5. MAJOR COMPONENTS

5.1 Reactor

In a molten-salt breeder reactor the 233U fissions in the fuel salt and heats the salt as it flows through graphite elements in the reactor vessel. We considered several designs for the reactor vessel and the arrangement of the graphite. Two designs finally evolved. One design is considerably less complicated, but the nuclear characteristics are more affected by changes in the dimensions of the graphite. In the other, radiation-induced changes in the dimensions of the graphite are almost fully compensated and would have little effect on the nuclear characteristics of the reactor. The less complicated design is discussed first.

A vertical section through the center of the reactor vessel for one module of a 1000-MWe plant is shown in Fig. 5.1, and a horizontal section is shown in Fig. 5.2. The dimensions on the drawing are for a reactor with an average power density of 20 kW/liter in the core. Some dimensions for reactor vessels with other power densities are shown in Table 5.1. The vessel is made of Hastelloy N and is almost completely filled with graphite elements or cells. The central portion of the reactor core contains the fuel cells. These are surrounded by several rows of blanket cells. A graphite reflector is interposed between the blanket and the vessel wall. Blanket salt fills most of the volume of the vessel above and below the graphite elements.

Fuel salt enters the vessel through a plenum in the bottom, flows through the fuel cells, and leaves through a second plenum, also in the bottom of the vessel. The blanket salt enters the vessel through the side near the top and flows downward along the wall to cool it. The salt then flows upward through the blanket cells and through the spaces between blanket cells and between fuel cells and leaves the vessel through the side near the top. The channels through the blanket elements and the spaces between blanket elements are restricted at the top in order to direct most of the flow through the spaces between core elements where the heat production rates are greatest.

In molten-salt breeder reactors the major changes in reactivity are made by adjusting the composition of the fuel salt. Control rods are primarily for making minor changes in reactivity such as those required for adjusting the temperature during operation and for holding the reactor subcritical at temperatures near the operating temperature. The design requirements for the control rods have not been studied in detail. Since one rod in the center of the core can have sufficient worth for the easily defined requirements, only one is shown in the design. It is envisioned as a graphite cylinder about 4 in. in diameter that would operate in blanket salt. The rod would move in a graphite sleeve, and provision would be made for good circulation of blanket salt through the sleeve. Inserting the rod would increase, and withdrawing the rod would decrease, the reactivity. Rapid movement does not appear to be necessary.

A sectional drawing of a graphite fuel cell is shown in Fig. 53. For the reactor with an average power density of 20 kW/liter, the cell has an outer hexagonal tube 5% in. across flats with a 223/32.-in.-diam bore. Inside this tube is a concentric tube 2'/4 in. OD by 1'/2 in. ID. The hexagonal section of the element is about 13'/2 ft long; end sections are reduced in diameter to provide for blanket regions at the top and bottom of the core. The outer graphite tube is brazed to a metal piece at the bottom end, and this piece is welded into the fuel inlet plenum. The inner graphite tube is a sliding fit over a metal tube that is welded into the fuel outlet plenum. Fuel flows in and upward through the annulus between the concentric tubes and downward and out through the bore of the inner tube.

The fuel cells are arranged in the core on a triangular spacing of 5 9/16 in. pitch, so that the volume fractions are 0.802 graphite, 0.134 fuel salt, and OD64 blanket salt. The blanket elements are simple cylindrical tubes 5% in. OD by 39/16 in. ID, also arranged on 59/16 in. triangular pitch. This provides volume fractions of 0.58 blanket salt and 0.42 graphite in the blanket region. For reactors with core power densities different from 20 kW/liter, the dimensions of the fuel and blanket cells and their spacings are adjusted to provide the desired sizes of core and blanket and volume fractions of materials.

In Sect. 3.4 we indicated that the graphite could be expected to contract and then expand when irradiated in the core of an MSBR. The useful life for design purposes is assumed to be the time for graphite to be irradiated to a fluence of 5.1 X 1022 neutrons/cm2 (E > 50 keV)? 5 With fluence limiting, the design lifetime of the graphite varies. inversely with the damage flux, which in turn is proportional to the power density in kilowatts per liter of core volume. By properly varying the volume fractions of fuel and blanket salt with position in the core, a ratio of maximum to average power density of 2 can reasonably be obtained. A core with an average power density of 20 kW/liter would have a maximum power density of 40 kW/liter, a maximum damage flux of 1.9 X 1014 neutrons/em', and a design lifetime of 8.6 full-power years, or 10.8 years with an 0.8 plant factor. Table 5.1 shows how some of the characteristics of a reactor for one module of a 1000-MWe plant would vary with average power density and design lifetime.

Under irradiation the isotropic graphite being considered at the time of these studies would decrease in volume by 7.5% during the contraction stage and then would increase in volume by as much as 7.5% over its initial volume by the end of its useful life. These changes in volume correspond to changes in linear dimensions of ±2.5% over the initial dimensions and create several design problems. The overall lengths of the graphite fuel cells would change by several inches during the lifetime of a core and would vary with location in the reactor. We preferred not to use a bellows in the fuel salt line to each fuel cell and favored a minimum number of graphite-to-metal seals. We therefore chose to have the fuel enter and leave the bottom of the fuel cell so that each element would have only one metal-to-graphite brazed joint and the graphite would be free to contract and expand axially, as shown in Fig. 5.1.

The change in radial dimensions presented a more difficult problem. Densification of the graphite to produce a 25% reduction in distance across the flats of the hexagonal tubes would cause the fraction of the . cross section of the core occupied by fuel cells to decrease by 5%, and the space occupied by the blanket salt would increase correspondingly. For the reactor with an average power density of 20 kW/liter, the volume fractions in the core would change from 0.802 to 0.762 for graphite, 0.134 to 0.127 for fuel salt, and 0.064 to 0.111 for blanket salt. Changes of equal magnitude, but opposite in direction, would occur during the expansion phase. The rates of change of dimensions would vary with local power density, so at no time during the life of a core would the volume fractions corresponding to the maximum contraction or expansion exist throughout the core. At the end of life the graphite at the center of the core would have reached its maximum volume; graphite in the regions of average power density would be about at its minimum volume, and graphite in the outer fuel cells would be about halfway into the contraction stage.

Stresses arise in the graphite from dimensional changes due to gradients in temperature and neutron flux. A maximum tensile stress estimated to be about 700 psi would occur at an axial position slightly above the center of the core. In subsequent, more detailed analyses of graphite elements of similar configuration in a one-fluid reactor concept, the maximum stress was calculated to be 500 psi 2 6 These stresses are all well below the tensile strength range of 4000 to 5000 psi of graphites being considered for use in MSBR's 4,26

No nuclear calculations were completed to show how the fuel salt and blanket salt compositions would have to be adjusted to compensate for the change in volume fractions and how the adjustments would affect the performance. _However, the power-flattening calculations showed that the power distribution in the core was quite sensitive to the local volume fraction of blanket salt. We concluded that a design in which the volume fraction of blanket salt varied so widely was not likely to be satisfactory; thus we looked for an alternative? 7

An alternative design for the reactor vessel is shown in Fig. 5.4. The graphite fuel tube assembly for the core of this reactor is shown in Fig. 5.5. Blanket cells are simply cylindrical tubes of graphite 65/16 in. OD by 5 in. ID, each with a metal tube brazed into the upper end. The reference design concept described here is again for a reactor with an average power density of 20 kW/liter in the core. Basic dimensions of reactors designed for other power densities are those in Table 5.1.

The primary difference between this design and the one just described is that in this case the blanket salt in the core is confined to the annulus between fuel-containing tubes and the outer tube of graphite fuel tube assemblies. The salt in the blanket region is confined to the inside of the blanket cells. To accomplish this the blanket-salt-containing tubes are connected to plenums in the top of the reactor vessel and dip into a pool of blanket salt in the bottom of the vessel. Helium fills the, space between core assemblies and between blanket assemblies at a pressure that is controlled to provide the desired level of blanket salt in the bottom of the reactor vessel.

In this design the changes in axial dimensions are accommodated as before. The graphite tubes are fastened to a metal structure at one end only and are free to move axially. With blanket salt and fuel salt confined by graphite tubes in the core region, radiation-induced changes in the transverse dimensions of the graphite will produce proportionate changes in volumes of graphite, blanket salt, and fuel salt. The relative volumes of these materials would remain about constant, and the only major changes in fractional volume would occur in the gas spaces between elements. Although the nuclear characteristics would vary some with time (the amount had not been calculated when' the work was interrupted), it would be surprising if there were a large or serious effect.

In this design the fuel salt enters the reactor vessel through a plenum in the bottom, flows through the reentrant tubes of the fuel tube assemblies, and leaves through a second plenum in the bottom of the vessel. The blanket salt enters through a plenum in the top of the vessel and flows downward through the outer annulus of the fuel tube assemblies and into the pool of blanket salt in the bottom of the vessel. Two-thirds of the blanket salt flow goes out through a pipe from the bottom of the reactor vessel to the suction of the blanket salt circulation pump. The discharge from this pump, after passing through the blanket salt heat exchanger, enters four ejector-type jet pumps operating in parallel. The suction side of these jets is connected to the radial blanket plenum in the top of the reactor vessel. The jets draw blanket salt upward through the radial blanket cells and discharge the combined flow into the plenum that supplies the core elements. This method was chosen for circulating the blanket salt because it seems to overcome the problems of distributing the flow between the core elements and radial blanket elements while assuring that the elements will be kept full of salt.

