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Design description and the main characteristics are presented for pilot molten lead-bismuth target complex TC-1 for beam power of 1 MW that has been designed and manufactured in Russia for the LANSCE accelerator in the frames of ISTC Project #559. Numerous neutronics, thermal, hydraulic and stress calculations having made for the design substantiation are described. In April 2001 thermal and engineering tests of TC-1 were successfully carried out on special test facility in SSC FR IPPE without proton beam. TC-1 testing confirmed that its components, automatic instrumentation and control system developed with LANL participation had ensured designed parameters and met requirements of the Statement of Work. 


Introduction

Molten metal targets where proton beam interacts with liquid metal flow have advantages before solid targets used nowadays, in particular, at beam power 1 MW and more.

The following advantages can be pointed out:

· there is no radiation damage of target material that does not have crystallic structure;

· simplification of target cooling under operation;

· simplification of decay heat removal after accelerator stop.

Development of molten metal targets seems an important task in realization of intense spallation sources for accelerator driven systems (ADS).

In January 1998 ISTC Project #559 “Pilot Molten Lead-Bismuth Target of 1 MW Power for ADS” was officially launched. The Project was funded by USA and European Union and performed by SSC RF IPPE and EDO “Gidropress”.

The Project had three main tasks:

A. Design development and substantiation of pilot molten lead0bismuth target for conditions of the beam-stop area of LANSCE accelerator with (1 MW beam power, LANL (proton energy 800 MeV).

B. Target (target complex TC-1) fabrication.

C. Thermal and engineering testing of the target complex in isothermal conditions without proton beam.

In April 2001 TC-1 was successfully tested on special test facility in SSC RF IPPE. Further TC-1 delivery to LANL and its testing in beam-off and beam-on conditions are planned. 

In this paper TC-1 design is briefly described, main technical characteristics are given, some calculation results of TC-1 design substantiation are presented. Testing TC-1 components and TC-1 as a whole are described. In conclusion some key issues of molten metal target realization are characterized, mainly, for lead-bismuth as a target material and coolant. 


1. TC-1 design and monitoring, control and scram protection system (MCSPS)

The target complex TC-1 is a circulation lead-bismuth loop. TC-1 component arrangement is presented in fig.1. TC-1 components (target itself generating neutrons, MHD-pump, volume compensator (VC), heat exchanger (HE), drainage tank (DT), siphon interruption device (SIP), pipelines, sensors and cables of MCSPS) are arranged inside supporting rectangular metal truss with dimensions 640x710x4075 mm.

For tests in LANSCE accelerator beam TC-1 is installed in sealed steel container, which in its turn is placed into the well in beam-stop area in iron radiation shielding.  

Specific feature of TC-1 design is the fact that because of small distance between the beam axis and the floor ((400 mm) in LANL DT is placed above the target and operations of coolant drainage from loop into DT and vise versa are realized by means of formation necessary gas (argon) pressure over free coolant surface in DT and VC. This complicates technology of TC-1 exploitation.

General outlook of the target is presented in fig.2. The target has the body 4, the window 1, the inner channel 12 with the diffuser plate 10, the inlet 18 and outlet 14 branch pipes for coolant. The target length is 660 mm, inner diameter is 185 mm.

From the inlet pipe cold coolant goes into circular inlet chamber then-into circular gap between the body 4 and the inner channel 12, watches the window and through the orifices of the diffuser plate being heated with proton beam goes to the outlet pipe 14 and the heat exchanger. The diffuser plate “presses” coolant flow to the window and ensures its proper cooling down in this way. Near the inlet chamber there is the drain vessel 16. Through this vessel the coolant is pressurized from DT into the circulation loop and vise versa. The vessel contains the coolant resides drained from filling-draining pipeline after drainage.

The window and the diffuser plate are in high radiation and thermal fields and they are made of ferritic steel EP-823 used in the past as material of fuel rods cladding in reactors cooled with lead-bismuth. The target body and other components of TC-1 are made from stain less steel 08X18H10T.

