative power pattern under the described modes of
reactor operation patterns is shown in Fig. 5. The power pattern is
induced by considering the varying grid demands to fulfill the
energy requirements. The variation in neutron flux corresponding
to various operating modes effects the activation of CPs. If the reac-
tor operates at a specific power level, the flux also maintains its
constant value. However, adjustment in the reactor operating
power directly affect the neutron flux, it increases with an increase
in power level and vice versa. The CPA-AP1000 code was employed

101 T T
100

99

:

105 <[ o i o o e s \,

Rated thermal power/%

wrer
e

93 :
495 500 505 510

Reactor operation time/h

Fig. 5. Typical power fluctuations induced by the grid load variations.

Rate Description

Valuel and Unit

Value2 and Unit

Deposition on core
Deposition on piping
Ion-exchanger removal
Re-solution ratio for core
Re-solution ratio for piping
Volume of primary coolant
Volume of scale on core
Corrosion surface area
Average corrosion rate

£Qc/Vy = 5.835x10 s~
&Q,/Viw = 1.00x107 55!
£Q/Vw = 5.70x107>51
K¢/Vw =2.918x10 551
Kp/Vw = 5.0x107"s7"

Vi = 1.37x10"cm3

Ve =9.08x10°cm3
$=1.01x10%cm?

Co =2.40x10"Bg.cm2.s71

£Q./V. = 8.81x10 751
£Q,/Ve = 1.00x10 %5~

K¢/Ve = 4.406x10 551
Ky/Vp = 5.0x10 85!
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to study the behavior of dominant ACPs (°®Mn, >°Fe, 24Na, ®°Co and
99Mo) in the primary circuit of AP-1000 during these specific oper-
ating modes. The results computed by CPA-AP1000 in above
described operating modes are discussed in subsequent sections.

6.1.1. The behavior of ACPs in primary coolant under customized base-
load mode

The reactor was operated under customized base-load mode at
95% RTP up to 500 h, and behavior of ACPs in primary coolant was
simulated using CPA-AP1000. The response curves of ACPs during
reactor operation in customized base-load mode have shown rapid
growth in activity concentration at the beginning as presented in
Fig. 6. The initial rapid increase in specific activity is due to higher
corrosion rates during the early period of the reactor operation.
This results in a rapid production of target materials at the begin-
ning and ultimately production of more ACPs. After passing some
time, CPs start accumulating on the inner surfaces coolant channel
piping walls and on the core structures. Furthermore, CPs are also
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removed due to continuous ion exchange operation and the use of
filters. A balance between the removal rate and accumulation of
the CPs on piping and cores surfaces leads to a saturation specific
activity value after passing sometime. So, corresponding ACPs have
demonstrated constant values of specific activity after several
hours of reactor operation in base-load mode.

6.1.2. The behavior of ACPs in primary coolant under grid frequency
stability mode

The reactor was allowed to follow frequent power fluctuations
within design limits during the period (500 h - 505 h). The specific
activity caused by all of ACPs is noticed to be changed with the
reactor power level fluctuations. The specific activity for all ACPs
has shown a rapid rise and fall in value during the power fluctua-
tions as shown in Fig. 7. The variation in specific activity behavior
of corresponding ACPs under frequency fluctuation mode is gov-
erned by the rise and fall of operating power level. The variation
in specific activity of ACPs under power fluctuations, is noticed to
be strongly subjected to the pre-fluctuation specific activity values.
The pre-fluctuation specific activity is a preparatory point for suc-
cessive variation in specific activity during the power fluctuations.
The behavior of ACPs after termination of power fluctuations was
also studied. The post-fluctuation activity trend for all of ACPs is
noticed to be intensely dependent on the level of final fluctuated
power level, before the operating level switches to be stable. The
activity of all of ACPs has demonstrated an increasing trend when
the reactor was operated at a higher power level at the end of fre-
quency stability mode. This shows that post-fluctuation specific
activity is also a function of post-fluctuation operation power of
the reactor.

