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Abstract

A study was made of thermal molten-salt breeder reactors (MSBR) to
identify important design and development problems. The purpose of the
study was to organize these problems into a program which would produce
components for use in a molten-salt breeder experiment (MSBE).

The reference design concept is a two-region, two-fluid system with
the fuel salt separated from the blanket salt by graphite tubes. The
energy produced in the reactor fluid is transferred to a secondary
coolant-salt circuit, which couples the reactor to a supercritical steam
cycle. The specific development problems to be studied include the
reactor core and heat exchanger hydraulics, pumps for the three salt
systems, heat transfer in the heat exchangers and boiler-superheater,
mechanical valves for salt flow control, control rod and drive, pressure
relief in coolant system, cell insulation and heaters, and the cover gas
system. The program includes separate loops for the boiler-superheater
and for the cover gas system in addition to several small test stands
for individual components.

The final demonstration of the performance of the components and
systems will be made in an essentially isothermal engineering test unit
(ETU). 1In addition to providing performance demonstrations, the ETU
will be used to train operators for the MSBE. A cost summary and
schedule for the program cover eight years from the start of the project.

NOTICE

This document contains information of a preliminary nature and was prepared
primarily for internal use at the Oak Ridge National Laboratory. It is subject
to revision or correction and therefore does not represent a final report. The
information is not to be abstracted, reprinted or otherwise given public dis-
samination without the approval of the ORNL patent branch, Legal and Infor-
mation Control Department.
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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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INTRODUCTION

The conceptual design of a 1000-Mw(e) Molten-Salt Breeder Reactor
(MSBR) is described in ORNL-3996.! The Molten-Salt Reactor Experiment
(MSRE) ,2now operating, represents a first step in the development of
such a reactor. A Molten-Salt Breeder Experiment (MSBE) is proposed as
the next step. This reactor would be a 100- to 150-Mw(th) model of the
MSBR designed to demonstrate all aspects of the breeder technology under
conditions at least as severe as those proposed for the full-scale
breeder. Components and systems for the MSBE would incorporate all the
features of the full-scale units so that "scaling-up" the equipment to
higher power level would be the major task in building the reference
breeder.

The purpose of this report is to describe the present status of
development of components and systems for molten-salt reactors and to
present a development program for the MSBE. Since no design has been
made for the breeder experiment, the program is based on a study of the
problems of the reference design assuming that the MSBE would be a
"scaled-down" version of .the modular concept described in the reference
report. For purposes of organizing this report and the development
program, the plant was subdivided into components, systems, and general
problem areas. The design, the problems, the present status of the
technology, and the required development are discussed for each sub-
division.

GENERAL STATUS OF TECHNOLOGY

The initial technology development for molten-salt reactors was
done in the early 1950's in the Aircraft Nuclear Propulsion (ANP) Pro-
gram at Oak Ridge National Laboratory. In carrying out this program,
much information on the physical, chemical, and engineering characteris-
tics of molten-salt systems was obtained from studies of fluoride salt
chemistry, and materials compatibility, and from development of compon-
ents, materials, fabrication methods, and reactor maintenance methods.
In 1954 the Aircraft Reactor Experiment (ARE), a 2-1/2 Mw(th) molten-
salt reactor--fueled with UF, dissolved in a mixture of zirconium and
sodium fluorides, moderated with beryllium oxide, and contained in
Inconel--was built and operated successfully at outlet salt temperatures
up to 1650°F. '

The present molten-salt reactor program was initiated in 1957, draw-
ing upon the information developed in the ANP program as well as
beginning new investigations. By 1960 enough favorable experimental
results were obtained to support authorization for design and construc-
tion of a 10-Mw(th) Molten-Salt Reactor Experiment (MSRE). The MSRE
initiated power operation in early 1966, and provides facilities for
testing fuel salt, graphite, and Hastelloy N under appropriate reactor
operating conditions. The basic reactor performance to date has been
outstanding, and indicates that the desirable features of the molten-
salt concept can be embodied in a practical reactor that can be
constructed, operated, and maintained with safety and reliability.



PURPOSE AND SCOPE OF DEVELOPMENT PROGRAM

The purpose of the program is to provide components and systems ;
with demonstrated reliability for use in the MSBE. All components and :
systems must be of a design that can be scaled up to the higher power.
level of the MSBR. The development of new types of equipment and !
improvement of existing equipment require that life-tests be performed.
Such tests provide information on limiting operational characteristics
and assist in predicting maintenance requirements. In addition, certain
performance tests must be made on components when operated as part of
a system to provide information for evaluating the compatibility of the
component with the system.

The development of new types of equipment such as the steam genera-
tor, the off-gas disposal system, the salt-cooled control rod, and the !
long shaft molten-salt pumps will require separate test facilitiec of
significant size. In addition, there will be numerous small teste con-
ducted to assist in resolving design features as well as to establish [
the expected 1life of some components. These small tests may be conducted
in separate facilities but in many cases they can be incorporated into
one of the larger test facilifies. In many areas thc technology is -
reasonably well established, but conservative engineering requires
performance and life testing of the components to make sure they will
operate satisfactorily with the reactor. v

For a Cfinal demonstration of the reliability and compatibility of ;
all molten-salt connected components and systems, an Engineering Test i
Unit (ETU), a full-scale operating model of this MSBE, will bhe constructed i
and operated, essentially isothermally, over the ranges of temperature
and salt flow proposed for the MSBE. As described in the appropriate
sections, the final evaluation of the components will be made while i
operating as a part of this system. The model will also be used to train i
operators for the reactor and to demonstrate the maintenance procedures

and equipment. i

REACTOR CORE ‘ [

Review of llydraulic Tests of the MSKE Core

The MSRE reactor vessel 'is a S5-ft-diam by 8-ft-high tank that con-
tains a 55-in.-diam by 67-in.-high graphite core structure. Under design
conditions of 10 Mw of reactor heat, the fuel salt would enter the flow
distributor at the top of the vessel at 1175°F and 20 psig. The fuel
is distributed evenly around the circumference of the vessel and then
flows turbulently downward in a spiral path through a l-in. annulus
between the vessel wall and the core can. The salt loses its rotational
motion in the straightening vanes in the lower plenum and turns and
flows upward through the graphite matrix in the core can. The graphite ;
matrix is an assembly of vertical bars, 2 in. by 2 in. by about 67 in. .i
long. The fuel flows in O.k-in. by 1.2-in. channels that are formed
by grooves in the sides of the bars. There are about 1140 of these
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passages. Fuel was to leave the top of the reactor at 1225°F. Addi-
tioﬁal description of the MSRE core is given in the MSRE Design Report.2
The core development program was divided into two phases. The first
phase consisted of building and testing a 1/5 linearly scaled plastic
model. This model was operated with water and was relatively inexpensive.
It was used as a rapid method of checking the preliminary design to
establish the acceptability of major concepts.

The second phase consisted of building and testing a full-scale
model of the core at the rated flow. This model was used to establish
the design. The core vessel was made of carbon steel and the moderator
bars were extruded from aluminum. This model was used for a final and
much more detailed look at the hydraulic and thermal characteristics of
the core. Some of the major items studied were:

1. Overall pressure drop and distribution of this pressure drop
among the core components.

2. Flow distribution by the volute.
3. Efficiency of the swirl killers in the lower vessel head.

L. Heat transfer coéfficients in the lower and upper heads to
assure adequate vessel wall cooling.

5. Flow distributions in the lower and upper head to assure that
no stagnant salt pockets were present.

6. Tendency of particulate matter to settle out in the lower
vessel head, on the tops of the core bars, and on the core support
flange.

T. Various other more minor phenomens,.

Most of the measurements were made with water in the loop, and at
flow rates from the design flow down to 25% of the design flow. With
water, however, the Reynolds number was several times higher than would
be expected for fuel salt .at the noted flow rate. To attain Reynolds
similarity, a thickening agent was added to the water to increase its
viscosity, and therefore decrease the Reynolds number. Several of the
items in the above list were then rechecked. The agreement between
measurements in the 1/5 scale model, the full-scale model with water,
and the full-scale model with thickened water, was good where equivalent
measurements were made. None of these measurements were checked in a
molten-salt system. It was believed that the heat and momentum transfer
analogies were adequately well established to extrapolate water data to
a molten-salt system with a degree of reliability much greater than was
required to insure adequate performance of the MSRE.

During the course of MSRE core development, several small models
were made to check some hydraulic phenomena. Generally, these models
were made of plastic and operated with tap water.
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4Hydraulic Tests for the MSBE Core

The reactor core for the MSBE is expected to be about L4-ft-diam
by 5-ft-high and composed of re-entrant type graphite fuel cells through
which the fuel salt flows. The graphite tubes are attached to two plenum
chambers at thé bottom of the reactor with graphite-to-metal transition
sleeves. Fuel from the entrance plenum flows up through the outer
annulus of the fuel cell and down through the central passage to the
exit plenum. The fuel flows from the exit plenum to the pump then
through the heat exchanger and back to the reactor. A 2-ft-thick blanket
of a thorium-containing salt and graphite surrounds the core. The
blanket salt also permeates the interstices of the core lattice so
fertile material flows through the core without mixing with the fissile
fuel salt. '

Generally speaking,the MSBE core will be studied more critically

* Lhan the MSRE core because of  its much higher power density. The pro-
posed development program for the MSBE core will be,in many respects,
similar to that for the MSRE core, and can be thought of as a two-phase
program. : :

The first phase will be directed toward making plastic models as
necessary for rapid and preliminary checks on major design concepts.
This could take the form of a complete scaled-down plastic model as in
the MSRE, but probably not. Rather, small plastic models of individual
core components’will be built’'and tested. Probable examples are:

1. A small model of the fuel salt distribution plenums would he
built and tested for proper flow distribution to the fuel cells.

2. A small model of thc blanket salt distributor would be built
and tested for proper flow distribution.

3. A single full-scale model of a fuel cell would be built and
tested with tap water to measure the pressure drop and check for ade-
quite degassing on startup.

L. Other models as needed to provide confidence in the design.

Assembled units do not always behave as one might expect from
observing individual components. It is therefore necessary to test
hydraulically a complete prototype of the core. A full-scale prototype
is available in the ETU and it is planned to run the ETU with water
for a period of time, thus fluid measurements could be easily obtained.
However, it may take 6 months to a year to make all the measurements
necessary in the core. It would certainly be undesirable to restrict
the ETU to water operation for this long a period of time. We there-
fore plan, as phase two, to build another and much less expensive
prototype of the core suitable for operating in a circulating water loop.
This special loop will also allow us to start testing the core sooner than
in the ETU, possibly in FY 1969.- The loop will simulate both salt
systems. The core size will be half to full scale, although full scale




is probably more desirable. The principal objectives of this model
will be: ‘

1. To demonstrate the required flow distribution of fuel and
blanket salt throughout the core.

2. To insure adequate flow for cooling structural members of the
core.

3. To demonstrate that no stagnant fuel and blanket salt regions
exist. :

L. To insure complete degassing of all fuel tubes during filling
and startup.

5. To show that fluid induced vibrations are below acceptable
levels.

These measurements will be made over a range of flow rates both
above and below the design values. Water will be the fluid used in
most of these tests and Reynolds similarity will not hold. Where
necessary, the measurements will be repeated with a thickening agent
added to the water to attain Reynolds similarity.

Measurements made -in the ETU would then be limited to those thought
necessary to confirm results of the watér model. Certainly some data
will be taken with water in the system. Some direct measurements with
salt in the system may be nécessary, although this will be a more
difficult task and might have to await development of additional
instrumentation. Nevertheless, if some fluid dynamic characteristic of
the core is sufficiently critical, it could be checked out in the ETU
while circulating salt. :

Fuelicell Tests in Molten Salt

Demonstration of the performance of full-scale MSBE fuel cells
without radiation is an important part of the early phases of core
development for the MSBE. As soon as practicable, representative
graphite fuel cells will be operated with the full design salt flows,
temperatures and pressure differences. These tests will be run in the
pump development loop and the off-gas test loop. Removal and replace-
ment by the remote means will be demonstrated as part of this test pro-
gram. :

CONTROL ROD AND DRIVE

The design of the MSBR takes advantage of the ease of adding fuel
while the reactor is operating to minimize the excess reactivity in the
core, the ability to drain the fuel to effect complete shutdown and
safety functions. However, a control rod or rods, as yet undesigned, are
included to permit short-term adjustments to the reactor temperature.