5.2 Fuel Salt Primary Heat Exchanger

Each reactor module has a fuel salt primary heat exchanger in which the fission heat in the fuel salt is transferred to the coolant salt. The exchanger is of the vertical countercurrent shell-and-tube type with the fuel salt in the tubes. The impeller and bowl of the fuel salt circulating pump are an integral part of the top head assembly of the heat exchanger. The pump will be discussed separately in Sect. 5.4.

The general configuration of the exchanger is shown in Fig. 5.6, and the principal data are given in Table 5.2. Each exchanger is about 6.5 ft in diameter X 20 ft high and has an effective surface of 12,230 ft2. All portions in contact with the fuel and coolant salts are constructed of Hastelloy N. The pump tank, which is about 6 ft in diameter X 8 ft high, is mounted directly above the heat exchanger and is part of the pump and heat exchanger assembly. A 5-in. fill-and-drain line connects the bottom of. this tank to the fuel salt drain tanks.

Fuel salt flows from the reactor at 1300°F through the 16 in. pipe connected directly to the top of the circulating pump. The pump boosts the pressure from about 9 psi to approximately 146 psi and discharges the salt downward through 4347 bent tubes to the lower tube sheet. The flow direction then reverses, and the salt flows upward through 3794 straight tubes in the outer annulus, or bank, of tubes and leaves the exchanger at about 1000°F. The tubes in both banks are % in. OD, and the salt velocity in the tubes averages about 9 fps. Using a tube sheet at the bottom, rather than employing U-tubes, provides a plenum for draining the fuel salt from the exchanger. A loop in the 2-in. drain line inside the shell provides the necessary flexibility for thermal expansion and movement of the bottom tube sheet.

The bent tubes in the inner annulus accommodate the differential expansion between the inner and outer banks of tubes. To simplify the bends, the inner tubes are placed on concentric circles with a constant delta radius and a nearly constant circumferential pitch. A radial spacing of about 0.6 in. was selected as being the minimum practical pitch. The tubes in the outer annulus are located on a triangular pitch of 0.625 in .2 a

The 850°F coolant salt enters at the bottom through two 14-in. pipes at a pressure of 194 psi and flows upward through the outer annulus to cool the vessel outer wall. It then reverses direction and flows downward over the outer bank of tubes in a counterflow arrangement. At the bottom tube sheet it again reverses direction and flows upward across the inner bank of tubes. Doughnut-shaped baffles are used in both annuli. The salt then leaves through a 20-in. coolant salt pipe at the center line of the exchanger at about 1111°F and 161 psi. Drain ports, not shown in Fig. 5.6, allow the coolant salt to be drained from the space above the lower tube sheet.

The heat transfer and stress correlations used in conceptual design of the heat exchanger have been reported by Bettis et a12 a The properties of the fuel and coolant salts and of the Hastelloy N used in the calculations are given in Tables 3.1 and 3.4. Computer codes were written to optimize the salt-to-salt and salt-to-steam MSBR heat transfer equipment. Except for some work on the steam generators, however, the codes were not fully operational when this equipment was designed.

The number of tubes in each of the annular regions was determined on the basis of the desirable pressure drop for the fuel salt flow through the tubes and on the allowable temperature drop across the wall. The heat transfer coefficient in the inner annulus needed to be lowered to minimize the temperature gradient through the wall; the velocity was therefore reduced by using 4347 tubes as compared with 3794 in the outer bank 2 8 The length of the tubes was determined largely on the basis of preliminary calculations which showed that 15 ft would provide about the desired geometry. Baffle spacing in the inner annulus was fixed by the distances required for the unrestrained bends in the tubes and the maximum allowable temperature drop across the walls. The spacing in the outer, annulus was selected to give the most efficient use of the shell-side pressure drop. Ten baffles were. used in this region. 2 8

In this conceptual design, individual tubes cannot be inspected, repaired, or replaced. Reliance is therefore placed on quality control in the manufacture and installation to obtain highly reliable units. Should major difficulties develop in an exchanger, however, it would be necessary to replace an entire heat-exchanger-pump assembly, as discussed in Sect. 5.10. The rotating parts of the pump can be replaced with relatively little difficulty.

As may be noted in Table 3.1, the thermal conductivity of both the fuel and coolant salts is now known to be substantially less than the values used in design of the heat exchanger presented here. Use of the newer values would increase somewhat the amount of heat transfer surface and the inventory of salt.

5.3 Blanket Salt Primary Heat Exchanger

Each reactor module has a blanket salt heat exchanger for transferring heat from the blanket salt to the coolant salt. The exchangers are about 4.7 ft in diameter X 19 ft high overall and are of the vertical shell-and-tube type with the blanket salt in the tubes, as shown in Fig. 5.7. Although smaller, the units are very similar to the fuel salt heat exchangers and have the same arrangement of the salt circulating pumps as an integral part of the top head. Hastelloy N is used for all portions in contact with the salts.

The blanket salt is cooled from about 1250 to 1150°F in its passage through the exchanger. The flow is from the reactor, through the pump, downwara through the inner bank of % -in.-OD tubes, to the. bottom tube sheet, where the flow turns upward through the outer bank of tubes. Unlike the fuel salt exchanger,• straight.tubes are used in both banks. The pertinent data are given in Table 53.

The coolant salt is circulated in series through the fuel salt and blanket salt exchangers. The salt leaves the fuel salt exchanger at about 1111°F and is heated to about 1150°F in the blanket salt unit, absorbing about 28 MWt of heat per reactor module. The coolant makes one pass through the shell side, entering through the 204n.-diam central column, flowing downward between the disk-and-doughnut baffles, and exiting through a 20 in.-diam side nozzle.

Drainage of the blanket salt can be accomplished through a drain line at the bottom of the tube sheet, not shown in Fig. 5.7. A large pump tank is not required, as in the fuel salt system, since the reactor blanket volume is filled with salt before circulation is started.

Essentially the same heat transfer relationships were used for analysis of both the fuel and the blanket salt exchangers. The number of tubes per pass in the blanket unit could be established in a straightforward manner, but determination of the baffle spacing and the tube length that fulfilled both the heat transfer and pressure-drop requirements became involved. The first step was to generate data for the outside film resistance as a function of the baffle spacing. It was next determined whether the baffle spacing was limited by the thermal stress in the tube wall or by. the allowable shell-side pressure drop. Equations were then developed to relate the baffle spacing, the outside film resistance, and the pressure drop, as described in ORNL-TM1545? a

5.4 Salt Circulating Pumps

5.4.1 General

The 1000-MWe MSBR conceptual design employs four fuel salt circulating pumps and four blanket salt pumps, one of each for each of the four reactor modules. The pumps are integral with the primary heat exchangers, as illustrated in Figs. 5.6 and 5.7., There is also a coolant salt pump located in each of the four / coolant cells. These pumps are somewhat larger but are similar to the fuel and blanket salt pumps.

All the pumps are vertical-shaft, sump-type, single-stage centrifugal units and are driven by electric motors. The fuel and blanket salt pumps operate at a constant speed of about 1160 rpm, while the coolant salt pumps operate at speeds that are variable between about 300 and 1160 rpm. The principal data for the three types of pumps are given in Table 5.4.

As shown in Fig. 4.7, all the pumps have the electric drive motors located in sealed housings at the operating floor level. This facilitates access to the motors for maintenance, and they can be shielded to protect electric insulation and lubricants from radiation damage. The motor housing is thus an integral part of the containment system and is subject to the same integrity requirements.

The fuel and blanket salt pumps have long shafts with the impeller and casing located some 30 ft below the drive motor. The upper bearing for the shaft is oil-lubricated, but the bearing at the lower end is lubricated by the pumped salt. In general, a short-shaft pump with an overhung impeller and all bearings of the oil-lubricated type are desirable features since there are fewer development problems with regard to both the salt-lubricated bearings and the rotor dynamics. Long shafts were used in this MSBR two-fluid design concept, however, because the fuel salt enters and leaves at the bottom of the reactor vessel, placing the pump casing at about this same elevation conserves salt inventory, and we preferred to locate the drive motors outside the reactor cell.

The number of reactor modules selected for the two-fluid MSBR design study was influenced by the size of pump that appeared to be a reasonable extrapolation of the MSRE pump size. One salt pump was assumed per circuit, on the basis of a study made by Grindell and Young,29 which found that parallel operation of pumps in which the liquid level in the pump bowl is maintained by a gas overpressure could lead to instability problems.

Only preliminary studies were completed on the conceptual design of the salt pumps. Work had progressed sufficiently to indicate, however, that a careful study of the effect of pump shaft and casing sizes on the' rotor dynamics would probably be required. Selection of suitable materials for the salt-lubricated bearing had just begun when the work was terminated.

5.4.2 Fuel Salt Circulating Pump

A design concept for the fuel salt circulating pump is shown in Fig. 5.8. The oil-lubricated ball bearings and shaft seal at the top are similar to those which have performed satisfactorily in the MSRE. The seal consists of a Graphitar stator bearing against a tool steel rotor. Lubricating oil is on one side of the seal, and helium gas is in the shaft annulus on the other side. The gas, in flowing upward through a labyrinth seal, prevents movement of lubricating oil vapors downward and scavenges oil vapors from the system. A downward flow of the purgee gas is also provided along the shaft to retard the upward diffusion of salt vapors and fission product gases.