MHD-pump is a cylindrical linear induction pump.The general outlook of MHD-pump is given in the Fig.3.The MHD-pump consists of the hull 1, the core 3, the inductor 2, the inlet branch pipe 4, the outlet branch pipe 5, terminal box 6, support 7. The inductor 2 comprises longitudinally burdening faggots with grooves where the winding is placed. The faggots contact each other along the inner diameter where they are fitted to the external shell 8 of the channel 9.

The core 3 consists of longitudinally burdening faggots made in the form of sectors. The faggots are braced with pins. To improve core magneto conducting properties 8 orifices with diameter 12 mm were made in the core brackets, which after assembling formed 8 channels. These channels then were filled with ferromagnetic powder. 

TC-1 components and pipelines have electric heaters and they are surrounded with thermal insulation (except of the target itself).Electric heating system has 9 sections with (8 controlled heating zones) 100% reserve (each section has the main and the reserve heaters).The heaters are arranged on external surface of TC-1 components and pipelines. Total power of electric heaters are 17.5 kW.

Thermal and engineering monitoring of TC-1 is realized by means of instrumentation system including thermocouples, electrocontact level meters and electromagnetic flow meters. 
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Fig. 1
Component arrangement of TC-1
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	1 – Window
	6 - Pin
	11 - Seal
	16 - Cavity

	2 - Unmovable support
	7 - Gut
	12 - Inner hull
	17 - Pipe

	3 - Movable support
	8 - Transition element
	13 - Transition element
	18 - Inlet branch pipe

	4 - External hull
	9 - Ring
	14 - Outlet branch pipe
	

	5 – Pin
	10 - Perforated grid
	15 - Shell
	


Fig. 2
The target

[image: image2.wmf]
Fig.
MHD-pump

37 regular thermocouple are installed on TC-1 components and pipelines. 29 thermocouples are installed on the components surface and 8 thermocouples in sealed sockets are immersed into coolant.  In each zone of heating 2 thermocouple are installed: regulating one and protective one.

2 level meters fixing lower and upper work level (LWL, UWL) are installed in DT. 4 level meters are installed in VC to fix lower and upper limits levels (LLL, ULL) as well as lower and upper work levels (LWL, UWL).

All signals from sensors after processing enter MCSPS.MCSPS is intended for:

· control, representation and storage TC-1 and external systems parameter values in all operation modes;

· remote control of TC-1 and external systems;

· automatic control and regulation of the parameters;

· warning and alarm signal generation indicating;

· scram protection of TC-1 in emergencies.

MCSPS was developed together by specialists of SSC RF IPPE and LANL.

MCSPS important part is automatic data acquisition and control (DAC) system. DAC system operates with supervision of special code initiated by PC. It realizes the following functions:

· introducing signals to PC from sensors with interval from 0.1 to 1.0 sec;

· storing sensors readings and if necessary typing them in given format (tables, graphs);

· producing control signals for executive devices in accordance with algorithms of heating up and temperature maintenance in TC-1 heating zones;

· representing on the PC display mnemo-diagram of TC-1 conditions and sensors readings chosen by the operator;

· receiving signals about phase currents and voltage of MHD-pump supply;

· comparing parameters of TC-1 conditions with their warming and alarm set points, producing relevant signals.

Technical characteristics of TC-1 are given in table 1.

Table 1
The main characteristics of the TC-1

	

Name
	Value

	Proton beam parameters:

· proton energy, MeV

· proton current, mA

· beam effective diameter, mm
	800

1.0

100

	Target parameters:

· internal diameter, mm 

· length, mm

· energy release in the target, kW

· coolant temperature, oC


target inlet


target outlet

· coolant flow rate through the target, m3/h
	185

660

522

232

319

14.2

	MHD - pump parameters:

· capacity, m3/h

· useful head, MPa

· efficiency coefficient, %

· current frequency, Hz

· supply voltage, V

· consuming power, kW

· power coefficient
	15

0.102

8.1

60

220

5.3

0.29

	Heat exchanger parameters:

· heat power, kW

· cooling water flow rate, m3/h

· cooling water temperature, oC 


inlet


outlet

· cooling water pressure, MPa
	to 600

27.4

200

218

3.5

	Parameters of shielding block cooling system:

