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% 

The Homogeneous Reactor Experiment No. 2 (HRE-2) was designed, constructed, and operated 
at Oak Ridge National Laboratory during the period 1956-1961, at which time the program was 
terminated. Although the design detai ls  of the reactor have been available in the form of individ- 
ual reports and memoranda, a comprehensive description has  not been published previously. It is 
the purpose of this Design Report to describe the reactor (often referred to in the literature a s  
HRT) in detail  in a single i ssue  and to provide a convenient reference to the many reports per- 
taining to the design of the reactor. 

The description of the reactor is limited t o  that existing before operation commenced. In a 
few instances where design improvements were required a s  a result of operation, the improvements 
are noted and described parenthetically. Detailed calculational procedures have been referenced; 
only the pertinent results are reported herein. Simplified report drawings and schematic represen- 
tations have been used insofar a s  available to described the equipment and layouts. In a few 
cases  where such drawings were not available, regular engineering drawings have been used to  
show details  of construction. 

In compiling the extensive bibliography of pertinent reports, only those dealing with the de- 
sign and development of components have, in general, been included. The results of preoperational 
testing and reactor operation have been excluded a s  being outside the scope of this report. An 
effort was made to include all references pertaining to the design. Each chapter is complete with 
its own list of references, although this involves some repetition. The list of references contained 
herein and in another compilation (see ref 13 of chap.1) constitute an essentially complete biblio- 
graphy of the HRE-2. 

The report has been organized according to  a detailed outline for which the author is indebted 
to C.  L. Segaser. Sincere appreciation is expressed to R. B. Briggs and I. Spiewak for their help- 
ful comments and review of the entire report and to S. E. Beall ,  A. M. Billings, P. m a u b e n r e i c h ,  
P. R. Kasten, and R. L. Moore for reviewing certain portions of the report. 

R. H. Chapman 
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1. Obiectives and Brief Description of HRE-2 

1.1 INTRODUCTION 

The Homogeneous Reactor Experiment No. 2 (HRE-2), usually referred to in the project litera- 
ture as  the Homogeneous Reactor Test (HRT), is the second experimental aqueous homogeneous 
reactor to be constructed under the program of the United States Atomic Energy Commission for 
the evaluation of nuclear power reactors. The first aqueous reactor in this  program, the Homoge- 
neous Reactor Experiment No. 1 (HRE-I), was constructed in 1951, achieved criticality on April 
15, 1952, and successfully operated a t  heat power levels  up to  design conditions of 1000 kw (a  
brief period of operation a t  1500 kw was demonstrated) before being dismantled early in 1954.1-4 

The HRE-1 was designed to be a short-term reactor experiment to investigate the nuclear and 
chemical stability of a moderately high-power density circulating fuel reactor, fueled with a light 
water solution of enriched uranyl sulfate. A s  a result of HRE-1 operation, several uncertainties 
regarding the behavior of aqueous homogeneous reactors were resolved. Among these were dem- 
onstrations of (1) a remarkable degree of inherent nuclear stability, a result of the large negative 
temperature coefficient; (2) the elimination of the need for mechanical control rods as a conse- 
quence of this inherent stability; (3) flexibility and ease  of fuel handling; (4) the ability to attain 
and maintain a leak-tight, high-pressure system in,  a t  l eas t ,  small reactor systems; ( 5 )  safe  han- 
dling techniques of the radiolytic gases  resulting from the radiation decomposition of water; and 
(6) the direct dependence of reactor power upon turbine demand. 

the engineering aspects of homogeneous reactors and,  in particular, the special  considerations 
necessary for power breeder reactors. Design and construction of the HRE-2 were completed in 
1956. After an extensive ser ies  of engineering performance tes t s ,  the reactor achieved criticality 
on December 27, 1957.6 

The  reactor was first operated at  significant power levels in  February 1958. Operation was 
smooth, and no mechanical difficulties were encountered. In April 1958 the power level  was 
raised i n  s teps  of 1 Mw in an approach to the nominal design power level of 5 Mw. Shortly after 
reaching design power on April 4 ,  1958, a hole developed in the inlet diffuser region of the Zirca- 
loy-2 core tank, permitting fuel solution to enter the blanket region of the reactor vessel. '  Based 
on heat-balance data, the highest power level achieved in  this  run was 6.3 Mw, about 25% above 
the nominal design value. 
operation resumed in May 1958 with fuel solution i n  both the core and blanket regions of the re- 
actor. The reactor continued to operate a s  scheduled until April 28, 1961, a t  which t ime  reactor 
operation was discontinued. A total of 16,295 Mwhr was generated during 8841 hr of critical op- 
eration of HRE-2.' 

In 1953 a decision was made to construct a second aqueous reactor experiment to investigate 

After an evaluation of the hydraulic and nuclear behavior of the system, 

1.2 OBJECTIVES 

The objectives of the HRE-2 are:5 (1) to demonstrate that a homogeneous reactor of moderate 
s ize  can  be  operated with the continuity required of a power plant, (2) to establish the reliability 
of engineering materials and components which can be used for scaling-up purposes for full-scale 

1 
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power plants,  (3) to evaluate equipment modifications which will lead to simplification and econ- 
omy, (4) to develop and test simplified maintenance procedures, particularly underwater mainte- 
nance techniques, and (5) to develop and test methods for the continuous removal of fission and 
corrosion products. 

Originally, the reactor was to operate first  with a D,O reflector, then with a concentrated, de- 
pleted uranyl sulfate solution in the blanket to investigate the production of plutonium that is low 
in Pu2*0 content, and finally with a thorium oxide slurry in the blanket to investigate breeder re- 
actor problems. (Because of the intended mode of operation, the terms “reflector” and “blanket” 
are used interchangeably.) The final mode of operation would necessitate replacement of a con- 
siderable portion of the blanket system with new equipment specifically designed for use with 
slurries. These operating plans were altered by the development of the hole in the core tank, by 
a decreased interest  in plutonium production, and by the s ta tus  of the development of slurry sys-  
t e m s ,  which indicated that the blanket region of the reactor vessel ,  a s  designed, would not be 
suitable for slurry operation. Although the design of the reactor was markedly affected by the ex- 
periments proposed for the blanket and although minor modifications were required to permit oper- 
ation with the hole in the core, only the design completed in 1956 and operation with a D,O re- 
flector will be considered in detail in this report. 

The reader is referred to the progress reports9 for additional information on design, develop- 
ment, and operation of HRE-1 and HRE-2. Operating experience gained from HRE-2 has  been re- 
ported in the literature1’ and in a series of run summaries.” Similarly, experience gained from 
the associated chemical plant has been reported. 
actor Project reports related to HRE-2 has been compiled,’ 
in this report, provides a rather complete bibliography of design, development, and operation of 
HRE-2. 

A selected bibliography of Homogeneous Re- 
which, with the references contained 

1.3 DESJGN BASES 

The design bases  of the reactor, selected early in 1954, were to provide a reliable experi- 
mental reactor for investigating general operational problems of aqueous homogeneous reactors 
and for testing fuels and concepts of interest for large power and breeder reactors, and to take 
full advantage of the best  information then available regarding fuel solution chemistry, materiaIs 
and component development, and HRE-1 operating experience. l 4  To satisfy the objectives of a 
significant test of the engineering feasibility, the physical s ize  of the reactor and its auxiliaries 
was increased appreciably beyond that of the f i r s t  reactor experiment. However, to hold the cost  
in reasonable bounds, it was decided to l imi t  the power output and thus the expense for heat re- 
moval equipment and to install  the reactor in the building which had previously housed HRE-1, 
thus permitting the use of many existing site facil i t ies.  A summary of design bases  is given in 
Table 1.1; a more complete listing is presented in Table 2.2. 

The reactor core was a sphere, 32 in. in diam, the minimum size capable of operating a t  30O0C 
with a cri t ical  concentration of 10 g of U per l i ter  and using uranyl sulfate in D,O a s  the fuel 
(93% enriched in U235)  and a D,O reflector. The power level was set a t  a nominal 5 Mw (thermal), 
with the possibility of operating a t  10 Mw maximum. For 5 Mw core power, the core diameter fixes 
the average specific power a t  17 kw/liter; this was considered acceptable since operation a t  a 
relatively high power density (up to 30 kw/liter) had been demonstrated in HRE-1. 

The core tank material was specified a s  Zircaloy-2, an alloy of zirconium containing about 
1.5% tin a s  the major alloying agent, to extend the development of zirconium-based alloys to in- 
clude fabrication techniques suitable for core tanks in large breeder reactors. Previous develop- 
ment of the zirconium alloys had been directed toward production of plate- and pin-type fuel ele- 
ments. The use of Zircaloy-2 for the core tank material (HRE-1 used type 347 s ta inless  s teel)  
was considered a significant extension of existing technology pertaining to Zircaloy and aqueous 
homogeneous reactors. The thickness of the core tank was specified a s  t/, in. minimum to provide 
adequate stability against  collapse under external pressure differentials. Greater thicknesses 
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would have decreased the structural similarity to the relatively thin core tanks required for good 
neutron economy in large power breeder reactors. 

advantage of the greater corrosion resistance of s ta inless  steel  to dilute uranyl sulfate solutions 
a t  the higher temperature and to improve the thermal efficiency. Since the temperature a t  which 
two liquid phases appear is about 33OoC for the more dilute fuel (compared with 28OoC for the 40 g 
per liter of HRE-1 fuel), the maximum temperature could be raised to 3OO0C and retain an adequate 
margin of safety against two-phase formation. 

The design pressure of 2000 psi ,  750 ps i  in excess  of the 1250 psi  vapor pressure of water a t  
3OO0C, was specified to prevent bulk boiling, to reduce the volume of gas  in the core in the ab- 
sence of an internal homogeneous catalyst ,  and to minimize the required concentration of the cop- 
per catalyst. 

The maximum fuel temperature was increased from 25OoC in HRE-1 to 3OO0C in HRE-2 to take 

Table 1.1. Summary of HRE-2 (HRT) Design Bases 

Power (thermal), kw 

Temperature (core outlet), OC 

Pressure (total), p s i a  

Core: 
Diameter (sphere), in. 
Solution 
Concentration (93% enriched) g of U per l i ter  
Flow pattern 
Flow rate,  gpm 
Velocity, fps 
Vesse l  material 

Blanket: 
Diameter (sphere), in. 
Composition (initial operation) 
Flow rate, gpm 
Velocity, fps 
Vesse l  material 

Radiolytic gas  recombination catalyst:  
High-pressure s ys  tem 
Low-pressure system 

F i s  s i  on-product d i sposa l  : 
Gases  
Solids 

Control mechanisms: 
Shim (temperature) 
Safety 
Regulation 
Power 

5000 

300 (max) 

2000 (max) 

32 
U 0 2 S 0 4  + CuS04 + D2S04 in D 2 0  
10 (max) 
Straight through 
400 
20 (max) 
Zircaloy-2 

60 
D20a  
230' 
20 (max) 
Stainless-steel-clad carbon s t ee l  

CuS04 in solution 
P la t in ized  alumina 

Decay on activated charcoal 
Mechanical separation 

Variable solution concentration 
Negative temperature coefficient 
Negative temperature coefficient 
Release  of steam from heat exchanger 

text for subsequent proposed operation. 

'Required for u s e  with uranyl sulfate solution and slurry blankets. 
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The thickness of the blanket surrounding the core was a compromise between neutron leakage 
and pressure vesse l  s ize .  Originally specified a s  12  in., a final blanket thickness of 14 in. re- 
sulted from the selection of a 60-in.-ID pressure vessel ,  which allowed utilization of existing 
forming d ies  by the vesse l  supplier. 

25OoC minimum and 300°C maximum and the availability of suitable pumps. The  blanket flow rate 
of 230 gpm was based on the use of a pump of the s a m e  horsepower a s  the fuel circulating pump 
but designed to circulate a thorium oxide suspension (density, approximately 2 g/cm3) rather than 
pure D,O. 

of straight-through flow because hydrodynamic experiments had demonstrated the pressure drop of 
the former to be very large for cores of large reactors. As a result, the direct extraction of g a s  
from the core was excluded, and an external gas  separator was  placed in  the exit pipe from the 
core. Initially, the reactor was to operate with a letdown through the gas  separator of 10 to 15 
scfm of radiolytic gas  (about 20% of the total amount generated). It was later determined that i t  
would be necessary to maintain excess  oxygen in  solution a t  a minimum concentration of approxi- 
mately 200 ppm to prevent oxygen depletion and severe corrosion in  stagnant fuel lines. Since 
this concentration could not be maintained with gas  letdown, complete internal recombination was 
specified, and only fuel solution was let down from the reactor. 

when it is le t  down and boiled in the low-pressure system. A bed of silver-coated wire mesh is 
installed in the off-gas line between the fuel dump tanks and the recombiner to adsorb iodine, 
thereby reducing the concentration of iodine and xenon in the fuel and the poisoning effect of io- 
dine on the platinized alumina catalyst of the recombiner. Disposal of radioactive fission product 
gases  is accomplished by adsorption and decay on activated carbon. Stable fission product gases ,  
Kr85, and excess  oxygen are discharged to the atmosphere through a stack. Oxygen is injected 
into the fuel feed stream to maintain the concentration at about 500 pprn in  the reactor circulating 

The fuel circulation rate of 400 gpm was based on heat-removal requirements with limits of 

The vortex-type flow through the core of the first reactor experiment was abandoned in  favor 

Radiolytic gas ,  excess  oxygen, and fission product gases  are released from the fuel solution c s s t em.  
Type 347 s ta in less  s tee l  or carbon steel clad with s ta inless  steel is the construction material 

for a l l  the reactor system except the Zircaloy-2 core vessel .  The velocity of the fuel solution 
through the s ta in less  steel piping is kept below 20 fps to avoid excessive corrosion. Titanium 
was chosen for increased corrosion resistance a t  certain points of high turbulence, such as the 
pump impellers and the gas  separator. (See Secs 3.5 and 3.6.) 

1.4 GENERAL DESCRIPTION OF HRE-2 

The HRE-2 is a two-region, circulating fuel, aqueous homogeneous reactor. 5 7 1 5 , 1 6  The re- 
actor consis ts  of an inner spherical Zircaloy-2 core vessel ,  through which the fuel solution (93% 
U 2 3 5  in  UO,SO, + CuSO, + D,SO, in D,O) is circulated. The inner Zircaloy vesse l  is sur- 
rounded by a 14-h- th ick  blanket of D,O contained i n  a 60-in.-ID spherical pressure vessel .  Made 
of stainless-steel-clad carbon s tee l  with a total wall thickness of 4.4 in., the vesse l  is designed 
to  contain the blanket fluid a t  2000 psi. Surrounding the pressure vesse l  is a l.>-in.-thick type 
304 s ta in less  steel blast  shield designed to s top  fragments in the event of a brittle fracture type 
failure of the carbon steel pressure vessel. An artist’s concept of the reactor pressure vesse l  
assembly is shown in Fig. 1.1. 

A simplified flowsheet of the reactor is shown in Fig. 1.2. A s  can be seen  in the figure, the 
reactor consis ts  of two essentially identical systems, each of which contains a high-pressure cir- 
culating loop and a low-pressure concentrating and storage system. The  systems and their func- 
tions will be described briefly. 

reactor core a t  256OC and, at 5 Mw core power, is heated to 3OO0C as it proceeds upward to the 
In the high-pressure fuel circulating system, the fuel solution is pumped into the bottom of the 
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outlet pipe. A t  the top of the outlet pipe is attached the electrically heated pressurizer, which 
generates steam a t  335'C and 2000 psi  (maximum conditions) by boiling heavy water condensate 
fed to the pressurizer from the low-pressure system by a diaphragm-type feed pump. The fuel 
flows past  the pressurizer to a gas separator, where directional vanes impart sufficient rotation to 
the fluid to separate any gas  in the fuel solution leaving the core. Although sufficient copper is 
added to the solution to internally recombine the radiolytic gases  (D2 and 02)  produced under 
normal operation, there may be some gas produced during special  experiments. Any gas which is 
present forms a vortex along the axis  of the pipe and is bled to the low-pressure system with about 
1 gpm of fuel solution. The reactor solution continues from the gas  separator to the U-tube pri- 
mary heat exchanger, where i t  is cooled from 3OO0C to 256'C by transferring heat to the boiling 
water surrounding the tube bundle. Saturated steam a t  479'F and 520 psia  is produced on the 
shel l  side of the heat exchanger. The steam is bled partially to the small (345 kva output) tur- 
bine generator (from the HRE-1) and partially to an air-cooled steam condenser. The uranyl sul- 
fate solution flows next to the intake of the 400-gpm canned-motor circulating pump and then to 
the core for reheating. The blanket fluid follows an identical cycle a t  a flow rate of 230 gpm. 

Fuel solution and any undissolved gases  that may be present are removed through the gas  
separator and transferred to the low-pressure system through a letdown heat exchanger, a jacketed 
pipe which cools the effluent mixture to about 9OoC. A valve downstream of the heat exchanger 
throttles the effluent stream to about atmospheric pressure. The mixture then discharges into the 
dump tanks, which have sufficient capacity to store a l l  of the reactor liquid during a shutdown. 
An evaporator below the dump tanks provides continuous mixing, steam for dilution of the deute- 
rium and oxygen to a nonexplosive mixture, and a means for concentration control. The gas  and 
steam mixture flows upward through the iodine bed to the catalytic recombiner, in which the deute- 
rium and oxygen react on platinized alumina pellets to form water vapor. The heavy water is con- 
densed by a shell-and-tube condenser following the recombiner. The condensate flows back to the 
dump tanks; however, it may be diverted to weighed storage tanks for use in changing the concen- 
tration of the reactor fluid. Water which is returned to the dump tanks is mixed with the excess  
fuel solution (approximately 100 liters) stored there and then fed to the intake of a sealed dia- 
phragm injection pump which returns the liquid to the high-pressure circulating system a t  a rate 
of about 1 gpm, thus constantly replacing the liquid removed via the gas separator. 

CORE 
(32 In. 
5146 in 

FUEL- 

BLANKET- = 
EXPANSION- 
JOINT 

VESSEL ~ 

I D ,  ZIRCALOY-2. 
THICK) 

DIFFUSER 4 

"NCLAI I I r lED 
,,.-CORE ACCESS PHOTO 21I1P - FUEL PRESSURIZER 

BLANKET 
-PRESSURIZER 

-BLAST SHIELD 
(74  in. I.D., 3 0 4  STAINLESS 
STEEL, 1 - V Z  In. THICK1 

&COOLING COILS 

CPRESSURE VESSEL 
(60in. I.D., 347 STAINLESS 
STEEL CLAD, 4 . 4  in THICK) 

' - 7  
FUEL BLANKET 

Fig. 1.1. HRE-2 Reactor Vessel  Assembly. 
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Cold traps, operating a t  about - 23OC, dry the noncondensable gases  remaining after condensa- 
tion of the recombined water before they are  sent  to activated charcoal adsorber beds for holdup 
and decay of fission gases .  The off-gas flow, about 2.5 liters/min (STP), is composed almost en- 
tirely of excess  oxygen and a very small volume of fission gases ,  primarily xenon and krypton. 
The effluent gas from the adsorber beds is filtered and diluted with 1400 sc fm of air and dis- 
charged to the atmosphere from a 100-ft-high stack. 

high- and low-pressure systems for chemical analysis. These units are located in bypass l ines;  
a portion of the material circulated through them is isolated by closing the inlet  and exit valves. 
The samples are then cooled and discharged into a portable container through a drain valve. 

about 1 gpm is taken from the reactor fuel system, circulated through a solids separation system 
a t  reactor operating temperature and pressure, and returned to the reactor system. The system 
consis ts  of a heater to make up heat losses ,  a filter to protect the hydroclone from plugging, a hy- 
droclone with an underflow receiver for concentrating the solids,  and a canned-motor circulating 
pump to make up pressure losses  across the system. The purpose of the chemical plant is to re- 
move fission and corrosion product precipitates from the fuel solution and to recover D,O from the 
separated materials. 

A drawing of the reactor building is shown in Fig. 1.3. Al l  the primary reactor equipment is 
located in a shielded tank (54 f t  long by 26 f t  wide by 25 f t  deep) which occupies the center high 
bay area of the building. The design was influenced by several  factors, including a requirement 
for accessibil i ty and flexibility because of the experimental nature of the installation, provision 
for complete containment of the reactor contents in case  a leak developed or the pressure vessel  
or heat exchangers ruptured, efficient utilization of the space within an existing structure, and 
capability of flooding with water for maintenance or replacement operations. The tank is con- 
structed of %-in. welded s teel  plate, reinforced so that an internal pressure of 7 psia can be main- 
tained during normal operation and a pressure of 45 psia  will be contained. The chemical proc- 
ess ing cel ls ,  each 12 f t  wide by 24 f t  long, are designed similarly. 

The reactor building plan and elevations are shown in Fig. 1.4. A plot plan of the reactor site 
is shown in Fig. 1.5. Additional details of the construction of the reactor shield tank are shown 
in Fig. 4.1.3. 

Built flush with ground level,  the roof of the reactor cel l  consists of two layers of removable 
s labs  with a completely welded s teel  sheet sandwiched between the layers and extending across 
the top of the pit to form a gastight lid. The roof blocks, made of high-density concrete, are 5 f t  
in total thickness and are anchored to the girders and supporting columns by means of a slot  and 
key arrangement. The vertical support columns are imbedded in a concrete pad 3 f t  thick and 
heavily reinforced with steel. 

The shield wall between the reactor cell  and the lower levels of the control area on the north 
side of the reactor is a 5.5-ft-wide box constructed of ?$-in. s teel  plates.  It is filled with a mix- 
ture of high-density barytes, sand, and water. The use of the fluid shield between the reactor area 
and the control room allows flexibility in the location of service piping and instrument and elec- 
trical conduits. A l l  l ines penetrating the reactor tank are welded into the shield wall; conduits 
are connected into junction boxes inside the pit with gastight s e a l s  on the individual wires. 

The design of the biological shield is such that the radiation dose rate will not exceed 10 
millirep/hr when the reactor is at  10 Mw. To decrease the neutron activation of equipment inside 
the pit, the reactor vessel  is surrounded by a thermal neutron shield,  consisting of a 2-ft-thick 
annular s tee l  tank filled with barytes, sand, and water. 

The general arrangement of reactor components within the reactor shield tank is shown in Fig. 
5.1.1. The reactor ce l l  is essentially divided in halves by a watertight bulkhead for ease in main- 
tenance. To the left of the bulkhead is the fuel system equipment, and to the right is the blanket 
equipment. 

Samplers are provided to secure small quantities (5 ml) of the fuel and blanket liquids from the 

A chemical processing plant is provided adjacent to the reactor cell. A bypass stream of 
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Fig. 1.3. Artists' Concept of Homogeneous Reactor Test  Building. 

Most of the high-pressure components are located close to the pressure vessel .  The pressur- 
izers  are positioned directly above the reactor; the gas  separators are in the l ines extending to 
the steam generators a t  the south side of the pit. The fuel low-pressure equipment, including 
dump tanks, tecombiner, condensate tank, and cold traps, etc., is grouped a t  the west end of the 
cell. These components are assembled on a rigid structural steel frame and installed as a unit. 
The blanket low-pressure equipment, similar to the fuel low-pressure equipment, is located i n  the 
extreme e a s t  end of the cell. 

Insofar a s  possible,  valves are situated close to the control room wall so that air  l ines and 
leak detector l ines can be kept short. All valves are flanged in the l ines to facilitate removal. 
Their arrangement is such that the flanges can be easi ly  disconnected from above. 

1.5 LOCATION OF HRE-2 

The HRE-2 is located a t  the site of the HRE-1, 0.6 mi le  southeast of the center of the pres- 
ent ORNL area. This places the reactor in the center of an uninhabited valley approximately 4 
miles long and 0.5 mi l e  wide. The valley, which l ies  in an east-west direction, is parallel to 
Bethel and other neighboring valleys. The Clinch River terminates both ends of the valley and 
forms a natural boundary of approximately 2 miles radius for a 180° arc swing from the site. An 
area map, showing the relative location of the reactor site (Building 7500) to ORNL, is shown 
in Fig. 1.6. 

The site (elevation, 830 ft) and ORNL, located in Bethel Valley a t  about 800 f t  elevation, 
are separated by Haw Ridge (average elevation, 980 ft). This ridge is continuous except for a 
short break, White Oak Creek Gap (elevation, 770 ft), through which a portion of Bethel Valley 
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Fig. 1.6. ORNL Area Map. 
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drainage occurs. To the south and eas t  of the site is a large area of high, rough terrain which 
extends south to the Clinch River. 

1.6 AVAILABILITY OF UTILITIES 

A well-graded road connects the site with the ORNL area. This road circles through White 
Oak Creek Gap, turns northeast (parallel to Haw Ridge) and passes  directly in front of the site, 
one mile from Bethel Valley Road. Helium cylinders, oxygen cylinders, chemicals, and other 
portable supplies may be trucked to the site via this road. 

gal/min of process water at 15.5 psi  can be delivered to the site through this line. A t  an est i -  
mated maximum demand of 750 gpm, the pressure is computed to be 46.2 ps i  a t  the downstream 
side of the main gate valve in the building. 

The high cost  of process water precluded the use of a once-through cooling system; there- 
fore, a cooling tower capable of cooling 800 gpm water from 135OF to 9OOF with air a t  a wet 
bulb temperature of 8 0 T  is provided. 

and transformer step-down station. From this station the 13.2-kv, +phase, 60-cycle circuit is 
transformed into more usable service circuits. In addition to the electrical  energy supplied to 
the site, some power can be generated for emergency use by using building s t e a m  in the 345- 
kva output turbine generator remaining from HRE-1 operations. 

stations, for building services and for reactor process steam. A high-pressure (1500 psig) pack- 
age boiler is provided primarily to heat the reactor and associated equipment from a cold start ,  
but it may also be used for emergency standby building s t eam.  Feedwater for the reactor steam 
system and the package boiler system and pure water for the water cooling systems are obtained 
by condensing building s t e a m  at the site. 

ing and in adjacent shop and office buildings. 

A 12-in. pipeline connects the site with the ORNL water reservoir. Approximately 2000 

Electrical energy for the s i te  is supplied by a 154/13.2-kv substation, transmission line, 

Building steam is normally supplied from ORNL a t  250 psig and is reduced, at appropriate 

Adequate space for the operating and maintenance personnel is available in the reactor build- 
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2. HRE-2 Process Design 

2.1 SYSTEM FLOWSHEETS 

A simplified version of the HRE-2 flowsheet is shown in  Fig. 1.2. Th i s  flowsheet shows only 
the major i t e m s  of equipment and their relationship to the whole system. In order to completely 
describe the process design of the reactor, the system mus t  be  subdivided into a ser ies  of func- 
tional flowsheets, each of which will b e  described in  a subsequent section. 
flowsheets and their figure numbers. A flowsheet identification code is presented in  Fig. 2.1. 

ment, operating experience, and philosophy up to the date of their publication. ' The development 
of the flowsheets can be  followed in detail  by referring to the previous i ssues ,  to the memoranda 
describing flowsheet changes,3 and to the  HRP Quarterly Progress Reports (see ref 9, Chap. 1). 

The  first four process flowsheets show the the  division between high- and low-pressure fuel 
and blanket systems. Certain equipment, such a s  letdown heat exchangers, feed pumps, etc., are 
repeated at the dividing points. The  flowsheets were a l so  designed to make it possible to cut 
the shee ts  and join them to  make one long flowsheet without repetition of equipment or lines. 
Relative elevations of components are maintained on the flowsheets insofar a s  is practicable. 

In developing the flowsheets, i t em numbers were assigned to all functional equipment for 
reference purposes. A tabulation of the components, i t e m  numbers, and system flowsheets is 
given in  Appendix A. Similarly, l ine numbers were assigned to the piping which connects com- 
ponents, instruments, and other pipe lines.  A line schedule, consisting of a tabulation of l ine 
numbers, their s izes ,  materials, end points, and remarks, w a s  i s sued  a s  a complement to the 
fIowsheets.* In general, flowsheet line numbers for the fuel system are a 100 ser ies ;  the corre- 
sponding l ines for the blanket system are  a 200 series.  Therefore, similarly numbered l ines  - 
for example, 102 and 202 - will have the same function in their  respective systems. 

Table  2.1 lists the 

These  flowsheets are the most recently revised versions; and they reflect the design, develop- 

Table 2.1. HRE-2 Process Flowsheets 

Fig. No. Caption 

2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 
2.9 
2.10 
2.11 
2.12 
2.13 

HRT Flowsheet  Identification Code 
High-pressure Fue l  System 
High-pressure Blanket System 
Low-Pressure Fuel  System 
Lo w-P re s su re  Blank e t  Sy s tem 
Water Cooling System (Demineralized water) 
Water Cooling System (Potable  water) 
Steam System 
Waste and Vent System (Par t  A )  
Waste and Vent System (Par t  B) 
Refrigeration and Cold Trap System 
Steam and Condensate  Service 
Leak Detector System 

15 
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2.2 PROCESS DESIGN DATA 

The design data, used as the basis  for process and equipment design, 5-9  have undergone 
constant revision and expansion s ince  the first issue.  
tabulation9 of the design data is given in Table  2.2. 

A condensed version of the mos t  recent 

Table  2.2. HRE-2 Process Design Data 

Core Blanket 

General Data 

Power (thermal), kw 
Pressure (maximum), psia 
Inlet Temperature, OC(OF) 
Outlet temperature, OC (OF) 
Average temperature, OC('F) 
Reactor vessel volume, liters 
System volume, litersa 
Specific power, kw/liter 
Flow rate, gpm 
Maximum fluid velocity, fps 

Solution Datab 

Composition 

5000 
2000 
256(493) 
300(572) 
280(536) 
294 
491 
17 
400 
20 

220 
2 000 
278(532) 
282(540) 
280(536) 
1562 
1750 
0.14 
230 
10 

Uranium concentration, g of U per kg of D20 
Uranium enrichment, % U235 
G value for decomposition, D20 molecules 

D formation,c Ibmoles/sec 

0 formation,c Ib-moles/sec 

Volume of dry gas generatedc'd 

per 100 ev 

2 
g-mole s/se c 

2 
gmoleslsec 

at  2000 psi, fr3/sec 

at  STP ft'/sec 
litets/sec 

Vapor pressure of D ~ O ~  
Compressibility factor of D20 vapor 
Hear of recombination, Btu per Ib-mole of D 
Heat of recombination of D2 and O 2  Utu/hr 

Heat of vaporization of D20gd Btu/lb 

d Gas dissolved in saturated solution 

liters/sec 

d 

2 

kw 

Btu per Ib-mole 

2000 psia, glnoles of D per kg of D 0 
g-moles of 0 per kg of D 2 0  

per kg of D20 
g-moles of O 2  per kg of D20 

2 2 
2 

2 1700 psia, g-moles of D 

CuSO to recombine 100% of the gas,e g-moles of 
Cud per kg of D20 

2000 psia 
1700 psia 

uo 2~~ 4, e m 

D 2 0  molecules per 100 ev 

Excess D2S04 for stabilizing CuSOq and 

G value for gamma induced recombination, 

U0 ,S04  + CuS04 + D2S04 in D 2 0  
10.4 
93 
1.67 

1.72 10-3  
0.781 
8 . 6 ~  

0.390 

1.43 x 
0.40 
0.926 
26 
1250 
0.70 
105,000 
678.000 
199 
5 50 
11,000 

0.13 
0.071 

0.076 
0.043 

2.9 x 
4.8 x 10-3 
2 x  10-2 

2O 
0 

Fast neutrons - 1.5 
Gammas - 0.5 
4.6 x i o m 5  

2 . 3  
0.021 

0.010 

3.7x l o - *  
0.01 
0.025 
0.7 1 
924 
0.70 
105.000 
17,800 
5.2 
600 
12,000 

0.153 
0.085 
0.086 
0.061 

1.8 x 

1.8 x 

5.0 
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Table 2.2 (continued) 

Core €3 1 an ke t 

Pumping Requirements 

Reactor-vessel p ressure  drop, f t  of fluid 
Gas-separator pressure  drop, f t  of fluid 
Heat-exchanger pressure drop, f t  of fluid 
Piping and fittings pressure drop, f t  of fluid 
Total  loop pressure drop,' f t  of fluid 

ve 1 oci ty he  a d s  
ps i  

Number of pumps 
Pump capacity,  gpmg 
Theoretical  power for loop pressure drop, hp 
Estimated overall efficiency, % 
Estimated power requirement, hp 
Minimum NPSH required of pump, 

f t  of fluid 
h [Heat Exchanger Data 

Fluid inlet temperature, C (OF) 
Fluid out le t  temperature, OC ( O F )  

Design temperature, O F  
Design pressure  

tube s ide ,  ps i  
shell  s ide ,  p s i  

Steam pressure a t  exit ,  ps ia  
Steam temperature at exit ,  O F  

Feedwater temperature, O F  

Steam generation rate,  lb/hr 
Steam quality, % 
Heat rating, Btu /sec  

kw 
Tube s i ze ,  OD, in. 

wall th ickness ,  in. 
Number of tubes  
P rocess  fluid holdup, l i t e rs  
Effective hea t  transfer area,  f t  

Velocity through tubes,  fps 
Apparent overall hear transfer'  

2 

coefficient, Btu hr-' f t-2 ( O F ) - '  

LMTD, F 
Process  fluid flow rate, gpm 
Pressure  drop 

Tubes,  ft of fluid 
ps i  

ps i  
Total  for HE,  f t  of fluid 

6 
17 
40 
37 
100 
17.3 
35.2 
1 
400 
9.03 
57 
15.8 
30 

300( 5 7 2)  
256(493) 
600 

2000 
1250 
520 
47 1 
212 
16,680 

>99 
4750 
5000 
0.375 
0.065 
251 
56.4 
48 0 
11 
670 

53.2 
400 

30 
11 
38 
14 

17 
5 
13 
17.6 
52.6 
33.2 
19.0 
1 
230 
2.58 
57 
4.53 
30 

28 2( 5 40) 
278(532) 
600 

2000 
1250 
560 
479 
212 
734 

>9 9 
209 
220 
0.375 
0.065 
25 1 
56.4 
480 
6.3 
670 

2.34 
230 

9.7 
3.5 
13 
4.7 
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Table 2.2 (continued) 

. Core Blanket 

Gas  Separator Data 

Design temperature, O F  600 600 

Gas removal rate, cfml 
Design pressure,  ps i  2000 2000 

normal 0 0 

Liquid entrainment rate, gpm 1 1 
maximum 2.38 

Axial velocity, fps 16-19 9-11 
Liquid holdup, l i t e rs  5.1 5.1 

Pressurizer Data 

Design temperature, O F  
Design pressure,  psi  
Method of heating 
Maximum heater temperature, F 
Maximum power rating, kw 
Normal power demand, kw 
Purge flow rate, gph 
Liquid holdup, l i t e rs  
Vaporization rate, Ib/hr 

k 

650 
2000 
electrical  
83  5 
32 
12.4 
12 
33.4 
40.5 

650  
2000 
electrical  
83 5 
32 
12.4 
12  
33.4 
40.5 

'High-pressure sys tem liquid volumes for normal operation. 

References: 
C. C. Cardwell and P. N. Haubenreich, Resul t s  of HRT Tes t  IB 5a, Volume Calibration of Fuel High 

N. W. Curtis and P. N. Haubenreich, Resul t s  of HRT Tes t  IllB 5a. Volume Calibration of Blanket High 

bSee Chap. 7 for d i scuss ion  of solution chemistry and properties. 
=Without internal catalyst .  
dFuel solution a t  3OO0C, blanket a t  282OC. 
eRecombination of gases  in blanket by gamma radiation should be  adequate; however, if Copper is re- 

/Fuel system based  on 19.3 fps a t  30OoC; blanket system based on 10.1 fps a t  282OC. 
gFuel  system at 256OC (494OF); blanket system a t  25OoC (482OF). 
'Fuel and blanket hea t  exchanger designs are same; U-tube, horizontal she l l  and tube, p rocess  fluid in 

tubes, water and steam on she l l  side. 
'Based on Ufouled  = 0.75 Uclean  
l100% internal recombination. 
kFour clamp-on clamshell  res i s tance  heaters,  each  8 kw. 

Each pressurizer has  an additional 75-liter 
vapor volume. 

Pressure System, ORNL CF-56-7-116 (July 30, 1956). 

Pressure System, ORNL CF-56-7-117 (July 30, 1956). 

quired in blanket, the necessary  concentrations are a s  given in table under blanket heading. 
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2.3 REACTOR HIGH-PRESSURE SYSTEMS 

2.3.1 Fuel High-pressure System 

In describing the high-pressure fuel system flowsheet, shown in Fig. 2.2, reference will be 

A dilute uranyl sulfate solution (about 10 g of p per kg of D,O), with additions of copper SUI- 
made to i t em and line numbers for convenience. 

fate for recombination of radiolytic g a s e s  and sulfuric a c i d  for stabilization of the fuel solution, 
is pumped through the core heat-removal circuit at a rate of 180,000 Ib/hr (400 gpm at  256°C). 
The fuel solution enters the bottom of the core tank (item 1) through line 103 at  256'C and p a s s e s  
through a diffuser section before entering t h e  spherical core of t h e  reactor. At 5 mw the fuel is  
heated to 300°C a s  it p a s s e s  upward through the core to the outlet pipe, l ine 100. A tee connec- 
tion is located at  the top of the reactor vessel  (Fig. 1.1). The  fuel pressurizer (item 2) connects 
to one end of the tee;  line 100 connects to the other end. The  function of the pressurizer will be 
described later. The core effluent stream flows past  the pressurizer connection through line 100 
to the pipeline g a s  separator, i t em 3 (also see  Fig. 3.43). Vanes at t h e  inlet  of the  g a s  separator 
impart rotational flow to the fuel stream. Undissolved or entrained g a s e s  are centrifuged to the 
vortex formed a t  the  ax is  of the separator and a re  bled off, along with about 1 gpm of liquid, 
through line 113 to the low-pressure system. Continuation of this  fuel stream is traced in  Sec 2.4. 
A set or recovery vanes at  the exit end of the g a s  separator recovers a portion of the rotational 
energy of the fluid a s  it enters l ine 101 on its path to the fuel heat exchanger, i t em 4 (see also 
Fig. 3.23). Entering the U-tube, horizontal, reboiler-type steam generator a t  3 0 p C  (572"F), the 
fuel solution is  cooled to 256°C (493°F) by transferring its heat to the feedwater surrounding the 
tube bundle. Saturated steam at  520 psia  (471'F) is produced on the shell  s ide of the exchanger 
at a rate of 16,670 Ib/hr; its path is traced in Sec 2.6. Leaving the heat exchanger through line 
102, the fluid flows to the  suction of the 400-gpm, canned motor, water-cooled, circulating pump, 
i t em 5 (also see Fig. 3.37), where the head required to overcome the system pressure drop is re- 
stored. The pump discharge is directed back t o  the core through line 103. 

is attached to the tee connection on top of the reactor vessel .  Normally, an overpressure (up to  
750 psi)  is applied to  the 1250-psia vapor pressure at 3 0 p C  to prevent bulk boiling i n  the core 
and to inhibit bubble formation and growth in the  absence of complete recombination of radiolytic 
gases .  Total system pressure is derived by boiling D,O condensate, supplied from the low-pres- 
sure system at  a rate of about 1 Ib/min by a diaphragm feed pump (item 23), in t h e  electrically 
heated pressurizer at temperatures a s  high a s  335'C, corresponding to 2000 psia  total system 
pressure. Overflow of excess  condensate feed and condensed steam from the pressurizer main- 
tains a very low fuel concentration in the essentially stagnant line connecting the pressurizer to 
the main circulating loop. An additional important function of the pressurizer is t o  provide a 
surge volume for fluid expelled from the  reactor core during large power oscil lations.  

via l ines  166 and 167, using the pressure drop across  the fuel heat exchanger as the driving 
force. (The chemical plant wil l  be described in Chap. 7.) Valves HCV-141 and HCV-142 isolate  
the chemical plant from the reactor system when desired. 

System pressure is maintained by a steam pressurizer, i t em 2 (also shown in Fig. 3.20), which 

A bypass stream of high-pressure fuel solution may be circulated through the chemical plant 
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2.3.2 Blanket High-pressure System 

Functionally, the high-pressure blanket system flowsheet, shown i n  Fig. 2.3, is essentially 
identical to the fuel high-pressure system flowsheet; however, only the differences will be  dis- 
cussed. 

The  annular space between the outside of the core and  the  inside of the pressure vessel ,  
item 32 (see Fig. 1.1), is the blanket region of the reactor. Blanket solution at  278OC, in this  
case  D,O a t  97,000 lb/hr (230 gpm at  278OC), enters the bottom of the pressure vessel  a t  two 
points from l ine 203 through nozzles which impart swirling flow to the inlet fluid. At  core and 
blanket power levels  of 5000 kw and 220 kw respectively, the fluid is heated to 282OC a s  it flows 
upward through the blanket region. The  blanket outlet, l ine  200, is designed to promote circula- 
tion and to prevent accumulation of sedimentary solids on top of t he  core tank (see  Fig. 3.1). 
Saturated steam at  560 psia  (479’F) is produced in the blanket steam generator a t  a rate of 
about 735 lb/hr. 

The  blanket pressurizer (item 29), blanket gas separator (item 30), and blanket s t e a m  generator 
are almost exact duplicates of their counterparts in  the fuel system. The  blanket circulating pump 
(item 28) is identical to t h e  fue l  system circulating pump, except for the hydraulic portion, which 
w a s  modified to produce 230 gpm at a developed head of about 5 5  f t  of fluid. 

2.4 REACTOR LOW-PRESSURE SYSTEMS 

2.4.1 Fuel Low-Pressure System 

The  fuel low-pressure system flowsheet is shown in  Fig. 2.4. Except for t h e  s ize  of the dump 

The fuel low-pressure system has  several purposes, the most important of which are: 
and storage tanks, the blanket low-pressure system is essentially the same as the fuel system. 

1. T o  provide storage facilities for fue l  solution and D,O during normal operation and shutdown. 

2. To  provide a means of varying the  fuel solution concentration in  the  high-pressure system. 

3. T o  provide a supply of condensate for the pressurizer and for purging the circulating pump 
motor cavity. 

4. To recombine radiolytic g a s e s  that a re  not recombined in  the high-pressure system or that are  
produced in the low-pressure system. 

5 .  To remove fission-product g a s e s  and e x c e s s  oxygen from the reactor system. 

6. To provide a means of determining and  maintaining a system inventory. 

Dissolved and entrained g a s s e s  are  bled down continuously from t h e  high-pressure system with 
about 1 gpm of liquid.” Leaving the g a s  separator (item 3) through l ine 113, the two-phase mix- 
ture pas ses  through the letdown heat exchanger (item 20), where it is cooled from reactor operating 
temperature to  about 80  to 9OoC by giving up its heat to fuel and  purge streams returning to the 
high-pressure system. The  letdown heat exchanger functions will be  further described later. 
Leaving the heat exchanger through l ine 114, the stream passes  through the letdown valve (LCV- 
145), where the pressure is trottled to approximately atmospheric. Continuing its path via line 
114, the  gas-liquid mixture discharges into the  dump tanks, items 7a and 7b (also shown in Fig. 
3.68), through a highly efficient entrainment separator, item 7c ( see  Fig. 3.69). Capacity of the 
dump tanks is about 1000 liters; operating fuel solution inventory of a normal system is about 600 
liters (total). Evaporators, consisting of steam-heated jacketed pipes, are  attached to the dump 
tanks to provide continuous mixing of the solution, to evaporate D,O to provide condensate for 
the high-pressure system and a means for concentrating the fuel solution, and to provide diluent 
steam for the prevention of an  explosive mixture of radiolytic gases  in the low-pressure system. 
The dump tanks are  “operationally safe ,”  that i s ,  they cannot be made critical by using the en- 
tire inventory of fuel charged into the reactor. 
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The gas-steam mixture leaving the entrainment separator via l ine 115 flows upward to the re- 
combiner and iodine bed, i t e m  8a (see Fig. 3.71).  The iodine bed, a la te  addition to the flowsheet 
and consisting of silver-coated s ta inless  steel wire mesh, was added to prevent poisoning of the 
recombiner catalyst. Fission-product iodine, trapped a s  silver iodide, is held up in the bed until it 
decays to xenon, which then proceeds through the off-gas system. Cooling coils,  imbedded in the 
wire mesh, remove the decay heat during reactor shutdown. During reactor operation the iodine 
bed is cooled by the gas-steam mixture passing through to the recombiner. 

sma l l  quantities of fission gases ,  principally xenon and krypton, flows through the recombiner, 
where platinized alumina pellets act  a s  a catalyst for recombining the radiolytic gases. A steam 
coil imbedded in the catalyst bed is used to dry the bed before start-up. Leaving the recombiner 
a t  about 300°F, the superheated vapor-gas mixture enters the recombiner condenser (item 8), 
where the vapor is condensed and the noncondensable g a s e s  are cooled to about 130°F. (Gas 
flow out of the condenser will be traced later.) Condensate from the water-cooled shell-and-tube 
condenser normally flows back to the dump tank via l ines 119 and 120. By manipulating the pro- 
per valves,  however, the condensate may be diverted through line 122  to the weighed-condensate 
storage tank (item 14). With other conditions constant, the concentration of fuel in the reactor 
high-pressure system is adjusted by collecting condensate in the storage tank or by returning it 
to the reactor systems. Valves are  also arranged to  permit quick dilution of the high-pressure 
system by diverting the condensate through line 119 to the  fuel feed pump (item 21). Condensate 
returned to the dump tanks from t h e  condenser is mixed with the fuel solution stored there (about 
100 liters). 

109 to the  fuel feed cooler (item 17), where it is cooled to about 5OoC, and then to the intake of a 
diaphragm feed pump (item 21) for return to the high-pressure circulating system. Discharging 
from the feed pump through line 110, the returning fuel stream enters the letdown heat exchanger, 
where heat is recovered from the letdown stream (line 113). Leaving the letdown heat exchanger 
via line 112, the fuel solution from the low-pressure system reenters the high-pressure circulating 
stream at the top of the core tank outlet pipe. This  particular location for the injection of return- 
ing fuel was chosen so that, if the circulating pump was not operating, fuel solution would flow 
into the core, thereby preventinga possible accumulation of concentrated fuel in the piping and a 
rapid introduction of that fuel into the core when t h e  pump was started. 

Excess  oxygen is added to the circulating fuel system a t  a rate of about 1.5 liters/min (STP) 
to prevent the reduction of uranyl ions within the fuel solution and to prevent excessive corrosion 
of the s ta inless  steel system. This  gas ,  supplied from oxygen cylinders (item 26)16*17 via 
an accumulator (item 67a) and l ine 145, is introduced downstream of the feed pump (line 110). 

pressure system by two purge pumps (items 23 and 108) and the purge-pump cooler (item 68). 
One of the purge pumps (item 23) returns condensate to the fuel pressurizer through line 124, the 
letdown heat exchanger, where heat is recovered from the letdown s t r eam (line 113), and line 111. 
The condensate fed to the pressurizer acts as a purge to  prevent fuel solution from entering the 
heated section of the pressurizer. The other purge pump (item 108) returns condensate through 
line 125 to the high-pressure system at the fuel circulating pump. The condensate, fed to the 
back of the motor end of the pump, purges the  rotor cavity of g a s  and fuel solution and lubricates 
the pump bearings. 

It is seen from the process design description thus far that, during normal reactor operation, 
fuel solution, corresponding to the high-pressure circulating system concentration, is continuously 
let down to the low-pressure system. Dissolved and entrained g a s e s  are  also bled down with the 
liquid stream. To counterbalance the removal of fuel solution by the  letdown stream, concentrated 
fuel is continuously pumped from the  dump tanks t o  the high-pressure system, and condensate from 
the condenser and/or condensate storage tank is continuously injected as purge through the pres- 
surizer and the circulating pump. Thus  the average temperature of the  core is controlled (through 

The gas-steam mixture, consisting of radiolytic gas ,  excess  oxygen, diluent steam, and very 

Fuel solution from the dump tanks flows through a settling trap (item 145) and l ines  107 and 

Condensate from the condenser or condensate storage tank is returned via l ine 123 to the high- 



the concentration) by balancing the fuel letdown rate against the pump-up rates  of concentrated 
fuel and the two condensate purge streams. 

sion products (principally xenon and krypton), p a s s  from the recombiner condenser through line 116 
to the secondary recombiner (item 27) and then to the cold traps (items 9a and 9b), where the g a s e s  
are dried. The secondary recombiner, a small in-line unit f i l led with platinized s ta inless  s tee l  wire 
mesh, recombines any remaining t races  of radiolytic g a s e s  in  the off-gas stream. In addition to 
conserving D,O, drying the off-gas stream enhances the  capacity of charcoal to adsorb xenon and 
krypton, thus tending to minimize the adsorber bed volume. T h e  cold traps,  operating at  about -23OC, 
are duplicated, in parallel, and the valves are operated on regular, timed cycles  SO that one unit is 
in service while the other is defrosting or is on standby. Leaving the cold t raps  through line 117, 
the dried off-gas stream p a s s e s  through a holdup volume to the fission product adsorber units 
(items loa ,  lob,  and lOc), where all  species  of xenon and krypton, except IO-yr Kr85 ,  are adsorbed 
and retained on activated charcoal long enough to decay to harmless levels,  Effluent g a s e s  from 
the charcoal beds are filtered (item 12) and diluted with 1400 scfm of air  before discharging to the 
atmosphere from a 100-ft-high stack (item 13). A flowmeter is provided to measure the g a s  flow 
rate. 

A mercury sea l  pot and a vacuum pump (item 11) are provided in  parallel in the line from the 
adsorber beds to the stack. T h e  seal  pot is provided to prevent water vapor from entering the 
adsorber beds with air from the atmosphere. The  vacuum pump can b e  used to evacuate the re- 
actor system for filling, to increase the off-gas flow rate,  and to facilitate regeneration of the 
adsorber beds if the need arises.  A radiation element (RE-760) is provided a t  the stack to moni- 
tor the level of activity of the g a s e s  discharged to the atmosphere. 
stalling a compressor (item 47) i f  a lower system pressure is desirable. 

for isolated storage of the  fuel solution. Evaporators, essentially identical to the dump tank 
evaporators, are integrally attached to the storage tanks. Transfer of fuel solution via l ine 108 
is accomplished by pressurizing either the dump or storage tanks b y  supplying heat to the appro- 
priate evaporator. Valving is provided to permit sampling or transferring of the solution through 
line 135. 

A reflex condenser (item 15) is provided to  remove heat released by radioactive decay of fis- 
sion products within the storage tanks.  Radiolytic g a s e s  produced in the fuel storage tanks are  
recombined by the u s e  of platinized wire mesh a s  a catalyst  in the fuel storage recombiner (item 
117). The effluent g a s  stream bypasses the  cold traps via l ine  134, enters the off-gas stream 
(line 117) upstream from the fission product adsorber units, and  p a s s e s  on to the atmosphere. 
Condensate from the  recombiner-condenser drains back to the storage tanks.  Valve HCV-731 in 
the storage tank off-gas line (line 134) normally remains closed. However, t h e  valve may be 
opened, thus permitting g a s  to b e  discharged directly to the adsorber beds if the pressure in the 
isolated storage tank becomes excessive.  

Fuel solution in the high-pressure system can b e  passed to t h e  dump tanks through l ines  105 
and 106 by opening valve PCV-152. The fuel dump cooler (item 61, located upstream of the 
valve, normally maintains the fuel solution in the  dump l ine at about 15OoC, which is above the 
temperature at which peroxide precipitation is expected. l 2 l I 4  An alternative drain path is through 
the fuel sampler. 

Noncondensable g a s e s  which may accumulate in the pressurizer are vented to the low-pressure 
system via l ine 127. Two control valves,  HCV-139 and PdCV-250A, are in l ine 127, one for 
throttling, the other for complete shutoff. In addition to venting g a s e s  from the pressurizer during 
normal operation, l ine 127 also serves to relieve the overpressure during the init ial  dumping 
phase. 

and 25). Representative samples of the circulating streams are  obtained by isolating a sma l l  
volume (approximately 5 to 10 ml) in  the sampler isolation chamber. A fuel-sample cooler (item 24) 

Noncondensable gases ,  mostly excess  oxygen with small amounts of intensely radioactive fis- 

Provisions are  made for in- 

Storage tanks (items 16a and lbb), equal in s ize  and capacity to the dump tanks,  are provided 

Both high- and low-pressure system fluids can be sampled by the sample stations (items 18 

26 

. 
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. 
is provided to control the  fuel solution temperature * 
pressure sample station (item 2 5 ) .  After a sample is isolated in  the  chamber, the  pressure is 
lowered by cooling and venting to the low-pressure system; and t h e  sample is drained into an 
appropriate container. The  container and sample are  removed and placed i n  a remote shielded 
carrier for transfer to an  analytical laboratory. Since the fluid that  was circulated through the 
sample station (prior to isolation) is discharged to the  dump tank, an  alternate path for draining 
the high-pressure system is thus provided through the sampler. A similar procedure i s  followed 
to obtain low-pressure system samples from t h e  low-pressure sampler (item 18). 

A transfer tank (item 19), associated with the  low-pressure sampler for collection of the  
fluid circulated through the  station prior to isolation, may also b e  used to make small batch 
transfers of fuel and/or condensate to the blanket system. 
from the system by the transfer tank v i a  the holdup tank, l ine 148, and the  Chemical Processing 
Loading Pit. 

T h e  condensate storage tank and the  dump tanks are  installed with weighing devices to  pro- 
vide a n  accurate measure of t he  contents for inventory purposes. 

in  l ines  128 and 129, which serve the high- 

Fluids may b e  added or removed 

2.4.2 Blanket Low-Pressure System 

h 

* 

As pointed out previously, the low-pressure blanket system, shown in  Fig. 2.5, is almost 
identical with the  fuel low-pressure system. The major differences in  the two systems will b e  
pointed out without discussion. 

T h e  size of the blanket dump and storage tanks  is increased to  accommodate the  much larger 
system volume. (Normal blanket system operating inventory is about 1715 l i ters ;  dump tanks and 
and storage tanks provide for a capacity of 2880 li ters.)  No provisions are  made for the  recom- 
bination of radiolytic gases present in  the  storage tanks; the gases are  vented through the  
storage cold t rap (item 50) directly to the  stack. 

was not provided with an iodine adsorption bed. 
Since the blanket system was not designed for operation with fuel and continuous letdown, it 

2.5 WATER COOLING SYSTEMS 

2.5.1 General 

The three water cooling systems supply coolant to the reactor and chemical processing plants 
and their auxiliary equipment for the  purposes of: (1) supplementing the  air-cooled condenser and 
the turbine condenser in  removal of heat produced by the  reactor; (2)  condensing steam in the  
turbine condenser; (3) cooling process streams for metering, sampling, and pumping operations; (4) 
cooling reactor equipment to prevent damage due to overheating; (5) condensing heavy water vapors 
as part of fuel concentration control; (6) removing fission product decay heat during operation and 
shutdown; and (7) cooling the cell air. 

To prevent contamination of the ORNL potable water supply, three separate water cooling 
systems are  provided: (1) a closed-loop demineralized-water cooling system in  the  reactor cell ,  
(2) an  open-loop cooling tower system using potable water, and (3) a once-through potable water 
system f o r  a few special cooling applications. The  u s e  of potable water as the  coolant and the 
use  of a n  air  break to prevent contamination of the water supply was considered in  an  early de- 
sign of the water cooling systems. l 9  However, since the potable water contains chloride and 
oxygen, the possibility of chloride-induced s t r e s s  corrosion made i t  necessary to provide a 
closed-loop demineralized-water cooling system for s ta in less  steel components located within 
the reactor cell. 2 0 ’ 2 1  Heat from the demineralized-coolant system is transferred to the cooling 



28 

tower system for final dissipation to the atmosphere. For certain cooling applications, it is  
advantageous to utilize the coldest water available a t  the si te;  therefore these coolers are 
connected directly to the potable water supply headers. (These applications are discussed in 
Sec 2.5.3.) 

2.5.2 Dem i nera I i zed-Water System 

The demineralized-water cooling system (shown in Fig. 2.6) is a closed-loop, circulating- 
coolant system which uses  high-purity, chloride-free condensate a s  the coolant. 2 1  The system 
serves essentially all of the s ta inless  s teel  components in the reactor cell. A 300-gpm centrif- 
ugal pump (item 124a) circulates the coolant; a similar pump (item 124b) is available for standby 
service. Heat is dissipated to the cooling tower water system by a shell-and-tube heat exchanger 
(item 125). A surge and expansion tank (item 122) accommodates coolant volume changes. 

Makeup water for the demineralized-coolant system is supplied to the surge tank (item 122) by 
gravity via l ine 836 from two 500-gal condensate storage tanks (items 130a and 130b). The level 
in the surge tank is automatically controIled. The condensate storage tanks are a l so  the source 
of water for all u ses  at  the s i te  that require high-purity, chloride-free water, such a s  filling the 
reactor and/or chemical plant systems for shakedown operation prior to filling the systems with 
heavy water. Condensate for these uses  is produced by condensing 100-psi building steam (from 
the ORNL steam plant) in a water-cooled shell-and-tube condenser (item 133). Cool water is 
supplied to the condenser from the potable water header No. 1 through line 859. Under normal 
operating conditions, the condensate tanks are adequate for making up l o s s e s  from the deminer- 
alized-water system. However, under emergency conditions, cooling tower water can be supplied 
to the system through line 840 by opening valve FCV-635. 

shell-and-tube units connected for series-counterflow operation. The cooling tower water enters 
the tube side of the unit at  about 90°F, at  a flow rate of 435 gpm, and exi ts  a t  about 111°F. The 
demineralized water enters the shell side at about 13OoF, at  a flow rate of 300 gpm, and exi ts  at  
about 100°F. (These temperatures and flow rates  are estimates for 10 Mw reactor power in warm 
weather. ’) 

Certain coolers require demineralized coolant at  temperatures above and below the 100°F 
outlet temperature of the heat exchanger. Two small exchangers are provided for these require- 
ments; one unit, the  purge pump coolant heat exchanger (item 123), cools about 2 gpm from 100°F 
to 90°F (by use of potable water a t  about 80°F) for use in the fuel and blanket purge pump 
coolers (items 68 and 48 respectively). Since the pumping rates  of the purge pumps are inferred 
from a coolant heat balance across the purge pump coolers,’ a coolant temperature lower than 
that available from the demineralized-water heat exchanger is required to give temperature dif- 
ferentials of sufficient magnitude to reliably indicate pumping rates.  The other special  unit, the 
demineralized-water heat exchanger (item 127), is used to heat about 18 gprn (maximum) to 160°F 
with process steam. The 160°F coolant is supplied to the fuel and blanket purge-flow heat ex- 
changers (items 118 and 119 respectively), to the fuel dump cooler (item 6), and t o  the fuel sam- 
ple cooler (item 24). The fuel dump and sample coolers require warm water to prevent uranium 
peroxide precipitation in the fuel normally held up in  these units, thus preventing possible 
blockage of the l ines .12*14*15 

flow rates  for 10-Mw operation is given in Table 2.3. 

reactor cell)  from the demineralized-water heat exchanger (item 125) through line 839. One 
header (line 497) supplies the fuel system components; the other header (line 498) supplies the 
blanket system components. With the exception of the fuel and blanket recombiner condensers 

In reality, the shell-and-tube heat exchanger (item 125) may be considered a s  two single-pass, 

A list of components using 100°F demineralized-water coolant and the expected maximum 

Cooling water for reactor components is supplied to two 4-in. headers (located outside the 
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Table 2.3. Reactor Components Which Use 100°F Demineralized-Water Coolant 

Item No. Component Approximate Flow Rate (gpm) 

92 Thermal shield 40 

91 Reactor vesse l  cooler 20 

5 Fuel circulating pump 5 

2 8  Blanket circulating pump 5 

20 Fuel letdown heat exchanger 5 

45 Blanket letdown heat exchanger 5 

7c 

34c 

8 

35 

17 

40 

33 

43 

15 

39 

Fuel  entrainment separator 

Blanket entrainment separator 

Fuel  recombiner condenser 

Blanket recombiner condenser 

Fuel feed cooler 

Blanket feed cooler 

Blanket dump cooler 

Blanket sample l ine cooler 

Fuel  storage tank reflux condenser 

Blanket storage tank reflux condenser 

5 

2 

15 (80 a t  dump) 

I5 (150 a t  dump) 

5 

5 

40 (at  dump) 

8 

20 

20 

(items 8 and 35 respectively), all the service l ines  from these headers into the reactor cell  have 
manually operated valves for shutoff and throttling. The supply l ines  to the recombiner conden- 
sers  have control valves remotely operated from the control room, HCV-835 (fuel system) and 
HCV-836 (blanket system), and quick-opening high-capacity bypass  valves, FCV-929 (fuel sys-  
tem) and FCV-930 (blanker system), which automatically open on a dump signal. All  the supply 
l ines have check valves to prevent backflow of coolant, possibly contaminated, into the control 
area. 

while the return l ines from all other equipm6nt in the cell (using demineralized cooling water) 
discharge into another common header, l ine 509. These headers, located inside the cell ,  p a s s  
through the ce l l  wall into a shielded compartment (the west valve pit), where each header has  a 
3-sec holdup loop, a shutoff valve (FCV-933 and FCV-934 on l ines 434 and 509 respectively), a 
discharge valve (FCV-932 and FCV-927 respectively), and a bypass  relief valve se t  a t  150 psi. 
Following the valving arrangement, the two headers are joined to from line 510, which discharges 
into the surge tank. The circulating pump takes its suction from the surge tank and discharges to 
the demineralized-water heat exchanger to complete the circuit. 