Some preliminary development was done on the salt-lubricated bearing for the lower end of the 34-ftlong pump shaft. One study 3 ° indicated that self-acting hydrodynamic film lubrication was to be preferred over the externally pumped hydrostatic type of film, The relatively high viscosity of the molten salt provides good load capacity and hydrodynamic film operation in the laminar regime. A tilting (pivoted) four-pad type of self-acting bearing design was selected as being the most stable 31 The bearing would be constructed of Hastelloy N with a special hard-surface coating. Four of the coating materials under consideration were: (1) cobalt-bonded tungsten carbide, (2) nickel-bonded tungsten carbide and mixed tungsten-chromium carbides, (3) nickel-chromium-bonded chromium carbide, and (4) molybdenum-bonded tungsten carbide. Specimens of these hard-surface coatings were obtained but had not been tested.

Because the fuel salt pump is a critical item in a molten-salt reactor and the proposed design of pump was considerably outside the range of our experience, some features of the pump were examined in detail. The rotor dynamics were studied under a contract with Mechanical Technology Incorporated.30,32 Computer studies were made of the conceptual designs to determine flexural and torsional critical speeds and flexural response to dynamic unbalance. The stability characteristics of the bearing designs were also reviewed. The work, as summarized by Grindell,31 covered both 9- and 7.5-in.-OD shaft sizes. The first critical speed for the larger shaft was about 700 rpm and for the smaller shaft about 560 rpm, both below the design speed of 1200 rpm. The second shaft critical speed was substantially above 1200 rpm for the larger shaft and about 25% above it for the smaller. Serious study of the problems of acceleration and deceleration of both sizes of shafts through the first critical speed was recommended. It was further recommended that the pump shaft be designed to operate below the first shaft critical speed to reduce the probability of lowspeed, high-amplitude whirl and the problems of traversing the critical speed. This would require reduction of the shaft length, lower design operating speeds, or both. These objectives would be difficult to attain without major revisions to the two-fluid MSBR design described in this report.

A preliminary analysis of the undamped torsional critical speed4 indicated that the two torsional critical speeds that might affect pump operation could be strongly dependent, upon the electromagnetic torsional stiffness of the drive motor. By changing some of the component dimensions, such as increasing the stiffness of the outer pump casing and accounting for inherent damping, it appeared possible that the pump could operate satisfactorily between the first and second critical speeds. If supercritical speed operation were chosen, the study strongly recommended that a practical means for dynamic balancing of the shaft be developed and that a rotor-dynamic evaluation simulator be constructed. This simulator would be a full-scale model of the pump rotor dynamic system to evaluate the dynamic response experimentally.

The studies31 indicated that approximately 0.025 in. of bow in the middle of a uniformly bowed shaft and approximately 0.019 in. of eccentricity between the inner and outer diameters of a uniformly eccentric shaft could be accommodated at the shaft critical speed. The values are limited by the bearing eccentricity. A bearing eccentricity value of 0.95 was used in making the calculations. A survey was made of U.S. manufacturers who could fabricate the 34-ft pump shafts to the tolerances required.4 One was found who expressed confidence that shafts of the diameters and wall thicknesses of interest could be produced with a guaranteed straightness from end to end of 0.005 in. and with an OD-ID concentricity of 0.005 in. or better. It was estimated that the cost would be relatively high, however. A study of the effect of the tolerances on the pump design and costs and on the dynamic balancing facilities required was in the planning stage.

As shown in Fig. 5.6, a startup tank is provided above the fuel salt primary heat exchanger. The purpose of the tank is to provide submergence for the pump as it is started and the reactor is filled, the pumping capacity of the pump being significantly greater than the transfer rate of the salt from the drain tank. If the pump were stopped, intentionally or otherwise, the fuel salt would flow upward into the bottom of the startup tank and then through the 5-in. overflow pipe to the fuel salt drain tank. Since the tank is not provided with a cooling system the fuel salt is not allowed to fill the tank to more than a few inches in depth except during startup, at which time the overflow pipe is. closed.

Some ome cooling of the startup tank and the pump shaft is provided when the pump is operating. A small stream of fuel salt from the pump discharge passes partway up through the center of the pump shaft and then up through a narrow annulus between the shaft and a cooling tube surrounding the shaft. Salt leaving the annulus at the top spills back into the tank. Another small stream of salt from the pump discharge flows into the double wall of the tank bottom and upward in the outer double wall to the top of the tank. The flow then turns downward through the annulus formed between the center column of the tank and the pump casing. Analysis of the shaft and tank wall heating was only partly completed, particularly with regard to removal of afterheat. These and other aspects needed further study.

The pumps are arranged so that the rotary element can be replaced by remote maintenance techniques without having to cut any of the salt piping. After the motor housing has been set aside, the .2-ft-diam pump casing can be withdrawn, carrying the upper bearing and seal, the lower molten-salt-lubricated bearing, and the impeller with it as a unit assembly. Although not clearly evident in Figs. 5.6 and 5.8, the inlet salt pipe to the pump is welded to the wall of the vessel surrounding the pump casing, and. the 90° elbow, or inlet flow guide on the inside of the casing, is an integral part of the rotary element and is withdrawn with it. Maintenance of the drive motor and upper bearing and seal assembly can probably be performed in place through use of a static seal on the shaft to isolate the upper assembly from gas-borne fission products and other contaminants in the pump tank and fuel salt system.

5.4.3 Blanket Salt Circulating Pumps

There is little difference between the fuel salt and blanket salt pumps except in the capacity and horsepower requirements, as shown in Table 5.4. The shafts are about the same length, have the same bearing arrangements, and the dynamic response is probably similar.

5.4.4 Coolant Salt Circulating Pumps

The coolant salt pumps are similar to the fuel and blanket salt pumps, although of larger capacity, as indicated in Table 5.4.

The coolant salt pumps are located near the top of the.steam-generator cells and are of the short-shaft type with an overhung impeller and do not need a saltlubricated lower bearing. These pumps will be operated at variable speeds over the range from about 300 to 1200 rpm. Preliminary studies indicate that to operate below the first critical speed the shaft would have to be 8 in. or more in diameter.

A double volute pump casing was selected for the coolant salt pump in order to reduce the radial loads on the impeller, particularly at off-design conditions. This arrangement also reduces the diameter of the flexible connection from the volute to the pump tank nozzle. The coolant salt system would be provided with a tank to act as a surge volume and to accommodate thermal expansion of the coolant salt.

5.5 Off-Gas System

Fission product gases must be continuously removed from the circulating fuel salt to prevent 13 s Xe from absorbing so many neutrons that the breeding gain will be significantly lowered. The neutron losses can be greatly reduced by continuously sparging the salt with helium which, in its subsequent removal, carries away the xenon and krypton. Both of these gases are only slightly soluble in the salt. Xenon that diffuses into the pores of .the reactor core graphite must also be considered. As discussed in Sect. 3.4, the amount of xenon that diffuses depends on the ratio of the surface area of. helium bubbles in the circulating salt to the surface area of graphite in the core, the rate of injection and removal of bubbles, the coefficients for transfer of xenon to both bubble and graphite surfaces, and the permeability of the graphite to xenon. Assuming a processing-cycle time of about I min and a graphite coating effectiveness which reduces the permeability to xenon as effectively as the preliminary tests indicate, . about 0.5 vol % of gas bubbles in the fuel salt in the core will keep the 13 s Xe poison fraction below 0.5%.

The major features of the off-gas system were established, but only a few of the details were examined. The helium is injected into the circulating fuel salt through a bubble generator at a rate of about 2.5 . scfm per reactor module. The bubble generator is a Venturi-like section of pipe capable of producing bubbles with diameters in the range of 15 to 20 mils. The bubbles recirculate with the fuel salt, making, on the average, about ten passes through the primary system before being removed by means of a centrifugal separator. Swirl vanes at the entrance to the separator .induce rotational flow in the liquid that causes entrained gas bubbles to collect in an axial vortex from which the gas is withdrawn. Vanes at the exit of the separator remove the swirl.

The gas separator and bubble generator can be installed in a bypass line around the fuel salt circulating pump or in the main circulating system. In the former location the bypass flow would have to be about 10% of the total flow, the separator, efficiency should be near 100%, and a large pressure drop would be available to operate the separator. If installed in the main stream, the pressure drop that could be allotted to operation of the separator would be much less, but the bubble removal efficiency would only have to be about 10%.

Effluent from the gas separator, composed of helium, krypton, xenon, a "smoke" of noble metal fission products, and as -much , as 50 vol % of salt, is delivered to an entrainment separator. There it is joined by a second stream of about 0.5 scfm of gas that is used to purge the fuel salt pump tank. The salt and gas are separated, the salt is returned to the suction of the fuel salt circulating pump, and the gas with its burden of fission products and a small amount of salt mist is discharged to a gas processing system that retains the xenon for about 48 hr - time enough for most of the 1 3 s Xe to decay - before it is recycled to the reactor.