· cooling water flow rate, m3/h

· cooling water inlet temperature, oC

· average temperature rise of cooling water, oC

cooling water pressure, MPa
	2.7

25

7

2

	Electric supply parameters for electro heating:

· voltage, V

· current frequency, Hz

· nominal power, kW
	220

60

17.5

	Total mass of the TC-1 with internal shielding and coolant, kg
	6384

	Coolant mass, kg
	684

	The TC-1 life-time from the moment of its delivery in LANL, month
	30

	Total time of the TC-1 operation with coolant in the target, month
	15

	Total time of the TC-1 operation in beam-on conditions, month
	12

	Target total irradiation, mA(month
	7.5



2. Calculation for TC-1 design substantiation

To substantiate TC-1 design a plenty of neutronics, thermal, hydraulic, strength calculations have been performed. Besides, thickness of external concrete shielding necessary for TC-1 testing in accelerator beam was calculated, as well as output of radionuclides from the coolant to the cover gas system and their possible release into experimental hall under normal operation and accidents (radiation safety). These calculation were carried out for stationary modes of operation, transient modes of normal operation and emergencies. The can be also devided in two group: for the target and the circulation loop. General schemes of calculations are presented in fig. 4 and 5.
















Fig. 4. General scheme of calculations for the target











Fig.5. General scheme of calculations for TC-1 circulation loop

Stationary modes of operation comprise “stop” modes (TC-1 in cold and hot conditions), modes with coolant circulation in the beam-off conditions and operation modes at the given power of the beam. Majority of calculations were carried out for stationary operation under the beam current 1 mA.

Transient modes of normal operation includes, in particular, transitions from the modes with coolant circulation into stop modes and vise versa, step-by-step start modes, but the most important transient mode is stipulated by beam trips, when, basically, because of high voltage insulation failure in the accelerator injector proton current sharply drops and then spontaneously restores.

Analysis of statistics data on LANSCE accelerator operation in March-July 1997 revealed the following/1/:

· mean frequency of power interruption on all power levels is 1.3 1/h i.e. (30 interruption per day;

· 74% of interruption have duration 69 sec and less, 19% are with duration 69 sec – 10 min, 7% - with duration 10 min and more;

· 18.7% of interruptions have the amplitude (current change) 0.8 mA and more, 26% - with the amplitude 0.5-0.7 mA, 24.8% - with the amplitude 0.3-0.5 mA and 30.2% - with the amplitude 0.3 mA and less.

As a conservative approach it was assumed that all interruptions have duration (1 min and they mean beam power drop to zero (amplitude (1 mA).

The main emergencies that were considered are circulation ceasing in the primary circuit (MHD-pump failure) or/and ceasing water circulation in heat changer cooling loop.


2.1. Neutronics calculations

In neutronics calculation the code LCS (LAHET+MCNP4B) /2/ was widely used. Besides, MARS-10 code /3/ and the code KASKAD 1.5 /4/ were used. 


2.1.1.Energy deposition

Under 1 mA current total energy release according to LCS calculation is: in the target – 522 kW, in radiation shielding – 125 kW (including 37 kW in the lower iron plate beneath the target and 23 kW in the shielding block. 2D-field of energy deposition density in the coolant and the structural materials of the target was calculated. This field was then used in thermal calculations.


2.1.2. Secondary neutrons fields.

 The codes used give different values of secondary neutrons total yield per 1 proton: LCS – 16.9 n/p, KASKAD 1.5 – 18.5 n/p, MARS-10 – 22.4 n/p. The most reliable data seem to be calculated using LCS. In leakage spectra 95-98% neutrons have energy less 20 MeV and 2-5% have energy more than 20 MeV. Secondary neutrons fields were calculated in the well volume with TC-1 using LCS code with rather precise description of geometry including TC-1 components.