The purpose of the valving arrangement is to prevent the return to the surge tank of any radio- 
activity which may find its way into the cooling system during an emergency and to provide for 
continued cooling during shutdown for such an emergency by discharging the demineralized 
cooling water into the reactor cell .  During such an event, water stored in the condensate tanks 
would be exhausted; then valve FCV-635 in l ine 840 would open, thus interconnecting the cool- 
ing tower coolant system and the demineralized-water system. With this  interconnection made, 
potable water is supplied to the necessary coolers, first from the cooling tower basin (15,000 
gal) and then from the potable-water supply to the  basin. (The basin forms an air  break in the 
potable-water supply.) 

The return l ines from the two recombiner condensers discharge into a common header, l ine 434, 
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The relief valves (set  a t  150 psi)  are provided in parallel to the discharge valves (FCV-927 
and FCV-932) to ensure venting in case  of instrument failure. Loss of pumping capacity in the 
closed loop system, through either power or pump failure, will cause the block valves to  c lose 
and the diversion valves to open. 

operation, heat balance calculations, and solution flow-rate calculations. For accurate measure- 
ment of temperature, individual thermocouples are generally located on the inlet and outlet water 
l ines,  c lose to the heat exchanger equipment. A number of pressure indicators and switches are 
provided to facilitate operations. A l l  service l ines  into the reactor cell  from the demineralized- 
water headers are provided with a flow indicating device of at leas t  one of the following types: 

a. Uncalibrated swinging-vane indicator for visual flow indication where quantitative m e a s -  
urements are not essential .  

b. Calibrated rotameter-type flow indicators where quantitative flow measurement is necessary,  
but control, alarm, or remote indication is not required. 

c. Calibrated rotameter-type flow indicators where quantitative flow measurement is necessary 
and control, alarm, and/or remote indication are required. These flow indicators are equipped with 
switches for energizing appropriate electrical circuits . 
The type indicator used in each of the service l ines to the reactor components is  given in Table 
2.4. 

Thermocouples are installed a t  various points in the system to provide temperature data for 

Table  2.4. Types of F low Indicators in Demineralized-Water Supply L i n e s  

Item No. Component Remarks Indicator Type 
( s e e  text)  

5 

6 
7c  
8 

8 a  
15 
17 
20 
24 
28 
33  
34c 
35 

39 
40 
43 
45 
48 
68 
91 
92 

117 
118 
119 

Fuel  circulating pump 

Fuel dump cooler 
Fuel entrainment separator 
Fuel  recombiner condenser 

Fuel  recombiner iodine bed 
Fuel storage tank reflux condenser 
Fuel feed color 
Fuel letdown heat exchanger 
Fuel sample cooler 
Blanket circulating pump 
Blanket dump cooler 
Blanket entrainment separator 
Blanket recombiner condenser 

Blanket storage tank reflux condenser 
Blanket feed cooler 
Blanket sample cooler 
Blanket letdown heat exchanger 
Blanket purge pump cooler 
Fuel  purge pump cooler 
Reactor ves se l  cooler 
Thermal shield cooler 
Fuel  storage-tank recombiner 
Fue l  purge-flow heat exchanger 
Blanket purge-flow heat exchanger 

C Type b in bypass  

supply 
a 
a 
b and c In se r i e s  in normal 

supply 
b 
a 
b 
b and c 
a 
C 

a 
a 
b a n d c  

a 
b 
a 
b and c 
b 
b 
b 
b 
b 
b 
b 

In se r i e s  

In se r i e s  in normal 
supply 

In se r i e s  
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2.5.3 Potable-Water System 

The potable-water system, shown by Fig. 2.7, supplies coolant to certain coolers directly in 
order to achieve lower temperatures. Table 2.5 l i s t s  the components, the expected maximum flow 
rates (at 10-Mw reactor operation), and coolant disposition to which potable water  is supplied 
directly.' ' It is noted that all  cooling water to the reactor cell  and the chemical plant cell is 
supplied from their respective demineralized-water systems except for the potable water supplied 
to the cell  space coolers. 

Most potable cooling-water requirements are satisfied by an open-loop, recirculating system 
with a cooling tower (item 61) for dissipation of the heat. A centrifugal pump (800-gpm, 110-ft 
head, i t em 62a) circulates the water through the system. A similar pump (item 62b) is provided 
for standby service. 

bulb, a heat dissipation rate of 7 .2  x lo6 B t ~ / h r . ~ ~  A 15,000-gal basin,  included in the design 
of the induced-draft, counterflow cooling tower, provides an air break in the circulating system. 
Normal makeup for losses  is about 35 gpm, ' supplied a s  discharge from certain coolers a s  indi- 
cated in Table 2.5. An overflow (line 383) to an open drain and a float-operated valve (398-C) in  
the supply (line 398) serve to hold the water level constant i n  the basin. A bypass valve (398-B) 
is provided for quick filling. A control valve (FCV-931) in the cooling water return (line 393) is  
provided for bypassing or partially bypassing the tower spray nozzles to control the coolant t em-  
perature in cold weather and to prevent ice formation on the tower. Stainless s teel  filter screens 
are installed i n  the cooling tower exit l ines  to protect the system from debris. 

Components utilizing the cooling tower potable water system and  the expected flow rates (at 
10-Mw reactor operation) are: the demineralized-water heat exchanger (item 125), 434 gpm; turbine 
condenser (item 59), 318 gpm; turbine oil cooler (item 134), 20 gpm; and the deaerator vent con- 
denser (item 64), 28 gpm. 

The tower is rated to cool 800 gpm of water from 135'F to 90°F with ambient air a t  80°F wet 

2 1  

Table 2.5. Components Ut i l i z ing  Potable Water as Coolant 

Item No. Component 
Estimated 

Flow Rate  (gpm) Discharges to 

82a,b,c,d 

7 5  

18 and 25 

38 and 44 

123 

80 and 90 

10  

131 

132 

Reactor ce l l  space  coolers 

Chemical plant space  cooler 

Reactor refrigeration condenser 

Chemical plant refrigeration condenser 

Fuel sample station coolers 

Blanket sample s ta t ion  coolers 

Purge pump coolant hea t  exchanger 

Waste evaporator, entrainment 
separator, and condenser 

Charcoal adsorber beds 

Chemical plant demineralized-water 
cooler 

Fuel feed-pump oil  coolers 

Blanket feed-pump oil  cooler 

100 

3 

15 

15  

2 

2 

4 

50 

10 

15 

Open drain 

Open drain 

Cooling tower 

Open drain 

Open drain 

Open drain 

Cooling tower 

Open drain 

Open drain 

Cooling tower 

Cooling tower 

Cooling tower 
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Potable water, used for filling the reactor cell prior to performing underwater maintenance 
operations, is  supplied through filters (items 128a and 128b) via l ine 386 to chemical plant cell A, 
from where it is distributed t o  the reactor cell  through l ines  528 and 529. A 1000-gpm dewatering 
pump (item 99), located in  cell A, is used to pump the water from the reactor cell  to a holding 
pond following maintenance operations. A system of spray nozzles, located inside the reactor 
cell for emergency use,  is also fed from line 386 in  cell A. 

the normal needs of building personnel. 
In addition to the cooling-water and cell-flooding requirments, the potable-water system supplies 

2.6 REACTOR STEAM SYSTEM 

The main purpose of the reactor steam ~ y s t e m , ~ ~ - ~ ~  shown in Fig. 2.8, is to dissipate in an 
economical manner the heat generated in the reactor core and blanket. Design data given on the 
flowsheet regarding steam conditions, heat and flow rates,  etc., are for a reactor core power level 
of 5 Mw. However, it is  pointed out that the steam conditions, which are a function of reactor 
power level and temperature and flow rates  of the reactor solutions, change with operating condi- 
tions. Detailed discussions,  recommendations, and design requirements of the steam system are 
presented in  refs 28-32. 

Saturated steam is generated on the shell  s ide of U-tube, horizontal, reboiler-type steam 
generators (items 4 and 31) located inside t h e  shielded reactor containment cell. Steam drums 
(items 53 and 54) and automatic stop valves (HCV-537 and HCV-538) are located in a shielded 
compartment outside the primary containment vessel .  The s t e a m  drums are sized to delay the steam 
for 1 to 3 s e c  in the shielded compartment. Radiation detectors are provided to monitor the steam for 
radioactivity. If activity is detected in the steam a s  it enters the shielded compartment (lines 300 
and 3O2), a signal to c lose the automatic s top valves in l ines 301 and 303 (they close in l e s s  than 
1 sec)  is transmitted to  the control center. The signal also causes  the feed-water control valves 
(LCV-545 in l ine 358 and LCV-546 in l ine 368) and the blowdown control valves (HCV-539 in l ine 
375 and HCV-540 in line 378) to close,  thus preventing the spread of radioactivity to the unshielded 
portions of the reactor steam system. 3 3  

Steam produced in the fuel-system heat exchanger (item 4) is  either throttled to the turbine (item 
57, originally used in HRE-1 and retained for u s e  in HRE-2) or bypassed to an air-cooled condenser 
(item 60). Since generation of electrical power w a s  not an objective of HRE-2 (see Sec 1.2), an  
air-cooled condenser (item 60), capable of dissipating 10 Mw of heat, was provided a s  a steam- 
killer for the reactor. However, it was decided to incorporate the existing 345-kva turbine-genera- 
tor set into the reactor steam system for generation of emergency power. 

Pressure-controlled throttling valves, PCV-552A in  l ine 317 and PCV-552B in l ine 316, are 
provided in parallel to accept the wide variations in  steam flow through line 334 to the turbine. 
Parallel throttling valves, HCV-536A in l ine 311 and HCV-536B in  l ine 312, are a l so  provided to 
bypass steam from the fuel-system heat exchanger to the air-cooled condenser through line 328. 
Both l ines  328 and 334 contain orifices and calorimeter connections for obtaining heat-balance 
data. 

condenser. Differential-temperature-controlled throttling valves, TdCV-65 20A in l ine 314 and 
TdCV-6520B in l ine 313, are provided in parallel to control t h e  steam flow through line 331 to the 
air-cooled condenser. The signal for manipulating these valves is derived from a temperature 
differential controller (TdC-65 20) which maintains the blanket outlet temperature the same as the 
core average temperature. An orifice and a calorimeter connection are a l so  provided in l ine 331 
for heat-balance data. 

2 4  

Steam generated in the blanket-system heat exchanger (item 31) flows only to the air-cooled 

A valved jumper connection (line 255) is provided between the two main steam l ines  (301 and 
303). Normally the jumper is valved off; however, t h e  two s t e a m  l ines  can be interconnected. 
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4. 

After passing through the turbine, the expanded steam is condensed i n  the turbine condenser 
(item 59), and a hot-well condensate pump (item 63) returns the condensate through lines 346 and 
348 to the deaerator and surge tank (item 64). Condensate from the air-cooled condenser is also 
discharged directly to the deaerator through line 345. The deaerator strips the condensate of 
gases  which would otherwise induce excessive corrosion in the steam generators and connecting 
pipes. Building steam (at 100 psig) normally supplied to the deaerator provides the makeup for 
the feedwater system (see Sec 2.9). If additional makeup is needed, building steam can be ad- 
mitted to the turbine condenser through line 339. Cooling water is supplied to the vent condenser 
of the deaerator from the cooling tower water system through line 396. 

triplex feedwater pumps (items 65a and 65b). The pumps, one of which has  a 19-gpm capacity, the 
other a 72-gpm capacity, are driven by manually adjusted, variable-speed drives. The feedwater 
control valves, LCV-545 in line 358 and LCV-546 in line 368, are interlocked with the steam- 
generator liquid-level controllers to prevent rapid introduction of feedwater during startup opera- 
tions and to maintain a constant liquid level during normal operations. Excess  pumpage is re- 
turned to the deaerator through a back-pressure-controlled valve, PCV-559 in line 361, which can 
be manually adjusted to minimize pumping power. Accumulators (items 88a and 88b) are provided 
on the pump discharge l ines  to dampen pressure pulsations. The valving arrangement is such that 
either pump can serve both steam generators. Provisions for metering chemicals for feedwater 
treatment are included on the upstream side of the feedwater p ~ m p s . ~ * * ~ ~  (See Sec 3.11 for treat- 
ment.) 

The steam generators are provided with steam relief valves, set at  1500 psig, which vent to 
the reactor cell. Since the operation of these relief valves would impose a large power demand on 
the reactor, liquid relief valves, set a t  1350 psig,  are provided on each steam generator. These 
valves also vent to the reactor cell. In order to prevent leakage and unnecessary functioning of 
the relief valves, rupture disks,  rated for the relief valve settings, are installed immediately pre- 
ceding the relief valves. The space between the rupture disk and the relief valve is provided 
with a pressure tap and an alarm to indicate leakage through the disk. Plessure relief valves, 
which relieve to the deaerator, are provided on the discharge s ide of the feedwater pumps. 

During normal operation, condensate collected in the steam drums is returned to the steam 
generators by gravity. At  power levels above about 7.5 Mw in the core and 3.5 Mw in the blanket, 
the pressure losses  will prevent gravity return of the condensate, and it will be  necessary to flash 
the condensate through steam traps to the deaerator.3G 

An oil-fired package boiler (item 56) capable of producing about 1680 Ib/hr of 1500-psig satu- 
rated steam, is provided at the reactor site for preheating the fuel and blanket systems prior to 
startup and for u se  during lower-power nuclear operations. 37 For startup, steam from the package 
boiler is condensed on the shell  s ide of the s t e a m  generator by circulating reactor solutions 
through the heat exchanger tubes. Similarly, 250-psig building steam, supplied from the ORNL 
steam plant, can be used to preheat the reactor systems and/or operate the turbine-generator for 
emergency power. 

Feedwater is returned to the two steam generators from the deaerator by two high-pressure, 

2.7 WASTE AND VENT SYSTEMS 

The basic requirements of w a s t e  and vent systems, shown in Figs.  2.9 and 2.10, are a s  
follows: 3 

a. To provide facil i t ies for handling, concentrating, and storing waste solutions. 

b. To provide facilities for safely storing and discharging process off-gases. 

c. To provide for adequate venting and evacuation of the reactor and chemical plant cells .  

d. To provide for flooding and deflooding of the reactor and chemical plant ce l l s  for maintenance 
operations. 
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Large volumes of liquids with low levels  of activity are discharged from the containment cell  
directly to a 300,OOO-gal waste-storage pond (item 95) for subsequent precipitation of activity and 
controlled drainage to the Clinch River via Melton Branch and White Oak Creek. Liquids contain- 
ing appreciable quantities of activity are jetted to a 12,000-gal storage tank (item 94) for subse- 
quent concentration and disposal. 

A waste evaporator (item 80a), capable of evaporating 1.5 gpm, is  provided for concentrating 
the high-level activity wastes. The liquid is jetted from the storage tank to the evaporator through 
lines 550 and 552. Concentrated waste is transferred from the evaporator through line 569 to a 
shielded carrier for disposal or further processing. Vapors from the evaporator proceed through 
line 566 to an entrainment separator (item 80b), where the entrained liquid is removed and returned 
to  the evaporator through line 567. The vapors continue from the separator to the waste evaporator 
condensers (items 90a and gob) via l ine 568, where they are condensed. The condensate is dis- 
charged via l ine 548 to a 1000-gal holding tank (item 93), from which it can be jetted to either the 
12,000-gal storage tank or the waste storage pond, depending on the condensate activity level. 
Overflow from the waste evaporator is returned to the 12,000-gal tank via l ine 662 for recycle. 

Waste liquid from the following sources discharge directly to the 12,000-gal tank: 

a. Fuel and blanket sampler station via lines 139 and 239. 

b. Waste evaporator shield sump jet via l ines 573 and 662. 

c. Off-gas stack via l ines 619, 559, and 550. 

d. Waste evaporator overflow via l ine 662. 

The following sources discharge directly to the waste pond: 

a. Hot storage-pool sump jet (line 782) and overflow drain (line 783). (The hot storage pool is 
provided for temporary storage of radioactive components during maintenance operations.) 

b. Waste system valve pit sump jet via l ines 784 and 783. 

c. Dewatering pump (item 99) discharge, line 519. 

d. Chemical plant operating galleries (cells A and D) sump jets, l ines  536 and 537. 

e. East  valve pit overflow drain, line 631. 

f.  Waste evaporator loading pit sump jet ,  line 783A. 

Valving is provided to discharge wastes to either the 12,000-gal storage tank or the waste 
pond from the following sources: 

a. Reactor cel l  sump jets via l ines  520 and 521. 

b. Chemical plant cel ls  B and C sump jets via l ines 514 and 515. 

c. East  valve pit sump jet ,  line 634. 
d. Reactor heat exchanger blowdown condensate,  l ine 382. 

e. Condensate from the 1000-gal waste condensate tank, l ine 560. 

f. Chemical plant loading pit sump jet, l ine 538. 

In the event of a major discharge of reactor process fluids into the cel ls ,  it may b e  desirable to 
recover the fluids for processing without resorting to the u s e  of the waste evaporator system. 
Scavenger l ines  are provided from the reactor cell  and chemical plant cel ls  (B and C) sumps for 
such an emergency. The scavenger l ines (522, 523, 512, and 513) terminate in the east  valve 
pit with welded pipe caps.  If the need ar ises ,  the end caps can be cut off and temporary equip- 
ment installed to recover the spilled solutions. 

The process  off-gas system was described with the low-pressure fuel system. 
The reactor and chemical plant ce l l s  are evacuated to 7.5 psia during normal operation via 

l ines 543, 544, and 545 by two vacuum pumps (items 89a and 89b). Two 8-in. l ines  (516 and 517) 
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Fig. 2.9. Waste and Vent System (Part  A). 
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from cel ls  B and C, and one 16-in. l ine (532) from the  reactor cell  are connected to the suction of 
the stack fan (item 13a) to provide ventilation during maintenance operations. Valves in the 8- 
and 16-in. l ines are closed during normal operation. 

2.8 REFRIGERATION SYSTEM 

A refrigeration system,39 shown in Fig. 2.11, is provided for the following functions: (a) to 
chill cold traps for removal of D,O vapor from the reactor off-gas stream, (b) to warm the cold 
traps (during the thawing portion of the cycle) to recover the trapped D,O a s  condensate, and 
( c )  to supply cold refrigerant to  a number of pipeline freezer installations. In addition to con- 
serving D,O, removal of the vapor from the off-gas stream prevents moisture from reducing the 
effectiveness of the charcoal adsorption units. The pipeline freezers are used to back up valves 
in certain process l ines to ensure positive shutoff of fluid flow by forming i c e  plugs in the lines. 
Also, pipeline freezers are used extensively to prevent escape of activity and to prevent entry of 
shielding water into the reactor system while underwater maintenance operations are being per- 
formed. '- 

A secondary refrigerant, rather than a single direct expansion system, was selected for 
chilling the reactor cell equipment for the following reasons:43 

a. In most c a s e s  the shield wall penetrations for the refrigerant l ines  were at  higher eleva- 
tions than the freeze unit locations in the cell ;  thus it would be difficult to assure  drainage of 
lubricating oil from the freezers if a primary system with a reciprocating compressor were used. 
Furthermore, the lubricating oil would be subject to radiation damage inside the  cell. 

b. A secondary system would permit a wider choise of refrigerants to mee t  the requirements 
imposed on the  system by the ambient conditions. 

c. A thawing arrangement for the cold traps could be conveniently provided by circulating a 
warm supply of secondary refrigerant. 

d. Connections could b e  easily made to a secondary system to supply temporary refrigeration 
to freezer units not permanently connected to the circulating system. 

The secondary refrigerant, 44 AMSCO 125-82, (a hydrocarbon similar to kerosene) is chilled 
by a Freon-22 primary refrigeration system and circulated through the cold traps and pipeline 
freezers. In addition to these systems, a portable refrigerant chilling system is available for 
temporary use  during maintenance operations. In th i s  system, Amsco, chilled to below -60'F 
by direct contact with dry ice in an insulated tank, is circulated through appropriately placed 
temporary freezer units by a 40-gpm circulating pump. 

In the primary refrigeration system, 39 located outside the reactor containment cell ,  liquid 
Freon-22 a t  about 80'F and 175 psia  leaves the receiver (item 111) via l ine 701, flows through a 
drier (item 110) and strainer, and then divides into two liquid streams, l ines  704 and 706. Each 
line contains a flow measuring device. About 80% of the flow p a s s e s  through a subcooler (item 
135), where the liquid is cooled to about 20'F by a portion of the bypassed liquid stream ex- 
panding through a thermostatic expansion valve (TV-T69). The  valve regulates the flow of 
Freon-22 to maintain about IO'F superheat in the vaporized refrigerant, which is  discharged to 
the compressor interstage manifold via l ine 758. The remaining portion 01 the bypassed stream 
is expanded through a thermostatic expansion valve (TV-T70) in l ine 708; its function will be 
described later. 

heat exchanger (item 136), where it is further cooled to about O'F. Leaving the heat exchanger, 
the liquid p a s s e s  through line 883 to the main evaporator (item 137), where it f lashes through a 
thermostatic expansion valve, TV-T68, and evaporates at about - 6 O O F  and 9 psia. Leaving the 
evaporator at about -50'F, the vapor flows through line 705 to the liquid-suction-line heat ex- 
changer (item 136) where its temperature is raised to about O'F by heat transferred from the 
liquid flowing to the evaporator. 

The liquid leaving the subcooler a t  about 20'F (line 882) flows to the liquid-suction-line 
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Vapor leaving the heat exchanger flows through line 705 to the first-stage manifold of the 
compressor (item 69). Three cylinders of the reciprocating compressor operate in parallel a s  
a low-pressure stage. A fourth cyIinder constitutes the high-pressure stage. Leaving the first 
stage of compression at about 160°F and 45 psia ,  the vapor mixes in the interstage manifold 
with vapor from the subcooler (line 758) and with flashing liquid admitted through thermostatic 
expansion valve TV-T70 in line 708, mentioned previously. The thermo bulb which controls 
TV-T70 is located on the interstage manifold, downstream of the liquid injection point. The 
valve regulates the flow of refrigerant to achieve a mixed final temperature of 50 to 100°F, de- 
pending on the system load. The combined streams then enter the second s tage of the compressor, 
where the vapors are compressed to about 175 psia  and heated to about 200'F. 

Leaving the compressor through line 709, the compressed vapors p a s s  through an oil separator 
(item 70) before entering a water-cooled condenser (item 75). After condensation, the liquid flows 
back to the receiver (item 111) to repeat the cycle. Condensing water, about 10 to  20 gpm, is fed 
to the condenser directly from the potable-water supply system in order to improve the cycle effi- 
ciency. Water from the condenser is discharged to the cooling tower basin to serve a s  makeup for 
the cooling tower water system. 

For 90°F condensing temperature and -50°F evaporator temperature, the primary refrigeration 
system is rated at  68,000 Btu/hr. With the ev?porator at -4@F, it is rated at 86,000 B t ~ / h r . ~ ~  

The secondary refrigerant, A m s c o  125-82, is circulated through a closed, pressurized loop 
(approximately 5 psig) to satisfy the refrigeration requirements inside the reactor containment cell .  
Amsco flows from a 100-gal insulated tank (item 71) a t  about -2@F through line 711 to the suction 
side of a 45-gpm circulating pump ( i tem 73). Discharging from the pump, the refrigerant flows 
through line 880 to the shell s ide of the main evaporator (item 137), where the Amsco is  chilled to 
about -40°F by the primary refrigerant, Freon-22. A side stream may be diverted from the pump 
discharge, through a silica-gel type drier ( i t em 107), and returned to the storage tank. 

system requirements, and l ine 715, which serves the fuel system requirements. The  Amsco flows 
next to  the respective valve manifold stations for distribution to five cold traps and thirty-seven 
permanently connected pipeline freezers. 4 0 - 4 2  The flow returns from the manifold stations to 
the insulated storage tank via l ines  750, 751, and 756. Lines  810, 811, 812 ,  and 813, terminating 
at the operating floor level, are supply and return l ines  for chilled Amsco for u s e  in  temporarily 
connected freezer units during maintenance operations. 

Warm refrigerant flows from a 50-gal storage tank (item 72), equipped with electric immersion 
heaters, through line 753 to a 7. 5-gpm circulating pump. The pump discharge is distributed to the 
valve manifold stations via line 754, and returns to the storage tank via l ine 757. 

if closed, could trap Amsco in the system. The rupture disks  discharge through l ines  773 and 
775 into a 55-gal catch tank (item 1211, vented to atmosphere. The catch tahk is equipped with a 
float-operated switch to sound an alarm i f  Amsco enters the tank. The two Amsco storage tanks 
(items 7 1  and 72) are equipped with spring-loaded relief valves (set  a t  100 psig) which also dis- 
charge into the catch tank. 

4 4  

Leaving the evaporator via l ine 712, the flow is divided into l ine 714, which serves the blanket 

A warm A m s c o  circulating system is provided for programmed defrosting of the cold traps. 

Rupture disks ,  rated for 150 psig bursting pressure, are provided a t  all return valves, which, 

2.9 STEAM AND CONDENSATE SERVICE SYSTEMS 

The process  steam system, shown in  Fig. 2.12, is supplied with 250-psig saturated steam from 
the ORNL s team plant. For emergency power process steam can be supplied through line 338 to the 
turbine generator. Lines  1418-B and 1419-B supply 100- and 250-psig process  steam, respectively, 
to the chemical plant. Line 680, connected to l ine 338, supplies 250-psig steam to two headers, 
lines 681 and 473, which deliver steam to the catalyst  heaters (for drying the catalyst  prior to 
operation) in the fuel and blanket catalytic recombiners (items 8a and 35a), fuel storage recombiner 
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(item 117), and the fuel and blanket secondary recombiners (items 27 and 113). Steam for the fuel 
and blanket storage tank evaporators (items 16a, 16b, 49a, and 49b) is supplied from a 75-psig 
header, line 685, connected through a pressure reducing station to l ine 680. Steam (75 psig) for 
the fuel and blanket dump tank evaporators (items 7a, 7b, 34a, and 34b) is supplied through sepa- 
rate pressure regulating stations,  each supplied from line 680. 

Line 337, connected to line 338, contains a pressure reducing station, which supplies 100- 
psig steam through line 904 for the remaining process requirements. Line 901 furnishes 100-psig 
steam to the condenser (item 133), where it is condensed and becomes the supply for the deminer- 
alized-water system. A second pressure reducing station in l ine 337 further reduces the steam 
pressure to 5 psig for building-space heating requirements. 

Returning condensate l ines  from each piece of equipment are individually trapped and dis-  
charged to  a common condensate receiver tank (item 103), which is vented to  the roof and which 
drains to sump a t  the lower level of the control area. A sump pump (item 144) pumps the condensate 
to an open drain. Radiation detectors monitor the condensate l ines  from the fuel and blanket equip- 
ment for radioactivity. If activity is detected in any of the l ines,  a signal is transmitted to c lose 
valves FCV-814A and FCV-814B, thus isolating the condensate system. The  valved condensate 
return headers (lines 686) are located close to the reactor shield wall and can b e  temporarily 
shielded i f  condensate activity should penetrate a s  far as  the steam traps. 

2.10 LEAK DETECTOR SYSTEM 

A flange leak detector system, 4 5  shown in Fig. 2.13, is provided to indicate and locate leaks 
in process  pipe flanges and t o  prevent l o s s  of process fluids from the reactor system should a 
leak develop. The system consis ts  of a number of headers to which individually valved leak de- 
tector l ines  are connected (shown in  Fig. 2.14). The numbering system employed on the leak de- 
tector l ines,  Fig. 2.13, refers to the particular se t  of f langes and the l ine in which the flanges are  
located. 4 * 4 6  For instance,  leak detector A-102, terminated at  header No. 6 (Fuel High-pressure 
Header), is connected to the set  of flanges identified by the letter “A” in  l ine 102. Reference to 
the fuel high-pressure system flowsheet, Fig. 2.2, shows this  set of flanges to be in  the line from 
the heat exchanger to the circulating pump. (In general, let ter designations for flanges will start 
with the letter “A” a s  the first set in a particular line and progress through the alphabet a s  one 
proceeds along the line in the direction of flow.) 

a gas  mixture consisting of 5% hydrogen and 95% helium. 
completely filled with D,O. A pressurizer, equipped with a level sight g lass ,  is connected to  the 
various headers. During normal operation the individual l ines are a l l  interconnected through the 
pressurizer. A leak is simultaneously indicated by a l o s s  in level in the sight g lass ,  a loss  of 
overpressure, and flow indication on a flowmeter. The  leak is first isolated to a particular 
header by alternately closing the header fill valves until flow stops. After isolating the header, 
the leak may be located by a similar procedure on the individual leak detector valves. In this  
manner a leak may be located and the leak rate established by observing the volume change over 
a period of time. 

A special  leak detector system monitors about 16 reactor steam system flanges inside the 
reactor cell. It operates similarly to the above described procedure, except that a pressure r ise  
is used a s  an indication of a flange leak. 

body of the circulating pumps, and the core inlet and outlet  flange^.^',^* All these locations 
have return l ines  to the control area for possible purging and sampling. The return l ines are 
normally valved off and the system operates in the manner described above. 

The headers are filled with D,O and pressurized to at least  300 ps i  above system pressure with 
The leak detector header and l ines  are 

Another special  system is provided for the flanged heads of the heat exchangers, the flanged 
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3. Component Design 

3.1 INTRODUCTION 

I, 

The design of the major items of equipment is described in this  chapter. (A complete tabula- 
tion of components by i tem numbers is given in Appendix A. The tabulation a l so  includes the 
system in which the component is used.) Pertinent design criteria, results of calculations, and 
specifications are  given. Reference is made to detailed calculations and discussions for 
additional information. Although, in general, the HRP Quarterly Progress Reports are not specif- 
ically referenced, the s ta tus  of design, development, construction, supporting research, etc., was 
routinely reported. (See ref 9 ,  chap. 1.) 

Detailed drawings are not included in this  report; instead, schematic and illustrative drawings 
are used where available. For those interested, tabulated drawing lists have been compiled.' 

Although most of the components underwent performance testing either before or after installa- 
tion in the reactor system, only those test resul ts  requiring design changes are reported herein. 
These results were usually obtained in a test facility referred to  a s  the HRT mockup.*-* The re- 
sul ts  of preoperational testing and operational performance are reported elsewhere. (See refs 11 
and 13, chap. 1.) 

3.2 CORE TANK 

3.2.1 Introduction 

In a two-region aqueous homogeneous reactor, a thin inner vessel ,  or core tank, contains the 
fuel solution and thus separates  i t  from the surrounding blanket material. A sectional view of the 
HRE-2 reactor vesse l  assembly without blast shield is shown in Fig. 3.1. The core tank is essen- 
tially a spherical vesse l  s ized  to sustain a nuclear chain reaction a t  temperatures up to 3OO0C 
with a uranium concentration of less than 10 g of U per kg of D,O and with a D,O r e f l e ~ t o r . ~  

pressure vessel, and blast  shield, based on ORNL Specifications' HRT-1001, HRT-1032, and 
HRT-1098; to carry out the necessary development of Zircaloy-2 fabrication techniques; and to 
fabricate the core tank, pressure vessel  and blast  shield assembly. The  design, development, and 
fabrication can be followed in detail in the periodic progress reports.' A detailed fabrication his- 
tory' of the core tank and of the pressure vessel  and blast shield' were submitted by the Newport 
News Shipbuilding and Dry Dock Company; the core tank fabrication history was later distributed 
as an ORNL memorandum.1° A summary of the development and fabrication of the core tank has 
been presented. 

The Newport News Shipbuilding and Dry Dock Company was selected to produce the core tank, 

11 

3.2.2 Core Tank Description 

The core tank is a 32-in.-ID spherical vesse l  with an inlet section consisting of two conical 
diffusers, Perforated plates, 'h-in. thick and having 55 to 60% free area, are  fitted inside the 
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Fig. 3.1. Pressure-Vessel Assembly Without Blast Shield. 
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; -  

conical sect ions to produce a uniform expansion of the inlet stream. Zircaloy-2 plates, t6 - in .  
thick, were hot-pressed into spherical sectors and welded together to form the spherical portion 
of the core tank. Similarly, 3/-in.-thick plates  were hot-pressed to form half cones, which were 
welded together to form the conical portions of the vessel. The inlet  and outlet pipes  and the 
end flanges were machined from solid Zircaloy-2 forgings. Figure 3.2 shows the relative position 
and orientation of the weld joints in the core tank assembly. 

The selection of a sphere for the core tank was based on nuclear and mechanical design con- 
siderations. From a nuclear standpoint, a sphere exhibits the smallest critical volume for a given 
fuel concentration and, consequently, the highest average power density for a specified total power. 
From a mechanical standpoint, a sphere is much stronger (about a factor of two for internal pres- 
sure) than a cylinder of equal diameter and thickness and exhibits a greater degree of stability 
under external pressure differentials. Therefore these factors, of interest in the design of large 
breeder reactors, supported the selection of a sphere for the core tank. 

Selection of 32 in. a s  the diameter of the core tank was based on nuclear considerations and 
materials characteristics.12 It was  estimated that a core tank of th i s  diameter would be  critical 
with a fuel concentration of 10 g of U 2 3 5  per kg of D,O when surrounded by a 14-in.-thick D,O re- 
flector. A smaller corediameter would require a fuel concentration in excess  of 20 g of U 2 3 5  per 
kg of D,O if the core were surrounded by a strongly absorbing medium, for example, a thorium ox- 
ide slurry. Fuel concentrations greater than 20 g of U per kg of D,O would be  undesirable for 
reasons related to corrosion of s ta in less  s tee l  piping and equipment. Core tanks that are larger 
in diameter would reduce the specific power to undesirable values i f  the total power were held 
constant at 5 Mw. 

in. minimum to provide adequate stability 
against collapse under external pressure differentials. Greater thicknesses would decrease the 
structural similarity to the relatively thin core tanks required for good neutron economy in large 
breeder reactors.' In developing fabrication techniques for the core tank, it was decided that 
the core tank thickness should b e  increased to  ?i6 in. to allow for possible thinning of the plates  
being hot-pressed into spherical sectors. Actually, very little thinning of the material took 

The  thickness of the core tank was specified a s  

place. 1 0  

3.2.3 C o r e  T a n k  M a t e r i a l  

Ideally, the core tank material should not absorb neutrons, should res i s t  corrosion by fluids 
with which it is in  contact, should have good structural strength a t  temperatures up to 3OO0C, 
should lend itself to common fabrication techniques, should not suffer radiation damage, and, 
among other things, should conduct heat well. The material nearest to the ideal is zirconium or 
one of its alloys. 

Zircaloy-2, an alloy of zirconium containing about 1.5% tin a s  the major alloying agent, was 
selected for the core tank material, although a fabrication technology (except that for pin- and 
plate-type fuel element cladding) was nonexistent at the t ime.  The choice of Zircaloy-2 for the 
HRE-2 core tank was based primarily on the need to develop fabrication techniques and determine 
the suitability of Zircaloy-2 for core tanks for large breeder reactors and secondarily on the spe- 
cial nuclear properties exhibited by zirconium. 

In out-of-pile service, zirconium and Zircaloy-2 are  almost completely resis tant  to corrosion 
by uranyl sulfate solutions. No localized corrosion, crevice corrosion, galvanic action from 
couplings with other metal, or s t ress  corrosion cracking in the presence of chloride have been 
observed with Zircaloy-2 or pure zirconium specimens. The presence of fluoride impurities, how- 
ever, leads to pitting and to very bad crevice corrosion.'* An appreciable increase in the overall 
corrosion rate and some localized attack of Zircaloy-2 have been observed in the presence of as 
little a s  43 ppm of fluoride ion contaminant.' 

Specimens exposed to fissioning uranyl sulfate solution experience substantial attack. Under 
A more complex, l e s s  desirable situation exis ts  in the in-pile corrosion behavior of Zircaloy-2. 
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Fig. 3.2. Weld Locations on HRT Core Tank. 



55 

these conditions the corrosion rate has  been affected by several variables, of which the more im- 
portant are power density, temperature, acidity, velocity, solution concentration, and surface con- 
dition.16 At the t ime  the core vesse l  was being designed and fabricated, very little was known 
about the effect of the various factors on the corrosion. (A recent review of in-pile Zircaloy-2 
corrosion data and a model for describing the effect of irradiation have been issued.") In the 
absence of data on in-pile corrosion rates  and the factors influencing the rate of attack, a corro- 
sion allowance was not specified for the core tank. Since the plate thickness was increased from '/4 in. to 5/16 in. to compensate for thinning during fabrication, thickness in excess  of the t - in .  
minimum was available as corrosion allowance. 

tank would have machined surfaces;'* the resul ts  are  given in  Table 3.1 for a typical fuel solu- 
tion. In general, the bases  for the rate estimates are a s  reported.16 The estimates include only 
the effect of that amount of uranium expected to be sorbed on the corrosion film and scale, not the  
effect of large deposits of uranium. The core-wall power density reported in  the table is about that 
expected during 5-Mw operation. The sandblasted surfaces of the core tank would be expected to 
corrode at somewhat higher rates; however, no method for estimating the difference between the 
two surface preparations existed at the time the estimates were made. 

As data became available, corrosion rates  were estimated for the core tank, assuming the core 

Table  3.1. Estimated Corrosion Rates for HRE-2 Core Tank 

Fue l  solution (at  28OOC): U 0 2 S 0 4 ,  0.036 m ;  H2S04, 0.020 m 

Core-wall power density: 1 5  w/ml 

Temperature Corrosion Rate 
(OC) (miI/yr) 

250 

260 

280 

300 

320 

10 

13 

21 

28 

34 

3.2.4 Core Hydrodynamics 

Prior to and during the design and construction s tages  of HRE-2, most concepts of aqueous 
homogeneous breeder reactors were based on the u s e  of spherical core tanks. Consequently, flow 
t e s t s  were conducted on a variety of spherical vesse ls  which would satisfy the following criteria: 

1. Heat removal from all points should be rapid and orderly to prevent the generation of hot spots. 

2 .  Radiolytic gases ,  formed from the decomposition of water, should be removed rapidly from the 
core. 

3. The pressure drop across  the core should be low. 

Rotational flow, in which fuel solution is introduced tangentially into the sphere and withdrawn 
a t  the center of a vortex at the top pole, was used in  the HRE-I. A s  the core diameter increases  
in rotational-flow systems, the pressure drop increases  rapidly for a given inlet velocity; and the 
core becomes less effective as a gas  separator. Calculations for an intermediate-scale reactor 
showed that this flow concept would not be  desirable for large reactors because of the excessive 
pressure drop across  the core. 19 
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Straight-through flow was selected for HRE-2 because it was considered to be promising for 
large reactors and because the design appeared to be satisfactory in tests of 32-in.-diam, 400-gpm 
models20*21 and 48-in.-diam, 5000-gpm models.22 In this  flow concept, the fluid is introduced at 
the bottom of the core through a conical diffuser section containing perforated plates  or screens 
and proceeds through the core in slug flow. The number of perforated plates needed is determined 
by the ratio of sphere diameter to inlet pipe diameter. In general, th is  ratio decreases with in- 
creasing reactor size, resulting in fewer plates and better performance. By proper design of the 
diffuser section, the velocity distribution can be made to conform to the neutron flux distribution 
of the core. A s  a result, the isotherms of the core are horizontal; and the temperature of the fluid 
increases uniformly as it passes  through the core. Gas  bubbles rise upward with a greater veloc- 
ity than the liquid and are removed through an external pipeline g a s  separator. 

The first design for the diffuser was a 90°-included-angle conical section with s ix  diffuser 
screens.” Flow tes t s  of this arrangement showed that it would not be possible to achieve a 
stable flow pattern with a single conical d i f f ~ s e r . ’ ~  Consequently, the diffuser section was mod- 
ified to include a 3O0-included-angle cone followed by a 90°-included-angle cone with nine screens 
to prevent flow separation within the diffuser. 
would be satisfactory for use in HRE-2. 2 1  A vaned elbow upstream of the inlet  section showed 
some improvement in  the diffuser performance; however, it was not used because of the difficulty 
anticipated in  fabricating an elbow in the 3 4-in. pipe size.  

Because of the difficulty in obtaining suitable Zircaloy-2 wire for weaving diffuser screens 
and the difficulty anticipated in attaching screens to the diffuser cones, flow tests were performed 
on perforated plates. 2 4  The results indicated that the flow characterist ics of perforated plates 
and screens are much the same.  Consequently, perforated plates  were specified for the diffuser 
section in the HRE-2 core.25 The dimensions of the diffuser plates  are given in Table 3.2; the 
vertical spacings of the plates  and the final version of the core rank design are  shown in Fig. 3.3.  