6.1.3. The behavior of ACPs in primary coolant under full power base-
load mode

The reactor was operated in full power base-load mode during
the period (505 h - 1500 h) and simulation results of the corre-
sponding ACPs are shown in Fig. 6. The results demonstrated that
the corresponding ACPs raised slowly and finally gained new satu-
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Fig. 7. The behavior of ACPs in primary coolant under frequency stability mode.
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ration value when the reactor was operated at full power. The sat-
uration value of corresponding ACPs under full power operation is
noticed to be higher as compared to their values under customized
base-load operation at 95% RTP. The results show that ®Mn is the
largest contributor to the total specific activity in primary coolant.
It has a saturation value of 0.2000 pCi.cm > and contributes 32.40%
to the total specific activity in primary coolant. The specific activity
response of ®Mn is rapid as compared to all of the other ACPs, it is
mainly due to the short half-life as compared to other CPs of inter-
est. The saturation specific activity of *°Fe grows at a slower rate as
compared to as that of 2Na. However, the saturation specific activ-
ity of >°Fe finally approaches a higher value of 0.1641 uCi.cm™ as
compared to 0.1342 uCi.cm> of 2*Na. The >°Fe and 2*Na contribute
26.60% and 21.70% to the total specific activity respectively. The
saturation activities of >3Co, %Mo and °Co are 0.0698 pCi.cm~3,
0.0425 pCi.cm™2 and 0.0068 pCi.cm~3 respectively. The >8Co, **Mo
and %°Co contribute to the total specific activity of 11.30%, 6.89%
and 1.11% respectively. These ACPs are noticed to contribute less
towards the total specific activity during reactor operation. How-
ever, the activity caused by them retain for a longer period of time
as compared to other ACPs, mainly because of their longer half-
lives. The rounded off values of percentage contribution and satu-
ration level of specific activity for different ACPs in the primary
coolant are described in Fig. 8.

The saturation specific activity values of ACPs in AP-1000 and a
reference PWR are compared under full power base-load mode as
shown in Fig. 9. The saturation specific activity values of corre-
sponding ACPs in AP-1000 and the reference PWR are in good
agreement (Mahmood et al., 2018). The related difference in corre-
sponding values is due to the difference of both reactor designs and
dissimilar codes used for neutron flux calculations for AP-1000 and
the reference PWR. The MCNP used for AP-1000 is the modern
Monte Carlo based code and possess the ability to more accurately
model the complex geometries. The MCNP has advantageously
executed flux calculations for AP-1000 alone, as compared to the
combination of codes LEOPARD and ODMUG used for the PWR
for the same purpose. The neutronics calculations accomplished
by MCNP are more reliable because it treats individual particles
for neutronics calculations and uses updated built-in cross-
section libraries. This showed that CPA-AP1000 is capable of calcu-
lating the behavior of ACPs with reasonable computational
reliability.
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Fig. 8. Percentage contribution of different ACPs in primary coolant under normal
full power operation.
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Fig. 9. Saturation specific activity of ACPs in primary coolant in AP-1000 and a
reference PWR under full power base-load mode.

6.1.4. The behavior of ACPs in primary coolant and on inner walls

The investigations are further extended to compare the varia-
tion in behavior of *®Mn, >8Co, 2*Na and ®°Co in primary coolant
and on inner walls of piping and core structure, under grid fre-
quency stability mode. The simulation results for specific activity
due to >®Mn, *8Co, 2*Na and ®°Co in various parts of coolant circuit
under grid frequency stability mode are shown in Fig. 10.