Control Rod System for the MSRE

The control rod system for the MSRE consists of a flexible poison
rod that is moved in and out of a re-entrant thimble by a continuous
link-chain drive mechanism. This chain drive is controlled by a servo-
motor through a magnetic-clutch arrangement which permits rapid inser-
tion of the poison rod. TIn addition there are electrical synchros and
potentiometers for remote indication of position, limit switches for
control of the range of motion, and a shock absorber to stop the rapid
insertion. The drive unit and the control element are cooled by cir-
culating air through the drive housing and through the center of the
control rod. ’

The poison elements operate at a temperature in the 1200 o 1LOOCF
range. The electromechanical drive unit, mounted well above the reactor
vesgél, 1s slightly above ambient cell air temperature which does no%
exceed 150°F. Two conditions dominated the design, high-thimble tem-
perature and maintenance-free operation. The electromechanical design
of the drive unit is straightforward, complicated principally by space
restrictions. It was not expected to be troublesome. The service
record of these MSRE rods and associated drive units has been good but
only because the final design was preceded hy over a year of concen-
trated developmental testing of a prototype unit. As expected, these
tests disclosed a number of defects and confirmed the quality of. the
final version. ‘ :

Control Scheme for the MSER

Although experience with the control rods for the MSRE pravides
a useful background, the control rod and drive for the MSBE will be
congiderably different. Design of the drive should be straightforward
but aircooling of the rod would not suffice at the much higher poawer
density, and the metal thimble would absorb too many of the neutrons
needed for breeding 233y, a likely cohtrol scheme for the MSBE involves
the insertion of the control element directly into the center of the
reéactor core, without using a thimble, and letting the fertile blanket
salt provide the necessary cooling. If it proves necessary tn provide
cooling for the portion of the graphite rod which is in the gas space
above the fertile salt, a small stream can be diverted from the inlet
line and directed over the rod. One problem of this scheme is that
the drive mechanism must also be within a gas space directly connected
to the blanket salt. Not only does this radioactive environment present
a problem of electrical design but it also mekes the repair of the drive
difficult. A system of gas seals and buffer control should be developed
to permit the drive to operate in a clean gas atmosphere.

A thorough development and prototype testing program will be
required. Components of the drive and rod will be tested separately,
and then tested in assembly in a simulated reactor environment.
Finally, the rod will be operated in the ETU.




SALT PUMPS FOR MOLTEN SALT

The approach which will be followed to provide the pumps required
for molten-salt breeders is outlined. A brief resum€ is presented of
the present status of molten salt pump technology at ORNL and the con-
siderations given to using the MSRE pump configuration in the breeder
concept. A more desirable pump configuration is broached, and the prob-
lems anticipated with it are listed. Finally, the specific design and
development problems for the new configuration as they are presently
envisioned are discussed in more detail.

'Pfesent Technology

The present status of the technology of molten salt pumps at ORNL
is set forth in References 3, 4, 5 and 6. In brief, we have developed
the sump pump configuration in which the impeller is mounted on the
lower end of the pump shaft below the lower shaft bearing. Conventional
ball bearings and shaft seals, lubricated and cooled with a petroleum
base turbine oil, are utilized. The vertical shaft is mounted in a
bearing housing to support and guide the impeller in the pump volute,
which is an integral part of the pump tank. The pump tank also serves
as the expansion tank for the molten salt system and is used in the MSRE
for the removal of gaseous fission products such as 135%e.

These pumps have been built in sizes from 2 to 1600 gpm to develop
heads to 400 ft of fluid. They have been used to pump molten salts
and liquid metals to temperatures of 1500°F. The MSRE fuel salt pump
circulates 1200 gpm normally at 1210°F against 49 ft of head, and the
coolant salt pump circulates 850 gpm normally at 1020°F against T8 ft of
head. The MSRE prototype fuel pump was operated at temperatures up to
1500°F. : -

Four 5 gpm pumps, one 750 gpm and one 1200 gpm pump, were operated
at temperatures above 1200°F for periods greater than one year. The
750 gpm pump was operated with molten salt for 25,000 hr at 1200°F in
a regime of cavitation. Another test pump which was equipped with a
submerged . journal bearing lubricated with molten salt was operated for
12,000 hr, during which it was started and stopped approximately 100
tlmes

Two pump characteristics of concern to operation of the MSRE were
determlned in somewhat special fashions. Techniques were developed using
85¢r to measure the back diffusion of gaseous fission products against
a flow of purge gas in the shaft annulus of the MSRE fuel pump. The con-
centration of undissolved gas in the circulating molten salt was measured
. for the MSRE fuel pump in the prototype pump test facility using radia-

tion densitometry devices and techniques adapted to the task.

Larger pumps, of designs similar to those proposed for large molten
salt pumps, have been built and operated in liquid metal cooled reactors.
Operating conditions for three such pumps are given in Table 1. Experi-
ence with these pumps bears directly on the development of pumps for the



molten salt breeder reactors. A survey7 of the pertinent designh features
and the operating experiences with these larger pumps is being made to
stimulate and enhance their contribution to the design of the breeder
salt pumps.

Table 1. Pumps for Liquid Metal Reactors

Hallam Fermi EBR-2 .

Flow, gpm 7200 11,800 5500
Head, ft 160 310 200
Temperature, °F 1000 1000 800
Speed, rpm 900 900 1035
-Pumping power, bhp - 350 1060 350

Operating experience:
Hallam pumps accumulated several thousand
hr of gump opcretion with sodium from 300
to 950%F, of which at least 1000 hr was at
950°F

Fermi pumps accumulated over 7000 hr operatlon
including two weeks at 1000°F

Requiremeﬁts for Pumps for Breeder Reactors

The presently envisioned requirements of the fuel, blanket, and
coolant salt pumps for a 1000 Mw(e) Molten-Salt Breeder Reactor (MSBR)
plant, and for the Molten Salt Breeder Experiment (MSBE), a 150 Mw(th)
experiment, are presented in Table 2. Tentative values for pertinent
hydraulic design parameters, e.g., speed, specific speed, are given
also.

The centrifugal sump pumps developed and used in the Aircraft
Reactor Experiment (ARE), the Aircraft Reactor Test program (ART), and
the Molten-Salt Reactor Experiment (MSRE) received first consideration
for application to the Molten-Salt Breeder Reactor (MSBR). There are
at least three differences between the MSRE and the MSBR concept whose
effects on the thermal and nuclear radiation environments will influence
the choice of the pump configuration for the MSBR.

.Depending on the type of designs,the power rating for the MSER is
fifty to 200 times greater than MSRE design power. In addition, the
separation distances between its reactor, heat exchanger, and pump are
equal to or smaller than the corresponding MSRE distances. Thus the
intensity of the nuclear radiations in the vicinity of the fuel pump
will be very much greater for the MSBR than the MSRE.




Table 2. Pumps for Breeder Reactors

Fuel _ Blanket Coolant

2225 Mw(th) MSBR <

 Number reéuired - e La . La
Design temperature, °F = 1300 1300 1300
Capacity, gpm - ' ' 11,000 2000 16,000
Heat, £t =~ -~ ' 150 80 150
Speéd,'rpm o © 1160 1160 1160
Specific speed, Ng . : 2830 2150 3400
NPSH, requifed, ft . .25 8 32
(Net positive suction head) ' , ‘
Impeller input power, hp 990 250 1440

150 Mwt MSBE . . |

Number required I 1 : 1 1
Design temperature, °F . 1300 1300 1300

‘-Capaéity; gpm - o 4500 540 4300
Heat, £t . 150 - 80 150
Speed, rpm ' 1750 1750 1750
Specific speed, N_. - 27130 © 1520 2670
NPSH required, ft ' o - 27 5. 26
(Net positive suction head) A
Impeller input power, hp ~h10 61 390

8The same total number of pﬁmps is required for a 1000 Mw(e) plant
of the MSBR reference design or modular design. - :
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Another difference concerns the manner of heating the MSBR. One
of the features of the MSBR concept is the use of large furnaces to
contain the fuel, blanket and coolant. salt systems and to maintain them
at elevated temperatures during reactor power operation. The temperature
in the furnace for the fuel and blanket salt systems will range between
1050 and 1150°F. The temperature in the coolant salt system furnace may
range between TOO and 1150°F.

A list of the conditions and circumstances under which the MSRE
pump configuration may be used in the fuel and blanket salt systems
include:

a. Provide a specially constructed and cooled pit, both
to maintain the ambient temperature for the hearing
housing in the range 150 to 175°F,and reduce intensity
of nuclear radiatinns.

b. Develop suitable shaft bearings and seals and the
associated lubricant for operation at a higher ambient
temperature which, although still requiring the con-
struction of a pump pit, would materially reduce the
heat load on the pump pit cooling system. '

c. Return to the concept of local preheating of the salt
system components,with attendant use of local nuclear
radiation shielding and space cooling,to maintain the
ambient temperature below 200°F.

In a more desirable pump configuration, the thermal and radiation
damage sensitive drive motor is separated from the pump, per se, by a
sufficiently large distance to provide both reasonable thermal gradients
in the pump structure and adequate amounts of radiation attenuation
materials. The approach is to separate the drive motor from the hostilc
environments by as large a distance as practicable within the limits
of rotordynamic, fabrication, and reactor layout considerations. Pre-
liminary study indicates that the required separation probsbly cannot
be obtained with the MSRE pump configuration using a reasonable shaft
-diameter. Thus initial consideration will be given to a pump con-
figuration that features a rather long slender shaft and utilizes
molten salt lubricated bearings and probably shaft dampers.

Program Scope

The pump program will provide for the study and design of the fuel,
blanket, and coolant salt pumps for the larger MSBR, and for the design
and development of those pumps for the smaller MSBE. The study will
include the evaluation of the feasibility of the long shaft pump con-
figuration and the practicability of scaling it down by a factor of four
to sult the MSBE pump requirements.

Qur present approach is to use one basic pump rotary assembly
design and to accommodate the differences in the hydraulic reguirements
for the three pumps with appropriate changes in the hydraulic designs of
the impeller and volute and in the characteristics of the drive motors.
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'If, for reasons of reactor system layout the coolant salt pump
requires separate treatment, then either the long shaft configuration
will be modified or the MSRE pump configuration will be used, depending -
upon the results of further study .

One each of the- fuel, blanket, and coolant salt pumps will be pro-
vided for 1) development, 2) the Engineering Test Unit, and 3) the Molten-
Salt Breeder Experiment. :

In essence, the study portion of the program will be focused on
identifying pump configurations that are feasible for the MSBR, and
the development portion of the program will be concerned with producing
pumps for the MSBE, which will be scaled-down versions of the MSBR
configurations. During the development of the MSBE pumps, attention
will be given to the problems of scaling-up components for use in the
MSBR pumps.

' Design and Development Program

Because of the importance of the pumps and the close relationship
between their design and development, these two activities are considered
to be one. In this act1v1ty the major problems are expected to include:

selecting a hydraullc de51gn

choosing a satisfactory rotordynamic conflguratlon

controlling the total plastic strain in the pump caused

by temperature cycllng of the system,

specifying purge gas requirements to prevent back

diffusion of gaseous fission products to radiation

sensitive regions of the pump,

5. controlling adequately any.flow which passes through
the pump tank, a) to prevent the re-entrainment of
xenon-laden gas in the recirculating salt, and b)
to prevent stoppage of purge gas flow by freezing of
salt splash or aerosol. in the pump shaft annulus,

6. designing and proof testing an adequate shaft damper,
a molten-salt lubricated bearing, and any shaft seal
that 1s larger in diameter.than now used,

T. verifying the adequuacy of the hydraulic and rotor-

dynamic designs,

providing pump reliability, and

9. obtaining confidence in scaling-up the MSBE pumps to

fit the requirements of large-scale plants.