Flow tests of this  concept indicated that it 

1 23 

Table  3.2. Diffuser P l a t e  Dimensions 

~~~~~ ~ 

Pla te  P la te  Diameter Thickness  Hole Diameteru Solidity 
No. (in.) (in.) (in.) (%I  

0.125 

0.125 

0.125 

0.125 

0.125 

0.125 

0.125 

0.125 

0.125 

‘ 5 2  

l%* 

‘ 5 2  

‘ %2 

‘ 5 2  

I 5 2  

‘ 5 2  

%4 

%4 

40.4 

40.4 

40.4 

40.4 

40.4 

40.4 

40.4 

44.6 

44.6 

r) 

”. 

Y 

1 ‘Spaced on /2 in. triangular pitch. 
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The pressure drop across  the core was estimated from flow studies21 to be  1.42 inlet-velocity 
heads (approximately 3.2 psi)  at a flow rate  of 400 gpm. Average fluid residence times of 4.7 and 
5.1 sec were obtained from the flow s tudies  for the lower and upper hemispheres respectively. 
Gas-holdup tests indicated that  residence time would b e  independent of the amount of gas  present. 
It was anticipated that the core tank would be cooled by natural convection and localized boiling. 

Concurrent with the development of core tank fabrication techniques, a third flow pattern was  
conceived and 
pole of the sphere. The inlet jet induces vigorous turbulence s o  that the core fluid is well mixed. 
Except for the cold inlet  jet, the bulk of the fluid is at  outlet temperature. The mixed-flow con- 
cept simplified the vesse l  design and fabrication, but i t  did not seem to offer any distinct hydro- 
dynamic advantages over the straight-through concept. A decision was made to retain the straight- 
through concept, since considerable delay would result from redesigning the reactor and reorienting 
the development of core tank fabrication methods. 

In t.his concept, the inlet  and outlet pipes are concentric at either 

3.2.5 Core Wall Temperature 

A s  a result of an  inverse solubility-temperature relationship, uranium and fission products in a 
fuel solution tend to  be  deposited on surfaces which a re  at  a higher temperature than the solution. 
Such a situation ex is t s  in  the core of a reactor, where the core wall is heated by nuclear radiation. 
In order to  evaluate the importance of this  phenomenon in HRE-2, calculations were made to esti- 
mate the operating temperature of the core wall.29 The resul ts  are  a l so  important in estimating the 
expected corrosion rates. 

Excluding volume heat sources in  the fuel and deposition of heat generating material on the 
core wall surfaces, the gamma hea t  generation rate was  estimated to be  1.8 w/cm3 and was uni- 
formly distributed across the core wall at  5-Mw operation with a D,O r e f l e ~ t o r . , ~  The contribu- 
tion of beta particles to core wall heating was estimated to be equivalent to a surface heat ra te  of 
0,05 ~ / c m , . ~ '  (Using a more rigorous calculational p r ~ c e d u r e , ~ '  the core wall heating was later 
estimated to be  2.6 to 3.0 w/cm3.) These  heat generation rates, which a re  directly proportional to 
power level, would be  twice as  great at 10-Mw operation. 

are 493OF (256OC) and 572°F ( 3 O O O C )  respectively. Corresponding D,O temperatures are  532OF 
(278OC) and 540°F (282°C).32 Since the fuel and D,O enter at the bottom and flow upward, the 
reflector fluid is hotter than the core fluid in the lower regions. Near the equator the fluids are  at 
almost the same temperature; in  the upper part of the core tank, the fuel solution is hotter than the 
reflector fluid. Because of these changing conditions, the temperature of the core wall and i t s  
distribution change with position. Excluding volume hea t  sources, calculations for 5-Mw opera- 
tion indicated the core wall to be about 10°F above the fluid temperature at  the equator.29 The 
calculations a l so  indicated the wall to be about 5OF cooler than the fuel at the  midpoint between 
the equator and the core outlet and about 18'F hotter than the fuel a t  the intersection of the sphere 
and the diffuser. 

convection and a volume heat source in  the fuel solution were included. These calculations a l so  
neglected the effect of uranium deposition; however, the possibility of local core wall hot spots 
in the lower hemisphere was noted. 

function of heat removal ra te  at the outside surface. On the bas i s  of a simplified analysis,34 the 
inside surface temperature in  the upper hemisphere was reported to range 10 to 15OC above the so- 
lution temperature at 5 M e V .  

For 5-Mw operation with a D,O reflector, the fuel solution inlet  and outlet design temperatures 

In subsequent i n v e s t i g a t i ~ n s ~ ~ s ~ ~  of the core wall heat transfer, the effects of forced and free 

The resul ts  of these  investigations were reported in  terms of inside surface temperature a s  a 
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3.2.6 Allowable Core Tank Pressure Differential 

Two fundamentally important criteria for establishing the thickness of the core tank of a two- 
region breeder reactor are  neutron economy and mechanical strength. Neutron economy was not a 
primary consideration in  determining the thickness of the HRE-2 core tank. Instead, stability 
under external pressure differentials and structural similarity to the relatively thin core tank re- 
quired in large breeder reactors were the determining factors in establishing the /4-in. minimum 
thickness for the HRE-2 core vessel. In general, reducing the wall thickness, thus increasing 
neutron economy, reduces the design safety factor and requires a very accurate analysis of me- 
chanical strength. 

1 

The possibility that radiation damage to the core vessel  material would render it susceptible 
to  failure a t  points of high localized discontinuity s t r e s ses  required that a thorough analysis  be  
made of the bending s t resses  near the intersections of the various geometrical shapes. The thick- 
nes s  of the transition piece between the sphere and the cylindrical core outlet was increased about 
50% to afford reinforcement of the opening; a radius was used a t  the junction to reduce the discon- 
tinuity s t resses .  

The thickness of the conical diffuser section was made such that the collapsing pressure 
of the composite core vessel  would not be less than that of a completely spherical vessel. Be- 
cause of the unusual shape of the vessel ,  it was impossible to accurately calculate the minimum 
thickness required for the conical sections. Using the procedures of the ASME code for vesse ls  
subjected to external pressure and assuming that the portion of the composite vessel  near the 
sphere-cone intersection could be approximated by a cylinder of a diameter equal to that a t  the 
intersection,, the required thickness of the cone was estimated to be about 50% greater than the 
k-in. spherical wall thickness. 

To verify the design experimentally, pressure tests of stability characteristics were performed 
on full-scale aluminum models of the core vessel.35 The maximum pressure s t resses ,  including 
bending s t r e s ses  at the discontinuities, were estimated to be  about 30% greater than the membrane 
s t resses  for a complete sphere. Collapsing tests indicated that the thickness of the conical sec- 
tions, as calculated, would be adequate, s ince the composite aluminum tes t  vessel  buckled in the 
spherical p ~ r t i o n . ~ '  Table 3.3 is a comparison of the test vesse l  and the core 
the test data and Zircaloy-2 properties. 

based on 

The effect of thermal s t r e s ses  resulting from internal heat generation within the core wall was 
investigated. Using the temperature gradients reported,29 the thermal s t r e s ses  were estimated to 
be about 200 to 300 psi.39 (A later analysis  of the combined s t resses  in  the vicinity of the inter- 
section of the two cones indicated the thermal s t ress  was negligible compared with the other 
s t resses  a t  the point.*') 

Assuming a conservative Zircaloy-2 corrosion rate of 30 mils/yr and using the results from the 
aluminum model tests, recommended allowable working pressures for the core tank were estab- 
lished3' a s  a function of operating time. Table 3.4 presents the recommended working pressures. 
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T a b l e  3.3. Comparison of Core Vessel with Test  Vessel 

Tes t  Vesse l  Core Vesse l  

Maximum s t r e s s  per unit pressure,  dimensionless 

Collapse pressure,  ps i  

Location of failure 

Temperature, O F  

Yield strength (0.2%), p s i  

Modulus of e las t ic i ty  (compression), 1 0  

Sphere ID, in. 

Sphere thickness,  in. 

Thickness  of cones ,  in. 

Thickness of cylinders,  in. 

Thickness of transition p ieces ,  in. 

Radius of transition p ieces ,  in. 

Maximum out-of-roundness, % 

G ps i  

40 

43 5 

sphere 

70 

15,000 

11.1 

32 

1.5 

1.4 

3 2a 

440' 

b sphere 

600 

14,0OOc 

7.2c 

32 

5/16 

% 
36 
% 
1.5 

1.3 

. 

fore corrosion. 
bExpected location of failure. 
CProperties from ref 38. 

Table 3.4. Recommended Working Pressures for HRE-2 Core Tank 

b T i m e  Allowable Internal Pressure' Allowable External Pressure  
(yr) (psi)  (ps i )  

210 

190 

170 

150 

130 

110 

90 

70  

55 

40  

'Pressure required t o  produce s t r e s s  equal to one-half the yield strength a t  
600°F. 

bApproximately one-fourth the collapsing pressure. 
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t 3.3 REACTOR PRESSURE VESSEL AND BLAST SHIELD 

3.3.1 General Description 

The reactor pressure vessel ,  shown in Fig. 3.3, is a 60-in.-ID spherical vessel  designed 
for 2500 psi  a t  600'F. Located concentrically within the pressure vesse l  is the 32-in.-ID core 
tank. Blanket fluid, a t  approximately the s a m e  pressure a s  the core fluid, occupies the annular 
space between the core tank and pressure vessel .  A water-cooled blast  shield (see Sec 3.3.4) 
which surrounds the pressure vessel  has  the twofold purpose of containing vessel  fragments in 
the event of vessel  rupture and of controlling temperature gradients in the vessel  during operation. 

Based on design data and specifications supplied by ORNL, the Newport News Shipbuilding 
and Dry Dock Company designed and fabricated the vessel  assembly according to ORNL Specifi- 
cation HRT-1032. 
ing to the rules and construction requirements of the ASME Boiler and Pressure Vessel Code for 
Unfired Pressure Vessels.  

Among the unusual features were the forming of the stainless-steel-clad hemispherical heads from 
which the vessel  was fabricated; the closure-joint girth weld, which had to be made entirely from 
the outside; the attachment of s ta inless  steel nozzles to the stainless-steel-clad carbon steel 
vessel;  a bellows expansion joint for absorbing the differential expansion between the core tank 
and pressure vessel;  and mechanical transition joints for joining the core tank to the reactor 
vessel .  The details  of the development of the design and the fabrication techniques are reported 
in the periodic progress reports submitted by the vesse l  fabricator.' A detailed fabrication his- 
tory of the fabrication techniques, procedures, material m i l l  reports, inspection reports, t es t s ,  
etc., was issued for r e f e r e n ~ e . ~  

Upon completion and inspection, the vessel  was certified and stamped accord- 

Considerable development of fabrication techniques was necessary to build the vessel .  

The vessel  diameter was originally specified as 56 in. (resulting in a 12-in.-thick reflector), 
a compromise between the high neutron leakage of a thin reflector and the high D,O inventory of 
a thick reflector. However, the diameter was later increased to 60 in. s o  that existing forming 
dies could be used by the vesse l  supplier. The nominal 4-in. thickness of the base material of 
the internally clad vessel  wall was determined on the basis  of a steady s ta te  pressure and ther- 
mal s t ress  analysis.  The 0.4-in. nominal thickness of the clad material was determined 
primarily from welding considerations. Since closely matched weld bevels are required for pre- 
placed consumable root inserts,  an additional thickness (approximately 0.3 in.) above that re- 
quired for corrosion resistance was specified a s  a localized machining allowance to compensate 
for head-forming manufacturing tolerances. (During fabrication, the hemispherical heads were 
locally machined, a s  shown in Fig. 3.3, on the inside surface a t  the closure joint to form a true 
circular cross  section.) The additional thickness of clad material would also be beneficial in 
producing the desired chemical composition in the deposited m e t a l  a t  the root of the weld. 

Company. ASTM A-212 grade B, Firebox Quality material, manufactured in accordance with 
ASTM A-300 requirements for aluminum-killed, fine-grained, low-temperature practices, was 
specified for the base  material. Columbium-stabilized (niobium-stabilized) 18-8 s ta inless  s teel  
(ORNL Specification HRP-260a6), which conformed essentially to ASTM A-167, was specified 
for the clad material. 

Irradiation studies of pressure vessel  steels and welds indicated that radiation damage to 
the base material could be expected in the fast-neutron dose range anticipated for the reactor 

Of particular concern in the vessel  design was the appreciable increase in the 
transition temperature for brittle-to-ductile type failures as a result of accumulated radiation 
dose. Since the operating temperature of the vesse l  would be in the range of 100 to 600°F, it 
was believed that the probability of a brittle-type failure would be decreased if the vessel  were 

The hemispheres were pressed and hot-spun from 10% roll-clad plate by the Lukens Steel 
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constructed from material with, initially, a low transition temperature. Consequently, the A-300 
manufacturing practices were specified for the base material to obtain a low transition tempera- 
ture a s  measured by impact tests. 

Several methods for attaching the nozzles to the vessel  were investigated and discarded be- 
cause of the excessive s t resses  that ar ise  from the differential expansion of the carbon steel- 
s ta inless  steel connection. ' The design that was finally selected favored simple fabrication and 
incorporated a safety feature to prevent ejection of the nozzle in the event of weld failure. The  
design consis ts  of a single strength weld a t  the inside surface of the vessel ,  with the weld 
groove extending through the clad material into the base material (shown in Fig. 3.4) .  The 
safety feature, a bayonet-type shear ring located near the outer surface of the nozzle reinforce- 
ment, may be seen in Fig. 3.3. Before final acceptance of this  attachment design, a full-sized 
model was tes ted by thermal cycling the s ta inless  steel nozzle at 200 to 500°F while the carbon 
steel portion of the mock-up was maintained at 300OF. The mock-up of the joint was cycled 2000 
t imes  (a factor of two greater than the design specification of 1000 temperature cycles)  without 
evidence of impending failure. 7 

The two blanket-fluid inlet nozzles contain flow-directing inserts,  designed so that the inlet 
fluid sweeps across  the bottom of the reactor vesse l  and thus prevents the accumulation of sedi-  
mentary solids. Fluid exi ts  from the top of the vesse l  through a single outlet nozzle,  designed 
to promote circulation through the uppermost portion of vessel  and to prevent accumulation of 
sedimentary solids on top of the core tank. 4 G  The axis  of the other nozzle a t  the top of the 
vessel  is parallel to the north-south axis  of the spherical vessel  so that it may serve as an a c c e s s  
port for the insertion of instruments, probes, or experimental devices ( see  Sec 3.3.5) into the 
blanket region. 

Specially designed s ta inless  steel flanges are attached to  the vesse l  a t  the north and south 
poles to accommodate the external piping connections to the core tank. These flanges, which are 
designed for 2500 ps i  at 600°F, in compliance with the flange design rules of the ASME Boiler 
and Pressure Vessel  Code, are attached to the vesse l  in a manner similar to that of the s ta inless  
steel nozzles described above. In designing these flanges, a conservative value of 11,500 ps i  - 
75% of the ASME code allowable s t ress  for s ta inless  steel a t  G O O O F  - was used a s  an allowable 
s t ress  to include, in some manner, the effects of radiation-induced thermal s t ress .  The  top 
flanged connection permits removal of the vessel  dome for inspection of the bellows expansion 
joint. A smaller flanged port on top of the dome serves  a s  an access port47 to the core tank (see 
Sec 3.3.5). The flanged connection at the bottom of the vessel  has  provisions for a sea l  weld, 
which w a s  made j u s t  prior to reactor critical operation. 

mized by the u s e  of ferrules in conjunction with the flange bolts. By adjusting the length and the 
cross-sectional area of the ferrules, the effective length of the flange bolts was doubled, and 
flexibility of the bolted-flange assembly was increased. 

The effects of temperature gradients and thermal cycling on flange gasket leakage were mini- 

L - - 3 5 " 4  -I, + , ;Lv;rj47 C L A D D I N G  ( M O D . )  

V2"R 

w N O Z Z L E  - 347 ( M O D . )  

"HCLAIIIFIED 
ORNL-LR-DIG. 11.11 

TYPE 310 W E L D  
M U S T  O V E R L A P  

JOINT D E T A I L S  B E A D  P L A C E M E N T  

Fig. 3.4. Weld Design for Dissimilar-Metal Joints. 
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A bellows expansion joint was designed into the reactor vessel  assembly to absorb the diffec- 
entia1 expansion between the core tank and the pressure vessel .  The bellows were located (Fig. 
3.3) so they would be accessible  for inspection after reactor operation by removal of the top dome 
flange. Estimates of the free deflection of the bellows were made for several  temperature combin- 
ations. *' 

Average Coefficient Length of 
Material of Expansion 

[in. in.-' (OF)- ']  
(in.) 

Zircaloy-2 3.61 X IO-' 98 

Carbon steel 7.22 X IO-' 66 

Sta in less  s tee l  9.83 X lo-' 32 

The results of these calculations are presented in Table 3.5 and are based on the bellows being 
installed with zero deflection at room temperature. 

Based on these calculations and the aIlowable core-tank pressure differential, a two-ply, 
formed, s ta inless  s teel  bellows expansion joint was specified for the design conditions given in 
Table 3.6. The unit, fabricated by Zallea Bros., h a s  five 2-ply corrugations; each ply is 50 m i l s  
thick. 

Table 3.5. Bellows Deflection for Various Temperature Combinations 

Core Tank Temperature Pressure  Vesse l  Temperature Bellows Deflection 
(OF) ( O F )  (in.) 

72 72 0.000 

572 

572 

37 2 

GOO 

0.060 

0.232 

450 600 0.293 

350 GOO 0.340 

Table 3.6. Bellows Expansion-Joint Design Criteria 

Temperature, O F  600 

Pressure  differential, p s i  5 200 

Corrosion allowance, in. 0.020 

Minimum number of cyc le s  to failure 

Axial deflection fron neutral point, in. 50.310 

1000 

Material specificationa HRP- 240 a 

Weld specificationa HRP-4 

%ee ref 6. 



64 

Three expansion joints were purchased: one was tes ted to failure by cycling; one was in 
serted in a loop for dynamic corrosion testing under cyclic conditions of temperature and mechan- 
ical  deflections; and the third was installed in the reactor vesse l  assemb\y. In the cyclic failure 
tes t ,  the bellows joint was tes ted at G O O O F  with 200 psi  external nitrogen pressure; the time for 
each cycle  was 40 sec.  The unit was cycled approximately 37,000 full cycles  of travel (k5/16 in. 
from neutral position) before both plys of the bellows failed. 48 Indications of failure of one ply 
occurred at about 35,000 cycles. Details of the corrosion test facility and resul ts  of the first 
test have been reported; 49 results of subsequent tests have also been reported. 5 0 - 5 2  Total ex- 
posure of the bellows-transition joint mock-up was 9153 hr, including 8600 hr on simulated fuel 
solution, 312 thermal cycles  at 100 to 3OO0C, and 518 mechanical deflections. The resul ts  of 
this  extended test indicated no severe corrosion problems. 

Cyclic tests and spring-constant measurements were performed on a similar Zallea bellows 
by the core vesse l  fabricator to establish the spring force imposed on the core tank by the bellows 
during operation. The spring constant was found to b e  about 4000 Ib/in., depending on tempera- 
ture and differential pressure.’ This  unit was cycled 3000 times at temperature and pressure; the 
test was stopped without evidence of failure at this  point, s ince the design life had been exceeded 
considerably. 

joining the Zircaloy-2 core inlet and outlet pipes to the  s ta inless  steel portion of the pressure 
vessel. At the time the reactor core tank and pressure vessel  were being designed and fabricated, 
there was no known acceptable method for metallurigically joining the two dissimilar materials. 
(Coextruded tubular transition joints are presently available from Nuclear Metals, Inc. 3, 

to be serious from a safety standpoint; however, excessive leakage could encumber reactor opera- 
tion. Therefore an allowable leak rate of 1 cm3 of liquid per day was specified for a differential 
pressure of k200 psi. 

Several designs were investigated and tes ted before a satisfactory joint design was  devel- 
oped. 5 4 , 5 5  One of the most difficult problems to overcome in the  design of a leak-tight gasketed 
joint between dissimilar materials is the radial differential expansion. In the course of flange 
testing, it became obvious that the usual concepts of gasketed joints would not sat isfy the re- 
quirements under cyclic temperature conditions. The  flange design which evolved from this  devel- 
opment” and which was installed in the reactor vesse l  is shown in Fig. 3.5. 

Radial differential expansion is absorbed by bending in a laminated, cylindrical A-55 titanium 
gasket. The  ends of the gasket are tightly fitted into machined grooves in the mating flanges to 
prevent rotation and relative radial movement. Gold gaskets ,  5 mils thick, are  placed at each end 
to  effect a seal at a relatively low gasket seat ing s t ress .  The cylinder is constructed of closely 
fitted concentric rings to lower the bending s t r e s ses  by allowing (theoretically) relative axial 
movement of the rings when one end of gasket is deflected radially (without rotation) with respect 
to the opposite end. Titanium was selected for the  gaske t  material because  it h a s  good corrosion 
resistance, a low modulus of elasticity, and a coefficient of thermal expansion intermediate 
between those of Zircaloy-2 and s ta inless  steel. 

Ferrules are  used in conjunction with the bolts to effectively increase the bolt lengrhs, thus 
increasing the e las t ic  properties of the gasketed joint under cyclic temperature conditions. The 
lengths of the Ti-6% A1-4% V bolts and ferrules are proportioned to nullify the longitudinal ex- 
pansion differential between s ta in less  s teel  and Zircaloy-2. 

Two such joints were tested, and the results indicated the joint was of supperior design for 
cyclic temperature conditions. One joint was cycled 212 times at 100 to 300°C with 50 psi pres- 
sure differential. 5 5  The test was constantly monitored for leakage, which was considerably less 
than 1 cm3 of water per day. After the 212 thermal cycles  were completed, 50 ps i  of helium was 
applied to the joint; and no leakage was detected by a mass  spectrometer. 

scribed. The resul ts  of a ser ies  of tests in which the joint was thermally cycled 312 times at 

Another unusual mechanical design feature of the  reactor vesse l  is a transition flange for 

Leakage across the seal separating the core region from the blanket region was not considered 

The other joint was tes ted in connection with the bellows expansion joint as previously de- 

. 
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Fig. 3.5. Zircaloy-Stainless Steel Transit ion Joint. 

100 to 300°C over a total test period of 9153 hr a l so  indicated superior performance of the flanged 
joint under expected operating conditions. 49 - 5 2  

The reactor vesse l  was shipped to ORNL, where final machining and assembly of the Zircaloy- 
2 to s ta inless  steel transition joints were performed. In the assembly of these joints, the flanges 
were bolted to the core tank and tes ted for leak tightness before the s ta inless  steel portions of the 
flanges were welded to the pressure vessel. Since the galling tendency of the titanium bolts in  the 
transition flanges precluded the use  of torque measurements as an indication of bolt loading, 
bonded-wire strain gages were temporarily attached to the bolts to determine the magnitude of the 
applied gasket force. 

When the conceptual design of the reactor vesse l  w a s  undertaken, a suitable design of a leak- 
free pressure-vessel flanged closure which would permit remote removal and replacement of the 
core tank had not been developed. All the known designs which were applicable to the intended 
use  had serious objectional characteristics which, i f  overcome, would require extensive design 
and development. Consequently, it was  decided that the  reactor vessel  design would not include 
provisions for removal and replacement of the core tank separate from the removal and replacement 
of the entire reactor vessel  assembly. 

the reactor vessel ,  namely, that of producing the closure-joint girth weld in its entirety from the 
outside. This was in contrast to the usual fabrication procedure of welding the clad material from 
the inside after completion of the base  material weldments. The detai ls  of the development of the 
welding procedure are reported in the periodic progress reports. ’ The joint design of the vessel  

This decision resulted in perhaps the most difficult problem encountered in the fabrication of 
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girth weld is shown in Fig. 3.6. No porosity or inclusions of any sort were permitted in the stain- 
less steel weld layers in contact with process solution. In all other welds, the porosity was 
limited to  one-half that permitted by the ASME Boiler and Pressure Vessel Code standards. Final 
s t ress  relief of the closure joint was carried out at about 975'F for 25 hr. 

vessel  assembly. The  source of this stream is a connection on the core inlet flange at the bottom 
of the vessel. Similarly, a blanket bypass is provided to purge the annulus between the inside 
diameter of the bellows and the outside diameter of the core exit pipe. A concentric baffle is 
provided in th i s  annular region to ensure that the uppermost portion of this  volume is  purged of 
gases .  

A fuel bypass is provided to purge the volume external to the bellows in the top dome of the 
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Fig. 3.6. Joint Design and Bead Sequence of Fino1 Closure Weld. 

3.3.2 Heat Production in Vessel Wall 

Calculations of the heat produced by radiation absorption in the  vesse l  wall were performed4' 
by methods reported in detail elsewhere. 5 G  Using appropriate neutron flux distributions ( see  Sec 
6.2), calculations were made for a 5-Mw reactor with a D,O reflector, a blanket solution of 300 g 
per liter of U0,SO (depleted uranium), and a Tho, slurry blanket. Table 3.7 gives  the  assumed 
radiation sources, energies, distributions, and incident currents for the D 0-reflected reactor. 
The heat generation rates for these sources are  shown in Fig. 3.7 as a function of dis tance into 
the vesse l  wall. (Note: 1 wsec = 6.24 x l o T 2  Mev.) On the bas i s  of the calculations, the fast- 
neutron heating was  negligible. Assuming 5 Mw core power, t he  hea t  production rates are  com- 
pared in Fig. 3.8 as a function of position for the D20-reflected reactor and the reactor with a 
blanket solution of 300 g per liter of uranyl sulfate. 

a t  other power leve ls  can be found directly. 

4 
2 

Since the radiation sources are proportional to the operating power, the hea t  production ra tes  

3.3.3 Pressure Vessel Stress Analysis 

Both pressure and thermal s t resses  were considered in the design of the reactor vessel .  With 
increasing wall thickness and with all other variables held constant, pressure s t r e s ses  decrease, 
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Table 3.7. Photon Sources and Incident Currents at Pressure Vessel Wall 

Radiation Current 
Incident on Wall 

(gammas sec- l )  
Assumed Distribution of Photons  Assumed Energy Gamma Source 

(MeV) 

Prompt fission 1 5 per fission, distributed 3.55 x l o l l  
proportionally to thermal flux 
in core 

F iss ion  product 

Fuel capture 

2.5 2 per fission, distributed 
proportionally to average 
thermal flux in core 

5.27 X 10 l1  

6 1 per absorption in fuel 1.01 x l o l l  
consti tuents,  distributed pro- 
portionally to thermal flux in 
core 

Reflector capture G 1 per D 2 0  absorption, distributed 
proportionally to thermal flux in 
reflector 

1.14 X 10" 

Core tank capture a. 4 1 per  Zr absorption, uniformly 7.0 x lo9 
distributed 

Vesse l  capture 7 1 per F e  absorption, distributed 2.16 X 1012a 
proportionally to thermal flux 
in ves se l  wall 

?hemal  neutron current entering vesse l  in neutrons cm- 2 s e c  -1 . 

and thermal s t resses  increase. At some particular vessel  thickness, the sum of the pressure and 
thermal s t resses  will have a minimum value, dependent on the temperature distribution within the 
vessel  wall. For a given wall thickness, it can be  shown that the minimum s t ress  condition is 
obtained when both surfaces of the wall are at the s a m e  temperature. 5 G  Furthermore, for a given 
wall thickness, i t  can be shown that the minimum s t r e s s  is a linear function of the difference 
between the two surface temperatures. These  facts  permit the designer to bracket the  thermal 
s t r e s s  with relatively simple calculations for a given wall thickness. 

based on that case.  
and for a vessel  cooled to an optimum temperature at 5- and IO-Mw reactor operation. 
analysis of the s t resses  in the carbon steel was  extended to takeinto account the effects of the 
s ta inless  steel cladding in (1) reducing the heat production in the carbon s teel  by acting a s  a 
thermal shield and (2) effectively increasing the pressure against the carbon steel by virtue of 
the greater coefficient of expansion of s ta inless  steel. 
thicknesses which included the maximum and minimum thicknesses of each of the hemispheres 
forming the vessel .  (As accepted from the supplier, one head varied in thickness from 3.6 to 4.7 
in. of carbon s teel ,  with 0.5 in. of cladding; the other head varied from 3.7 to 4.9 in., with 0.5 in. 
of cladding. 
resulting from the spinning operation, was in the outside surface profile.) 

actual operating pressure is less than 2000 psi)  was used as a bas is  for the calculations; and the 
added pressure contributed by the cladding was calculated to be  780 ps i  a t  600°F5' resulting in 

Since the heat generation was greatest in the D20-reflected reactor, the s t ress  analysis  was 
Thermal s t ress  calculations were performed for a perfectly insulated vessel  

The 

Calculations were made over a range of 

The  inside surface of the hemispheres was essentially spherical; the nonuniformity, 

Stresses  calculated for the vesse l  are shown in Fig. 3.9. A fluid pressure of 2500 ps i  (the 
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Fig. 3.7. Heating in HRT Vessel  Wall Due to Various Radiation Sources a t  5-Mw Core Power. 

an effective design pressure of 3280 psi. For 5-Mw operation the sums of the calculated thermal 
and pressure s t r e s ses  are  shown to be  within the 17,500-psi allowable value permitted by the 
ASME Boiler and Pressure Vessel Code. If the vesse l  is properly cooled, this  is a l so  true for 
10-Mw operation. [Subsequent to the design of the vesse l ,  a special  interpretation of the ASME 
Code (Code Case  1234) permits the sum of the pressure and thermal s t r e s ses  to be 1.5 times the 
allowable s t r e s s  value, provided the pressure s t ress  does  not exceed the allowable value.] 

During operation, the pressure vessel  is cooled by heat radiated from the outside surface of 
the vessel  to the blast  shield and by transferal of heat to the blanket solution a t  the inside sur- 
face. Combined thermal and pressure s t ress  calculations were made; 5 8  the results are shown in 
Fig. 3.10 a s  a function of the temperature difference across  the vesse l  wall. Figure 3.11 shows 
the maximum combined s t ress  in the vesse l  wall as a function of the outside surface heat flux. 
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Heat Production in HRT Pressure 

The effects of power level and heat removal from the vesse l  wall by the blanket solution were 
investigated. 5 9  It was predicted that  a t  the higher power levels  (>5  Mw) the major portion of the 
heat produced in the vesse l  wall would be  removed by the blanket solution. Figure 3.12 shows 
computed temperature profiles for 1-, 5-, and 10-Mw operation. Figure 3.13 shows the maximum 
combined s t ress  in the vessel  wall a s  a function of power level. 

in  the reactor vesse l  was made, using the methods and techniques considered to be  most applica- 
ble at the time." The results of this  analysis  indicated that the thermal s t ress  was somewhat 
higher (approximately 4000 psi) than originally estimated. 41 The increased s t ress  resulted from 
a somewhat greater calculated heat generation rate and its distribution and from the method of 
treating the vesse l  cladding. The increased thermal s t r e s s  was more than offset by the  recom- 
puted pressure s t ress ,  s ince the total s t ress  was about 1000 psi  less than originally reported. 
The primary difference in the treatment of the pressure s t resses  was in the effect of the cladding. 
At the same t i m e  the  s t ress  analysis was being reviewed, some measured pressure vesse l  ternper- 
atures were analyzed in an attempt to infer the  value of the thermal s t ress  and evaluate the cool; 
ing system performance. ' The evaluation of the temperature data  indicated satisfactory perfor- 
mance by the cooling system. Estimates of the thermal s t ress  ranged from 1800 psi  a t  low power 
to about 6800 ps i  at 5 Mw. Although the thermal s t ress  was higher than predicted, 41 it was not 
considered excessive in this  power range. A heat generation rate of 108,000 Btu hr- ' Mw-' in 
the vessel  wall was estimated from an overall heat balance inferred from the data. G 1  (Provisions 
are not available for measuring the heat removed from the vesse l  wall by the blanket solution.) 

Subsequent to initial reactor operation, a revised analysis  of the pressure and thermal s t resses  

This value is to be compared with the originally estimated heat generation rate of 91,500 Btu hr-'  
Mw-'  59 
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Fig.  3.11. Maximum Tangentiol Tota l  Stress in Pressure Vessel  Wall v s  Heat-Removal Rate Based on 

Outside Surface. 
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Fig. 3.12. 

RADIUS, inches 

Computed Temperature Profi le Across Pressure Vessel  Wall (for D 2 0  Blanket). 

An analysis  of the pressure vesse l  heating and thermal s t r e s s  during reactor shutdown was 
made for two limiting conditions. '* At one extreme, the core was considered to continue to oper- 
ate a t  5 Mw while the reflector level was  lowered, thus exposing the vesse l  wall t o  direct radia- 
tion from the core. It was estimated that the thermal s t r e s s  would be 3900 ps i  and the  total s t ress  
about 13,000 psi. Under these  conditions, the temperature r i se  of the  reactor vesse l  would be 
about b0F/min. At the other extreme, the  power level was considered to drop immediately to a 
low level and leave only the fission-product-decay gammas as the  radiation source. Under these 
conditions, the thermal s t ress  was estimated to be about 325 psi. The  average temperature r i se  
would be about 0.6OF/min. 

The time-dependent thermal s t r e s s  in the pressure vesse l  wall was investigated to determine 
the maximum rate  of temperature change during reactor startup and shutdown. 6 3  Figure 3.14 shows 
thermal s t r e s s  as a function of the rate of change in the surface temperature. As a result of this  
investigation, it was  recommended that  the rate of change in pressure vesse l  temperature be limited 
to 50°F/hr during heating and cooling cycles. 
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Fig.  3.13. Maximum Tota l  Tangential  Stress in Pressure Vessel  Wall vs HRT Power Level .  

3.3.4 Reactor Vessel Blast  Shield 

The effects of radiation on carbon steel increase the nil ductility transition temperature and 

Since data on the irradiation of pressure vessel steels were meager at the 
lessen the total energy-absorption capacity of the steel to plastically deform before failure under 
multi-axial s t resses .  
t ime443451G4 and the consequences of failure severe, it was recommended that the pressure vessel  
be designed for a brittle-type failure.G5 A studyGG of the probable effects of a brittle fracture of 
the pressure vesse l  indicated that a fragment of the vesse l  weighing about 1400 Ib could cause 
failure of the biological shield restraints and thus permit leakage of radioactive materials. 

As protection against  this  hazard, a blast  shield was  constructed around the outside of the 
pressure vessel  as shown in Fig. 3.15. Since austenit ic s ta inless  steels retain a substantial 
portion of their ductility during irradiation, material which conformed to ASTM-A-240, grade S, 
type 304 and which had a minimum thickness of 1.5 in. was specified for the blast  shield." 

In determining the thickness of the blast  shield, the pressure in the shield was expected to rise 
immediately to 1250 ps i  (saturation pressure a t  30O0C) after a sudden release of the pressure ves- 
sel contents. The energy-absorption capacity of the 1.5-in.-thick shield was estimated to be about 
40 x 10 ft-lb, several  t i m e s  greater than the estimated requirement. 

The blast  shield is separated from the pressure vesse l  by an annulus with a maximum width 
of 2 in. The reactor vessel  is supported inside the shield on a support ring ( see  Fig. 3.15); the 
entire assembly is supported by three brackets attached to the outside of the blast  shield. 

G 
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Spirally wound (for equal spacing) cooling coi ls ,  +2-in. Sched 80 pipes, about 14 f t  long, are 
welded to the outside of the blast shield to remove heat generated i n  the shield and pressure ves- 
sel. Figure 3.16 shows estimated temperature profiles in the blast  shield for a heat removal rate 
of 2000 Btu hr-’ f t - 2  of the outside area of the pressure vessel. Since most of the heat which 
dissipated to the shield is transferred by radiation across the annulus separating the vessel  and 
shield, the temperature variation in the shield causes  only small changes i n  the total s t ress  of the 
vessel  wall (approximately 100 psi i n  15,000 psi). Assuming all  the heat is removed via the blast  
shield cooling coils,  the estimated t ime  required to cool the vessel  to a particular temperature 
after a dumping operation is given in Table 3.8. 6 3  

Table  3.8. T ime Required to Cool Pressure Vessel  

from 6OO0F to a Porticular Temperature ( T )  
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Fig. 3.16. Temperature Distribution in Blast Shield for Heat-Removal Rate of 2000 Btu hr” ft-2. 
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In the blast  shield design, the possibility of a shear-type failure of the top flange assembly 
was considered. A restraining ring was provided to prevent ejection of the assembly in the event 
of such a failure. Similarly, shear-type failure of the bottom flange could cause  the assembly to 
be lifted off the support structure by the reaction force of the fluid being ejected from the vessel 
through the opening. I t  was estimatedG8 that a 50,000-lb restraining force would be necessary to 
prevent upward movement of the vessel  under these conditions. 

Additional specifications for the design and construction of the blast  shield are given in 
ORNL Specification HRT-1098. 
ported. 7,9 

Details of the fabrication procedures and techniques are re- 

3,3.5 Core and Blanket Corrosion Specimen Holders 

Corrosion specimen holders were designedG9 for insertion into the core and blanket regions of 
the reactor pressure vesse l  (shown in Fig. 3.17). The method of mounting the  metallurgical speci- 
mens in the holders is shown in Fig. 3.18. Twenty-four specimens are located in the core, twenty- 
four in the core exit pipe, and twenty-four in the blanket region. 

The main structural member of the holder is designed with a Y cross section to obtain a maxi- 
mum surface-to-volume ratio consistent with strength requirements. This permits better cooling of 
the member and minimizes the possibility of localized surface boiling. Estimates of the  surface 
temperature of the member above the fluid temperature indicated that bulk boiling would not occur 
for operating pressures greater than 1540 psia.  ''l7 

pattern and pressure drop were investigated in a flow model of the core tank and appeared to be 
satisfactory. 7 2  

600 r/hr a t  6 ft, assuming reactor operation for one year a t  10 Mw, or 120 r/hr at 6 f t  after three 
months of operation at 5 M w . ~ ~  The activity of the fission products adhering to the holder was 
estimated to be 60 r/hr at 6 ft. Special coffins with 7 in. of lead for gamma shielding were con- 
structed for use  in withdrawing the specimen holders from the reactor. Segmenting and special 
handling equipment for recovery of the specimens were provided in a storage pool adjacent to the 
reactor cell. '* 
source, a s  indicated in Fig. 3.17. 

The effects of the core sample holder or flow 

The maximum induced activity in the core specimens and specimen holder was estimated to be 

The upper portion of the blanket specimen holder was  modified to permit insertion of a neutron 
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Fig.  3.17. Corrosion Specimen Holders in HRT Core and Blanket Regions. 
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3.4 F U E L  AND BLANKET PRESSURIZERS AND AUXILIARIES 

3.4.1 Introduction 

The pressurizers provide (1) surge volumes into which fluids can be expelled by their sudden 
expansion in the core or blanket and (2) a means of applying an overpressure to the reactor sys- 
tems to limit the formation and growth of radiolytic gas  and steam bubbles. In HRE-2 the fuel 
and blanket high-pressure systems are designed to operate normally a t  a maximum of 2000 psi  
(2500 psi design pressure), which is 750 psi  above the 1250-psi vapor pressure of water a t  the 
300% maximum operating temperature. 

Since the functions of the fuel and blanket pressurizers are the same, the design of the two 
units is essentially identical. In the discussion which follows, emphasis is placed on the fuel 
pressurizer. Minor differences i n  the designs, which will be pointed out in the appropriate 
places, resulted from the initially planned mode of operation, that i s ,  the use of a D20-reflected 
s ys tem. 

3.4.2 Pressurizer Design Criteria 

A suitable pressurization system for the HRE-2 must satisfy the following  requirement^:^^ 
1. A gas cushion of sufficient volume that only a moderate pressure r ise  will be produced 

by the sudden expansion of fluid in the core or blanket region of the reactor must be provided. 
This requirement is intimately related to reactor safety and is discussed further in Sec 6.3. 

2. A controlled pressure of up to 2000 psi  must be provided on the system to prevent boil- 
ing and to minimize the volume of entrained gases in the core and blanket fluids. 

3. The thin Zircaloy-2 core tank must be protected against excessive pressure differentials. 
The maximum permissible pressure differential between the fuel and blanket pressurizers was 
specified a s  200 psi ,  with a differential of less than 50 psi  being desirable during normal op- 
eration. These requirements for pressure equalization a l so  apply to periods of startup, shut- 
down, and dumping. 

4. Cross contamination of the core and blanket fluids should be avoided; however, mixing 
and transfer of D 0 vapor between the two pressurizers is permissible. 

5 .  A reliable and sensit ive means of determining the liquid level in the pressurizers must 
be designed into the system. 

6. The pressurizing system must be designed and operated so that explosive mixtures of 
radiolytic gas do not collect in the pressurizers during any phase of reactor operation, includ- 
ing dumping operations. This requirement necessarily implies that a means for the detection 
of noncondensable gas buildup be included in the design. 

2 

3.4.3 Design Basis for Pressurizer Volume 

Since the effect of an increase in pressurizer pressure is to lower the ejection rate of fluid 
from the reactor core during a power surge, a correspondence exists between maximum core pres- 
sure and pressurizer vapor volume. Inertial effects cause the maximum pressure in the core to 
occur a short time before that in the pressurizer, s o  that, under a given set of initial conditions, 
the increase in maximum core pressure a s  a function of decreasing pressurizer vapor volume is 
not directly related to the increase in maximum pressure in the pressurizer. 

activity transient were analyzed, and it was assumed that during compression the pressurizing 
fluid behaved a s  a perfect gas.76 The results of the analysis are shown in Fig. 3.19, where 
the resulting core-pressure rise is plotted a s  a function of equivalent instantaneous reactivity 

Equations of motion describing the flow of fluid from the core to the pressurizer during a re- 

. 

.. - 
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addition, with pressurizer vapor volume and length of piping between core and pressurizer as 
parameters. The figure illustrates that little is gained by increasing the pressurizer vapor 
volume above 60 to  70 liters. 

3.4.4 Early Pressurizer Design Studies and Tests 

The requirement of a surge volume immediately suggests the desirability of a liquid-gas 
interface in the pressurizer, with steam or gas  or a mixture of the two a s  the pressurizing 
medium. However, a brief investigation of a mechanical pressurization system was made in 
which it was concluded that such a system would not be practical for HRE-2.77 

The use of a gas  pressurization system would be advantageous b e c a ~ s e : ~ ~ ~ ~ ~  
1. It would be unnecessary to  boil fuel solution (or condensate, a s  was later done) in the 

pressurizer a t  335OC in order to achieve the desired operating pressure of 2000 psia. 
2. Pressure changes during a dumping operation would be more gradual. 
3. Pressure equalization between the two pressurizers could be accomplished safely by 

an open equalizing line; efficient entrainment separators would be used to prevent cross  con- 
tamination of the two systems except in extreme situations. 

Disadvantages of a gas  pressurization system are:75778 
1. Detection of an explosive mixture of radiolytic gas  in the pressurizer is more difficult. 
2. Large quantities of radioactive noncondensable gases  must be disposed of during a dump- 

3. Design and development of radioactive-gas handling equipment would be necessary. 
ing operation. 

Because of the difficulties involved in handling large quantities of noncondensable gases ,  
it was decided to use steam pressurization in HRE-2, with the two pressurizers interconnected 
through pressure-relief devices. An electrically heated pressurizer was designed, built, and 
tested on the HRT m o c k ~ p . ~ - ~ ~ ~ ~  In this pressurizer, fuel solution was boiled in vertical 
heated pipes, which were connected in parallel between a lower distribution header and the 
pressurizer drum. Since one end of the distribution header was connected to the main circu- 
lating line and the other end was capped, there was no net flow of fuel solution through the 
pressurizer and heater legs. 

Flow tests of various arrangements for connecting the distribution header to the main 
piping system showed mixing in the header and deposition of sedimentary solids. * O V 8 '  Sub- 
sequent operation of the HRT mockup with the pressurizer a s  originally designed produced an 
excessive amount of uranium precipitation on the inside walls of the heater legs  and consider- 
able localized corrosion. When the heater legs were cut  open for examination, it was found that 
two of the three legs were plugged and severely pitted.79 It was concluded that  a boiling fuel 
should not contact s ta inless  s tee l  surfaces having temperatures in excess  of 300% and that a 
new pressurizer design would be necessary. 

Simultaneously with the redesign of the steam pressurization system, the Arthur D. Little 
Company was engaged to study the feasibility of and to produce a preliminary design of a gas  
pressurization system for HRE-275 a similar study was undertaken at ORNL.78 Both of these 
studies concluded that a gas  pressurization system was feasible and had both advantages and 
disadvantages, as previously discussed. Oxygen appeared to  be the logical choice for the 
pressurizing gas  for reasons of economy, operational experience, equipment design, and com- 
patibility with the fuel solution. 

While these studies were in progress, the steam pressurizer was modified and tested on the 
HRT mockup with satisfactory results; consequently, it was decided to continue the use of steam 
a s  the pressurizing medium." 
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3.4.5 Modified Pressurizer Design 

The modified pressurizer design,E3 shown in Fig. 3.20, consists of a surge volume and a 
separate steam generator, which are incorporated into an -6.7-ft-long single pressure vessel  
constructed of 12-in. sched-160 pipe and pipe caps of type 347 s ta inless  steel. This type 
construction was  selected over a two-unit design because of its basic simplicity. 

system of the fuel. Calculations showed that a purge flow of 10 to 12 gph (90 to 108 l b b r  a t  
150°F) would be sufficient to prevent the buildup of an explosive mixture of radiolytic gas  in 
the A diaphragm-type feed pump (item 23) injects the feedwater, which nor- 
mally would be preheated to about 280% in the letdown heat exchanger, into the lower header 
of the s t e a m  generator for distribution to each of four heated legs. 

To facilitate remote removal and replacement of the clamshell-type electric heaters, the 
heated legs of the pressurizer are inclined at an angle of 55Owith the horizontal. Each of the 
four heaters has eight 3/-kw heater elements, giving an installed capacity of 24 kw on each 
pressurizer. A steady-state heat load of 12.4 kw was estimatedE3 for each pressurizer at de- 
sign conditions (4.4 kw for feedwater preheating, 6.6 kw for pressurizer heat losses ,  and 1.4 
kw for direct heater losses  to the cell). An additional 13 kw of heat is available for reactor 
startup, since the letdown heat exchanger provides essentially no preheating of the purge water 
under these conditions. Faster pressurization of the system at startup is achieved by reducing 
the feedwater pumping rate. 

Of the total purge flow to the pressurizer, about 40 lb/hr is vaporized to provide the desired 
steam overpressure; the remainder overflows to the high-pressure-system circulating stream through 
the 3l/-in.-diam core connecting pipe. The overflow maintains the fuel concentration in the core 

Feedwater for the fuel pressurizer comes from the recombiner condenser in the low-pressure 
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Fig. 3.20. HRT Pressurizer. 
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connecting pipe a t  a value considerably less  than that i n  the main circulating stream. The in- 
ternal construction of the pressurizer drum provides a constant purge-water storage capacity that 
is sufficient to permit operation for 1 hr following failure of the purge pump. This  time was con- 
sidered adequate to take remedial action to restore the pump or to prepare for an  orderly shutdown. 
Natural recirculation of the stored water occurs through the two downcomers shown in Fig. 3.20. 

The reactor system is instrumented to initiate an automatic dump if the system pressure 
reaches 2800 psi. If operating conditions are normal and there is no letdown of fluid from the 
high-pressure system, this pressure will produce an adiabatic compression of the pressurizer 
steam in the amount of 20 liters.83 Under these conditions the fuel solution would r ise  about 
3.8 in. into the pressurizer drum or about 1.25 in. below the water storage level, that is, the 
centerline of the pressurizer drum. Hence, fuel solution is prevented from entering the steam- 
generator section of the pressurizer in a l l  situations except a most unusual one. 

modified design appeared to offer less resistance to fluid flow than the previous design, it was 
concluded that the earlier safety analysis  for a given reactivity change would apply conserva- 
t ive 1 y . 

The pressurizer was designed and fabricated according to the rules and procedures of the 
ASME Code for Unfired Pressure Vessels. The effects of thermal s t ress  in the heater legs  were 
included in the s t ress  a n a l y ~ i s . ~ ~ ~ ~ ’  A summary of the pressurizer design data  is given in Table 
3.9. 

For operation of the reactor with a D 0 reflector, a bypass was provided on the blanket pres- 
sur i ter  between the distribution header and the pressurizer standpipe; this permits a portion of 
the blanket circulating stream to  be evaporated to provide the overpressure. However, with the 
necessary instrumentation changes, condensate can be supplied to the steam generator from the 
blanket low-pressure system in a manner similar to that for the fuel pressurizer. 

The effects of the modified pressurizer design on reactor safety were examined.*‘ Since the 

2 

3.4.6 Pressurizer Auxil iaries 

Pressurizer Heaters. - The pressurizer heaters were designed for safety and e a s e  of remote 
maintenance. Figure 3.21 shows one of the clamshell-type electric heaters ,  which has  eight 3/*- 
kw Calrod heater elements cas t  in an aluminum matrix to equalize the heat flux over the surface 
of the heater legs. The choice of aluminum alloy, ASTM B-26 Alloy C-1 (presently designated 
a s  Alloy C4A), was based on a melting point which would prevent damage to the s ta inless  s tee l  
piping by overheating. Additional pipe-wall protection is provided by an  inner liner of steel shim 
stock and three thermocouples in each heater unit. The thermocouples provide temperature meas- 
urements and s ignals  for de-energizing the electrical circuits to the heaters in the event exces- 
sive temperatures are indicated. Concentric aluminum cylinders around the outside of the heater 
units provide thermal insulation. 

the heater piping and to evaluate the heater performance and genera1 utility of the d e ~ i g n . ~ ” ~ ~  
These tests showed that the s ta inless  steel piping was adequately protected and that the heater 
performance was satisfactory for the intended service. With the heater operating at 75OT, the 
heat loss  through the clamps, ends, and outside insulation was about 1.5 kw; the net  heat input 
to the pipe was 4.5 kw. Estimated overall heater-to-pipe coefficients were about 110 Btu hr-’ 
f t -2  (OF)-’; however, to  achieve coefficients of this magnitude, the heaters must be clamped 
tightly around the pipes.” 

Pressurizer Insulation. - A study of the various means of insulating the pressurizers indi- 
cated that several layers of aluminum foil would be the most advantageous method of providing 
the necessary insulation. 91 This conclusion was based primarily on the impracticality of pro- 
viding preformed aluminum shee ts  to fi t  the intricate pressurizer design. 

A number of tests were performed to prove that the aluminum could be melted without damaging 



a 

85 

Table 3.9. Pressurizer Design Data 

Design pressure,  ps i  

Installed heater capacity, kwa 

Purge-water flow rate, lb/hr (max) 

Steady-state vaporization rate, Ib/hr 

Volume, l i ters 
Pressurizer drum 

Metal ( inside) 
Water storage 
Void space  

Heaters, downcomers, and lower headers 

Temperature and Heat Fluxes 
Steady s ta te  (12.4 kw) 

Heat load, kw 
Feedwater preheating 
Direct heater l o s ses  
Pressurizer hea t  l o s ses  

Inward heat flux at  pipe surface,  Btu hr-I f t ”  
Inward heat flux at  inside wall, Btu hr’l ft-’ 

Temper at  ur e di s tri but ion 
Bulk fluid, % 
Inside wall, % 
Outside wall, % 
Aluminum heater matrix, % 

Overall heat-transfer coefficient, Btu hr’l ft” (%)-I 

Maximum theoretical (30.4 kw)a 
Inward heat flux at  pipe surface, Btu hr’l ft” 
Inward heat flux at  inside wall, Btu hr’l ft” 
Temperature distribution 

Bulk fluid, % 
Inside wall, % 
Outside wall, % 
Aluminum heater matrix, ”F 

Overall heat-transfer coefficient, Btu hr’l ft‘* (9)” 

2500 

24 

108 

40.5 

4.8 
20.9 
74.1 
12.4 

4.4 
1.4 
6.6 
6,500 
9,200 

636 
649 
664 
835 
33 

17,900 
25,400 

636 
66 2 
710 
835 
90 

=Individual heater elements are rated for 1 kw a t  an applied volt- 
age of 240 v. At  208 v the heater output is reduced to about $ kev. 

Pressurization Control. - The governing factor in establishing the design criteria for the 
pressure balancing and control systems was the provision for maintaining the integrity of the 
core and pressure vessel  under varying operating  condition^.^'-^* Following a number of 
studies on the effects of recombination, 9 5  heat after ~ h u t d o w n , ~ ~ * ~ ’  pressurizer ~ e n t i n g , ~ ~ - ’ ~ !  
etc., a 2-min delay time was included in the dump circuit instrumentation to permit recombination 
of radiolytic gases before a dump operation. 

To protect the core tank against excessive pressure differentials, the two pressurizers are 
interconnected for pressure relief through a rupture disk assembly.94 The design of the assembly 
(item 120), shown in Fig. 3.22, incorporates two rupture disks into a single vessel ,  to which entry 
may be gained by the removal of a single blind flange. The two disks are attached to a holder in 
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4 
- *  such a manner that protection is obtained regardless of the direction of excess  pressure. Pressure 

supports are provided to prevent failure of the disks by collapsing. A s  indicated in the figure, the 
piping inlets of the pressurizer vent are located in the uppermost portion of the separate regions 
to keep gases purged from the assembly. 

Buildup of radiolytic gases  in the pressurizers is detected by comparing steam and liquid 
temperatures a s  indicated by appropriately located thermocouples. In the event that gases  ac- 
cumulate in the pressurizers, they are vented to the low-pressure systems for recombination. 

transmitter is provided on the pressurizer steam generator in order to keep the reactor operator 
informed a s  to the volume of water in storage. 

A second transmitter, with a controller (float), is provided to maintain the pressurizer level 
in the standpipe a t  the point indicated in Fig. 3.20. The pressurizer level is maintained in the 
standpipe so  that greater sensitivity to level changes can be obtained for small volume changes. 

Pressurizer Leve l  Indicators and Controllers. - A specially designed float-type liquid-level 

UNCLASSIFIED 
O R N L - L R - O W G  14040 

Fig. 3.22. Rupture-Disk Holder for Pressure-Balancing System. 
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The motion of the fluid level a t  the float with respect to the standpipe fluid level was ana- 
lyzed for a variety of conditions in order to s ize  the connecting l ines to obtain a good and stable 
indication of liquid level. The analyzers are discussed in refs 102 and 103. 

A similar analysis was performed to determine the effect of periodic g a s  sampling on the 
level indicator.** It was found that the restriction to flow in the vent line connecting the in- 
dicator to the pressurizer was insignificant. 

3.5 FUEL AND BLANKET PRIMARY HEAT EXCHANGERS 

3.5.1 General Description 

The primary heat exchangers provide heat transfer surface to remove the energy released in the 
reactor core and blanket. The heat is  used to generate steam on the shell  s ide of the horizontal, 
reboiler-type, U-tube heat exchangers. The heat exchangers a l so  function as system heaters dur- 
ing reactor start-up by circulating the fuel and blanket solutions through the exchangers while con- 
densing s t e a m  (supplied by an auxiliary system) on the shell  side. Identical units are provided 
for the fuel system (item 4 )  and blanket system (item 31). An artist's concept of the steam gener- 
ator is shown in Fig. 3.23. Each unit is provided with a blast  shield (item 105) to prevent damage 
to the reactor biological shield and containment vessel  in the event of a brittle-type failure. 

Long-term maintenance-free operation of large heat exchangers (50- to 500-Mw class )  is di- 
rectly related to the development of adequate production and inspection techniques for tubing and 
of methods for joining tubes to tubesheets. In addition to the immediate goal of producing steam 
generators for u s e  in HRE-2, these long-term goals  were included in the heat exchanger program 
and were based on careful inspection of tubing, careful welding and inspection of tube-to-tube- 
sheet joints, and extensive thermal cycle tests.  

Final design, tube-to-tubesheet welding development, and fabrication of the primary heat ex- 
changers were performed by the Foster Wheeler Corporation according to ORNL Specification HRT- 
1004a.' Table 3.10 lists the material specifications for the various par ts  of the exchanger. 
Design and fabrication were specified to be equal to or better than that required by the ASME 
Boiler and Pressure Vessel Code for Unfired Pressure Vessels.  Allowable-stress values equal 

m b  
i -  

OVERALL LENGTH, -4-14 ff 
STEAM DRUM, 40 In OD 

Fig. 3.23. HRT 5-Mw S t e a m  Generator. 
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Table  3.10 Material Specifications for Primary Heat  Exchangersa 

Item Material Specification 

Tubes 

Tubesheet and channel cover flange 

ORNL HRP-210 (type 347 s t a in l e s s  s t ee l )  

ORNL HRP-260 (type 347 s t a in l e s s  s t ee l  
cladding on ASTM A-105, grade 11) 

Header nozz les  ORNL HRP-230 (type 347 s t a in l e s s  s t ee l )  

Gasket 

Shell 

Flange s tud  bolts and ferrules 

ASTM A 240-49, grade S (type 304 s t a in l e s s  
s t ee l ,  fully annealed by air-cooling from 
1900 to 2000OF) 

ASTM A212-52aT, grade B 

ASTM A193-52T, grade B-7 

Flange s tud  bolt nuts ASTM A194-51, grade 2-H 

aORNL specifications are available in ref 6. 

to four-fifths of Code values were specified. The exchangers were inspected and stamped as con- 
forming to the Code. However, design and inspection requirements that were considerably more 
stringent than those specified by the Code were imposed on the construction of the exchangers. 

compiled and reported. l o 4  A comprehensive report on the welding development of tube-to-tube- 
sheet joints was i s sued . lo5  

For the fuel-system heat exchanger (item 4) operating a t  design conditions, fuel solution 
enters the upper portion of the divided channel assembly at  572'F (300OC) and 2000 ps i  and is 
circulated at  a velocity of about 11 fps (400 gpm flow rate) through 251 U-tubes spaced on a 
%-in. triangular pitch. The outside area of the i- in.-OD, O.ObT-in.-thick tubes is 480 ft2. The 
solution exits from the divided header box a t  494'F (256OC). Heat is transferred from the fuel 
solution a t  a rate of 5000 kw (1.71 x lo7  Btu/hr) to produce s t e a m  at 520 psia  and 471'F (satu- 
rated) at a rate of 1.62 x lo4 lb/hr. 

s t e a m  driers located inside the shell. Entrained liquid collected in the driers is returned through 
internal drain l ines,  which terminate below the water level in  the shell. Baffle plates are pro- 
vided across the water surface (shown in Fig. 3.23) to permit satisfactory short-term operation at 
power levels up to 10 Mw. However, the steam quality is expected to be l e s s  than 99% at these 
higher steaming rates. 

sched-80 steam line is connected to the two steam nozzles so that the s t e a m  velocity will  be 
l e s s  than 4000 fpm at  the maximum steaming rate. Feedwater enters the shell  at 180°F through 
two distributor pipes located at the s a m e  level a s  the center line of the tube bundle. The dis- 
tributor pipes have holes drilled on the top for uniform distribution of the feedwater. The water 
level is maintained about 3 in. above the tube bundle. A blowdown line, which originates inside 
the shell  a s  a horizontal pipe along the bottom of the unit, provides for periodic blowdown and 
sampling. 

The steam space of the heat exchanger shell  is equipped with a safety relief valve set at  1500 
psi. A rupture disk of the s a m e  rating precedes the relief valve to prevent leakage through the 
valve at pressures below the s e t  point. The blowdown line contains another relief valve preceded 
by a rupture disk; these are set to relieve at 1350 psi  (150 ps i  lower than the steam side set 

Fabrication details and techniques, material histories, test procedures and reports, etc., were 

The moisture content of the exit steam is reduced to less than 1% by two 36-in. chevron-type 

A 4-in. nozzle is provided for the exit s t e a m  from each of the s t e a m  driers. A common 6-in. 

t 
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point) so that rapid pressure relief is obtained by ejection of liquid from the heat exchanger shell. 
Release of water from the heat exchanger would cause the reactor power to decrease; release of 
steam would cause the power to rise. 

A differential pressure cell i s  used to measure the liquid level m &e heat  exchanger. The 
pressure connections are indicated on the end of the exchanger in Fig. 3.23. 

The blanket primary heat exchanger (item 31) was made identical to the fuel-system primary 
heat exchanger (item 4) for economic reasons,  although the service conditions would not require 
an exchanger of equal capacity. Because of the low steaming rate, one of the two 4-in. s t e a m  
nozzles was blanked off on the blanket heat exchanger. 

For a D20-reflected core that operates a t  a power level of 5 Mw, about 220 k w  (7.5 x lo5  
Btu/hr) of heat is produced in the blanket region. To remove this heat, D 2 0  is circulated through 
the heat exchanger at a rate of 230 gpm. Inlet- and outlet-design temperatures are 540°F (282OC) 
