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Abstract. LABGENE project aim to design a small nuclear reactor based on PWR technology which can be a prototype reactor for naval propulsion. Beside normal existing safety requirement applied for normal PWR, the nuclear reactor devoted to naval propulsion has many others different operational requirements. The reactor core design shall be verified and validated properly, specially concerning safety margins related to license process.  In order to accomplish the validation and verification step, CTMSP jointly to IPEN had designed and built a zero power reactor named IPEN/MB-01. The IPEN/MB-01 reactor has been operating for almost twenty years and during these years many experiments were performed for LABGENE´s validation and verification program. The validation and verification program were conceived and planned considering all important neutronic parameters obtained for LABGENE reactor applying reactor physics methodologies, codes and cross section libraries. The objective of this work is to present the utilization of IPEN/MB-01 reactor to LABGENE design verification and validation, including descriptions of highlighted experiments and results. At present date, CTMSP and IPEN had already submitted more than thirty different experiments to ICSBEP (International Criticality Safety Benchmark Experiment Program) and IRPhE (International Reactor Physics Experiment Evaluation). All experiments have been considered as benchmark and are included in the International Handbook of Evaluated Reactor Physics Benchmark Experiments and International Handbook of Evaluated Criticality Safety Benchmark Experiments.
1. Introduction
The Technological Center of Brazilian Navy at São Paulo (CTMSP) is directly involved in research and development activities related to LABGENE experimental reactor. LABGENE will be a ground prototype reactor that aim to develop and support the Brazilian Nuclear Propulsion Programme and it is focused also to develop a design capability for small and medium reactor for electricity generation [1].  The experimental program to be conducted at LABGENE facility is mainly focused on performance assessment, system design validation and design improvement.  

The facility is under construction at CEA (Aramar Experimental Center), which is located in Iperó city (countryside of São Paulo State), approximately 120 kilometres away from São Paulo city. The reactor is basically a small PWR. Currently, the auxiliary buildings are under construction with partial license granted from CNEN (Brazilian License Authority) and most of the main equipment of primary (reactor vessel, pressurizer, steam generator, and pumps) and secondary circuit (condenser, turbine, pumps, etc.) are manufactured, delivered and stored properly. CEA site already has a hexafluoride gas production, fuel enrichment and fuel fabrication facilities and, in the near future, it will host the LABGENE reactor. It is worthwhile to state that all existing facilities at CEA site are under IAEA safeguards and inspections.

From the very beginning, the strategy adopted for LABGENE project was to build necessary facilities and test bench to support the design validation, address some research and development issues and, in order to validate the reactor core design, the zero power reactor IPEN/MB-01 was designed and constructed at IPEN (Energy Research Institute) located inside the University of São Paulo campus. 

The IPEN/MB-01 has been utilized to perform many different experiments to validate current reactor physics methodologies applied for LABGENE core design. Additionally, the IPEN/MB-01 experiment can be utilized to convey and to proof the safety aspects of LABGENE design for the Brazilian License Authority (CNEN). Besides LABGENE experimental program conducted at IPEN/MB-01 facility, nowadays it is also utilized for reactor operator training, academic research and perform jointly experiment with IPEN for ICSBEP[2] and IRPhEP [3]. 

In Section 2, a description of IPEN/MB-01 is presented. Then, the IPEN/MB-01 experimental program in support to LABGENE reactor design is briefly presented in Section 3. The conclusions are in Section 4, followed by several references about this subject.
2. The IPEN/MB-01 Description
The IPEN/MB-01 research reactor is a zero power critical facility specially designed for measurement of a wide variety of reactor physics parameters to be used as benchmark experimental data for checking the calculation methodologies and related nuclear data libraries commonly used in the field of reactor physics [1].  

The reactor facility is located in São Paulo city, Brazil, and its first criticality was reached on November 9th, 1988. Many of the experiments performed at the IPEN/MB-01 reactor serve as benchmarks to verify calculation methodologies and nuclear data libraries. Some of the experiments performed were the following: core loading, critical configurations, buckling and extrapolation length, spectral characteristics, reactivity measurements, temperature reactivity coefficient, effective kinetic parameters, reaction-rate distributions, flux distribution and power distribution. Currently, the reactor is actively contributing to the ICSBEP (International Criticality Safety Benchmark Evaluation Project) and IRPhEP (International Reactor Physic Evaluation Project).  

The reactor is an open tank type, which allows the access to any part of the core and periphery. Additionally, different geometric configurations can be set up in a very flexible way. The actual core consists of a 28x26 rectangular array of UO2 fuel rods 4.3486 wt.% enriched uranium with a stainless steel (SS-304) clad located inside a light water tank. The maximum allowed power is 100 W. 