2.1.3. Radionuclides accumulation in the coolant

It was calculated using ADL-3 /5/ library data for the neutron reactions at the energies lower 20 MeV, MENDL-2 /6/ library data for the neutron reactions at the energies from 20 to 100MeV, MENDL-2P /7/ library data for proton activation reactions at the energies lower 200 MeV. At the higher energies the nuclear reaction cross sections are defined using empirical formulas of Zilberberg-Tsao /8/ and calculations on the model of the intranuclear cascade. The decay parameters for nuclides are obtained from UKDECAY-3 library. All radionuclides with the half-life T1/2>0.1 hour are taken into account. 

The total specific activity of eutectic in the end of TC-1 lifetime is 2.9(1013 Bq/kg (780 Cu/kg). After 1 year cooling this activity is 2.12(1011 Bq/kg (5.7 Cu/kg). From the viewpoint of radiation safety ensuring radionuclides of gaseous (Kr, Xe) and volatile (Po, Hg, Cs, I, Br, Rb) elements are the most hazardous. They can leak into the cover gas system through free surface of the coolant in VC.


2.1.4. Decay heat

On the basis of the coolant activation calculations decay heat release in the circulation loop was calculated after the accelerator stop. TC-1 lifetime end total decay heat in the loop is 4100 W (stop moment), after 5 days – 675 W, 1 month – 130 W, 6 month – 16 W).

2.1.5. Damage doses

Damage doses on the target structural materials were calculated using the codes mentioned above for TC-1 lifetime end with irradiation 7.5 mA(months. Their maximum values are:

30-40 dpa for the target window

37-45 dpa for the diffuser plate

1.6-2.4 dpa for the target body

0.6 dpa for the container wall.

Maximum value of helium and hydrogen accumulation are:

· the target window 2,100-2,370 appm (helium), 16,000-16,200 appm (hydrogen);

· the diffuser plate: 1,550-2,200 appm (helium), 18,600-19,200 appm (hydrogen). 

These values are reached near the target axis. Distributions of damage doses, helium and hydrogen calculation were calculated along the radius of the window and the diffuser plate.


2.2. Thermal and hydraulic calculations

Computation of temperature and velocity fields in the target have been performed using codes developed in SSC RF IPPE for reactor thermohydraulic analysis – 2D code DUPT (R-Z geometry) /9/ and 3D code TUPT (X-Y-Z geometry). These codes are based on finite-difference solution of Navier-Stocks’s equation and thermal energy conservation equation. Anisotropy porous body model was used to simulate grids and other structures. The codes were tested with computation of flows parameters and heat transfer in elements of lead-bismuth cooled reactors. Special experimental investigations were carried out using air and water to substantiate the target hydrodynamics /10/. Results of these investigations were used for verification of the codes /11/. Independent calculations of temperature fields in the target were performed by LANL and FZK specialists /11/. 


2.2.1. Stationary modes

Velocity and temperature fields were computed in the coolant and in the structural materials of the target in 2D-and 3D-geometries, mainly, under operation at 1 mA current. Maximum temperature of the window surface reaches 423oC from the beam side and 389oC from the coolant side. Maximum temperature (424oC) of the coolant reaches at the distance 45 cm from the window. Maximum temperature in the diffuser plate is 342oC. 2D- and 3D- calculations give similar results.

3D- calculations demonstrated that essential azimuth irregularity in coolant flow distribution take place in the inlet circular channel. But in the area of energy deposition the target design ensures velocity and temperature fields close to axially symmetric ones.

Total pressure drop in the target is 35.5 kPa. Calculations were also made for the circulation loop. Average temperatures of the coolant and water on the target and heat exchanger inlet and outlet are given in table 2 under different currents.

Table 2
Some thermal characteristics of TC-1 under different power

	Beam current, mA
	0.25
	0.5
	0.75
	1.0

	Thermal power removed in heat exchanger, kW 
	130
	
	
	

	Coolant temperature, оС




- target inlet




- target outlet
	209

213
	217

261
	224

290
	232

310

	Cooling water temperature, оС




- heat exchanger inlet




- heat exchanger outlet
	200

205
	200

209
	200

213
	200

218


Under all power MHD-pump capacity is the same – 14.2 m3/h. 