= w N+

(0]

Effects of Physical Properties of Breeder Salts on Puump Degign

Density and viscosity are the two physical properties of molten
salts which strongly affect pump design. Salt density mainly affects
the torque requirements for the pump impeller and requires that the
shaft has sufficient torsional strength and that the drive motor pro-
duces the required torque. Both of these items, which are under the
control of the pump designer, should present no untoward problem in
the design of the breeder pumps.
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Viscosity strongly affects the life characteristics of the hydro-
dynamic bearings, which we anticipate will be used in the breeder pumps.
The values of the viscosity for all three breeder reactor salts are
similar and greater than water and should present no untoward problem
in the design of molten salt lubricated bearings.

Specific Design Problems and Goals

Separation Requirement. The principal feature of the long shaft
pump configuration is the use of sufficient separation distance and
shielding to provide for ten years of operation of the drive motor. Such
a configuration requires a long, slender shaft guided at its lower end by
a molten-salt bearing and at its upper end by a more conventional bearing
and using, hopefully, a conventional, easily replenishable lubricant.

A shaft damper will probably be necessary to provide for operation at a
speed above the first critical frequency of the shaft-bearing gystem.

Estimates. of the separation distance between the pump impeller and
drive motor will be made based on the anticipated flux of neutrons and
gamma radiation at the motor and the shielding required to provide
ten-year life fo¥ the radiation damage sensitive materials in the fuel
and blanket pumps.

Hydraulic Design. We plan to select the hydraulic design which
will provide the required head (H) and capacity (Q) at as high shaft
speed (N) as good practice and the available net positive suction head
(NPSH) in the system will permit. This approach should permit the use
of a relatively small diameter impeller and volute and should minimize
the parasitic volume of salt. Vanes for the back side of the impeller,
suitable for reducing hydraulic thrust,will receive consideration.

Rotordynamic Analysis. The principal -analytical problem we antici-
pate concerns the selection of satisfactory pump rotordynamic configura-
tions. These should provide reliable and economie pumps for the fuel,
blanket, and coolant salt circuits in the MSBR, which can be. scaled-
downn by a factor of approximately four for use in the MSBE.

The rotordynamics of the proposed "long shaft" configuration are
new to us and will be analyzed extensively to determine a suitable
arrangement of shaft, bearings, and shaft damper. We plan to select two
or three out of several promising shaft-bearing configurations which
provide the required separation, and to subject them to rotordynamic
analysis. The location and performance characteristics of both shaft
dampers and bearings necessary to provide a safe margin of fatigue life
for the shaft during ten-year operation will be determined for several
values of shaft diameter. The.configuration which has the best chance
of providing reliable pumps will be chosen for development. Appropriate
rotordynamic analysis of a reduced scope will be performed for the
coolant salt pump, if a different configuration is requiréd.
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Plastic Strain. Temperature cycles in a 'salt system can impose
increments of plastic strain in the high-temperature portions of. the
pump due to changes in either thermal stresses associated with steep
temperature gradients or mechanical stresses associated with pipe
anchor forces and moments exerted on pump nozzles. We noted that the
largest temperature gradients associated with the nuclear operation of
the MSRE fuel pump were caused by heat deposited in the pump walls by
gaseous fission products. It is likely that more fission products will
be present and heat will be deposited in larger quantities in the salt
reservoir in the MSBR fuel pump. We plan to use a small portion of
the circulating fuel salt to remove the heat. The total plastic strain
in the pump nozzles,resulting from the forces associated with heating
and cooling the system and changing reactor power levels, will be
‘estimated for a specified number of cycles. Measures will be taken to
keep the total strain within the plastlc fatigue strength of the con-
tainer material.

Purge Gas Requirements. An inert purge gas will be used in the
MSBR, as in the MSRE, to: (1) remove, dilute, and transport to an
appropriate trap system the xenon and other gaseous fission products
from the fuel salt; (2) reduce the back diffusion of these gaseous
fission products into radiation sensitive regions of the pump; and
(3) remove any lubricant that leaks past a shaft seal without per-
mitting the leakage to enter the pumped salt. The amount of purge
gas required for the fuel and blanket salt pumps will be much larger
than for the MSRE fuel pump, and a recycle system will be used to
conserve gas. The recycle system is treated in the section on the
offgas system. The smaller purge gas flow for the coolant salt pump
may permit open-cycle operatlon

Size-Scaling Requirements. Pumps for the MSBR and MSBE should use
the same general configurations. The feasibility of scaling up the
MSBE pumps by a factor of four for application to the MSBR will be one
criterion for acceptance of MSBE pump design. The scaling of the rotor-
dynamic configuration will be made a part of thé analysis of the MSBR
pumps, which, in turn, should establish the requirements for scaling
the molten salt bearings and dampers. Fabrication, inspection, handling,
assembly, and installation of the MSBR pumps will receiwve atudy to
determine that the long shaft configuration will not impose expensive
solutions for large molten-salt systems. We plan to have the MSBE
pumps fabricated by industry, and to discuss extensively with them .
during this time the fabrication problems of the MSBR pumps. The neces-
sity for proof-testing'the 'large pumps: in molten salt will receive much
attention during similar tests with the MSBE pumps.

Specific Development Problems and Goals

The development of the MSBE pumps will entail the testing of pumps
and certain pump components and the feedback of information from these
tests to pump design, and will include all the aspects of detailed hard-
ware fabrication. The main problems anticipated with the long shaft
pump configuration include: (1) demonstrating the adequacy of the design

SoTE
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and the reliability of the shaft damper and the molten-salt bearing

in component testers; (2) providing adequate control of the bypass salt
flow which carries fission-product laden helium into the pump tank; and
(3) verifying the adequacy of the hydraulic, rotordynamic, and purge gas
designs for each complete pump. The long-time reliability (availability)
of the pumps will be demonstrated in endurance tests. The feasibility
of verifying the rotordynamic characteristics of large pumps in room
temperature shaker tests of small models of shaft-bearing-damper con-
figurations will be studied also. Since many of these development tasks
are of routine nature, only those problems whose resolution meets
specific and significant goals are discussed below:

Fuel and Blanket Pumps

Shaft Damper Tester. The hydraulic performance and the mechanical
design of the damper will be verified in what we anticipate will he a
room-temperature tester using a fluid which approximates the kinematic
viscosity of the damper working fluid. 'The damping coefficient required
to reduce shaft flexure stress to a value satisfactory to provide ten-
year pump life will be deduced during rotordynamic analysis of the pumps.
In the tester, we anticipate imposing on the damper a sinusoidal trans-
verse motion of known amplitude and frequency and deducing the damping
coefficient from measurements of the force necessary to sustain that
motion. Satisfactory correlation between predicted and experimental
values of the damping coefficient would provide confidence in extrapo-
lating the hydraulic and mechanical designs of shaft dampers to pumps
for the large-scale systems.

Molten-Salt Bearing Tester. The operating stability of the bearing
and the start-stop wear resistance of the bearing materials will be
verified in a component tester. We anticipate first operating a suitable
bearing configuration at room temperature with a fluid having the
approximate kinematic viscosity of the appropriate salt in order to
insure stable operation of the bearing. Next, the bearing will be
operated in the appropriate molten salt in the tester for more than
the anticipated number of starts and stops for the pump in the MSBE.
Then, the bearing will be thermally cycled over the temperature range
and the number of cycles anticipated for the MSBE and operated in
an endurance test to obtain confidence in the adequacy and reliability
of its mechanical design. The tester will be designed to accommodate
the larger diameter bearings anticipated for pumps for large-scale
systems. ©Sufficient tests will be made with mockup fluid to establish
the stability of the larger bearings.

Pump Test Facility. We plan to verify.the hydraulic and rotor-
dynamic designs and to establish control of salt bypass flow, i.e., to
eliminate salt splash and re-entrainment of xenon-laden gas in the
recirculated salt using a fluid which has kinematic viscosity similar
to the appropriate salt. 'Then the hydraulic and rotordynamic designs
and the functions of the purge gas system will be checked in molten
salt operation, after which the reliability of the pump will be investi-
gated during endurance tests. Maintainability of the pump will be
demonstrated during these tests also.

¢ .
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It will be necessary to perform several kinds of room temperature
tests with each of the three salt pump designs using a suitable fluid.
These tests include: 1) checking the hydraulic design performance,

2) developing appropriate controls for required bypass flows through
the pump tank, 3) providing adequate capacity for degassing the liquid,
and 4) determining the adequacy of the pump design to meet special,
transient or emergency conditions encountered in reactor operation or
of revisions to pump design deemed necessary. Preliminary study indi-
cates these tests can be performed for all three pumps in a single room
temperature facility using an appropriate fluid.

The differences in the chemistry and physical properties of the
three salts and in the flow rate requirements for the individual salt
circuits indicate the desirability of using three high temperature-
pump test facilities, one each for the fuel, blanket, and coolant salt
pumps .

A facility for making a room temperature rotordynamic test of the
full-scale rotary assembly will also be provided, if the results of the
rotordynamic analyses indicate this necessity.

Coolant Salt Pumps. In the event that the MSRE pump configuration
is chosen over the long. shaft configuration for the coolant salt pump,
the following development program will be carried out.

' The leakage performance and life characteristics of the shaft seal
. will be obtained at an early practicable date. The bearing-shaft-seal
conflguratlon will be mocked up and operated at design speed and tem-
perature using a good grade turbine oil to lubricate the seal. Follow-
on tests will be made with larger diameter shaft seals suitable for the
coolant salt pumps 1n large-scale systems.

In addition to the molten salt pump test fa0111ty alluded to
previously, a room temperature pump test facility suited to the water
test development of the MSRE pump configuration will be provided. The
hydraulic design of the pump will be checked and satisfactory controls
for the bypass flow of salt in the pump tank will be developed. Subse-
quently, performance and endurance tests will be performed with molten
salt in the hlgh temperature facility.

- HEAT EXCHANGERS

Review of Heat Exchangers in the MSRE

Although 10 Mw(th) was the nominal power level for the design cal-
culations for the MSRE, the actual capability is limited to about’
7.5 Mw(t). - Both the primary heat exchanger (fuel salt to coolant salt).
and the radiator (coolant salt to air) contribute to this reduced capacity.
A review at each heat exchanger will be very briefly summarized.

The primary heat exchanger is a conventional cross baffles, U-tube
exchanger, with fuel salt on the shell side and coolant salt on the tube
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side. For a more detailed description see Ref. 8. The observed overall
heat transfer coefficient was about 60% of the estimated design coefficient
(refs. 9 and 10). The initial design of this heat exchanger was reviewed
in detail and the following significant items noted:

1. Heat transfer coefficients and pressure drops were computed
from conventional relationships for normal fluids.

\V]

The physical properties. of salt used in the design were
those believed to be correct at that time.

3. A total contingency factor of something over 20% was
included in the heat transfer area.

In trying to determine why the measured coefficient was so low, many
things were considered. The following are the most pertinent.

1. BSince salt does not wet Hastelloy N, the question of
a helium gos film on the tubes was considered. This
was discounted by pressure release tests discussed
in ref. 9 and other considerations.

N

The question of an insulating scale was considered. The
very high resistance of Hastelloy N to attack by fuel
salt in a good many loops and the reactor made this a
negligible consideration. Also, there has been very
little, if any, drop in U with time in the reactor.

3. ''he physical properties of salt were looked at
critically, and heérein lies what we believe to be
the discrepancy.

Specifically,it involves the thermal conductivity. ©Shown in the
table are values of thermal conductivity used in the heat exchanger
design. These values were estimated from data on similar but not
identical salts. Also shown are recently measured values (ref.1i) for
fuel salt and an estimated value for coolant salt.

Thermal Conductivity
(Btu/hr ft °F)

Fuel Salt Coolant Salt
Values used in original design 2.75 3.5
Measured value (ref. 11) 0.83 Not yet
measured
Estimated for coolant salt = (0.83)(3.5/2.75) -- 1.06

Now if the overall heat transfer coefficient of the primary heat exchanger
is recomputed with these new values of thermal conductivity, then the
measured and computed values agree quite well.
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The primary heat exchanger was tested with water after it was
built. -The tubes vibrated excessively in the baffles at flows greater
than about 2/3 of the design flow through the shell, and the shell side
pressure drop was excessive. Modifications were made to tighten the
- tubes in the baffles and to reduce the pressure drop at the outlet ,
nozzle. The exchanger has been operated for about 9000 hr at high tem-
perature with salt without obvious difficulty.