Whether four, two, or one gas processing system would be provided for a 1000-MWe modular plant had not been decided, but for the purposes of this discussion we will assume that the gases from the four reactor modules are combined and handled by one processing system: The first part of the gas processing system is a decay tank where the 12 scfm of gas is held for about 1 hr and most of the short-lived fission products release their heat. In this tank the solid daughters of the radioactive gases, the noble metal particles, and the salt mist are separated from the gases by a particle trapping system and are sent to the fuel reprocessing plant. Heat is released in the decay tank and particle trap at a rate of about 18 Mw, and care must be taken to provide adequate cooling.

Gas leaving the 1-hr decay tank passes into beds of charcoal that are designed to retain xenon for about 47 hr. These traps are water-cooled, and. the heat load is about 3.2 Mw. On leaving the charcoal beds, about 10 scfm of gas passes through a water monitor and trap to a compressor that recirculates the gas to the bubble generators in the reactor primary systems. The remaining 2 scfm is processed further to remove the krypton, xenon, and tritium, and the helium is recycled to the pump tanks and to other parts of the reactor that require clean gas.

5.6 Drain Tanks

5.6.1 General

Drain tanks are provided for the fuel, blanket, and coolant salts so that they may be safely stored and isolated when maintenance or reactor replacement is required. Draining of the fuel salt is also a shutdown measure in that the reactor quickly drains and becomes subcritical if the fuel salt pump stops. In any situation where heat generated in the primary system could not be effectively removed via the coolant salt circuit, it would be necessary to quickly drain the fuel salt into the storage tank where an independent heat removal system is provided 3 3

The volumes of salt to be stored were not firmly established because of dependence on only tentative plant layouts, but a rough estimate of the total storage requirements is 1200 to 1400 ft3 of fuel salt, 2000 to 2500 ft3 of blanket salt, and 800 to 1000 ft3 of coolant salt.

Two fuel salt tanks, four blanket salt tanks, and four coolant salt tanks are provided for each reactor module. These tanks are installed in a drain tank cell that is shared by adjacent reactor modules, as shown in Fig. 4.6. In addition, a flush salt tank (see Sect. 5.6.5) located in the same cell serves both reactor modules. The drain tank cells are heated to maintain the salts above the liquidus temperatures.

The fuel salt drain tank represents more of a design problem than the other salt storage vessels and will be discussed in greater detail. It may be noted that the fuel salt drain tanks have many of the design requirements of the reactor vessel itself in that the tanks must be fabricated of Hastelloy N, are designed for essentially the same pressures and temperatures, and must meet the same' requirements for leak-tightness and integrity. In addition, each of the eight tanks must have sufficient heat transfer surface for removing at least 12 MWt of heat from the drained fuel salt. Conceptual designs for the drain tanks are presented here. Many details remained to be examined.

5.6.2 Fuel Salt Drain Tanks

The two fuel salt drain tanks are connected together at the bottom of a salt line provided with a freeze valve, as indicated on the flowsheet, Fig. 4.5. The pump overflow line enters the top of one tank, and the system drain line enters the bottom of the other. By using two tanks, pressurization can be used to return the salt to the circulating system without need for a valve in the pump overflow line. The volume of the heels left in the tank is also reduced.

Each of the fuel salt drain tanks is about 5 ft in diameter X 25 ft high, as shown in Fig. 5.9. Pertinent data are given in Table 5.5. The salt-containing portion is about 19 ft 6 in. high and has 3/4-in: thick Hastelloy N walls. The 14n.-thick inverted dished bottom head is designed to minimize the inventory of fuel salt in the tank heel. The inside of the tank has a '44-mi.-thick liner, or skirt, standing off from the wall about '/s in., which acts as aa downcomer on filling the tank and as a riser when gas pressurization is used to empty it. It may be noted in Fig. 5.9 that the riser skirt communicates with the tank only at the bottom of the heel. A drain line is provided at the low point.

Steam at 500 to 600 psia and about 650°F is introduced as a coolant at the top of the drain tank. The steam enters through an 18-in.-diam reinforced nozzle in the 11/2-in.-thick top head. The steam then circulates through 271 cooling thimbles which are immersed in the fuel salt. The steam flows downward through 1'/2-in.-OD X 0.025-in.-wall-thickness tubes .which are inside a 17/8-in.-OD X 0.049-in.-wall-thickness tube to form an annular passage through which the steam returns upward to the steam chest at the top of the tank.

Each thimble is encased in a 2-in.-OD X 0.035-in.wall-thickness thimble which provides the requisite double containment between the fuel salt and the steam. The 0.027-in. annular space between the inner and outer thimbles is filled with a stagnant salt, probably of about the same composition as the coolant salt, which acts as a heat transfer medium. While this buffer space between the thimbles retards the heat transfer somewhat, it has the desirable effect of limiting the thermal shock on the steam thimbles after a drain and also of preventing excessive thermal gradients.

The exit steam chest is formed by the uppermost 2-in.-thick tube sheet and an inverted dished head about 3'/Z in. thick. A third 13/4-in: thick tube sheet forms the buffer space for the stagnant salt. A '/2-in: thick heat shield is suspended beneath the lower tube sheet to protect it from thermal gradients and stresses when the hot fuel salt enters the drain tank after a sudden drain. Thimble support plates '/4 in. thick are suspended from . the lower tube sheet to minimize vibrations induced in the thimbles by the flowing steam and to maintain the spacing.

The two fuel salt tanks which serve a reactor module are located in the deeper end of the drain tank cell, as shown in Fig. 4.11, with one of the tanks at a higher elevation than the other. The upper tank is the one depicted in Fig. 5.9 and has a 5-in, salt drain line nozzle at the top connected to the overflow from the fuel salt circulating pump bowl. The drain tank at the lower level does not require the 5-in. nozzle. but is filled and emptied through the I-in. bottom drain connection. This 1-in. line is connected through a freeze valve to the bottom of the fuel salt primary heat exchanger.

The liquidus temperature of the fuel salt is about 842°F. Although there is little danger of the fuel salt freezing once the reactor has operated at power, nevertheless the cooling steam temperature cannot be operated too far below the salt temperature if the likelihood of local freezing of the salt is to be avoided. Of greater concern are the temperature gradients in the tube walls and tube sheets if the differences in temperature between the salt and the steam are too great. The cooling steam has been assumed to be admitted at about 650°F. The source of the 650°F steam has not been fully studied, but presumably it could be taken from the exit of the reheat steam preheaters in the turbine plant.

The cooling steam in the drain tanks could be heated to as high as about 1000°F in the thimbles by the conditions existing immediately after a drain following long-term operation at full reactor power. The steam would be condensed in the turbine condensers, and the condensate would be returned to the feedwater system. In this two-fluid MSBR concept other reactor modules could continue to operate even though one or more of the reactors had been drained. In the event that all the reactors were drained, cooling steam would be supplied by the auxiliary boiler which is used to supply initial warmup steam for the plant.

The heat generation in the fuel salt after a drain from the reactor was investigated by Carter.34 He considered both the equilibrium concentrations of fission products with no sparging of krypton and xenon during reactor operation and the concentrations of fission products if these gases were sparged from the reactor system on a 30-sec cycle. The results are shown in Table 5.6.

The heat transfer to be expected in the drain tank was studied by Pickel3 5 The results are summarized in Table 5.5. Preliminary investigation of the stresses indicated that they were within allowable limits. A complete analysis of the vessel was not made, however. Use of air rather than steam as a coolant was also briefly investigated.

5.6.3 Blanket Salt Drain Tanks

A total of 16 drain tanks was selected to store the estimated 2000 to 2500 ft3 of blanket salt. This provides four blanket salt tanks per module.

The amount of heat that could be generated in the blanket salt after an emergency drain to the storage tanks was not calculated, but the preliminary assumption was that no cooling thimbles would be needed in the tanks. If required, a steam cooling system similar to that used in the fuel salt tanks would be provided.

5.6.4 Coolant Salt Drain Tanks

The layouts of coolant salt piping were not sufficiently detailed to estimate the quantity of coolant salt in the systems. A rough estimate of the storage capacity required was 800 to 1000 ft3 , but this is likely to be low. Four coolant salt tanks were provided per reactor module.

The coolant salt tanks would not require cooling systems.

5.6.5 Flush Salt Drain Tanks

A flush salt is provided for removal of residual fuel salt from the circulating system in order to lower the radioactivity level during maintenance and to assure more complete recovery of valuable constituents. On startup, the flush salt would be circulated in the systems to sweep out foreign materials, moisture, etc., before introducing the enriched salts. The composition of the flush salt would be very similar to the 'LiFBeF2 fuel carrier salt. The volumes required and the tank sizes were not established.

5.7 Steam Generators

The 1000-MWe MSBR power station described in this report requires about 10 X 106 lb/hr of total steam generation. This is divided between 16 steam generators, or 4 steam generators per module. The number of units was selected on the basis that the high (3800 psia) design pressure on the steam side made larger capacity units appear to have disproportionately thick heads and tube sheets. Maintenance aspects also favored selection of a multiplicity of units since the generators as designed are not easily repaired and replacement of entire units could be required.

The coolant salt flow is proportioned between the steam generators and the reheaters as necessary to obtain a 1000°F outlet steam temperature from each. About 87% of the total coolant salt flow is required for the steam generators. The coolant salt is cooled from about 1150 to 850°F in the units. Flow control is accomplished either by a regulating valve in the salt line, as indicated in Fig. 4.5, or by use of two variable-speed coolant salt circulating pumps per module. Load regulation and partial-load operation received only superficial investigation.

