
2015 International Nuclear Atlantic Conference - INAC 2015 
São Paulo, SP, Brazil, October 4-9, 2015 
ASSOCIAÇÃO BRASILEIRA DE ENERGIA NUCLEAR - ABEN 
ISBN: 978-85-99141-06-9 

 

RESEARCH ON PHYSICAL AND CHEMICAL PARAMETERS OF 
COOLANT IN LIGHT-WATER REACTORS 

 
Isabela C. Reis and Amir Z. Mesquita 

 
Centro de Desenvolvimento da Tecnologia Nuclear - CDTN 
Avenida Presidente Antônio Carlos, 6.627 – Campus UFMG 

31270-901 Belo Horizonte, MG 
icr@cdtn.br 

amir@cdtn.br 
 

 
 

ABSTRACT 
 
The coolant radiochemical monitoring of light-water reactors, both power reactor as research reactors is one 
most important tasks of the system safe operation. The last years have increased the interest in the coolant 
chemical studying to optimize the process, to minimize the corrosion, to ensure the primary system materials 
integrity, and to reduce the workers exposure radiation. This paper has the objective to present the development 
project in Nuclear Technology Development Center (CDTN), which aims to simulate the primary water 
physical-chemical parameters of light-water-reactors (LWR). Among these parameters may be cited: the 
temperature, the pressure, the pH, the electric conductivity, and the boron concentration. It is also being studied 
the adverse effects that these parameters can result in the reactor integrity. The project also aims the mounting 
of a system to control and monitoring of temperature, electric conductivity, and pH of water in the Installation 
of Test in Accident Conditions (ITCA), located in the Thermal-Hydraulic Laboratory at CDTN. This facility 
was widely used in the years 80/90 for commissioning of several components that were installed in Angra 2 
containment. In the test, the coolant must reproduce the physical and chemical conditions of the primary. It is 
therefore fundamental knowledge of the main control parameters of the primary cooling water from PWR 
reactors. Therefore, this work is contributing, with the knowledge and the reproduction with larger faithfulness 
of the reactors coolant in the experimental circuits. 
 

1. INTRODUCTION 
 
More than 95% of the nuclear power in the world is derived from water cooled reactors. In 
such reactor systems, water is used in primary circuits, secondary circuits (Pressurized Water 
Reactor PWR) and in a number of auxiliary systems. Water may be an aggressive medium 
especially at high temperature when in contact with structural materials. This means that the 
reliability of many nuclear power plant systems (fuel, steam generators, etc.) is dependent on 
the water chemistry during normal operations, startups, shutdown and abnormal operation 
cases. Advanced water chemistry specifications have been developed for the existing water 
cooled reactors; however, there is still some room for improvement. Water cooled power 
reactor experience shows that even under normal operating conditions, some undesirable 
effects can occur: corrosion, erosion or deposition of corrosion products on heat transfer 
surfaces [1] [2]. 
 
In Brazil, there are two nuclear power plants in operation, Angra 1 and 2. Angra 3, a replica 
of Angra 2, should enter in operation in the next years and will incorporate the technological 
advancements that occurred after the Angra 2 construction. These plants contribute to power 
generation, so that hydroelectric reservoirs are maintained at levels that do not compromise 
the supply of electricity in the Southeast. The Brazilian Energy Plan (PNE 2030) that 
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subsidizes the Government in the formulation of its strategy for the energy supply expansion 
until 2030, point the need to develop new nuclear power plants in the Northeast and 
Southeast region [3]. 
 
The monitoring on physical and chemical parameters of coolant in light-water cooled reactors 
is not only relevant during the operation, but also after its use. In Angra reactors, for example, 
there are releases of liquid effluents to the environment (sea) that are intended to release 
water from the reactor primary system, since it must be periodically replaced. This water is 
stored and receives treatment, and released only when it is below the limit set by CNEN 
regulatory body. 
 
The Thermal-Hydraulic Laboratory at CDTN has among its purposes the realization of 
experimental simulation of PWR reactors cooling systems. This laboratory also has an 
experimental loop for components commissioning to be installed in the containment building: 
the Installation of Test in Accident Conditions (ITCA). This facility is provided with a 
pressure vessel, which reproduces ambient conditions of a loss-of-coolant accident (LOCA) 
in the reactor containment. In the tests, the coolant must reproduce the physical and chemical 
conditions of the primary. For example: the temperature, the pressure, the pH, the electric 
conductivity and the boron concentration. Therefore, the knowledge and reproduction of 
coolant characteristics is a fundamental factor in experiments and tests the performing. Until 
the moment only the temperature and the pressure are monitored in this installation. For 
measure the others parameters, water samples are forwarded to CDTN chemical laboratory.  
 