The radiator consists of 120 tubes, each about 30 ft long, in the
form of an S-shaped bundle. Air blows across the tube bundle at right
angles to remove the heat. For a more detailed description, see ref. 8.
The observed overall heat transfer coefficient was about 68% of the
design coefficient (refs. 9 and 10 ). The initial design of the radiator
was reviewed in detail and the following significant items noted:

1. The salt side coefficient was computed from conventional
relationships for normal fluids. In the radiator this is
. a negligible consideration, however, because. only about
2% of the re51stance to heat transfer is through the salt
£ilm. ’

2. A design error was found in the calculdtion of the air
coefficient. This resulted in the estlmated outside
coefficient . being about lh% too high.

3.7 " A contingency factor of only about 4% was included in
the heat transfer area.

If the overall coefficient is recomputed to account, for the error
mentioned in item 2, then the observed coefficient is about T5% of the
.design coefficient. We believe that a discrepancy of this magnitude
is not unreasonable when the unconventional configuration of the
radiator is considered. A 20 to 30% contingency factor should have
been included in the design heat transfer drea to be certain of 10 Mw
capa01ty.

The conelusion we have arrived at after looklng at the performance
of both heat exchangers in detail, is that no unique heat transfer
problems exist in the MSRE that can be aLtzlbuted to some unusual
behavior of the molten salt.

Fundamental Molten' Salt Heat Transfer

Heat transfer with molten-salt mixtures was extensively studied
during the period 1950-1957 as a part of the ANP effort, and the period
1958-1961 as a part of the MSR program. The mixtures 1nvest1gated are
tabulated below along with certain pertinent parameters:
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- . o Composition Reynolds " Test Section
Salt Mixture (mole%) Modulus Material
NaOH 100.0 6000-12,000 Nickel
NaF-KF-LiF 11.5-42.0-k46.5 2300-9000 Nickel,
: . Inconel,
316 S8
NaF-KF-LiF-UF), 11.2-41.0-45.3-2.5 2800-13,000 Inconel,
: . 316 sS,

. Hastelloy B
NaF-ZrF),-UF) 50.0-46.0-4.0 7000-10,000 Inconel
NaF-ZrFy,-UF) 53.5-40.0-6.5 3500-14,000 Inconel
LiF-BeF,-UF) 53.0-46.0-1.0 4000-5000 Tneanel
LiF-BeFo-UF) 62.0-37.0-1.0 3000-7000 Inconel
LiF-BeF,-UF),-ThF), 67.0-18.5-0.5-14.0 6500-25 ,000 Inconel,

Hastelloy N
LiCl-KC1 41.2-58.8 6000-18,000 Inconel,
347 S8
NaNOp-NaNO3- 47.0-7.0-53 4900-25,000 Inconel,
KNO (wt %) 316 85

While these experiments indicated that the molten salts have the
heat transfer and fluid mechanical properties of common fluids (0.5 <
Np, < 100) ,* the same studies showed that such phenomena as non-wetting
and interfacial deposits could drastically reduce the heat transfer.
Since these effects are difficult to predict, the heat transfer charac-
teristics of the molten salts for critical applications should be ex-
perimentally established. A bibliography covering ORNL studies on
molten-salt heat transfer is given in references 1. through 8 .

1. H. W. Hoffman, Turbulent Forced Convection Heat Transfer in
Circular Tubes Containing Molten Sodium Hydroxide, USAEC
Report ORNL-13T70, ORNL (1952); see also Heat Transfer and
Fluid Mechanics Institute, p 83, Stanford University Press,
Stanford, Calif. (1953)

2. H. W. Hoffman and J. Lones, Fused Salt Heat Transfer-
Part II: Forced Convection Heat Transfer in Circular Tubes
Containing NaF-KF-LiF Butectic, USAEC Report ORNL-1777T,
ORNL (1955).

3. . W, Tolfww aud S. I. Cohen; Fugced Balt lleat 'l'vansler-
Part III: Forced Convection Heat Transfer in Circular
Tubes Containing the Salt Mixture NaNOQ—NaNO3-KNO3,
USAEC Report ORNL-2433, ORNL (1960).

4. H. W. Hoffman, Fused Salt Heat Transfer, Reactor Heat
Transfer Information Meeting Oct. 18-19, 1954, p. 23,
USAEC Report BNL-311, Brookhaven National Laboratory
(classified).

- ¥The Prandtl modulus, Np, for the tabulated mixtures ranges from 1 to 10.

I3
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H. W. Hoffman, Molten Salt Heat Transfer, Reactor Heat
Transfer Conference of 1956, p. 50, USAEC Report TID-7329
(Pt. 3), (classified).

H. W. Hoffman, Molten Salt Heat Transfer, USAEC Report
ORNL-CF-58-2-40, ORNL (1958).

ANP Quart. Prog. Repts. Period Ending Sept. 10, 1955,

p. 149, USAEC Report ORNL-1947; Period Ending Dec. 10,

1955, p. 170, USAEC Report ORNL-2012; Period Ending

Mar. 10, 1956, p. 171, USAEC Report ORNL-2061; Period

Ending June 30, 1957, p. 99, USAEC Report ORNL-2340;

Period Ending Sept. 30, 1957, p. 103, USAEC Report ORNL-2387;
Period Ending Dec. 31, 1957, p. 57, USAEC Report ORNL-24L0.

MSR Quart. Prog. Repts. Period Ending Jan. 31, 1958,
USAEC Report ORNL-2u4TL; Period Ending June 30, 1958,
USAEC Report ORNL-2551; Period Ending Oct. 31, 1958,
USAEC Report ORNL-2626; Period Ending Jan. 31, 1959, 67,
USAEC Report ORNL-2684; Period Ending Apr. 30, 1959, b1,
USAEC Report ORNL-2773; Period Ending July 31, 1959, p. 39,
USAEC Report ORNL-2T799; Period Ending Oct. 31, 1959, p. 23,
USAEC Report ORNL-2890; Periods Ending Jan. 31 and Apr. 30,
1960, p. 27, USAEC Report ORNL-2973; Period Ending '
July 31, 1960, p. 86, USAEC Report ORNL-301Lk; Period Ending
Feb. 28, 1961, p. 140, USAEC Report ORNL-3122; Period

37,
43,
46,

LeBlie ol o Lo}

' Ending Aug. 31, 1961, p. 132, USAEC Report ORNL-3215.

For added assurance and for other reasons, a molten salt heat
transfer loop will be built. Generally the loop will be small and
oriented toward fundamental heat transfer rather than toward component

testing.

It will be capable of operating with a variety of salts and

container materials. Some of its objectives will be to evaluate:

1.

Transfer coefficients and pressure drop with salt
flowing axially on the inside and outside of the tubes.

Thermal effects of possible corrosion and scale deposits
on the tubes.

Effects of circulating gas bubbles on heat transfer.

Thie could be significant if the salt does not wet the
tubes, and is of concern in the MSBE because gas bubbles
will be intentionally injected into the fuel salt ath

the inlet to the primary heat exchanger to aid in stripping
¥ennn-135.
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Heat Exchangers for Breeder Reactors

Molten-salt breeder reactors of the reference design make use of
five different heat exchangers: (1) the fuel salt heat exchanger,
(2) the blanket salt heat exchanger, (3) the boiler superheater,
(L) the steam reheater, and (5) the reheat steam preheater. These heat
exchangers will be largely designed and built by commercial manufacturers.
Fabrication procedures will be devéloged by the manufacturers or as part
of the materials development program. 2However, any heat transfer or fluid
flow studies necessary to assure adequate performance of the units is a -
part of this component development program.

Fuel Salt Heat Exchanger

The function of this heat exchanger is to transfer heat from the
fuel salt to the coolant salt. The heat exchangers in each of the MSBR
circuits has a capacity of 528 Mw. The MSBE will have one heat exchanger
with a capacity of 150 Mw. ‘ ‘

The fuel salt is in the tubes and makes two passes through the ex-
changer. First it goes. downward through an annular bundle of tubes near
the center. It reverses direction in a floating head and then passes up
through ancther annular tube bundle at the outer periphery. The coolant
salt on the shell side flows generally countercurrent to the fuel salt.
Baffles are incorporated to attain cross flow. The: coolant salt outlet
is through a pipe located at the center of the heat exchanger and running
its entire length. This heat exchanger, and all other heat exchangers
in this report, are in the conceptual design stage and subject to change
as more design work is done on the reactor. .

A heat exchanger of full MSBE size will be built and tested in
the ETU. The ETU is conceived of as an isothermal loop; nevertheless,
it will have  a large capacity for heating fluids. With this . heat source
available and with water in the system, we expect to measure reasonably
well the overall heat transt'er coefficient. This will characterize the
heat exchanger physically; that is, the combined effects of baffles, un-
conventional geometry, etc. The overall heat transfer conefficient can
then be extrapolated to a salt-salt system. While water is in the ETU,
the pressure drop through the heat exchanger will be measured. In
addition, the unit will be checked for fluid induced vibrations. As
many of the measurements as possible will be checked again with salt in
the system.

Because of the unconventional configuration of this heat exchanger,
various small models may have to be built to serve as a check of the
hydraulic and structural design. For instance,a relatively small plastic
model to run on water would be used to look at the adequacy of the flow
distribution produced by the coolant salt inlet volute. Also, because
of the complexity introduced by combining the pump with the heat ex-
changer, models may have to be built to measure thermally induced
stresses. :

.

v
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Blanket Salt Heat Exchanger

The purpose of this exchanger is to transfer heat from the blanket
salt to the ‘coolant salf. 'The MSBR exchangers each have a capacity
of 28 Mw. The MSBE would have a 5- to 8-Mw exchanger. They are similar
to the fuel salt heat exchangers and the same comments and program apply.

Steam Reheater

The function of this exchanger is to reheat steam from the high-
pressure turbine before it is admitted to the-intermediate pressure
turbine. The MSBR plant has eight reheaters, each rated at 36 Mw; the
MSBE would have a 12- to 18-Mw unit.! The réheaﬁer would be single pass
of steam and coolant salt with the steam in the tubes and the salt flowing
countercurrently through the disc- and—doughnut—baffled shell. Control
of the steam outlet temperature is obtained: by varying the salt flow.

Generally, this heat exchanger is conventional, and no fundamental
heat transfer problems are foreseéen. - Again, the overall heat transfer
coefficient. should be measﬁred in the ETU, poss1bly with -salt on the
shell side and 1ow—pressure superheated steam on the  tube 51de.

Reheat Steam Preheaters

The function of this heat exchanger is to preheat the high pressure
turbine exhaust to 650°F before it reaches the reheaters. This is
necessary to minimize the chances of freezing the coolant salt in the
reheaters. The heating fluid is steam at 3500 psia &nd.1000°F. The
exchanger is U-shaped containing a single pass of U tubes. Exhaust
steam from the high-pressure turbine makes a single pass through the
shell side; it is superhested throughout. .Throttle steam makes a single
pass through the tubes countercurrently, it is supercritical throughout.
The heat transfer coefficient on the tube side is. high compared to the
overall coefficient, so that even the boundary layer temperature 1is
fairly well above the critical point. No development work is planned for
this heat exchanger. - The unit for the MSBE will be designed with ample
capacity and the overall heat transfer coefficient will be measured
during the operation of the reactor.

‘Boiler—Superheater

The function of these heat ‘exchangers is to take heat from the coolant
salt and generate supercritical steam for the turbines. Each of 16
exchangers in the MSBR plant has a capac1tv of-121 Mw. Two exchangers
of about 60-Mw capacity each or one of 120 Mw capacity would be used in
the MSBE. Physically, the heat exchangers are U shell with a single pass
of U tubes. The shell side has.cross flow baffles with a variable pitch.
The pitch is greatest in the central portion of the exchanger where the
bulk fluid temperature difference is highest. Salt on the shell side and
supercritical water on the tube side flow countercurrently. This heat
exchanger is conventional except for the supercritical aspect of the
water. Cotlant salt is supplied through a throttling valve which permits
control of the outlet steam temperature.
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The choice of the supercritical steam cycle for the MSBR steam
generator was based on considerations of the high melting point of
the fuel and coolant salt, the large thermal stresses which are produced
in the tube wall during normal operation, and the higher thermal efficien-
cy which may be obtained with the supercritical cycle.