and 532OF (278OC) respectively. Under these conditions, s team a t  about 900 ps ia  and 532OF 
(saturated) is produced a t  a rate of 735 lb/hr. 

3.5.2 Design Bases 

Type 347 s ta inless  steel  w a s  selected for surfaces in contact with process solution because 
its corrosion resistance is adequate and because heat treatment would not be required after weld- 
ing to retain good corrosion resistance in the weld area. The diameter of the heat exchanger 
tubes, each 
fabrication difficulties, and applicability to larger-sized heat exchangers. The thickness of the 
seamless tubes, 0.065411. (No. 16 BWG), was determined by the appropriate rules of the Unfired 
Pressure Vessel Code for a design pressure of 2000 psi ,  an allowable s t ress  of 15,000 psi ,  and a 
tube side corrosion allowance of 0.030 in.1o6 

A method was developed for calculating the required heat transfer area of a heat exchanger in 
which there is a substantial variation in the overall heat transfer coefficient with temperature and 
position."' Calculations for the fuel heat exchanger were based on a 5000-kw heat load (1.71 x 
lo7  Btu/hr), a fuel flow rate of 400 gpm (179,000 lb/hr), and a fuel concentration of 10 g of U per 
liter of solution.107 The overallheat transfer coefficient for fouled tubes was assumed to be 75% 
of that for clean tubes. Figure 3.24 shows the required surface area a s  a function of tube side 
velocity. Tube side holdup, important for fuel inventory purposes, is shown in Fig. 3.25. Tube 
side pressure drop, exclusive of header inlet  and exit losses ,  is shown i n  Fig. 3.26. The required 
length and number of 3/8-in.-OD by 16-BWG tubes are  shown in Fig. 3.27. A design point of 11 f p s ,  
indicated in each of the figures, was selected for the tube side velocity on the bas i s  of some con- 
current long-range studies which indicated that velocity to be about the optimum in a large heat  
exchanger. Table 3.11 presents the final design data of the fuel-system heat exchanger. 

A s  pointed out, i t  was decided for economic reasons to m a k e  the blanket heat exchanger iden- 
tical to the fuel heat exchanger. An investigation of the performance of the heat exchanger in the 
blanket system using a solution containing 300 g per liter of uranyl sulfate (see Sec 1.2) was made 
for a blanket power level of 1650 kw.Io8 Assuming 230 gpm flow and inlet  and outlet temperatures 
of 527'F (275OC) and 482'F (250OC) respectively, it was estimated that 5360 lb/hr of saturated 
steam a t  540 psia  (475'F) would be produced. The velocity in the tubes would be about 6.4 f p s ;  
the pressure drop across the tubes would be 8.7 psi .  To generate steam a t  520 psia  (the same a s  
in the fuel heat exchanger) only 380 f t2  of heat transfer area would be needed (100 f t 2  l e s s  than 
that in the exchanger, a s  built). 

Assuming a constant core outlet temperature, Fig. 3.28 shows the variation of s t e a m  pressure 
and flow rate with core power level. Figure 3.29 shows the same variables as a function of blan- 

in. OD, w a s  selected on the bas i s  of fuel holdup, number of tube-to-tubesheet joints, 

ket power level, assuming the blanket fluid is a uranyl sulfate solution of 300 g/liter concentra- 
tion. "9 

. 
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Fig.  3.24. HRT Main Heat  Exchanger - Surface Area. 
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F ig .  3.25. HRT Main Heat  Exchanger - Holdup in Tubes. 
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Table 3.11. Design Data for the Fuel-System Primary Heat  Exchanger 

Tube Side Shell  Side 

Fluid circulated 10 g per l i ter  of fuel solution Steam and disti l led 
water 

Circulation rate, Ib/hr 1.79 x lo5 1.62 x IO* 

. Solution a t  Saturated Steam H 2 0  a t  H 2 0  a t  
Tav  = 533% a t  520 ps ia  471% 180% -- 

Fluid properties 
Density, lb/ft3 53.4 1.12 50.2 60.7 
Viscosity, l b  hr'l f t - l  0.27 0.28 0.85 
Specific heat, Btu lb-I (9)" 1.23 1.11 1.00 
Thermal conductivity, Btu hr'l ft'l (%)-I 0.34 0.36 0.39 

. 
Temperature in, "F 
Temperature out, % 

Operating pressure, ps ia  

Design temperature, % 

Design pressure, psi 

T e s t  pressure, ps i  

Corrosion allowance, in. 

Velocity, fps 

Pressure  drop, psi 

Holdup volume, gal 

572 

494 

2000 

600 

2000 

4000 

0.030 

11 

18.5 

14.8 

180 

471 

5 20 

600 

1250 

2500 

0.062 

67 (outlet pipe) 

335 (normal level)  

Heat exchanged, Btu/hr 

Apparent Up,  Btu hr'l ft'2 (%)'I 

LMTD, "F 
Area, f t 2  (outside surface) 

Tube da ta  
Number of U tubes  
Outside diameter, in. 
Thickness,  in. 
Average length, ft 

1.71 X l o 7  (5000 kw) 

670 ( U F  = Uc) 

53.2 

480 ( A F  = % A c )  

251 
0.375 
0.065 (No. 16 BWG) 
Approximately 21 
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Fig.  3.28. HRT - Reoctor Power (Core) vs 
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3.5.3 Tubesheet and Header Design 

Perhaps the m o s t  difficult problem encountered in the design and fabrication of the heat ex- 
changers concerned the tubesheet and head closure. Figure 3.30 shows a cross-sectional view 
of the upper portion of the head assembly. Carbon-steel forgings clad with stainless steel  were 
specified for the tubesheet and closure flange (see Table 3.10). The cladding on the cover 
flange was made sufficiently thick to permit machining of the header chamber and pass  partition. 
Inlet and outlet nozzles were welded to the clad surface a s  shown in the figure. 

A tongue-and-groove gasket design, with a flat, fully annealed stainless s teel  gasket, pro- 
vides the primary seal  for the head closure. A seal  weld backs up the gasketed joint; and the 
region between the two seals is monitored for leakage across the gasketed joint by a special 
leak detection system.'" The seal  weld is designed so that the weld can be cut out and re- 
welded at least  three times. Adequate flexibility of the Sarlund l ips  of the seal  weld was demon- 
strated by a mockup of the joint. 

ered that the tongue of the pas s  partition had undergone severe d e f o r ~ n a t i o n . ' ~ ~  The deformation 
was attributed to severe thermal gradients during thc cyclic tests and to the lack of adequate 
flexibility i n  the bolted closure. Originally, the closure was provided with bolts as shown in 
Fig. 3.23. A s  a result of the tongue deformation, the flexibility of the bolted assembly was 
increased by the use  of longer bolts and ferrules. In t h i s  manner the effective bolt length was 
tripled, and adequate flexibility w a s  demonstrated by subsequent thermal cycling of the assembly. 
The bolts and ferrules extend to the right of the blanket heat-exchanger head in Fig. 3.31. 

After performing the first in a ser ies  of thermal cycle tests on the exchanger, it was discov- 

FLUID INLET - 

Fig.  3.30. Heat-Exchonger Head Joint. 
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Fig. 3.31. Blanket Heat  Exchanger as Installed in Reactor System, 

If deformation of the p a s s  partition tongue were to occur during reactor operation, a leakage 
path would develop across the p a s s  partition seal. The leakage path would continue to increase 
as a result of corrosion and/or erosion by the high velocity of the bypassing fuel solution. The 
amount of solution that bypasses the tubes of the exchanger would increase to some undetermined 
value, resulting in an undesirable loss in heat removal capacity. A mock-up of the p a s s  partition 
w a s  built and tested to determine the velocity of the bypass stream as a function pass  partition 
separation.111 Velocities of about 35 fps were indicated for pas s  partition separations of 0.006 
to 0.010 in. 

To alleviate the possibility of excessive bypassing in the heat exchangers, a thin, triangular 
strip of gold was installed on the high-pressure side of the p a s s  partition. The gold strip was 
molded to fit the contour of the pas s  partition a t  the intersection of the tongue and the main body 
of the channel divider. Gold rivets, inserted in  shallow holes drilled into the body of the divider, 
were used to attach the molded strip. One of the heat exchangers was fitted with the gold strip; 
the closure was then assembled to determine the deformation of the strip by the bolting action. 
Upon disassembly of the closure, the appearance of the gold strip was judged to be satisfactory; 
and the closure was reassembled and sea l  welded. The other heat exchanger was fitted with a 
similar gold strip before final assembly of the closure. 

in. cladding, was de- 
termined by the appropriate rules of the 1952 edition of the Tubular Exchanger Manufacturers 
Association Mechanical Standards. The cladding thickness was selected to give adequate 
material for machining details. A s  shown in Fig. 3.30, the tubesheet is an integral part of the 

1 The thickness of the tubesheet, shown in Fig. ~ 3.30 a s  4 /4 in. plus 
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closure flange of the heat  exchanger. A triangular spacing of y8 in. was specified for the 251 U- 
tubes, each 

inated with radioactive materials, considerable effort was devoted to the production of reliable 
tube joints. The tubes were rolled from 0.001 to 0.002 in. beyond contact throughout the thickness 
of the tubesheet before welding."2 This very light roll provides support, yet permits the final 
helium leak test to be a test of the tube joint weld integrity and not that  of the rolled joint. This 
was demonstrated by pressurizing the shell  s ide of the rolled joints with Freon a t  10 psi  and 
checking the opposite side of the tubesheet for leakage with a halogen leak detector; a l l  the rolled 
joints indicated leakage. 

The procedure involves the use of an inert-gas-shielded, tungsten-arc torch mounted on a rotating 
jig a s  shown in Fig. 3.32. A copper pilot, inserted into the end of the tube to center the torch, 
facil i tates heat removal from the tube wall. Rotation of the torch is manually controlled and con- 
sists of 1.1 revolutions per weld pass .  

A J-type joint preparation was machined in the tubesheet prior to insertion of the tubes. The 
welds were made in two passes ,  using preplaced welding wire formed into rings. Figures 3.33 and 
3.34 show tube joint details  and sample welds. Quality-control welds were made periodically dur- 
ing the tube joint welding and were subsequently examined by radiographic and metallographic 
methods. Details of the extensive tube joint inspection procedures are available. 104 

in. OD and 0.065 in. thick. 
Since it would be very difficult to repair tube joints after the heat exchangers become contam- 

An extensive program was undertaken to develop a tube-to-tubesheet welding procedure. 

3.5.4 Thermal Cycle Tests 

To demonstrate the adequacy of the heat exchanger design and, in particular, the tube-to-tube- 
sheet welds and the closure joint to withstand thermal shock, cyclic temperature tests were per- 
formed on both units. Specified temperature changes were more severe than those likely to be 
encountered in reactor operation. 

1. 

2. 

3. 

The following test procedure was specified in ORNL Specification HRT-1004a:' 
The completed unit shall be subjected to a hydrostatic test of 4000 psig on the tube side, with 
the shell  side vented to atmosphere. Following this  test, the shel l  side shall  be subjected to 
a hydrostatic test of 2500 psig, with the tube side vented to atmosphere. 
After successful completion of the hydrostatic tests, the tube side of the heat exchanger shall  
be temperature cycled by circulating Dowtherm A through the tubes at a total flow rate of not 
l e s s  than 40 gpm. The temperature of the Dowtherm A shall  be cycled between 212 and 582OF, 
requiring one-half hour to complete each temperature cycle. Fifty such temperature cycles are 
required. 
After final cleaning of the unit, a helium m a s s  spectrometer leak test shall  be performed. For 
this purpose both primary and secondary s ides  shall  be evacuated, the shell side to l e s s  than 
30 ,u absolute pressure. The vacuum on the primary side shall  be broken by introducing helium 
so that the primary side r i ses  to a pressure dependent on the initial secondary side vacuum in 
accordance with the following table: 

Secondary Side Primary Side 

Absolute Pressure Helium Pressure 

(P) ( p s i 4  

1 15 

10 

20 

150 

300 

30 450 
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Helium leakage from the primary side to the secondary side, a s  measured by a mass spectro- 
meter, shall  be not greater than 0.01 cc (STP) of helium per day. Leaks shall  be repaired and 
the unit retested until no leakage is detected. 
The precautions taken to produce reliable tube joint welds were apparently justified by the re- 

sul ts  of the thermal shock tests. Of the 1004 tube joint welds in the two heat exchangers, only 
six joints (two in one exchanger, four in the other) indicated leakage on the helium leak test 
following the 50 thermal cycles. The leaking tube joint welds were repaired according to a pre- 
viously developed procedure, l o 5  and each unit was subjected to an additional test of 10 thermal 
cycles between the same temperature limits but of somewhat longer duration. The units were re- 
tested, using a helium leak detector a s  before. No tube joint leaks were found in the unit which 
developed the two leaks during the first thermal shock tes t ;  four tube joint leaks were found in  the 
other unit. These were repaired, and the unit w a s  subjected to another test of 10 thermal cycles. 
After this shock test, no tube joint leaks were found. Thus, as a result of the thermal shock tes t s ,  
1% of the 1004 tube joint welds showed leakage, indicated by a mass spectrometer leak detector. 

Partial  decomposition of the Dowtherm in the gas-fired test loop furnace left extensive carbon 
deposits in the tubes of the heat exchangers. After the deposits were removed, with considerable 
difficulty, a t  the fabricator's plant, the units were shipped to ORNL for further cleaning by flush- 
ing with high-temperature oxygenated water and uranyl sulfate solution. 113,114 

Fig.  3.32. Rotating Heliorc Torch Jig. 
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Fig. 3.33. Tube Joint Details. 
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Fig. 3.34. Sample Tube-Joint Welds. 
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3.5.5 Inspection of Heat-Exchanger Tubing 

Considerable attention was devoted to obtaining tubing of the highest quality for use in the 
heat exchangers.'15 The 3/8-in.-OD by 0.065-in.-thick wall tubing was redrawn from 1.0-in.-OD by 
0.120-in.-thick redraw stock purchased according to  ORNL Specification HRP-210a.' Although not 
required by the material specifications, the redraw stock was tes ted by an ultrasonic (Reflector- 
scope), angle-beam" method. Only 145 of the 240 rounds purchased were passed  by this  tes t ;  
the balance were judged unacceptable. It should be emphasized that this test was nonstandard, 
was not a part of the material specifications, and had not been shown to have a high correlation 
with material behavior in service. 

@ (  

The rounds which passed the Reflectorscope test were accepted for redrawing to final size. 
The operation proceeded smoothly, a further indication of good quality redraw stock. A total of 
534 tubes of the proper length for bending into U-tubes were made available from the redraw stock. 
These tubes were tested by a magnetic analysis (eddy current) method, another nonstandard test 
not required by the material specifications. Of the 534 tubes tested,  16 (3%) were rejected because 
of indications of questionable quality. 

To explore the minimum size defect detectable by magnetic ana lys i s ,  a sound piece of tubing 
with an inside-surface notch and a similar outside-surface notch with depths machined to approxi- 
mately 3% (0.002 in.) of the wall thickness w a s  examined. Both of these manufactured defects 
were readily detected. From the tubes rejected by the magnetic analysis technique, the two which 
appeared to be of the most questionable quality were subjected to radiographic and metallographic 
examination. Flaw indications pinpointed by magnetic analysis were readily confirmed by radio- 
graphs and metallography. 
flaws i f  those tubes had been put into the intended service."' Also the defects were produced in 
the tube redrawing operations, which indicates that  inspection at an intermediate point in the draw- 
ing process is not a satisfactory substitute for inspection of the final product."' 

It was concluded that failures would have resulted from some of the 

3.5.6 Heat-Exchanger Blast Shield 

A brittle-type failure of a carbon s teel  pressure vessel  must be considered a s  a distinct pos- 
s ibi l i ty  i f  the vesse l  is exposed to fast-neutron irradiation for a sufficiently long period of 
t i m e . 4 4 p G 5  Since the primary heat exchangers are exposed to  fast-neutron irradiation, a result of 
neutron leakage from the reactor and the emission of delayed neutrons from the fuel solution in the 
heat exchanger tubes, a blast  or fragmentation shield was specified for each of the s t e a m  genera- 
tors. The fast-neutron flux at  the fuel heat exchanger was estimated'" to be not more than 
1.2 x 10'' neutrons cm" sec." The flux contribution of the delayed neutrons was estimated to 
be one-fourth of the total flux. It was concluded that, a s  a result of fast-neutron irradiation, 
embrittlement of the heat exchanger shell  would not become a matter of serious concern in a 
length of t ime greatly exceeding the normal life expectancy of the unit. However, it was recog- 
nized that other factors, such a s  thermal shock and s t ress  corrosion, may cause failure; and the 
blast shields were specified a s  a precautionary measure. 

The blast  shield, shown in Fig. 3.35, was fabricated from 1-in.-thick carbon s teel  ( O W L  
Specification HRT-1105)' by the Nooter Corporation. ASTM A-212, grade A, firebox quality 
material, produced according to the requirements and practices of Specification ASTM A-300, 
was specified for the shield. The energy absorption capability of the blast  shield was estimated 
to be about 30 x lo6 ft-lb, which is to be compared to the estimated requirements of 3.4 x 10' f t -  
Ib.' l8 P 
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3.5.7 Heat-Exchanger-Related Studies 

Dissolved oxygen and acid conditions in boiler systems contribute to the corrosion of the con- 
tainer material. Corrosion can usually be minimized by removal of the dissolved g a s  and by con- 
trol of the pH value of the boiler water. Assuming that one molecule of water is  decomposed per 
300 ev of absorbed gamma energy, the rate of formation of oxygen in the boiler water was 
estimated"' to be 0.36 g-moles/hr, corresponding to an oxygen concentration of 1.5 ppm. 

pH control, was suggested for the s t e a m  system.' 2o Further investigations showed that morpho- 
line polymerizes under irradiation to  form a tar-like substance and should not be used. 12' In- 
stead, it was recommended that the boil water be controlled at a pH of about 10 by a coordinated 
phosphate treatment, using an initial phosphate concentration of 60 ppm. A definite concentration 
was not specified for hydrazine because of the uncertainty of radiation effects. 

In an investigation of the effects of rapid heating and cooling of the  heat exchangers,122 it 
was concluded that serious overstressing of the shell  could be caused by temperature gradients of 
200 to 300'F across  the shell. The admission of relatively cool water to a hot exchanger was 
considered to be the most serious problem likely to be encountered in operation. An external feed- 
water heater was investigated a s  a possible means of alleviating this  operational problem. 1 2 3  

However, the t ime  delay and control of a separate feedwater heater would result  in only limited 
protection to the primary heat exchangers. Instead, a system of control interlocks, actuated by 
temperature sensing elements,  was used.122 

the water temperature on the shell  s ide of the fuel-system heat exchanger. 12* With the reactor 
initially subcritical and the circulating pump a t  full speed, venting of the steam side of the heat  
exchanger could add reactivity t o  the reactor a t  an undesirable rate. To l imi t  the reactivity addi- 
tion rate to 0.005 Ake/sec, it was necessary to  l imi t  the  rate of decrease in s t e a m  pressure to 

A water treatment program, consisting of hydrazine for removal of oxygen and morpholine for 

A nuclear-safety study was made on an analogue computer to evaluate the effects of changing 
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20 psi /sec at a l l  operating pressures,  assuming shell  side equilibrium and normal operation of 
the circulating pump. 

to determine wheather a gravity drain would return condensate from the steam drum to the heat 
exchanger.125 The results of the study (summarized in Fig. 3.36) indicated that gravity return of 
the condensate would not be possible for core and blanket power levels  in excess  of 7.6 and 3.5 Mw 
respectively. Control valves were installed to permit flashing of the condensate through steam 
traps to the deaerating feedwater heater at the higher power levels. 

The pressure loss  in the entrainment separator and associated s t e a m  piping w a s  investigated 

3.6 FUEL AND BLANKET CIRCULATING PUMPS 

3.6.1 Introduction 

Pumps are required in HRE-2 to circulate the fuel and blanket fluids through external heat- 
removal systems. They are designed to pump corrosive solution a t  temperatures to 3OO0C, a t  
pressures to 2000 psi ,  a t  flow rates to 400 gpm, and a t  heads to 100 f t  of process fluid. The main 
criteria for selection of the pumps were absolute leak-tight construction and long maintenance-free 
operation. 

Westinghouse Electric Corporation model 150-C pumps with modified hydraulic designs were 
purchased for u se  in HRE-2. A t  the time, this particular model of pump was under development by 
Westinghouse for use in water systems aboard nuclear-powered submarines. Several of the modified 
pumps were purchased and tested extensively in corrosive environments with fuel solution at tem- 
peratures of 250 to 300°C. For satisfactory performance in aqueous homogeneous reactor systems, 
the following weak points in the pump design were found and corrected: 

1. excessive heat transfer through the thermal barrier; 

2. poor cooling of the lower radial bearing and the thrust bearing; 

3. excessive leakage of hot process fluid around the thermal barrier; 
4 .  excessive corrosion on the upper portion of the impeller hub and at the thermal-barrier gasket; 

5 .  excessive mixing of the pumped solution through the shaft labyrinth into the motor. 

Details of the extensive development of these pumps for u s e  in aqueous homogeneous reactor 
systems were reported in the project progress reports (see ref 9 of chap. 1). 

3.6.2 Pump Description 

The 400-gpm fuel circulating pump (item 5), shown by Fig. 3.37 and designated a s  a 400A 
pump, was purchased in accordance with ORNL Specification HRT-1005.G The 230-gpm blanket 
circulating pump (item 28), designated at a 230A pump and identical to the fuel circulating pump 
except for a lower-output hydraulic end, was purchased in accordance with ORNL Specification 
HRT-1028. 
3.39. 

suction nozzle and a horizontal discharge nozzle. The ends of the nozzles are beveled so that 
the connecting pipes may be welded on, An objective of two years of maintenance-free operation 
was specified for the pump. All parts subject to failure are replaceable. With the coolant system 
i n  operation, the pump is capable of continuous operation at any temperature between 70 and 572°F 
or of standing idle for long periods of t ime  with 572°F solution in the scroll. 

Estimated performance characteristics of the two pumps are shown in Figs.  3.38 and 

Each pump is designed for vertical operation with the scroll end down and with a vertical 

* 
C 



104 

UNCLASSIFIED 
ORNL-LR-DWG 29113 

PURGE WATER CONNECTION 

t C O O L l N G  WATER INLET. 

STATOR ASSEMBLY 

STATOR LAMINATION 

CCOOLlNG WATER OUTLET 

THERMAL BARR1 UPPER WEAR RING 

BALANCE PORTS 

IMPELLER ASSEMBLY 

CASING WEAR RING 

THERMAL BARRIE 

PUMP CASING 
DIFFUSER ' 

! 

Fig. 3.37. Westinghouse 400A Centrifugal Pump. 
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A thermal barrier is used to separate the hydraulic end from the motor section of the vertically 
mounted pump. By restricting the transfer of heat and radioactive fluid from the pump scroll to the 
motor section, the thermal barrier minimizes thermal and radiation damage to the bearings and 
electrical insulation. Sealed air  spaces  are built into the thermal barrier to increase its resistance 
to heat transfer. Leakage around the periphery of the barrier, a source of constant trouble in the 
ORNL development phase of the pumps, is eliminated by a sea l  weld, a s  shown in Fig. 3.40. The 
sealed voids appear in Fig. 3.37. 

A labyrinth seal around the shaft is also incorporated in the thermal barrier to reduce the mix- 
ing of fuel solution in the motor. Figure 3.40 shows the labyrinth seal  and the impeller wear rings 
to be titanium. In addition to these two parts, the impeller, diffuser, discharge-nozzle liners, 
casing wear rings, and other small parts in highly turbulent regions were specified to be titanium 
because of its superior corrosion resistance in the particular environment. 

The original HRE-2 fuel and blanket pumps failed because of burning of the titanium hydraulic 
parts after approximately 4700 hr of operation. The titanium parts were severely damaged during a 
startup, apparently because oxygen g a s  at high pressure collected in the pumps briefly and ignited 
rubbing parts. 126*127 Stainless steel impellers and wear rings were used in the replacement pumps. 

Water-lubricated hydrodynamic journal bearings and a pivoted-shoe-type thrust bearing, opera- 
ting totally submerged in process fluid, are used to take the radial and thrust loads respectively. 
Distilled water, from the Iow-pressure system, is supplied to the upper end of the pump through a 
small gas-vent chamber in ser ies  with the purge-water connection indicated in Fig. 3.37. Gas 
accumulation is prevented, and motor life (particularly the bearings and electrical insulation) i s  
prolonged by a continuous purge of water into the motor cavity. 

, 
4 
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The pump has  a 15-hp, 440-v, 3-phase, 6O-cycle, squirrel-cage induction motor, with the stator 
and rotor sealed in thin s ta inless  steel cans to prevent the process fluid from coming into contact 
with stator and rotor windings. The thin cans are supported by the laminations to contain the sys-  
t e m  pressure of 2000 psi .  The motor is totally enclosed in a heavy pressure vessel  designed to 
hold the full system pressure in the event of a can failure. Electrical  leads to the motor terminate 
in a waterproof terminal box. The entire assembly can be submerged under 15 f t  of water during 
reactor maintenance operations. 

The motor windings and bearings are cooled by recirculating the motor fluid through a water- 
cooled heat exchanger (identified in Fig. 3.37 a s  cooling coil). A small auxiliary impeller, mounted 
on the upper end of the rotor shaft, recirculates the motor fluid through the coolant circuits. 

The upper end plug is screwed into the motor housing and is seal-welded for leak-tightness. 
The scroll c a s e  is flanged to the motor housing and seal-welded. A seal-weld cutter, designed and 
fabricated by the E. H. Wachs Company, is available for cutting the seal weldsprior to disassembly 
of the pump. 

3.6.3 Design Data 

Tables 3.12 and 3.13 l i s t  the design data for the pumps a s  supplied with the purchase specifi- 
G cations . 
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Table  3.12. HRE-2 Fuel Circulating Pump Design Data 

Properties of process  fluid at 2000 p s i a  70°F 475OF 572'F 
Density, lb/ft  
Viscosity,  l b  hr-' ft-' 3.06 0.29 0.24 

Thermal conductivity, Btu hr-' ft-' ( O F ) - '  0.35 0.35 0.32 

69.9 55.8 50.6 3 

Heat capacity,  Btu lb-' (OF)-' 0.99 1.16 1.33 

Capacity at  4 9 5 O ~ ,  gpm 400 

100 Developed head at  rated flow, ft of p rocess  fluid 

Normal operating temperature range, O F  495-572 

Design temperature, O F  600 

Normal discharge pressure,  p s i a  2000 

Design pressure,  p s i  2000 

Hydrostatic tes t  pressure,  p s i  4000 

Minimum corrosion allowance, in. 
S ta in less  steel scroll  
All other s t a in l e s s  steel par t s  a 
Titanium par t s  

Suction-nozzle dimensions, in. 
Nominal p ipe  s i ze  
Wall thickness 

Discharge-nozzle dimensions, in. 
Nominal pipe s i z e  
Wall thickness 

0.065 
0.020 
0.020 

4.0 
0.500 

3.5 
0.469 

Maximum operating temperature of rotor cavity, O F  212 

30 b NPSH, ft of process  fluid 

aExcept stator and rotor cans. 
bMinimum net posit ive suction head a t  which pump must operate. 

3.6.4 Materials 

The pump impeller, thermal barrier (or labyrinth inserts), diffuser, shaft  or shaft sleeve, 
impeller nut, wearing rings, discharge sleeve, scroll lining, parts locking titanium to stainless 
steel ,  and other parts subjected to process fluid a t  velocities greater than 15 fps and a t  tempera- 
tures in excess  of 212'F were specified to be titanium conforming to ORNL Specifications HRP- 
251T, -252T, -253T, -254T, or -255T.' 

be titanium conforming to the above specifications, or type 347 s ta inless  s teel  conforming to ORNL 
Specifications HRP-210, -230, -240, -270, -280, or -281.' 

Parts exposed to process-fluid temperatures a t  or below 212OF were specified to be titanium or 
type 347 stainless s teel  conforming to the la tes t  ASTM specifications. Types 304, 316, or 321 
stainless steel;  Graphitar No. 14; and Stellite Nos. 1, 3, 6, 12, 19, 98M2, and Star "J" were ap- 
proved for special  u se  where welding was not required. 

All other parts exposed to process fluid a t  temperatures in excess  of 212'F were specified to 
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Table  3.13. HRE-2 Blanket Circulating Pump Design Data 

Proper t ies  of process  solution at  2000 ps i a  
3 Density, lb/ft 

Viscosity,  Ib hr-' f t - '  
Heat capacity,  Btu lb-'  (OF)-' 
Thermal conductivity, Btu hr-' f t - '  (OF)-' 

Proper t ies  of process  solvent at  2000 p s i a  
3 Density, Ib/ft 

Viscosity,  Ib hr-' f t - '  

Heat capacity,  Btu Ib-' (OF)-' 
Thermal conductivity, Btu hr-I  ft-' (OF)-' 

Capacity a t  482OF, gpm 

Developed head at  rated flow, ft of process  fluid 

Normal operating temperature range, O F  

Design temperature, OF 

Normal discharge pressure,  p s i a  

Design pressure,  ps i  

Hydrostatic t e s t  pressure,  ps i  

Minimum corrosion allowance, in. 
S ta in less  steel above 212 OF 
Sta in less  s t ee l  below 212 OF 
Titanium 

Suction-nozzle dimensions, in. 
Nominal pipe s i ze  
Wall th ickness  

Discharge-nozzle dimensions, in. 
Nominal p ipe  s i ze  
Wall th ickness  

Maximum operating temperature of rotor cavity, O F  

NPSH, f t  of process  fluid (min.) 

70°F 482OF 5 10°F 
100 87 85 

8.0 0.63 0.59 
0.70 0.77 0.82 
0.3 0.3 0.3 

70°F 572OF 
69.3 49.7 

3.05 0.24 
1.00 1.33 
0.35 0.32 

2 30 

3 5-60 

482-572 

600 

2000 

2000 

4000 

0.065 
0.020 
0.020 

3.5 
0.469 

3.5 
0.469 

212 

30 

The u s e  of castings for pressure-containing parts was not permitted. All other parts of the 
pump, that i s ,  parts not in contact with process fluid, were specified to be the m o s t  suitable mate-  
rial for the intended application. Since materials which would give maximum life in temperature 
and radiations environment were desired, purchaser approval of a l l  material was required. Samples 
of the materials used in the construction of parts in contact with process fluid were obtained for 
testing. 

In the design calculations for pressure-containing parts, s t resses  were limited to four-fifths 
the values permitted by the ASME Boiler and Pressure Vessel Code, Section VIII, 1952 edition. 

3.6.5 Pump- Related Design and Development Invest; ga tion s 

A preliminary study was made of the effects of radiation damage to the motor windings, using 
the Way-Wigner relation for gamma emission from fission products. The effective life of the 
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pump was conservatively estimated to be about one year of full-power operation, based on radiation- 
damage data and the estimated gamma flux. It was also estimated that the hydrogen-gas evolution 
due to radiation damage to the silicone resin in the stator can would cause  a pressure buildup su f -  
ficient to collapse the can in less than one year. 

measured with a distributed source in the pump scroll. 1 2 9  A C s 2 S 0 ,  solution containing 2.2 x 

sensit ive photographic f i lms.  Results scaled up to HRE-2 full-power operating conditions are 
presented in Fig. 3.41 a s  a function of position. From an integrated average dose rate from the 
curve, the pressure buildup of hydrogen g a s  was estimated to be between 0.5 and 0.7 ps i  per year, 
about an order of magnitude less than that previously predicted. 1 2 *  

The effect of shaft-seal configuration on mixing and radiation damage in the motor section of 
the pump was investigated. 
coolant pump, the amount of f u e l  solution mixing from the scroll to the motor was reduced to less 
than 0.02 liter/hr by purge rates as low as 10 liters/hr. Under these conditions, radiation damage 
to the motor by fuel solution in the motor cavity would be minor. Without purge flow the mixing 
rate was about 0.48 liter/hr. 

damage criteria, the life expectancy of the pump motor was estimated for different radiation 
sources. 13' The results of these estimates are given in Table 3.14. In addition to prolonging 
bearing life, the pump purge stream is very effective in preventing radiation damage to the motor. 
The values in the table for cell background radiation are based on a l-in.-thick lead shield around 
the pump motor. Without the lead shield it was estimated that insulation would break down after 
0.85 full-power year and the stator can would rupture after 0.78 full-power year. 

To obtain a more accurate estimate of the radiation dose required to cause failure of a c lass  H 
motor winding, a s m a l l  motor stator was tes ted to a dose of 3.8 x 10 rads in a CoGo assembly. 1 3 '  
The test was terminated because a low resistance developed in an electrical  cable near the sub- 
merged stator; but the stator winding insulation had a greater resistance for voltages between 0 
and 1900 v than before irradiation. 

is being reestablished following a temporary stoppage of circulation, pump operation at reduced 
flow is desirable. Nuclear safety studies established that the flow rate should be limited to about 
one-third the normal flow rate for about 45 sec during pump startup. In an experiment designed to 
evaluate various means of achieving reduced flow rate by reducing the pump speed, the motor was 
inadvertently wired for reversed rotation. With the impeller rotating in &e reversed direction, the 
pump capacity w a s  about 25 to 30% of that for forward rotation. 132 Figure 3.42 shows motor input 
current and pump flow rate for reversed and forward rotation of the 400A pump. After extensive 
testing to determine the effects of starting the pump with reversed rotation before switching to 
forward rotation, this method was adopted for use in HRE-2. 

Long-term maintenance-free operation of the 400A pump was demonstrated by operating a pump 
loop for 11,605 hr on fuel solution a t  25OoC. 133 The pump was fitted with a titanium impeller, a 
stainless steel thermal barrier with titanium wear ring and shaft-seal insert, and a s ta inless  steel 
lower wear ring and diffuser. No measurable wear was noted in either of the radial bearings. 
Following an initial run-in increase in end play of 0.004 in., a thrust-bearing wear rate of approxi- 
mately 0.001 in. per 1000 hr of operation was experienced over the last 11,000 hr of the test. On 
the bas i s  of previous experience with similar thrust bearings, the  pump could have operated trouble- 
free for at leas t  another 12,000 hr. 

saturated run to determine whether gas  bubbles in the f u e l  stream would be harmful to the pump. 1 3 4  
The pump operated an additional 1585 hr without developing trouble. Disassembly and inspection 
of the pump revealed that corrosion and/or erosion had occurred in several  places. It was con- 
cluded that the pump should not be operated with gas-saturated solutions. 

In order to predict more precisely the gamma dose rate in the stator, the actual dose rate was 

3 curie/cm was used in the experiment, and dose rates were determined from radiation- 

By modifying the inlet to the lower suction port of the internal 

By use  of the results of the mixing experiments, the dose measurements, 1 2 9  and the radiation- 

In the calculations a dose of 6 x lo8 rads was assumed to break down the electrical insulation. 

9 

In order to l imi t  reactivity changes during startup and especially during the period when flow 

The long-term maintenance-free run of the 400A pump was terminated in order to perform a gas- 
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A test was performed to  determine if gas in the circulating stream would migrate to the motor 
cavity of the pump and gas bind the auxiliary impeller used to recirculate the internal coolant.135 
It was demonstrated that gas does migrate to the pump cavity; however, the gas vent and accumu- 
lation chamber adequately vent the top of the pump and prevent gas binding of the auxiliary im- 
peller. Gas collected in the accumulation chamber is slowly dissolved by the purge stream as  i t  
passes through the chamber. 

- 2 -  

\ 
\ 

RELATIVE STATOR POSITION - ___  - - - - - 2 

Fig. 3.41. Gamma Dose Rate a t  Pump Stator. 
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- .  Table  3.14. L i f e  Expectancies of HRE-2 Pump Motors 

Expected Life  
Ful l  Power Years  

Source of Radiation 

Failure Due to Electrical  Breakdown of Motor Insulation 

Fuel solution in pump scroll 13.4 
1:uel solution in motor (with purge) 38 
Fuel solution in motor (without purge) 
Cell  background 6 
Failure Due to Rupture or' Stator Can by Hydrogen Pressure 

Fuel  solution in pump scroll 

Fuel solution in motor (without purge) 

0.67 

12.3 
Fuel solution in motor (with purge) 34 

Cell  background 5 
0.60 
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Fig.  3.42. Input Current and Flow Rate During Startup of 400A Pump. 
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3.7 FUEL AND BLANKET GAS SEPARATORS 

3.7.1 Introduction 

, 

During normal operation of HRE-2 at a core power of 5 Mw, the radiolytic-gas production rate 
is estimated to be 0.161 Ib-mole/min of stoichiometric D, and 02.136 In addition small amounts 
of fission product g a s e s  are produced. If the copper concentration and the solution temperature are 
high enough, m o s t  of the radiolytic gas  will be recombined by the copper catalyst  in the fuel solu- 
tion. However, during low-temperature operation ( less  than 280°C, average core temperature), 
radiolytic g a s  will be present in the fuel stream leaving the core. An axial, or pipeline, g a s  sepa- 
rator is provided immediately downstream from the core to remove entrained gases  before the stream 
enters the heat exchanger and pump. The gases  and entrained liquid are removed to the low-pres- 
sure system for further processing. The blanket g a s  separator (item 30) is identical to the fuel gas  
separator (item 3). 

3.7.2 Description 

The g a s  separator, shown in Fig. 3.43, consists of three parts: a section of pipe fitted with 
vanes to impart rotation to the incoming fluid, a straight section of pipe in which gas  is centrifuged 
into an axial void, and a set of straightening vanes at  the discharge end to recover a portion of the 
energy of rotation. Gas is  removed from the vortex through a nozzle in the hub of the recovery 
vanes. The internals of the gas separator are constructed of titanium; the pipe section is con- 
structed of type 347 s ta inless  steel .  

The vaned sections are attached to a liner inside the pipe. Small weld pads  center the liner 
in the pipe and provide a thin flow path around the outside to prevent crevice corrosion. The ve- 
locity through the annulus is estimated to be 2 to  4 fps.I3’ An interference fit between the pipe 
and weld pads prevents vibration. Thermal cycle tests demonstrated the adequacy of this  type of 
construction for the intended purpose. 

The rotation vanes have a parabolic, singly curved surface with an inlet angle of loo to allow 
for prerotation and a 45O discharge angle. Twelve vanes, about 2 in. long and h6 in. thick, are 
attached to a 1.45-in.-diam hub, having a parabolic upstream surface and a spherical downstream 
end. Twelve recovery vanes are also used, each about 2 in. long and having a parabolic, singly 
curved surface. The recovery vanes have an inlet angle of 40° to allow for s o m e  decay of the vor- 
tex and discharge parallel to the pipe axis. The upstream end of the 1.45-in.-diam recovery vane 
hub is also parabolic; the downstream end is a simple taper, a s  shown in Fig. 3.43. 

138 
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UNCLASSIFIED 
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Fig.  3.43. HRT Gas Separator. 
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A 15-in.-long vortex section provides adequate residence t ime  for a l l  but the very fine bubbles 
to reach the vortex. The axial velocity of the fuel solution through the separator is 16 to 19 
f p . ~ . ' ~ '  Additional construction details  are noted in the figure. 

3.7.3 Design Data 

Design data for the fuel gas  ~ e p a r a t o r ' ~ '  are given in Table 3.15. Additional data pertaining 
to vane design a re  a ~ a i 1 a b l e . l ~ '  On the bas i s  of development and experience with other gas  sepa- 
rators, the following general design criteria have been established:' 3 9 - 1 4 3  

1. Stability of the void can be obtained by providing sufficient rotation to overcome gravitational 
forces. 

2. Leading ends or edges of obstructions should be smoothly shaped parabolic surfaces. 
3. The ends of the gas  void should be stabilized on fixed convex surfaces. This is especially 

important on the downstream end. 
4. The superficial velocity should be in the range of 6 to 20 fps. 
5. The ratio of inside pipe diameter to hub diameter should be 2.5. 
6. The vortex length should be at least  two pipe diameters; a length of four pipe diameters is  

preferable. 
7. The pressure drop of the liquid stream through a well-designed g a s  separator can be approxi- 

mated by assuming efficiencies of 90 and 80% respectively, for conversion of pressure into 
kinetic energy of rotation and for recovery of rotational energy. Frictional drop in the vortex 
will be about three times that which would exist  without rotation, 

8. Gas-removal efficiency depends on bubble s ize  and vortex length. 

Table 3.15. Fuel-System Gas Separator Design Data 

Temperature, OC 300 

Pressure,  p s i a  2000 

Gas  
Gas load normal, lb-mole/min 

Viscosity,  lb  hr'lft'' 
Composition, % 

Density, lb/ft 3 

D2 
0 2  
D 2 0  

0.13 
4.11 
0.058 

20 
10 
70 

Fue l  solution 
Circulation rate, gpm 440 
Concentration, g of U per kg of D 2 0  16.3 
Density, lb/ft3 50.6 
Viscosity,  lb hr'l ft-' 0.25 
Surface tension, g / sec  
Axial velocity through separator,  fps 

16 2 

16-19 
Inlet tangential  velocity,  fps 17 

Fuel  entrainment rate in gas  stream, gpm 1 
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The length of the vortex was made equal to four pipe diameters on the basis  of experience with 
test models having 45O discharge angle rotation vanes. Calculations of the required length were 
made using forced and free vortex theory to compare with the recommended length.13' Results of 
these calculations, see Fig. 3.44, show that the recommended vortex length is adequate for inlet 
tangential velocities above 13 fps. 

pressure drop and liquid entrainment in the gas-removal stream.' 37 At 400 gpm the overall pres- 
sure drop was about 5 psi. By throttling the letdown valve, the entrainment was held to l e s s  than 
0.5 gpm at an estimated gas-removal efficiency of greater than 95%. 

The high-centrifugal-force field in the gas  separator suggested the possibility of a l so  using the 
unit a s  a solids concentrator for increasing the solids content in the feed stream to the chemical 
plant. An investigation'** indicated that particles of 8.7 p diameter and larger would be thrown to 
the wall while passing through the unit and could be removed to the chemical processing plant. 
Since this application would necessitate redesign of the separator to provide an efficient take-off 
point for the chemical plant feed stream, it was not recommended. 

A model of the HRE-2 g a s  separator was built and tested to determine final design criteria and 

Fig. 3.44. Length of Vortex Required for Gas Separation. 
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3.8 HIGH- TO LOW-PRESSURE TRANSITION COMPONENTS 

3.8.1 Introduction 

HRE-2 is designed to operate with a continuous interchange of process fluids between the 
high- and low-pressure systems of the core and the blanket respectively. However, continuous 
letdown from the blanket high-pressure system is not required i f  the reactor is operated with a 
D,O reflector. The purposes of the fluid interchange are  to permit control of fuel concentration, 
to remove unrecombined high-pressure gases, and to permit production of purge water. 

The fuel and blanket pressurizers are provided with valved vent l ines  through which noncon- 
densable gases can be vented to their respective low-pressure systems for disposal. Radiolytic 
gas (dissolved and suspended in the circulating stream), small quantities of fission product gases ,  
excess oxygen (added to the fuel solution for stability and control of corrosion), D,O vapor, and 
liquid are continuously let down from the high-pressure fuel system to the low-pressure system 
for processing. The radiolytic gas  is recombined, condensed, and returned to the high-pressure 
system with other condensate produced in the low-pressure system. Noncondensable gases  are 
disposed of by an off-gas system. Concentrated fuel solution is returned to the high-pressure 
system to maintain a balanced condition during normal operation. Additional paths for transfer 
of high-pressure solutions to the low-pressure systems are  through the dump (or drain) lines and 
through the high-pressure sampling stations. The transfer of fluids through these paths is not 
continuous. 

the transition between high-pressure and low-pressure is made. These units, having particularly 
severe and closely related service requirements, are discussed in this  section. Principal items 
of equipment categorized as transition units are: letdown heat exchangers, feed pumps, purge 
pumps, and line coolers. Valves and sample stations are discussed elsewhere. 

A very large pressure differential (up to  2000 ps i )  ex is t s  across  the components through which 

3.8.2 Fuel and Blanket Letdown Heat Exchangers 

To minimize corrosion and erosion of the valve trim, the two-phase mixture being let down to 
the low-pressure system must be cooled to less than 100°C before entering the throttling valve. T o  
conserve heat, the feed and pressurizer purge streams recover latent and sensible heat from the 
letdown stream in the three-concentric-pipe letdown heat exchanger. 

Description. - A schematic drawing of the fuel letdown heat exchanger (item 20) is shown 
in Fig. 3.45. The fuel and blanket exchangers are alike except for shapes,  which were deter- 
mined by system layouts. 
remote removal and replacement of the units. Stainless s tee l  type 347 is used for a l l  parts of 
the exchangers. 

The letdown stream flows through a 0.042-in.-thick annulus, formed by the outside of a 
0.875-in.-OD YBWG tube (0.148 in. wall thickness) and the inside of a 1.0-in. sched-80 pipe. 
Small weld beads, spaced at +in. intervals along the 35.7-ft length of fuel heat exchanger (34.0 
f t  for blanket exchanger), center the tube and promote turbulence in the annulus. The feed stream 
being returned to the high-pressure system flows through the central pipe. The pressurizer purge 
stream flows through another annulus of 0.093 in. nominal thickness formed between the outside 
of the 1-in. pipe and the inside of a 1.5-in. sched-80 pipe. This  jacket, 23.7 f t  long on the fuel 
heat exchanger and 22.0 f t  long on the blanket exchanger, is placed on the upstream end of the 
heat exchanger. A cooling-water annulus is provided on the downstream end of the exchanger. 
This annulus, 0.147 in. in nominal thickness and 9.5 f t  long on each exchanger, is formed be- 
tween the outside of the l-in. pipe and the inside of a 1.5-in. sched-40 pipe. 

annulus to prevent separation of liquid and vapor in these sections of pipe. 

Flanged connections are provided on the exchangers to facilitate 

Flow spoilers, in the form of solid rods, are inserted in the connecting pipes to the inner 
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Fig.  3.45. Schematic of the F u e l  

H e a t  Exchanger. 

Letdown 
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Design Data. - To eliminate "slugging" and to promote efficient flow of the two-phase 
mixture through the letdown valve, separation of the liquid and gas phases  in the letdown 
stream must be prevented. Tests on various letdown systems145o14G and experience in  HRE-1 
indicate that two-phase flow can be accomplished without undue pressure surges in an  annular 
flow passageway with numerous small spacers to maintain a uniform annulus thickness and to 
promote turbulence. The HRE-2 fuel letdown heat exchanger was designed t o  provide the same 
annulus thickness, the same mass flow rate per unit area, and the same spacer arrangement that 
had been successfully demonstrated in HRE-1.'47 Design data are  presented in Table 3.16. 

The original design147 of the letdown heat exchanger did not include provisions for pre- 
heating the pressurizer purge stream. However, a t  the time the pressurizer design was modi- 
fied (see Sec 3.4), an additional jacket on the letdown heat exchanger was specified to  de- 
crease the heat load on the pressurizer heaters. 

Additional cooling of the letdown stream is required to prevent excessive temperatures at 
the letdown valve. 

Corrosion. - It has  been shown in an extensive materials research program, the details of 
which have been reported in  the project progress reports ( see  ref 9 of Chap. l), that corrosion 
of s ta inless  steel in contact with HRE-2 fuel solution is a complex function of temperature, 
concentration, fluid flow, and several other variables. l 4  However, it can  be divided into three 
rather distinct temperature regions. In the first region, from room temperature to about 150T, 
corrosion is rather mild and is not particularly sensi t ive to flow velocity, at leas t  up to ve- 
locities ordinarily encountered in engineering systems. In the second region, from 175 to about 
225OC, corrosion is severe and is very sensitive to flow velocity. At 2OOOC the rate is 8 mpy 
and a t  225OC it is 29 mpy for 0.17 m uranyl sulfate at 10 to  20 fps. In th i s  temperature range the 
rate varies directly with concentration, ranging from about 1 mpy for 0.04 m to  about 50 mpy for 
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Table 3.16. Fuel Letdown Heat-Exchanger Design Dato' 

Letdown stream 

Inlet temperature, OC 

Outlet temperature, O C  

Mass flow rate,  lb/hr 

Fuel  solution 
D 2 0  vapor 
2D2 + O 2  

Heat re leased  by stream, Btu/hr 
Flow area,  ft 2 

Feed  stream 

Inlet temperature, OC 

Outlet temperature, O C  

Mass flow rate, lb/hr 
Heat added to stream, Btu/hr 
Flow area,  f t  2 

Purge stream 

Inlet temperature, O C  

Outlet temperature, OC 

Mass flow rate, lb/hr 
Heat added to stream, Btu/hr 
Flow area,  ft 2 

Cooling water 

Inlet temperature, O C  

Outlet temperature, OC 

Mass flow rate, lb/hr 
Heat added to water, Btu/hr 

2 Flow area,  f t  

300 
90 

694 
110 
31.2' 

(Total  8 3 5 )  

40,000' 
0.000819 

50 
2 50 
695= 
258,000 
0.00183 

50 
280 
109= 
48,000 
0.00284 

38 
78 
1300 
94,000 
0.00471 

nRevised from da ta  in ref 147 to include purge stream. 
'Based on 5-Mw operation and 80% internal recombination of radio- 

=Difference in letdown and pumpup i s  returned to  high-pressure 
lyric gas. 

system a s  purge to circulating pump. 

1.3 m uranyl sulfate solutions.143 Above about 25OoC a heavy scale  forms rapidly on the s ta inless  
steel; and, after it has  been established, essentially complete protection from further corrosion is 
obtained, provided that the flow velocity is below 20 to 30 fps. 

The velocity of the letdown stream in the heat-exchanger annulus was investigated for two 
system pressures.'48 Table 3.17a and b presents these results a s  well as values for the heat 
removed from the stream a s  a function of temperature. Figure 3.46 shows the variation of local 
stream temperature a s  a function of position in the heat exchanger. Although the results shown 
in the figure were computed before the purge-water heater section was added, the temperatures 
shown are about those expected in the final design. The figure indicates that a substantial por- 
tion of the heat exchanger operated in the temperature region where corrosion of s ta inless  steel 
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Table  3.17a F low Rate and Heat Released in Letdown Stream as a Function of  Temperature' 

D 2 0  Vapor Liquid Liquid Saturated-Gas Tota l  F lu id  Fluid 
Flow Flow Flow Flow Flow Velocity 

( " 0  (Ib/hr) (1 b /hr (lb/hr) ( f t3 / sec)  (ft /s ec )  (ft 3 / sec)  ( f t / sec)  

Temp Gas  Flow 

Flow Data for 2000 psia System Pressure 

300 31.2 110 693.6 0.00377 0.0095 5 0.01332 16.3 

2 50 31.2 23 780.6 0.00379 0.00462 0.00841 10.3 

200 31.2 6.5 797.1 0.00358 0.00336 0.00694 8.5 

150 31.2 1.7 801.9 0.00340 0.00275 0.00615 7.5 

100 31.2 0.35 803.4 0.00327 0.00236 0.00563 6.9 

90 31.2 0.24 803.6 0.00327 0.00229 0.00560 6.9 

Flow Data for 1700 psia System Pressure 

300 31.2 182 621.6 0.00338 0.01584 0.01922 23.5 
250 31.2 27.7 775.9 0.00377 0.00585 0.00962 11.7 

200 31.2 7.8 795.8 0.00357 0.00403 0.00760 9.3 

150 31.2 2.0 801.6 0.00340 0.00326 0.00666 8.1 

100 31.2 0.4 803.2 0.00324 0.00278 0.00606 7.4 

'Based on 5-Mw operation and 80% internal recombination. 

Table 3.17b Heat  Removed from Letdown Stream (2000 ps i  System Pressure) as a Function of  Temperature 

Sensible Heat Sensible Heat Condensation 
in Gas  in Liquid of D ~ O  Vapor Range of Temperature Change 

(Btu /hr) ("C) (Btu/hr) (Btu/hr) (Btu/hr) 

300-250 

250-200 

200-150 

150-100 

100- 90 

1485 75,700 61,900 133,085 
1475 76,600 13,780 91,855 

1465 74,000 3,890 79,355 

1455 72,300 1,355 75,110 

290 14,100 100 14,500 

Total  399,905 

'Based on 5-Mw operation and 80% internal recombination. 

A 
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LENGTH OF HEAT EXCHANGER FROM HOT END (Feet) 

Fig.  3.46. Temperature Profiles in HRT Letdown Heat  Exchanger a t  Design Flow. 

is at its worst, that i s ,  150 to 250T.  (An internal leak developed in the fuel letdown heat ex- 
changer shortly before HRE-2 operations were terminated.149 The leak was determined to  be 
across the innermost pipe, apparently the result of localized corrosion and/or erosion by the 
fuel solution in contact with both surfaces of the pipe. Metallographic examination of a HRE-2 
mockup letdown heat exchanger had shown localized attack in regions operating in the range 
150 to 2000C.150) 

Development. - Operation of the HRE-2 mockup indicated satisfactory thermal design of 
the letdown heat exchanger. However, a cooling-water flow regulator was  used to control the 
temperature of the letdown stream in the range of 80 to 90°C at the letdown valve.4 

Construction of the letdown heat exchanger from titanium would extend the useful life of 
the unit because titanium has a superior corrosion resistance.  However, at the time the ex- 
changer was  designed and built,  a suitable flanged connection for joining titanium to  s ta inless  
steel'was unavailable. An acceptable design, shown in Fig. 3.47, was later developed.151 At 
that t ime  a letdown heat exchanger and a pressurizer were constructed from titanium and installed 
in the HRE-2 mockup for evaluation. Nine of the transition joints were included with the two 
titanium components. The tests indicated satisfactory performance of all nine flanges and of 
the titanium components in severe corrosion environments. ' 
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Fig. 3.47. Titanium-Stainless Steel Joint. 

3.8.3 Diaphragm-Type Feed and Purge Pumps 

Description. - Low-capacity, high-dischargepressure, metering-type pumps are required in 
HRE-2 to pump process fluids from the low- to the high-pressure systems continuously, thus 
maintaining a balance between letdown and pumpup rates.  Hydraulically driven metal-diaphragm 
pumps were developed for these applications. The following features contribute to the desira- 
bility of these pumps for homogeneous reactor service: 

1. The pump head and check valves are of all-welded construction and should be leakproof and 
maintenance-free for long periods of t ime. 

2. The only moving parts inside the biological shield are the m e t a l  diaphragm and the balls in 
the check valves. 

3. The drive mechanism is located outside the biological shield,  where conventional lubricants 
and maintenance techniques can be used. 

4. The pump output is adjustable by changing the output of the drive unit. 
5 .  In the event of a diaphragm failure, radioactive process fluid is s t i l l  retained in the piping 

system. 

A s  a result of an extensive development program (periodically reported in the project progress 
reports), detailed information was obtained on drive systems, diaphragm-head characterist ics,  di- 
aphragm stresses ,  check-valve characteristics, and corrosion and erosion of check-valve trim. 
This program has been reported in detail  in a s ta tus  report on diaphragm-pump development15* and 
in a terminal report on the design, development, and operating experience of these pumps.lS5 It has  
been shown in test loops that, with proper design, material selections,  and cleanliness,  the dia- 
phragm heads and check valves can operate continuously for a t  least  two years. 

HRE-2 feed and purge pumps consist  of three main components: a drive unit, a pulsator, and 
a diaphragm-head assembly. Figure 3.48 shows the pulsator and diaphragm-head assembly used 
for the fuel and blanket feed pumps (items 21 and 41 respectively). The essent ia l  parts of a dis-  
assembled diaphragm feed-pump head are shown in Fig. 3.49. A purge-pump assembly is shown 
in Fig. 3.50. Except for s ize  and details of construction, the purge pump is basically the s a m e  
a s  the feed pump. ORNL SpecificationsG HRT-1021 and HRT-1023 apply to the feed and purge 
pumps respectively. 
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The diaphragm feed-pump system (illustrated in Fig. 3.48) operates as follows: A double- 
wall rubber boot in the pulsator unit is caused to expand and contract by an alternating oil  pres- 
sure supplied by an electrically driven hydraulic pump. Pressure pulses from the pulsator (lo- 
cated outside the shield) are transmitted through the intermediate system to the diaphragm head 
located inside the reactor shield by a water column. A s  a result, reciprocating motion is im- 
parted to the diaphragm, which pumps solution through the check valves from dump-tank pressure 
to system operating pressure. During normal operation the suction pressure is a t  about atmos- 
pheric and the discharge pressure may be as much as 2000 psi. 
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Fig.  3.48. Metal-Diaphragm Reactor Pump System. 
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Fig.  3.49. Unassembled Diaphragm Pump Head. 
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In the feed pumps the s ta inless  steel diaphragm operates between two contoured heads, 
which restrain its deflection to kO.100 in. each s ide of center and support it such that the rnaxi- 
mum theoretical s t ress  is limited to an acceptable value. Fluid is admitted to the contoured cav- 
ities through three rows of 0.125-in.-diam holes drilled into the head from the contoured face to 
intersect a 1-in.-diam holedrilled through the head on a diameter. A filter unit made from 100- 
mesh s ta inless  s teel  screen and special end fittings is inserted in the 1-in.-diam hole to prevent 
solids from entering the contoured cavity. Welds on each end of the filter s ea l  the 1-in.-diam 
hole, a s  shown in Fig. 3.48. Special precautions are taken to  eliminate bypassing of the filter 
by the fluid a s  it enters and exits from the head. The screen is automatically cleaned by the 
alternating flow on each pumping cycle. Two external connections, which interconnect the 1- 
in.-diam hole and the check valves, complete the internal flow path on the process s ide of the 
pump head. A single external connection, located a t  the top of the head (as  shown in the fig- 
ure), is provided on the intermediate side. The check-valve connections are  located a t  the 
high and low points to facilitate venting and draining the pump cavity. 

flat gasket and, in effect, provides the primary s e a l  against leakage. An extremely large clamp- 
ing force results from shrinkage in two circumferential welds in the outer closure ring. A sec-  
ondary sea l  is provided by joining the diaphragm to the two backup flanges with a s ea l  weld. 

The diaphragm, which is firmly clamped between the two contoured backup flanges, ac t s  a s  a 

Double-ball gravity-operated check valves were chosen for the following reasons: 

1. Since gravity operation eliminates springs, the number of moving parts is held to a minimum. 
2. High-precision balls are readily available in materials suitable for check-valve trim. 
3. A ball plug needs guiding only for dynamic stability. 
4 .  A line contact sea l  is always formed with a ball on a conical seat .  
5. The use of two balls in ser ies  reduces the possibility of leakage and erosion in the event a 

foreign particle should hold one of the balls off its seat .  

The suction check valves operate from 78 to 128 counts/min on a pressure cycle alternating 
from subatomospheric to about 2000 psi. Fatigue failures of suction check valves were encoun- 
tered in earlier designs a s  a result of severe cyclic s t resses .  A s  an outgrowth of development, 
the design of the check valves evolved into that shown by Figs .  3.51 and 3.52, which show, re- 
spectively, construction details for feed- and purge-pump valves. It is noted that the discharge 
check valves are not subjected to severe cyclic s t resses ,  s ince they operate at essentially dis- 
charge pressure. 

clearances guide the balls and limit their lift. The lower cage is retained by the upper sea t ;  
the upper cage is retained by the pin protruding through the cap  of the valve body. The weld 
joining the cap to the body, the source of fatigue h i lures  in earlier designs, is located in a 
more favorable position for cyclic s t resses .  Radial relief is provided for weld shrinkage. The 
machined boss inside the cap is provided to eliminate volume and to reinforce the cap. 

drive unit to about one-third the total available displacement of 6.25 in.3. It is intended that 
the diaphragm not deflect to either extreme in normal operation, but that its stroke be centered 
about the neutron position by proper adjustment of a phasing system. The phasing system, shown 
schematically in Fig. 3.48, permits injection or removal of water from the intermediate system 
through a series of check valves and hand-operated valves. This operation, in  effect, lengthens 
or shortens the liquid column “piston rod” connecting the diaphragm to the pulsator and thereby 
permits adjustment of the diaphragm neutral point. A similar phasing system is provided on the 
purge-pump intermediate systems. Pump output is controlled by adjustment of the variable-output 
drive unit. 

Shrink fits are used to prevent leakage around the seats .  Cages with small diametrical 

The normal stroke of the diaphragm in the feed-pump heads is limited by the output of the 

fl , 
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Fig.  3.50. Purge-Pump Head Assembly. 
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NAME I SUE I MATERIAL 

Fig.  3.51. 1-gpm-Diaphragm Feed-Pump Check Valves - Assembly and Details.  
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Fig. 3.52. Purge-Pump Check Va lves  - Assembly and Details. 



126 

The proper amount of water in the intermediate system is important for smooth operation and 
long diaphragm life. Insufficient water will cause the diaphragm to bottom on the driving contour 
before the end of the suction stroke. Likewise, too much water will cause the diaphragm to bot- 
tom on the pumping contour before the end of the discharge stroke. Either of these conditions 
reduces the pump output and creates  undesirable operating characteristics. Figure 3.53 shows 
a typical case  of feed-pump output a s  a function of intermediate system water volume. It is ap- 
parent from the figure that it is desirable to operate on the flat portion of the curve. Figure 3.54 
shows typical pressure vs t ime  traces for various phasing conditions. 

head and the check valves. To take advantage of this  diagnostic characteristic, sound transmit- 
ters are provided to monitor the pumping unit for unusual noises  during operation. 

Diaphragm pumps are particularly susceptible to gas  binding because of their unusually low 
compression ratio (approximately 1.1 in the feed pumps). A vent system, shown schematically 
in Fig. 3.55, is provided to relieve the feed pumps i f  they become gas  bound. The system con- 
sists of a bypass line from the pump discharge to the dump tank with a normally closed valve. 
A freeze jacket maintains an ice  plug upstream of the valve for positive shut-off of the bypass 
during normal operation. A slow.acting ball check valve, located as shown in the figure, pre- 
vents backflow from the high-pressure system during venting operations. This check valve has  
a high ball lift and guides which restrict the flow such that the bal l  does not have an opportu- 
nity to sea t  during normal pump operation. 

A vent system is not provided on the purge-pump installations s ince experience had shown 