As shown in Fig. 5.10 the steam generator is a vertical shell-and-tube unit with counterflow between the oncethrough passage of the supercritical pressure water in the tubes and the coolant salt in the baffled shell space. The generator has a U-shaped cylindrical shell about 18 in. in diameter with each leg standing about 34 ft high, including the spherical head. A baffle on the shell side of each tube sheet provides a stagnant layer to help reduce the stresses in the sheet due to temperature gradients. The coolant salt can be drained from the shell, but the water would have to be removed from the tubes by evaporation, by gas pressurization, or by flushing. (Drainability of the water was considered desirable but not mandatory.) Both the tubes and shell are fabricated of Hastelloy N in this design concept, but less-expensive materials might be acceptable.

The principal data for the steam generators are listed in Table 5,7.The design variables to be determined were the number of tubes, the tube pitch, length of tubes, thickness of tube wall, thickness of tube sheet, baffle size and spacing, diameter of shell, thickness of shell, and thickness and shape of the heads. Because of the marked changes in the physical properties of water as its temperature is increased above the critical point at supercritical pressures, the temperature driving force and the heat transfer coefficient varied markedly along the length of the tubes. These conditions required that the heat transfer and pressure drop be calculated for increments of length. An iterative procedure was programmed for the CDC 1604 computer, as described in ORNL TM-1545 28 Based on the coolant salt properties given in Table 3.1, the optimum design was calculated to' have a long slim shell and relatively wide baffle spacing as shown in Fig. 5.10. Subsequently the thermal conductivity of the coolant salt was found to be substantially less than had been used in the calculations. Use of the lower thermal conductivity could be expected to increase the number and length of tubes and to increase the shell diameter by a small. amount.

5.8 Steam Reheaters

A single-reheat power cycle was selected for the MSBR plant although additional stages of reheat could be provided should this prove to be economically desirable. The steam conditions used in this study, and shown in Fig. 4.12, are that the steam from the high-pressure turbine exhaust is at 552°F, a temperature judged to be too low to be admitted directly into the reheaters without the likelihood of local freezing of the coolant salt. The steam is therefore preheated by use of prime steam. (See Sect. 5.9 for a description of the preheaters.) The preheated steam, at about 650°F and 570 psia, is then reheated to 1000°F in the steam reheaters. About 13% of the total reactor heat output is used for steam reheating in a total of eight units, or two per module. Selection of the number of units was largely intuitive because optimization studies had not commenced.

The reheater units are counterflow, vertical, shelland-tube exchangers' with straight tubes containing the steam and coolant salt flowing through the disk and doughnut baffles on the shell side. Tubes and shell are constructed of Hastelloy N. The principal data are listed in Table 5.8, and the unit is pictured in Fig. 5.11.

The methods used in the calculations of the heat transfer and stresses are much the same as those used for the steam generator and are described in detail in OM-TM-1545.

5.9 Reheat Steam Preheaters

Steam at turbine throttle conditions of 3500 psia and 1000°F is used to preheat the reheat steam from 552 to 650°F before it enters the reheaters. The eight preheaters, two per module, are single-pass, counterflow, U-tube, U-shell units with the supercritical-pressure steam in the tubes and the reheat steam in the unbaffled shell, as shown in Fig. 5.12. Selection of a U shell rather than a divided cylindrical shell permits smaller diameters for the heads and reduces the thickness required for the heads and tube sheets. Principal data are given in Table 5.9. The heat transfer and stress calculations are covered in ORNLTM-1545 2 8

The preheaters are more a part of the turbine plant than the reactor plant and need not be installed in a -shielded cell nor necessarily manifolded in conformity with the modular arrangement adopted for the reactor plant. Two preheaters have been shown associated with each reactor module, however, primarily as a matter of convenience in the layout.

5.10 Maintenance

Maintenance is a major subject for consideration in the design of any fluid fuel reactor, and it is discussed briefly here only because the two-fluid MSBR conceptual studies were discontinued before maintenance procedures could be considered in detail. It was, however, recognized throughout the design effort that it must be possible to repair or replace system components within a reasonable downtime for the plant, and this requirement influenced much of the design. Even though the systems containing fuel salt are drained and flushed, the residual radioactivity will require that all maintenance be accomplished by remotely operated tools and equipment. The off-gas systems will also require remote maintenance. On the other hand, most of the coolant salt system components can probably be approached for direct maintenance after flushing and elapse of a short decay time. Little or no radioactivity should be present in the steam and feedwater systems even during full-power operation.

As mentioned in Sect. 2, the radiation damage to graphite will make it necessary to replace the reactor core vessel several times during the lifetime of the plant. Since the two-fluid MSBR concept does not lend itself to use of a removable top cover for the reactor vessel to gain access for replacement of the core graphite, it was decided that use of four small reactors or modules, with replacement of an entire reactor vessel and core assembly, would be more practical than in-place maintenance of a single, larger reactor. Replacement of a module would require cutting of the salt piping and withdrawal of the assembly upward into a shielded transport cask for transfer of the spent unit into a shielded pit for decay and ultimate disposal. A shop-assembled and -tested replacement module would be standing by. The salt-piping stubs would be previously machined for welding through use of a jig which matches the installed piping system.

If a major tube leak should occur in the primary heat exchanger, it would be necessary to replace the entire heat-exchanger-pump assembly. The procedure would be to cut the large fuel salt pipes and the two inlet coolant salt pipes, to .cut the seal welds, and unbolt the large flange at the bottom of the shell. The exchanger could then be lifted from the cell, disengaging the central coolant salt pipe at the slip joint provided for this purpose. Drain, fill and drain, gas pressurization, and several other connections must also be cut when removing the exchanger.

The rotating parts of the fuel salt circulating pump can be withdrawn upward after the drive motor has been set aside. This is a relatively simple operation that does not require breaking the salt piping connections.

The type of maintenance of a large MSBR reactor plant described here requires the cutting and welding of salt piping by remote means. Some original work by the Air Force has been modified and is being developed by Holz36 at ORNL to provide this capability. A compact orbital system is designed to be clamped around the pipe and has interchangeable modules and a weld programmer for cutting, beveling, tungsten-arc welding, and inspection. Preliminary tests have produced welds of acceptable quality in 6- and 8-in.-diam pipes with fully remote operation.

Much valuable experience has been gained at the MSRE with remote maintenance. operations similar to those required for a larger molten-salt reactor. The use of jigs and optical tooling has proven to be a practical and expeditious method of fitting replacement parts and components into the existing system.

The first cost of the special equipment required for maintenance operations is a part of the capital cost of the plant. This has been included in Table 7.1 as an allowance, since conceptual designs for the equipment were not available. The cost of the materials used in replacement of reactor modules and the special labor forces required are included in the power production cost as a separate item (see Table 7.2). (Some may wish to include this expense with the fuel-cycle cost; others may consider it to be an operating cost)
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6. REACTOR PHYSICS AND FUEL CYCLE ANALYSIS

6.1 Optimization of Reactor Parameters

In addition to the so-called conservation coefficient discussed in Sect. 2, which relates specific inventory and breeding gain, two other principal indices by'which the performance of a molten-salt breeder reactor can be evaluated are the cost of power and the annual fuel yield. The latter two indices were used as figures of merit in assessing the influence of various design parameters and the effect of design changes on the two-fluid MSBR.

We, customarily combine the cost factor and the fuel yield, that is, the annual fractional increase in the inventory of fissionable material, into a composite figure of merit

F=y + 100(C+X)-i ,

in which y is the annual fuel yield in percent per year, C is that part of the power cost which depends on any of the parameters considered, and X is an adjustable constant, having no physical significance, whose value merely determines the relative sensitivity of F toy and C. Since a large number of reactor parameters are involved, we make use of an automatic search procedure, carried out on a computer, which finds that combination of the variable design parameters that maximizes the figure of merit F subject to whatever constraints may be imposed by the fixed values of other design parameters. This procedure, called OPTIMERC,3 7 incorporates a multigroup diffusion calculation (synthesizing a two-space-dimensional description of the flux by alternating one-dimensional flux calculations), a determination of the fissile, fertile, and fission product concentrations consistent with the processing rates of the fuel and fertile salt streams, and a method of steepest gradients for optimizing the values of the' variables. By choosing different values for the constant X in the figure of merit F, we can generate a curve showing the minimum cost associated with any attainable value of the fuel yield. By carrying out the optimization procedure for different successive fixed values of selected design parameters, we obtain families of curves of C as a function of y.

One of the design parameters which has a significant influence on both yield and power cost is the power density in the core. The performance of the reactor is better at high power densities. At the same time, the useful life of the graphite moderator, which is dependent on the total exposure to fast neutrons, is inversely proportional to the power density (see Table 5.1 and Sect. 6.2). It is necessary, therefore, to determine the effect of power density on performance with considerable care.