We prefer to operate the fuel and coolant salt system such that even
local freezing would not occur. The fuel salt, which freezes at about

850°F, will be kept from freezing in the fuel heat exchanger by maintaining

the temperature of the coolant salt above 850°F. and the coolant salt will
be kept from freezing by maintaining the feedwater temperature at about
700°F. Conventionally, a feedwater temperature of less than 575°F is used
but the higher temperature is possible with the supercritical system.
Also, by raising the feedwater temperature, the temperature gradient
across the tube wall is reduced to about 1/2 with a corresponding reduc-
tion in the thermal stress for normal operation.

Rapid thermal cycling of the tube wall which is produced by a rapid
oscillation of the steam-water interface in subcritical systems will be
greatly reduced by the virtual elimination of the phase change in going
through the critical temperature in the supercritical pressure system.

The thermal efficiency consideration is consistent with the trend
of the power industry toward the use of supercritical steam systems to
obtain the highest efficiency for the temperature. ©Since the high nickel
alloy is to be used to contain the coolant salt anyway, there will be
no additional penalty from the materials standpoint. The study of the
compatibility of Hastelloy N with supercritical steam will be done as a
part of the materials program. 12

Several investigations of heat transfer to supercritical water
have been reported in the literature. DNotably are two investigations,

one by Babcock and Wilcox (ref. 13) and the other by Westinghouse (ref.llh).

Both programs are quite extensive. The programs were carried out
independently and yielded practically identical heat transfer coefficient
correlations. As a result of this, we believe that extensive work
directed toward fundamentally measuring and correlating coefficients is
unwarranted at this time. Nevertheless, the technology of supercritical
heat transfer is relatively new and there are questions of corrosion,
scale deposits, thermal stresses, etc. and how these affect tube per-
formance. One of the most potentially serious unknowns concerns super-
critical heat transfer whistle. "Whistle" is a phenomenon much like the
more conventional boiling songs, but confined to supercritical systems.
Sometimes thils whistle is associated with extensive tube vibrations

and flow oscillations. Little is known about the cause and effect of
this phenomenon.

Two developmental programs are planned concerning supercritical
heat transfer. The first will be a rather fundamentally oriented study
in a small laboratory loop. One or possibly two supercritical steam
generating loops will be involved. This program is intended primarily
to look at whistle from a mechanistic point of view. Calculated heat
transfer coefficients will also be confirmed.
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The second program involves a larger two fluid (salt and water)
system, and can be thought of as a component development loop. This loop
will feature two or three full-sized tubes from the boiler superheater.
The tubes will ‘be operated at their rated heat load with circulating salt
on the shell side transferring heat to water in the tubes at supercritical
conditions. Some of the principal objectives of this loop are as
follows: ' ' _ '

1. 'To assure the.absence of supercritical whistle in & nearly
exact ‘duplicate of the bboiler superheater tubes and under
similar conditions. -

2. To confirm the overall heat transfer coefficient calculated
for the boiler superheater.

3. To gain experience in corrosion and scale buildup in a
once-through system of this type, and to observe the feed-

. water chemical contrdl necessary for acceptable results.
Additional information will be gotten on the compatibility
of Hastelloy N in steam, however, the major program for this
study is a part of the materials development program.

L. Ciréulating bubbles would be added to the salt loop to
see if any reductlon in overall. heat transfer coefficient
results.

5. As_Qne'of the final experiments, one of the supercritical
steam tubes would be intentionally ruptured to see if the
salt side pressure release system is adequate. This test
should yield valuable information on the effect of a
similar incident in the MSBE.

Figure 1 is a diagram-of.this loop.

The above program should provide an adequate demonstramion of the
heat transfer performance of the boiler superheater, even though it is
confined to two or -three tubes. The entire boiler superheater will
be tested isothermally in the ETU. As in the case of all other heat
exchangers, its pressure drop, fluid induced tube vibrations and
. overall heat transfer coeff1c1ent (salt to air-or low pressure steam)
will be measured.

Héat Transfer Enhancement

As a long-range goal, heat transfer enhancement may be a method
of reducing capital cost and fuel salt inventory. Particular reference
is made to a tube shape devised by C. G. Lawson (ref. 15). This tube
features a '"wavy" surface and is unique in that inside heat transfer
coefficients have been doubled in such a way that Colburn's analogy
holds. 'That is to say, the 1n51de heat transfer coefficient increases
in the samé proportlon as the fluid friction factor. A given enhanced
tube will transfer the same quantity of heat as a longer smooth tube
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if both have the same flow and pressure drop. Both tubes would require
the same pumping power. The tubes tested so far are of brass, and the
"waves" are spiral grooves produced by drawing the tubes through a
planetary swaging head containing four balls or needles. The indentions
left by the balls are the spiral grooves. Tests have been conducted only
with water. Tubes of this type should be useful in any heat exchanger

in the reactor system including the turbine condenser, but would be very
important in the fuel to coolant salt heat exchanger in providing a
significant decrease in the fuel inventory.

A stud& will be made of the use of the enhanced heat transfer in

the fuel heat exchanger and if the concept is compatible , then measure-
ments will be made using salt.in the special tubes.

PRESSURE RELIEF IN.COOLANT SYSTEM

One of the purposes of using an intermediate salt to separate the
fuel and steam systems is to prevent the high-pressure steam from lesking
into the highly radioactive fuel region and creating a gross rupture of
the low-pressure pipe or vessel walls. A pressure relief system is pro-
posed for the coolant salt side of the steam generator and reheater to
handle the total flow of steam resulting from the rupture of several
steam tubes without putting an excessive pressure on the heat exchangers.
There is no equivalent requirement in the MSRE.

This problem can be mostly solved by design studies and tests using
compressed gas and water. However, some tests may be required of the
" discharge of supercritical steam into coolant salt and the release of
steam and salt mixtures through rupture discs and blow-down lines.

DRAIN AND STORAGE TANKS

The drain and storage tank system provides for the safe storage of
the fuel, blanket, and coolant salts when they are not in the circulating
systems. In addition to maintaining the salts above the liquidus tem-
perature, there are provisions for removing the after-heat from the fuel
and blanket salts and for maintaining an inert cover gas overpressure to
prevent the inleakage of moisture and oxygen. A method for determining
the level of salt in the tank is also provided.

Drain Tank System for the MSRE

Four tanks are provided for storage of the salt mixtures when they
are not in use in the fuel- and coolant-salt circulating systems of the
MSRE. Two fuel-salt drain tanks and a flush-salt tank are connected to
the reactor by means of the fill and drain line which contains freeze
valves to control the salt flow. One drain tank is provided for the
coolant salt.
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A fuel drain tank is 50 in. in diameter by 86 in. high and has a
volume of about 80 ft3, sufficient to hold in a noncritical geometry
all the salt that can be contained in the fuel circulating system. The
tank is ‘provided with a cooling system capable of removing 100 kw-of
fission-product decay heat, the cooling being accomplished by boiling
water in 32 bayonet tubes that are inserted in thimbles in the tank.

The flush-salt tank is similar to the fuel-salt tank except that
it has no thimbles or cooling system. New flush salt is like fuel salt
but without fissile or fertile material. It is used to wash the fuel
circulating system before fuel is added and after fuel is drained, and
the only decay heating is by the small quantity of fission products
that it removes from the equipment.

The coolant-salt tank resembles the flush-salt tank, but it is
40 in. in Aiameter by TH in. high and the volume is S0 £t3.

The tanks are provided with devices to indicate high and low
liquid levels, with weigh cells to indicate the weight of the tanks and
their contents, and with thermocouples to indicate the temperatures at
several points on the tank surface.

These tanks are installed in insulated furnaces which are heated
with electrical resistance heaters. The experience with the electrically
heated furnaces in the MSRE has been very good. A test unit was brought
up to a temperature of 1200°F in 1963 and has operated essentially without
interruption for 25,600 hours. The failure of an electrical lead, which
occurred shortly after the startup, was traced to a poor weld at a
junction. This junction was redesigned to permit inspection and no
further trouble has been encountered from either the test unit or the
heaters in the drain tanks of the MSRE.

Another problem encountered with the MSRE drain tanks was the
startup of the steam cooling system. In the standby condition, the
bayonet tubes are at the drain tank temperature of greater than 1000°F.
To start the cooling system, water is allowed to run down the center-
most tube, cooling as it goes. There.is no method K in the present system
of reducing the thermal shock to the tube that results from this sudden
cooling. The tests run on MSRE prototype cooling tubes demonstrated
(1) that there was no significant hazard even if one of the tubes did
fail since it was easily detected, and (2) that there were sufficient
thermal cycles available before failure to operate through the expected
lite of the MSEE.

Drain Tank System for the MSBE

The fuel, blanket, and coolant systems will require separate drain
or storage areas. Because of critical mass considerations, the fuel
storage area will contain several tanks each of which will have a cooling
system that may be similar to the one in the MSRE drain tank system.
Although this cooling system would not be necessary if the fuel could be
held in the heat exchanger-fuel pump system for after heat decay, it would

I
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not be practical to delay a maintehance operation just for this purpose.
Therefore, the storage tank cooling system must have sufficient capacity
to take care of the heat existing shortly after reactor shutdown:

The blanket salt system does not have an automatic drain feature
in the circulating system but will have a drain tank system similar to
the fuel storage system. The amount of after-heat removal needed will
be considerably less than for the fuel system -but some provision must
be made. The coolant salt drain tank area will be separate from the fuel
blanket salt storage area to take advantage of the lower temperature
required for the coolant salt. The inventory for both the blanket and
coolant salt is large enough to require several tanks.

The design of the drain tank system for the MSBR has not been
carried far enough to give good definition to the development program.
If the MSRE drain tank system can be used, a new -method of start-up and:
operation must be developed. The major thermal shock in the MSRE cooling
system occurs when the water is first introduced into the centermost
‘tube thereby suddenly reducing the tube temperature from above 1000°F
to the operating temperature of about 212°. A more gentle startup could
be accomplished by repiping the system to permit the use of low pressure
steam initially,and then by reducing the steam quality a transition to
water could be made. .The use of water as the normal operating coolant
would permit the use of a storage system for emergency cooling.

If a different system is devised for the MSBR, some development
and testing, as yetuundéfined, will undoubtedly be required.. In any event,
the test stand used for the MSRE coolers will be reactivated or a new test.
stand will be built for this program.

Another area which must be investigated is the method.of maintain-
ing the drain tanks at'tempefatUre. ‘The system in the MSRE used a
furnace for each tanhk, removable heater-insulation packages for the
piping, and space coolers to remove thé heat which leaks through the
insulation, thereby maintaining ‘a low temperature in the drain cell.
One advantage of this arrangement is that it allowed much leeway in
the choice of materials and equipment that would be used in the cell.
The disadvantages are that a.failure of the space cooler in the-cell
would permit the cell temperature to rise excessively and that the
heater-insulation packages involve many intricate shapes which are
difficult to fabricate and maintain. The MSBE proposes to install the
tanks and piping in heategd cells, one cell for the fuel and blanket
drain tanks and one cell for the coolant salt tanks. In addition to
the cell wall, insulation and containment membrane, there are cell
heaters, vessel supports, instrumentation, and service line disconnects
all of which must be examined for compatibility with the high tempera-
ture environment. Many of these problems are common to those found in
the reactor cell. ' ’
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VALVES FOR MOLTEN SALTS

Means of controlling the flow of molten salt will be needed in all
of the systems of the MSBR. The requirements range from absolute shut-
off of the flow in the fill, drain, and transfer lines of the fuel,
blanket, and coolant systems to the throttling of the flow of the coolant
salt to the steam reheater and to the boiler-superheater. The coolant salt
flow will be normally lh,600 grm to the boiler superheaters and 2200 gpm
to the reheaters. The control scheme for operating the plant during
startup and other off design conditions has.not been firmly established,
but it is estimated that the throttling range may be down to about
20% of the full flow but in no case will it have to go to zero flow.
Methods of achieving these requirements include variable flow pumps,
mechanical throttling and cutoff valves, frozen salt cutoff valves, and
balanced pressure barometric legs %o provide and maintain flow interrup-
tion. A brief discussion of the status of these methods is given below.