As it is planned to build of new nuclear plants in Brazil, there is a need of formation of 
specialists in the several fields of nuclear engineering. Can foresee also a demand in the 
service delivery to commissioning of components to be installed inside the containment 
building. Therefore this project and the Thermal-Hydraulic Laboratory are contributing to the 
Nuclear Brazilian Program. 
 
One objective of this project is the mounting a system to control and monitoring, in real time, 
of the physical and chemical parameter of the water (coolant) in the Installation of Test in 
Accident Conditions (ITCA). The variables to be monitored are: temperature, pH and electric 
conductivity. It also will be accomplished a water components study of the coolant circuit in 
light-water cooled reactors, with emphasis in PWR reactors. It will be studied the current 
stage of the water quality control. Thus, it will enable the knowledge and the reproduction 
with more fidelity the coolant in the primary circuits. 
 

2. PWR PRIMARY COOLANT CHEMISTRY  
 
The PWR reactor primary coolant system includes a chemical and volume control system. 
The chemical and volume control system is designed to allow the operators to control the 
volume of primary coolant as well as its chemical composition through a dual interface with 
the primary coolant system. The major use of this system is to control the primary coolant 
boron concentration as a function of power level and core life. It is also used to control the 
reactor coolant pH through the addition or removal of lithium hydroxide. Some fission and 
activation products can be removed by the system's purification demineralizers. The system is 
designed to allow the addition or removal of boron in the form of boric acid, lithium 
hydroxide and hydrogen during normal operation. Hydrogen gas is dissolved in the reactor 
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coolant to scavenge any trace amounts of dissolved oxygen which may be present in the 
coolant [4]. 
 

2.1 Chemical and Physical Parameters of Coolant 
 
The most important coolant physical and chemical parameters in the terms of material 
integrity, the plant radiation levels, the deposit buildup, and the safety rates are the pressure, 
the temperature, the neutron flux and the water chemical conditions [5]. In research 
accomplished by Electric Power Research Institute (EPRI) it was concluded, that after one 
year of operation, the factor most affecting radiation exposure rate behavior is the operational 
coolant chemistry [6]. 
 
The primary coolant pressure can contribute to fatigue damage due to changes in the 
operational pressure, while, the temperature affects mainly the thermal ageing and radiation 
damage. The operational pressure and coolant temperature of the reactor system are adjusted 
such that the coolant does not enter in boiling, taking advantage of the cooling power of the 
pressurized water. The normal operating pressure for PWRs is 12.5 to 15.5 MPa and the 
maximum coolant temperature is about 330ºC [7]. The neutron flux can change the 
mechanical properties of the materials and the level radiations is raised because the neutron 
activation of impurities. 
 
The cooling water in primary circuit of PWR reactor is a high purity electrolytic. It is 
demineralized and chemically treated to become adequate to be used in a reactor. The 
important parameters of the water chemical in PWR reactors are: boron and lithium 
concentration, oxygen and hydrogen levels and resulting pH level [5]. Boron is added in the 
form of boric acid (𝐻3𝐵𝑂3) as a neutron absorber for reactivity control. The boron level are 
relatively high, between 1000 and 2500 ppm, at the beginning of the fuel cycle, which they 
gradually reduced by 100 ppm/month, until reaching pre-programmed levels from 1000 to 
1400 ppm, during the normal operation of reactor. The concentration of lithium hydroxide 
(LiOH) is coordinated with the boric acid concentration, to maintain the pH in the range from 
6.4 to 7.4 (300ºC). The typical concentration of lithium found usually in the range from 2 to 
2.5 ppm [8] [9] [10]. 
 