In Fig. 6.1 the fuel-cycle cost is used because it reflects most of the variations of power cost due to the influences of the parameters being varied. It may be seen from Fig. 6.1 that a reduction in average power density from 80 to 20 w/cm3 involves a fuel-cycle cost penalty of about 0.1 mill/kWhr(e) and a reduction in annual fuel yield of perhaps 1.5%. There is an increase in the capital cost of the reactor, but this is offset somewhat by a reduction in the cost of replacing the graphite (and the reactor vessel) since this can be done at less frequent intervals. The penalty for having to replace the graphite (compared with a high-powerdensity core not requiring replacement) is about 0.2 mill/kWhr(e). The capital cost portion increases and the replacement cost portion decreases with decreasing power density so that the total remains about constant. Figures 6.2 and 6.3 show the variation of other selected parameters with power density and the adjustable constant X. For given values of power density and X, the corresponding values of the selected parameters are those of the reactor with the optimum combination of yield and fuel-cycle cost. '

It is apparent from these results that the useful life of the graphite is not increased by reducing core power density without some sacrifice in other aspects of reactor performance. The reduction in yield and the increase in cost are quite modest for a reduction of power density from 80 to 40 w/cm3 , but they become increasingly more significant for each further factor of 2 reduction in power density. Nonetheless, as shown in Fig. 6.1, it appears that with an average power density as low as 20 w/cm3 the MSBR can still achieve an annual . fuel yield of 3.5 to 4% and a fuel-cycle cost of about 0.5 mill/kWhr(e).

The fuel-cycle cost estimate for the 40-w/cm3 configuration figuration summarized in Fig. 6.1 is shown in more detail in Tables 6.1, 6.2, 6.3, and 6.4. The economic ground rules for the fuel-cycle cost calculations are given in Table 6.1. The worth of the fissile isotopes was taken from the AEC price schedules. The capital changes of 13.7%/year for depreciating items and 10%/year for nondepreciating materials are typicall of those for privately owned plants under 1968 conditions, as shown in Appendix Table A.12.

Results of the fuel-cycle calculations for the MSBR design are summarized in Table 6.2, and the neutron balance is given in Table 6.3. The reactor has the advantage of no neutron losses to structural materials in the core other than the moderator. Except for some unavoidable loss of delayed neutrons in the external fuel circuit, there is almost zero neutron leakage from the reactor because of the thick blanket. The neutron losses to fission products are minimized by the rapid integrated processing.

The portion of the fuel-cycle cost due to processing losses is shown in Table 6.4 and is based on a fertile material loss of 0.1% per pass through fuel-recycle processing.

The fuel-cycle costs for fixed charges on processing equipment are based on cost estimates published in ORNL-3996, but escalated by 10% to 1968 conditions. The operating costs for labor and plant supplies (other than' salt inventories and makeup) specifically related to the chemical processing portion of the power station are also based on the ORNL-3996 estimate with 10% escalation, as shown in Table 6.4.

It may be noted in Table 6.4 that the main cost items are for the fissile inventory and the processing costs. The inventory costs are `rather rigid for a given reactor design, since they are largely determined by the fuel volume external to the reactor core region. The processing costs are, of course, a function of the processing-cycle times, one of the chief parameters optimized in this study. The processing cycle times for the optimized case with X = 2 are given in Table 6.5. The cycle times show a systematic increase with decreasing power density.

6.2 'Useful Life of Moderator Graphite

Information used in the two-fluid MSBR' studies regarding the dependence of graphite dimensional changes on fast neutron dose was derived primarily from experiments carried out , in the Dounreay Fast Reactor (DFR).

A curve of volume change vs fast neutron dose for a nearly. isotropic graphite at temperatures in the range 550 to 600°C is shown in Fig. 6.4, which is taken from the paper of Henson, Perks, and Simmons.3 E The neutron dose in Fig. 6.4 is expressed in terms of an equivalent Pluto dose; the total DFR dose, that is,

is 2.16 times the equivalent Pluto dose. From an inspection of all the available data, we concluded that a dose of about 2.5 X 1042 neutrons/cm2 (equivalent Pluto dose) could be sustained without any significant deterioration of the physical properties of the graphite. This was adopted as the allowable dose in these MSBR studies, pending further detailed consideration of mechanical design problems that might be associated with dimensional changes in the graphite.

In order to interpret these experiments to obtain predictions of graphite damage vs time in the moltensalt reactor, it is necessary to take into account the difference between the neutron spectrum in the DFR and in the MSBR. This, in turn, requires assumptions

regarding the effectiveness of neutrons of different energies for producing the observable effects with which one is concerned. At present the best approach available is to base the estimates of neutron damage effectiveness on the theoretical calculations of graphite lattice displacements vs carbon recoil energy carried out by Thompson and Wright 39 Their "damage function" is integrated over the : distribution of carbon recoil energies resulting from the scattering of a neutron of a given energy, and the result is then multiplied_ by the energy-dependent scattering cross section and integrated over the neutron spectrum in the reactor. Tests of the model were made by Thompson and Wright by calculating the rate of electrical resistivity change in graphite relative to the 58Ni(n,p)58Co reaction, in different reactor spectra, and the data were compared with experimental determinations of the same quantities. The results indicate that the model is at least useful for predicting relative damage rates in different spectra. The spectral effects are discussed more fully by Perry in ORNL-TM-2136.' 2

A useful simplification arises from the observation that the damage per unit time is closely proportional to the total neutron flux above some energyE0,:where Eo has the same value for widely different reactor spectra. We have reconfirmed this observation to our own satisfaction by comparing the calculated damage per unit flux above energy Eo as a function of Eo for spectra appropriate to three different moderators (H20, D2 0, and C) and for a "typical" fast reactor spectrum. The results plotted in Fig. 6.5 show that the flux above about 50 keV is a reliable indication of the relative damage rate in graphite for quite different spectra. Figure 6.6 shows the spectra for which these results were derived. The equivalence between MSBR and DFR experiments is found by equating the doses due to neutrons above 50 keV in the two reactors. We have not yet calculated the DFR spectrum explicitly, but we expect it to be similar to the "fast reactor" spectrum of Fig. 6.6, in which 94% of the total flux lies above 50 keV. Since the damage flux in the MSBR is essentially proportional to the local power density, we postulate that the useful life of the graphite is governed by the maximum power density rather than. by the average, and thus depends on the degree of power flattening that can be achieved (see Sect. 6.3). In the two-fluid MSBR the average flux above 50 keV is about 0.94 X 1014 neutrons cm-2 sec-1 at a power density of 20 w/cm3. In the DFR irradiation the equivalent Pluto dose of 2.5 X 1022- neutrons/cm' that was taken as the tolerable exposure for the graphite is a dose of 5.1 X 1022 neutrons/cm2 (>50 keV) ° ° The approximate useful lifetime of the graphite is then easily computed and is shown in Table 6.6 for various combinations of the average power density and peak-to-average power density ratio.

It must be acknowledged that some uncertainties remain in applying the results of DFR experiments to the MSBR, including the possibility of an appreciable dependence of the damage on the rate at which the dose is accumulated, as well as on the total dose. The dose rate in the DFR was approximately ten times greater than that expected in the MSBR, and if there is a significant dose-rate effect, the life of the graphite in an MSBR might be appreciably longer than shown in Table 6.6.
6.3 Flux Flattening

Because the useful life of the graphite moderator in the MSBR depends on the maximum value of the damage flux rather than on its average value in the core, there is obviously an incentive to reduce the maximumto-average flux ratio as much as possible, provided that this can be accomplished without serious penalty to other aspects of the reactor performance. In addition, there. is an incentive to make the temperature rise in parallel fuel passages through the core as nearly uniform as possible, or at least to minimize the maximum deviation of fuel outlet temperature from the average value. Since the damage flux (in effect, the total neutron flux above 50 keV) is essentially proportional to the fission density per unit of core volume, the first incentive requires an attempt to flatten the power density per unit core volume throughout the core, that is, in both radial and axial directions. Since the fuel moves through the core only in the axial direction, the second incentive requires an attempt to flatten, in the radial direction, the power density per unit volume of fuel. Both objectives can be accomplished by maintaining a uniform volume fraction of fuel salt throughout the core and by flattening the power density distribution in both directions to the greatest extent possible.

The general approach taken to flattening the power distribution is the classical one of providing a central core zone with k„ 25 1, that is, one which is neither a net producer nor a net absorber of neutrons, surrounded by a "buckled" zone whose surplus neutron production just compensates for the neutron leakage through the core boundary. Since the fuel salt volume fraction is to be kept uniform throughout the core and since the concentrations of both the fuel and the fertile salt streams are uniform throughout their respective circuits, the principal remaining parameter that can be varied with position in the core to achieve the desired effects is the fertile salt volume fraction. The problem then reduces to finding the value of the fertile salt volume fraction that gives k„ = 1. for the central, flattened zone, with fixed values of the other parameters, and finding the volume fraction of the fertile salt in the buckled zone that makes the reactor critical for different sizes of the flattened. zone. As the fraction of the core volume occupied by the flattened zone is increased, the fertile salt fraction in the buckled zone must be decreased, and the peak-to-average power density ratio decreases toward unity. The largest flattened zone and the smallest power density "ratio are achieved when the fertile material is removed entirely from ' the outer core zone. Increasing the fuel salt concentration or its volume fraction (with an appropriate adjustment of the fertile salt volume fraction in the flattened zone) would permit a still larger flattened zone and smaller Pmax/Pav, but this could be expected to compromise the reactor performance by increasing the fuel inventory.

There are many possible combinations of parameters to consider. For example, it is not obvious, a priori, whether the flattened zone should have the same height-to-diameter ratio as the entire core, or whether the axial buckled zones should have the same composition as the radial buckled zone. While we have by no means completed investigations in this area, we have progressed far enough to recognize several important aspects.