Some development work was done on an emergency drain or dump valve
for use in the molten salt of the Aircraft Reactor Test. This valve con-
sisted of a spherical metal plug which fitted into a similar metal seat
to form a seal. The leakage permitted through this valve was less than
1l cc/hr. The positioning of the plug was accomplished by the movement
of a stem through a bellows seal. The guiding was done on the helium
gas side of the bellows. Among the accomplishments of this work was
the development of a method of attaching a Kenametal plug and seat to an
Inconel stem and valve body. One of the difficulties encountered was
the tendency of the valve to stick after an extended period in the closed
position. Although the valve tended to stick even after the Kenametal
was adopted, there were indications that the sticking then was due to
galling of the exterior guides. Unfortunately, this program was termi-
nated before it was completed and the question was not resolved. During
the tests in connection with this development, none of the valves would -
consistently leak less” than”10: cc/hr, - although some of them did approach
this.

Valves for use with liquid metal systems have been developed and
successfully demonstrated. One feature of these valves which prevents
thelr being adopted directly for use with molten salt is the frozen
metal shaft seal. Static seals using frozen molten salts have been used
with freeze flanges, access ports, and freeze valves, however, the glass-
like character of the frozen salt makes its use in a dynamic seal
doubtful.

An alternate to the mechanical throttling valve for controlling salt
flow would be to provide variable flow salt pumps, one for the steam
reheater, and a second for the boiler-superheater. While it appears
that such a scheme is feasible, there are other considerations which
make the use of a mechanical valve more attractive for controlling the
salt flow to the steam reheater, and a- variable flow pump for circulat-
ing the coolant salt.
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An alternative to the mechanical cutoff valve is a freeze valve.
Freeze valves for use in 1-1/2 in. pipes were developed for use in the
MSRE and, except for a possible limitation on the expected life because
of the stress produced in thermal cycling during the freeze-thaw opera-
tion, these valves have performed well and should be adaptable for use
in the MSBR. The thermal cycling problem will have to be studied.
Briefly, the valve consists of a flattened section of pipe, cooled at
the center by an insulated air stream, and a heated furnace which
encloses the entire valve. This arrangement controls the manner in
which the salt freezes and thaws so as to prevent.damage resulting from
trapped liquid expansion during the thaw. Modes of operation possible
for these valves include: (1) open, (2) closed but ready to open on a
power failure, (3) closed and.to remain closed on a power failure, and
(L) closed but ready to open rapidly (less than 15 minutes) on demand.
The time required to freeze a valve varies from 5 to 30 minutes depending
on the starting temperature and the time required to thaw varies from
less than 15 minutes up to several hours depending on the mode of
operation at the time of the demand.

Another method of controlling the flow is the use of the balanced
pressure barometric leg to provide anid maintain the flow interruption
except when a controlled transfer is needed. Briefly, the flow is
controlled by differential gas pressures between the source and the
receiver and the quantity transferred is limited by the volumes available
to the transfer lines. This system is particularly attractive for use
in eliminating the thermal stress associated with freeze valves where
transfers are very frequent but involve only a small quantity of salt:
~ 1n each. transfer.

The development program initially will consist of a design study to
determine more exactly the requirement of the system for flow control.
A mechanical throttle valve for use in-high flow streams will be
designed and tested in connection with one of the salt pump loops. A
mechanical valve for the shutoff of small flows will be designed and
studied for possible use in transfer lines. The development of the
valve operator will be a part of this program. A study will be made of
the fill, drain, and transfer flow rate requirements to determine the
size of valves needed and the gppropriate. freeze valve will be designed
and tested. Finally, a Study will be made of the use of balanced’
pressure method of flow control to determine the limitations and if the
problems are reasonable, a system for controlled transfer will be
developed for process systems. '

SALT SAMPLERS

The salt sampler consists of a mechanism for lowering a capsule
into a free surface of the salt from which the sample is to be taken.
Since the sample capsule must pass through both the primary and secon-
dary containment boundaries; it is necessary that suitable valves,
access ports, and transport mechanisms be provided to prevent the
accidental release of activity. In addition, it is necessary that a
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high level of reliability of the mechanisms involved be established,
and that a reliable maintenance scheme be devised to replace all com-
ponents of the sampler system with a minimum delay.

The sampler in the MSRE contains three primary seal closures
through which the sample 1s transferred in sequence. The first closure
consists of two gate valves with helium buffer and leak detectors
at the valve seats. This closure isolates the sampler from the tank
that is being sampled except when the sample is actually being withdrawn.
These valves are replaceable but require that the reactor be shut down
during replacement.

The second closure consists of a single door with a helium buffered
and leak detected seal. This door provides access to the capsule
lowering mechanism and is opened only after the first closure is closed
and sealed. The sample capsule is inserted and removed through this
door with a hand-operated mechanical manipulator.

The third closure is a ball valve with a helium buffered and leak
detected seal. A cylindrical transport container is lowered through this
valve, the sampler installed, and the sealed container is removed into s
shielded carrier.

The capsule lowering mechanism, which is between the first and
second closures, consists of several electrically operated components
including a motor and a cable drum with cable and capsule latch.

In general,the sampler system has operatedsatisfactorily through
the removal of 239 samples and the insertion of 96 enriching capsules.
The only difficulty with the system, which required complete shutting
down of the reactor to repair, occurred when an electrical connection
on the innermost closure opened due to a shorted connector. This
equipment was designed to insure that ‘it could be maintained but with no
strong emphasis on speed of maintenance. Approximately one week was
required to disassemble, repair, and replace the faulty item, under
conditions of medium radioactive contamination (60 R/hr at surface of
the component).

A more objcctive approach is needed for the maintenance of the
sampler for the MSBE. First, it should not be necessary to shut down
the reactor to repair the sampler. Secondly, the time required to
repair any portion of the sampler system should be less than the required
sampling interval. With the experience gained from the MSRE sampler as
a guide, the entire sampler design will be reviewed for changes which
will improve the maintainability,éand the success of these changes will
be demonstrated in a prototype sampler to be used on the ETU.

One simplifying feature of the MSBE is that the sampling need not
be carried out in the reactor cell. Since a portion of the fuel and
blanket stream will be bypassed continuously to the chemical process
plant, the sampling station might be installed in a cell adjacent to the
analytical facility such that the salt coming from the reactor to the
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process plant and from the process plant back to the reactor could be
analyzed for material control and inventory purposes. Development needed
is to enable one sampler to serve several stages in the chemical process
plant.

GAS SYSTEM

The design of the MSBR- gas system will be baséd in part on experience
gained from previous liquid fuel reactors, the ART, thé HRT, and the MSRE,
and in part on design criteria peculiar to the MSBR.

As in the MSRE, the MSBR-gas system will:

i. Strip xenon-135 from the fuei éystem.

2. Dispose.of radioactive fission gases and.daughters.
3: Protect thé salt from oxidizing atmospheres.

L. Pro%ri_'d‘e moﬁive power for salt transfer.

5. TFurnish miscellaneocus services such as purging, venting,
and leak detection. .

Compared with the MSRE, the MSBR cover gas supply system will have
a larger capacity:'and will utilize helium recycled from the offgas
system. The MSBR offgas system plans or contemplates the following
features which were not a part of the MSRE system.

1. Rapid stripping of xenon-135 from the fuel system
by injecting helium at the heat exchanger inlet
and removing xenon-enriched helium by means of a.
gas separator downstream of- the heat -exchanger. The
helium from the separator will be returned to the
fuel stream after passing through a holdup system
designed ‘to reduce the concentratlon of Xe-135 by a
factor of hO

2. Removal of Kr-85 and tritium from the charcoal bed
effluent, with collection, recompression and reuse of
the helium, and concentration and storage of the Kr-85
and tritium. '

MSRE Cover and Offgas Systems

A detailed descrlptlon of the MSRE cover and offgas system may be
found -in the MSRE Design and Operations Report Only a brief:descrip-
tlon will be presented here.
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A helium cover-gas system protects the oxygen-sensitive fuel
from contact with air and moisture. Commercial helium is supplied in
a tank truck and is passed through a purification system to reduce the
oxygen and water content below 1 ppm before it is admitted to the
reactor systems. A flow of 200 ft3/day (STP) is passed continuously
through the fuel pump bowl to transport the fission product gases to
activated charcoal adsorber beds. The radiocactive xenon is retained
on the charcoal for a minimum of 90 days, and the krypton for T7-1/2
days, which is suff1c1ent for all but the 85Kr to decay to insignifi-
cant levels. The 85%Kr is maintained well within tolerance, the
effluent gas being diluted with 21,000 cfm of air, filtered, monitored,
and dispersed from a 3-ft-diam by 100 ft high stack. Some tritium is
also produced in the reactor. Its behavior has not been studied but
we assume that it too is discharged to the atmosphere. The quantity
produced is such that the concentration in the air does not exceed AEC
limits.

As described in the section on pump development, the MSRE pump
also contains an arrangement for spraying the salt into the gas space
of the pump in fine streams such that the gas is permitted to separate
from the salt. Experiments conducted on this arrangement in a smell
test loop indicated that the efficiency of this separation would be
less than 15%, probably due to the extremely short contacting time
available in the gas space. The experience gained in the MSRE has
indicated that the apparent efficiency may be as high as 75%. It is
believed that the apparent higher separation efficiency is the result
of a small volume fraction of gas bubbles circulating in the salt. On
the average these bubbles make 20 trips around the fuel loop and then
pass through the spray ring into the pump bowl where they can separate
fr¥om the salt. The xenon concentration in the bubbles should be in
equilibrium with the concentration of xenon dissolved in the salt.
Since the solubility in salt is very low, most of the xenon will he
in thé bubbles. This type of bubble-liquid contactor is proposed for
use in the MSBR except that a hubhle w1ll not reoide in the loop for
more than 1 circuit.

The cover gas system . is also used to pressurize the drain tanks %o
move molten salts into the fuel and coolant circulating systems. Gas
from these operations is passed through charcoal beds and filters before
it is discharged through the offgas stack. :

MSRE Gas System Performance

Performance of the cover gas supply and distribution system has
been satisfactory. Buildup of oxide in the fuel salt during
v10,000 hours of operation has been negligible, indicating that the
purity of the helium gas has been adequate. The helium purifier
system, the pressure and flow controls, and the leak detector system
have offered no mechanical problems.

Minor difficulties have been experienced as follows:
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‘Gas purification - the indicatéd moisture content of
~the purified gas has varied from less than the 1 ppm

control point to - 'as high as 10 ppm. It is not known
if the variation is real or perhaps is a systematic
error in the analytical instrument. Some development
work is under way to evaluate this problem for the
MSRE.

Back diffusion - pressure variations. in the drain
tanks caused back diffusion of activity into the
helium supply line with resultant high radiation
level in the adjacent work area. The situation was
corrected.by providing a small, continuous. purge
of clean gas through the lines.

Rupture discs - the supply line rupture disc (protects
salt vessels from excess pressure) failed several
times during the pre-nuclear operating period. The
trouble was ascribed to the lower ratio of rupture to
operating pressures, and the problem was corrected by
reducing the header operating pressure.

. Delay tests were run on the MSRE charcoal beds during the pre-
nuclear period. The krypton delay time was found to agree with the
predicted value within acceptable limits. This fact, coupled with
experience during MSRE power operation, indicates that the basic
technology of charcoal bed design is adequate.

system:

' 1.

The following difficulties were experignced with the MSRE offgas

Foreign matter; which resulted from inleakage of oil’
from the fuel pump lubricating system, caused plugging
of control valves, flow restrictors, and filters. The
resulting loss of control of pump bowl over-pressure
and off-gas flow caused several interruptions in reactor
operations. The problem is being corrected by modifi-
cations in fuel pump design and by the use of filters
of improved design. The investigation of this

problem yielded valuable experience in the design of
filters for radioactive gases (e.g., the importance

of adequate heat transfer), and in the hot cell
examination of components. The work also served to
emphasize the potential problem of salt-mist carryover

-in the offgas.