2.2.2. Transient modes of normal operation

The major efforts were concentrated on analysis of the modes with beam trips. In the frames of comparatively simple model temperature dynamics in the window was computed. 

Simultaneously effects of the beam impulse structure were estimated (the beam of LANSCE accelerator is a series of trapezoidal impulses with frequency (100 Hz, amplitude (20 mA (under power (1 MW) and duration 0.625 ms).Analysis revealed that impulse structure causes the window temperature oscillation with amplitude (1% average value. In the whole dynamics effects of the beam impulse structure are weak and accelerator operation on constant power level may be considered as quasi-stationary operation with continuous current.

Beam trip is a rather important factor causes essential jumps of temperatures and thermal cyclic loads of the target window and other components of TC-1.

Special dynamics codes were developed for calculation of temperature changes in different points of TC-1 in transient modes and emergencies. Calculations of transient modes in the circulation loop revealed, in particular, that coolant temperature became approximately the same as cooling water one in 50-60 sec after beam disappearing. This means that inlet temperature of cooling water should be higher the coolant melting point (125оС), otherwise coolant solidification in the loop will take place under beam trips.


2.2.3. Emergencies

MHD-pump or/and cooling water pump failure were mainly considered. For illustration fig.6 presents coolant temperature changes in different point of the loop under MHD-pump failure and the beam keeping. One can see, that the coolant temperature on the target outlet reaches maximum value of (1000oC on 17-th sec and then drops to (600oC on 28-th sec because of development of natural convection. In the whole conclusion was made that protection system should remove the beam from the target in several second after MHD-beam failure to eliminate undesirable overheating. 

On the basis of emergency calculations set points were determined for activation of scram protection system.


2.3. Strength calculations

Strength calculations were made for the most strained elements of the target: the window, inlet and outlet branch pipes, the welds of the target body and the diffuser plate. The following components of TC-1 were considered: HE, VC, DT, coolant, water and gas pipelines. Finite – elements codes were developed in EDO “Gidropress” and SSC RF IPPE for this calculation including FEMINA code /12/.


2.3.1. Static strength

The main loads are temperature influence, coolant pressure, weight loads and reactive force in stationary modes of operation. Static strength calculations were performed according to the procedure /12/, admitted in Russian atomic industry. Calculations demonstrated that static strength of all target elements and TC-1 components is provided under chosen thickness and geometry dimensions of structural materials in all stationary modes of operation including hydraulic tests. All requirements of static strength are met.


2.3.2. Fatigue strength

A lot of efforts was devoted to analysis of fatigue (cyclic) strength related to thermal cyclic loads on the target elements and TC-1 components under transient modes (beam trips) and emergencies. The most strained elements proved the target window and HE inlet pipe. 

Principal issue in the problem of fatigue strength is ductility decrease (embrittlement) of ferritic steel EP-823 as a result of irradiation. According to the available experience after irradiation in reactor up to (80 dpa residual ductility of EP-823 steel was not less 3%. Nevertheless accelerator beam irradiation causes high accumulation of helium (in 10-100 times higher than in reactors) and it was assumed in conservative approach that in these conditions EP-823 steel can get zero ductility in the end of TC-1 lifetime.

Total number of cycles caused by beam trips, start and transient modes was estimated as 8(103. It was demonstrated that the window cyclic strength is provided even in the case of the steel zero ductility after irradiation.Effects of the beam impulse structure on the window stresses are weak (there is stress oscillations with amplitude (1% average value).

Analysis of cyclic loads on the target outlet pipe resulted in arrangement of special screen in order to reduce temperature jumps and loads in the pipe walls. 
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Fig. 6.
   Time behavior of temperature in some points of target circuit under conditions of MHD pump failure.

In analysis of fatigue strength of TC-1 circulation loop components in addition to beam trips start, transient modes and emergencies were considered. It was demonstrated that fatigue (cyclic) strength of TC-1 components is provided.


2.4. Radiation safety

Calculations were made to estimate thickness of external radiation shielding that will have to realize in LANL above TC-1 lid for decreasing penetrating radiation (neutron, photons) levels to acceptable values under TC-1 testing in the proton beam.