The oxygen levels must be held low to minimize the corrosion in the components due to 
oxidation. The hydrogen is added to water of the primary circuit to prevent the accumulation 
of oxidant products (𝑂2 and 𝐻2𝑂2) from of the interaction between the radiation and the 
water (radiolysis of water). The hydrogen is added to suppress the water radiolysis, to 
counteract the risk of selective type of corrosion, which might be caused by oxidizing species 
and to influence the corrosion product solubility in a positive way with the respect to 
“Radiation Field Control [11]. During the operation of PWR reactors the hydrogen dissolved 
concentration, usually employed, it is in the range from 25 to 50 cm³ 𝐻2(CNTP)/kg 𝐻2𝑂 [12]. 
Some fission and activation products can be removed by purification demineralizers of the 
system. 
 
Primary coolant pH is dependent on the local temperature and existing water chemistry, 
primarily the concentrations of lithium and boron. It is related with the corrosion rates of out-
of-core materials, corrosion product release rates from these materials, solubility of corrosion 
products, the properties of corrosion product particles suspended in the coolant, the 



INAC 2015, São Paulo, SP, Brazil. 
 

thermodynamics and kinetics of in-core deposition, and redeposition out-of-core [13]. The 
control of water chemistry of the primary circuit must be done with the objective to minimize 
the corrosion of the components and the fuel, to control the radiolytic dissociation of water, 
to minimize the activity levels in the primary system and to ensure that the fuel performance 
is agree with the foreseen in the project [14]. 

2.2 Effects of Chemistry Parameters 
 
The light water reactors as coolant in nuclear power plants, the resulting high temperature 
water causes corrosion of structural materials, which leads to adverse effects in the plants, for 
example, increasing shutdown radiation, potentially generating defects in materials of major 
components and fuel claddings, and increasing the volume of radioactive sources [15]. 
 
The corrosion under tension is an of the severest degradation mechanisms that influence in 
the lifetime of nuclear power reactors components. The nickel alloys are commonly 
employed in the primary circuits of the PWR reactors, because are highly tough to high 
temperatures and have high mechanical resistance and to corrosion. The corrosion under 
tension phenomenon occurs when a material, submitted to traction tensions (applied or 
residual), is placed in contact with a mean specific corrosive. According in research 
accomplished by Lima, showed that the content of hydrogen dissolved, added to the water of 
PWR reactors to prevent the radiolysis of the water molecules, to can influence in the 
susceptibility to the corrosion under tension [16]. 
 
Other important event that has been reason of many studies is the anomaly in the deformation 
of the thermal flow along the fuel rod, called: Axial Offset Anomaly (AOA). AOA is a 
significant negative axial offset deviation from the predicted nuclear design value. Axial 
offset anomaly (AOA) is defined as a significant negative axial offset deviation from the 
predicted nuclear design value. AOA results from the incorporation of boron within corrosion 
product deposits on the upper spans of fuel assemblies [17] [18]. This anomaly can cause: 
axial anomaly from boron concentration that reacts with the deposited oxides; the corrosion 
attack localized generating micrometric holes; inequality in the heating rod and irregular 
oxidation [19]. Generally the consequences of this process are an erosion of shutdown margin 
and loss of operational flexibility by control room operators, particularly during power 
transients. 
 
In order to control the adverse effects, it is essential to understand corrosion behaviour of 
structural materials and then to control them in both systems, optimal water chemistry control 
has been proposed as shown in Figure 1 [15]. 
 
This project is being developed in the Thermal-Hydraulic Laboratory at Reactors Technology 
Service (SETRE) of CDTN. The laboratory has various hydraulic circuits to the experimental 
simulation of the various parts and phenomena of the light-water cooled reactors, notably, 
PWR type. The laboratory has electric power supply (thyristor rectifier) with adjustable 
powers (1MW, 100V e 10000 A, ripple of 4.2%). Water deionization system: production rate: 
150 l/h; conductivity: <5 msiemens/cm. 
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Figure 1: Optimal water chemistry control of PWR plants [15]. 

3. THE CDTN THERMAL HYDRAULIC LABORATORY 
 
The laboratory principal facility is the Thermal Circuit 1 (CT-1). This circuit reproduces, in 
scale, the primary and secondary of a PWR reactor. The circuit has a derivation, the Test 
Installation in Accident Conditions (ITCA), provided of a pressure vessel that reproduces 
ambient conditions of a loss-of-coolant accident (LOCA) in PWR reactor containment (Fig. 2 
and Fig. 3). This system was widely utilized in in the 80s and 90s to commissioning of 
several components that was installed in the Angra 2 containment [20]. In the tests the 
coolant must reproduces the chemical and physical conditions of primary.  
 