A flow restriction resulted in the drain tank vent
header when the poppet in an in-line relief valve
became disengaged from the valve body and became
lodged in the piping at the inlet to the auxiliary
charcoal bed.
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3. Control valves, which operated in the very low flow
of 4 liters/min of dry helium, tended to gall in the
sliding surfaces between the valve plug and the valve
seat. This problem has becn reduced by using dif-
ferent materials and by opening the clearances between
the plug and seat.

4. Intermittent plugging occurred at the inlet to the main
charcoal beds. This trouble, which has persisted
throughout the power operation, was at first relieved
periodically by blowing back from the charcoal bed
into the holdup volume. As a result of hot cell
examination of offgas system components, the difficulty
was ascribed to accumuations of polymerized organic
solids. In recent months the rate of plugging has been
appreciably lower, possibly due to the improved filters
mentioned in 1. above, and restrictions, when exces sive,
have been cleared by heating the charcoal bed inlet
lines to about 800°F.

MSBR Offgac System

The offgas system p¥oposed for the MSBR is shown schematically
on Figure 2. The fuel.
flows from the gas separator and from the pump bowl vapor space. The
pump bowl effluent 1s'a ‘collection of miscellaneous purge gases from -
places such as thg,pump shaft annulus and the level indicator instrument
bubblers. The two offgas streams combine at the cyclone separator where
entrained salt is removed. The offgas stream then combines with similar
streams from the other three reactor modules,* and the total offgas
stream passes through the 48-hr holdup system where the gas is filtered
to remove solid daughter products and the xenon-135 concentration is
reduced by radioactive decay to about 2-1/2% of its initial value. At
the outlet of the U48-hr holdup system, the offgas is split into two
streams. One, comprising about 96% of the total flow, is returned to
the fuel system at the fuel pump suction line by means of a gas injec-
tion system. The injection rate is calculated to maintain the volume
fraction of gas  at the point of injection equal to 1% of the fuel flow.
This value for the circulating void fraction is tentative, however,
pending results of development studies to be made on the diffusion rate
of xenon from the salt to the circulating bubbles.

The balance of the fuel system offgas flow is combined with blanket
pump offgas from the four modules and the combined stream passes in order
through long delay charcoal beds, a tritium removal system and a
krypton-85 trapping system, and is then recompressed and returned to the
purge gas supply system. '

#The term module is used interchangeably in this discussion to represent
one heat exchanger and pump circuit in the 1000 Mw(e).MSBR of reference
design or one complete reactor system in a 1000 Mw(e) MSBR plant contain-
ing four reactors of modular designs.
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Thus, the offgas system consists of two recirculating loops, one a
high flow system for rapid removal of xenon-135 from the reactor fuel

stream, and the other a low flow system for removal of long-lived activity

and recovery of helium. Current estimates of the various flow rates are
as follows:

Flow Rate, scfm Helium
One Module Four Modules

Input to Fuel Sysfem

Stripper Gas 6.5 26
Miscellaneous Purge ‘ 0.25 1
Total Input 6.75 27

Effluent from Fuel System

Gas Separator 6.5 26
Miscellanegus FPurge . 0.25 1
Total Effluent ‘ 6.75 27
Throughput for 48 hr Holdup System ——— 27
Stripper Gas Recycle ' 6.5 26
Throughput for Blanket System 0.25 1
Throughput for Long Delay Charcoal Bed ---- 2
Throughput for Tritium and Krypton ——— 2

Removal System

Clean Helium Recycle ' —— 2

The anticipated temperature and pressure levels at various points in

the system are tabulated on Figure 2.

In addition to the main offgas system, provision is made for handling

the following gas streams:

1.

Intermittent ventihg of large volumes of helium from the

fuel blanket and coolant system drain tanks.

A continuous flow of abdut.O.B scfm of helium from the
coolant pumps. This stream will contain some short
lived, induccd activity plus a high partial pressure
ot BF3. '

A more~or-less continuous low flow offgas stream con-
taining gaseous fission product activity from the chemical
processing plant.




37

These gases are pretreated to remove undesirable contaminants such
as BF3 and fluorine and then directed through a high flow, auxiliary
charcoal bed. Depending on the outcome of future feasibility studies,
the effluent from the auxiliary.charcoal bed may be diluted with air
from the building ventilation system and discharged to the atmosphere
through an iodine trap and absolute filter system, or it may be purified,
recompressed and returned to the helium supply header. The present flow
sheet shows this material as being vented to the stack. :

MSBE Offgas System

The MSBE offgas system will be a scale model of the proposed MSBR
system and as such will serve as.a final proving ground to check the
adequacy of the individual components and of the integrated system.

Since the fuel flow rate in the MSBE is about L40% of the flow in -one MSBR
‘module, components common to each module, such as the gas separator and
the gas injector, will be about 2/5 MSBR scale. The scale of the other
components will vary .from 1/4 to '1/10 as shown on Table 3.

Taﬁle 3. "MBBE Offgas System Scaling Factors

.S stem Flow Rate MSBE
y MSBR  MSBE Scale
Fuel, gpm : 11,000* L4400 - 2/5
Gas injection & stripping, scfm " 6.5% 2.6 2/5
Cyclone separator: ]

Gas, scfm : 6.5% 2.6. 2/5
Salt, gpm 50# 20 2/5
48-hr holdup system, scf v 2T 2.85 1/10
Biologicel charcoal beds, scfm 2 0.5 1/k
Kr-85 trapping system, scfm 2 0.5 1/4
Helium compressor, scfm 3 0.75 1/4

*Per reactor module.

Development Program

Gas system components which require development are the gas separa-

tor, the calt powered gas injector, the cyclone separator, the filter
system for fission products, the gas compressor, the 85Ky stripping
system, the tritium removal system and the gas sampler.
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Gas Separator

The gas separator will be located in the fuel pipe between the heat
exchanger outlet and the reactor inlet. 1In this region the reactor inlet
line surrounds, and is concentric with, the reactor outlet line, forming
an annular duct. The separator for the MSBR will consist of about
15 identical vortex bubble separestor units of the same diameter as the
annulus width and distributed about the annulus as shown in Figure 3.

The separator for the MSBE will use the full-scale MSBR separator unit,
but only six of the vortex units will be required because of the lower
salt flow rate.

For the MSBR, each individual unit -should have the capability of re-
moving all bubbles larger than 0.01 in. diam and the capacity to acparate
0.44 sefm of gas from a flow of 750 gpm of salt. The gas takeoff lines
will be connected to a common header leading to the cyclonc separator.
About 50 gpm of salt, equal to about 4O% of the total volume flow will
be discharged to the cyclone separator along with the gas.

A considerable amount of theoretical and experimental work was done
in connection_with_ the gas separation problem in the agueous homogeneous
reactors.16-17,18,19 The program will inelude (1) application of
those results to the design of a full-scale unit, and (2) proof testing
of a prototype unit in water and salt loops.

Mass Transfer to Circulating Bubbles

One of the uncertainties in estimating the efficiency of the proposed

system for removing 135%e and all other noble gases from the system is
the rate of mass transfer from the fuel salt to the circulating bubbles.
This rate is intimately associated with the mass transfer coefficient to
the bubbles. Only a moderate amount of information on this mechanism

is available from the literature and generally it is not directly appli-
cable. A program involving a water loop and some relatively insoluble
gas (perhaps oxygen) will be used to measure the mass transfer coefficient
to small bubbles circulating in a turbulent stream. This information
will then be extrapolated to the fuel salt-helium buhble system by maes
transfer analogy. It is hoped to be able to confirm these results in the
gas system test loop and the engineering test unit.

Salt-Powered Injector

The Xe-135 stripping system requires injection of helium into the
fuel stream at the heat exchanger inlet. The required gas flow is about
6.5 scfm. The available gas head, which is the pressure at the outlet
of the 48-hr holdup system, is about 2 psig. The static pressure of
the salt at the point of injection is about 9 psig. We believe that the
gas injection can be effected by utilizing the energy in the salt stream.
The device might be either a commercial, liquid powered gas injector or
a full-flow venturi section. As a backup, the possibility of using a

mechanical compressor will also be investigated. The program will include

small-scale tests to evaluate the alternates, followed by construction
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and testing of an MSBE prototype unit. The main problems will be to
demonstrate (1) ability to perform at the prescribed MSBE design con-
ditions, (2) compatibility with the overall gas handling system, (3)
adequate service life and (L) replaceability.

Cyclone Separator

A cyclone separator is provided to remove salt which is entrained
by the gas coming from the gas separator. The underflow is returned to
the fuel stream by way of the pump bowl. The design of the unit will
be based on existing technology, but this work will be deferred pending
development of data on the operating characteristics of the gas separator.
The program will consist merely of proof-testing the final design.

Salt-Mist Removal

Of'fgas system components must be protecteéd trom £alt mist. A program
will be required to determine the nature and severity of the salt-mist
problem, and to develop a satisfactory entrainment separation system.
Tests will be conducted in a loop incorporating flow of fuel and offgas
at design conditions. The program will include (1) characterization of
offgas contaminants and (2) proof-testing of various possible mist
trapping devices. The MSBR mlst trap will be located at the outlet of
the cyclone scparator

The problem with the entrainment of a salt mist in the gas lines
of the MSRE was first encountered in one of the offgas lines coming
from the pump bowl. The gas flows from the pump bowl at about U4 liters/
min and travels through a holdup volume of 170 liters before entering a
filter and valve assembly. It was found that very fine particles of
salt were carrying through the holdup volume, going through the filter
and depositing in the opening of the valve ultimately causing a flow
stoppage. Since the quantity of salt was very small and did not seem
to present other problems, the difficulty was solved by changing the
pore size of the filter from 25 y to one closer to 10 p. At the same
time tests were initiated to characterize the particles coming from
the bowl of a similar pump being operated in a test loop. It was found
that the particles were formed as a mist of the circulating salt and
were not the result of condensation of a salt vapor. The proposed

solution to this problem, which is to be tested for use in the MSRE replace-

ment pump, is to install a heated metallic filter element in the pump bowl
such that any salt caught on the filter will run back into the pump

bowl. The MSBE could potentially have a more severe problem Since the

gas leaves the pump bowl at about 30 times the rate for the MSKE. A
similar solution is proposed for the MSBE but it must be tested at

the higher gas flow. .
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Fission Product Eilter

At a power level-of 2200 Mw thermal, fission products will be pro-
duced at a rate of about 0.1 y gm-moles/day, where y is the yield in
per cent. Since yields of kryptons and xenhons range up to 6.5%, the total
production of xenon and krypton will be on the order of several hundred
grams per day (see Table 4 ). ‘Except for Kr-85, essentially 100% of the
radioactive kryptons and xenons will decay to solid daughter products
which will deposit in the reactor system or at some point in the offgas
system. The location and rate of deposition will be a function of the
decay constant and the local flow rate and geometry. In the MSBR, a
filter system is required. upstream of the 48-hr charcoal beds to remove
solid daughters from the offgas stream. The purpose is to minimize the
deposition of solids in undesired places, such as on valve trim, and to
minimize the carry-over of solids into the charcoal beds. The equivalent
system for the MSBE will be designed utilizing experience gained in the
design and operation of filters for the MSRE offgas system. The prime con-
siderations are (1) adequate heat dissipation, (2) adequate service life
and (3) ease of repair or replacement.

<Table 14

Productlon of Gaseous Fission Products in MSBR#*
Power Level - 2200 Mwt

Isqtopé, i ,1 (tl/2)i_ o Yi gms /day
Kr 87 , 78 m 2.7 23.
Kr 88 - . 2.77 hr 3.7 33
Kr 89 A 3.18 m’ L.6 41
Kr 90 33 s 5.2 L7
Kr 91 - 9.8 s 3.7 3k
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Xe 133 5.27 4 6.5 86
Xe 135 "9.13 hr 6.2 83
Xe 137 3.9 m 5.9 81
Xe 138 . 1T m 5.5 76
Xe 139 41 s 4.7 65
'Xe 1ko 16 s 3.7 52
Ly3

Total Kr and Xe ‘ 621

#Kr-85 and short lived (t 1/2 < 5 secs) are not shown.
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Kr-85 and Tritium Removal System

At a power of 2200 Mw thermal, the MSBR will produce an estimated
2000 curies/day of Kr-85 (10.27 yr half-life) and 2800 curies/day of
tritium (12.26 yr half-life). About 25% of the tritium will be produced
in the blanket. Since there is no information available at present
which would indicate an alternate fate for the tritium, it is assumed
that it, as well as the Kr-85, will pass essentially undecayed through
the charcoal bed retention system. A cleanup system will be provided
which will reduce the Kr-85 and tritium to a level which will permit
helium to be.returned to the purge gas system or vented to the stack.
The current concept of the cleanup system provides for a series operation
wherein the helium will pass first through a tritium removal station and
then through a cryogenic absorber to remove Kr-85. The Kr-85 system will
be of the regenerative type, with periodic transfer of the stripped
material to storage cylingers.