The control of the IPEN/MB-01 reactor is obtained using two control banks diagonally placed. The control banks are composed of 12 Ag-In-Cd rods and the safety banks, by 12 B4C rods. The square pitch (1.50 cm) of the IPEN/MB-01 reactor was chosen to be close to the optimum fuel-to-moderator ratio (maximum keff). Figure 1 shows the IPEN/MB-01 reactor core.

Additionally, the reactor possesses others feature such as heating/cooling system and boron dilution system.  In the heating and cooling system, water enters into the moderator tank from its bottom through a diffuser. This diffuser serves to homogenize the water temperature inside of the moderator tank. The temperature of the reactor core can be set anywhere in the range from 7°C to 90°C. The boron dilution system allows the insertion of boric acid into the water moderator at different concentrations. 
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FIG. 1. IPEN/MB-01 Reactor Core.
The IPEN/MB-01 contribution in the ICSBEP project [2] already reaches 14 evaluations (see Figure 2), which comprises 136 critical configurations (see Figure 3).  Many of the critical configurations are using different material in the reactor core and reflector region.  
Additionally, other experiments [4-14] not directly related to critical configurations were performed in order to address reaction rate, kinetic parameter, power density distribution, reflector importance using steel, nickel plates and heavy water tank, ex-core flux, etc.
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FIG. 2. Number of Evaluation (14 performed).
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FIG. 3. Number of Configurations (136 critical configurations).
3. The IPEN/MB-01 Experimental Programme in Support to LABGENE Reactor Design

As many others critical facilities [15,16,17,18] utilized as experimental tool to support a reactor core design, the IPEN/MB-01 has been fundamental to LABGENE reactor core design. The LABGENE reactor can be defined as first of kind due to many specific design features.  Some of them are required to meet naval propulsion condition, specially reactor power maneuver (power transient) that will be performed by means of control rod movement. In order to fulfill such condition, LABGENE reactor has no soluble boron in the moderator.  All reactivity control is associated only to control banks and thermohydraulic feedback and such conditions introduce a quite non uniformity in the core.  

The presence of control banks inside the core region summed to the small size of the core and other relevant conditions made critical to validate the methodologies applied to the reactor core design. In the experimental program conceived was taken into account the need of methodology validation and the establishment of the design uncertainty margins, which will allow CTMSP to meet and proof the safety and design/license criteria.  

Firstly, all important safety parameters of reactor core were identified and specific experiments were designed to verify these parameters. The set of experiments have been conducted at IPEN/MB-01 reactor in order to support LABGENE design.

The suitable approach to design and perform most of the experiments were in such a way that no calculated data was required to evaluated the results. Such approach aim to obtain purely experimental data. Another key element during the experiment design was the uncertainties assessment. Designing and performing experiments taking into account such approach will allows to compare directly the results (experimental and calculated) without correction and/or mixing experimental data with calculated parameters. Obviously, no all experiments can be suitable using  such approach but, nevertheless mostly experiment were envisioned in that way.

In brief, the experiments that are related to safety parameters were: fuel loading, shutdown margins, boron reactivity, reactivity coefficient, control bank worth, safety bank worth, kinetic parameters, power distribution.  Additionally, others experiment were conducted in order to address region reflector importance, burnable poison reactivity, void reactivity and reaction rates.

As an example, one experiment performed and directly related to safety parameter was boron reactivity. The LABGENE reactor as conventional PWR must comply with GDC (General Design Criteria) according to NUREG-0800 [19]. 

Specifically there is GDC26, which is basically related to the requirement of the reactivity control system design. The reactor design must provide two independent reliable reactivity control systems with different design principles: one of the system shall use control rods banks, preferably including a positive means for inserting the rods, and shall be capable of reliably control reactivity changes to assure that the design limits will not be exceeded under conditions of normal operation, including anticipated operational occurrences, and with appropriate margin for malfunctions such as stuck rods. The second reactivity control system must be capable to control the reactivity and one of the systems shall be capable of holding the reactor core subcritical under cold condition. 

Most of nuclear power design is in accordance and compliance with GDC26, normally one of the reactivity control system is based on control rods banks, and the second is chemical shim using boric acid. As mentioned before, the LABGENE reactor design has a reactivity control system based on control and safety rods banks: the control rods banks is designed to control the reactivity changes due to the temperatures, overcome burnup effect and control the power, and has an appropriate margin to stuck rod condition. The second reactivity control system is designed to shutdown the reactor by means of acid boric injection directly to primary circuit and is capable of reliably hold the reactor core subcritical under cold condition. 

In order to address the boric acid reactivity a specific experiment was performed in the IPEN/MB-01. Basically the experiment consist of reactivity measurement due to the presence of boric acid in the moderator. Five boric acid concentrations were utilized to address the reactivity.  Initially, the volume of water storage tank utilized was determined and properly calibrated in order to be sure about water volume.  Before starts the boric acid makeup, some specific well known mass of boric acid was mixed to controlled volume of water.   After setup all the needed measurement instrumentation, reactivity control system and respective calibrations, the experiment began initially considering a reference condition (without any boric acid).