 
 

Figure 2: Test Installation in Accident Conditions (ITCA) and Thermal Circuit 1 (CT-1) 
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Figure 3: Diagram of the Test Installation in Accident Conditions (ITCA). 
4. PROJECT PROGRESS 

 
In addition the study of primary water physical and chemical parameters it was already 
acquired the equipment (Fig. 4) specified below, which will be added to the LOCA 
simulation circuit: 
 

- Two digital measurer/controllers with probes to monitoring of the water 
temperature/conductivity (conductivity indicator/transmitter manufactured by George 
Fischer-Signet, model 8850-2 GF) [21]. This equipment performs the coolant 
temperature measurement and provides automatic correction of reading. 

 
- One pH monitor (with sensor), manufactured by Dosatronic PH 1000 TOP [22]. This is a 

microprocessor instrument of high precision and fast response to analysis and automatic 
control of the pH in all its range from 0 to 14. 

 
The three instruments have analog output of sign to data acquisition system. 
 

                    
 

Figure 4:  Digital Meters and Controllers of Conductivity, Temperature and pH 
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A methodology is being written for the use of instruments, and the following tasks are 
planned: calibration and equations regression analysis of instruments, and development of the 
data acquisition system. The instruments will be tested in several water samples to 
monitoring of the conductivity, temperature and pH. It will be reproduced in the samples the 
physical and chemical features of primary water of light water reactors, mainly for PWR 
reactors. The radioactive features of the coolant will be not reproduced, because the circuit of 
the Thermal-Hydraulic Laboratory was not designed to work with radioactive material. After 
the assembly of the instruments in the Thermal Circuit 1 (CT-1), and Installation of Test in 
Accident Conditions (ITCA) they will be used to monitor the loop coolant. 
 
Several essays will be performed at the ITCA facility to reproduce the curves of behavior in 
pressure and temperature, as well as the chemical of coolant, for the postulated accidents at 
the containment of the Brazilian PWR reactors. In the past, this installation was utilized to the 
components commissioning that was installed in Angra 2 [20]. 
 
Simultaneously to the experimental works will be accomplished a study about the 
components and the water quality of the coolant circuits of the light-water cooled reactors, 
including research reactors, with emphasis to PWR reactors. As it was said, the monitoring of 
the water chemicals elements in the PWR reactors is important in the radioisotopes study that 
arises by neutron activation, such as in the boron monitoring to the reactivity and pH control 
to minimize the corrosion. The knowledge of the primary water components will give 
conditions to reproduce with more faithfulness the coolant in the CT-1 and in the ITCA 
loops. Because can predict future demand of components test to be installed in the nuclear 
plants foreseen in the Brazilian Energetic Plan [3].  

 
5. CONCLUSIONS 

 
The coolant physical-chemical control and radiochemical surveillance are very important 
tasks in the operational safety of nuclear reactors. It influences in the primary circuit 
materials integrity of the fuel clad, to affect the out-of-core radiation fields, which in turn 
influence man radioactive budgeting and to act in the formation of deposits, which may 
increase the corrosion processes. The important of the role the physical and chemical 
management in the nuclear power plants has been recognized many years ago and advanced 
specifications have been development for the existing water-cooled reactors, however, there 
is still some room for improvement. Therefore, a detailed study of the coolant parameters is 
of great relevant and contributes to the improvement in the coolant physical and chemical 
monitoring in the current and future reactors.  
 
This paper presents the research project underway in CDTN, whose purpose is the study of 
physical and chemical parameters of light-water reactor coolant with emphasis in PWR 
reactors focusing, mainly, the current stage of the water quality control. In addition, the study 
will be assembled in the Test Installation in Accident Conditions (ITCA) of the CDTN 
Thermal-Hydraulic Laboratory, instrumentation for pH and electrical conductivity 
monitoring of water in real time. Thus, will enable the knowledge and the reproduction with 
more fidelity of the coolant these reactors in the primary circuits. 
 
As it is planned to build of new nuclear plants in Brazil, there is a need of formation of 
specialists in the several fields of nuclear engineering. Can foresee also a demand in the 
service delivery to commissioning of components to be installed inside the containment 
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building. Therefore, this project and the Thermal-Hydraulic Laboratory are contributing to 
the Nuclear Brazilian Program.  
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