these pumps to be less susceptible to gas  binding. 

Abnormal operating conditions are frequently accompanied by noisy operation of the diaphragm 
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With a Scott and Williams P-9 duplex driving unit to drive two pulsator-diaphragm-pump-head 
combinations at 78 strokes/min, the duplex pump is easily capable of supplying 1.5 gpm output 
a t  2000 psi discharge pressure. During filling operations, when the discharge pressure is about 
atmospheric, pump output is about 3 gpm (as shown by Fig. 3.56). The decrease in pump output 
in going from atmospheric to 2000 psi  discharge pressure is largely due t o  the compressibility 
of the intermediate water coupling system. Input power as a function of pump capacity is shown 
for discharge pressures of 500 and 2000 psi  in Fig. 3.57. The power required for the lower dis- 
charge pressure is indicative of the power required during filling operations. 

The fuel and blanket pressurizer purge pumps (items 23 and 104 respectively) and the fuel- 
and blanket-circulating pump purge pumps (items 108 and 109 respectively) use the diaphragm- 
pump-head assembly shown in Fig. 3.50. Scott and Williams I-LB simplex, variable-speed, 
reciprocating drive units are used a s  prime movers for the purge pumps. At  the rated speed of 
120 strokes/min, the purge pumps are capable of supplying 15 gph a t  a discharge pressure of 
2100 psi. However, the pressurizer purge pumps are operated a t  77 strokes/min to produce a 
flow of about 10 gph. Similarly, the purge pumps supplying purge water to  the circulating 
pumps are driven at 30 strokes/min to produce a flow of about 3.5 gph. 
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Drive Systems. - High-pressure diaphragm pumps must be hydraulically operated. Since 
rupture of the diaphragm may introduce the hydraulic fluid into the process fluid, the most 
acceptable hydraulic fluid for use in HRE-2 is distilled heavy water. The hydraulic fluid 
can be pulsed directly by a water-operated pulse generator or indirectly by generating a 
pressure pulse in oil and transferring it to the water column through an intermediate barrier. 
Although the direct water-operated pulse generator is attractive, the latter approach was 
selected for use  in HRE-2. This choice was made on the basis  that t es t s  of water-operated 
pulse generators had indicated a short service life, mainly because of the poor lubricating 
qualities of water.‘55 

A double-wall rubber pulsator supported on a perforated hollow s tee l  mandrel inside a 
pressure chamber separates the oil system from the intermediate water system. A s  oil is 
alternately introduced and exhausted through the hollow mandrel, the double-wall rubber 
boot expands and contacts, thus pulsating the water in the pressure chamber to impart recip- 
rocating motion to the diaphragm pump. A detector constantly monitors the region between 
the double walls of the rubber boot for leaks. 

Scott and Williams P-9 slide-valve pulse generators are used to drive the feed pumps. A 
constant-speed, variable-stroke, rotary-type, positive-displacement oil pump discharges oil 
through a slide-valve distributor to expand alternately each of the pulsators. Energy for the 

Fig.  3.56. Feed Pump Output vs Discharge Pressure. 

Fig.  3.57. Power Requirement of Scott and 
Williams Type Feed Pump. 
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suction stroke of the pump is provided by the stored energy in the expanded double-wall rubber 
pulsator. Feed-pump output is varied by stroke adjustment on the rotary oil pump. 

Scott and Williams 1-LB reciprocating pulse generators are used to drive the purge pumps. 
The reciprocating pulse generator consists of a plunger operating in a cylinder with a radial 
port arranged so that the plunger uncovers the port a t  the end of each suction stroke. The 
cylinder operates submerged in oil, permitting the port to make up plunger leakage on each 
stroke. Oil discharged from the cylinder by the plunger expands the double-wall rubber boot 
in the same manner a s  the slide-valve pulsator. The reciprocating drive provides the energy 
fox the diaphragm suction stroke. Purge-pump output is varied by adjustment of the variable- 
speed coupling joining the constant-speed motor and the reciprocating pulse generator. 

Design Data. - ORNL Specifications HRT-1021 and HRT-1023G cover design criteria, 
materials of construction, special  welding requirements, and inspection and tes ts  required to 
design and fabricate feed and purge pumps respectively. Pertinent data are given in Table 3.18. 

Initial theoretical and experimental s t ress  studies,  5 6  followed by a more extensive investi- 
gation, 15’ showed that the volumetric displacement for a given maximum diaphragm s t ress  may 
be increased if the diaphragm is forced into a two-radii contour instead of a free-deflection con- 
tour. The two-radii contour is specified by the radius of a central spherical surface and an outer 
toroidal surface tangent to the inner region a s  shown in Fig. 3.58. Table 3.18 gives the dimen- 
sions used in the feed and purge pumps. The outer constant-radius toroidal surface l i m i t s  the 
bending s t resses  at the edge of the diaphragm, while allowing the bending s t ress  in the remainder 
of that part of the diaphragm in contact with the toroidal surface to be increased. The variation 
of the ratio of volumetric displacement to maximum combined s t ress  with the ratio of contour radii 
exhibits a maximum value, which is dependent on the ratio of diaphragm thickness to depth of con- 
tour.157 Figure 3.59 is a dimensionless plot of the volumestress  ratio as a function of Z ,  as  de- 
fined in Fig. 3.58. Equations necessary for a complete s t ress  analysis of the diaphragm have 
been reported. 1 5 5 * 1 5 7  By u s e  of the Mises-Hencky criterion for fatigue failure, allowable com- 
bined stress values of 20,000 and 28,000 psi  are recommended for the feed- and purge-pump dia- 
phragms respectively. 

A s  theresult  of shrinkage in the circumferential welds in the outer closure ring, an initial 
force of large magnitude is applied to the portion of the diaphragm clamped between the two con- 
toured backup flanges, which in effect provides a gasketed joint for the primary seal. In addition 
to the diaphragm clamping force, the outer ring provides the pressure-restraining force during 
pumping operations. A theoretical and experimental s t ress  analysis of the backup flanges and 
closure ring158 indicated these portions of the pump head to be satisfactory. 

The required pulse volume can be approximated by 

Vp = V s  + k P V ,  , 

where 

vP = pulse volume, in.3 
v, = desired volumetric stroke of diaphragm head, in.3 

V ,  = fluid volume of the hydraulic drive system, 

P = pump discharge pressure, psi  

A = conversion factor = 5 x 1 0 ‘ ~  PSI 
- - I  . 

The term APV, represents the pressure-cycle losses  in the hydraulic drive system. In the HRE-2 
feed pumps these losses  are about equal to the desired volumetric stroke, so that the pulse ca- 
pacity of the drive unit must be about double the desired capacity of the feed pump. Figure 3.60 
gives a comparison of s ta t ic  and dynamic losses  in a feed-pump system similar to that in HRE-2 
operating at a discharge pressure of 2000 psi. 
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Table 3.18. Diaphragm-Pump Design Data 
~~ ~ 

Feed Pump Purge Pump 
~ - -  

Maximum discharge pressure,  p s i  2100 2100 

Minimum flow rate a t  2100 p s i ,  gpm 1.5 0.15 

Maximum discharge temperature, O F  180 180 

Diameter of contour, in. 

Depth of contour, in. 

Radius of inner region of contour, in.' 

Radius of outer region of contour, in.' 

10.000 5.500 

0.100 0.067 

112.5 43.0 

32.0 18.0 

Contour volume (total  for both contours), in. 3 6.25 1.74 

Thickness of diaphragm, in. 0.031 0.019 

Maximum calculated combined s t r e s s ,  p s i  21,000 29,000 

Value of x / R  for maximum combined s t r e s sa  0.8 0.7 

Diameter of check-valve balls,  in. 1.000 0.625 

Diameter of port in check-valve sea t s ,  in. 0.812 0.535 

Construction materials 

Diaphragm 
Diaphragm backup flanges 
Closure rings 
Connecting pipes and nozzles 
Fil ter 
Check-valve body 
Check-valve ba l l s  
Check-valve seats 

'See Fig. 3.58. Radii  a re  exact for feed pump, approximate for purge pump, 
bASTM A-240, grade C, mirror-finished, fully annealed shee t .  
=ASTM A-182, type 347 forgings. 
dASTM A-240, grade C, hot-rolled and annealed plate. 
eASTM A-312, type 347, seamless  pipe.  
'AIS1 type 347, s t a in l e s s  s t ee l ,  100-mesh sc reen .  
gASTM A-276, type 347, hot-rolled and cold-finished round bar s tock .  
'Stellite Star J .  
i 

'Stainless s tee l ,  type 17-4 PH,  Rc-40 hardness.  
Stellite 3 ,  
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Development. - A special  tes t  loop was constructed to study the dynamic behavior of dia- 
phragm feed pumps. 1 5 9  The test system was equipped with a n  accumulator and a throttling 
valve to maintain the discharge pressure constant a t  pressures to 2000 psi. The effects on 
pump output of intermediate system volume, temperature of pumped solution, suction pressure, 
discharge pressure, system layout, and air addition to both the high- and low-pressure s ides  
of the pump were investigated. 

The studies related to air  additions were designed to simulate oxygen addition to the re- 
actor system. A s  a result of these tests and operation of t h e  HRT mockup, the maximum oxygen 
content for low-pressure oxygen addition was specified as 120 ppm. However, the addition of 
high-pressure oxygen in HRE-2 relieved the tendency for the feed pumps to become gas bound. 

Much of the diaphragm-pump-development effort was directed toward increasing the service 
life of the thin metallic diaphragms. It appears possible to design a pump chamber contour such 
that the theoretical maximum diaphragm stress  is limited to a value wel l  below the endurance 
limit of the diaphragm material. However, a number of premature diaphragm failures indicated 
stresses higher than expected and/or a lower endurance limit than ordinarily reported for dia- 
phragm materials. 154*15 5 * 1 G 1  A systematic program was initiated to investigate the factors 
which significantly influence these design parameters. 

eign matter in the pump chamber, and dynamic behavior of the diaphragm. Each of these factors 
was thoroughly investigated. 

The important factors affecting.diaphragm s t ress  level are contour shape, presence of for- 

. 
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Theoretical and experimental studies of the effect of contour shape on diaphragm stresses  
produced design techniques which permit optimization of the contour radii with respect to dia- 
phragm parameters. 1 5 4 - 5 7  These investigations indicate the presently specified contours are 
near the optimum, and further refinement is not warranted. 

by foreign matter being trapped between the diaphragms and the contoured backup flanges. Al- 
though stainless steel is not considered to be notch sensit ive,  these dents thin the material, 
produce s t ress  concentrations, and unquestionably shorten the service life of the diaphragm. 
Substitution of 100-mesh screen for the previously used 40-mesh screen alleviated the problem 
considerably, a s  evidenced by a marked increase in diaphragm service life. Experimental pumps 
have been operated with Poroloy filters of 40- and 20-p rating without apparent loss of efficiency 
The use of Poroloy filters is expected to eliminate the possibility of mechanical damage to the 
diaphragm. 

stresses in excess of the theoretical value for full deflection of the diaphragm into the contour. 
An instrument was devised154 to follow the diaphragm of an experimental pump head mecha- 
nically and to give a continuous indication of its location. The instrument, shown in Fig. 3.61, 
consists of an Armco iron armature attached to a diaphragm follower shaft. The armature-shaft 
assembly is sealed in a tube and spring-loaded to follow the movement of the diaphragm. A dif- 
ferential transformer outside the tube signals the location of the armature to a recorder, which 
traces a plot of diaphragm location a s  a function of time. Instruments were located on the head 
as  shown in the upper part of the figure. Static and dynamic calibrations indicated the instru- 
ments to be accurate, linear, and capable of responding to the diaphragm action. By recording 

Most of the cracks in failed diaphragms appear to have originated in dents or grooves caused 

The diaphragm must move smoothly and uniformly from contour to contour to avoid dynamic 

Locotion of Instruments in the Heod 

ARMCO I R O N / U  
ARMATURE 

+DIAPHRAGM 

- 
LINTERMEDIATE HEAD 

F ig .  3.61. Cross Section of Instrument Installation. 
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three instruments in a vertical row simultaneously with appropriate t ime  markers, five points on 
the diaphragm (the three instrument points and the two edges) can be determined a t  any instant. 
Diaphragm deflection profiles can be drawn a s  a function of t ime  from these data. 

These instruments were used to investigate the dynamic behavior of the diaphragm to deter- 
mine an optimum diaphragm thickness, the effect of head hydraulics, and the effect of prime 
mover. Figures 3.62 and 3.63 show typical deflection profiles a t  10 equal t ime  intervals of a 
complete diaphragm cycle. The left and right dotted curves represent the contour outlines. 
Travel to the right represents the discharge stroke, and travel to the left represents suction. 
The three curves in the lower right corner of each figure are the cycle traces for each of the 
three instruments from which the profiles were constructed. Difference in t ime  sca les  ac- 
counts for the apparent difference in cycle length. 

It is readily apparent from the figures that the movement of the thinner diaphragm is unsym- 
Figure 3.62 for a O.OlPin.-thick diaphragm; Fig. 3.63 is for a 0.031-in.-thick diaphragm. 
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Fig. 3.62. Diaphragm Motion Through One Cycle of a 0.019-in.-Thick Diaphragm of Type 347 Annealed 

Stainless Steel. Discharge pressure, 2000 psi; stroke volume, 2 in.3; speed, 78 strokes/min. 
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metrical. Although the theoretical maximum s t ress  due to full deflection of a 0.031-in.-thick 
diaphragm is about 5000 psi greater than that for a 0.019-in.-thick diaphragm, it appears that, 
a s  a result of the peculiar dynamic behavior of the thinner diaphragm, the real  s t resses  are 
lower in the thicker diaphragm. It has been noted that all  diaphragm failures have occurred 
in the lower portion of the diaphragm, approximately where the sharp changes in curvature 
were observed. A s  a result of these observations (which are reported in considerable detail  
elsewhere 54), 0.031-in.-thickdiaphragms were recommended. 

It was also noted that the observed flutter of diaphragms coincided with pressure varia- 
tions evident in pressure-time traces of the hydraulic drive system. These variations in pres- 
sure, being indicative of hammer or standing waves, prompted an investigation of the pressure 
cycle of the feed-pump system by the use of an electrical analog of the mechanical system.16* 
Smoother operation was obtained by modifying the oil-control sl ide valve to increase the vent 
t ime from 0.02 sec to 0.1 sec.IG3 Figure 3.64 shows typical pressure vs time traces of the 
drive unit before and after the slide-valve modification. 

either before or after operation, showed a pronounced "oil can" effect; that is, they were 
Observations of diaphragms which had been seal-welded in pump heads and then cut out, 
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Fig.  3.63. Diaphragm Motion Through One Cycle of o 0.031-in.-Thick, I/-Hard, Type 347 Stainless Steel 

Diaphragm. Dischorge pressure, 2000 psi; stroke volume, 2.3 in.3; speed, 78 strokes/min. 
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Fig.  3.64. Pressure vs Time Traces from an HRT Feed Pump with a Scott and Williams Drive. 

dished about ‘/s in. deep. A ser ies  of test welds were made on mock pump heads to deter- 
mine i f  diaphragms are dished in the head assemblies and must “pop through” on each stroke.lb4 
Strain-gage and deflection measurements on clamped diaphragms both before and after sea l  weld- 
ing demonstrated that shrinkage of the seal  weld effectively stretches the diaphragm and removes 
mos t  of the dish. 

The effects of corrosion, surface finish, s t ress  level, and degree of cold working on the en- 
durance limit of diaphragm materials were investigated under a subcontract with Ohio State Uni- 
versity. Standard sheet specimens were operated in reverse bending in air ,  dist i l led water, 
and fuel solution. A summary of the results is given in Table 3.19. Work hardening improved 
the endurance of s ta inless  s teel  in air and in distilled water; however, it decreased the endur- 
ance l imi t  in the fuel solution. Although titanium has a very high endurance l imit ,  i t  is known 
to be unusually notch-sensitive. A series of tests, not reported in the table, made to determine 
the effect of scratches on type 347 stainless  s teel  specimens indicated no notch sensitivity; 
this is contrary to experience with diaphragm failures. The data in the table are largely for 
comparison and cannot safely be used directly to select a permissible operating s t ress  level. 

Corrosion and erosion of check-valve trim was investigated in considerable detail. I G G *  IG7 
Stainless steel type 17-4 PH was recommended for seat material for use in water service, and 
Stellite 3 for fuel solution service. Stellite Star J was recommended for check-valve balls for 
both service environments. 
trim materially improved the service life. 

Feed-pump heads were operated for 16,300 hr in pump test loops without failure. During this 
time the diaphragms operated approximately 76 million cycles.  Similarly, purge-pump heads were 
operated 8380 hr in test loops without hilure.  During this t ime the diaphragms operated approxi- 
mately 125 million ~ y c 1 e . s . ’ ~ ~  Since the purge-pump tests were operated a t  250 strokes/min, com- 
pared to 77 strokes/min for HRE-2 service, the tests were equivalent to  more than three years of 
normal service. Although these test results seem to indicate that metal diaphragm-pump heads 
can be made to operate without difficulty for at least  two years, experience with these pumps in 
HRE-2 was not so impressive. A complete tabulation of the operating history of a l l  feed- and 
purge-pump heads and all check valves in both test loops and HRE-2 during the period 1955 to 
April 1959 has been reported. 

A reduction in pump output is usually the first  warning the operator gets of gas  binding, 
check-valve trouble, or changes in phasing of the pump. An investigation1‘* of methods for 

It was also found that an initial pretreatment of the check-valve 



137 

indirect metering of the flow resulted in the design of a differential temperature device. A 
metering installation consis ts  of a jacketed section of pipe leading to or from a pump with a 
thermocouple assembly, as shown in Fig. 3.65, at each end. Differential temperatures across 
the jacket and corresponding process pipe are transmitted to a recorder, where process flow 
rates are calculated from the ratio of temperature differentials and the known jacket flow rate. 

7 Table 3.19. Stresses ( i n  psi)  at Which Various Materials W i l l  Endure 10 Cyclesa 

Elongation (%) In Air a t  In Disti l led In Fuel Solution Material 
Room Temp Water at  6OoC a t  6OoC 

347 s ta in less  s t e e l  

Annea led 

3/4 hardness 

\ hardness 

hardness 

Full  hardness 

316L s t a in l e s s  s t ee l  

& hardness 

'/2 hardness 

AM-350 SBTd 

Titanium 110 AT 

CD 4M-Cue 

3 5,000' 34,00OC 

58,000' 50,000' 30,000 

67,000 57,000 31,000 

88,000b 32,000 

43,000 

32,000 

32,500 

30,000' 62,000 39,000 

70,000' 62,500 62,500 

42,000 

42 

14 

2.5 

2.5 

2.5 

14b 

10' 

11' 

10' 

'F. H. Beck, Fatigue and Corrosion Fatigue of Stainless Steel b y  Uranyl Sulphate, Engineering Experi- 

bData taken from literature. 

CMore recent, and a s  yet incomplete, t e s t s  indicate an endurance limit of 28,000 ps i  or l e s s  for annealed 

ment Station, Ohio State University, Columbus, Ohio (Nov. 20, 1959). 

type 347 s t a in l e s s  s t e e l  at  lo8 cyc les  in fue l  solution. This agrees  with other corrosion-fatigue work, show- 
ing that in a corrosive environment the endurance limit is not asymptotic but continues to decrease  with an 
increase in cycles.  

%BT refers to  tempering by refrigeration. followed by aging a t  65O'F. 
eCD 4M-Cu is a ferritic alloy, developed a t  Ohio State University, which is hardenable by cold rolling 

and aging. 
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Fig. 3.65. Typical  Thermocouple Assembly, Differential-Temperature Flowmeter. 

3.8.4 Process-Line Heaters and Coolers 
c 

Description. - Concentric-pipe heat exchangers, consisting of jacketed sections of the 
process lines interconnecting the high- and low-pressure systems, are provided to limit the 
normal operating temperature of components in s o m e  cases, and in other c a s e s  to provide 
heat balance data from which process-fluid flow rates can be inferred. Table 3.20 gives per- 
tinent s izes  of the various heaters and coolers discussed herein. 

Design Data. - Attempting to cool the fuel and blanket fluids sufficiently to protect the 
dump valves during a dumping operation is impractical because the heat loads are high. How- 
ever, dump coolers (items 6 and 33)  are provided to lower the temperature of fluids that may 
normally leak through and damage the dump valves. Uranyl peroxide can precipitate from the 
fuel solution in the dump and sample lines if the highly radioactive fuel is cooled below 7 0 T  
soon after leaving the main circulating stream.lG9 In order to ensure that the solution tempera- 
ture is not reduced below this temperature during reactor operations, the demineralized cooling 
water circulated to the dump coolers is heated to l60OF ( - 7 l T ) .  

Essentially the entire length of the dump lines is jacketed in order to provide a s  much heat 
transfer area a s  possible. Figure 3.66 shows the construction details of the fuel dump cooler 
(item 6). Bends are provided in the cooler to limit the s t resses  arising from thermal expansion 
to acceptable values. The maximum combined s t resses  are calculated to be approximately 6400 
and 15,000 psi in the fuel and blanket dump coolers r e s p e ~ t i v e l y . ~ ’ ~  Bellows expansion joints 
are used to absorb the thermal expansion between the inner pipe and the jacket. 

lengths a s  given in Table 3.20. 

the dump and sample l ines was investigated.’” It was shown that a t  least  200 to 250 ppm of 
excess oxygen must be added to the main circulating stream in order to provide corrosion pro- 
tection in stagnant lines. 

The blanket dump cooler (item 33) is similar to the fuel dump cooler except for pipe s izes  and 

The possibility of accelerated corrosion caused by oxygen depletion in stagnant regions like 
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Table 3.20. Design Data for Process Heater and Coolers 

Item Inner P ipe  Size Outer P ipe  Size Length 
No. (in.) (sched.) (in.) (sched.) (ft) 

Unit 

Fue l  dump cooler 

Blanket dump cooler 

Fuel  sample cooler 

Blanket sample cooler 

Fuel  feed cooler 

Blanket feed cooler 

Fuel purge cooler 

Blanket purge cooler 

F C P  purge heater' 
b BCP purge heater 

6 

3 3  

24 

43 

17 

40 

68 

48 

118 

119 

80 1 40 

1 80 1% 40 
'/2 

80 

80 

40 

40 

80 

80 

80 

80 

3 40 

?4 40 

1% 40 

1'/* 40 

94 40 

?i 40 z 80 

?i 80 

15.0 

17.5 

32.0 

34.0 

27.0 

28.0 

14.5 

14.5 

10.0 

10.0 

nFuel  circulating pump. 
bBlanket circulating pump. 

Flow rates of the two-phase mixtures flowing through the dump coolers during a dumping op- 
eration must be known to predict the time-varying pressure differential across the core tank. The 
nature of two-phase flow in mocked dump lines was investigated e ~ p e r i m e n t a 1 l y . l ~ ~  Friction 
fractors and loss coefficients were measured, and equations were developed which show how 
these data may be applied to determine the flow rate of a two-phase mixture of steam and water 
in a pipe. 

The fuel and blanket sample lines are also jacketed over their entire length in the manner 
shown by Fig. 3.66. In addition to protecting the sample valves from high-temperature fluids 
and preventing uranyl peroxide precipitation, the sample coolers lower the vapor pressure of 
the sample to about 1 atm to prevent loss of vapor from the sample in the isolation chamber 
of the sampler. In order that the combined flow rates of the letdown stream and sample lines 
not exceed the combined output of the feed and purge pumps, a maximum m a s s  flow rate of 
300 Ib/hr through the sample cooler was recommended.173 Thirty feet of jacketed section 
would be necessary to cool the sample stream from 300 to loo%, using l 6 O T  cooling water. 
Table 3.20 gives s izes  and lengths of the sample coolers; construction details  are the same 
as  shown in Fig. 3.66. 

Fuel and blanket feed coolers are required to reduce the temperature of the feed s t reams 
from their boiling points (at dump-tank pressures) to 50% upstream from the feed pumps. Cor- 
rosion of the check-valve trim is of no particular concern in this temperature range. Since the 
NPSH of the feed pumps is very low, head losses  in the feed coolers were minimized. Design 
calculations for the fuel feed cooler (item 17) indicated that a jacketed section of 29 f t  of 1-in. 
pipe would be adequate to cool the 810 Ib/hr (1.5 gpm) from 100% to 50%. The computed head 
loss was 0.35 f t .174 Similar calculations175 showed that a 25-ft length of jacket on a 1-in. pipe 
would be adequate for the blanket-feed cooler (item 40). Table 3.20 gives the final s izes  of the 
feed coolers. Thermocouple assemblies similar to that shown by Fig. 3.65 were attached to each 
end of the cooler to provide heat balance data for determining flow rates. Construction details are 
similar to those in Fig. 3.66, except that bellows expansion joints are not used in the jacket. 
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Coolers (items 68 and 48) are  installed upstream of the purge pumps for the same purposes a s  
described above for the feed coolers. The entire length of the purge line between the condensate 
storage tank and the pump is jacketed. Table 3-20 gives the s izes  and length of the coolers. 
Provisions are included for obtaining heat balance data, from which the total  purge flow may be 
determined. Coolant water a t  9OOF is supplied to the coolers in order to obtain differential tem- 
peratures of sufficient magnitude to give reliable purge-pump flow rates. The function of the 
purge-flow heat exchangers (items 118 and 119) is to produce heat balance data from which the 
purge flow to the circulating pumps can be inferred. These heaters, consisting of 10-ft-long 
jacketed sections of the purge-water piping, are supplied with l6OT water so  that reasonable 
temperature differentials can be obtained. Since the total purge flow can be inferred from the 
purge-pump coolers, the purge flow to the pressurizers is found by the difference in total flows 
and flow to the circulating pumps. Construction details  of the purge-pump coolers and the purge- 
flow heat exchangers are similar to those shown in Fig. 3.66, except that bellows expansion 
joints are not included in the jackets. 

of the code allowable s t ress  values for s ta inless  s tee l  type 347. The jacket side is designed 
for a pressure of 500 psi. 

All the heaters and coolers are designed for a primary s ide pressure of 2000 psi ,  using 80% 

3.9 FUEL AND BLANKET LOW-PRESSURE SYSTEM UNIT ASSEMBLIES 

3.9.1 Introduction 

In HRE-2, provisions for concentration control, recombination and recovery of radiolytic de- 
composition gases,  production of distilled water, storage of process solutions, and removal of 
reactor off-gases are available in the low-pressure systems. A unit assembly concept was se- 
lected for these systems to facilitate assembly and support of the equipment and to permit pre- 
operational testing of the systems a s  a whole. Figure 3.67 shows the fuel low-pressure unit 
assembly; the blanket assembly is identical, except that some components are larger because of 
the greater blanket system volume. 

The unit assembly consists of the following: 
Fuel dump tanks with attached evaporators, i t e m s  7a and b. 1. 

2. Entrainment separator, i t em 7c. 

3. Fuel recombiner and iodine bed, item Sa. 
4. Fuel recombiner-condenser, i t e m  8. 

5. Fuel cold traps, i t e m s  9a  and 9b. 

6. Fuel condensate tank, i t e m  14. 
7. Weigh-beam assemblies for determining the dump tank and condensate tank inventories. 

8. Valves and piping for interconnecting these units and for external connections at the points of 
attachment. 

9. Framework, pipe anchors, and hangers for supporting the equipment. 
A unique feature of the unit assembly is the provision for determining the inventory of the dump 

tanks and the condensate tank by independent weight measurements. This  is accomplished by sup- 
porting these tanks on hangers suspended from the ends of weigh beams. There is one weigh-beam 
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Fig.  3.67. Fue l  Low-Pressure Assembly. 
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assembly for the dump tanks and one for the condensate tank. Each assembly consists of a pneu- 
matic load cell and a box frame, within which a pair of weigh beams are pivoted near their centers 
on Stellite knife-edge supports. A linkage, a lso located near the centers of the weigh beams, 
transmits the resulting force upward against the load cell. Pneumatic signals are transmitted from 
the load cell  to appropriate instrumentation in the control room, where actual load measurements 
are taken. A schematic diagram of the weighing system is shown in Fig. 8.24; the system is de- 
scribed in Chap. 8. 

The geometry of the weighing system was dictated by the need to mount the load cel ls  on top 
of the assembly, where they could be removed for maintenance. Weigh beams operating against a 
single load cell  (rather than a cel l  a t  each end to carry the load directly) were chosen to reduce 
the number of load cells and associated instrumentation. A dual-cell system would also have re- 
quired extra instrumentation to sum the output signals from the two ce l l s  and would have intro- 
duced additional errors. Stellite was chosen for the knife-edge supports because of its hardness 
and resistance to corrosion. Knife-edge loading was limited to 4000 Ib/in., whereas commercial 
practice allows up to 6000 Ib/in. 

to the tanks must be flexible to compensate for the varying loads which result from thermal ex- 
pansion and movement of the structure. This flexibility is obtained by confining pipe runs to 
horizontal planes with anchor points on the rigid support structure. 17‘ Thus the pipe expansions 
are essentially confined to these planes; and, a s  a result, vertical thrusts which would enter into 
the weight measurements are minimized. The +in. vapor line connecting the entrainment separator 
and the recombiner is the most rigid in the system and, in effect, establishes the position of the 
suspended dump tanks in the horizontal plane. Calculations indicated the total thermal expansion 
effect  to be about 1.0 Ib for normal operation. 177 The tare loading, developed by the dead weight 
of the tanks and any pipeline reactions present, is counter-balanced in the weigh cel l  by an ex- 
ternally regulated pressure (indicated in Fig. 8.24). Full-load deflection of the cell is less  than 
0.001 in. The total error, based on live load, was estimated to be f3.l lb.”* 

s ta inless  steel ,  corresponding to the appropriate ORNL specification, 
container material. 

In order to obtain a reasonably accurate inventory in the weighed tanks, the piping connections 

The entire low-pressure system is designed for a pressure of 500 psi  a t  467OF. Type 347 
is used throughout a s  the 

3.9.2 Fuel  and Blanket Dump Tanks, Evaporators, and Entrainment Separators 

Description. - Each of the low-pressure systems consists of two dump tanks (for the fuel and 
blanket, i t e m s  7a and 34a respectively), two evaporators (items 7b and 34b), and an entrainment 
separator (items 7c and 34c). Since the parts are so closely related, a compact arrangement 
(shown in Fig. 3.68). was selected for their design. The primary functions of the dump tank, 
evaporator-entrainmen t separator subassembly are: 

1. To provide storage capacity for fuel and blanket solutions not in the respective high-pressure 
systems during normal operation. This normally amounts to 125 to 130 l i ters of solution for 
each system. 

2. To provide storage capacity into which the contents of the respective high-pressure systems 
can be drained and stored. (Long-term storage is ordinarily carried out in  the storage tanks, 
i t e m s  16 and 49.) 

3. To provide a means of varying the concentration of solution pumped up to the high-pressure 
systems. 

4. To provide diluent steam to prevent buildup of explosive concentrations of radiolytic gases  
in the low-pressure systems. 179 

5. To generate very pure distilled water. 



144 

4-8” 

\ 

. IPS  

Fig. 3.68. HRT Fue l  Dump Tank, Evaporator, and Entrainment Separator. 

The fuel dump tanks are fabricated from 14411. sched-30 type 347 stainless s teel  pipe and 
ellipsoidal pipe caps. They are 16 f t  10 in. in overall length. For the blanket dump tanks, 24-in. 
sched-30 pipe is used; their over-all length is 17 ft. Twenty-mil-thick cadmium sheet is wrapped 
around the outside of the dump tanks for increased nuclear safety. The centerlines of the two 
fuel dump tanks are separated a distance of 36 in.; the blanket dump tanks, 42 in. The capacity 
of the fuel and blanket dump tanks and evaporators is 990 liters and 2880 li ters respectively. 

Each dump tank has  an inclined evaporator, consisting of a 12-ft jacketed section of 4 i n .  
sched-40 pipe, to vaporize the solution and to keep the stored solution well mixed. The evapora- 
tors are arranged, a s  shown in Fig. 3.68, to produce ser ies  flow through the two dump tanks. 
Steam a t  70 psig is condensed in the 6-in. steam jacket to evaporate the solution. Internal baffles 
in the dump tank prevent slugging and excessive liquid entrainment in the vapor stream. 

the purity of the condensate a t  the highest possible level and to prevent carry-over of uranium. 
Three modes of entrainment removal are employed in the unit: centrifugal separation, corrugated 
baffle plates,  and woven wire mesh demister elements. The demister elements used for the final 
stage of separation have a high efficiency for entrainment removal and a very low pressure drop. 
They are back-washed with condensate from a small condenser coil located in the vapor space 
above the elements. A baffle plate located above the separator drain line prevents the formation 
of a vortex. 

Design. - The minimum dump tank capacity is established by the solution inventory in the 
respective high-pressure systems; however, for practical reasons the capacity is increased in 
order to l imi t  the magnitude of the pressure rise following a dumping operation. An additional 

In conjunction with the evaporators, an efficient entrainment separator is required to maintain 
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c requirement that the blanket dump tank capacity be sufficient to contain the fuel and blanket in- 
ventories were imposed. High-pressure system inventories are reported180-182 in Table 3.21. 
A tabulation of l ine lengths, areas,  and volumes in the low-pressure systems is also available. l E 3  

A study of dump-tank criticality, startup and shutdown operation, and operation over a wide 
range of temperatures recommended 14-in.-diam horizontal fuel dump tanks. I t  was shown that 
for certain phases of operation, a s  much as 18.7 kg of U235 and 680 kg of D,O would be desirable 
in the dump tanks. l E 5  Criticality studies for long cylinders, reflected by H,O (corresponding to 
the cell being flooded for maintenance) and moderated with various mixtures of H,O and D,O, 
indicated a minimum critical linear concentration for each H,O-D,O mixture. For pipe diam- 
eters under 18 in., the minimum critical linear concentration exceeds 0.50 kg/ft for all mixtures. 
Thus to store 18.7 kg of fuel, a minimum of 37 f t  of pipe is required. The diameter of the pipe, 
not to exceed 18 in., is then determined by the required dump tank volume. Assuming the stored 
solution should occupy about two-thirds of the available space,  the required dump tank volume was 
estimated to be about 1000 liters. Two 14-in. sched-30 pipes, each 16 f t  10 in. long, were se- 
lected for the dump tanks. Volume calibrations of the dump tanks indicated an actual volume of 
990 liters, of which 100 l i ters is in the evaporators. 

In a similar study of the blanket dump tank requirements 24-in.-diam p i p e s l E 5  were recom- 
mended. Based on the blanket containing 633 g of thorium per kg of D,O, it was estimated that 
18.7 kg of U 2 3 5  would be necessary for operation a t  3Oo0C. Assuming dump tanks of the s a m e  
length as the fuel dump tanks, that is, about 34 f t ,  the linear concentration is computed to  be 
about 0.55 kg/ft. It was shown that a 24-in.-diam cadmium-coated cylinder would be safe  up to 
linear concentrations of 0.70 kg/ft. Two 24-in. sched-30 pipes, each 17 f t  long, were selected 
for the blanket dump tanks. Thus the blanket dump tank volume was established a s  2880 li ters 
(as  built), of which 100 l i ters is in the evaporator legs. Cadmium sheet, 0.020 in. in thickness, 
was specified for both sets of dump tanks to prevent reentry of thermal neutrons. Further dis-  
cussion of dump tank criticality is presented in Chap. 6. 

Table 3.21. Normal Holdup in High-pressure Systems 

Volume ( l i ters)  

Fue l  system 

Core tank 
Pressurizer 
Heat  exchanger 
Circulating pump 
Piping 

Normal operating volume 

Blanket system 

Reactor ves se l  (net) 
Pressur izer  
Heat exchanger 
Circulating pump 
Piping 

Normal operating volume 

290 
33 
55 
13 

100 

49 1 

1560 
33 
55 
10 
9 2  

1750 
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The fuel dump system was studied to establish an upper limit on dump tank pressure, minimum 
dump t ime,  and allowable length of dump line a s  a function of line size.'88 Assuming an adia- 
batic expansion of the fuel high-pressure system contents through a frictionless pipe, the maxi- 
mum fuel dump tank pressure was estimated to be 650 psi. Later unreported calculations189 con- 
sidered the effects of dump line flow rate, dump tank pressure, heat transfer to the walls of the 
dump tank, and heat removal by the recombiner-condenser as functions of time. On the basis  of 
these stepwise calculations, the maximum pressure was estimated to be about 160 and 290 ps i  for 
the fuel and blanket dump tanks respectively. 

The dump tank evaporators supply diluent steam for the recombiner gases ,  concentrate the 
solutions, and mix the stored solutions. Inclined, jacketed-pipe evaporators were selected for 
simplicity and their "eversafe** geometry for concentrated fuel solutions. Each set of dump tanks 
has  two evaporators, each consisting of a 12-ft jacketed section of 4-in. sched-40 pipe arranged 
a s  shown in Fig. 3.68. Design data190*191 for each evaporator are given in Table 3.22. The 
blanket dump tank evaporators are identical to those on the fuel dump tanks. 

An entrainment separator is required to remove moisture and solids from the steam-gas mixture 
entering the catalytic recombiner. The requirement that the separator function satisfactorily 
during a dump operation, when the steam-gas mixture flow rate is several  t i m e s  that during normal 
operation, necessitated a very efficient design. It was desired to reduce the solids content to 
l e s s  than 1 ppm in the exit stream from the separator. A design study192 of various means of 
achieving the desired separator characteristics resulted in the design shown in Fig. 3.69 and 
was based on design data given in Table 3.23. 

Most of the entrainment is removed by the rotational flow imparted by the tangential inlets 
and by a section of corrugated baffles. Final separation is accomplished by coarse and fine 

Table 3.22. Dump Tank Evaporator Design Data 

Evaporation rate, gpm 0.5 

Evaporation pressure,  ps ia  

Evaporation temperature, O F  

14.7 

212 

Jacke t  steam pressure,  psig 75 

Jacke t  steam temperature, O F  320 

Heat balance 
Evaporation rate, Ib/hr 
Heat rate, Btu/hr 

264 
2 . 7 6 ~  l o 5  

Heat transfer coefficients, Btu hr-' ft-' (OF)-' 
Steam side 1500 
Wall 520 

Overall 300 
Boiling s ide  2.3  AT^)^ 

2 Heat transfer area,  ft 
Required 
Actual 

8.5 
12.5 

Heat flux, Btu hr-l  ft-' 22,000 

Recirculation ratio, 
( Ib  of solution per hr/lb of vapor per hr) 176 
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. Table 3.23. Entrainment Separator Design Data 

Vapor composition, '% 

D 2  
O2 

2O 
Vapor flow rate, lb/min 

Minimum 
Normal 
Maximum (a t  dump) 

10 
5 
85 

4.94 
9.88 
28 

variable 

1 

25 

Entrainment in inlet stream 

Entrainment in exit  stream, maximum, ppm 

Minimum particle s ize ,  p 
Maximum particle s ize ,  p 1000 

5.25 Superficial velocity for normal operation, f t / sec  

Pressure  drop, in D 2 0  a t  212OF 

0.36 
1.30 
80 

500 

a t  minimum flow rate 
at  normal flow rate 
a t  maximum flow rate 

Design pressure. p s i  

467 Design temperature, OF 
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demister elements. Figure 3.70 shows the computed pressure drop a s  a function of flow rate for 
each stage of separation. Empirical correlations 1 9 3  were used to estimate the pressure drop 
across the demister elements. 

A small condenser coil consisting of 12 f t  of i-in.-OD by 0.065-in.-thick wall tubing was 
built into the vapor space above the demister elements to provide small m o u n t s  of condensate 
for backwashing the elements. 

UNCLASSIFIED 
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Related Development. - Test loops were operated to develop data for use in designing the 
dump tanks, evaporators, and entrainment separators and for u se  in  verifying the adequacy of the 
components a s  designed. In order to predict the pressure rise in the dump tank following a dump- 
ing operation, a knowledge of t i m e  variation of the mass flow rate in the dump line is necessary. 
The nature of two-phase flow in mocked dump lines was investigated experimentally. 1 7 *  Friction 
factors and loss coefficients were measured, and equations were developed for predicting the mass 
flow rate into the dump tank. These experimental correlations were used to analyze data devel- 
oped in a dump test facil i ty '74*'75 and to predict the pressure r ise  in the dump tank. 1 8 9  

with the computed values, l g G  and visual observations confirmed that mixing in the dump tank was 
good. Subsequent operation of the tes t  facility with an entrainment separator suggested some 
design modifications to obtain smoother operation and to lower entrainment in the stream entering 
the separator. 177 In particular, baffles were suggested to dampen waves and vibrations and to 
prevent slugging. A second vapor exit, located a t  about the midpoint of the dump tank, was also 
recommended to lower entrainment in the vapor stream to the separator. Velocities measured in 
the cold leg and the evaporator section confirmed the earlier observations that mixing was ade- 
quate. The cold-leg-liquid velocity measurements indicated flow rates  of 36 and 79 gpm through 
the dump tank for evaporation rates of 0.5 and 1.0 gpm respectively. For an evaporation rate of 
0.5 gpm, the entrainment leaving the separator was 7 x gpm with the demister elements re- 
moved, l e s s  than 5 x 
2 x 
the demister elements was recommended for the separator. 

Simulated dump tests were performed to evaluate separator efficiency during a dump opera- 
tion. 198 Analysis of the data indicated entrainment separation efficiencies in the range of 99.75 
to 99.97%. Subsequent examination of the demister elements showed that they had been extruded 
about 1 in. upward in the separator. A heavy wire screen was provided to prevent this occurrence 
in the reactor entrainment separators. 

Performance of the dump tank evaporator was tested. The evaporation rates agreed closely 

gpm with 6-in. thicknesses of coarse and fine demisters, and l e s s  than 
gpm with 12-in. thicknesses of coarse and fine demisters. A 6-in. thickness for each of 

3.9.3 Fuel  Iodine Removal Bed 

Description, - An iodine removal bed was installed upstream from the fuel recombiner to pre- 
vent poisoning of the platinum recombination catalyst  by iodine. For simplicity, the iodine re- 
moval bed and the recombiner were fabricated as a single component (item 8a); however, each will 
be discussed separately. An iodine removal bed was not provided for the blanket system, s ince 
in the original mode of operation the presence of fission products in the system was not contem- 
plated. 

In addition to removing essentially all the iodine from the entering gas-steam mixture, the 
bed is also expected to lower the xenon concentration in the reactor system. Because 
precursor of Xe135, will be held on the bed until it decays, xenon thus formed can be returned to 
the high-pressure system only via the condensate. Based on a distribution coefficient of 13.4 for 
xenon a t  65OC, 93% of the xenon entering the recombiner-condenser will pas s  to the off-gas sys- 
tem. The Xe135 poison letrel in HRE-2 was e ~ t i m a t e d l ' ~  to be about 2% with an oxygen injection 
rate of 500 cc/min (STP) and no gas  letdown; the addition of the iodine removal bed w a s  calcu- 
lated to reduce the poisoning to 0.6% under the same conditions. 2oo 

A schematic drawing of the combined iodine removal bed-recombiner unit used in the fuel 
system is shown by Fig. 3.71. A s  first conceived, the iodine removal bed consisted of a packed 
bed of silvered alundum Raschig rings, through which the steam-gas mixture passed before enter- 
ing the recombiner catalyst  bed. 
covered that sodium ions were being leached from the alumina. * 0 1  A t  this point the silvered 
alundum was replaced with silvered wire mesh. 

Ib/ft3) of silvered Yorkmesh. Type 304 stainless  steel  wire of 0.011-in. diameter was specified 

the 

During the preoperational testing of the HRE-2, it was dis- 

The adsorber bed, 1 f t  in diameter and 3 f t  in length, w a s  packed with 70 Ib (density of 29 
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Fig. 3.71. HRT Iodine Removal Bed. 
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i 
for the silver supporting material. 
ing the adsorber bed. During reactor operation the bed is cooled by the mixture as it passes  
through. During reactor shutdown, when there is no flow through the bed, decay heat will produce 
temperatures in excess  of that required to decompose silver iodide on the bed unless external 
cooling i s  provided for several hours. This  is accomplished with two cooling jackets; one em- 
bedded in the packed bed, the other external to  the container vessel. The container vessel  i s  
constructed of 12-in. sched-40 type 347 stainless steel pipe and pipe caps. Overall length of the 
entire unit is about 5 f t  4 in. Inlet and exit  nozzles are 4-in. sched-40 pipes. 

Defining the effective life as that t ime  during which the bed removes over 98% of the iodine 
in the entering stream, bed l ives  between 1200 and 19,000 hr were estimated for the Yorkmesh. 2 0 2  
The minimum bed life is based on the assumption that xenon is not desorbed a s  it i s  produced by 
decay of the iodine. The maximum bed life assumes desorption of xenon so that a new adsorption 
s i te  becomes available. The actual effective life probably l ies  between the two extremes. 

sion product iodine from poisoning the catalyst  in the recombiner. Ideally, an iodine removal sys- 
t e m  would have sufficient capacity to hold all the iodine until i t  decays to xenon, at which time 
the xenon would be desorbed and a new reaction site would become available. Since i s  
stable and I '29 has  a half life of about 1.7 x IO7 yr, this ideal system cannot be realized. How- 
ever, a practical system can be designed to last a significant portion of the life of a reactor. 

The equilibrium heat production rate i n  the iodine bed w a s  estimated a s  21,000 Btu/hr, of 
which the major portion is the result of beta decay. This  amount of heat will raise the tempera- 
ture of the steam-gas mixture about 90°F, thus enhancing recombination in the recombiner. The  
thermal conductivity of the mesh was measured a s  0.2 Btu hr-' f t - I  ( O F ) - '  in a bed packed to a 
density of 24.7 Ib/ft3. To prevent thermal decomposition of silver iodide, steam flow through the 
bed was recommended for at least 2 hr following a dump to help remove decay heat.,', After 
this period the built-in cooling systems would be capable of removing the decay heat. A study 
of the allowable pressure drop across the bed recommended a maximum value of 0.2 psi  for a dump 
tank evaporation rate of 8 lb/min at atmospheric pressure. 2o  

square foot of surface area in the bed. This  allowed a safety factor of at least  10 over what was 
estimated to be the true saturation value. In computing the expected life of the silvered York- 
mesh adsorber bed, an iodine concentration of 11.2 mg/g of bed was assumed.202 

Related Development. - A ser ies  of tests was conducted in the HRE-2 core mockup system 
to evaluate the relative effectiveness of iodine removal beds which u s e  silvered dumdum pellets 
and silvered Yorkmesh. ,'* In these tests iodine adsorption in the beds was found to decrease 
exponentially with bed depth as shown in Fig. 3.72. In the range of 110 to i50°C, the effective- 
ness  of silvered alundum pellets (54x1. bed depth) appeared to depend strongly on temperature, 
ranging from 63% at llO°C to 98% a t  150°C. Later tests on silvered Yorkmesh did not indicate 
a temperature effect in the range of lOG0C to 139°C.205 It was also found in this temperature 
range that the rate of iodine pickup decreased IO-fold after about 2% of the silver reacted. On 
the basis  of the mockup tests, it w a s  concluded that silvered Yorkmesh was superior to silvered 
alundum pellets for a given bed volume. Metallographic examination of silvered Yorkmesh speci- 
mens taken from the iodine removal tes t  unit indicated that this material was adequate for use  
in the intended service. 

The steam-gas mixture is dried by a s t e a m  coil before enter- 

Design. - An extensive design study2" was undertaken to devise a means of preventing fis- 

In the original study it was assumed that 1.29 x g/mole of I, could be adsorbed per 

206 

3.9.4 Fuel  and Blanket Recombiners 

Description. - For safety a s  well as economic reasons, it is desirable to recombine the D, 
and 0, which are formed by the decomposition of water in the reactor process fluids.85 In 
HRE-2 a solution catalyst, CuSO,, is added to the uranyl sulfate solution in sufficient quantity 
to recombine all the decomposition gases  produced at design conditions of 300°C and 2000 psi. 



c 

152 

UNCLASSIFIED 
ORNL-LR-DWG 25683 

- 0 SILVER ALUNDUM, 8-in BED, IZOOC 

A SILVERED WIRE MESH, 10-in BED, 1 2 0 T  

Fig. 3.72. Iodine Distribution in  Silvered 
Bed. 
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Since the reaction rate constant for the solution catalyst  is strongly dependent on temperature, 
the catalyst concentration may not be sufficient to recombine al l  the gas  produced at lower oper- 
ating temperatures. 2 0 7  A catalytic recombiner is installed in the low-pressure system to supple- 
ment solution recombination, to recombine dissolved gases  in the letdown stream during normal 
operation, and to recombine dissolved gases  released from the fuel solution following a dump. 

The fuel recombiner and iodine bed (item 8a) are shown by Fig. 3.71; the blanket recombiner 
( i tem 35a) is shown by Fig. 3.73. The recombiner-condenser shown in the figure will be discussed 
later. Although no internal details  are shown in the fuel recombiner figure, they are identical to 
the internals shown in Fig. 3.73. 

velocity. (Space velocity is defined a s  the cubic feet of gas  fed (STP) per cubic foot of catalyst  
per hour.) A large safety factor was included i n  the bed volume in order to ensure sufficient 
catalyst  surface area for all likely operating conditions. An annular bed, 2.5 in. chick and 11.5 
in. long, was selected to reduce the pressure drop through the bed and to prevent gas  channeling. 

The 9.25-in.-OD bed is arranged inside a 12-in. sched-40 pipe section to give radial flow of 
the gases.  Right cylinders (0.125-in. by 0.125-in.) of 0.3 w/o platinized alundum pel le ts  are 
used in the packet bed. A steam coil, embedded near the inner surface of the bed, uti l izes 250 
psig s t e a m  to dry a portion of the bed sufficiently to cause ignition following periods of reactor 
shutdown. The reaction on thepel le ts  in the vicinity of the steam coil will quickly dry the re- 
mainder of the bed. 

The design of the primary recombiner2O8 was based on experimental measurements of space 
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At design conditions the gas flow rate through the fuel recombiner is about 0.48 Ib mole/min 
(560 Ib/hr) of which 8.1 mole % is decomposition gases .  Assuming 100% recombination the tem- 
perature of the exit gas  is about 40OoC. With the maximum output of D,O vapor from the 1 gpm 
evaporator, the flow of D, and 0, can be dcubled without exceeding the explosive limits of the 
gas-vapor mixture. Under these conditions the temperature of the D,O vapor leaving the recom- 
biner is about 70OoC. Since the pellets can be used at temperatures up to 1200°C without l o s s  
of platinum, no difficulty is anticipated from overheating. Three thermocouple wells are placed 
in the catalyst bed to indicate the bed temperature during operation. The pressure drop across  
the bed is about 0.2 psi  for normal operation. 

A later investigation recommended that gaseous letdown from the high-pressure system be 
eliminated in order to ensure an excess  of oxygen in the fuel solution. lg9 For these conditions 
the decomposition gases  constitute about 0.8 mole % of g a s  mixture entering the recombiner, 
instead of the original design composition of 8.1 mole %. 2 0 9  Tes t s  of the primary recombiners 
indicated satisfactory performance of the units a t  design conditions; however a t  low gas con- 
centrations small amounts of the decomposition gases  would p a s s  through the bed without being 
recombined.”’ This  was attributed to the fact that the bed, being very large for the amount of 
gas  being recombined, was  not heated sufficiently to cause complete recombination. ,09 

27 and 113) are included downstream from the recombiner-condensers. Since the off-gas stream 
from the recombiner-condenser is not diluted with large amounts of steam, the temperature of the 
secondary recombiner catalyst is sufficiently high to cause complete recombination. 

The  secondary recombiner, shown in Fig. 3.74, consis ts  of a roll of platinized s ta in less  steel 
wire mesh about 1.75 in. in diameter and 4 in. long. The platinized mesh is simply placed inside 

T o  ensure complete recombination under these conditions, small secondary recombiners (items 

i /  

UNCLASSIFIED 
ORNL-LR-DWG 25679 

/ S T E A M C O I L  ,il 
2 .375- in . -OD BY 
12- in.-  WALL TUBING 

LESS STEEL MESH 

-in., 2 5 0 0 - l b  FLANGE 

Fig. 
HRT. 

3.74. Supplementory Recombiners for 

,/ v8-i;. ROD 
P U L L I N G  RING 



155 

. 

. 

the off-gas piping a s  shown in the figure. A steam coil, using 250 psig steam, is wrapped around 
the pipe to heat theunit  sufficiently to initiate the reaction. 

Table 3.24. 

the work on recombination within the homogeneous reactor project has  been in the temperature 
range controlled by diffusion, that is, 250 to 5OOOC. Litt le work h a s  been doneoutside of these 
temperature limits, at space velocities greater than 1.7 x 10' hr-', and a t  very low hydrogen con- 
centrations. ' 2 -  " 

Assuming a space velocity of 400,000 hr-l  for 100% recombination and the conditions stated 
in Table 3.24, the required catalyst  volume was determined to be 0.025 f t3 .  However, a bed vol- 
ume of 0.353 f t 3  w a s  recommended on the bas i s  of providing sufficient bed thickness to prevent 
channelling and minimizing pressure drop. Calculations showed that an annular bed offered con- 
siderably less  pressure drop for a given bed thickness than the other bed types studied. 205 For 
design conditions the temperature rise of the gas-steam mixture while passing through the bed w a s  
computed to be 306OC; for maximum conditions it was computed to be about 600°C. Figure 3.75 
shows estimated temperature profiles for the gas andpellets in the recombiner, based on an 
assumed homogeneous bed. A s  such the temperatures are approximate and give only an indication 
of themagnitudes of the true values. 

Related Development. - The fuel and blanket primary recombiners were tested to determine 
recombination efficiencies a t  low gas  concertrations and low diluent s t e a m  flows. 210 The data 
are summarized in Table 3.25. At high stoichiometric gas  concentrations, recombiner efficiency 
was 100%. At low concentrations, a s  much as 50 cc/min of hydrogen passed through the units 
without being recombined. A model of the secondary recombiner w a s  shown to raise the overall 
efficiency to virtually 100%. 

The possibility of the secondary recombiner overheating was investigated by passing a mix- 
ture of 500 cc/min of hydrogen and 750 cc/min of oxygen through the bed. The reaction was com- 
plete; however, 100 psig steam in the heating coil was required to initiate the reaction. 209  Once 
the reaction was started no further steam was required. With the steam supply shut off, the tem- 
perature of the recombiner rose only 15 to 20'F. Thus it w a s  concluded that the small unit could 
effectively dissipate the heat of recombination without overheating. 

Design Data. - The primary recombiners were designed on the bas i s  of the data presented in 

The controlling mechanisms for catalytic reaction rates  are outlined in ref 211. Most of 

3.9.5 Fuel  and Blanket Recombiner-Condensers 

Description. - During normal operation the recombiner-condenser cools the superheated gas- 
s t e a m  mixture from the recombiner, condenses the D,O vapor in the mixture, and subcools the 
condensate. Following a dumping operation the condenser is used to lower the dump tank pressure 

Table 3.24. Design Data for Primary Recombiner 

Core power level, kw 1200 

D2  g a s  released in core, Ib mole/rnin 0.026 

0 gas  released in core, lb mole/min 0.013 

D 0 diluent from evaporator, Ib mole/min 0.442 

Space velocity in bed, hr" 400,000 

0.2 

Design pressure,  p s i  500 

2 

2 

Pressure  drop for normal operation, p s i  

Design temperature, OF 800 
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Fig. 3.75. Temperature Profi le of Catalyst Pellets and Gas i n  Recombiner. 

by condensing the large quantities of vapor which flash a s  the contents of the high-pressure sys- 
t em are released to the dump tanks. The latter function imposes a high-heat load on the con- 
denser, since it is desirable to lower the pressure a s  quickly a s  possible after a dump. The fuel 
and blanket system condensers (items 8 and 35 respectively) are identical and were purchased 
according to ORNL Specification HRT-1008.6 Details of the condenser units are  shown in Fig. 3.73. 

At normal operating conditions demineralized cooling water at 1 O O O F  is circulated through 62 
0.500 in. OD x 0.049 in. thick tubes to desuperheat, condense, and subcool the steam-gas mixture 
on the shel l  side. 2 0 8  The U-tubes (13-ft average length) are equally spaced on a 0.750-in. trian- 
gular pitch inside a 12-in. sched-40 pipe. Baffles are provided to produce cross flow over the 
outside of the tubes. 

Vapor is condensed on the shell  s ide mainly because of a higher overall heat transfer co- 
efficient, that is, U = 340 Btu h r - l  f t - 2  (OF)-' compared to U = 244 Btu hr-' ft-* ( O F ) - '  for 
D,O condensing inside the tubes, Thermal s t ress  problems are a lso alleviated by the addition of 
the high temperature steam-gas mixture to the shell  side. Shell s ide pressure drop is negligible 
(approximately 0.03 psi) for normal operation. The cooling water flow through the tubes is auto- 
matically increased from 15 gpm to 80 and 150 gpm, rezpertively, for the fuel and blanket con- 
densers during a dump. Since the condensers are primarily condensing vapors, their capacit ies 
are greatly increased by the increased coolant flows. 
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Table 3.25. Test  of HRT Recombiners 

Exit Stream 
Entering Stream 

Hydrogen Recombination 
Steam Flow Stoichiometric Gas  Excess  Oxygen ~ Temperature Efficiency 

( O F )  
Concentration Flow 

(XI' (cc/min) (%) (cc/min) 
(lb/hr) Concentration (%) 

120 

120 

120 

120 

200 

30 0 

0.08 

0.80 

0.80 

0.80 

8.0 

8.0 

Blanket-System Recombiner 

105 300 0.6 

25 700 6.8 

25 7 10 3.0 

5 5  1.575 3.4 
20 7,900 0.0 

63 49.300 0.0 

2 

48 

22 

54 

0 

0 

250 
260 

265 
260 

635 
690 

99.7 

99.2 

99.6 

99.1 
100.0 

100.0 

120 

120 

300 

0.08 

0.80 

8.0 

L 

I 

Fuel-System Recombiner 

110 300 1.0 

15 450 7.2 

60 48.100 0.0 

3 
32 

0 

230 
260 

670 

99.5 

99.5 
100.0 

'Based on quantity of stoichiometric gas. 

Design Data. - Detailed design calculations of the recombiner-condenser have been 
reported. 2 0 8  ORNL Specification HRT-1008' presents design data, material specifications, fab- 
rication details, and inspection and testing requirements for the condenser. The design data are 
summarized in Table 3.26. 

In calculating the surface area requirements the condenser was divided into a desuperheating 
section, a condensing section, and a cooling section. The minimum surface area was increased 
25% to compensate for the condenser being partially flooded during a dump operation. The per- 
formance of the condensers during a dump operation was thoroughly investigated, 2 0 8  based on the 
design data presented in Table 3.27. Calculations showed that there was no danger that the cool- 
ing water would boil. It was estimated that about 22% of the condenser would become flooded 
during a dump as a result of the relatively large pressure drop between the condenser and the 
dump tank. These calculations indicated maximum pressures of 60 and 140 psi  in the fuel and 
blanket dump tanks respectively. Later calculations based on experimental data of l ine restric- 
tions indicated the blanket dump tank pressure might be a s  high as 240 psi.217D218 

3.9.6 Fuel  and Blanket Cold Traps 

Description. - Cold traps are required in HRE-2 fission product off-gas l ines to conserve 
D,O and to lower the vapor pressure of the water in the off-gas stream thus increasing g a s  ad- 
sorption in the charcoal beds. Two cold traps, similar to that shown by Fig. 3.76, are provided 
in each of the low-pressure systems. The cold traps are designed to alternate on a 24-hr freeze- 
thaw cycle, with one of the two always being in service.219 



A cold trap consis ts  of a double-pipe heat exchanger about 6.5 f t  in length. The inner pipe 
is 4-in. sched-40 and the outer pipe is 6-in. sched-40. Stainless steel type 347 is the material of 
construction. Saturated off-gas a t  about 130°F enters the inner pipe and is cooled to -30°F by a 
counter-current flow of chilled Amsco through the annulus. Baffles are provided in the inner pipe 
to promote mixing. 

During the defrost cycle warm Amsco is circulated through the annulus to melt and recover 
the D,O ice collected on the inner wall. The units are slightly inclined to ensure drainage. The 

Table  3.26. Recombiner-Condenser Design Data 

Tube Side Shell Side 

Fluid circulated 

Circulation rate,  Ib/min 

Fluid properties a t  O F  
Density,  lb/ft3 
Viscosity,  Ib hr - I  f t - '  

Specific heat,  Btu Ib-'  ( O F ) - '  

Thermal conductivity, Btu hr - '  f t - '  ( O F ) - '  

Temperature in,  OF 

Temperature out, OF 

Operating pressure,  p s i a  

Design pressure,  ps i  

T e s t  pressure,  p s i  

Design temperature, O F  

Corrosion allowance, in. 

Number of p a s s e s  

Pressure  drop, p s i  

Velocity, fps 

Heat transfer rate,  Btu/hr 

Demineralized water 

667 

100 
61.7 
1.65 
1.00 
0.36 

100 

120 

60 

100 

200 

250 

0.03 

1 

1 

3.4 

Steam and water 

3.36 

120 76 0 
61.7 0.022 
1.36 0.06 1 
1.00 0.05 
0.37 0.028 

760 

150 

14 

500 

750 

800 

0.03 

7 

0.03 

2 3  max 

7 .4x  105 

Desuperheating Condenser Subcooling 

Condenser section 
Heat load, Btu/hr 
Apparent U ,  Btu hr - I  f t - 2  (OF)-' 

160,000 
3.0 

545,000 35,000 
340 36 

Log mean temperature difference, OF 300 100 70 
6 1  16.5 14 Required outside a rea  of tubes,  ft 2 

1 1 2  2 Actual outside area of tubes,  ft 

Material specifications 
Tubes 
Tubesheet and baffles 
Shell 
End caps  
Inlet and outlet p ipes  

ASTM A213, TP-347 
ASTM A240, Gr C 
ASTM A358, TP-347 
ASTM A182, Gr F-347 
ASTM A312, TP-347 

L 

- . 
* 
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Table 3.27. Design Data for Condenser Performance During a Dump Operation 

System Core Blanket 

480 1740 

1000 3000 

280 280 

900 3220 

531.4 531.4 

Volume of high-pressure system, l i t e rs  

Volume of low-pressure system, l i t e rs  

Average temperature before dump, OC 

D 0 inventory involved, l b  

Initial enthalpy of liquid, Btu/lb 
2 

Total heat to  b e  removed 340,000 1,200,000 

80 150 

4 7.5 

b 7.5 15 

Coolant flow to  condenser,  gpm 

Minimum time to  reduce pressure to 14.7 ps ia ,  minu 

Expected time to reduce pressure to 14.7 ps ia ,  min 

‘Based on instantaneous dump of each  system. 
bBased  on 5-min core dump and 8-min blanket dump and maximum flooded condition in condensers.  

, v’ \ ‘4-in. SCH (0  40s 237-in PIPE WALL) 

6-in. (0.280-in W A L L )  
SCH 405 PIPE 

Vk’ -BAFFLES 

n 
LIQUID RETURN 

Fig. 3.76. Cold Trap. 
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ends of the cold traps are left  uninsulated to prevent formation of ice plugs in the inlet and exit 