The procedure adopted for the experimental approach was the following:  firstly, the reference condition was setup and all relevant data were assessed, specially water temperature was initially kept at around 21.0 °C.  The temperature in the fuel region was monitored by the 12 thermocouples strategically located in the reactor core.

The reactivity measurement is obtained by means of reactivity meter, the conversion of detector signals into reactivity is performed by an algorithm based on the inverse kinetic theory. The reactivity meter was set up picking up the signal from a compensated ionization chamber (CIC). This experimental detector was located inside of an instrumentation tube whose center was positioned 152.5 mm away from the outermost row of fuel rods beside the east face of the core. 

The reactivity meter was essential to the experiment since it allowed on-line determination of reactivity as function of both temperature and control bank position in the core. Five boric acid concentrations were considered in this evaluation.  Each experiment was set up in the following way: specific concentration of boric acid was added to the makeup system, the reactor pump flowed water mixed to boric acid directly to the reactor tank, and control rod bank BC#2 was kept in same position as reference condition.  The control rod bank BC#1 was moved to reach a reactor critical state at power level 1W. Only in the maximum boron concentration was not possible to kept bank BC#2 at reference position due to amount of negative reactivity. The mentioned procedure was repeated to other boric acid concentrations. The Table I shows the critical position of control rods banks as function of boric acid concentration.

TABLE I: Control Rods Banks position as function of Boron concentration.
	Boron Concentration (ppm)
	Control Rods Banks Withdrawn Position

	95.742
	BC#1 = 84%

BC#2 = WL

	43.230
	BC#1 = 83.78%

BC#2 = 58%

	21.980
	BC#1 = 68.19%

BC#2 = 58%

	11.028
	BC#1 = 63.10%

BC#2 =58%

	6.067
	BC#1 = 60.62%

BC#2 = 58%

	0.00
	BC#1 = 58.70%

BC#2 = 58.70%


The calculations assessment were conducted to simulate the experimental setup using a Monte Carlo code MCNP [20] and KENO-V module from SCALE System [21] considering a fully detailed modelling. The reactor core model comprises all important and representative regions.. Table II presents the results obtained using MCNP and SCALE System for five acid boric concentrations.

The results obtained with MCNP and SCALE code shown generally a very good agreement compared to experimental results. None remarkable deviations or biased results were observed, consequently due to the highest quality of data, those experiments can be considered as critical benchmarks. 
TABLE II: keff calculated as function of Boron concentration.
	Boron Concentration (ppm)
	Control Rods withdrawn position
	keff (SCALE)
	keff (MCNP)

	95.742
	BC#1 = 84%

BC#2 = WL
	0.9964 ± 0.0001
	0.99929 ± 0.0001

	43.230
	BC#1 = 83.78%

BC#2 = 58%
	0.9962 ± 0.0001
	0.99883 ± 0.0001

	21.980
	BC#1 = 68.19%

BC#2 = 58%
	0.9957 ± 0.0001
	0.99817 ± 0.0001

	11.028
	BC#1 = 63.10%

BC#2 =58%
	0.9960 ± 0.0001
	0.99836 ± 0.0001

	6.067
	BC#1 = 60.62%

BC#2 = 58%
	0.9961 ± 0.0001
	0.99825 ± 0.0001

	0.00
	BC#1 = 58.70%

BC#2 = 58.70%
	0.9967 ± 0.0001
	0.99916 ± 0.0001


The safety parameter associated to boric acid reactivity could be addressed as part of the design validation. Similar procedure was applied to other safety parameters already mentioned before. From the several experiments performed, it can be conclude that calculation methodologies associated to computational codes and cross section libraries utilized in LABGENE core design were properly verified and validated. Moreover, uncertainties associated to the methodologies could be addressed.  
4. Conclusion

The IPEN/MB-01 play a key role in Brazilian Nuclear Programme, supporting specific needs of Brazilian Navy, and also in others activities as reactor operator training, research and development in the reactor physics field and for nuclear engineering human resource continuous improvement in Brazil.  The first stage of LABGENE experimental program was conducted successfully and for second stage a new core is planned to replace the actual core.  The new IPEN/MB-01 core will be assembled using same fuel rods fabricated to LABGENE reactor core. 

After running second stage of LABGENE experimental program, the IPEN/MB-01 reactor core will be modified to support a RMB (Multipurpose Brazilian Research Reactor) reactor project [23, 24]. The RMB project is a swimming pool type research reactor under design to be a multipurpose reactor which will allows radioisotopes production, perform material (fuel and structural) irradiation and neutron source for fundamental physics and material science research. 
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