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ABSTRACT 

 

This paper presents the activities performed to develop and to qualify prototypes of pipe fracture valves 

designed to act as a passive protection in the event of a pipe rupture accident in an irradiation circuit. 

Irradiation circuits are experimental facilities that qualify materials and nuclear fuels in research reactors. 

They are constituted of an irradiation capsule (in-pile section) and operating systems. The conceptual 

development of an irradiation circuit should be supported by an extensive experimental program to validate 

its engineering design, fabrication processes and innovative devices. Two-pipe fracture valves are installed in 

the pipelines inlet and outlet from the irradiation capsule to maintain a minimum pressure at the fuel rod, thus 

preventing a rod burn-out and consequently the release of fission products. 

The pipe fracture valves are not available in the market due to its functions and operational conditions. The 

work intends also to call attention to difficulties in the development of innovative devices in the nuclear field, 

and the importance of academical skills of engineers in research and technological development in 

universities, research centers and industries. 

The process of technological development of the pipe fracture valves was performed in distinct phases 

carried out in an experimental facility that reproduces the operational conditions and the pipe rupture 

accident of the irradiation circuit. The experiments were accomplished without the presence of radiations, 

with the experimental circuit mounted outside a nuclear research reactor, with heating produced by an 

electrical resistance simulating the nuclear fuel rod and the water of the metallic tank used to simulate the 

research reactor pool. The experimental program qualified the pipe fracture valves to protect the irradiation 

circuit against rupture of pressurized water pipe. 

 

1. INTRODUCTION 

Nowadays, in Brazil it is under construction an infrastructure to qualify nuclear fuel rods to 

pressurized water reactors. As a part of the necessary infrastructure to conduct a series of 

irradiation tests, it was developed by CDTN-CNEN and CTMSP a boiling water circuit to 

be installed in the IEA-R1 research reactor at IPEN-CNEN, in São Paulo. The concepts 

employed in the design of this irradiation circuit were already successfully used by other 

countries; however, the installation of this irradiation circuit in the above mentioned 

research reactor required a previous extensive test program for experimental validation of 

its design criteria, operational limits and processes used during the manufacturing of its 

components. The main feature of the irradiation circuit under development in our country 



is the primary cooling process through confined nucleate boiling inside the irradiation 

capsule.   

This paper deals with a test program established to assist the development of the 

irradiation circuit and to qualify, through physical experiments, the design of an innovative 

device. In the course of this work, not only the assembly adaptation of the experimental 

facility representative of an irradiation circuit was carried out, but also the technological 

development of inovative components. The work involved a series of experiments 

evaluating pipe fracture valves behavior simulating the irradiation circuit under both 

normal operating and accidental conditions. Experimental data for the thermalhydraulic 

parameters in the regime of confined nucleate boiling were achieved to qualify the pipe 

fracture valves. The results achieved in the experiments are similar to the ones previously 

defined in the valve specifications to protect the irradiation circuit against rupture in the 

pressurized water pipes.  

2. IRRADIATION CIRCUIT 

The unique feature of nuclear power plants, as distinct from other power-generating 

facilities, is the presence of large amounts of radioactive materials, primarily the fission 

products. The central safety problem in a nuclear plant is to assure that, insofar as it is 

possible or practical, these fissions products remain safely confined at all times during the 

operation of the plant. Failure of nuclear fuel rod is regarded by some operators as the most 

critical feature of power station operation. The fuel rods used in nuclear power reactors 

today are the result of many years spent on design, tests and improvements, and are now an 

example of a higly advanced technology.  

Due to the importance of the functions of the fuel rods to maintain safety in a nuclear 

reactor and the possible consequences of their failures, the use of a new design of fuel rod 

for nuclear reactors is only permitted after prior authorization issued by the regulatory 

bodies of nuclear industry. This authorization is based on analysis of engineering design 

and in results of extensive programs of irradiation tests performed in research reactors with 

nuclear fuel rod. The irradiation tests depend on the availability of an experimental 

infrastructure consisting of:  

 Research Reactor used as neutron source; 

 Irradiation Circuit used to position the new fuel rod in the reactor core and to 

simulate the real reactor operating conditions necessary to irradiation tests; 

 Hot Cells used for remote handling the irradiated rod in order to perform 

destructive and non-destructive post-irradiated testing. 