First, by flattening the power to various degrees in the radial direction only and performing fuel-cycle and economic calculations for each of these cases, we find that the radial power distribution can be markedly flattened with very little effect on fuel cost or on annual fuel yield. That is, the radial peak-to-average power density ratio, which is about 2.0 for the uniform core (which is surrounded by a heavily absorbing blanket region and hence behaves essentially as if it were unreflected), can be reduced to 1.25 or less with changes in fuel cost and yield of less than 0.02 mill/kWhr(e) and 0.2% per year respectively. The enhanced neutron leakage from the core, which results from the power flattening, is taken up by the fertile blanket and does not represent a loss in breeding performance.

Second, attempts at power flattening in two dimensions have shown that the power distribution is very sensitive to details of composition and placement of the flattened zone. Small differences in upper and lower blanket composition, which are of no consequence in the case of the uniform core, produce pronounced axial asymmetry of the power distribution if too much axial flattening is attempted. -In addition, the axial and radial buckled zones may interact through the flattened zone to some extent, giving a distribution that is concave upward in one direction and concave downward in the other, even though the integrated neutron current over the entire boundary of the central zone vanishes. In view of these tendencies, it may be anticipated that a flattened power distribution would be difficult to maintain if graphite dimensional changes, resulting from exposure to fast neutrons, were allowed to influence the salt volume fractions very strongly. Consequently, a core of the design shown in Fig. 5.4 was under consideration as a means of reducing the sensitivity of the power distribution to graphite dimensional changes.

6.4 Fuel Cell Calculations

A series of calculations was performed to investigate the nuclear characteristics of the two-fluid MSBR fuel cells, or elements. These were based on the geometry shown in Fig. 6.7. (Subsequent to these calculations, a graphite sleeve was added around the fertile salt.)

The cell calculations were performed with the code TONG and involved varying (1) cell diameter, (2) fuel distribution (i.e., fuel separation distance), (3) 233u concentration, (4) 232 Th concentration, (5) fuel salt volume fraction, and (6) fertile salt volume fraction. Each of these parameters was varied separately while holding the others constant. Figure 6.8 shows the effect on reactivity of varying the parameters. The variations are shown relative to a reference cell which had a diameter of 3 in., a fuel separation distance of 1/4 in., a fuel salt fraction of 0.1648, and a fertile salt fraction of 0.0585, with -0.2 mole % 2 3 3 UF4 in the fuel salt and 27 mole % ThF4 in the fertile salt.

These calculations showed that as the cell diameter increases, the increased self-shielding of the 232 Th resonances leads to an increase in the reactivity of the cell. Thus a decrease in breeding ratio associated with the decreased 212 Th resonance integral is accompanied by, a decrease in the required 233U loading. Optimization calculations using cross sections based on 3- and 5-in.-diam cells indicated that the annual fuel yield of the system is essentially insensitive to fuel cell diameters between 3 and 5 in. This is significant because the larger cells are preferred for hydrodynamic reasons, particularly in order to achieve the desired Reynolds numbers for the fuel salt flow in the channels.

Table 6.7 and Fig. 6.9 show the flux distribution in the 5-in.-diam• cell. Table 6.7 gives the ratio of the average flux in the fuel to the cell average flux, the ratio of the average flux in the graphite to the cell average flux, and the ratio of the average flux in the fertile salt to the cell average flux for the epithermal and fast flux ranges. Figure 6.9 shows the thermal flux distribution in the cell.

Two-dimensional diffusion-theory calculations indicated that the central cell of the reactor may be useful for control purposes. For example, if the central cell is a 5-in.-OD X 4-in. ID graphite tube and if this completely empty tube is filled with fertile salt, the change in reactivity is Sk/k = -0.018%. If the empty tube is filled with graphite, the reactivity change is Bk/k = +0.0012%. Thus there appears to be a substantial amount of reactivity control available by varying the height of the fertile column in the tubes, which might be accomplished through use of a movable graphite plug.

6.5 Temperature Coefficients of Reactivity

In analyzing power transients in the two-fluid_MSBR, one must be able to determine the reactivity effects of temperature changes in the fuel salt, the fertile salt, and the graphite moderator. Since the fuel is also the coolant and since only small fractions of the total heat are generated in the fertile salt and in the moderator, one expects very much smaller temperature changes in the latter components than in the fuel during a power transient. Expansion of the fuel salt, which removes fuel from the active core, is thus the principal inherent mechanism for compensating any reactivity additions.

We accordingly calculated the magnitudes of the temperature coefficients of reactivity separately for the fuel salt, the fertile salt, and the graphite over the range of temperatures from 800 to 1000°K. The results of these calculations, as shown in Fig. 6.10x, illustrate the change in multiplication factor vs moderator temperature (with Sk arbitrarily set equal to zero at 900°K). Similar curves of 8k vs temperature for fuel and fertile salts are shown in Figs. 6.10b and 6.10c, and the combined effects are shown in Fig. 6.104. All these curves are nearly linear, the slopes being the temperature coefficients of reactivity. The magnitudes of the coefficients at 900°K are shown in Table 6.8.

The moderator coefficient comes almost entirely from changes in the spectrumaveraged cross sections. It is particularly worthy of note that the moderator coefficient appears to be quite insensitive to uncertainties in the energy dependence of the z 33U cross sections in the energy range below 1 ev. This is to say that reasonable choices of cross sections based on available experimental data yield essentially the same coefficient.

The fertile salt reactivity coefficient comprises a strong positive component due to salt expansion (and hence reduction in the number of fertile atoms per unit core volume) and an appreciable negative component due to temperature dependence . of the effective resonance-absorption cross sections, so that the overall coefficient, though positive, is less than half as large as that due to salt expansion alone.

The fuel salt coefficient is due mainly to expansion of the salt, which of course reduces the average density of fuel in the core. Even if all core components were to undergo equal temperature changes, the fuel salt coefficient would dominate. In transients in which the fuel temperature change is far larger than that of the other components, the fuel coefficient is even more controlling.

6.6 Dynamics Analysis

The dynamic behavior of the MSBR, particularly the reactor stability, was investigated using a linearized model of the two-fluid system. The model included a lumped parameter representation of the neutronics (including pure time delays for out-of-core precursor transport), fuel salt heat transfer in the core, fertile salt heat transfer in the core, fuel salt heat exchanger, and the salt side of the boiler and reheater. The heat removal from the boiler and .reheater was assumed constant. The resulting model consisted of 34 coupled differential equations with 15 pure time delays.

The estimates of the temperature coefficients of reactivity for the fuel salt, fertile salt, and graphite were revised during the course of these dynamics calculations. Some of the calculations were based on the early values and some were based on the later ones. Both values are shown in Table 6.9. The neutron generation time was 3.3 X 10-4 sec.

The model was used for analyses of system stability, transient response, and frequency response. The stability analysis (using the newer temperature coefficients in Table 6.9) was accomplished by employing the modified Mikhailov method described by Wright 41 The analysis showed that the system is linearly stable.

The stability of the system is also indicated by the response of the system to step changes in reactivity. The linearized response of the reactor power to a step change of 10-" Nc/k is shown in Fig. 6.11. This curve is based on the old reactivity coefficients given in Table 6.9. Since the model is linear, the response to some other reactivity step' is the product of the computed response and the ratio of the new reactivity to the old reactivity. The linear results are obviously not valid for large reactivity inputs, but would be sufficiently accurate for transients in which the power changes by less than 10%. The response shown in Fig. 6.11 is expressed as the deviation from the full-power output [556 MWt] of a single reactor module.

The power-to-reactivity frequency response of the reactor is shown in Figs. 6.12 and 6.13 for the case of full-power operation. In this instance the results are based on the newer reactivity coefficients given in Table 6.9. As would be expected from the transient response results, there are no tall peaks in the frequency response amplitude which would indicate strong resonance behavior. The frequency response was also computed using the old reactivity coefficients. Since the change in the results was very small, the transient response calculations were not repeated.

In general, the system is well behaved dynamically, and satisfactory operation should not be difficult to obtain.

371n OPTIMERC any of some 20 parameters may be either assigned fixed values or be allowed to vary within specified limits subject to the optimization procedure.

38 R. W. Henson, A. J. Perks, and J. H. W. Simmons, Lattice Parameter and Dimensional Changes in Graphite Irradiated Between 300 and 1350°C, AERE-R5489, to be published in the proceedings of the Eighth Carbon Conference.'

39M. W. Thompson and S. B. Wright, !. NucL Mater. 16, 146-54 (1965).

40 In subsequent studies of one-fluid reactors the design lifetime was limited to a fluence of 3 X 1022 neutrons/cm2 (E > 50, key) on the basis that expansion of the graphite much beyond the initial volume might increase the permeability to salt and to account for the more rapid changes that occur at the higher temperatures of 700 to 720°C in the graphite. More recent data (July 1969) seem to confirm that the lower fluence is a better value for graphite obtainable in the near future.

41 W C. Wright, An Efficient, Computer-Oriented Method for . Stability Analysis of Very Large Systems, dissertation completed at the University of Tennessee, June 1968.