Calculations of the external shielding was performed in 2 phase. On the first phase hadrons (neutrons, protons, pions) distribution was calculated on the container lid by Monte-Carlo method using the MARS-10 code /22/ and LCS /23/. In this calculations the inner shielding and the TC-1 components arranged between the target and the lid were correctly considered. Radiation transport through the external concrete shielding was calculated by discrete ordinate method using 2D – КАСКАД-1.5 code. Particle distribution on the lid calculated on the first phase was used as a source. It was assumed that personnel may work near external shielding 2,000 hours per year with irradiation dose 50 mZv. 

As a result of calculation it was obtained that necessary thickness of the external shielding from concrete with density of 2.35 t/m3 must be 6m in vertical direction and 2m in lateral direction from the well edge. Thus the total volume of the external shielding can be estimated as 6x2.5x2.5m3 (40m3.

Activity formation in the cover gas system was calculated. Total activity deposited on the surfaces of the gas system is: on Po nuclides 4.5(107 Bq (1.2(10-3 Cu), Hg - 9(1013 Bq (2400 Cu). Total gaseous activity is 6.2(1012 Bq (170 Cu) and it is caused by Kr and Xe nuclides. Under normal operation and possible gas leakage of the cover gas system (leakage 0.1% gas volume per day) and the container (leakage is  1% volume per day) equilibrium concentration all nuclides released into the experimental hall sufficiently lower than limit permissible concentrations established for personnel by USA Federal Register. The highest concentration is observed for the nuclides Xe-127 and Xe-129, that is (3% permissible one. In the event of the window rupture and leakage of 1% air volume per day from the container activity release into evacuated containment is determined by Xe and Kr - nuclides and it is equal to (2 1010  Bq (0.54 Cu) per day.


3. Thermal and engineering tests of TC-1

TC-1 thermal and engineering tests in iso-thermal regime without simulation of energy deposition from proton beam and without water feeding of heat exchanger is a final phase of the Project #559. The main purpose of the tests is checking of TC-1 components operation (electric heating system, MHD-pump, gas system under coolant pressurizing) as well as confirmation of TC-1 performance formulated in SOW.

TC-1 testing includes 5 phases:

1) TC-1 heating from cold conditions to 200oC (the main and reserve system of electric heating are checked).

2) Filling of TC-1 circulation loop from DT.

3) Coolant circulation using the MHD-pump 

4) Coolant pressurizing from TC-1 circulation loop into DT.

5) Natural cooling down TC-1 and its transition to cold (initial) conditions.

In the course of TC-1 tests operation of sensors and devices of instrumentation system was demonstrated as well as operation of monitoring, control and scram protection system, and its components.

Special test facility was designed and manufactured in SSC RF IPPE for TC-1 testing. 

Real situation in the Project turned out such one that adjusting works and testing TC-1 components and TC-1 as a whole were carried out in three phases: 1-t phase in April –June 2000, 2-nd one – September-November 2000 and 3-d final phase – in April 2001. 


3.1. Adjusting works and TC-1 components testing in April – June 2000

In March 2000 TC-1 was assembled in experimental shop of EDO “Gidropress” and delivered to SSC RF IPPE for thermal and engineering testing. In the course of TC-1 fabrication two samples of MHD-pump were made: the first one was mounted in TC-1 and the second one was delivered to SSC RF IPPE for independent tests to confirm reliability of the pump design.

In April 2000 together with LANL specialists computerized MCSPS of TC-1 was adjusted on the test facility of SSC RF IPPE. In parallel the second sample of MHD-pump was mounted in SVT-3M lead-bismuth facility and its tests were made in May 2000.

The tests demonstrated:

· the pump did not provide rated head (0.1 MPa and flow rate (15 m3/h under voltage 360-380V;

· under flow rate 1.5 m3/h experimental value of pressure drop was (6 kPa that is much more calculated value of 0.8 kPa.

Data obtained gave indirect evidence of decreasing (blocking) the pump transport cross-section.