lines.,,' Sealed cans  of Santo-Cel (SO,) are fi t ted around the body of the cold traps to provide 
insulation. This material was chosen because of its markedly better resistance to radiation 
damage than the more commonly used low-temperature insulating materials. 

water vapor at i30°F to -20°F and to remove the radioactive decay energy released by the gas- 
eous fission products which pass  through the unit. 
be defrosting while the other is in service. They operate on a 24-hr cycle, 12 hr in service and 
12 hr for defrosting, standby, and precooling. Precooling for 3 hr prior to resumption of service 
was specified. Operating pressure is 15 psia; however, the design pressure was specified a s  
500 psi. 

Table 3.28 shows the effect of cold trap exit gas temperature on vapor pressure, humidity, 
and recovery of water. 2 2 1  The adsorption capacity of the charcoal beds increases rapidly with 
decreasing exit gas  temperature. 

The major heat load on the cold traps is the internal heat generation due to the radioactivity 
in theoff-gas stream. Calculations222 indicated the heat load to be insensitive to oxygen flow 
in the range of 125 to 500 cc/min (STP). The fission product decay energy was estimated to be 
about 3000 Btu/hr.223 The heat load resulting from cooling the gas  and condensing and freezing 
the D,O is about 125 Btu/hr. Overall heat transfer coefficients in the range of 25 to 30 Btu hr'l 
f t m 2  ( O F ) - '  were measured in a cold trap mockup experiment. 2 2 4  

Design Data. - Each cold trap was designed to cool 10 ft3/hr of oxygen (STP) saturated with 

Two units were specified so that one can 

Table 3.28. Ef fect  of Cold-Trap Ex i t  Ternperoture on Vapor Pressure, Humidity, and Deposit ion of Water 

Exit Gas Temperature 

-20° F -lO°F 10°F 40° F 

Par t ia l  p ressure  of H 2 0 ,  ps ia  0.00602 0.0108 0.0309 0.1217 

Specific humidity a t  exit ,  Ib D20 / lb  02' 0.0002509 0.0004503 0.001291 0.005112 

Deposition, Ib  D20 / lb  O Z b  0.1086 0.1084 0.1076 0.1038 

. 

'Based on total pressure of 15 ps i a  and ignoring partial  pressure of xenon and krypton. 
bBased  on entering O2 stream being saturated with D 2 0  a t  130°F. 

3.10 FUEL AND BLANKET STORAGE FACILITIES 

3.10.1 Introduction 

During prolonged periods of reactor shutdown the fuel and blanket solutions may be trans- 
ferred to storage tanks (items I6a and 49a) for isolation. Transfers to the storage tanks are  
accomplished by pressurizing the dump tanks to force the contents to flow through the proper 
paths. Similarly, the stored solutions are returned to the dump tanks by pressurizing the storage 
tanks. Except in an emergency, transfers to the storage facilities are delayed after a dump 
operation until the dump tank pressure has  been lowered to atmospheric. 

Evaporators (items I6b and 49b) and reflux condensers (items 15 and 39) are provided with 
each set of storage tanks to provide mixing and removal of radioactive-decay heat from the stored 
solutions. With reflux condensers in the storage facil i t ies,  entrainment separators are not required 
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to prevent carryover of entrained liquid to the off-gas system. A natural convection-type recombiner 
(item 117) is provided for the fuel storage tanks; however, a recombiner is not provided for the 
blanket storage tanks. 

3.10.2 Fuel  and Blanket Storage Tanks and Evaporators 

The storage tanks and evaporators are identical to the respective dump tanks and evaporators 
since their functions and requirements are the same. The design of these units w a s  described in 
the previous section. 

3.10.3 Reflux Condensers 

Description. - Reflux condensers are  provided in conjunction with the storage tanks to remove 
afterheat from the stored solutions. A condenser, shown by Fig. 3.77, consists of four bayonet 
tubes, 1.5-in. Sched-10 pipe, 14.0 ft long, welded into a tubesheet. Condensation takes  place on 
the outside of the tubes,  which are arranged inside a 6-in. Sched-80 pipe a s  shown. Cooling water 
enters a bayonet tube through a 1-in. Sched-40 reentrant tube and exits through the annulus. About 
21 gpm of cooling water (10O0F) is required to dissipate the design heat load of 170 kw at 212OF. 
Two 4-in. nozzles admit steam to the shell  s ide of the condenser from the two storage tanks. 

Design Data. - The condenser design calculations were based on a maximum heat release of 
170 k w 0 2 2 5  This  is the estimated rate of heat release 15 min after shutdown, assuming infinite 
operation of the reactor a t  10 Mw. Calculations, which included the effect of heat transfer to the 
fluid in  the reentrant tube a s  well a s  that in  the annulus, indicated that 27.8 f t 2  of surface area 
would be required to remove 170 kw of heat. 2 2 G  A bayonet-tube arrangement w a s  selected because 
of its compactness and because it eliminated differential expansion problems. The s ize  of the 
bayonet tubes was selected on the bas i s  of a compromise between the conflicting requirements of 
good heat transfer and resistance to collapse under external pressure. The velocity through the 
annulus was calculated to be 1.9 fps (20.5 gpm). The exit temperature was computed to be 157OF, 
based on an inlet temperature of 100°F. 

is the construction material. 
The shell  s ide of the condensers is designed for 500 psi  and 467OF. Stainless steel  type 347 

3.10.4 Fuel-Storage-Tank Recombiner 

Description. - A natural convection recombiner, sized to recombine the decomposition gases  
produced 1 hr after shutdown, is provided for the fuel storage tanks. Details of construction are 
shown in Fig. 3.78. The internals of the recombiner unit are contained in a 6-ft-long section of 
14411. Sched-30 pipe. Inlet gases  and vapor and recirculated vapor are preheated by a s t e a m  coil 
(250-psig steam) before passing through the catalyst  bed of platinized York-mesh (12 g of Pt per 
f t 3  of mesh). The 4-in.-thick catalyst bed has  a 0.11 f t 3  volume and is packed to a density of 
about 15 Ib/ft3. 

through an updraft flue to the top of the unit, where they are  cooled by a coil located outside of 
the flue. Because of density effects the cooled g a s e s  flow downward outside of the flue to be 
recirculated through the bed. The recirculated vapor and gases  dilute the inlet  radiolytic gases  
to below the explosive limit .  

Superheated steam and high-temperature noncondensable gases  leave the catalyst bed and rise 
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A drain is provided to return the condensate to the storage tank. A valved vent l ine from the 
recombiner to the charcoal-adsorber bed bypasses the cold traps. This  l ine remains closed until 
the pressure in  the recombiner increases to a predetermined level (30 psig) a s  a result of gaseous 
fission product accumulation. When the pressure reaches this  level, the recombiner is vented 
through the charcoal adsorber. 

the use of a recombiner to remove deuterium and oxygen from the storage tank off-gas stream. 2 7  

With a recombiner to prevent the formation of explosive mixtures, gaseous fission products could 
be held in  the storage tanks and released to the atmosphere through the off-gas system in small 
quantities. 

duction 1 hr after shutdown from long-term operation a t  10 Mw. 2 2 8  Figure 3.79 shows the D, 
production rate a s  a function of t i m e  after shutdown for I-, 5 - ,  and 10-Mw operation. Air is 
assumed to b e  the diluent. The concentration of D, in the inlet  stream is assumed to be 5 mole 
%. The temperature rise across the catalyst  bed was estimated to be about 700°F. 

A 8-in.-diam by 4-ft-high updraft flue was specified above the catalyst .229 A steam coil, 19 
f t  of $"-in. Sched-40 pipe, is located a t  the bottom of the flue to  initiate circulation through the 
catalyst bed. The required heat input is about 1000 Btu/hr. A water-cooled coil, 60 f t  of ?$-in.- 
OD by 0.049-in.-thick tubing, located in the annulus provides sufficient heat removal capacity to 
condense the steam and to cool the recombination products to 140°F. 

A natural-circulation recombiner test unit was constructed and operated to investigate the 
feasibility of this type of unit for u se  without a blower or evaporator to supply diluent.230 The 
unit was shown to operate satisfactorily using air  a s  the diluent. A prototype test unit of the 
model shown in Fig. 3.78 was also built, tested,  and shown to perform satisfactorily a t  hydrogen 
flows up to 150% of design conditions. 2 9  

Design Data. - An investigation of the gaseous activity in the fuel storage tanks recommended 

The recombiner is designed to recombine the decomposition gases  at a rate equal to the pro- 

UNCL ASSIFIED 

F ig .  3.79. Production of D Gas i n  Fue l  Outer Dump Tanks of HRT (After Reactor Shutdown). 2 
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3.1 1 WASTE AND VENT SYSTEM COMPONENTS 

3.11.1 Introduction . 

. 

The was te  and vent system is designed to dispose of a l l  radioactive wastes produced in the 
reactor and chemical processing systems, including water used for shielding purposes. The system 
includes pumps for removing high-level-activity fluids from the cel ls  to a w a s t e  storage tank, 
evaporators and condensers for concentrating wastes,  and a controlled means of discharging de- 
contaminated w a s t e s  to a tributary creek of the Clinch River. Gases  vented from the cel l  equip- 
ment p a s s  through charcoal-adsorber beds for holdup and decay before being discharged to the 
atmosphere. A detailed description of the system has  been reported; 2 3 1  a description of the flow 
sheet was given in Sec 2.7. Design considerations of a f ew of the more important components will 
be discussed here. 

3.1 1.2 Reactor Off-Gas Components 

A continuous flow of oxygen through the reactor system sweeps out the gaseous fission products 
xenon and krypton.232 A s  the flow of oxygen is small [500 cc/min (STP)], it is desirable to dis- 
charge the off-gas to the atmosphere. Because health physics considerations impose limitations on 
the release of fission products, charcoal adsorber beds are provided to retain the gaseous fission 
products until al l  but the K r E 5  decay. 

for operation of the beds a t  positive pressure, the other a t  negative pressure. Each path contains 
a mercury seal pot to prevent atmospheric contamination of the beds. In the first c a s e  the dump 
tanks provide positive pressure for flow through the beds; in  the second case a vacuum pump (item 
11) permits operation at reduced pressure to reduce the pressure in the dump tanks or to remove 
adsorbed gases  from the beds. 

The two parallel paths are reunited upstream from a filter station (item 12). The filtered gas  
enters the suction of the stack fan (item 13a), where the g a s  stream is diluted with about 1400 cfm 
(STP) of air, and then it is discharged to the atmosphere from the top of a 100-ft-high stack (item 
13). 

cc/min. Two of the units are operated in  parallel to give the desired capacity, while a third unit 
is on standby. The fourth unit (item 10d) is provided for use with the chemical processing plant. 

Each bed consists of a horizontal assembly of pipe lengths of varying diameters, arranged in 
series. About 520 Ib of 8- to 14-mesh activated charcoal (Columbia G) is  packed in each bed (80% 
void space). The diameters and lengths of the pipes were chosen to prevent the packed beds from 
reaching temperatures which would cause excessive oxidation of the charcoal. Figure 3.80 is a 
schematic drawing of one of the charcoal beds. Construction details  and material specifications 
are indicated in the figure. Thermocouples are  provided at  the entrance of each pipe section to 
indicate bed temperatures during reactor operation. 

excessive temperatures in the f i rs t  section of the bed. The delay t i m e  is provided by 160 f t  of 
3-in. pipe at the entrance of the charcoal bed. The empty pipe and the charcoal-filled pipe are 
immersed in  a shielded pit of cooling water  maintained at about 85OF. 

The charcoal adsorbers are designed to handle the reactor off-gas resulting from long-term 
operation of HRE-2 a t  10 Mw. Oxygen, which is added to the reactor high-pressure system to 
stablize the uranium in the UGt state  and to inhibit the corrosion of s ta inless  steel ,  is stripped 
from the fuel solution along with the gaseous fission products by the boiling in the dump tanks. 
The oxygen flow 500-cc/min (STP) removes the gaseous fission products from the low-pressure 
system and carries them through the charcoal adsorber beds where the fission gases  are delayed 

Two parallel paths are provided at the discharge end of the adsorber beds; one path provides 

Each of the four adsorber beds (items loa, lob,  lOc, and 10d) is designed for a flow of 250 

Additional delay t ime to reduce the inlet  concentration of w a s  necessary to prevent 



166 

UNCLASSIFIED 
ORNL-LR-DWG 8719 

6 - i n  
SECTION 

@ 
00 
z: I 

m 3 
I I 

. 

2 - in  PIPE 
I - i n  PIPE BUTT WELD HALF-SECTIONS TO 

F U L L  SECTIONS 180" RETURN BENDS 
Vz-ln PIPE 

9 - i n  BEND RADIUS 
15-in BEND RADIUS 

'/*-in , I - i n  PND 2-in 
SECTIONS 

0 0 

00 
I I--*$-- 19ft 3 i n  ________I 

FITTINGS (SCH 5 s  I 
@ '/zxl/2XV2-in T 

COIL BUNDLES,  304  STAINLESS S T E E L  @ '/z-in 90" L 
A L L  W E L D E D  CONSTRUCTION. (3) ~ x ( x ' / ~ - i n ~  

MATERIAL 

3 SECTIONS ( 2 0  fl) 6 - i n .  SCH 5s 
2 SECTIONS EACH (21 f l )  OF & i n  , 

I - I n  AND 2 - i n .  SCH 5 5  

6 !-in 900 
@ 2 x Z x l - i n  T 
@ 2 - i n  90" L 
0 6 x 6 x 2 - 1 n  T 
@ 6 - i n  SHORT RADIUS 

@ 6 - i n  CAP 

FITTINGS TO B E  WELDED IN F IELD AFTER 
ALIGNMENT OF COILS ON SUPPORTS 

NOTE 

THERMOCOUPLES TO B E  
AT POINTS 1 , 3 , 5 A N D 7  

180' BEND ( I Z - i n  CENTERS) 

Fig. 3.80. Schematic Arrangement of Fission-Product Adsorption System. 

in  their passage by the process of adsorption and desorption on the charcoal surfaces. 

MOUNTED 

This  
allows t ime  for the short-lived isotopes of krypton and xenon to decay to a small fraction of their 
original concentration. Long-lived isotopes are expected to pas s  through the beds without 
appreciable decay. Thus for an optimum-sized bed, only Kr85 (10.3-yr half-life) will p a s s  through 
without an appreciab!e reduction in concentration. 

Based on an estimated holdup t ime  inside the reactor system of 13,600 s e c , 2 2 2  the composition of 
the off-gas stream a s  it enters the adsorber pit  is g iven232  in Table 3.29. 

The calculations on which the design is based solved approximate equations for (1) the deple- 
tion of the isotopes from the g a s  stream in isothermal increments of the adsorption bed, and (2) the 
radial temperature distribution in the bed at steady-state conditions. Since the beds were designed 
on the bas i s  of meager literature adsorption equilibrium data of krypton and xenon, a safety factor 
of about 6 w a s  used to compensate for the lack of experimental data on the  particular conditions. 
Table 3.30 shows a comparison of the actual s ize  to the calculated required size.  2 3 1  (Note: 
About 90% of the bed volume is in the 6-in.-diam pipe region.) 

A s  more experimentaI information and improved design techniques became available, 23 * t 2 3  

the performance of the charcoal beds was reevaluated for various operating conditions. 236 Figures 
3.81 and 3.82 show the results of the revised calculations for maximum temperatures and discharge 
activities. A radioactive tracer technique w a s  developed later, * 3 7  which permitted more exact 
determination of the charcoal-bed characteristics installed. The results of these tests predicted 
activity discharge rates  lower than previously calculated, 36  the difference being attributed 
to a lower bed temperature and to the use of an adsorption coefficient determined from holdup 
tests on the HRE-2 adsorber beds. These tests also indicated that an increase in bed tempera- 
ture of 10°C is equivalent to an 18% increase in g a s  flow. 

Calculations of the gaseous activity in the reactor a s  a function of t i m e  have been reported. 233 
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Table 3.29. Fission-Product Gas Composition a t  Entrance to Adsorption Bed 

Flow Rate  par t ia l  Pressurea  
(atoms/sec)( 10"~) (mm Hg) Mass Half-Life 

Krypton 
83m 
83 
84 
85m 
85 
86 
87 
88 

Xenon 
131m2 
131 
132 
133m 
133 
134 
135 
136 

11.4 m 
Stable 
Stable 
4.36 h 
10.27 y 
Stable 
78 m 
2.77 h 

12.0 d 
Stable 
Stable 
2.3 d 
5.27 d 
Stable 
9.13 h 

0.40 
1.58 
2.95 
1.56 
1.29 
5.64 
1.21 
4.75 

0.097 
10.04 
15.05 

22.0 
26.4 
14.8 
21.70 

0.525 

0.001385 
0.00547 5 
0.010215 
0.0054 1 
0.00447 
0.017535 
0.00419 
0.01645 

0.00035 
0.0348 
0.05215 
0.00180 
0.00762 
0.09145 
0.05 13 
0.0752 

Tota l  131.0 0.4191 

=Total pressure is 827 mm Hg. 

Table 3.30. Comparison of Actual Size of Charcoal Bed with Calculated Requirement 

Calculated Actual 
Limiting Design Design Specifications 

Length P ipe  S ize  Length P ipe  S ize  
( f t )  (in.) ( f t )  (in.) 

Approximate Safety Factor 

Empty pipe 106 2 160 3 
1 

10 1 40 1 

10 2 40 2 

10 6 60 6 

Charcoal unit 20 $2 40 4 
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SWEEP GAS FLOW RATE 

CC/MIN PER BED 

Fig .  3.81. Maximum Bed Temperature vs Sweep-Gas F low Rate. 

FLOW RATE CC/MIN-BED 

Fig.  3.82. Act ivi ty  Discharge from HRT vs Sweep-Gas Flow Rate. 



169 

. 

The probability and consequences of igniting the charcoal beds during reactor operation w a s  
investigazed in a series of laboratory tes ts .  238 It w a s  shown for stimulated operating conditions 
that ignition of the charcoal could be expected at temperatures somewhat l e s s  than 29OoC. It 
was also shown that in the event ignition does occur, simply cutting off the supply of the oxygen 
sweep g a s  would control the fire. Without a flow of oxygen to support combustion, CO and CO, 
combustion products blanket the burning region and quickly extinguish the fire. (During run 20, 
one of the charcoal beds was ignited during some experiments designed to initiate catalytic re- 
combination by flash recombination. The fire was extinguished when the oxygen flow was cut 
off. Subsequent tests indicated very l i t t le loss  of charcoal. ,39) 

3.11.3 Liquid Waste Components 

Faci l i t ies  are provided for processing and disposing of liquid wastes ranging from large 
volumes of low-level-activity to small volumes of high-level-activity wastes.  The system has 
been described in detail e l ~ e w h e r e ~ 3 ' , ~ ~ '  (sec Sec. 2.7). Storage facil i t ies include a 1000-gal 
waste condensate tank (item 93),  a 12,000-gal waste storage tank (item 94), and a 300,000-gal 
waste retention pond (item 95). The 1000- and 12,000-gal s ta inless  s teel  storage tanks are 
buried under several feet of earth for shielding purposes. High-level-activity w a s t e  is jetted tc 
the 12,000-gal tank for ultimate concentration and disposal. Low-level waste is jetted directly to 
the retention pond for ultimate disposal in the Clinch River. 

shown in Fig. 3.83. The design is essentially identical to the dump-tank evaporators ( see  Sec 
3.9.2), except that three evaporator legs are provided. 2 4 1  Evaporation capacity is 1.5 gpm. 
Bayonet heaters are included in the evaporator legs  to permit evaporation of the solution to a 
volume which can be handled by a shielded waste carrier. 240 The waste evaporator header is 
constructed of a 21-ft section of 24-in. Sched-30 pipe. A single vapor outlet connects to an 
entrainment separator (item 80 b), which is identical to the dump-tank entrainment separators (see 
Sec. 3.9.2). Two shell-and-tube condensors (items 90a and gob), each having about 25 f t 2  of con- 
densing surface, condense the vapors. 24 ' The condensate returns to the 1000-gal storage tank for 
recirculating through the 12,000-gal tank and evaporator or for transfer to the retention pond. 
shielded sampler is provided for assay purposes. 242 A metering tank prevents overfilling the 
was te  carrier with concentrate during removal operations. 

tenance operations for shielding purposes.243 A header and valving station permits the ce l l s  to 
be selectively flooded (about 200,000 gal in  the reactor cell  and about 42,000 gal in each of the 
chemical processing cells)  through a 6-in. pipe. A 1000-gpm centrifugal pump (item 99)  is pro- 
vided to pump the shield water from the cel ls  to the retention pond. The suction l ines  to the 
pump terminate at a point 1 f t  above the bottom of the cel ls  to prevent pumping the last  foot of 
shield water by this  means. Steam-jet eductors with suction l ines  terminating in sumps remove 
the remaining portion of the shield water to either the 12,000-gal storage tank or to the retention 
pond, depending on activity level. 

Waste material stored in the 12,000-gal tank is concentrated in the waste evaporator (item 80a) 

A 

The reactor and adjacent chemical processing cel ls  can be flooded with water during main- 

3.11.4 Cell-Spray and Scavenging System 

A dual purpose system for reducing cell  pressure following a catastrophic rupture of the high- 
pressure system and for scavenging residual fluids from flanged joints being opened during main- 
tenance operations is provided as a part of the was te  and vent system. The system, shown sche- 
matically in Fig. 3.84, contains 12 fog-jet nozzles for producing water fog in event of a system 
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rupture. I t  is not expected that the system will reduce the peak pressure following a rupture; 
however, it will be effective in  reducing the t i m e  required for the cell pressure to return to atmos- 
pheri c 

The l ines leading to the spray nozzles also contain 24 quick-disconnect taps to which 
suction hoses  can be attached for scavenging operations. The hoses are then positioned and 
attached to suction devices a s  desired. Vacuum is applied to the device by means of steam-jet 
eductors exhausting to the waste and vent system. 

BAYONET HEATER 
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Fig. 3.83. Waste Evaporator. 
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3.12 REACTOR STEAM SYSTEM COMPONENTS 

3.12.1 Description 

From a study of several  possible power generation schemes,244 the one selected for HRE-2 
employs a small turbine-generator se t  (available from HRE-1) to generate about 300 kw of elec- 
tricity and a steam killer to condense the excess  steam. A general description of the system was 
given in Sec 2.6. Details pertaining to operation and control of the system are reported in the 
Operator’s Design criteria and detailed design of the system have already been re- 

Since the high cost  of process water at  the reactor site precluded the use  of a once-through 
cooling system, two alternate methods for condensing the excess  steam were investigated. 
One method employed a cooling-tower system to serve both the turbine condenser and the steam 
killer, the other method employed a cooling tower for the turbine condenser water and a fan- 
cooled, air condenser for the relatively high-temperature (353OF) excess  steam. The study 
showed the latter method to be slightly more economical, due largely to the reduced cost  of makeup 
water. 

An investigation of means of chemically cleaning the steam system recommended a cleaning 
procedure based on the use  of a 10% phosphoric acid solution containing 0.2% “Rodine-45” in- 
h i b i t ~ r . ~ ~ ’  
taining 100 ppm of hydrazine. Studies of water treatment programs for u se  in the steam system 
were hampered by a lack of knowledge on the effectiveness of various chemical additives in the 
presence of high-radiation fields. l 2 O *  1 2 ’  The recommended treatment was based on the use  of 
sodium $osphate (60 ppm PO4) for pH control (10.0) and prevention of caustic cracking and 
hydrazine for u s e  a s  an oxygen scavenger. (A discussion of the water treatment experience in 
HRE-2 has  been reported. ’) 

A s tudy252 of the permissible steam leakage to the atmosphere through open steam vents in 
the  steam killer was made to determine the radiation hazard to operating personnel in the event 
of a tube rupture in the fuel system steam generator. The calculations indicated a negligible 
radiation hazard i f  the steam killer blower is operating. If the blower is not operating, a natural 
convection loop will be initiated in the steam killer, and the inhalation hazard will be negligible 
for leak rates past  the steam “stop” valves of l e s s  than 4 lb/min. 

ported. 109,246-249 

2 4 6  

Wet storage was also recommended for the steam system using steam condensate con- 

3.12.2 Fuel and Blanket Steam Drums 

Steam drums provide a minimum delay of 2 sec a t  10-Mw operation and 12 sec a t  5-Mw operation 
between the steam generators and the automatic “stop” valves. The drums are  located outside 
the primary shield but inside a secondary shield (the west valve pit). Radiation detectors moni- 
tor the steam for radioactivity a s  it enters the drums. If activity is detected (indicating a tube 
leak in the primary heat exchanger), the automatic “stop” valves close.  The delay t ime  is suf- 
ficient to prevent radioactive steam from leaving the steam drums. 

During normal operation condensate collected in the steam drums returns by gravity to the 
primary heat exchangers. However, a t  power levels above 7.6-Mw pressure losses  prevent gravity 
return and i t  is necessary to trap the condensate out of the drums and to the d e a e r a t ~ r . ’ ~ ~  (See 
Sec 3.5.7 for additional discussion.) 

1 5  The fuel system steam drum (item 53) is a 24-in.-OD by ,f6-in.-thick cylindrical pressure 
Having a length of 19 f t  2 in. and a volume of about 50 f t 3 ,  the vessel  is constructed 

of ASTM A-212 Grade B material. It is designed for 1250 psi  a t  600°F, according to the rules of 
the ASME Unfired Pressure Vessel Code. 

steam drum except that it is 1841-1. OD by 14-ft long and has  a volume of 21 f t3 .  
The design245 of the blanket system steam drum (item 54) is the same a s  the fuel system 
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3.12.3 Turbine-Generator Condenser 

k 

A portion of the s t e a m  generated by the reactor is used in a turbine-generator set to produce 
about 300 kw of electricity. The remainder of the steam is condensed in an air-cooled condenser 
(see Sec 3.12.4). The turbine-generator condenser ( i t ems  57, 58, and 59)  and associated auxil- 
iaries are the same power generation equipment used in HRE-1. Since this equipment has  been 
described in detai1,245*253 only a brief description will be given here. 

The turbine-generator set is a Worthington Corporation unit consisting of: 

1. a Worthington type S, 250-kw, 505O-rpm, straight condensing turbine with a two-row velocity 
compound s tage followed by eight impulse s tages;  

2. a Worthington type E-4, double-helical, single reduction gear to reduce the turbine speed of 
5050 rpm to the generator speed of 1200 rpm; 

3. an Electric Machinery Manufacturing Company 345-kva, 276-kw a t  80% power factor, three-phase, 
60-cycle, 460-v, 1200-rpm alternating current generator with a direct connected 5-kw, 125-v 
exciter. 

The turbine condenser, also supplied by the Worthington Corporation, has  400 f t 2  of surface 
area. Steam makes a single p a s s  outside the tubes, while cooling-tower water (see Sec 2.5) makes 
three passes  through the tubes. The tubes, 245 in number, are 5/,-in. OD by 18-BWG by 10 f t  2 in. 
in length and are constructed of Admiralty metal. Design capacity of the condenser is 6000 lb/hr 
of condensate a t  2 in. Hg absolute pressure, using 575 gpm of cooling water at 70°F. 

3.12.4 Air-Cooled Condenser 

Steam generated by the reactor and not used in the turbine is condensed in an air-cooled con- 
denser (item 60) located on the roof of the reactor building a s  shown in Fig. 3.85. The air-cooled 
condenser is a Fluor Fintube heat exchanger, purchased according to ORNL Specification JS-HRT- 
5.6 

The unit consis ts  of three horizontal, finned-tube sections connected in parallel for one p a s s  
operation. A 12-ft-diam, six-blade fan blows air up through the tube banks to condense the steam. 
Steam enters an inlet header through a 6-in. flanged nozzle; condensate exits from the discharge 
header through a 2-in. flanged nozzle. 
louvers to block the flow of air. Additional design data are given in ORNL Specification JS-HRT- 
5 and Table 3.31. 

The rate of condensation is controlled by adjustment of 

3.12.5 Deaerator and Feedwater Storage Tank 

A deaerator (item 64) is provided to remove dissolved gases  from the feedwater before i t  is re- 
turned to the reactor s t e a m  generators. The storage tank functions as a condensate surge tank and 
accumulator. The unit w a s  purchased according to ORNL Specification JS-HRT-1 (ref 6) from the 
Cochrane Corporation. It is designed to produce feedwater containing less than 0.005 cc/liter of 
oxygen at  a rate of 20,000 lb/hr. 

type deaerator unit mounted on a 1500-gal, horizontal, cylindrical storage tank. Inlet water is 
sprayed into a preheating section where it comes into contact with steam from a nozzle. The 
heated water and steam flow downward into a ser ies  of distribution trays. Deaeration occurs a s  
the water cascades downward from the trays into the storage tank. Excess  steam flows to the vent 
condenser carrying noncondensable gases  with it. Most of the excess  steam is condensed; how- 
ever, a portion is vented to atmosphere along with the noncondensable gases .  

2 4 6  

The deaerator assembly, located on the roof of the reactor building, consis ts  of a vertical tray- 
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Table 3.3 1. Air-Cooled Condenser Design Data 

ORNL specification JS-HRT-5 

Manufacturer 

Type 

Finned sec t ions  
Tubes per  sect ion 
Tube site, in. 
Tube length, f t  
Tube material 
F in  material 
F i n s  per  inch 
Fin  height, in. 
Design pressure,  p s i  
Design temperature 

Fluor Company 

Fin F a n  

3 
110 

16 
Deoxidized copper 
AI umi n um 
10.5 

% 

91 6 
300 
450°F 

Steam condensed at 140 p s i a  (saturated), Ib/hr 

Heat exchanged at 353OF, Btu/hr 

35,000 

30.5 x 10' 

13,700 2 Heat transfer area, ft 

Fan  speed,  rpm 232 

Air flow a t  65OF, cfm 18 1,000 

F a n  motor 
Model 
Horsepower 

General Electr ic  
SK-1404AAJ-1, type K 
25 

Speed, rpm 1765 

The vent condenser is a multipass, U-tube heat exchanger. It is capable of condensing 1000 
lb/hr of saturated steam at atmospheric pressure with cooling tower water at 90°F. The water s ide 
is designed for 125 psi ,  the shel l  side for 20 psi. The storage tank, designed for 30 psi ,  has  a 
safety relief valve set to relieve a t  15 psig. I t  has  a relief capacity of 5900 lb/hr. 

3.12.6 Feedwater Pumps 

A maximum feedwater pumping requirement of 94 gpm w a s  used as the basis for the selection of 
feed pumps. 109v24' A s m a l l  (23 gpm) triplex feedwater pump was available from HRE-1 surplus 
equipment. A second feedwater punp (75 gpm) was purchased according to O W L  Specification 
JS-HRT-4.' Ordinarily the smaller pump is used for standby service. A t  the higher power levels 
it is used to supplement the larger feedwater pump. 

flow is derived from liquid level indicators located on the reactor steam generators. Excess pump- 
age is returned to the deaerator storage tank through a back-pressure control valve, manually ad- 
justed to minimize pumping power at  any reactor power level. Safety relief valves set to relieve 
a t  1500 psi  are provided on the discharge of each pump. Nitrogen-charged accumulators are a lso 
provided on the discharge side of the pumps to reduce pressure pulsations. Additional design data 
are presented in Table 3.32. 

quate for power levels up to 10 ~ w . ~ ~ ~ - ~ ~ ~  

Both pumps are driven by manually-adjusted, variable-speed drives. Control of the feedwater 

245.246 

An extensive study of the feedwater control system indicated the system to be stable and ade- 
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Table 3.32. Feedwater Pump Design Data 

Pump number 65a 65b 

ORNL specification J S-HRT-4 HRE-1 surplus 

Make Wort hing ton Worthington 

Type VTE-Z(triplex) VTE(trip1ex) 

Bore, in. 2.5 1.5 

Stroke, in. 5 .O 2.0 

Design speed, rpm 230 420 

Minimum operating speed, rpm 50 50 

Design capacity,  gpm 75 22.9 

Design discharge pressure,  psi  1300 1200 

Minimum NBSH, f t  of fluid 24 24 

Make of motor drive U.S. Motors Reeves  

Type 83.504 8402 

Horsepower 50 20 

Speed adjustment M anual Manual 

Speed range, rpm 1830-610 420-70 

3.12.7 Package Boiler 

An oil-fired package boiler (item 56) is used to generate high-pressure steam for heating the re- 
actor systems up to operating temperature and for making up system heat losses  when the reactor 
is operated a t  l e s s  than heat loss power.24Gp257 The self-contained unit is a Besler Corporation 
Model-55X package boiler, purchased according to ORNL Specification JS-KRT-6.' I t  is designed 
according to the rules of the ASME Boiler Code to operate a t  1500 psi  and 600OF. A minimum 
continuous steaming rate over an 8-hr period of 1680 lb/hr a t  1500 psia discharge pressure was 
specified. 

Under tes t  conditions of 1500 ps i  outlet pressure, 1840 lb/hr of steam was generated, using 
212OF f e e d ~ a t e r . * ~ ~  Fuel consumption a t  maximum load is 135 lb/hr of No. 3 fuel oil. Adjust- 
ment of the flame is modulating over a 5 : 1 range. At very low heat loads the flame is extinguished 
and reignited a s  required. Control of output pressure was specified a s  +5% of the preset  pressure. 

Design capacity of the package boiler is equivalent to a heat rate of 300 kw a t  300°C.257 
Calculations indicated that the unit should be capable of heating the reactor and associated equip- 
ment from room temperature to operating temperature in about 7 hr.'*' A manifold is povided so 
that 250-psia building steam can be used to supplement the package boiler during the initial s tages  
of heat up. 
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3.13 REACTOR COOLING-WATER-SYSTEM COMPONENTS 

3.13.1 Description 

. 

. 

The cooling-water systems, of which there are three, supply coolant to the reactor plant for 
the following purposes: (a) supplementing the air-cooled condenser and the turbo-generator in re- 
moving the reactor heat,  (b) cooling process streams for metering, sampling, and equipment pro- 
tection against overheating, (c) condensing vapors, and (d) removing fission product decay heat. 

sanitary and fire-fighting needs in addition to a few special  reactor cooIant needs (tabulated in 
Table 2.5), where there is extremely small likelihood of contaminating the water supply. The 
second system uses  recirculated potable water as the coolant. The cooling tower basin provides 
an air  break in the system to prevent contamination of the potable water supply. This  system sup- 
plies coolant to the demineralized-water heat exchanger, the turbine condenser, turbine oil  cooler, 
and deaerator vent condenser. The third system uses  demineralized water a s  the coolant. This 
system supplies coolant for all  the requirements inside the reactor cell  ( l isted in Table 2.3) with 
the exception of the space coolers, which use potable water from the first system. These systems 
were described in the discussion of the flowsheets (see Sec 2.5). 
operating procedures of the systems is available in the HRE-2 Operator's Manual. 

Most of the cooling surfaces located inside the HRE-2 reactor containment vessel  are con- 
structed of type 347 s ta inless  s tee l  because of its resistance to corrosion in the presence of the 
reactor process fluids. Many studies have shown that this particular material is susceptible to 
stress corrosion cracking in the presence of a few ppm of ~ h l o r i d e . ~ ~ * - ~ ~ '  Since the available 
water supply at the reactor site has  somewhat more chloride than desirable (20 ppm vs 1 ppm), a 
closed-loop, demineralized-water coolant system w a s  selected for those cooling applications in- 
side the reactor ce l l  involving the use of stainless steel .  Heat is removed from the demineralized 
coolant by an open-loop, potable water system, employing a cooling tower for final heat  dissipa- 
tion. 

~ o r t e d . * ~ ' - ~ ~ *  The analysis  of the cooling-system requirements was based on a IO-Mw reactor 
power level, 80°F maximum potable water temperature, 90°F maximum cooling tower effluent tem- 
perature, and an 800-gpm cooling tower flow. Line s izes  were based on a maximum flow velocity 
of 6 fps. A study of the induced activity in the demineralized water w a s  made in which it was 
concluded that shielding would not be required around the exposed portions of the system.261 
Details of the instrumentation and controls for the water systems have been reported. 

the removal of corrosion products and other water-insoIuble deposits. 2 5 0  Potassium chromate 
(1000 ppm) is used a s  a corrosion inhibitor in the closed-loop system.266 A combination of 
sodium chromate (20 to  25 ppm) and potassium chromate (20 to 25 ppm) with control of the pH be- 
tween 6.0 and 7.0 is used in the cooling-tower water system. Periodic additions of chlorinated 
phenols (about 60 ppm) to the cooling-tower basin is adequate to control the growth of algae. The 
amount of chlorine added (about 5 ppm) is not considered to be a problem in this system. 

One system uses  nonrecirculated potable water a s  the coolant. This system serves the normal 

A detailed description of the 
2 4 5  

Detail design considerations, including estimated cooling requirements, have been re- 

265 

A 10% phosphoric acid solution containing 0.2% "Rodine-45" inhibitor was recommended for 

3.13.2 Water-coolant Circulating Pumps 

The demineralized-water coolant is circulated through the closed-loop system by a 300-gpm 
centrifugal pump (item 124a). A second pump (item 124b) is provided for standby service. Both 
are Allis-Chalmers Model 3 x 2.5 in. DHB, 350O-rpm, 300-gpm at 120-ft head, single-stage centrif- 
ugal pumps with single 6-in.-diam impellers. Each pump is driven by an  Allis-Chalmers 15-hp, 
3525-rpm three-phase, 220/440-v, 6O-cycle, totally enclosed, fan-cooled, type 256-U induction 
motor operating at 440 v. 
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Cooling-tower water is circulated through the open-loop system by an 800-gpm centrifugal pump 
(item 62a). A second pump (item 62b) is provided for standby service. 
from plant surplus equipment and modified to m e e t  the requirements of ORNL Specification JS- 
HRT-3.G Both are Pennsylvania Pump and Compressor Company type 6 x 5 in. BMD, 1750-rpm, 
single-stage, 1100-gpm a t  180-ft head, centrifugal pumps with double suction impellers. The im- 
pellers were machined from 14.25 to 11.25 in. in diameter to  give a capacity of 800 gpm a t  110-ft 
head. One of the pumps is driven by a Westinghouse 30-hp, 176O-rpm, three-phase, 60-cycle, 
220/440-v, type CS induction motor operating a t  440 v. The other pump is driven by an Allis- 
Chalmers 30-hp, 1750-rpm, three-phase, 60-cycle, 220/440-v, type APWW induction motor operating 
a t  440 v. 

The pumps were obtained 

3.13.3 Water-Coolant Heat Exchangers 

Heat is removed from the closed-loop demineralized-water coolant system in a heat exchanger 
Each exchanger, man- unit (item 125) consisting of two tube-and-shell heat exchangers in series. 

ufactured by Bell & Gossett  Company, is a single-pass unit containing 250 &-in.-OD by 18-BWG 
(0.049 in.) by 18-ft long Admiralty tubes (735 f t 2  of outside area). The outside diameter of the 
shell  is 16 in. and the overall length of the unit is about 21 ft. The shel ls ,  water boxes, tube- 
sheets,  and internal baffles are constructed of carbon s teel .  Tube and shel l  side design pres- 
sures are 150 psi  a t  375OF. 

heat exchange unit at  9O0F, flows through the tubes a t  435 gpm (velocity of 2.3 fps), and exi ts  
a t  llO°F. Demineralized water enters the shell  s ide a t  130°F, flows countercurrent a t  300 gpm 
(velocity of 3.4 fps), and exits a t  10O0F. Under these conditions 4.5 x loG Btu/hr of heat is 
transferred. 

A small water heater (item 127) is used to heat a portion of the demineralized water to l6O'F 
for use in the dump and sample coolers and the purge flow heat exchangers (see Sec 3.8.4). The 
heater, manufactured by the Bell & Gossett Company, is a shell  and U-tube unit. Demineralized 
water flows through the tubes and is heated by condensing steam on the shell  side. The unit is 
designed to heat 20  gpm of water from 60 to 16O'F using 40-psig saturated steam. Tube and shell  
design pressures are 150 psi  and 375OF. 

The U-tubes are  %-in.-OD copper; the tubesheet, shell, and baffles are carbon s teel .  Cast  
iron is used for the water box, The outside diameter of the shel l  is 6% in. and the overall length 
is about 6 %  f t .  A safety valve, set to relieve a t  125 psig,  is provided on the shell  side. 

use in the purge pump coolers (see Sec 3.8.4). The unit is designed to cool 2 gpm of deminer- 
alized water from 100 to 90°F using 4 gpm of potable water a t  80°F on the shell  side. 

Assuming 10-Mw power level and warm weather conditions, cooling-tower water enters the 

A similar unit (item 123) is provided to cool a portion of the demineralized water to 90°F for 

3.13.4 Cooling Tower 

Since the cos t  of process water a t  the reactor site precluded the use of a once-through coolant 
system, a cooling tower [ORNL Specification JS-HRT-2 (ref 6)l was selected for the final s tep in 
dissipating the heat from the coolant systems.24G The tower (item 61) is of the induced-draft, 
counterflow design and is built of redwood. It is rated to cool 800 gpm of water from 135 to 90°F 
(7.2 x 10' Btu/hr) with air  a t  80°F wet-bulb temperature. The tower is 19 x 20 f t  a t  the base and 
is 35 f t  high. The cooling-tower fan has  four blades with a tip diameter of 10 ft .  It has  a capacity 
of 115,500 cfm of air  a t  80°F. The fan is driven by an Allis-Chalmers 20-hp, 1800-rpm, a o - v ,  
three-phase, induction motor through a 5-to-1 speed reducer. A 15,000-gal concrete basin pro- 
vides an emergency supply of coolant and an air  break in the system. Evaporation lo s ses  a t  1% 

. 
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per 10°F require 31.4-gpm makeup. Windage losses  a t  0.2% require an additional makeup of 
1.6 gpm. 2 6 1  A screen pit  a t  the bottom of basin has  one 2-mesh and two 8-mesh screens to pro- 
tect the circulating system from debris. 

3.13.5 Space Coolers 

Four space coolers (items 82a, 82b, 82c, and 82d) are provided to dissipate the heat loss to 
the cell  from the reactor system. 2 6 7 - 2 G 9  Design conditions and specifications are given in 
ORNL Specification HRT-1069a (ref 6). Each unit is designed to remove 170,000 Btu/hr from air 
at  150°F and 7.5 psia using 75'F water. 

Ambient air is circulated across a bank of finned tubes by a fan at a rate of 5700 cfm. The 
fan is driven by a 1.5-hp, 1200-rpm, type K, frame 213 P General Electric induction motor. Water 
circulates through the finned tubes at 25 gpm. Pressure drop across  the finned tubes is 25 psi. 
Air is discharged downward through a diffuser a t  a minimum velocity of 1500 fpm. The units are 
suspended on frames near the top of the reactor cell  s o  that they can be temporarily removed 
during maintenance operations. 

3.14 REF RIGERATION-SYSTEM COMPONENTS 

A refrigeration system i s  provided in HRE-2 to: (1) chill cold traps which dry the off-gas 
stream to recover D,O and to prevent moisture from reducing the effectiveness of the charcoal. 
adsorber beds, and (2) freeze process pipe l ines at certain points where positive shutoff is 
required. A secondary refrigerant, Amsco 125-82, i s  circulated through the cold traps and l ine 
freezers. A primary refrigeration system using Freon-22 a s  the refrigerant cools the secondary 
refrigerant. In addition to the permanently instaIled systems, a small portable secondary refrig- 
erant chilling system is available for temporary refrigeration of freeze units during maintenance 
operations. 

specification will be discussed nere. 

densing unit. However, the demands of additional freeze jackets and the substitution of Amsco  
for Freon-11 a s  the secondary refrigerant overloaded the system to the point that the Amsco was 
being chilled to about -15'F rather than to the design value of -30°F. The system was rede- 
signed to increase the capacity to about 5 /2 tons of refrigeration at -50°F evaporator tempera- 
ture. 

cooling, a sub-cooler and suction-line heat exchanger, and a water-cooled condenser. The refrig- 
eration unit, manufactured by the Brunner Division of Dunham-Bush, h c . ,  is rated a t  68,000 
Btu/hr at  -50°F evaporator and 90°F condensing temperature. The two-stage compressor (item 
69) has  three low-pressure cylinders (4.25-in. bore x >-in. stroke) and one high-pressure cylinder 
of the same dimensions. Respective volumetric efficiencies are 76.5 and 80%. The compressor 
is driven at 655 rpm by a 25-hp, 1750-rpm, three-phase, 6O-cycIe, 440-v motor, manufactured by 
Wagner Electric Corporation. An oil separator (item 70) is provided to remove oil from the refrig- 
erant. An immersion-type electric heater is installed in the compressor crankcase to maintain the 
oil free of Freon when the compressor is not in service. 

The refrigeration system was described in Sec 2.8; only design considerations and equipment 

The original design of the refrigeration system was based on the use of 15-hp Brunner con- 

1 
2 7 0 . 2 7 1  

The system as modified employs a 25-hp, two-stage, reciprocating compressor with flash inter- 
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A shell-and-tube-type surface condenser (item 75) is provided for the refrigeration unit. Pota- 
ble water  flows through 485/-in.-OD condenser tubes at a rate of about 20 gpm to condense the 
discharge vapors from the compressor. 

The main evaporator (item 137) is a Heat-X, Inc. , model CH-612-45B1, shell-and-fin-tube-type 
heat exchanger rated a t  68,500 Btu/hr at  -50°F evaporator temperature. The exchanger is de- 
signed for 225-psi working pressure and bears an Unfired Pressure Vessel Code stamp. The sub- 
cooler (item 135) and suction-lineheat exchanger (item 136) are a lso Heat-X, Inc., standard units, 
models CH-300-36A and Zx-35 respectively. Both of these units have Unfired Pressure Vessel 
Code stamps. 

increases with increasing evaporator temperature; a s  a result, capacity control and unloaded 
starting must be provided. Each of the compressor suction valves is fitted with a device for 
holding the valve open to unload the cylinder, using compressed gas  from the compressor dis- 
charge a s  the actuating medium. Admission of g a s  is controlled by small solenoid valves, which 
receive input voltage through suction-pressure-actuated switches sen sing the Amsco temperature 
leaving the evaporator. This  arrangement is shown schematically in the flowsheet, Fig. 2.11. 

On starting the compressor by means of a manual switch on the refrigeration control panel, 
the suction valves are held open for 30 sec to permit the motor to reach full speed. A t  this t i m e  
one cylinder is closed and the compressor is allowed to pump the evaporator down to a pressure 
equivalent to about -1OOF. A second cylinder is then closed and the evaporator temperature is 
reduced to about -30°F; at this t ime  the third low-pressure-stage cylinder is closed and the evap- 
orator temperature is lowered to about -6O'F. The compressor continues to run at  full capacity 
unless the temperature of the Amsco leaving the evaporator falls  below about -50°F, at which 
point one cylinder will unload; a t  about -52OF a second cylinder unloads, and below about -54'F 
all three low-pressure cylinders are unloaded. In practice, the load on the primary system has 
been sufficient to make control of minimum Amsco temperature relatively unimportant. 

All refrigeration l ines in the primary system are hard-drawn, type L, copper tubing with si lver- 
soldered joints. The l ines are insulated with 3 to 4 in. of molded cork with a waterproof covering 
on the outside surface. 

The entire primary refrigeration system is located external to the reactor shield where con- 
ventional refrigerants and practices can be used. Th i s  is not the case,  however, for the secondary 
system. To satisfy the environmental requirements, a suitable secondary refrigerant for HRE-2 
must have a freezing point of -40°F or lower, be resistant to radiation damage, have good heat 
transfer properties, be relatively noncorrosive, nontoxic, and nonexplosive, be free of chloride or 
fluoride ions, have a vapor pressure of 100 psi  or lower at room temperature, and be amenable to 
low-temperature pumping. 2 7 2  Several possible refrigerants were investigated for use. 2 7 2 - 2 7 8  Of 
those refrigerants considered, Amsco 125-82, an odorless mineral spirit resembling kerosene in 
its physical properties, was recommended. It has  a freezing point of -67OF and a viscosity of 
8.2 centipoises a t  -40'F. It is compatible with the materials in the system, is not subject to ex- 
cessive radiation damage, 278 is reasonably nontoxic, and has  good heat-transfer properties. 2 7  = 
Because of a relatively low flash point (128OF), a ventilating fan and a CO, fire control system 
are provided near the refrigerant circulating pump. Tes t s  indicated no tendency for Amsco to form 
insoluble residues a t  high temperatures (550°F), which may be attained in certain freeze jackets 
on the process lines. 2 7 2  

Cold (-40'F) A m s c o  is circulated through the cold traps and freeze units by a 45-gpm, cen- 
trifugal pump (item 73). The pump, manufactured by Allis-Chalmers Manufacturing Company, de- 
livers 45 gpm at 180-ft head. It is driven by a 5-hp, 3500-rpm7 three-phase, 60-cycle, 220/440-v, 
General Electric Company motor. Warm Amsco, used to defrost the cold traps, is circulated through 
the units by a 10-gpm, centrifugal pump (item 74). This  pump, also manufactured by the Allis- 
Chalmers Manufacturing Company delivers 10 gpm a t  a 44-ft head. It is driven by a 1.5-hp, 
3500-rpm7 three-phase, 60-cycle, 220/440-v, type K Allis-Chalmers electric motor. A 52-ga1, 
300-psi working pressure, storage tank (item 72) is provided for the warm Amsco system. A 

8 

The thermodynamic properties of  Freon-22 are such that the load on the compressor motor 
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100-ga1, 100-psi working pressure, storage tank (item 71) is provided for the cold Amsco system. 
This tank is insulated with 3 in. of molded cork with a waterproof cover on the exposed surface. 

Some process l ines  are provided with freeze coi ls  at certain points to ensure positive shutoff 
of flow in the lines. In addition to these freeze units, a number of flanged joints have freeze coils 
to prevent entry of shield water into the reactor system when the flanges are  opened for mainte- 
n anc e opera tion s. 2 7 9 * 2 8 0  Theoretical considerations a s  well a s  mechanical design and develop- 
ment of freeze units have been reported in detail .281-284 

The freeze units used i n  HRE-2 are classified into four types: 
Type A - This type freeze unit consists of s ta inless  steel  tubing wrapped around the process 

pipe for about s ix  or seven pipe diameters and welded to the pipe as shown in Fig. 3.86. This 
freeze unit is used on process l ines which operate above 3 0 0 ~ ~  and which require frequent or 
continuous use of the freezer. 

pipe for a length of s ix  or seven pipe diameters. They are employed at locations requiring l e s s  
frequent use and which have operating temperatures l e s s  than 300°F. Although the coils are not 
bonded to the pipe as shown i n  Fig. 3.87 for a type C freeze unit, lead is used to fi l l  the voids 
between the coi ls  and process pipe in some applications. 

Type C - This  type of freeze unit i s  used at points requiring freeze plugs during maintenance 
operations. Unlike type A and B freeze units, the supply and return l ines  on type C units are not 
permanently connected to the secondary refrigerant circulating system. Instead, the l ines termi- 
nate at  disconnects at the top of the cell, which are accessible for use with temporary refrigerant 
lines when the shield plugs are removed. Chilled Amsco i s  circulated through the coi ls  from 
either the secondary refrigerant system or from a portable refrigeration system, using dry ice to 
chill the Amsco. In general, the coils are not bonded to the process pipe a s  shown in Fig. 3.87. 
Stainless steel  i s  used for the coils attached to process piping which operates above 300'F; 
copper is used otherwise. 

during maintenance operations. It consists of two clam-shell jackets attached to an ordinary 
C-clamp, modified for remote manipulation. Chilled Amsco is supplied to the jackets by either of 
the two methods discussed above for type C units. 

but it was found that the degree of contact of the jacket with the process pipe wall was of the 

Type B - This type freeze unit consis ts  of copper tubing closely wrapped around the process 

Type D - This  removable-type freeze unit, shown by Fig. 3.88, is for general purpose use  

Rather intricately designed jackets with baffles to promote better heat transfer were tested, 

UNCLASSIFIED 
O R N L - L R - D W G  14037 

APPROX.  5 in, i 
,,-PROCESS L INE 

DEVELOPED LENGTH = 36 in. 

Fig. 3.86. Type-A Freeze Jacket. 
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UNCLASSIFIED 
ORNL-LR-DWG (4038 

APPROX. 4'/2 in .  (ABOUT 12 TURNS ) DEVELOPED LENGTH = 52 in.  

Fig.  3.87. Type-C Freeze Jacket. 

UNCLASSIFIED 
ORNL-LR-DWG I5498 

6 in. 

8 in. 

I 

. 

Fig.  3.88. Type-D Freeze Jacket. 

greatest importance and that a simple coil of tubing wound around the pipe was essentially a s  
effective a s  the more complicated designs. 2 8 3  

same manner a s  the process piping in the reactor cell. It has  been demonstrated that a jacket 
can freeze a l ine more readily when submerged in water (Le., when the reactor cell  is flooded) 
than in air, provided that the aluminum foil is in place to shield the jacket from convective water 
currents. Ice fi l ls  the interstices between the coil and the pipe and provides a good conductive 
path for heat transfer and makes freeze coilsnot bonded to the pipe about a s  effective as welded 
types. For this reason, the type C coils,  and those of the type B that would generally be used 
only when the cell is flooded, are not bonded to the process pipe. 

Each of the freeze jackets is insulated by loosely applied layers of aluminum foil, in the 
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The length of the freeze jackets varies from s ix  or seven pipe diameters for the t/4- and \-in. 
line sizes to about four pipe diameters for the 3 >2-in. l ine size. Tests on jackets indicated that 
above a certain minimum, length has  little relation to how quickly a l ine can be frozen i f  there is 
no flow in the line; if there is flow, however, the longer the jacket, the more readily a solid plug 
can be formed. 28 

in 5 to 15 min and the  in. size  requires 20 to 50 min. If a l ine does not freeze within these 
t ime  l imi t s ,  the leak rate and/or refrigerant temperature is such that a solid ice  plug cannot b e  
formed. 2 8 4  

Tests made of a type A jacket on a f/,-in. s ta inless  steel pipe indicate that at design condi- 
tions of 2000 ps i  and 3OO0C, and with the secondary refrigerant at -40°F, a leak rate of about 
11 cc/min could be stopped with the freeze coil. Reducing the temperature of the process fluid 
resulted in an increase in the leak rate that could be stopped. Estimated heat balances on these 
tests indicated that the secondary refrigerant picked up about 16 Btu/min (about f i 1 2  ton of refrig- 
eration) and that the process line contributed about 40% of this  amount, or about 4 to 6 Btu/min. 
An important observation made in several tests of freeze jackets is that the temperature of the 
secondary refrigerant should be -40°F or lower and that a two or three degree variation in this  
range is important in the ability to stop flow in the line. 

copper tubing with silver-soldered joints. The l ines  are grouped and enclosed in galvanized 
me ta l  cans about 6 to 8 in. in diameter. The cans  are filled with Santa-cel insulation and sealed. 
Provisions are made for pressurizing the insulation cans with air to prevent moisture from enter- 
ing when the cell  i s  flooded for maintenance purposes. 

The t i m e  required to freeze a solid plug varies with the line size,  the 5- and 1-in. sizes freeze 4 

2 8 4  

The secondary refrigerant l ines inside the reactor cell  are constructed of type L, hard-drawn 

3.15 OXYGEN ADDITION SYSTEM 

Oxygen i s  added to the fuel high-pressure system to prevent reduction of uranyl ions within 
the solution, to prevent excessive corrosion of the s ta inless  steel system, and to act as  a car- 
rier for the gaseous fission products. 1 9 9 , 2 8 5 3 2 8 6  Oxygen addition facil i t ies are also provided 
for the blanket system; however, they are not used since the initial phase of operation is based 
on the use of D,O in the blanket. Although low-pressure oxygen addition was first  recommended, 2 8 7  

high-pressure addition w a s  chosen to circumvent difficulties encountered with gas binding the feed 
pumps. 

mulators (items 67a and 67b), f i l ters,  and a metering station288 to the discharge s ide of the feed 
pumps. The gas supply is regulated to provide 2000 psi  oxygen to the metering station. A special  
differential-expansion-type control valve w a s  developed for metering the g a s  into the system (see 
Sec 8.6). With standard s ize  oxygen bottles initially charged to 2800 psig and bled down to about 
2100 psig, one manifold wil l  supply about 410 scf of oxygen. At a feed rate of '/2 liter/min, this 
represents about a 16-day supply. 

sion rate of 1 mpy for s ta inless  s tee l  and 10  mpy for zirconium, is about 8 cc/min (STP);*-1° 
however, fuel stability considerations necessitate an injection rate of about 3/2 liter/min. As the 
result of an investigation of the oxygen depletion in stagnant fuel l ines,  it was recommended that 
the oxygen concentration in the fuel solution be a t  least  250 ppm."l The concentration of oxy- 
gen and deuterium a s  it enters the high-pressure circulating system was investigated and found 
to be well below the explosive 

4 

Two six-cylinder manifolds, located outside the reactor building, supply oxygen through accu- 

Design requirements 1 8 3 9 2 8 9 * 2 9 0  of the oxygen addition system, based on an assumed corro- 
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A detailed study was made to determine the effects of letdown rates and oxygen injection rates 
on xenon poison level and excess  oxygen c o n ~ e n t r a t i o n . ~ ~ ~  The calculations indicated that it 
would be impossible, even a t  high oxygen injection rates,  to ensure an excess  of oxygen in the 
fuel solution i f  the bubble letdown rate is more than 1 or 2 liter/min. This s t e m s  from the greater 
solubility of deuterium than of oxygen. However, in the absence of bubble formation, a reasonable 
excess oxygen concentration can be maintained with an injection rate which will not tax the off- 
gas system. 

Accumulators (items 67a and 67b) are provided in the oxygen addition l ines to ensure a supply 
of oxygen while the manifold cylinders are being replaced. The accumulators, constructed from 
3$2-in. Sched-160 pipe and pipe caps,  provide a holdup volume of 28 liters, equivalent to 78  l i ters 
at  STP (about 2V2-hr reserve). 

3.16 SAMPLERS 

3.16.1 Fuel and Blanket Samplers 

Provisions are made to take representative samples of liquid and suspended solids from the 
fuel and blanket high- and low-pressure systems. Locations of the sampling points are shown on 
the system flowsheets (see chap. 2). In taking a sample from the high-pressure systems, liquid 
flows through the samplers (items 25 and 38) to the respective dump tanks. Samples are taken 
from the low-pressure systems by pressurizing the dump tanks to force flow through the respec- 
tive samplers (items 18 and 44) into the transfer tanks (items 19 and 42) .  After the sampling is 
completed and the dump tank pressure is lowered, the contents of the transfer tanks are returned 
to the dump tanks. Design criteria, detail  design, and development of the samplers have been re- 
ported.292-294 

fuel and blanket systems. Each station contains two isolation chambers; one for isolating samples 
from the low-pressure system, the other for isolating samples from the high-pressure system. 

lation chamber long enough to obtain a representative sample. The isolation chamber is then valved 
off, the sample is cooled to about 80T,  and the pressure is reduced to atmospheric. An evacuated 
sample flask is placed in the holder and lowered through the loading tube to a transfer mechanism. 
The assembly is indexed to the proper position and raised by a pneumatic cylinder until contact is 
made a s  shown in Fig. 3.90. Further lifting of the flask holder causes  the hypodermic needle to 
puncture the rubber diaphragm cover on the flask and sea ts  the carrier head against the nozzle. 
The sample is discharged into the flask by opening the drain valve on the isolation chamber. With 
the sample in the flask, the procedures are reversed and the flask holder is withdrawn into a shielded 
carrier for transport to an analytical laboratory. The sampler is designed to obtain sample volumes 
of about 5 ml. 

Several small modifications were suggested which greatly improved the functioning of the sampler. 

A heavily shielded sample station of the type shown in Fig. 3.89 is provided for each of the 

In taking a sample, solution from the desired system is allowed to flow through the proper iso- 

A prototype sampler was built and tested to evaluate the design and to suggest 

t 

8 

3.16.2 Cell Air Monitoring 

Provisions for constant monitoring of the cell  air  for radiation are provided by the system shown 
in Fig. 3.91. Cell air is circulated by a blower (item 102) past  radiation detectors in the west in- 
strument cubicle and returned to the cell. Specifications for the blower were written to provide a 
maximum time of 5 sec for air  to  traverse the distance from blanket cel l  to the monitors.295 
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3.16.3 Steam-System Sampling 

Provisions are made for taking routine samples a t  a number of locations in the steam system 
in order to maintain careful control of the chemical additions to the system.245 A t  each sample 
station a cooler is provided to reduce the sample temperature to below 140OF. Table 3 . 3 3  gives 
the routine analyses made on the various samples. 

c 
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Table 3.33. Routine Analyses Made on Steam-System Samples 

Sample Point O 2  C 0 2  F e  Cu Cr Ni PO4 pH NH3 Hydrazine 

X X x x x x  Fuel heat-exchanger she l l  

Blanket heat-exchanger she l l  x 

Fuel heat-exchanger steam 

X X X X 

X X X X x x x x  X 

X X X 

Blanket heat-exchanger steam x 
X X 

Feed pump suction 

Deaerator outlet 

X x x  x x  X X 

X X X 

X 

Steam killer outlet X x x x x  X X 
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4. Reactor Containment Cell and Shield Design 

4.1 CONTAINER DESIGN 

4.1.1 Design Requirements 

General design requirements for the reactor cel l  included: * *  

1. Locating the reactor containment cel l  below grade i n  the existing 7500 Building, with the top 
of the shield at the existing floor level. 

2. Designing the s ides  and top of the container for complete biological protection to personnel in 
the building when the reactor is operating a t  10-Mw power level. 

3 .  Designing the cell  to contain the reactor contents and fission products in the event of a major 
rupture in the high-pressure circulating system. This implies that the cel l  be lined with a cor- 
rosion resistant material and be capable of accommodating a pressure rise due to the flash va- 
porization of the reactor contents when released into the cell. 

4. Designing the cel l  so  that it can be filled with water for personnel protection during maintenance 
operations, with provisions for dividing the cel l  into two approximately equal volumes that can 
be flooded separately. 

5. Making the top of the cell  completely removable, using stepped shielding plugs of such weight 
that the existing building crane can accommodate. 

6.  Providing numerous penetrations for service and instrumentation piping and conduit. These 
penetrations must be designed to prevent excessive leakage of gas ,  water, and radiation. 

Comparative studies were made of the use of reinforced concrete throughout vs a s teel  tank 
with a concrete roof structure; they indicated a slight cost advantage for the reinforced concrete 
s t r ~ c t u r e . ~  However, the s tee l  tank had several significant advantages such as :  a much greater 
assurance of a leak-tight cell ,  easier decontamination, and simpler design details  for cell pene- 
trations. The advantages of the steel tank more than offset the slightly higher cost, and this type 
construction was specified. 

4.1.2 Design Pressure 

Based on a pressure rise of 20 psi  (later revised upward), studies to determine the optimum 
1 cell  operating pressure concluded that a pressure of /* a t m  would be about optimum from a struc- 

tural design standpoint. 
pressure rise from -7.5 psig to +15 psig. After construction of the cel l  was under way, further 
calculations and experiments were performed to determine the maximum pressure rise in the re- 
actor cell for a number of postulated reactor 
which included the effect of heat transfer to the cell  walls, are shown for four cases  in Fig. 4.1. 
The cases  are identified a s  follows: 

The design and construction of the cel l  proceeded on the basis of a 

The results of these calculations, 

Case 1: The reactor contents, initially a t  2000 psi  and 3OOoC, are released instantaneously. 
The fuel heat-exchanger system, initially a t  300% and filled to normal operating 
level, is released through the condensate drain lines. 
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Case 2: The reactor contents, a t  2000 psi  and 300T,  are released instantaneously. The fuel 
heat-exchanger system, initially a t  3 0 0 T  and filled to normal operating level, is re- 
leased through the 6-in. steam line. 

Case 3 :  The reactor contents, a t  2000 psi  and 300%, are released instantaneously. Both heat 
exchanger systems, initially a t  3OOT and filled to normal operating level, are released 