The development program will include:

1l. An evaluation of possible methods of tritium removal followed
by mockup and testing of selected units. Two systems are currently under
consideration: (1) an oxidizer, such as hot CuO, followed by a chemical
trap to remove the SHy0 and (2) a chemical reactor which will bind the
tritium in the form of a hydride.

2. Mockup and testing of the Kr-85 removal system.

It is planned to use the MSRE offgas system as a test station for
this work.

Gas Compressor

The helium eft'luent from the Kr-85 trapping system will be recycled
to the purge gas leuder. A compressor will be required to recompress
the gas to about 30 psig in order to permit adequate flow control to
the various purge and bubbler lines. Operating conditions for the MSBR
are: flow - 3 scfm, inlet pressure - 0 psig, discharge pressure - 30
psig. One. of the main problems will be to provide a system which will
not add contaminants to the gas. It is anticipated that requirements
will be met by a commerciallyv-availahle diaphragm comprescor. The pro-
gram will include (1) a survey and paper evaluation of commercial units
and (2) proof-testing of selected units both on test stand and as part
of the integrated gas system.

Gas Sampler

Control or check samples will be required from the recirculating
gas and the main offgas stream. Analyses of these gas samples will be
used to provide additional information about the chemistry of molten-
salt reactors. The major problem will be to develop and proof-test
adequate sampling techniques. The offgas sample unit currently being
installed at the MSRE will provide the basic technology for this work.
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MSBE Gas System Test Loop

It will be necessary to.demonstrate the adequacy and reliability of
the xenon stripping and offgas system components when operating as an
integrated system. Such a demonstration can best be made by means of a
test system incorporating a salt circulating loop with suitable connec-
tions for the various gas circulating loops. Figure L. shows a schematic
diagram of the proposed loop layout. Provisions are made for:

1. Gas injection and separation.
2. Salt powered gas circulation.
3. Recompression-recycle system.

The salt loop contains an extra test section for materials testing
and. a tank to simulate reactor holdup. The gas system contains test
sections for component test or component simulation. The salt flow rate
will be 1000 gpm. '

This loop will also be used to evaluate the performance of scale
models of the components. The net mass transport of the gas to the
entrained bubbles injected into the salt will be determined and the
efficiency for removal of the bubbles by the separator will be measured.
The use of the salt driven exhauster as a prime mover for the gas
recirculation system will be demonstrated as will the effect of the gas
injection system on the stability of the liquid level, the stability
of the gas recirculation, and the xenon removal rate. In short, this
test loop will serve to proof test the concept.

CELL FURNACE AND SHIELDING

The cell containing the fuel and blanket salts is to be maintained
above the liquidus temperature of both salts (about 1040°F). The cells
containing coolant salt only -are to be operated above the liguidus
temperature of the coolant (about TOO°F). However, there are times when
the coolant cell must also operate above' 1040°F-so the furnace will be
designed for 1150°F. The cell temperatures are to be maintained by
radiant heating surfaces. Thermal insulation and cooling will be applied
as required to protect concrete, equipment supports, instrumentation, etc.

The concept of maintaining the entire cell at the elevated tempera-
ture differs from the method used in previous molten salt work. The
closest approach to the proposed method is in the thermal-shield reactor-
furnace arrangement in the MSRE. Here the reactor is installed in a
water-cooled thermal shield that has thermal insulation on the inner
surfaces. The heat for the furnace is supplied by electrical heaters
which are inserted through the top of the furnace. The cooling system
in the thermal shield removes the heat deposited by the nuclear source
and also the heat that leaks through the thermal insulation. This
system has operated satisfactorily except for the mindér problem of
keeping radiolytic gas from accumulating in some parts of the thermal
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shield. This problem was at least partially solved by installing an
additional circulating pump to increase the flow through the water
passages and by making provisions for the removal of the entrained gas.

One basic problem which evolves from this system results from the
necessity of using water as the heat removal medium. The maximum credible
accident for the MSRE involves the intimate mixing of salt leaking from
the fuel system into water leaking from the thermal shield system. Steam
is generated and this produces a.high pressure in the reactor cell.

In the MSRE, a pressure gippression system is used to limit the pressure
and to contain the fission products should such an accident occur.

Studies will be made of designs of furnace ard shield combinations
for the MSBE with the objective of eliminating the possibility of mixing
of salt and water.

The heat for thése cells might be supplied by gas or oil burners
mounted outside the cell but with the hot gases passing through the
cell in radiating fin tubes or eléctrical heaters mounted in re-entrant
tubes in the cell, The selected method and the proposed design will
require testing. . = °°

The arrangement for cooling the supports for the reactor vessel
must be tested. The effect of temperature changes in the supports on
the vessel alignment must be examined under the conditions expected
during the system startup and during a failure of the support cooling
system. .

Some smali scale mockups will be built to give aid in design

arrangement and evaluation. The final checkout of the system will be
done in the ETU.

STEAM .SYSTEM

The steam conditions in the MSBR steam cycle are almost identical
to those in the Bull Run Plant of the TVA except that a reheat steam-
preheater, a mixing tee on the feedwater line, and a feedwater pressure-
booster pump have been added. The technology involved in these three
components is such that the design and ‘construction should be straight-
forward. These units will be specified in sufficient detail so that
they can be designed and fabricated by an experienced manufacturer.
While some testing would be done by the manufacturer, the final testing
for performance and serviceability could be done. elsewhere, perhaps at
the Bull Run Plant. Preliminary inquiries to vendors have been met
with sufficient interest and confidence to indicate that this approach
to the procurement problem is a reasonable one.
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TURBINE GENERATOR

A 60 Mwe turbine-generator is smaller than is normally supplied by
the major manufacturers for a 3500 psi-1000°F - 1000°F reheat cycle.
Here too, a preliminary inquiry indicated that such a unit is technically
feasible and could be made, however, interstage leakage in the small
high pressure end would reduce the efficiency. The cost for this small
supercritical pressure unit would run from 10% to 25% more than for a
comparable unit at a lower, more conventional pressure. It is desirable
to produce supercritical steam in order to reduce some of the thermal
stress problems in the steam generator. A study will be required to .
decide whether to use a supercritical turbine or to throttle the steam
to lower pressure and use the more conventional unit.

In summary, it appears that the steam system can be tailored to fit
the MSBE requirements and that no extensive development is necessary to
produce the equipment or to insure that it meets the program require-
ments.

ENGINEERING TEST UNIT

5

The final demonstration of the components and systems for the MSBE

will be done in a full scale engineering test unit modeled after the reactor.

The components for this model are to be exactly the same as those intended
for use in the MSBE and in fact some of these units, after demonstrating

a satisfactory performance in the ETU, might serve as spare parts for the
resctor experiment. It is expected the experience gained in building

and operating the ETU will considerably shorten the startup time for

the MSBE.

The primary purposes for the Engineering Test Unit are three:

1. It will provide an integrated test at full temperatures, pressures,
and flows, but in an unradioactivg'environment of the reactor fuel,
blanket, and coolant systems; the“fuel and blanket processing systems;
and their major auxiliaries. '

2. The equipment will be the first manufactured of Hastelloy N by
commercial fabriecators. This will provide an opportunity tn qualify
the manufacturers to build reactor equipment and the modified Hastelloy N
as a structural material. The same manufarturers will make & second
group of components for the MSBE, and they should be of superior quality.

3. It will provide a plant for thoroughly training the operations
and maintenance staff and for thoroughly testing the maintenance equip-
ment and procedures before the startup of the MSBE.
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The design of the ETU will be based on the MSBE flowsheet shown
in Figure 5. The test unit will be complete through the boiler-super-

heater and the steam reheater but will not include the supercritical steam
system. It will include those parts of the offgas system that are required

to inject gas into the circulating fuel stream, remove gas from the fuel
stream, and separate entrainment from the gas before it goes to the
carbon beds. The fuel salt, blanket salt, and coolant salt drain tank
system will be included.

A pilot plant will be provided for processing the fuel and blanket
salts. How complete that plant will be has not been decided. The
equipment to be used for effecting transfers between the reactor and the
processing plant will certainly be included. We also expect to provide
equipment for fluorinating, distilling, and reconstituting the salts but
have not yet fully decided whether this is fully necessary.

We plan to install the FTU in an existing building, probably in
the Y-12 area. This will involve removing existing equipment and
floors, installing the cell liners and cooling system, insulation, vessel
supports, and coolers, cell heaters and representative sections of water-
cooled concrete shielding. The method of penetrating the furnace-
containment wall will be used in representative locations such as salt
piping, instrument lines, and gas supply and vent lines.

The program will use the designs and drawings prepared for the
reactor and will prepare only those additional designs necessary to
adapt the reactor to the experimental installations. Much of the
vendor's development and testing of fabrication methods will be done
in building components for the ETU.

The systems will operate isothermally during most of their experi-
mental life although it is planned that some representative temperature
differences across components may be generated by greatly reducing
the salt flow and throttling small quantities of steam out of the steam
generators. In addition, some thermal transients will be produced to
help in developing a startup procedure which will minimize the thermal
shock to the system.

As outlined in the program on heat transfer equipment, it is
planned that initially the individual salt loops will be operated with

water so that the hydraulic characteristics of the loops may be evaluated.

Since there will be considerable heat input capacity available to the
loops, it is planned that some heat transfer data will be obtained
during the period of operation with water.

Another area, in which some preliminary experience will be gained,
is the control of the coolant salt flow through the two steam generators
and reheater to help adjust the system for carrying reduced power loads.
As described in the design proposal, this will be done by varying the
coolant pump speed and the position of the valwe which controls the salt
flow to the reheater.

-
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The adequacy of the reactor and component support system will be
evaluated during thermal startup. The stresses at critical vessel
nozzles and penetrations will be measured with the system at reduced
temperature by reproducing strains measured during thermal startup.

While the purpose of the ETU will be to evaluate as many of the
components and systems as are ready at the time the unit is scheduled
to startup, it is anticipated that some expedients will be necessary to
meet the startup- date. Such things as direct access maintenance will
be used initially with demonstration of the remote technique developed
for radiocactive systems to be made at a later date. Where available,
representative reactor-grade instrumentation will be used, however, if
the actual instrument is not ready, some substitute measure will be
taken with provision made to install the reactor grade equipment later.

The operation of the ETU will be continuous during the testing
period with molten salts. During this time the plant will be staffed
largely by operators and engineers in training for assignment to the
MSBE. This will provide a well trained staff for the startup of the
breeder experiment.

SCHEDULE AND COST

The schedule and costs are shown on Table 5 and were estimated
on the basis that the program begins with FY 1968 and that the ETU and
MSBE installations should be completed by the end of FY 1971 and
FY 1974, respectively. The main effort of the development program is
centered on building components of MSBE size, assembling them into
systems and testing them in the Engineering Test Unit.



Table E&.

Cost Summary - Component and System Development

($ thousands) FY
68 69 70 T1 72 73 7 75 Totals
Coré flow tests 100 150 150 150 100 50 700
Control rod tests 100 - 250 150 100 80 80 80 40 880
Pumps €00 1400 600. 350 280 200 150 150 3730
Heat transfer studies 100 400 100 100 80 - - - 780
Steam system vendor tests -60 30 50 : 1ko
Salt samples 100 150 120 100 =0 50 50 620
Cell furnace 126 100 100 .00 50 0 50 50 620
Drain tank and storage 50 80 50 50 230
tank cooler
Salt valves 30 200 150 100 50 =0 - 20 20 670
Gas system 130 400 200 150 100 © 1C0 50 50 1180
ETU Saown separately in Summary CF 66-7-39
Totals 1230 3140 1270 840 560 400 . 360 9550

:1680:

0%
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