The pump was cut from SVT-3M facility and closely investigated. It was revealed after the pump disclosing that steel shell of the core with thickness 0.4 mm exfoliated from the core as a result of welds failure and partly blocked transport cross section of the pump.Analysis of the shell break reasons revealed:

1). Insufficient strength of laser welding;

2). Intense gas release from ferromagnetic powder used in the core for improving its magnetic properties. (Special experiment demonstrated that under heating to temperature 200oC the pressure in sealed core achieved 1.14 MPa). 

The difficult decision was made to dismantle MHD-pump from TC-1 and replace it with a new pump fabricated using improved technology.

Failed pump was repaired with introduction of the following changes into its design and fabrication technology:

a) the shell thickness was increased from  0.4 mm to 0.6 mm;

b) annealing (preliminary heating) of the core with ferromagnetic powder was realized at temperature 250oC during 48 hours;

c) laser welding was replaced with argon – arc welding;

d) shell welding was made in “hot” conditions of the core at temperature (200oC.

In parallel a new pump for TC-1 was fabricated with these changes.

After decision to replace MHD-pump in TC-1 it was decided to make preliminary testing TC-1 electric heating system, so as revealed defects could be eliminated in the course of the pump replacement in TC-1.

The tests resulted in improving thermal insulation of drainage pipeline in the place of its passing through shielding block and arrangement of the second steel screen around the target. These measures allowed later to realize TC-1 heating without problems.


3.2. MHD-pump and TC-1 testing in September-November 2000

The repaired pump was delivered to SSC RF IPPE 24.08.2000 and at period 24.08 – 21.09.2000 the pump was tested on water facility SGI and at period 22.09 – 26.09.2000 it was tested on SVT-3M facility. The goal of testing on water facility was experimental determination of the pump pressure drop, that (98 kPa) proved on 12% more than calculated value (85 kPa).

The repaired pump tests on SVT-3M facility revealed its excellent characteristics. So under rated head 0.102 MPa in TC-1 circulation loop the pump is possible to provide flow rate (20 m3/h instead of rated value 14.2 m3/h.

Taking into account that the new pump for TC-1 was fabricated on improved technology with rigid control of fabrication quality it was decided to mount it in TC-1 without preliminary tests on SVT-3M facility.

09.10.2000 TC-1 was delivered to SSC RF IPPE mounted on test facility and from 08.11 to 16.11.2000 it was tested. Preliminary MCSPS was adjusted and checked. Changes were introduced in algorithm of TC-1 heating and its maintenance in hot conditions.

TC-1 pump testing in TC-1 structure confirmed head-flow characteristics of the repaired pump obtained on SVT-3M facility, through volt-ampere characteristics of the pumps are different (TC-1 pump has lower winding resistance than the repaired pump).

In the whole TC-1 tests in November 2000 were successful, but in the tests end under coolant pressurizing from the circulation loop to DT failure of two level meters was observed. It was decided to replace all 6 level meters installed in TC-1.


3.3. Level meters replacement and TC-1 final tests in April 2001

Investigations revealed that the reason of level meters failure was seal failure of sealed input isolators because of dissolution of silver solder between ceramics and the meter hull. The second reason may be different thermal expansion coefficient of ceramics and the meter hull material. As a result electric circuit rod-hull of level meter was locked.

New design of level meters was developed. In this design there was no contact of sealed input with the coolant and porcelain insulation was used instead of ceramics. Sealed inputs of new level meters were tested on tightness after 5 thermal cycles of heating (to 350oC) and cooling (up 25(5oC).  After  tests that confirmed tightness of sealed inputs, level meters were installed in TC-1.

After level meters replacement, on April 2001 TC-1 was installed on the test facility, it was successfully heated, filled with coolant, the pump was started. 

Since during level meters replacement TC-1 circulation loop was broken lead oxides could be formed on the loop surfaces as result of eutectic oxidation available on the circuit walls after draining, the decision was made to make coolant regeneration operations (reduction of these oxides) by means of injection argon-hydrogen mixture through special injector designed in TC-1. Program and technique of regeneration was developed.