through their condensate drain lines. 

Case 4: The reactor contents, a t  2000 ps i  and 3 O O T ,  are released instantaneously. The fuel 
and blanket heat-exchanger systems, initially a t  300T and filled to normal operating 
level, are released through 6-in. and 4-in. steam lines respectively. 

Based on these calculations and the expectation that the cell would be utilized for future re- 
actor experiments, design changes were made to  the roof structure and interior column anchors 
which would permit a pressure rise of 50 psi  before the calculated rupture point is reached. How- 
ever, the north wall was modified to permit a calculated pressure rise of only 37.5 ps i  without 
f a i l ~ r e . ~  (After removing the barytes sand and water shielding material, this wall could be 
strengthened i f  necessary a t  a later date. The other walls are backfilled with concrete and are 
adequate for the 50 ps i  pressure rise.) 

pressure of 30 psig."' Since an air  tes t  would be hazardous, the tank was filled with water and 
a hydrostatic over-pressure applied. Strain gages were attached at a number of points suspected 
of being weak. Figure 4.2 is a typical plot of the strain data for a tensile member. Curves 1 
through 4 represent successive runs a s  the pressure w a s  extended to its final value. The line 
representing the air  test data is extrapolated to  show that for a 30 psig s ta t ic  gas  pressure the 
strain in the member will not exceed the strain it safely exceeded during the hydrostatic test. 
Based on these tests the container vessel  was judged adequate for a pressure rise of 37.5 ps i  
(from -7.5 psig to +3O psig). A later study of the effects of a zirconium-water reaction on the 
pressure rise indicated no appreciable increase in the pressure for reactions less  than 10% com- 
plete. * 

The completed cell was pressure tested to demonstrate its adequacy to  withstand a s ta t ic  gas  . 

TIME (seconds) 

Fig. 4.1. Pressure in HRT Shield due to Release of Reactor and Heat-Exchanger Contents. 
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Fig. 4.2. Strain Pressure Plot  - Member AE-9. 

4.1.3 Description 

The reactor cel l  a s  designed and constructed is a steel tank 54 f t  long by 26 f t  wide by 20 f t  
deep (inside dimensions) located approximately in the center of the high bay of Building 7500. 
(See Fig. 1.4 for a plan view of the building.) The bottom of the tank, a s  shown in Fig. 4.3, is 
25 f t  below the ground level. The tank rests  on and is anchored to a reinforced concrete s lab 
3 f t  6 in. thick. The east ,  west, and south walls are backfilled with concrete for support and 
shielding. 

The north wall of the cel l  (adjacent to the control area) is a 5-ft-6-in.-thick steel tank, filled 
with a mixture of barytes aggregate, colemanite ore, and Several hundred service and 
instrumentation penetrations pas s  through this wall. To expedite construction and modifications 
the shielding material was not placed in the tank until after the critical experiments had been per- 
f orme d . 

The cell  is divided into two approximately equal volumes (total gross volume is 28,100 ft3) by 
a water-tight s teel  bulkhead running north and south. A removable water-tight gate (94 f t 2  open 
area) is located in the middle span of the cell .  During operation the gate is removed, making avail-  
able the entire cell  volume for expansion in the event of a rupture. By placing the gate in position, 
either end of the cel l  can be flooded separately for maintenance operations. 

The floor and the lower 4 f t  of the cel l  walls are constructed of stainless-clad carbon s teel  to 
facilitate decontamination in the event the reactor contents are spilled. The stainless s teel  clad- 
ding is type 304 with a minimum thickness of 0.05 in. The upper portions of the carbon s teel  cel l  
liner and a l l  other structural elements were sandblasted and painted with five coats of Amercoat 
No. 74 paint to prevent corrosion and to improve light reflection. The floor in each half of the cel l  
slopes to a sump. A cove is provided a t  the junction of the walls and floor, and all  welds in the 
stainless clad portion were ground smooth to facilitate decontamination. 
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Fig. 4.3. Plan of Reactor Cell; North-South Section of Reactor Cell; East-West Section of Reactor Cell. 

The roof structure is supported on s teel  columns filled with concrete and anchored to the floor 
slab. The columns are tied laterally at the top to each other and to the cell  walls with removable 
steel  struts as shown in Fig. 4.3. Steel box girders filled with barytes-colemanite concrete rest 
on top of the columns and support the removable roof plugs. The girders are anchored to the 
columns with shear pins to resis t  the internal pressure. Details of the roof structure are shown 
in Fig. 4.4. A s  indicated in the figure two sets of roof plugs are  used. The lower roof plugs are 
reinforced barytes-colemanite concrete 2 f t  wide by 40 in. thick. The upper roof plugs are rein- 
forced barytes concrete 4 f t  wide by 20 in. thick. Anchor keys are provided at  the ends of the 
upper roof plugs to resis t  the internal pressure loading. 

Joints in the sea l  sheets  coincide with joints in the upper roof plugs. The s e a l  sheet joints are 
upstanding seams, sea l  welded to prevent leakage. The joints are designed to allow several cycles 
of opening and rewelding. 

erating pressure of -7.5 psig. To provide for extra shielding and floor loads, the four s teel  columns 
adjacent to the reactor vessel  are designed to carry an additional live load of 450 lb/ft2 on the 
panel directly above the reactor vessel. Each of the other columns is designed for an additional 
concentrated live load of 105,000 Ib. The walls are designed for an additional vertical live load 
of 9000 Ib/linear ft .  

The control area occupies the central portion of the north s ide of the reactor cell  as shown in 
Fig. 4.3. Three underground floor levels are provided in addition to the ground level room which 

A thin steel  sheet is introduced between the layers of roof plugs to provide a pressure seal. ' '  

The concrete roof structure was designed to carry a 200 lb/ft2 live load in addition to the op- 

. 
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Fig. 4.4. Deta i ls  of Cell-Roof Structure. 
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houses the control console and main instrument panels. Each floor level is designed for a live 
load of 200 Ib/ft2. Each of the underground levels is capable of carrying 2000 lb/ft2 on a 5-ft 
width adjacent to the reactor cel l  for heavy equipment and additional shielding if required. 

Two-instrument cubicles are provided on the outside of the north wall of the reactor cell  a t  
either end (east and west of the underground control room levels). Instruments which cannot be 
waterproofed or serviced under water easily and which are connected to the reactor system in 
such a manner that they can become contaminated are housed in the two cubicles. 
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Each cubicle consis ts  of a gas-tight steel tank welded to the outside of the reactor cell and 
surrounded by concrete as shown in Fig. 4.5. Access to the cubicles is through the top by re- 
moving the shield plug and either opening the quick-opening manway or removing the entire top 
of the tank. The north wall shielding provides protection from the reactor equipment s o  that 
maintenance personnel can enter the cubicles to service the instruments when the reactor is not 
operating. Design pressure of the cubicles is 50 psig; i f  the pressure exceeds this value it is 
relieved through rupture disks  to the reactor cell. 

Fig. 4.5. Instrument Cubicle. 
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Cavities are provided at each end of the reactor cel l  for the fuel and blanket sampling equip- 
ment shown by Fig. 3.70. These cavities have a c c e s s  from the building floor level. Connections 
to  the reactor cel l  are provided in the concrete shield as shown in the figure. 

4.2 RADIATION SHIELDING 

4.2.1 General Design 

The schedule for construction of HRE-2 necessitated design of the reactor cell before the re- 
actor components were completely designed. It was a l so  proposed that the shield and container 
cell  be capable of housing future experimental reactors. These requirements implied a versatile 
design suitable for installation, operation, and maintenance of HRE-2 and, after minimum changes,  
suitable for other reactors. 

In order to avoid delay in the construction schedule, some preliminary calculations were made 
to  determine the thickness of shielding required for personnel protection. ' These calculations, 
based on the methods used for the HRE-1 and estimated radiation sources,'*-'* indicated an 
equivalent thickness of 7 f t  of high-density concrete (density of 3.5 g/cm3) would be necessary 
around the reactor proper and an  equivalent thickness of 5 f t  of high-density concrete around the 
remainder of the system. Following a decision to u s e  barytes aggregate, colemanite, and water 
in place of concrete in the north wall of the reactor cell, its thickness was increased to 5.5 ft 
to compensate for the reduction in density.9 The heat generation in the wall was investigated 
to determine if the temperature rise would be sufficient to require internal ~ o o l i n g . ' ~  Because 
of the thermal shield surrounding the reactor vessel ,  the radiation entering the north wall is not 
sufficient to  cause a serious temperature rise.  The temperature profile through the wall in the 
region of greatest heat production is shown in Fig. 4.6, based on heat transfer coefficients a t  
the two surfaces of 0.5 Btu hr-' f t - 2  ( O F ) - ' .  
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4.2.2 Reactor Thermal Shield 

Two problems of concern in the design of the shield are the heat generated in the concrete, 
which leads to cooling and thermal s t ress  problems, and the activation of argon in the air within 
the cell ,  which results in a problem of disposing of radioactive gases. It was found that both of 
these problems could be alleviated by placing a thermal shield around the reactor vessel .  Sev- 
eral configurations were investigated to determine the most practical shield arrangement around 
the reactor vessel  for the required shielding effect. 1 G - 1 9  

Horizontal and vertical sections of the configuration selected for reactor thermal shield are 
shown in Fig. 4.7. The shield consists of a l-ft-8-in.-thick vertical shield filled with a barytes 
sand and water mixture and 1-ft-thick top and bottom shields filled with s tee l  shot and borated 
water. The bottom slab sits near the cel l  floor and supports the reactor vessel .  The legs con- 
necting the vessel  to the s lab are designed to withstand an upward thrust of 50,000 Ib on the re- 
actor vessel. This is the net force which could result if  the bottom flange were blown out of the 
vessel  and the contents discharged in a jet impinging against  the slab.20 (See Sec 3.3.) The 
entire structure of the thermal shield is designed to withstand an internal pressure differential 
of 25 psi  without exceeding the yield s t ress .  A vent area of approximately 50 f t 2  is provided 
in openings between the s ides  and top and bottom s labs  so  that gas  and vapor can escape in 
the event of failure of the reactor vessel. With this vent area the differential pressure buildup 
inside the shield was estimated to be less  than 25 psi.,’ 

A closed-loop cooling system, shown schematically in Fig. 4.8, was designed for the thermal 
shield to maintain the temperature of the shielding material below 180OF, the saturation tempera- 
ture of water a t  the 7.5 psia cel l  operating pressure.22 At this temperature, there is no excessive 
loss of water from the shield. However, a fill-and-vent system is provided (not shown in the figure) 
to replace water lost  from the shield by evaporation and radiolytic decomposition. A closed-loop 
coolant circuit was required to prevent leaching of soluble boron, which is added to the shield 
mixture a s  a colemanite ore. Estimated heat removal ra tes  are 8.8, 18.0, 3.2 kw, respectively, 
for the top, side,  and bottom portions of the thermal shield,  based on 10-Mw core power and a 
uranyl sulfate blanket. 2 2  

With the thermal shield in place and the reactor operating a t  a power level of 10 Mw, the esti- 
mated radiation dose rate above the 5-ft-thick barytes-concrete roof plugs is expected to be about 
12 mrem/hr. The fast  neutron flux in the cell ,  outside the thermal shield, will be about 7 x l o 9  
neutrons cm’2 sec’’, and the thermal flux will be about 4 x lo7 neutrons s e c - l .  The 
gamma-ray intensity will be 5 x IO4 to 1 x l o 5  r/hr.I9 Some calculations showed that induced 
activity in the shield and equipment would be small in comparison to fission product activity 
adhering to the inner surfaces of the equipment, even if only small percentages of the total fis- 
sion products are retained on the surfaces. Activation of the shield and steel cell  liner con- 
tribute only about 3 r/hr to the cel l  radiation level 4 hr after the reactor shutdown following 1 
yr of operation a t  5 M W . ~ ~  

Streaming of fas t  neutrons through the cracks separating the roof shielding plugs directly 
above the reactor was investigated and found to be not serious.24 A I/-in.-wide crack was as -  
sumed between the .IO-in.-thick bottom layer of plugs. Attenuation of fas t  neutrons by the s teel  
pressure vessel ,  the I-ft-thick thermal shield,  and the 20-in.-thick top layer of shielding plugs 
was considered. With the D,O reflected reactor operating a t  5 Mw, the fast-neutron dose rate 
directly above the crack separating the lower plugs would be about 30 mrem/hr. Since this beam 
of neutrons is highly collimated and personnel are not permitted on the shield plugs when the re- 
actor is operating, this dose rate was not considered excessive.  2 4  
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4.2.3 Special Shielding Considerations 

The charcoal beds, the off-gas lines to the beds, the waste storage tank, and the waste piping 
are located underground with ordinary earth fill for shielding. 25-27 Assuming 10-Mw reactor power 
operation, an off-gas flow of 500 cm3/min, and a 30-min delay t ime  between the core and the off-gas 
line, calculations showed that 10 f t  of earth fill (100 lb/ft3) on top of the 1-ft-thick concrete s labs  
would limit the dose rate above the charcoal beds to about 1 mr/hr. Similar calculations for the off- 
gas lines to the charcoal beds indicated a dose rate of 1.1 mr/hr for 8 f t  of earth 
tions for the underground waste piping and waste-storage tanks indicated adequate protection with 
only 5.5 f t  of earth fill, based on certain postulated accidental spi l ls  of fuel solution in the reactor 

The radiation dose above the samplers was investigated to determine the dose rate expected 

Calcula- 

cell. 

during sampling operations.28129 
sampler, assuming a 60% lead-40% water shield thickness of 25 in. and IO-Mw core power. About 
75% of this dose rate results from delayed neutrons emitted while the fuel is circulated through the 
sampler. After the sample is isolated the delayed-neutron dose rate fa l ls  rapidly, so that after about 
2 min the dose rate is essentially that due to fission product decay. 

cell. Thus the shield of the carrier consists of 6 in. of lead. The dose rate was estimated to be 
640 m/hr  a t  contact and 70 mr/hr a t  1 ft .30 An investigation of the sample carrier for use in trans- 
porting an antimony-beryllium source for use in the HRE-2 crit ical  experiments indicated adequate 
shielding for the intended use. 

An investigation was made of the radiation dose rate which might result i f  the fuel steam drum 
and the piping in the steam valve pit were filled with radioactive steam. It was determined that 2 
f t  of barytes concrete over the steam valve pit and 2 f t  of barytes concrete plus 9 in. of barytes 
gravel over the steam drum would provide adequate protection. 24 

Estimates of the radiation escaping through shield openings during maintenance operations 
were made for a number of situations in order to design temporary shielding and to develop main- 
tenance procedures. 3 3 - 3 7  After reactor shutdown the sources of gamma radiation in the reactor 
cell  will be associated with the induced activity in the shield material and the cell  equipment 
and with the fission products adhering to the inner surfaces of the equipment and piping. The 
biological dose rate from radiation escaping through a maintenance porthole was estimated, tak- 
ing into consideration line-of-sight radiation from equipment, piping, and shield wall, and scat-  
tered radiation from porthole wall, cel l  walls, cel l  equipment, and cel l  air. The results of these 
calculations were used to prepare simplified design charts of the type shown in Fig. 4.9 for each 
porthole opening. The calculations were based on the assumptions that the reactor had operated 
several weeks a t  5 Mw and had been shutdown from 4 hr prior to opening the shield, and that 50% 
of the total generated fission products were uniformly distributed over the surfaces exposed to fuel 
solution. Point sources equivalent to 1 f t 2  of surface were assumed. Detailed tabulations of the 
radiation dose rates a t  the various cel l  openings were reported for a l l  the radiation sources con- 
tributing to the dose rate.37 

Calculations indicated a dose rate of 10 mrem/hr above the 

The overall s ize  of the sample carrier is limited by space considerations in the analytical hot 

7 3 2  
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5. Equipment layouts, Piping Design, and Maintenance 

5.1 EQUIPMENT LAYOUTS 

One of the objectives of the HRE-2 was to test simplified maintenance procedures and, in 
particular, underwater maintenance techniques. 
made to maintain the system by replacing components rather than attempting repairs in place. 
Following this philosophy, the equipment in the reactor cell was located to provide for access  
and removal from above. This, of course, implies that the equipment will be “spread-out”. 
Simplified diagrams of the arrangement of reactor components in the containment cel l  are  shown 
in Figs. 5.1. and 3.2. 

All fuel system equipment (Fig. 5.1) is located to the left of the reactor, and the blanket system 
equipment is to the right. A watertight bulkhead with a removable gate separates the two equip- 
ment areas. Most of the high-pressure components are  located close to the reactor vessel  to 
minimize holdup volume in the connecting piping. Since it is desirable for safety reasons to pro- 
vide surge capacity a s  near to the reactor a s  practical, the pressurizers are located directly above 
the reactor vessel .  The low-pressure unit assemblies are located at either end of the cell. 

cated in vertical pipe runs so  that the flange bolts are readily manipulated in the vertical direc- 
tion. Piping raceways were designated along the cel l  walls and along the column l ines  to limit 
random routing of pipe lines. Valves are located a s  close to the control room a s  possible so that 
instrument air l ines and leak detector l ines can be kept short. Figure 5.3 is a photograph of the 
fuel system equipment taken during the late stages of construction. Typical valve locations can 
be seen near the north wall of the cell  (left side of figure). Also note the pipe raceways along the 
cell walls and beneath the column struts. 

Several air-actuated valves, varying in s ize  from ‘/8 in. to 1 in., are located within the reactor 
cell. Since valves and actuators are subject to failure, provisions are made to facilitate their re- 
placement. A typical low-pressure valve installation is shown in Fig. 5.4. An angle-iron support 
bracket is permanently mounted relative to the flanges to which the valve connects. The valve- 
bellows leak-detector line and the actuator air  l ines  are provided with disconnects at the top of 
the cell. Pipe line freezer units are provided adjacent to the nonremovable flanges to prevent 
entry of shield water into the system during maintenance operations. 

For the low-pressure valve installations, the pipeline flanges are separated a distance equal 
to the length of the valve body, which is machined with a matching gasket groove on each end. 
Through-bolts clamp the assembly to effect a sea l  at each gasket joint. The high-pressure valve 
installations are similar to the low-pressure installations, except that the valve bodies are welded 
to short sections of pipes with attached flanges for mating with permanent flanges in the pipe- 
lines. Jigs,  similar to that shown in Fig. 5.5, are used to assemble replacement valves with 
flanges and connecting piping to ensure proper fit with existing flanges in the cell. Figure 5.6, 
a photograph taken during reactor construction, shows typical valve installations. A s  distin- 
guished by the flanged connections, the two valves in the left half of the figure are high-pressure 
valves and the two on the right are low-pressure valves. Clearly visible in the figure are the 
freezer coils adjacent to the nonremovable flanges (see Sec 3.14), the support brackets, the in- 
strument air l ines to the valves, and the lifting bails for removing the valve assemblies. 

Consistent with this objective a decision was 

In plan view the reactor vessel  and its thermal shield are located a t  the center of the cell. 

Several layout rules were adopted for overall convenience. When possible, flanges are lo- 
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Fig. 5.2. Elevotion View of HRT Equipment. 

Fig. 5.3. Top V iew of Reactor Ce l l  Equipment. 
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Fig.  5.5. High-pressure Valve Jig. 
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Fig. 5.6. Typical Valve Installation. 
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The fuel and blanket circulating pumps are mounted a s  shown in Fig. 5.7 to facilitate replace- 
ment. The pump base plate is provided with leveling jackscrews and large dowels for precise 
positioning. A jig located outside the reactor cel l  matches the cel l  pipe flange and pump dowel 
positions. Pump assemblies with their base plates,  pipe extensions, and flanges are assembled 
on the jig so that a replacement pump will duplicate the original equipment. 

A typical feed-pump installation is shown in Fig. 5.8. A unique feature is the method of bolt- 
ing the flanged joints. The flange bolts are provided with extensions which pass  through penetra- 
tions in the north shield wall to the control room. To remove the assembly, caps are removed from 
the cell  wall penetrations and the extension bolts are disengaged. After the flanges are unbolted 
the supporting carriage is rolled away from the flanges and the unit is lifted off the carriage and 
removed from the cell. During replacement, guides on the permanent support platform position the 
new carriage assembly and thus align the flanges. A jig is available for assembly of new pump- 
ing units to ensure proper matching of the flanges. 

A typical purge-pump installation is shown in Fig. 5.3. The pump-head assembly is mounted 
on a movable carriage, similar to the feed pumps, which also supports and positions the attached 
pipes and flanges. The carriage is supported on a platform welded to the north wall of the reactor 
cell; the assembly slides out from under the permanent flanges for removal. A jig is not necessary 
for assembling replacement units because the cel l  piping is sufficiently flexible to provide for 
mis-matching due to manufacturing tolerances. 
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Fig.  5.7. Circulation-Pump Mount Assembly. 
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Fig.  5.9. Fue l  Purge-Pump-Head Installation Assembly. 
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Large components, that is, primary heat exchangers, low-pressure unit assemblies, and the 
reactor vessel  are removable but with considerable difficulty. It is not anticipated that these 
components be removed in routine fashion. 

5.2 PIPING DESIGN 

The cost  of the HRE-2 piping system is one of the major items of expense; hence, consider- 
able care was devoted to its selection, arrangement, and fabrication. The piping systems are 
classified according to the fluid transported; the classifications are: 

1. high-pressure fuel and blanket piping, 

2.  low-pressure fuel and blanket piping, 

3. reactor steam piping, 

4. service piping (process steam, water, refrigeration). 
An analysis of the high-pressure & d a t i n g  system of a two-region, aqueous homogenous 

reactor indicated optimum velocities in the range of 40 to 60 fps. 
pile and out-of-pile corrosion loops operating at temperatures and with fuel solutions similar to 
those used in HRE-2 indicates excessive corrosion of stainless steel at flow velocities above 
about 25 to 30 fps.* For this reason the piping systems were sized on the basis  of a maximum 
flow velocity of 20 fps in the fuel system and 10 fps i n  the blanket system. A comprehensive 
tabulation by line number, corresponding to the flowsheet numbering sysrem, l i s t s  pipe s izes ,  
material specification, and other pertinent information for a l l  the piping in HRE-2. 
lations give surfaces areas, volumes, and related information for the fuel and blanket high- and 
low-pressure piping systems.'*' 

The wall thicknesses specified for the high-pressure process piping were determined by the 
applicable formulae of the American Standard Code for Pressure Piping - ASA B31.1 - 1951, 
based on a design pressure of 2000 psi and an allowable s t ress  value 12,000 ps i  for s ta inless  
s teel  a t  600°F.8 Table 5.1 gives the schedule of pipe s izes  and thicknesses recommended for 
use in the high-pressure systems. Schedule-40 piping w a s  specified for use in the low-pressure 
systems. A s  indicated in the table for pipe s ize  greater than 1 in., the specified thickness does 
not correspond to a standard schedule number. Since a sizeable quantity of piping and fi tungs 
was purchased in one lot, no difficulty was encountered in obtaining the special  wall thicknesses. 

Stainless s teel  type 347, modified according to the appropriate ORNL s p e ~ i f i c a t i o n , ~  was 
specified for the fuel and blanket piping systems. The steam system piping was specified accord- 
ing to the s t e a m  pressure in ORNL Specifications JS-1202-1, JS-1202-2, JS-1202-3, JS-1202-4, and 
JS-1202-5.' 

31/-in. pipe with a 0.469-in. wall thickness. A comparative cost study of the use of pipe bends 
instead of welded pipe fittings showed a considerable savings in favor of bent shapes. l o  Further 
investigation of pipe bending and other operations used in fabricating piping systems indicated 
that the processes and fabricating conditions must be precisely defined if close control of metal- 
lurgical structure, physical dimensions, c l ead iness ,  and other aspects  of prefabricated piping are 
to be expected." ORNL Specification HRP-5 was prepared to outline the requirements for ma- 
chining, bending, welding, and heat treatment of prefabricated piping.' Based on these studies 
bent prefabricated pipe sections were specified for use in the high-pressure systems. 

inert-gas, shielded-arc, nonconsumable electrode process was used almost entirely. Weld spec- 
ifications,' which exceed those required by the Broiler Code, were prepared to ensure welds of 
quality. All weIds, in addition to being inspected with dye-penetrant were radiographed. 

There are many possibil i t ies for the development of excessive s t resses  in close-coupled 
heavy-walled piping systems like that employed in HRE-2. In order to reduce the likelihood of 

However, experience with in- 

Similar tabu- 

The main circulating loops for the fuel and blanket high-pressure systems are constructed of 

Special attention w a s  given to the welding of the s ta inless  s tee l  piping and fittings. The 
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Table 5.1. High-pressure Piping Thickness Schedule 

Wall Thickness  Schedule 

(in.) (in.) (in.) Number 

Nominal P ipe  Size Outside Diameter 

1 

2 

2 %  

3 %  

4 

0.405 

0.540 

0.675 

0.840 

1.050 

1.315 

1.660 

1.900 

2.375 

2.875 

4.000 

4.300 

0.095 

0.119 

0.126 

0.147 

0.154 

0.179 

0.250 

0.281 

0.312 

0.375 

0.469 

0.500 

80 

80 

80 

80 

80 

80 

a 

a 

a 

a 

Y h i c k n e s s  does  not correspond to commercial schedule  number. 

failure a s  a result  of excessive s t ress ,  a maximum allowable working s t ress  of 12,000 psi  at 
GOOOF was specified for the s ta inless  s teel  from which the system is constructed. This s t ress  
value provides an additional margin of safety over the 15,000 psi  stress value permitted in the 
ASME Boiler Code. A s  required by the ASA Code for Pressure Piping, the piping system was 
examined for flexibility and excessive s t resses  resulting from thermal expansion. ' * * I 3  It was 
found that expansion bends were necessary in the main circulating loops in order to not exceed 
the allowable combined pressure and bending s t ress  value of 18,000 psi . I2  Deflections and rota- 
tions were computed for those positions where pipe hangers were desired.13 A tabulation of the 
piping supports h a s  been reported - weight, deflections, and hanger settings are given. 

Consistent with the maintenance philosophy of HRE-2, piping adjacent to removable compo- 
nents must be readily disconnected. The ideal method for joining pipe in a highly radioactive 
system is by means of a remotely operated welding machine. Although such machines have been 
under development in recent years, no such device was available for routine use  a t  the time de- 
sign and construction of HRE-2 was under way. Therefore, it  was necessary to specify mechani- 
cal  joints for disconnecting the piping at the components. The leakage specification imposed on 
the piping system and flanged joints is based on the minimum leak which can be found with the 
available mass spectrometer leak detection equipment, namely, 0.1 cc of helium (STP) per day. 
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Ring-joint weld-neck flanges, corresponding to ASA B-l6e Specifications, were selected for 
use in the fuel and blanket systems for the following reasons:15 
1. This type of flange, when welded to a pipe, constitutes the most practical approach to an 

integral flange. Because of their lower and more uniform s t ress  distribution, they provide a 
greater margin of safety than other flange types. 

2. A simple, but extremely reliable, leak detection system is readily adapted for use in the ring- 
joint gasket design. 

3. Previous experience with this joint in HRE-1 w a s  very good. 
For the high-pressure system flanges, ASA 1500-lb series was specified for pipe s izes  through 

?'-in; for 1 in. and above the 2500-lb series was specified. Although the 1500-lb ser ies  is rated 
by ASA for 2770 psi at 600°F, the more conservative practice of limiting the working pressure to 
the flange rating w a s  followed for the larger flange s izes .  

A number of flange development studies were conducted to permit observation of the character- 
i s t ics  of ring-joint weld-neck flanges during thermal-cycling operation. A very thorough discussion 
of the development and experiences with this type of flange has been reported. lG Early tes t s  
showed that increased resilience in the bolt-flange assembly would be necessary to maintain leak- 
tight joints during thermal cycling. Since sufficient resilience could not be obtained by merely re- 
ducing the shank diameter of the bolts, ferrules were specified for u se  with the bolts to increase 
the flexibility. Figure 5.10 shows a typical flanged-joint assembly as used in the HRE-2. The 
ferrule dimensions and the reduced bolt shanks were specified to increase the resiliency of the 
bolted assembly to 2.5 t imes  that of full shank bolts. In general the nuts are welded to one of the 
flanges and the bolts are removed upon disassembly. 

required, as indicated by a torque wrench, to produce a given bolt s t ress  was shown to exist. 
Typical data are shown in Fig. 5.11 for two bolt s izes .  It was a l so  shown that an initial bolt 
s t ress  of 45,000 psi  asymptotically approaches a bolt s t ress  of 30,000 psi  with a number of thermal 
cycles. Typical data are shown in Fig. 5.12. 

A s  a result of these tests, i t  was concluded that uniformly leaktight joints can be provided by 
adhering to strict  quality control of flange components, including: 

1. Closer tolerances and better finishes are maintained on both flange groove and gasket than 
are required by the ASA standards. 

2. The hardness of the flange groove is a t  least 160 Brinnell, and the hardness of the gasket is 
at most 140 Brinnell. 

3. Adequate precautions are taken in all  s tages  from initial machining to final installation to pro- 
tect the seating surfaces of rings and grooves from scratches or other damage. 

4. Flange bolts are increased in length and provided with ferrules for increased resiliency. 

5. Flange bolts are initially tightened to produce a s t ress  of 45,000 psi *lo%. 

However, it w a s  not established how many of the above conditions were absolutely necessary. 

201a and HRP-202a.9 Table 5.2 gives the recommended torque to produce an initial s t ress  of 
45,000 psi  as a function of bolt s ize ,  assuming the bolts and nuts have been conditioned by 
several tightening-loosening cycles. 

Each pair of f langes is provided with a leak detector fitting a s  shown in Fig. 5.10. Heavy 
water is maintained in the leak detector system (described in Sec 2.10) at a pressure in excess  of 
the pressure inside the piping system. ' '-I9 Thus leakage of radioactive solutions is prevented 
by the higher pressure fluid in the gasket grooves. 

fered from s t ress  corrosion cracking in the gasket grooves. The trouble was traced to the use  of 

A relationship between the number of t imes  a bolt-nut assembly is tightened and the torque 

1G 

The first  three of the above conditions are included in flange and gasket specifications, HRP- 

During preoperational testing of HRE-2 i t  was discovered that a number of flanges had suf- 
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Table 5.2. Recommended Torque to Produce an In i t ia l  

Bol t  Stress of 45,000 psi 

Bolt Size Torque (ft-lb) 

y2 - 13 UNC 45 

- 11 UNC 80 

>4 - 10 UNC 115 

i - 9 U N C  

1 - 8 U N C  

1 k - B N  

1 / 4 - 8 N  1 

1 / 2 - 8 N  1 

190 

250 

400 

700 

960 

a chloride-containing lubricant in the tube drawing operation of the leak detector tubing. 2 o s 2 1  
A s  a result of these difficulties a l l  the high-pressure-system flanges and the leak detector tubing 
were replaced before reactor operation. Several flange bolt and ferrule failures were encountered 
in the flange development tests. Observation of similar i t e m s  installed in the reactor system 
also revealed severe cracks. Metallurgical investigations showed that improper quenching was 
the cause of the  crack^.^^*^^ All the flange bolts, nuts, and ferrules were replaced with properly 
quenched material. 

A comprehensive tabulation of a l l  the flanges in the reactor cel l  has  been reported.24 In- 
cluded in the tabulation is flange s ize ,  bolt and ferrule information, location of flange, and leak 
detector information. 

A number of investigations were conducted relative to the problems encountered in effectively 
insulating the piping systems and components inside the reactor containment cell. 25-30 A speci- 
fication, HRT-1097a,9 w a s  prepared for the purchase of preformed insulation suitable for use 
under the following operating conditions: 

1. Ambient temperature of 120'F. 

2. Ambient pressure of 7.5 psia.  

3. Relative humidity of 90%. 
4. Maximum vessel or pipe temperature of 600'F. 
5. No harmful effects or loss  of insulating qualities following submergence under 25 f t  of water 

at 80'F for 60 days. (Insulation need not be effective when submerged.) 

6. Personnel will not have access  to insulation when system is in operation. 

Quotations on preformed insulation suitable for u se  in HRE-2 indicated a considerable invest- 
ment for this type insulation. Tests  were conducted on simple and less expensive methods for 
insulating the A s  a result of these tests several layers of aluminum foil with a final 
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layer of aluminum screen to protect the foil w a s  selected for insulating the piping systems inside 
the  reactor cell. An insulation schedule was issued, giving the installation procedure and the 
number of layers of foil for each pipe line. 2 8  

5.3 MAINTENANCE 

A s  discussed in the above section on system layouts, one of the early decisions in the con- 
ceptual design of HRE-2 was that the maintenance be accomplished by the use of long-handled 
tools with the equipment submerged, where possible. If complete submergence appeared imprac- 
tical for some maintenance operations, at  least  partial flooding was to be utilized to shield the 
radioactivity emitted from components a t  lower elevations. The choice of direct, underwater 
maintenance was the outgrowth of ORNL’s experience with underwater development work for the 
MTR, and with direct, dry maintenance techniques used for the HRE-1. A comprehensive dis- 
cussion of maintenance practices employed on HRE-2 has  been reported. 

Consistent with the maintenance philosophy, equipment w a s  arranged to facilitate removal 
and replacement of components susceptible to early failure, that is, pumps, valves, and instru- 
ments. Components less  susceptible to failure, that is, reactor vessel ,  primary heat exchangers, 
and low-pressure unit assemblies,  present more difficult handling problems and were not arranged 
for ready removal. A s  a result of these concepts a large variety of tools was designed for specif ic  
applications. In general, commercial tools were modified and equipped with long handles to per- 
m i t  their use from a maintenance platform, located above the top shield as shown in Fig. 5.13. 

The initial s tep in designing the reactor system for maintenance was to compile a l is t  of a l l  
equipment which might require replacement during the course of operation. 
was then studied sufficiently to determine the necessary tools, j igs,  fixtures, and auxiliary de- 
vices needed to perform the indicated maintenance operations. The next s tep in the overall pro- 
gram was a systematic study of each repair operation to minimize shutdown t ime,  to provide ade- 
quate personnel protection, and to write detailed job procedures. In all ,  70 job analyses were 
performed. 

shown in Fig. 5.16. It is used for removing bolts quickly after they have been loosened with one 
of the high-torque wrenches, and for spinning the bolts snug before final tightening. A chain 
drive offset is provided to permit access to bolts partially hidden by obstructions. An air-line 
disconnect tool for u se  on instrumentation l ines is shown in Fig. 5.17. A commercial torque mul- 
tiplier (4:l multiplication) is shown in Fig. 5.18. It is used for applying torques up to 2000 ft-lb. 
Input to the gear reducer is supplied by hand through an extension handle inside the lifting handle 
shown in the center of the photograph. A flange-spreader tool is shown in Fig. 5.19. It is used 
to separate low-pressure valve flanges to prevent damage to the ring gaskets during removal or 
insertion of the valve. The tool is shown in place with the valve moved back on its cel l  fixture. 
Figure 5.20 shows a scissors-jack type of tool (shown in position on a feed-pump head assembly), 
which is used for moving the feed and purge pump head assemblies back and forth on their support 

used to loosen or tighten bolts on flanges larger than 2-in. pipe size. A water-operated cylinder 
actuates a ratchet wrench to apply up to 2000 ft-lb of torque. Figures 5.22 and 5.23 show some 
of the remote tools being used to disconnect auxiliaries to the fuel circulating pump in a practice 
maintenance operation. 

Freezer coils are attached to essentially all  flanges normally expected to be opened for main- 
tenance purposes to prevent entry of shield water into the system. Small quantities of shield 
water can be trapped above the ice plugs in the opened flanges. A flange dewatering device was 
developed to permit removal of this water by vacuum techniques during reassembly of the flange 
joints. 3 2  

3 1  

Each replacement job 

Some general purpose tools are shown in Figs. 5.14 and 5.15. An off-set spinner wrench is 

fixtures. A hydraulic torque wrench is shown in position on a 3 1 4-h. flange in Fig. 5.21. It is 

. 
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Certain operations, that is, replacing the rupture disk assembly between the fuel and blanket 
pressurizers, can be performed through ‘special shields without flooding the cell. 33  A shield plug 
is provided, shown in Fig. 5.24, through which tools and viewing devices can be inserted to per- 
form the necessary operations. For other dry maintenance or partially wet maintenance operations, 
a portable shield was constructed. 3 4  Shown in Fig. 5.25, it provides for temporary replacement of 
any of the lower roof plugs with modular shields containing eccentric plugs through which tools 
and viewing devices can be manipulated. 

within the reactor core. 3 5 - 4 1  
A number of special  tools and viewing devices were developed for maintenance operations 

Fig. 5.13. Work Platform in Position. 



230 

SC
R

EW
 D

R
IV

E
R

- 

G
A

S
K

E
T R

E
M

O
V

A
L P

IC
K

 - 

IN
S

U
LA

TIO
N

 C
U

TTE
R

 

d
,
 L

-u
 

IN
S

U
LA

TIO
N

 CUTTER-+ 

M
IR

R
O

 

T
H

R
E

A
D

 TA
P

 

E
L

 E C T R
 IC

 A L
 D

 I S C 0
 N

 N
 El 

H
O

LD
E

R
 -
 

B
O

LT H
O

LD
E

 

. 



23 1 

SOCKET WRENCH 

SOCKET WRENCH 

SOCKET WRENCH 

R ETRE I VER 

SCISSORS MOVER 

. TUBING CUTTER 

RIGHT ANGLE DRIVE 

11-FT LONG RIGID HANDLE 
WRENCH WITH %-IN. DRIVE 

LIFTING HOOK 

MECHANICAL RETRIEVER 
TOOL 

- -t- 

HAND VALVE EXTENSION 
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Fig. 5.15. Long-Handle Tools for HRT Maintenance. 
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Fig. 5.16. Spinner Wrench. 

Fig.  5.17. Air-Line Disconnect Tool. 
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Fig. 5.20. Pump-Mover Tool .  



235 

Fig. 5.21. Hydraulic Torque Wrench in Working Position on Flange. 
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Fig. 5.22. Retriever Tool Moving Bolt to Storage Rack. 

Fig.  5.23. Disconnecting Electr ica l  Leads to Pump. 
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Fig.  5.25. HRT Dry-Maintenance Shield. 
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6. Reactor Physics, Safety, Stability, and Hazards 

6.1 INTRODUCTION 

This section summarizes the reactor static and kinetic studies and hazards evaluation of HRE- 
2. The scope of these topics is limited to those studies performed prior to  reactor criticality. The 
statics calculations were done for the usual quantities, such a s  cri t ical  concentrations, cri t ical  
mass, total heat sources,  neutron generation t i m e s ,  temperature and density coefficients of re- 
activity, and conversion rat ios  for various blanket combinations.' Kinetic studies of HRE-2 were 
conveniently subdivided into reactor safety and ~ t a b i l i t y . ~ . ~  A s  used herein, safety refers to the 
events which happen a s  a result  of the initial power excursion following a reactivity addition, 
whereas stability refers to events which occur a s  a result of subsequent power surges. Stability 
studies in general concern t ime intervals long in comparison with those involved in safety studies,  
and may necessitate mathematical representation of the entire reactor system. Both safety and 
stability of a system are dependent upon the generalized equations of motion. 

from the reactor and its containment 
ardous concentrations of radioactive material escaping from the system and that the dangers to 
operating personnel and to the public compare favorably with normally accepted risks. 

The system was examined in detail  with respect to the possibility of radioactivity escaping 
These studies indicated little likelihood of haz- 

6.2 PHYSICS 

In late 1953 the HRP Steering Committee suggested that a reactor experiment be designed and 
built to determine the long-term reliability under corrosion and radiations conditions similar to 
those expected in large-scale, two-region, breeder  reactor^.^" These general considerations 
imply the use of a zirconium core tank and uranium concentrations in the range of 5 to 10 g/liter. 
The core diameter should be as small a s  possible to provide reasonable power densit ies a t  a low 
total power. To achieve the desired fuel concentration a t  minimum total  power, the moderator and 
reflector should be D,O. A series of preliminary calculations indicated a 32-in.-diam, Zircaloy- 
2 core tank inside a 60-in.-ID pressure vessel  would satisfy the fuel concentration require- 
ments.8-'1 The effect of core diameter on cri t ical  concentration is shown in Fig. 6.1, based on 
a fixed pressure ves se l  diameter and computed by a harmonics method.' 

operation with a D,O reflector to conduct experiments and to establish system and component re- 
liability, (2) operation with a uranyl sulfate blanket to demonstrate plutonium production, and (3) 
operation to demonstrate breeding. 1 2 - ' *  

Using reported nuclear constants, I s  calculations were performed by a harmonics method' to 
determine the cri t ical  concentration a s  a function of temperature for each mode of reactor opera- 
tion. l 6 - I 9  The results of these calculations are shown in Figs.  6.2-6.4. (A uniform temperature 
was assumed throughout the reactor, the core solution was assumed to  be 93% enriched U235  as 
uranyl sulfate in D 2 0 ,  and heavy water was assumed to be 99.75% D,O and 0.25% H,O.' The 
effect of a corrosion specimen holder on critical concentration was investigated and found to in- 
crease the concentration about 0.6 g of U 2 3 5  per kg of D,O at 280°C.20-21 

A s  discussed earlier ( see  Sec 1.2) three phases of reactor operation were anticipated: (1) 

.- 24 1 
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Later calculations of cri t ical  concentrations of various core-blanket combinations by a multi- 
group, multiregion code (Eyewash) produced results which compared favorably with the results of 
the harmonics method.,, For example, a critical concentration of 7.55 g of U per liter (9.03 g 
of U per kg of D,O) was calculated for the D,O reflected reactor at 280°C, compared to the har- 
monics method calculation of 8.1 g of U per liter (9.7 g of U per kg of D,O). Calculations were 
also done by a two-group, two-region method for comparison. The crit ical  concentrations obtained 
with the two-group model were found to be consistently 20 to 30% lower than those obtained with 
the multigroup model. The difference is attributed to an inadequate treatment of fas t  f issions and 
fast  leakages by the two-group m o d e l  in D,O moderated reactors the s ize  of HRE-2. 

Fig. 6.1. Cri t ical  Concentration of U235 in Core of Spherical Two-Region DZO-Moderated Reactors. 



243 

UNCLASSIFIED 

E 
9 

-I 

4 
t 
K 0 

ORNL-LR-DWG. 2668 
18 

16 

44 

12 

10 

8 

6 

4 

2 

50 4 00 150 200 250 300 350 
0 
0 

REACTOR TEMPERATURE (Oc) 

F ig.  6.2. Cr i t ica l  Concentration of U235 in Core of HRT with D 2 0  Reflector. 



244 

I- 

u 
- 
a 

UNCLASSIFIED 

CORE TANK: 

CORE SOLUTION: 

0 50 100 150 200 2 50 300 350 
REACTOR TEMPERATURE (OC) 

Fig. 6.3. Crit ical  Concentration of U235 in Core o f  HRT with U02S04-D20 Blanket. 





246 

L
 

c
 

0
 

U
 
0
 

0
 

K
 

- - O
w

 
n

 
f
 3 

+ K I .- C
 

VI 
C

 
0
 

U
 

C
 
3
 

L
 

.- .- + c
 

C
 

0
 

.- .- P -0
 C
 

0
 

X 

L
 

- 4 W V
I 

L
 

.- 



247 

c
 

a, 
Y

 
C

 
0

 
- m

 

O
m
 

4
 

0" 
v
)
 (Y

 
0
 
1
 

- e c
 

0
 

Z
 m
 

Y
 
\
 
3
 

m
 

v
) 

v
) 

m
 ul C
 

.- + U
 

C
 
3
 

IL
 



248 

c
 

0
 

A
!
 

C
 

0
 

- m
 >. 
3
 

v
)
 

L
 

- ON 
4 !? ON 

f N
 

+ n
 m
 

Y
 
\
 

m
 

F
)
 

p
3
 

W
 

f 3 
+ K I .- C

 

VI 
C

 
0
 

U
 

C
 
3
 

L
 

C
 

0
 

.- .- c c
 

.- .- 
2 -0

 
C

 
0

 
X 

LL 
- h: W m

 
LL 
.- 

. 



249 

Flux distributions and adjoint functions were computed for a number of cases .  2 3 - 2 5  Figures 
6.5-6.7 give the results of ordinary two-group diffusion theory calculations for each mode of 
operation. Computed thermal flux values for 5-Mw core power are tabulated in Table 6.1. The 
flux distributions were used to compute the neutron leakage from the reactor as given in Table 
6.2.' 

conditions by the so-called "hypothetical boron addition experiment";' the results are tabulated 
in Table 6.3. 

The magnitude of the negative temperature coefficient of reactivity is important in determining 
the kinetic behavior of the reactor. One way of determining this quantity is t o  multiply the slope 
of the critical concentration v s  temperature by the concentration coefficient of reactivity. Figure 
6.8 presents the overall temperature coefficients obtained by this  method. In obtaining these 
curves' use was made of the core concentration coefficient of reactivity shown in Fig. 6.9. Table 
6.4 gives values for overall temperature coefficients a t  28OoC a s  well a s  coefficients for core 
temperature, blanket temperature, and non-uniform temperature changes, based on two-group per- 
turbation theory and the flux distributions and adjoint functions shown in Figs. 6.5-6.7 (refs 26- 
27). 

the fuel and blanket dump 
criticality a s  a function of diameter and H,O-D,O content. The linear concentration is a con- 
venient quantity because in a horizontal cylinder containing a given amount of uranium, the 
actual linear concentration is independent of the quantity of solvent. These results indicate that 
there is a diameter for which the linear concentration is a minimum. A s  the mole fraction of D,O 
is increased, the minimum linear concentration decreases and occurs at  larger diameters. Figure 
6.11 shows similar plots for cadmium wrapped cylinders. The envelopes to the family of curves 
in each figure define the minimum critical linear concentration for all possible mixtures of H,O 
and D,O for completely filled cylinders; for partially filled cylinders the cri t ical  concentrations 
are greater. 

The mean lifetime of prompt neutrons in the reactor were computed for a number of operating 

Criticality of long right circular cylinders was investigated in connection with the design of 
Figure 6.10 shows the minimum linear concentration for 

Table 6.1. Thermal Neutron Flux at 5-Mw Core Power, 28OoC 

- - 
42 .(max)' 42c 4 2 R  5l2(wal1) 

Blanket Composition (neutrons (neutrons (neutrons (neutrons 
cm-2 sec-1) cm-2 sec-') sec-')  sec-'1 

~~ ~~ 

1.07 lo1* 8.17 3.82 x 1 0 ~ 3  7.25 x D 2 0  

Tho2-D20 slurry 4.62 1 0 ~ 3  2.89 1 0 ~ 3  9.05 x io1, 2.26 x 

U02S04-D20 (350 g of natural U 8.75 1 0 ~ 3  6.05 x 1.98 x 1 0 ~ 3  4.80 x 

(630 g of Th per kg of D20)  

per kg of D 2 0 )  

'&$nax) = maximum thermal neutron flux in the core, 
= average thermal neutron flux in the core region, 
= average thermal neutron flux in the blanket region, 

92c 

4 2 R  
#2(wall) = thermal neutron flux at core tank. 
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Table 6.2. Neutron Leakage at 5-Mw Core Power, 280°C 

Blanket Composition 
Fast Leakage  Thermal Leakagen 
(neutrons/sec) (neutrons/sec) 

D 2 0  5.1 X l 0 l G  1.6 x io1' 

Th02-D20  slurry 5.8 x l 0 l G  3.6 x l 0 l G  
(630 g of T h  per kg of D 2 0 )  

U02S04-D20 1.1 x l o L 7  
(350 g of natural U per kg of D 2 0 )  

8.5 x IO1' 

aEvaluated at ins ide  of pressure  vesse l ;  the thermal leakage  is attenuated by a factor of approximately 
87 by the pressure  vesse l .  

Table 6.3. Prompt Neutron Mean Lifetimes in HRE-2 for Several Blanket Compositions 

Life in sec x 

T h o 2  Slurry T h o 2  Slurry 
630 g of T h  
per kg of 

1350 g of 
T h  per kg  

Reactor Natural U02S04-D20, 
Temperature D 2 0  Reflector 350 g of U per kg of 

D 2 0  *2O of D,O (°C) 

20 12.4 7.5 4.0 2.4 

100 11.8 7.2 3.8 2.3 

2 00 7.8 4.7 2.5 1.5 

280 5 .G 3.4 1.8 1.1 

300 4.9 3.0 1.5 0.95 
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Fig.  6.9. Core Concentration 

Coefficient of  Reactivity of HRT. 

Tab le  6.4. Temperature Coefficient of React ivi tv  in HRE-2 at  28OoC 

Blanket Composition 

D 2 0  U02SOq-D20, Th02-D20  
("C-1) 350 g of natural U per kg of D 2 0  630 g of Th per kg of D 2 0  

("C-') (OC-') 

x 10-3 x 10-3 x lo-' 

- 1.71 - 1.91 

- 0.76 

-2.47 

- 1.85 

- 0.32 

- 2.23 

-1.99 

'dTuc = uniform change in core temperature, blanket temperature constant; 

aTUB = uniform change in blanket temperature, core temperature constant; 

dTu 
dTdc = nonuniform temperature change with shape of heat production, average core temperature used a s  

= uniform change in both core and blanket temperature; 

measure of change. 
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6.3 SAFETY 

A s  identified in the introduction to this chapter, safety refers to  the events which happen as a 
result of the initial power surge following a reactivity addition. The safety of any reactor is de- 
termined by the amount of reactivity which can be introduced into the reactor, the nuclear char- 
acteristics of the system, and the physical characterist ics of the system. A s  one would expect 
the above quantities are inter-related and must be considered jointly. The results of the safety 
considerations of the HRE-2 have been reported. 2 * 3  

The amount of reactivity which can be added to a system is a function of the possible oper- 
ational procedures allowed by the physical system, in combination with the pertinent nuclear and 
physical characteristics. Therefore to evaluate safety, it is necessary to consider a l l  plausible 
combinations of reactor operation or mis-operation and their consequences, along with the prob- 
ability for their occurrence. 

activity inherent in aqueous homogeneous reactors were exploited in the design of HRE-2. A 
prime example is the use of fuel concentration as the mechanism for reactor control. A s  a result  
control rods were not provided in HRE-2. Despite the inherent safety features situations can con- 
ceivably arise which will result  in rupture of the thin Zircaloy-2 core tank. While this is cer- 
tainly undesirable, it does not endanger personnel or the surrounding area in any way. 

in the design of the system was that value which would cause a 400-psi pressure rise in the core 
tank. This pressure increase was selected on the basis  of experimental data which indicated 
that a pressure rise of 425 ps i  would be required to produce a s t ress  in the core tank equal to  the 
yield strength (approximately two-thirds the ultimate) a t  operating t e m ~ e r a t u r e . ~ '  From the stand- 
point of personnel protection and containment, the reactivity addition must be limited to that 
value which will cause a pressure r ise  of about 4000 psi  in the pressure vessel .  With these pres- 
sure limitations a number of situations were investigated to determine the maximum permissible 
reactivity addition. e3 *3 2 - 4 3  

Reactivity can only be added to the reactor a s  a function of t ime ,  and the amount of reactivity 
present is determined by the rate of addition, the neutron power a s  it reaches prompt critical, and 
the nuclear characteristics of the core. It was possible to convert a linear rate of reactivity addi- 
tion to an equivalent instantaneous reactivity addition on the bas i s  of equal pressure 
Figure 6.12 shows the variation of peak pressure rise a s  a function equivalent prompt reactivity 
addition for a D,O reflected reactor. A s  obtained from the figure, a 400-psi pressure rise corres- 
ponds to a value of me (prompt reactivity additiodneutron lifetime) of 24.5 sec-', while a 4000- 
psi  pressure rise corresponds to  an me of 52.5 sec-'. These values of me represent instantaneous 
reactivity additions of 1.9 and 3.5%, respectively, based on a mean neutron lifetime of 5.7 x 
sec and an effective delayed neutron fraction of 0.005.3 

addition for a given pressure rise. This follows from the observation that it takes longer for the 
system to compensate for a given reactivity addition a t  low power levels than at high power 
levels. Since the effective rate addition will take place over a longer period of time for the lower 
initial power level case ,  its magnitude must change i f  the s a m e  amount of reactivity is to be intro- 
duced independent of initial power level. Thus, the power level associated with a neutron source 
should be considered in determining the permissible rate addition of reactivity. Figure 6.13 gives 
the relation between equivalent prompt reactivity and rate of reactivity addition, where the modi- 
fied nuclear frequency includes the effect of power level. For a neutron source of l o7  neutrons/ 
sec, the modified nuclear frequency was estimated3 to be 10'' sec-2. For an me of 24.5 s e c - * ,  
the value of b, the rate of reactivity addition, is found from the figure to be 0.008 sec - '  ( I  = 5.7 
x sec-'). Therefore, the maximum permissible rate of reactivity addition will be 0.8% 
Ake/sec, if the core pressure r ise  is not to exceed 400 psi  and the reactor is initially at source 
power. In the same manner a s  outlined, the maximum permissible rate of reactivity addition is 
found to be 3.1% Ake/sec for a pressure rise of 4000 psi.3 

The safety features associated with the rather large negative temperature coefficient of re- 

From the standpoint of preventing equipment damage, the maximum reactivity addition permitted 

The lower the initial power level of the reactor, the lower the permissible  rate of reactivity 
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There are many events which can add reactivity to the reactor; several  c a s e s  were investi- 
gated for the D,O reflected reactor.2p3 It is believed that these cases  represent the most hazard- 
ous ones and th.ose which will endanger the reactor system. Since it is desirable to guard against 
rupture of the core tank, the permissible rate of reactivity addition is limited in most ca ses  to 
0.008 Ake/sec. In s o m e  cases the rate was limited to 0.005 Ake/sec, corresponding to a pres- 
sure rise of 300 psi  when the reactor is initially at source power. 

of importance but only to identify the event being considered. The c a s e s  refer to operation with 
a D,O blanket a t  design conditions unless otherwise specified. They are described in reasonable 
detail  so  a s  to convey the sequence of events which would have to occur for the reactivity addi- 
tion to take place. 

The order of presentation of the following postulated accidents is not intended to imply order 

Case 1 

By means of the high-pressure, auxiliary steam boiler, fresh fuel solution could be heated to 
about 28OoC. The core fuel concentration could then be adjusted to correspond to criticality a t  
approximately 25OoC. If the circulating pump were now turned off and the shel l  side of the heat 
exchanger were vented to the s t e a m  condenser, the fuel solution in the heat exchanger would be 
cooled. Cooling of this fuel solution to 100°C appears to be possible in about a minute, in which 
time natural convection cooling would not lower the core temperature below 250OC. If the pump 
were now started a t  rated speed, cold fluid would be injected into the core region. The resultant 
lowering of the core fluid temperature would add reactivity a t  about 1.7% Ake/sec, based on first 
order perturbation theory. 2 6  

T o  lower the rate of reactivity addition to a tolerable value, the startup speed of the pump is 
reduced to one-third its rated value until the fluid in the high-pressure system has passed through 
the heat exchanger. This  is accomplished by reversing the phase current and running the motor 

in normal fashion. Decreasing the initial flow rate to one-third its normal value decreases the 
postulated rate of reactivity addition from 0.017 to about 0.006 Ake/sec., v 3  

backwards" for about 45 sec on startup. The phase current is then reversed and the pump runs t t  

Case 2 

With the reactor initially subcritical and the circulating pump running at normal speed, venting 
s t e a m  from the shel l  side of the core heat exchanger will lower the shell-side temperature and, a s  
a consequence, lower the temperature of the fuel fluid. Since the core temperature coefficient of re- 
activity is about -0.002 Ake/OC at 28OoC and since the permissible ra te  of reactivity addition is 
limited, the rate of temperature fall  in the heat exchanger should a l so  be limited. 

by the rate of decrease in temperature of the shell-side fluid.*' Thus the permissible rate of 
temperature drop on the shel l  side of the heat exchanger should be limited to about 2.5OC per 
second, corresponding to a rate decrease in steam pressure of 35 psi /sec i f  the heat exchanger is 
operating under design conditions. At  lower core temperatures the temperature coefficient is 
lower, but a given rate of pressure drop will result in a higher rate of temperature decrease. Con- 
sidering al l  situations between atmospheric pressure and that corresponding to saturated condi- 
tions at 28OoC, the permissible rate of pressure decrease should be limited to 20 psi/sec.  If 
the shell  pressure decreases at a higher rate, the circulating pump is stopped. Under normal flow 
conditions, about 2.7 sec is needed for fluid to travel from the heat exchanger outlet to the core 
inlet. Once the pump current is stopped, the flow rate drops rapidly (from 400 to 270 gpm in 0.5 
sec,  to 150 gpm in 1 sec ,  to 80 gpm in 1.5 sec, to 50 gpm in 2 sec, and to 40 gpm in 3 sec),  so that 
a t ime  delay in stopping the pump of about 1 sec appears 

The rate of temperature drop of the core fluid in the heat exchanger is closely approximated 
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Case 3 

A t  low temperatures not a l l  the fuel in the system will be required for reactor ciriticality. If 
the fuel solution outside the core system were concentrated and then pumped into the reactor, re- 
activity may be added a t  an undesirable rate. The results of calculations indicate that, i f  the 
reactor were critical a t  20°C and the fuel in the dump tanks were concentrated to  about 320 g of 
U235  per liter, reactivity could be added to the reactor a t  a rate of 1.7% Ake/sec by pumping the 
concentrated fuel solution into the core with the feed pump.29 

To eliminate the possibility of the above-described event, the fuel intake line from the dump 
tanks has been arranged so that 25 liters of solution will always be present in the dump tanks,** 
and the total U 2 3 5  inventory has been limited to 5.0 kg. (During reactor operation the inventory 
limitation was increased.) Under these conditions the fuel concentration will be limited to about 
160 g of U 2 3 5  per liter, so  that the maximum rate of reactivity addition will be less  than 0.008 
Ake/sec, even though the feed pump is running on high speed (6.3 kg of solution per minute). 

be greater, and l e s s  fuel would be in the dump tanks. A t  28OoC the possible rate of reactivity 
addition would be l e s s  than 0.002 A k , / ~ e c . ~ * ~  

If the reactor were initially cri t ical  at  temperatures greater than 20°C, the cri t ical  mass would 

Case 4 

With the fuel circulating pump off, the feed pump could pump concentrated fuel solution into 
the high-pressure system external to the core region. Startup of the circulating pump a t  this t ime  
could add reactivity a t  about 130% Ake/sec i f  fuel solution a t  20°C containing 100 g of U235  per 
liter were in the external piping. This situation has been prevented by locating the feed line a t  
the core outlet and by permitting fuel injection only when the circulating pump is operating. Thus 
the injected fuel will be diluted in the external system before entering the core. This  case now 
reverts to case  3, so that the rate of reactivity addition will be limited to 0.008 Ake/sec.2f3 

Case 5 

During the initial filling of the reactor core, the reactor may become crit ical  before the core 
vessel  is filled i f  the fluid has  a high fuel  c ~ n c e n t r a t i o n . ~ ~  Fortunately, under these conditions 
the sign of the temperature coefficient of reactivity appears to remain negative. Although of re- 
latively small magnitude, the temperature coefficient, in combination with the low rate of reactivity 
addition associated with this event, is sufficient to maintain a safe condition. A more dangerous 
situation appears to exist  for the case  of a Tho,  slurry blanket. Even for that case ,  however, the 
situation appears to be safe. The only danger would be in allowing the feed pump to continue pump- 
ing after criticality has  been detected. Under these conditions reactivity would be added and the 
pressure would r ise  a s  energy is released. No difficulty should be encountered i f  the feed pump 
is stopped within about 1 min following the peak power surge. If the feed pump were not stopped, 
the pressure would rise slowly with time.2s3 

Case 6 

If the reactor were initially cri t ical  under design conditions, loss  of pressure in the blanket 
could result in core-tank rupture, with a net addition of fuel into the reflector region. Such an 
event would result in a high rate of reactivity addition over a short t i m e  interval. However, the 
rupture disks between the core and blanket pressurizers would respond in such a manner s o  a s  to  
equalize the pressure between the core and blanket and not cause rupture of the core tank. 

4 
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If it is assumed that corrosion had weakened the core tank, a s m a l l  pressure differential be- 
tween the core and blanket regions could cause core-tank rupture, with subsequent increase of 
fuel within the reactor. More reactivity would be added i f  the core pressure were originally higher 
than the blanket pressure. For this situation, there would be a net addition of core fuel fluid into 
the reactor following core-tank rupture. 

The presence of the hot D20 liquid (-40 l i ters) in the pressurizer would cause the core pres- 
sure to remain near 2000 psi  for  a relatively long t ime i f  leakage of fluid from the core system 
took place, and so  any init ial  pressure differential would remain for an appreciable t ime interval. 