Irradiation circuits are constituted of the irradiation capsule (in-pile section), operating 

systems and instrumentation. The operating systems and instrumentation are located in the 

research reactor hall and the irradiation capsule containing the nuclear fuel rod is 

positioned in the research reactor core. The irradiation capsule constitutes a safety barrier 

in cases of a loss of integrity of the fuel rod during the irradiation tests. The irradiation 

capsule should be designed to work with a high safety level, by avoiding accidents that 

could damage the nuclear fuel rod in test, by guaranteeing the physical integrity of the 

research reactor and by preventing its contamination when the fuel rod leaks radioactive 

materials. In the irradiation capsule the object of the experiment is exposed to radiation, 

pressure and temperature of the nuclear power reactor. The operating systems are 

permanently connected to the inside of the irradiation capsule through the pipes. The 

operating systems are responsible to reproduce inside the irradiation capsule the pressure 



and temperature conditions previously defined for the irradiation test. The instrumentation 

serves to measure, control, record and safety monitoring the capsule. 

In the course of the design of the irradiation circuit it is necessary to carry out a 

malfunction analysis in order to ensure its safety operation. This analysis studies possible 

malfuntions of the irradiation circuit, its causes and consequences, and serves as a basic 

design of a protection system which triggers coutermeasures or warning signals when 

stipulated limits are exceeded. As a consequence of the malfuntion analysis to irradiation 

circuit, we identified the events that may trigger accidents. One of these events is the 

rupture of the flexible metallic pipes of pressurized water system. This system is 

responsible to pressurize the water which circulates in the irradiation capsule at 110 bar 

and to keep the average temperature around 200 C. A depressurization accident in the 

capsule would lead to the formation of steam and would prevent the radial heat 

transmission generated in the nuclear fuel rod to reach the water-cooling. Two-pipe 

fracture valves were installed in the pipes inlet and outlet of the pressurized water, 

ensuring a minimum pressure inside the capsule and preventing the occurrence of burn-out 

in the nuclear fuel rod. These valves constitute the passive protection of the irradiation 

capsule against pipeline rupture accidents.  

The following section presents the activities performed in the development of the pipe 

fracture valves. These valves were developed, built and instaled in an experimental facility 

adapted to qualify themselves in normal operational conditions and during pipe rupture 

accidents. 

3. TECHNOLOGICAL DEVELOPMENT OF PIPE FRACTURE VALVES 

Nowadays the importance of the improvement of human knowledge is its application in the 

technological innovation of products, processes and methods that support the economic 

growth and the social development of the peoples. When an innovative design is going to 

be applied it is indispensable that the safety requirements are fully attended by the 

equipment, which is made through a series of experiments made previously to operation. 

The development of irradiation circuits is always conducted through extensive research 

programmes that also contributes substancially to nuclear technology.  

In this paper the process of technological development is illustrated by describing the 

activities necessary to develop and to qualify three sets of pipe fracture valves. The 

technological development of the pipe fracture valves was performed in two phases: 

1st PHASE: Two-pipe fracture valves were designed and fabricated according to the 

irradiation circuit and it was experimentaly proven that they operate as their 

design specifications. In this phase the pipe fracture valves were evaluated 

experimentaly and were submitted to different sort of changes in their 

designs to meet the established criteria. 

2nd PHASE: Two-pipe fracture valves were mounted in the experimental facility that 

simulates the pipe rupture accident in the irradiation circuit. Experiments 

were performed to qualify the valves according to the acceptance criteria 

previously defined in their designs 

.3.1. Design of Pipe Fracture Valves 

Three sets of each valve were made in stainless steel AISI304 with an internal channel 

diameter of 5.4 mm and using precision spheres of 4.8 mm. The pipe fracture valves were 

mounted vertically in the test section of the experimental facility, with their valve seat at 



the top, so that in a certain flow rate range the impulse in the sphere is smaller than the 

weight of the sphere. The diameter of the internal channel of the valve and the sphere 

density are independent and both could be changed during the experiments until the 

operational conditions foreseen are achieved. In the normal mass flow rate of 1g/s the 

sphere does not block the movement of water through the capsule; but in the case of pipe 

rupture, the sphere should block the high flow rates preventing the depressurization of the 

capsule. 