As a result of regeneration with duration 11 hour 20 min 22 g of lead-oxide were reducted. In the course of regeneration evidence was obtained that gas mixture passed to all part of the circulation loop. This condition is necessary for effective regeneration.

On the final phase of the test on April 23-24, 2001 in presence of representatives of Royal Institute of Technology (Sweden)  Waclaw Gudowski  and  Yang Zin Lin  some  demonstration modes  of TC-1 operation were successfully realized in accordance with Program of TC-1 testing.

In the whole final tests in April 2001 without proton beam demonstrated that TC-1 components monitoring, control and scram protection system reliably provided necessary parameters and requirements meeting of the Statement of Work.


4. Problems of molten metal targets development

The experience gained in the course of TC-1 development gave an opportunity of better comprehending key issues in molten metal target realization for ADS. In this connection the following can be noted.


4.1. Target window

Target window reliability ensuring is one of urgent tasks. Principle challenge is deterioration of mechanical properties of window material under proton-neutron irradiation. This problem needs investigations. Under proton beam irradiation high accumulation of helium is observed. This accumulation in 10-100 times higher than the one under irradiation in nuclear reactors. For the window reliability it is necessary to ensure its proper cooling and strength under irradiation and thermocyclic loads caused, mainly, by beam trips.


4.2. Windowless target

The molten metal target gives, in principle, an opportunity of beam insertion without a window cooled with liquid metal. But in this case two problems appear:

1. Coolant flow stability on the (vacuum) free surface.

2. Evaporation radioactive spallation products into ion guide.

In the whole, a windowless target, to our mind, requires further intensive R&D efforts. 


4.3. Radiation safety

Because of spallation and fission reactions high specific activity is formed in the coolant, that is approximately in 100 times higher than in lead-bismuth reactors. Due to gaseous (Kr, Xe) and volatile (Hg, Cs, I, Br, Rb) nuclides output from the coolant gaseous activity in the cover gas system is approximately in 105 times higher than in reactor under normal operation. In the coolant of the target loop rather high activity of mercury nuclides is observed ((30,000 Cu for TC-1). Essential part ((10%) of this activity pass to the cover gas system depositing on the walls. Important factor is accumulation of Po nuclides that influence on radiological safety providing, during repair works or emergencies with circulation loop tightness failure. Unlike reactors where only Po-210 is formed in target loops long-lived Po-209 and Po-208 are also formed. These factors make radiation safety providing for target loops more complicated than for reactors.


4.4. Coolant technology

When molten metal target operates more than 1 year an important problem is ensuring necessary cleanliness of the coolant and corrosion resistance of structural materials of the circuit. This technology was developed for lead-bismuth as a coolant for nuclear reactors. It comprises, in particular, formation and maintenance of oxide films on structural materials surfaces to protect them against corrosion as well as reduction of lead oxides by means of insertion of gaseous mixtures with hydrogen.

Specific features of the coolant technology for liquid metal target cause by two factors: 

1). Spallation products accumulation which can influence on physical-chemical processes in the coolant and destroy protective oxide films on structural materials surfaces.

2). High activity of the coolant and the cover gas causes high activity of gas mixture removed from the circuit, makes coolant technology loop non-repairable and essentially aggravates analysis of gas compositions.


4.5. Beam trips

Beam trips have two major consequences for the target not located in subcritical blanket:

1). Thermocycle loads on target circuit components.  

2). Necessity to use in heat exchanger cooling water with the temperature higher than melting point of the coolant (125oC for lead-bismuth) otherwise the coolant can solidify in the circuit.


4.6. Emergencies

An important task is reliable beam removal in the events of target circuit components failure. Development of passive techniques for beam removal seams urgent.


Conclusion

As a result of ISTC Project #559 fulfillment in 1998-2001 pilot molten lead-bismuth target for LANSCE accelerator with beam power (1 MW was designed, fabricated, and tested without accelerator beam. In the target development the experience in design and construction of reactors cooled with lead-bismuth was used. The experience gained in pilot target development can be used in realization of other molten metal targets. 
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