The results depict that the core is the largest contributor to
specific activity from ACPs (°°Mn, 2*Na, >8Co, and ®°Co) followed
by the coolant and pipes. The power fluctuations have pronounced
and rapidly changing effect on specific activity in the primary cool-
ant and on inner walls of structures inside the reactor core. How-
ever, this effect is noticed to be comparatively less prominent
and slowly varying for inner walls of piping structures. This is
due to the fact that dissolved and suspended CPs in the primary
coolant are directly exposed to neutron flux while traversing
through the reactor core during every pass. Similarly, the struc-
tures lying inside the reactor core are also directly and continu-
ously exposed to the neutron flux. Nevertheless, the piping
structure lying outside the reactor core is not directly and contin-
uously exposed to the neutron flux. The primary coolant transports
the ACPs through the pipes and they are progressively deposited
on the inner walls of primary circuit piping. So, variation in specific
activity on the walls of piping structures is less as compared to core
and coolant. It is also noticeable that the specific activity due to
56Mn and 2*Na swiftly changes in all parts of the circuit as the reac-
tor power fluctuates. This effect is comparatively lethargic for >4Co,
509Co showing that the activity of >8Co and ®°Co activity is less vul-
nerable to smaller and frequent power fluctuations. But, its activity
retains for a longer period of time and causes a continuous source
of activity and radiation dose. This is mainly due to the longer half-
life of >8Co, %°Co as compared to **Mn and 2*Na. This infers that
ACPs with shorter half-lives are more vulnerable to frequent
changes in specific activity as compared to ACPs with a longer
half-life. However, ACPs with longer half-lives are of more impor-
tance as the ORE caused by them retains for a longer period result-
ing in the substantial delay in operation and maintenance
activities.

7. Conclusions

The fresh reactor designs are made mandatory to be capable of
complying with grid frequency transients, contrary to earlier NPPs
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Fig. 10. Specific activity behavior of (a) **Mn, (b) 2*Na, (c) *®Co and ®°Co in primary coolant and on inner walls of core and piping structure.

which have been typically operated in the base-load mode only.
The AP-1000 has a strong capability to adopt the demand for par-
ticipation in grid frequency control. On the other hand, it is vulner-
able for frequent variations in the specific activity of the ACPs in
the primary coolant circuit. The grid frequency stability mode
causes rapid and frequent variations in the reactor operating
power levels. An in-house developed code CPA-AP1000 is modified
to accommodate such frequent power transients. A typical pattern
of reactor operating power is induced during reactor operation,
which includes customized base-load, frequency stability and full
power base-load modes. The simulations are executed using mod-
ified CPA-AP1000 code to study the behavior of corresponding
ACPs (°®Mn, 2*Na, >°Fe, *8Co, *Mo and °°Co) in primary coolant
for reactor operation in all of these modes. The computational reli-
ability of the CPA-AP1000 was tested by comparing values of cor-
responding ACPs in AP-1000 and a reference PWR under the full
power base-load mode. The values of ACPs in AP-1000 have
demonstrated a good agreement with the corresponding values
for a reference PWR. The results lead to infer that variation in cool-
ant activity of corresponding ACPs under frequency stability mode
is governed by the operating power fluctuations. The post-
fluctuation specific activity of ACPs is also explored and found to
directly follow the post-fluctuation operating power levels. It is
noticed to be significantly dependent on the post-fluctuation oper-
ating power level as well.

The variation in behavior of *Mn, ?*Na, *®Co and ®°Co in pri-
mary coolant and on inner walls of piping and core structure is also

investigated under grid frequency stability mode. The correspond-
ing ACPs are found in the highest concentration inside the core fol-
lowed by the coolant and piping structure. The results show that
ACPs with shorter half-lives are more vulnerable to frequent power
changes as compared to those with longer half-lives. However,
ACPs with longer half-lives are vital as they retain longer to cause
dose for a longer period. They ultimately cause a substantial inter-
ruption in operation and maintenance schedules. The investiga-
tions provide a good insight of ACPs behavior in scenarios that
can occur frequently during reactor operation. The study has pre-
sented a reasonable computational assessment of ACPs for a fresh
reactor design complying with the modern grid environment. The
results are helpful in the assessment of on-power accessibility of
primary coolant circuit for operation and maintenance crews.
The investigations have also drawn attention to conduct opera-
tional experiments for modern operating strategies recently intro-
duced in AP-1000. The study can be extended to envisage the
behavior of ACPs under more design-based operating scenarios.
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