The pipe fracture valves PL-UV-10 and PL-UV-2 are sphere-typed and are located 

respectively in the pipes inlet and outlet the pressurized water system in the iradiation 

capsule. The pipe fracture valves were designed with different criteria and were welded in 

the pipes of the pressurized water system.  

The valve UV-PL-2 should be mounted as close as possible of the irradiation capsule and 

developed to close only when the mass flow rate outside of the capsule reaches 11g/s; 

 

             

  

Figura 1: Inlet pipe fracture valve and valve components 

 

The valve PL-UV-10 should be mounted as close as possible of the irradiation capsule and 

close only when the mass flow rate outside of the capsule reaches 3g/s. This valve has a 

piston driven externally that will stop in the open position of the valve, making possible to 

remove the liquid waste produced in the irradiation capsule. 

 



Figura 2. Outlet pipe fracture valve and valve components 

In the event of pipe rupture, mass flow rate increases, causing an impulse which is bigger 

than the weight of the sphere. Thus, the sphere reaches the valve seat and isolates the 

capsule. Pipe fracture valve must close sufficiently fast to maintain pressure inside the 

capsule over its minimum safety value (50% of operating pressure). 

In the outlet pipe of the capsule is installed a relief valve which requires a minimum 

opening mass flow rate of 10 g/s. This is the reason why there is a difference between the 

closing mass flow rates of the two-pipe fracture valves. 

3.2.  Development and Qualification Experiments 

Device qualification applies mainly to safety systems which are required to perform safety 

functions in accidental conditions. Experiments of development and qualification of 

innovative devices are always structured in the following order: 

 Plan of Experiments to develop and qualify ther pipe fracture valves; 

 Adaptation of the design, assembly and operation of the experimental facility;   

 Procedures to conduct the development and qualification experiments of pipe fracture 

valves;  

 Experiment implementation, result analysis and incorporation into the design of the 

pipe fracture valves. In the case the acceptance criteria is not satisfied, experiments 

must be repeated. 

Plan of Experiments 

The aim of the experiments is the developing and the qualifing the pipe fracture valves to 

be installed in the inlet (PL-UV-10) and in the outlet (PL-UV-2) of the irradiation capsule. 

These experiments are to guarantee the proper functioning of the valves in the irradiation 

circuit when the rupture of the pressurized water pipes occurs. As a condition to reach 

               

  



satisfactory results, it is necessary that the final pressure inside the capsule is bigger than 

the pressure of burn-out in the operational temperature. Thus, the main parameter to be 

analyzed in the experiments is the final pressure in the tube once we simulate the pipe 

rupture.  

The experimental program has two phases:  

 In the 1st phase the aim is to develop the pipe fracture valves through experiments that 

vary both the diameter and weight of the sphere or the channel diameter of the valves. 

The valves were developed under normal conditions (opened) and under pipe rupture 

accident condition (closed). In this phase we used a simplified assembly of the 

experimental facility to smooth the unmounting of the pipe fracture valves and to 

correct its initial design according to the results obtained experimentally.  

 

 In the 2st phase the aim is to qualify the pipe fracture valves under rupture conditions. 

In this phase we used  all the experimental facility  and concluded that the valves work 

as expected under rupture conditions. 

We set the following parameters as initial conditions for the experiments: operating 

pressure 110 bar, mass flow rate of pressurized water 1 g/s and cooling water 42 C. The 

uncertainty analysis was helpful to make a better instrumentation choice.  

Experimental Facility 

The experimental facility simulates the capsule and the operational systems of the 

irradiation circuit, without the presence of radiations. In the design of the experimental 

facility we used components and instruments which will be subsequently used in the 

irradiation circui, by three reasons: to reduce the costs of the experimental facility, gain 

experience with the operation of components and instruments and ensure that such 

components and instruments act according to the specifications.  

Figure 1 presents the process flowchart of the experimental facility composed of the following 

structures (design code): 

 Test Section (irradiation capsule Simulator) SS-40; 

 Electrical Resistance (Nuclear Fuel Rod Simulator) SS-RS2; 

 Metallic Tank (thermal Simulator of the Research Reactor Pool ) PJ-30; 

 Pressurized Water System PL-20; 

 Gaseous Pressurizing System PG-10; 

 Electrical Current Rectifier; 

 Instrumentation and Data Acquisition System. 