7. COST ESTIMATES

7.1 General

One of the promising aspects of the molten-salt breeder reactor is the potential for producing low-cost power. At the present stage of development, accurate detailed cost estimates are not possible, but our best . estimate of the construction cost of a two-fluid 1000-MWe MSBR station is about $140/kW(e). This estimate is in terms of early 1968 conditions and value of the dollar, and includes indirect costs. The estimated

net cost to produce power with private ownership of the plant is about 4 mills/kWhr.

In making the cost estimates we assumed that an established molten-salt reactor industry exists and that materials are being supplied and plants are being constructed and licensed on a routine basis. We also assumed that the indirect charges, or owner's costs, for a molten-salt reactor are not significantly different from those for other types of reactors.

Although the chemical reprocessing plant is part of the reactor station, not all the chemical plant costs are included in the estimate of the station construction cost. The cost of the shielded cells to house the chemical plant is included in the overall structures account for the reactor plant, but the cost of the processing equipment, the fuel and blanket salt inventories, and the operation of the chemical plant was kept separate from the rest of the station costs in order to arrive at a fuel cycle cost which is comparable with the fuel cycle, costs for other types of nuclear power stations. The estimated fuel cycle cost is about 0.5 mill/kWhr, or about 0.7 mill/kWhr if the expense of periodic replacement of the reactor vessels and graphite cores is included. This is lower than has been projected for most other types of nuclear power plants and accounts for much of the interest in molten-salt reactors.

The costs reported here for the two-fluid MSBR are higher than those published in ORNL-3996' in 1966. This is primarily because of changes in the plant concept, modifications to the design due to revisions in the physical properties data, and escalation of costs between 1966 and 1968. The present estimate of the direct construction cost is. about the same as the estimated cost for a pressurized-water reactor of 1000-MWe size built on the same site. Because the accuracy of the estimates is uncertain, we think the major value is in comparing MSBR and PWR costs to learn where the inherent differences in the systems have an important bearing on the relative costs of the two kinds of plants. Two areas stand out: The allowance for maintenance is less on the PWR, but the cost of the turbine-generator is less for the MSBR.

7.2 Construction Costs

The estimate of the construction cost of a two-fluid 1000-MWe MSBR power station is summarized in Table 7.1, Tables A.1 through A.11 in the appendix give more -details of the costs. About half the total construction cost is for conventional parts of the plant, such as structures, turbine-generator, etc., for which costs are relatively well established. The reactorassociated costs are less certain because of the preliminary nature of the designs and the use of special graphite and Hastelloy N for which there is no experience in large-scale production and fabrication.

With regard to the graphite, a long-term cost of $5/lb (see Table A.3) was used in these estimates. More recent studies by Cook et al.42 suggest that the price could approach $8/lb. Installed hosts of Hastelloy N components were assumed to vary between $8 and $20/lb, depending upon the form of the Hastelloy N and complexity of construction, as shown in Table A.2.

A few of the items listed in Table 7.1, such as maintenance equipment, are subject to considerable uncertainty because little design work was completed in those areas. A study by Blumberg43 indicated that about $5 million should be allowed for maintenance equipment for the MSBR station.

The comparative costs shown in Table 7.1 for a PWR station were taken from the normalization studies' by Lane et a1.44 The MSBR and PWR costs are about equal in many areas, but in at least two instances the differences are worthy of note: ,

1. The maintenance equipment required for replacement of the reactor vessels in the MSBR station is included as a capital expense. This allowance is considerably higher than corresponding PWR costs. The replacement costs in terms of the materials and special labor required were handled separately, as discussed in Sect. 7.3.

2. The cost of the turbine-generator and associated turbine - plant equipment is much. less for the MSBR station because it operates at about 45% thermal efficiency, as compared with the 33% thermal efficiency of . the PWR, and it uses supercritical-pressure steam rather than the low-pressure steam of the water reactor plant.

7.3 Power Production Costs

The total cost to produce electric power in a privately owned 1000 MWe two-fluid MSBR station is estimated to be about 4 . mills/kWhr, The costs are

summarized in Table 7.2. The fuel cycle cost is sufficiently low that even the addition of the expense of periodically replacing reactor ' vessels and graphite results in a combined cost of only about 0.7 mill/kWhr. The net cost of about 4 mills/kWhr to produce electricity is attractively low.

The fixed charge of 13.7% used in making the estimates is explained in Table A.12 in the appendix. In estimating the depreciation allowance, a 30-year plant life was assumed in order to be consistent with other reactor evaluation studies. The possibility that the low fuel cycle cost and higher thermal efficiency would make the useful life of an MSBR considerably greater than 30 years was considered. An increase in plant life to 45 years would produce a net reduction in the power production,cost of a little less than 0.1 mill/kWhr, as explained in footnote b of Table A. 12.

In applying the fixed charge, no distinction was made between depreciating and nondepreciating capital investment except for the, inventory components of the fuel cycle cost. Such a refinement to the estimate would be overshadowed by uncertainties in other costs. The salvage value of many of the items is not clear; the costs of decontaminating and reclaiming such things as land, salt inventory, etc., must be balanced against the intrinsic worth and the expense of disposal that would otherwise be required.

The estimate of. the cost of replacing the reactor vessels at the end of the useful life of the graphite cores is summarized in Table A.13. As explained in the footnotes to the table, an indirect cost of 10% was applied to the procurement of the replacement reactors. Many of the indirect costs of first construction would not be applicable to the replacement equipment. The lifetime of the core is such that the replacements can be made during periods of extensive general maintenance of the plant and turbine generators, so no outage other than that included in the 80% plant factor was charged against the production cost. This seemed to be a reasonable approach since no downtime is required for refueling. If additional time were required for replacing the reactor vessels, .the cost of power would be increased by about 0.05 mill/kWhr for each two weeks of extra time.

Labor costs in addition to those for the regular plant maintenance crew were included 'in the reactor replacement expenses. Allowance was made for a special crew of 18 men at $10/hr on a three-shift basis over a two-month period. This time would include preparatory and cleanup operations. The total cost of the special labor amounts to $300,000. Scheduling of the replacement and other maintenance operations was not considered in detail. The simplifying assumption was made that the four modules would be replaced every eight years.

A capital cost associated with replacement of reactor vessels and cores was obtained by use of a replacement cost factor. The capital needed at the present time to amount to $1 eight years hence is $0.63, 16 years hence is $0.39, and 24 years hence is $0.25 if the interest rate is 6%. The total replacement cost factor is the sum of these, or 1.27. The total replacement cost of four vessels and cores is $11 million, so the capital that must be set aside at the time of plant construction for future reactor replacements is $14 million. This capital would not incur all the fixed charges given in Table A.12. A rate of 8% was taken as being more appropriate in arriving at a total replacement cost of about 0.2 mill/kWhr.

The estimated fuel cycle cost for the two-fluid MSBR is summarized in Table 6.4. Among the major constituents of the cost are items associated with the large capital investment in inventories of fissile and fertile materials and carrier salt. The inventories were treated as a non-depreciating investment subject to fixed charges of 10%. The daily makeup and discard of salt in the processing plant amount to complete replacement of the fuel carrier salt every five years.

The cost associated with the investment in processing equipment is about 0.1 mill/kWhr and is based on the equipment costs reported in ORNL-3996.' This cost, escalated to 1968 conditions, as explained in Table 6.4, is included in the fuel cycle cost. The usual fixed charges of 13.7% and 80% plant factor were applied.

Operating costs associated only with the chemical processing were also included. A product credit of about 0.1 mill/kWhr was estimated on the basis of a 4% yield and 233 UF4 worth of about $14/g. The total fuel cycle cost is about 0.5 mill/kWhr, or about 0.7 mill/kWhr if the expense of replacing the reactor vessels and cores is included.

The costs for operating the power station are summarized in Table A.14. The total is about 0.3 mill/kWhr. It includes labor and materials for normal operation and maintenance, insurance, and miscellaneous services. Also included is the expense of replacing coolant salt. This estimate assumes 2% makeup per year and a cost of about 25¢/lb for sodium fluoroborate. Subsequent study and allowances for escalation have resulted in more recent estimates of 50Q/lb, although this would possibly be reduced by quantity buying in an MSBR industry.

42 W. H. Cook, W. P. Eatherly, and H. E. McCoy, Estimate of Core Graphite Cost, ORNL internal correspondence MSR-68-150 (Nov. 11 1968).

43 R. Blumberg, Preliminary Cost Estimate for Remote Maintenance of the MSBR, ORNL internal correspondence MSR-68-140 (Oct. 14, 1968).

44PWR costs taken from J. A. Lane, M. L. Myers, and R. C. Olson, Power Plant Capital Cost Normalization, ORNL TM2385 (June 1969), plus 4% escalation for the 1968 dollar. Since the costs in the Lane study were based on the 1967 value of the

dollar, they were escalated by 4% to more closely approximate 1968 conditions. The PWR indirect costs used in the study were not used in the two-fluid MSBR estimate shown in Table 7.1 because they were not on the same basis. For simplicity, the

same value for indirect costs of 33.5% was applied to the direct construction cost of both the MSBR and PWR. A sales tax of 3% was added to the construction cost of both types of plants.

45 Roy C. Robertson, Effect of Core Graphite Life on Power Production Costs in Two-Fluid and Single-Fluid Molten-Salt Breeder Reactors in 1000-MWe Power Stations, ORNL internal correspondence MSR-68-46 (Mar. 4, 1968).
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