The test section of the experimental facility is composed of three concentric vertical tubes: the most 

internal tube is called pressure tube; the central tube is called flow divider pipe and the outer is 

called external tube. Inside the pressure tube there is an electric resistance that simulates the 

nuclear fuel rod, in order to achieve the necessary temperatures and pressures to experiments. The 

test section containing the electric resistance was set up inside a carbon steel tank with 5 m 

high and 1 m inner diameter (Table 1.). This tank was filled with enough water volume to 

simulate the cooling conditions provided by the reactor pool water. The fast opening of the 

sphere valve PL-UV-52 simulated the pipe rupture in the experiments. 

 

 



 

Figure 3. Process flowchart of the experimental facility 

The operational systems are responsible to simulate inside the test-section pressure tube the 

conditions of pressure, flow rate and temperature defined in each experiment. These systems are 

called cooling water system, pressurized water system and gaseous pressurizing system. Electronic 

transducers and transmitters were installed in the test section and in the operational systems for 

measuring of the physical variable pressure, level, flow rate and temperature. The electric signs of 

the transducers and transmitters are conditioned by electronic data acquisition modules installed in 

a microcomputer.  

Table 1. Main features of the experimental facility 

 

Component Operation pressure / 

temperature [bar/ ºC] 

diameter/thickness/length 

[mm] 

Test Section 110/200 50/0,4/2715 

Tank  1/42 1160/50/4200 

Pressurizer 110/200 101,6/8/1019 

Inlet pipe fracture valve 110/42 21/7,8/52 

Outlet pipe fracture valve  110/42 16/4,9/24 

Pipe 110/42 6/1 

 

The experimental facility instrumentation was calibrated according to the experiments, 

which allows the determination of uncertainties associated with measurements and with the 

results determined from these measurements.  



Procedures to Perform the Experiments  

After an experiment has been planned and the required apparatus built, the next step is the 

implementation of experiments. “Procedures to Perform the Experiments” is a document 

issued before the implementation of the experiments. This document presents the 

procedures to calibrate the instruments, procedures to commission the experimental facility 

and procedures to implement the experiments.  

For each experiment being carried out the “Procedures to Perform Experiments” defines: 

physical variables to be measured, initial conditions, sequence of operation of components 

and instruments to implement the experiment, changes in operating conditions, data 

records, acceptance criteria and final conditions to shutdown the experimental facility. The 

experimental procedures required that, before the experiments, the test section was heated 

for 30 minutes at a pressure of 1bar (nucleate boiling condition) in order to remove air 

from the experimental facility.  

Experimental Results and Incorporations to the Design 

1st PHASE – Development Experiments 

At this phase the pipe fracture valves prototypes were evaluated and successively 

submitted to changes in the design to meet the established criteria: 

 Replacement of the brazing process used initially to set the pipes in the valve body 

by TIG process. The process created incrustations that hinder the closing of the 

valves. 

 Minimize the length of the channels of the pipe fracture valves in order to reduce 

the closing time of the valves (minimum depressurization of the capsule). 

 Specifically in the outlet valve of the capsule, after successively increasing in the 

channel diameter, until it hits the value of 6.2 mm, the valve closed with a mass 

flow rate of 11.0 g/s as its specification. 

 

 

Figure 4. Mass flow rate and pressure under rupture conditions 



2nd PHASE – Qualification Experiments 

Figure 4. shows the pressure in the test section and the mass flow rate in the outlet valve 

after pipe rupture simulation. The same conclusions were obtained in the inlet valve after 

the qualification experiments. After finishing the qualification experiments of these valves 

we can conclude that their development was successful and that they fully meet the criteria 

specified in the design. 

4. CONCLUSIONS 

Figure 4 presents results obtained with outlet valve qualification experiments and it 

confirmed that the valve closed under pipe rupture condition (null mass flow rate).  We 

concluded, also, that the test section pressure is according the design criteria previously 

established. The final value reached more than 110 bar due to the fact that we used 

pressure feedback in the test section. The uncertainty associated with the results are: mass 

flow rate uncertainty < ± 0,5 % and absolute pressure uncertainty < ± 0,75 %. 

Another important conclusion that we intend to show with this work is that there are many 

difficulties involved in developing and qualifing a non-market device, including the 

evaluation of the costs. The article also serves as an indicator of the drag associated with 

the technological development, the construction and the operation of devices for irradiation 

tests in research reactors.  
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