With only a 100-psi pressure differential between core and blanket, the volume of fluid in the line 
between the core and pressurizer (-18 liters) could be added to the reactor very rapidly. A t  the 
same t ime ,  the circulating pump would continue pumping fuel fluid into the core at about 30 liters/ 
sec. Associated with the “instantaneous” fluid addition of 18 li ters and the rate addition of 30 
liters/sec would be a net reactivity addition of less than 2.7% hk,. Since core-tank rupture was 
assumed to take place, the maximum permissible reactivity addition would be that which would 
raise the vessel  pressure by 4000 psi ,  and it would correspond to a permissible Ake of 3.5%. 
Thus it appears that the above occurrence would not cause pressure-vessel r ~ p t u r e . ~ * ~  

Case 7 

If energy removal from the fuel fluid were less than that generated within it, the temperature 
of the core fluid would increase with t ime ,  and might cause two-phase separation of the solution. 
Also, the fluid might start  to boil, which could cause an excessive increase in operating pressure 
and necessitate a dump. With regard to the latter situation, the important i tem would be to know 
within what t ime  interval following shutdown a dump should be initiated. 

mately 32OoC and would first occur in the fuel leaving the reactor core. The heavy phase,  a s  it 
formed, would tend to fall back into the reactor and to redissolve as it contacted cooler fluid. 
Such action would result  in fuel stratification and would probably produce a smaller reactivity 
increase than if the fuel were uniformly distributed within the core.43 Since the heavy phase 
preferentially extracts the fission products, the tendency would be to increase the operating tem- 
perature of the reactor, which would cause the reactor to become subcritical. A pessimistic view- 
point would be to  assume that all  the fuel pumped into the core remained uniformly distributed 
within the core region. The rate of reactivity addition corresponding to this situation would be 
2.6% Ake/sec. Such a rate addition would not cause rupture of the pressure vessel ,  since the 
permissible rate was found to be 3% Ake/sec at source power. In the above situation the reactor 
power would be much higher than source power, s o  that the permissible rate of reactivity addition 
would be appreciably greater. If the initial power level were 5 Mw, a rate addition of 2.6% Ak,/  
sec  should not cause rupture of the core tank. No special  precautions with regard to  two-phase 
separation were therefore taken, since in no case did it appear that the pressure vessel  was  en- 
dangered; also,  it appeared improbable that two-phase separation would cause reactor supercrit- 
icality, and even if supercriticality should occur, the core tank would not rupture i f  the reactor 
power were near 5 Mw initially. 

If two-phase separation occurred and the circulating pump were not running, natural convec- 
tive flow could cause accumulation of the heavy fuel phase at  the bottom of the core tank. Al-  
though the reactor would be subcritical under these conditions, startup of the pump a t  this t ime  
could add reactivity at a very high rate. However, the above situation implies criticality before 
the pump stopped, and s o  the reactor will again attain a critical condition due to natural con- 
vective flow if two-phase separation has  not occurred. Thus the stipulation w a s  made that, for 
the above situation, the pump would not be started unless criticality were attained as a result  of 
natural circulation of fluid. 

Two-phase separation would probably occur i f  the fuel fluid temperature exceeded approxi- 
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If stoppage of core fluid flow occurred instantly, the temperature of the fuel solution would 
rise with t ime,  as shown in Fig. 6.14, and could reach the boiling point.45 However, natural- 
convection circulation would be initiated as soon a s  the temperature of the fluid within the core 
increased. Assuming that the flow was zero initially and that it increased a s  a result of natural- 
convection forces, the maximum average core temperature would be less than 305OC following op- 
eration a t  5 Mw and l e s s  than 315OC at  10 Mw. For this c a s e  the heat exchanger was assumed to be 
operative. If the steam line from the heat exchanger were closed, the cooling capacity would be 
limited, and so the fuel fluid temperature would continue to r ise  with increasing t i m e .  However, 
the rate of r ise  would be slow and boiling of the core fluid would not take place until about 10 min 
after the s t e a m  line was closed (10 Mw initially). Therefore it would not be necessary to have rapid- 
response instruments to control the above situation. However, a s  the fluid expanded, solution 
would be ejected into the pressurizer volume and would compress the vapor in that volume. If the 
vapor compressed adiabatically, an increase of 2OoC in the core fluid temperature would cause the 
pressurizer pressure to rise from 2000 to 2800 psi. With the reactor initially a t  5 Mw, this could 
occur in about 40 sec  if there were no letdown of fluid from the high-pressure system.4G147 The 
reactor is protected against  above-normal operating pressures by means of a pressure signal which 
initiates a dump whenever the pressure exceeds 2800 psi.48 Under normal conditions the letdown 
valve would release fluid from the high-pressure system, which would prevent the pressure from 
reaching 2800 psi  under the above circumstance. Thus, with regard to pressure r ise ,  it  appears 
that a dump need not be initiated for a t  least  10 min following stoppage of energy removal, and 
possibly not at a11.2*3*49-5’ 

The above safety considerations were primarily concerned with operation of the reactor with 
a D,O reflector. The effects of other blanket materials were a l so  investigated in detail ,  assuming 
the physical design of the reactor to be the same for a l l  
and 6.4 the essent ia l  effect of changing blanket materials is to change the average lifetime of 
prompt neutrons, while the temperature coefficient of reactivity remains relatively insensitive to 
the change. 

addition for the computed neutron lifetimes at 28OOC; the results are shown in Fig, 6.15. The 
value of me, the ratio of equivalent prompt reactivity addition to prompt neutron l i fe t ime,  is a 
known function of initial reactor conditions and the rate of reactivity addition. Therefore, the 
results of Fig. 6.15 can be used to relate a specified pressure increase to the permissible rate 
of reactivity addition for an initial power level. Figure 6.16 summarizes the relations obtained 
between rate of reactivity addition and neutron lifetime for a specified pressure r ise  and initial 
power level. In the figure, k, (O)  is the initial value for the effective multiplication constant, and 
P o  is the initial neutron power level. A s  can be seen in the figure for a specified initial power 
level and pressure rise,  the associated rate  of reactivity addition is relatively independent of 
neutron l i fe t ime,  and hence, blanket material. A summary of the maximum allowable rates of re- 
activity addition and maximum allowable instantaneous reactivity additions are given in Table 6.5. 
These results are based on initial reactor conditions of 2000 psi ,  280°C, and a source power 
level of 10’ neutrons/sec.’ 

A s  indicated in Tables 6.3 

Calculations were performed to determine the peak pressure r ise  a s  a function of reactivity 

6.4 STABILITY 

Stability of the HRE-2 reactor system w a s  investigated to determine whether the reactor power 
would return to a stable condition following a system d i ~ t u r b a n c e . * * ~ ~ - ~ ~  The investigation was 
divided into three separate parts,  identified a s  nuclear, load demand, and physical stability. 
Each was studied and found to be stable under design conditions a s  determined by the linearized 
equations of 

The nuclear stability studies were concerned with high-frequency nuclear power oscillations, 
and the effects that nuclear and physical design parameters have upon power-time behavior. These 
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Table 6.5. Summory of  H R E - 2  Sofety Calculations for Source Power Conditions 

Blanket Material 
Variable 

U02S04-D20a Th02-D20b T h 0 2 D 2 0 C  

Prompt-neutron lifetime, 5.7 3.4 
4 s e c  x 10 

Rate of reactivity addition 0.80 0.84 
required to  increase  core 
pressure by 400 ps i ,  % 
b e / s e c  

Instantaneous reactivity 
addition required to  
increase core pressure 
by 400 ps i ,  % Ake 

Rate of reactivity addition 
required t o  increase  
reactor pressure by 
4000 ps i ,  % Ake/sec 

Instantaneous reactivity 
addition required to  
increase reactor pres- 
sure by 4000 ps i ,  % 

‘‘e 

1.9 

3.0 

3.5 

I .6 

3.0 

2.8 

1.8 1.1 

0.80 0.75 

1.3 

2.8 

2.0 

1.1 

2.6 

1.6 

‘330  g of natural uranium per kg of D20. 
b630 g of thorium per kg of D20 .  
c1350 g of thorium per kg of D20. 

studies considered only the high-pressure system. Since changes in power demand would initiate 
only low-frequency nuclear power oscillations in comparison to those sustained by the nuclear- 
physical system, it was assumed that power demand was constant. A similar argument justif ied 
omission of the low-pressure system. The load demand stability studies were concerned with 
frequencies intermediate between those associated with the high- and low-pressure system. These 
studies assumed the fuel solution to be incompressible and neglected the low-pressure system, 
while allowing the power demand to vary in order to determine whether load demand changes 
would lead to instability. The physical stability studies were concerned with low-frequency power 
oscillations associated with the low-pressure system and the power demand system. These 
studies assumed the fuel solution to be incompressible and that the power demand varied linearly 
with fuel temperature, and established whether physical operations associated with transfer of 
fuel solution between the high- and low-pressure systems would lead to a permanent change in  
the operating power level. 

Fig. 6.17 for the D,O reflected reactor and in Fig. 6.18 for the slurry blanketed reactor. It can be 
shown that the reactor is stable i f  the operating point is above and to the left of the appropriate 

An interpretation of the symbols used in the figures is given in Table 6.6. 

Typical results of the nuclear stability studies are shown a s  a family of parametric curves in 

, 

. 



26 5 

c 

. 

4 0 5  

5 

2 

+ 
= 2  

2 
N 

(03 

5 

2 

t 0' 
4 

F ig.  6.17. Stability Criteria for Homogeneous Fig. 6.18. Stability Criteria for Homogeneous 

C i rc u la t ing Reactors. Circulating Reactors. 

Tab le  6.6. Interpretation of Symbols Used to Describe Nuclear Stability 

Symbol Interpretation 

w 2  

a 2  h 

Y 

Square of nuclear frequency, sec-2 

Square of hydraulic frequency, sec-2 

Rat io  of effective fraction of delayed neutrons 
1 t o  mean lifetime of prompt neutrons, sec- 

Normalized friction coefficient in  core-exit line, 
-1 sec 

Twice the reciprocal of the average residence time 
1 of a fluid par t ic le  in  the core, sec- 

Measure of the effect of pressurizer  volume upon 
core pressure r i se ,  dimensionless  

Volume heat  capaci ty  of core fluid, kw - sec/OC 

Volume heat  capaci ty  of water on she l l  s ide  of 
sc 

ss 
heat  exchanger, kw - sec/OC 
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The two extremes for nuclear stability of HRE-2 are associated with a D,O reflector and a 
1350 g of Th per kg of D 2 0  blanket. For the D,O blanket, y = 10 sec-’ , y,= 1 sec-’, 77 = 0.18 
sec - I ,  ah2 (1 + C,)  = 3700 s e c - 2 ,  and an2 (1+ C2)-’ = 22 s e c - l  a t  5 Mw. Since this operating 
point lies above the appropriate curve in Fig. 6.17 ( y  = 10, 77 = 0), it is concluded that the reactor 
will be operating in a stable region. The maximum value on2 (1 + C2)-’ could have and s t i l l  
maintain reactor stability is about 330 s e c q 2 ,  corresponding to operation at  75 Mw., 

For the heavy slurry blanket (1350 g of Th per kg of D20) ,  y = 50 sec-’,  y ,  = 1 ,sec-* ,  77 = 0 
sec,  ah 2 (1 + C2) = 3700 sec -2 ,  and an2 (1+ C2)-’ = 75 s e c  a t  5 Mw. This  operating point lies 

to the left of the stability curves a s  indicated in Fig. 6.18. With Ss/Sc = 3, stable operation is 
indicated up to core power levels of about 9 Mw. Similarly, s table  operation is indicated up to 
about 18 Mw for the light slurry blanket (630 g of Th per kg of D 2 0 )  and about 38 Mw for the 
natural uranium blanket. 

In evaluating the load demand stability of the reactor system, the generalized equations of 
motion are written and transformed into a single characteristic algebraic equation which must have 
no positive real roots if the system is to be stable. It has been shown mathematically that this 
condition is m e t  and that the system is stable to power demand changes under the specified con- 
ditions. , 

Physical stability is concerned with the effect of low-pressure fuel system operations on 
power demand. While operating HRE-1 it was observed that temperature and power level of the 
reactor would slowly increase with time under certain operating conditions. 5 G  This effect, termed 
the “walk-away” phenomenon, was associated with a slow rate of reactivity addition caused by 
an increase in fuel concentration. The increase in fuel concentration resulted from water being 
removed from the core (by formation of decomposition gases  and accompanying vaporization of 
water) a t  a faster rate than it was being returned from the low-pressure system. This  phenomenon, 
being a function of temperature, power level, and transfer ra tes  between the high- and low-pressure 
systems, could be controlled by the operator. 

The HRE-2 was analyzed for stability against this phenomenon by use of the applicable lin- 
earized equations of m ~ t i o n . ~ ~ , ~ ~  It was found that the reactor system would be stable under de- 
sign conditions. The studies a l so  showed that a number of design parameters, such a s  operating 
conditions, transfer ra tes ,  holdup volumes, etc., can be adjusted to increase the stability. 

Since the transfer rates are a function of the quantity of decomposition gases  let  down to the 
low-pressure system for recombination, stability against “walk-away” is, a s  would be expected, 
a function of internal catalyst  concentration in the fuel solution. Cclculations indicated the re- 
actor would be stable against “walk-away” a t  average core temperatures below 29OoC and 27OoC 
at 5 -  and IO-Mw power levels,  respectively, i f  sufficient copper is added to the solution to re- 
combine al l  the decomposition gases  produced in excess  of those corresponding to operation at 
1 Mw. Adding sufficient copper to  recombine al l  the gases  produced a t  these two power levels,  
the limiting temperatures are raised to 295 and 278OC respectively. If enough copper is added so  
that decomposition g a s e s  are never produced, then the reactor will be stable under a l l  conditions 
according to  the model used in the  calculation^.^^*^^ 

6.5 HAZARDS 

In evaluating the hazards involved in the operation of a reactor, it is necessary to  consider in 
detail al l  phases of the system, including such i t e m s  a s  component design, system design, the 
effects of normal and abnormal operation on nuclear safety and stabil i ty,  natural disasters ,  etc. 
The overriding consideration in the evaluation of the potential hazards is that the operating per- 
sonnel and the public are not subjected to unreasonable risks.  In preparing a summary report to 
the USAEC Advisory Committee on Reactor Safeguards, a l l  aspects  of the reactor system and its 
operation were examined in detai1.4i5*57 It was concluded that the probability of excessive 
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amounts of radioactivity escaping to the atmosphere is quite small and that the dangers to oper- 
ating personnel and to the public compare favorably with normally accepted risks. A Review Com- 
mittee examined the design of the reactor and found that is conformed to  accepted standards for 
reactor construction. * 9 5 8 5  9 

The most serious concern to the surrounding area is the release to the atmosphere of a large 
fraction of the radioactive material contained within the reactor system. The design and construc- 
tion of the reactor and shield make this a very unlikely event. However, the consequences were 
considered for such a release by: (1) the discharge of a cloud of gas  and particulates; and (2) the 
discharge of the reactor solutions to the watershed. With such a re lease,  the chief radiological 
hazard arises from the ingestion and inhalation of some thirty-odd fission products selected on 
the basis  of half-life, fission yield, and potential biological damage. The maximum permissible 
concentration or permissible intake values are determined on the basis  of limiting the internal 
dose to any organ to  a maximum of 25 rep during the t ime  the isotopes remain in the body. 

The extent and severity of hazard from the contamination of the public water downstream from 
the reactor site was evaluated. It was assumed that a l l  the activity corresponding to 82 days of 
reactor operation a t  10 Mw is released in water onto the ground surface, and by heavy rainfall and 
surface run-off, a l l  the activity is flushed without loss  down the valley and mixes with the con- 
current Clinch River flow over a 6-hr period. On the basis  of the most pessimistic choices of 
river flow conditions and assuming no losses by sorption in the soil ,  absorption and sett l ing in 
the river and reservoirs, and removal in water treatment plants, the estimated peak concentration 
in the water relative to the emergency maximum permissible concentration and the t ime required 
for the peak concentration to  reach the point are given in Table 6.7 for a few populated areas  
downstream from the reactor site. 

River, thus giving greater dilution. Also the release of extra water in the river (controlled by 
TVA a t  Norris Dam) for additional dilution would tend to reduce the hazard. It was concluded 
that the length of t ime  available for remedial action on behalf of the downstream consumers 
would make a proper warning system and an emergency water supply effective in preventing cas-  
ualties following such a release. 

In estimating the hazard from airborne activity, it was assumed that the reactor system, ini- 
tially at  3OO0C and 2000 psi ,  ruptures and at  the s a m e  time the containment vessel  s e a l  sheets  
are rendered ineffective. It is estimated that about one third of the reactor solutions will vaporize 
in the process of expanding into the cell volume. An additional postulate is that one half of the 
radioactive material wi l l  become airborne particles which will not readily sett le.  Two situations 
were investigated: (1) the airborne activity is released from the reactor building in the form of a 
hot cloud, having about 2 x 10' Btu of thermal energy, which will r ise hundreds of meters into the 
atmosphere and be dispersed; and (2)  the airborne activity is released from the building in the form 
of a cold cloud, having had its thermal energy removed in some manner while in the building. 

4 

In the absence of excessive rainfall, the material will be delayed in reaching the Clinch 

Table  6.7. Estimated Hazard from Water Contamination 

Rat io  of Concentration to  Maximum 
Distance Trave l  Time Permissible Emergency 

Concentration 

(1-day intake) ( 3 0 d a y  intake) 

Location Downstream 
(river miles) (days)  

ORGDP 7.6 3.25 42.0 5 86 

Kingston 20.8 9.5 10.5 169 

Watts Bar 58.6 17.0 0.044 0.79 

Chattanooga 123 25.5 0.0008 0.17 
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The total  integrated exposure from a hot cloud, which is the most probable form for the release, 
is shown in Fig. 6.19 a s  a function of distance from the s i te .  No hazard exis ts  for a h o t  cloud 
release during the daytime; the maximum exposure to the fission product isotopes is only 60% of 
the emergency MPE. For a night release,  the hazard ar ises  solely from the ingestion of fission 
products with the exposure exceeding the emergency MPE a t  dis tances  between 3.4 and 90 miles .  
However, the maximum exposure exceeds the emergency MPE by a factor of l e s s  than 5 .  

The exposure from a cold cloud release is shown a s  a function of distance from the reactor 
site in Fig. 6.20. Also shown in the figure is the effect of releasing the cold cloud from the build- 
ing through the off-gas stack; this provides a “skip distance” to  the cloud s o  that the exposure is 
considerably decreased a t  distances up to 2 miles at  night and 0.2 miles during the day. The 
emergency MPE for the fission product isotopes is exceeded for a l l  distances l e s s  than 9 m i l e s  
for a daytime release and 85 miles for a night release.  It can be shown from considerations of 
the duration of stable conditions that the estimated hazard for a night release of a cold cloud is 
unrealistic. * From these and other considerations, it was concluded that the hazards involved 
compare favorably with normally accepted r isks .  

. 

. 



269 

01 0 2  0 5  I 2 5 IO 20 50 100 
DISTANCE (miles) 

Release of Hot Cloud Day Time 

5 

2 

4.0 

5 

2 

lo-' 

5 

2 

10-2 

5 

2 - 
0 

{ 10-3 

: 5  - 
w 
(r 3 

z 2  

2 
P 

x 

? (0-4 

2 

 IO-^ 

5 

2 

6 6  

5 

2 

IO-' 

5 

2 x 10-8 
01 0 2  0 5  I 2 5 10 20 50 100 

DISTANCE (m~les )  

Release of Hot Cloud at Night 

UNCLASSIFIED 
ORNL-LR-DWG 440JA 

Fig. 6.19. Estimated Exposure from o Hot Cloud Release. 



270 

IO 

5 

5 

2 

106 

5 

J 

2 5  
c 

2 

40-4 

5 

2 

 IO-^ 

5 

2 

40-6 

UNCLASSIFIED 
ORNL-LR-DWG 4404 

- 
10 

‘ y 2  

5 (0.2 - 
w LL 

2 5  x 
E 2  

10-3 

W 

a 

z 
J 

2 5  
P 

2 

5 

2 

 IO-^ 

5 

01 0.2 0.5 I 2 5 IO 20 50 400 
DISTANCE (miles1 

Release of Cold Cloud in Day Time. Release of Cold Cloud a t  Nlght. 

L 

Fig. 6.20. Estimated Exposure from a Cold Cloud Releose. 



27 1 

REFERENCES 

1. M. C. Edlund and P. M. Wood, Phys ics  o f  Homogeneous Reactor T e s t  - Statics, ORNL-1780 

2. P. R. Kasten, Dynamics of the Homogeneous Reactor T e s t ,  ORNL-2072 (June 7, 1956). 

3. P. R. Kasten, Operational Safety  of the Homogeneous Reactor T e s t ,  ORNL-2088 (July 3, 1956). 

4. S. E. Beall and S. Visner, Homogeneous Reactor T e s t  Summary Report for the Advisoty  Com- 

(Aug. 27, 1954). 

mittee on Reactor Safeguards, ORNL-1834 (Jan. 7, 1955). 

5. S. E. Beall and S. Visner, Revis ion for the HRT Summary Report - ORNL-1834, ORNL CF-55- 
3-14 (Mar. 1, 1955). 

1642 (May 4, 1954). 
6. R. B. Briggs, Aqueous Homogeneous Reactors for Producing Central-Station Power, ORNL- 

7. M. C. Edlund, Comments on Proposed HRE-2, ORNL CF-53-10-209 (Oct. 30, 1953). 

8. M. Tobias, Critical Concentrations in HRE No. 2 T y p e  Reactors at 3OO0C, ORNL CF-53-11- 

9. M. Tobias, Critical Mass Calculations fo r  a Proposed Rebuilt HRE, ORNL CF-54-1-45 and 

134 (Nov. 20, 1953). 

Erratum ( Jan .  4,  1954). 

10. R. B. Briggs, Critical Concentration o f  U-235 in Core of HRT,  ORNL CF-54-2-165 (Feb. 23, 

11. W. R. Gall, Nuclear Data for HRE, ORNL CF-34-1-11 (Jan. 7, 1954). 

12. S. E. Beall, Plan of Operation for HRT, ORNL CF-54-4-7 (Apr. 7, 1954). 

13. S. Visner, Experimental Phys ics  Program f o r  HRT, ORNL CF-55-2-178 (Feb. 28, 1955). 

14. S. Visner, Breeding Demonstration in the HRT, ORNL CF-55-2-2 (Feb. 2, 1955). 

15. P. M. Wood, Constants for HRT Nuclear Calculations, ORNL CF-54-3-160 (Mar. 30, 1954). 

16. P. M. Wood, HRT Criticality Calculations - D 2 0  Reflector and 633 gm/kg D 2 0  Thorium - 

17. P. M. Wood, Criticality Calculations on HRT with U 0 2 S 0 4  Blanket, ORNL CF-54-4-9 (Apr. 

1954). 

D,O Blanket, ORNL CF-54-3-174 and Supplement (Mar. 25, 1954). 

5, 1954). 

18. P. M. Wood, Effect of Using Ordinary Water in  the HRT with 500 g m / l  (a t  28OoC) T h o ,  Slurry 
Blanket, ORNL CF-54-5-197 (May 24, 1954). 

(June 20, 1956). 
20. C. W. Nestor and P. R. Kasten, HRT Fuel Concentration a s  a Function of Poison Leve l ,  

ORNL CF-56-4-66 (Apr. 11, 1956). 

21. P. N. Haubenreich, Effect of  Core Corrosion Sample Assembly on HRT Critical Temperature, 

19. C. W. Nestor, HRT Critical Concentration as  a Function of Temperature, ORNL CF-56-6-123 

ORNL CF-57-7-21 (July 18, 1957). 

22. P. R. Kasten et al., HRP Quart. Progr. Rept. Oct. 31, 19.57, ORNL-2432, p 16-18. 
23. P. M. Wood, Flux Distribution in the  HRT with 300 g m / l  Natural Uranium Blanket, ORNL CF- 

54-3-142 (Mar. 22, 1954). 

24. P. M. Wood, Heat Generation in the Blanket Region of the HRT with D,O Reflector and T h o ,  
Slurry Blanket, and Buildup o f  U-233 in the T h o ,  Blanket, ORNL CF-54-6-184 (June 15, 1954). 

25. M. Tobias, Fluxes at the  Inside Surface of the Pressure V e s s e l  a s  a Function of Lethargy for 
the HRT as  Determined from the Univac Eyeunsh Code, ORNL CF-55-5-66 (May 10, 1955). 



272 

26. V, K. Pare', Reactivity Ef fec ts  of Non-Uniform Density Changes in HRT, ORNL CF-54-4-182 
(Apr. 26, 1954). 

27. V. K. Pare', Temperature Coefficients and Maximum Rates  of Increase of Reactivity for HRT, 

28. S. Visner and L. C. Noderer, Criticality of U 2 3 5 - H 2 0 - D 2 0  Sys tems  in Cylindrical Geometry, 

ORNL CF-54-6-200 (June 15,  1954). 

ORNL CF-54-5-170 (May 20, 1954). 

29. S. Visner, Fuel Dump Tanks  for HRT, ORNL CF-54-4-30 (Apr. 2 ,  1954). 

30. S. Visner, Dump Tanks  for HRT Blanket, ORNL CF-54-6-16 (June 3, 1954). 

31. R. D. Cheverton, Allowable Pressure Differential for HRT Core V e s s e l ,  ORNL CF-57-9-36 
(Spet. 13, 1957). 

32. S. Visner, Possible Hazards in HRT Startup, ORNL CF-54-4-81 (Apr. 8, 1954). 

33. P. R. Kasten and V. K. Pare', Safety of WRT, ORNL CF-54-3-164 (Mar. 25, 1954). 

34. P. R. Kasten, Mechanical Pressurizer a s  an HRT Safety Device,  ORNL CF-54-4-228 (Apr. 
22, 1954). 

35. P. R. Kasten, Design Bas i s  for Volume of Pressurizer in HRT,  ORNL CF-54-5-188 (May 24, 
1954). 

36. P. R. Kasten, HRT Pressurizer Design, ORNL CF-56-2-69 (Feb. 16, 1956). 

37. P. R. Kasten, HRT Safety Considerations, ORNL CF-54-9-226 (Sept. 30, 1954). 

38. P. R. Kasten, HRT Safety Calculations, ORNL CF-55-2-75 (Feb. 14, 1955). 

37. P. R. Kasten, Homogeneous Reuctor Safety, ORNL CF-55-5-51 (May 9, 1955). 

40. P. R. Kasten and R. S. Stone, Cooling of HRT Fuel Solution a s  a Result  of Changing Heat 
Exchanger Operating Conditions, ORNL CF-55-4-19 (Apr. 1, 1955). 

41. G. T. Trammel1 and T. A. Welton, Comments on the Phys i c s  of the HRT, with Special Ref- 
erence to  Reactor Kinetics,  ORNL CF-55-2-74 (Feb. 15, 1955). 

42. P. R. Kasten, Comments on Review of HRT Reactor Kinetics,  ORNL CF-55-3-23 (Mar. 3, 1955). 

43. P. R. Kasten, Reactivity Ef fec ts  Associated with Two-Phase Separation, ORNL CF-56-4-103 
(Apr. 16, 1956). 

44. P. N. Haubenreich, Preliminary Calibration of Fuel Dump Tanks ,  HRT Report I1 A (7) c, 
ORNL CF-55-12-23 (Dec. 6, 1955). 

45. J. W. Hill,  Jr., HRT Power and Fuel Temperatures After Fuel Circulation Stops, ORNL CF-  
54-9-64 (Sept. 9,  1954). 

46. M. W. Rosenthal and H. C. Claiborne, Effect of Heat Generation on Dumping of HRT, ORNL 
CF-55-12-48 (Dec. 7, 1955). 

47. M. W. Rosenthal and H. C. Claiborne, Ef fec ts  of Heat Generation and Heat Removal on HRT 
Shutdown and Dump, ORNL CF-56-2-128 (Feb. 8, 1956). 

48. M. I. Lundin, Design Criteria - HRT Pressurization Control, ORNL CF-56-4-55 (Apr. 10, 
1956). 

49. R. E. Aven and M. W. Rosenthal, Delay Time Required to  Reduce D 2  Explosion Hazard DUT- 
ing HRT Dump, ORNL CF-56-5-40 (May 1, 1956). 

50. L. C. Wilbur, Time Required for Venting the HRT Pressurizer During a Dump, ORNL CF-56- 
9-2 (Sept. 4, 1956). 

51. E. H. Gift and H. A. McLain, Delay Time Prior t o  Dumping the  HRT,  ORNL CF-57-1-103 
(Jan. 10, 1957). 



273 

52. P. R. Kasten, Stability of Homogeneous Reactors, ORNL CF-55-5-163 (May 25, 1955). 

53. M. Tobias, T h e  HRT and "Walk Away" Phenomena, ORNL CF-54-12-206 (Dec. 28, 1954). 

54. M. Tobias, Further Studies of the "Walk Away'' Phenomena for the HRT,  ORNL CF-55-3-60 
(Mar. 2, 1955). 

55. P. R. Kasten, Linearized s tabi l i ty  Criteria for HRT Type  Reactors, ORNL CF-54-4-183 (Apr. 
21, 1954). 

56. S. E. Beall et al., HRP Quart. Progr. Rept. Jan.  31, 1954, ORNL-1678, p 3-11. 

57. S. Visner, Possible  Release  of HRT Act iv i ty  Through Auxiliary L ines ,  ORNL CF-55-2-3 (Feb. 
2, 1955). 

58. C. J. Borkowski, Design Review Committee Report on the HRT,  ORNL CF-55-6-53 (June 7 ,  
1955). 

59. J. A. Swartout, Comments on CF-55-6-53: Design Review Committee Report of the  HRT, ORNL 
CF-55-7-86 (July 20, 1955). 

4 





. 

7. Chemical Technology of Fuel Solution 

7.1 INTRODUCTION 

The chemical and physical properties of aqueous fuel solutions are important because they 
affect the design, construction, operation, and safety of homogeneous reactors. 
summarize those chemical and physical properties, except corrosion, which are important in reactor 
design. Corrosion has been discussed in  connection with the various components; however, general 
discussions of the subject are available. 1 , 2  Studies pertaining to fuel-solution chemistry are 
routinely reported in  the project progress reports. 

properties, and finally a brief description of the chemical plant associated with HRE-2. 

This  chapter will 

Solubility relationships are discussed first, followed by radiation effects on water, physical 

7.2 SOLUBILITY OF URANYL SULFATE SOLUTIONS 

Uranyl salts are generally very soluble in  water a t  relatively low temperatures (below 20OOC). 
At higher temperatures miscibility gaps appear in  the system. These are manifested by the appear- 
ance of a basic-salt solid phase from dilute solutions and by the appearance of a uranium-rich 
second liquid phase from more concentrated solutions. Both the sal t  and the heavy second liquid 
phase are characterized by greater uranium-to-sulfate ratios than that present in  the system at lower 
temperatures; this  suggests that hydrolysis of the uranyl ion is responsible for the immiscibility in 
each instance. Hydrolysis can be repressed effectively by increasing the acidity of the solution or 
by the addition of a suitable complexing agent for the uranyl ion. Even the anions of the solute 
itself may be considered to repress hydrolysis to some extent, since very dilute solutions hydrolyze 
much more readily than more concentrated solutions. 3 , 4  

The solubility of uranyl sulfate in  water and the characteristics of the phase relationships a t  
elevated temperatures are shown in the binary phase diagram, Fig. 7.1. However, it is necessary to 
consider the ternary system, UO -SO -H 0, i n  order to predict the hydrolytic precipitation of the 
basic solid phase, @-UO3-H20,  which occurs i n  very dilute solutions a t  elevated temperatures, and 
the position of the tie l ines  i n  the liquid-liquid miscibility gap. Some of the ternary isotherms are 
shown in Fig. 7.2. A point of special  significance is that the solubility of UO, in uranyl sulfate 
solutions decreases with increasing temperature to the extent that a t  25OoC excess  acid is required 
to maintain homogeneity i n  dilute solutions. Excess  acid also has  a marked effect on the liquid- 
liquid miscibility gap5 a s  shown in Fig. 7.3. Figure 7.4 shows how the two-liquid phase transition 
temperature is lowered when the solveht is changed from light water to heavy water. 

uranyl sulfate solutions: 

of 28OoC and above because of hydrolysis. 

tion of a 50 mole % excess  of sulfuric acid. 

addition of a 100 mole % excess  of sulfuric acid.3i4 

3 3 2  

Study of the data leads to the following general conclusions with respect to the stability of 

1. Stoichiometric uranyl sulfate solutions in light and heavy water  are unstable at temperatures 

2. Stability up to approximately 325OC is provided at  concentrations up to 2.5 wt % by the addi- 

3. Stability up to a s  high a s  40O0C is  provided at  uranium concentrations above 20 wt % by the 

27 5 
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Solubility relationships in uranyl sulfate sulfate solutions containing cupric copper are of spe- 
cial interest ,  since copper is added to the HRE-2 fuel solution as a recombination catalyst. Copper 
sulfate solutions also undergo hydrolytic precipitation at elevated temperatures. Even though the 
concentration of cupric ion required for recombination may be quite low, its presence influences the 
phase relationships a s  shown in Fig. 7.5. This  influence is most significant i n  dilute solutions. 

Nickel, a corrosion product from the austenit ic-stainless-steel  reactor system, appears as  a 
soluble contaminant in the fuel solution. The five-component system, UO -Cu0-Ni0-SO3-H2O, which 
represents the HRE-2 fuel solution, has  been investigated in  detail. 63 Figure 7.6 summarizes 
earlier information for systems having compositions approximately that of the reactor fuel solu- 
tion. l o -  l 2  

Investigations of the radiochemical analytical requirements revealed a number of problems 
which would require special attention in  order to obtain quantitative information from fuel samples 
taken during reactor operation. 3 -  l 7  A s  a result special radioanalytical techniques were developed 
and applied to the highly radioactive fuel samples. l 8  

3 

7.3 RADIATION EFFECTS 

Energy is dissipated in the fuel solution by the stopping of energetic panicles .  These include 
mainly the fission recoil particles, and also neutrons, protons, fas t  electrons, and gammas. The 
extent to which each contributes to the total energy absorbed in the fuel solution depends on the 
design of the reactor and the composition of the solution. Water is decomposed by al l  types of 
high-energy radiation to give hydrogen, hydrogen peroxide, and oxygen. If the decomposition 
products are confined in the solution, back-reactions occur leading to steady-state concentrations. 
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The rate of production, the rate of the back reaction, and hence the steady-state concentration are 
sensit ive to the nature of radiation, the type, the concentration of solute present, and the tempera- 
t u e e 1 . 1 9 , 2 0  

The yields of the primary chemical species  depend markedly on the type of radiation, or more 
specifically, on the energy transferred to the solution per unit path length of the particle. The 
linear energy transfer (LET) varies from 5 x lo4 kev per micron of path length for fission recoils 
to about 0.2 kev per micron for fast electrons. The yields for H, and H,O, are  largest for radia- 
tions such as fission recoils with large values of LET,  while the yields of H and OH are largest  
for radiations such as fast  electrons with small values of LET. This  is shown by Fig. 7.7 where 
the yields (“G-values”) of H and H, are plotted v s  LET. Figure 7.8 shows how the yield of H, 
produced by fission recoil decomposition and by gamma-ray decomposition varies with uranium 
concentration. 9 
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7.4 RE COM BI NATION 

Hydrogen and oxygen, dissolved in aqueous solutions a t  elevated temperatures, have been 
found to react smoothly to  form water when dissolved copper sa l t s  are present in  the solution a s  
homogeneous catalysts.  This reaction is of interest in aqueous homogeneous reactors i n  that 
it provides a means for suppressing formation of hydrogen-oxygen g a s  bubbles from the decomposi- 
tion of water by ionizing radiation, The reaction rate is first order in  dissolved hydrogen and 
copper concentration and is independent of oxygen concentration. The reaction rate for D, is about 
60% of that for H,. 

power level, operating temperature, system overpressure, and fraction of g a s  recombined inter- 
nally.22 With the reactor operating a t  a given power level, Pc in  megawatts, the production of 
radiolytic deuterium has been estimated to be 3.5 x 10 Pc cc/sec (STP). 2 3  Sufficient copper is 
provided to recombine all  the radiolytic gas  internally; however, the recombiner in the low-pressure 
system was designed to recombine the gases  produced a t  1-Mw power operation24 so that some gas  
letdown can be used to strip fission product gases  from the fuel solution.2512G 

The required copper concentration is  shown in Fig. 7.9 as a function power level for 70, 80, 90, 
and 100% internal recombination, based on an operating pressure of 2000 psi  and an average core 
temperature of 278OC. Figure 7.10 shows the same information for an operation pressure of 1700 psi .  
The effect of overpressure and power level on required copper concentration for 100% internal re- 
combination is shown in Fig. 7.11. The effect of core exit temperature on copper concentration is 
shown i n  Fig. 7.12. Since the required copper concentration for internal recombination is a func- 
tion of power level and temperature and is not readily changed, the problems concerned with initial 
reactor operation at low temperatures (approximately 250OC) were investigated. 2 7  The recommended 
mode of initial operation was to add sufficient copper to recombine al l  the g a s  produced at  5 Mw of 
power at  an average core temperature of 25OoC. (Instead of foIIowing th is  recommendation, copper 
was added i n  s teps  during the initial period of operation i n  order to carry out a ser ies  of recom- 
bination experiments.) 

A detailed study of the required copper concentration in HRE-2 was made as a function of 

Fig.  7.9. 
Power. 

G2 + Concentrotion vs  Reactor 
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Fig .  7.11. Minimum 
Overpressure a t  Core 

Recombination. 

cu2+ Concentration vs 

E x i t  for 100% Internal 

Fig.  
Power. 

7. Concentration vs Reactor 
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Fig. 7.12. Minimum Cu2' Concentration vs Core E x i t  Temperature for 100% Internal Recombination. 

7.5 PHYSICAL PROPERTIES 

Knowledge of the physical properties of aqueous fuel solutions is required for nuclear physics 
calculations and analysis of reactor performance, for engineering design, and for interpretation of 
observed effects in reactor operation. The scarcity of such information prompted research programs 
to produce the necessary data. Progress and topical reports, in  which techniques, apparatus, and 
data are reported, are a ~ a i l a b l e . ~ * - ~ '  These data are summarized in ref 4. Physical property data 
used in  the design of the HRE-2 have been reported. 42-46 

7.6 HRE-2 CHEMICAL PLANT 

One of the objectives of the HRE-2 is to develop and test methods for the continuous removal 
of fission and corrosion products from the circulating fuel stream. Consistent with this objective a 
small chemical processing facility for removal of insoluble materials w a s  constructed in a shielded 
cell adjacent to the reactor cell. A schematic flowsheet for this facility is shown in Fig. 7.13, and 
a model of the cell equipment is shown in Fig. 7.14. The design of the chemical processing plant 
for solids removal has been reported in 5 3  

In the HRE-2, volatile fission products (xenon, krypton, and iodine) are continuously stripped 
from the fuel solution in the low-pressure system. The nonvolatile f ission products and the corro- 
sion products (removed via the chemical plant) may be classified,  according to their chemical be- 
havior a t  reactor operating temperature, a s  (1) only slightly soluble, (2)  hydrolyzable to insoluble 
oxides, ( 3 )  soluble, and (4) of uncertain behavior. Most of the neutron poisons and m o s t  of the 
corrosion products are in the f i rs t  two groups and can be readily removed by centrifugation. Of the 
remaining fission and corrosion products, nickel is probably the worst because of its effect on fuel 
solution stability a s  well a s  its effect a s  a neutron poison. If the processing rate is high enough to 
keep the nickel concentration low, the other soluble nuclides are  of l i t t le importance. 47 
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Fig. 7.14. Layout of HRT-CPP. 

With the reactor operating a t  a power level of 5 Mw, about 5 g of insoluble fission products are  
produced per day. About 53 g of corrosion products are  produced per day, based on assumed corro- 
sion rates  of 10 mpy for the Zircaloy-2 core tank and 1 mpy for the s ta inless  steel system. These 
solids are  removed from the fuel solution by deposition on hot surfaces in the reactor system, by 
agglomeration and settling out in relatively stagnant regions in  the reactor system (such a s  the 
dump tanks), and by the chemical processing plant. A t  the t ime  the reactor system was being de- 
signed, the extent to which each of these competing mechanisms governed the behavior of the 
solids was not known.54*55 

upstream from the fuel heat exchanger, passed through the solids concentration system in the chemi- 
cal processing plant, and returned to the reactor circulating loop downstream from the heat ex- 
changer.5G-58 The solids concentrating system consis ts  of a heater for making up heat losses ,  a 
screen to prevent plugging of the hydroclone port, a hydroclone for concentrating the solids,  9 3 6 0  

an underflow pot for temporary storage of the concentrated solids,  and a pump for returning the by- 
pas s  stream to the reactor circulating system. By locating the process feed and return l ines  up- 
stream and downstream from the heat exchanger, respectively, the pressure drop across  the heat 
exchanger (about 40% of the total l o s s  in the reactor system) is utilized to help drive the solution 
through the hydroclone. 

separator, 5 9 i 6 0  shown schematically in  Fig. 7.15. A strong centrifugal field is established in the 
hydroclone by the inlet stream a s  it enters through a tangential entry. The heavier particles are  
centrifuged to the periphery of the clone and flow downward into the 2-gal underflow receiver. 
Clarified solution flows from the underflow pot through the vortex finder, through the overflow port, 
and to the pump for return to the system. A s  the hydroclone is operated the concentration of solids 

A bypass stream of about 1 gpm (at core outlet conditions) is taken from the reactor fuel system 

Fission and corrosion product solids a re  separated from the fuel solution by a hydraulic cyclone 
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in the underflow pot increases,  and eventually the concentration in  the overflow will equal that in 
the inlet. Long before such a condition exis ts ,  however, the processing plant is temporariIy iso-  
lated from the reactor plant and the underflow pot is drained. Heavy water is evaporated and re- 
covered for return to the reactor system. 
to a storage tank for radioactive decay. Following a suitable decay period, the solution is trans- 
ferred to shielded carrier outside of the cell  for transport to a solvent extraction plant for further 

The solids are dissolved in sulfuric acid and transferred 

processing. 
A fuel addition system is incorporated in the processing plant to replace uranium burned in the 

reactor and removed with the solids.  '' An alternative uranium addition system is provided in con- 
junction with the reactor dump tanks. 

U N C L A S S I F I E D  
O R N L -  L R - D W G  33880 

F ig .  7.15. HRT-CPP Hydroclone and Induced 

Underflow Receiver - Schemotic Representation. 
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8. Instrumentation, Controls, and Electrical System 

8.1 INTRODUCTION 

Instrumentation is required in HRE-2 to measure and control process  variables, to indicate 
and prevent unsafe  operating conditions, and to provide data for judging the performance of the 
reactor system. In general, the instrumentation and controls are similar to those employed in 
high-pressure steam and chemical plants with the addition of radiation instrumentation for nuclear 
operation. Measured process variables include pressures,  temperatures, differential pressures, 
flow rates,  liquid levels,  weights, and radiation levels. In addition measurements are made of 
voltages, currents, and power in the electrical system. The associated chemical plant is instru- 
mented and controlled separately from the reactor system. 2 * 3  

The majority of instrument components are standard, commercially available i t ems .  However, 
special design and development were required for a number of components to provide adequate re- 
sistance to radiation damage and to provide absolute containment of radioactive process fluids. 
Both pneumatic and electrical  transmission are used in the instrumentation system; however, elec- 
trical signals are transduced to  pneumatic where control actions are required or where recording on 
miniature recorders are desired. A typical instrument and control loop is shown in Fig. 8.1. 

Because of the inherent nuclear control resulting from the large negative temperature coeffi- 
cient in HRE-2, control rods and associated servo-systems are not required. Neutron monitoring 
instrumentation is necessary to provide information and signals to actuate controls for safe opera- 
tion of the reactor. Instrumentation and control loops are included in the schematic process of 
flowsheets for the reactor systems (see chap. 2). The applications have been itemized in a com- 
plete tabulation of the instrumentation, * and detailed information is available in the specification 
sheets. 
ciated with the various components and reactor systems. 

In addition to the instrumentation indicated on the flowsheets, a remote area gamma monitoring 
system is used to detect  the escape of radioactive materials from the reactor system. Similarly, a 
personnel monitoring s y s  tem monitors all working areas.  

The operators’ manualG describes in detail the instrumentation, interlocks, etc., asso-  
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8.2 DESIGN CONSIDERATIONS 

The instrumentation system is designed for centralized control of the reactor system. All 
7 readout and control devices necessary for routine operation are located in the main control room. 

The instruments are arranged in a “visual aid” form to reduce operational errors and to facilitate 
the training of reactor operation’s personnel. 

to those employed in high pressure steam and chemical plants,  with the exception of nuclear in- 
strumentation. In addition to the usual problems of obtaining structural strength, reliability, and 
freedom from temperature and pressure effects, it was frequently necessary to provide for one or 
more of the following: absolute containment of process fluids, corrosion resistance,  drainability, 
small liquid holdup, immunity to damage from immersion i n  water, amenability to remote adjust- 
ment and removal, and resistance to radiation damage.’ Selection of components and systems 
were, in general, based on reliability, accuracy, compatibility with centralized control philosophy, 
and cost. 

Interesting design features of the instrumentation and controls system include the following: 

1. Key transmitters are duplicated. Signals from electrical transmitters are  converted to pneu- 

Design considerations employed in the reactor instrumentation and control systems are similar 

matic signals by transducers. The output of the unit not controlling is displayed on an adjacent 
receiver gage. A valve allows either signal to be fed into the controller. Plug-in pneumatic re- 
corders and controllers are used, and an air  switch allows the loop to be manually controlled 
while the controller is being replaced. Pneumatic transmitters are used in control loops affect- 
ing plant safety because an inexpensive, reliable emergency-control air system, in the event of 
power or compressor failure, is provided by nitrogen cylinders. The supply is adequate for an 
orderly shutdown. 

key pilot solenoid valves controlling air  to critical valves. 

tion with the aid of a special  tes t  panel. If a bona fide dump signal occurs during this test ,  the 
test signals are overriden. 

The primary consideration of a l l  sensing elements and valves which form an integral part of 
the reactor high- and low-pressure systems is containment. These components are either seal-  
welded or fitted with suitable zero-leakage closures to provide absolute containment of radio- 
active process fluids over extended periods. Since corrosion of sensing elements can result i n  
calibration shif ts  and leaks or rupture of pressure containing parts, particular attention was de- 
voted to the selection of materials and the design of components integrally connected to the re- 
actor systems. Type 347 stainless  steel  is used for a l l  pressure containing parts, with proper 
allowances being made for corrosion in specifying the minimum thickness required. Crevices are 
eliminated insofar a s  practical to prevent accelerated corrosion in regions where oxygen depletion 
may take place. The internal volumes of sensing elements are  minimized to reduce holdup of 
radioactive process fluids. They are also arranged for drainage so that spread of activity is mini- 
mized during maintenance operations. Resistance to radiation damage is provided by elimination 
of materials subject to radiation damage or by locating the components in shielded instrument 
cubicles. Similarly, those components subject to damage by immersion (in water shielding used 
during maintenance) a re  located in  the instrument cubicles. In a few c a s e s  where it was not pos- 
sible to locate the instruments in the cubicles, they are enclosed in pressurized containers to 
prevent damage from immersion. 

bility, accuracy, and compatibility with the centralized control philosophy. While cost  was a 
consideration, reliability and accuracy were given precedence over economy. 

sible and practical for the following reasons: 

2. A 48-v dc supply from batteries is used for control circuit power and for the operation of 

3. The critical dump circuits and pilot solenoid valves may be checked during reactor opera- 

Components located outside the reactor shielded areas were selected on the basis  of relia- 

Pneumatic systems, using standard 3- to 15-psi transmission signals,  were used where pos- 
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,orients having proven reliability and accuracy are commercially available 

.ol signals were required for most automatic control loops, s ince mos t  con- 
led by positioning valves with pneumatic actuators. 
:mission permits the u s e  of miniature, plug-in recorder-controller assemblies 
.ith the graphic display designed into the control board. 
ionents are readily operated in parallel. 
:tric transmission signals were used since they were inherent in the nature 
a s  in the c a s e  of thermocouples and radiation detection components, or 
re offered by their u se  for a given application. Examples of such advan- 

motion through the walls of sealed transmitters without the u s e  of flexible 

remotely the zero reading and the span of the transmitter. 

lectrical transmission signals were used a n d i t  was desired to display in- 
recorders or where pneumatic control signals were required, the electric 
il to pneumatic ones, a s  shown schematically in Fig. 8.1. 
les are provided for certain instruments which must be located inside the 
must be protected from radiation and from immersion in water during re- 
ations. The cubicles were described in chap. 4. Figure 8.2 is a photo- 
vn into one of the cubicles showing the arrangement of instruments. By 
s in these compartments, they are  readily accessible for servicing during 
Is. The cubicles are vented to the reactor off-gas stack. A safety block 
I vent line. Rupture disks  isolate the cubicles from the reactor contain- 
mt  of a pressure buildup in the cubicles, the disks rupture and vent the 
containment vessel. 

Fig. 8.2. View Looking Down into Instrument Cubicle. 



Instruments located in the cubicles include the fuel pressure transmitter, fuel-blanket dif- 
ferential pressure transmitter, oxygen addition flow control system, heat-exchanger level trans- 
mitters, storage tank pressure transmitters, cold trap differential pressure transmitters, and re- 
actor cell activity monitors. 

Pressure and differential pressure process connections are made in the vapor space,  and the 
connecting l ines are pitched downward to the transmitters so that the l ines will fill with conden- 
sate.  The condensate fill improves the transient response of the measurement and reduces the 
amount of fission gas  activity which reaches the transmitters. Signal transmission l ines from the 
transmitters are brought through the walls of the cubicle to  the auxiliary area beneath the main 
control room. Glass-to-metal sea ls  similar to that shown in Fig. 8.3 are provided on electrical 
leads and block valves are provided on pneumatic signal l ines at the point of penetration. 

storage tank level transmitters, weigh cells,  high-level gamma chambers, and control valves. 
Seals are provided on the electrical  penetrations, and block valves are included in the pneumatic 
transmission l ines to the control valves and the weigh systems. 

Instrumentation located inside the reactor cell  includes thermocouples, pressurizer and 
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8.3 CONTROL-ROOM LAYOUT 

The HRE-2 instrument system is designed for centralized control of the reactor, and all read- 
out and control devices necessary for routine operation are located in the main control room. A 
photograph taken before the control room was fully completed is shown in Fig. 8.4. A schematic 
diagram of the control panel is shown in Fig. 8.5. The graphic section is essentially a simplified 
process flowsheet, with instruments, control switches,  and valve-position indicators located in 
positions corresponding to their location or function in the actual system. Annunciators are placed 
in the control board directly above the instrument or portion of the system on the graphic board 
with which their signal is associated.  

panel and include fuel temperature, a multipoint temperature recorder, a multi-area radiation mon- 
itoring recorder, reactor power, logarithmic neutron level and count rate meter signals, and the 
blanket temperature. 

of the electrical  control circuits. Lines representing the interconnecting wiring were not y e t  
painted on the “jumper board” at the t i m e  the photograph was taken. Provisions are made for 
jumping certain individual contacts in the control circuit with a plug. Lights indicate the posi- 
tion - open or closed - of the contact in the system. The “jumper board” is valuable for making 
control circuit alterations for experiments, a s  an aid in familiarizing operators with the electrical  

Important measurements are displayed on “full-scale” recorders in the center section of the 

The patch panel on the extreme left is a “jumper board,” which is a schematic representation 
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control circuitry, and, s ince the lights indicate contact position, as an operations aid during start- 
up. The board was placed on the main control board so that jumpers are in full view of the opera- 
tor and cannot be  forgotten. Protection for sustained power operation is a l so  offered by the re- 
moval of startup circuits from control. 

Switches and controls on the console are restricted to a s tar t  and run switch, a concentrate 
and dilute switch, a controlled dump switch, an emergency dump switch, a turbine governor control 
switch, a manual controller for s t e a m  withdrawal, a manual controller for the fuel feed pump, an 
evacuation alarm switch, an annunicator acknowledge and reset  switch, and a pile period meter. 

Data collection instruments and the transducers that drive the miniature pneumatic slave 
recorders on the main panel are located in auxiliary instrument galleries beneath the main control 

8 room. Also located in these galleries are a 548-point thermocouple patch panel, a relay panel, 
the nuclear amplifiers, and the nuclear instrument power supplies. Control panels for the s t e a m  
system, the cooling water system, the turbine-generator set, the two sampler stations, and the re- 
frigeration system are  located near their respective equipment. Standard 2-ft wide modular cabinets 
and panels are used throughout to facilitate  change^.^ 

A /  

Fig. 8.4. HRT Moin Control Board and Console. 
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8.4 NUCLEAR INSTRUMENTATION 

The purpose of the nuclear instrumentation is to provide neutron-level measurements and to 

Control rods and fast  responding electronic circuitry are not required in an aqueous homo- 
monitor auxiliary process l ines  and control a reas  for escaping radioactivity. 

geneous reactor because of the large negative temperature coefficient of reactivity. Functions 
similar to those performed by control rods in heterogeneous reactors, but without such exacting 
speed-of-response requirements, are performed by valves which control the concentration of the 
fuel, which vary the s t e a m  removal rate from the heat exchangers, or which allow the fuel to be 
discharged to noncritical, low-pressure storage tanks. 

Two Westinghouse fission chambers and two OWL-designed gamma-compensated ionization 
chambers are used as neutron-level transmitters. l o  The sensing elements (chambers) are located 
in two 3-in.-diam and two 5-in.-diam aluminum tubes, called “thimbles.” These are, in turn, lo- 
cated in a 30-in.-diam cylinder 26 f t  long, which slopes diagonally down through the biological 
shield, into the reactor cell, and underneath the reactor vesse l  a s  shown in Fig. 8.6. The “thim- 
bles” are filled with water for shielding and to permit ready withdrawal or positioning of the 
chambers. The 30-in. cylinder is filled with lead shot and water to improve the gamma-neutron 
ratio at the chambers. At 5-Mw core power the thermal neutron flux is expected to be about IO1’ 
neutrons 

Neither type of chamber requires a gas  purge, and both are amenable to operation in the 
water-filled “thimbles.” Varying the distance of the chambers from the reactor core affords a 
means of sensitivity adjustment, which is needed to  accommodate different operating power 
levels. The fission chambers are required to follow the reactor neutron flux over a range of five 

sec-l a t  the chambers when they are a t  the bottom of the “thimbles.” 

\ 
\ 

Fig. 8.6. Elevation-Instrument Tubes and Details.  
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decades to ensure the overlap of flux measurement with the compensated ion chambers at startup. 
By positioning the fission chambers in the “thimbles,” the counting rate can be limited to the 
range of 1 to 10,000 counts/sec. For full-power operation the fission chambers are retracted 
into neutron shields consisting of bora1 s leeves as shown in the figure to l imi t  the buildup of 
fission products in the chamber lining. 

mately IO1’ neutrons 
uring range. The power l i m i t  of their operating range is comparable to the maximum desirable 
flux for proper operation of the fission chambers. With this overlapping of operating ranges, it 
was possible to install  the two types of sensing elements in the s a m e  area of the reactor cell. 
Proper operation of the compensated ion chambers is assured by the lead shot and water shield- 
ing around the thimbles, which reduces the gamma background from 250,000 r/hr to about 250 r/hr. 

arithmic count-rate meters, and a dual pen recorder. For initial reactor startup before gamma- 
neutron reactions have provided a sizeable neutron source, the fission chamber output was used 
to drive a low-range pulse counter. One ion chamber drives a logarithmic amplifier, a neutron- 
level recorder on the control board, and a period meter on the console. The second chamber is 
a spare. 

For process monitoring applications the Victoreen monitor, shown schematically in Fig. 8.7, 
was selected. The remote unit contains an ionization chamber with an electrometer tube sealed 

The gamma-compensated ionization chambers are required to be in a neutron flux of approxi- 
sec-’  at 5-Mw power level in order to utilize their wide (10 ) meas- G 

The fission chamber signals are fed to conventional preamplifiers, A-1 linear amplifiers, log- 
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inside. A remotely adjustable calibration source permits periodic calibration of the sensing ele- 
ment. The unit uti l izes the logarithmic characteristic to cover a three decade range. Readout 
meters and a multipoint recorder are provided for data collection. In applications where detection 
of activity causes the reactor to dump, the detector units are duplicated for increased reliability. 
Control action is initiated only upon simultaneous signals from both channels to minimize false 
t l  scrams. " However, a signal from either channel is annunciated, 

A high-level gamma ionization chamber, shown schematically in Fig. 8.8, w a s  developed to 
measure radiation levels inside the reactor cell a t  several  locations. These detection devices 
are used to collect data to evaluate the effectiveness of shielding, to assess the rate of radiation 
damage to reactor components, to measure radiation levels during maintenance operations, and to 
provide data for future reactor designs. Tes t s  indicated the chamber would measure levels to 
10' r/hr and that it would be sensit ive down to background radiation levels. ' '  Designed to oper- 
ate at 130°F, the chamber is of an inexpensive design, and units are to be discarded upon failure. 

8.5 PROCESS INSTRUMENTATION 

Process variables measured in HRE-2 are essentially the same as those measured in a high- 
temperature, high-pressure s t e a m  or chemical plant, that is, temperatures, pressures, differential 
pressures, flow rates, levels,  and weights. In general, commercially available instruments were 
specified for these applications in HRE-2; however, in some c a s e s  modifications and/or new de- 

Temperatures are measured with thermocouples installed by individually spot welding the 
couple to the outside of pipes and vesse l s  or by theuse  of thermocouple wells. At  each thermo- 
couple location a spare couple is provided for u se  in the event trouble develops with the original 
couple. Couples welded to pipes are covered with asbestos  tape and then several layers of fiber- 
glass  tape are applied. Waterproof thermocouples of the type shown by Fig. 8.9 are provided for 
thermowells in the pressurizers, transfer tanks, and recombiners. The thermocouples have 20- 
gage chromel-alumel leads coated with enamel and covered with silicone varnish impregnated 

signs were required because of corrosion problems and radioactivity. 1 2  
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fiber-glass insulation. 
one half is rigidly mounted. 
the leads pass  through a compression-type seal ,  shown in Fig. 8.10, into a watertight junction 
box. From thence the leads pas s  through a pressurized conduit to a thermocouple patch panel 
in the control room. Figure 8.11 is a photograph of the patch panel. A complete tabulation of 
the thermocouples giving couple number, instrument termination, location of couple, etc., has  
been issued. 

Chromel-alumel thermocouples were used exclusively throughout the reactor system including 
applications where other types of thermocouples would have given better linearity or more signal 
output. Standardization of material permitted any thermocouple in the system to be read out on the 
precision temperature indicator or on the 108-point temperature scanner. Chromel-alumel material 
was chosen because these materials are l e s s  affected by galvanic EMF effects and oxidation, 
when immersed in water or operated i n  humid atmospheres, than other materials considered. T e s t s  
indicated that up to 10 f t  of No. 22 AWG, fiberglass-insulated, chromel-alumel thermocouple wire 
could be immersed in water without producing excessive error. 

Figure 8.12 is a weld-sealed, electric-transmission, absolute-pressure transmitter with an 
operating range of 0 to 300 in.  of water, which is used to measure pressure i n  the fuel and blanket 
high- and low-pressure samplers. Overrange protection up to 2000 ps i  is provided by t h e  convo- 
luted diaphragm backup flange which limits the diaphragm motion. Such instruments may be over- 
ranged during sampling operations, when the contents of the high-pressure system are rapidly 
emptied into the sampler chamber. Specifications 
temperature, a 1-Mv/v output, an accuracy of 3%, a 0.007-in. diaphragm, and stainless steel  type 
347 material in contact with process fluid. 

Figure 8.13 shows a weld-sealed electric transmitting differential pressure transmitter of 
similar design which is used for measurement of flow in the oxygen addition system. This  trans- 
mit ter  and the preceding one were supplied by the Foxboro Instrument Company. 

A 3- to 15-psi output, pneumatic-transmission, differential-pressure cell ,  used for measure- 
ment of differential pressure between the fuel and blanket high-pressure systems, is illustrated 
by Fig. 8.14. The cell  u ses  a bellows sensing element and an all-welded flexure tube seal. The 
range is k50 psi ,  with an overrange rating of * lo0  psi. The unit is completely weld-sealed and 
is fabricated from stainless  steel type 347. Additional specifications 

A special  pressurizer level indicator and controller is shown in Fig. 8.15. The transmitter 
was developed a t  ORNL'4-19 and consists of a 5-in.-long float or displacer suspended by two 
helical springs. An extension rod above the springs posit ions a stainless-steel-clad, Arrnco iron 
core in the center of a differential transformer. Vibration of the float is damped by the action of 
a magnetic field from permanent magnets on a stainless-steel-clad one-turn copper ring. Damping 
was required in order to prevent natural mechanical vibration of the spring-mass system composed 
of the displacer and spring from reaching an amplitude sufficient to impair operations of the re- 
ceiving equipment or producing mechanical fatigue of the springs. 

The lead from the thermocouple goes to a quick-disconnect, of which 
The other half can be removed with the couple. From the disconnect 

1 3  

for the instrument include a 140'F operating 

are indicated in the figure. 
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The only nonwelded closure is the ASA 2500-psi ring-joint flange, which makes the unit 
amenable to remote replacement. Stainless s teel  type 347 is used for a l l  portions of the trans- 
mitter in contact with process fluid except the Iso-Elastic alloy helical  springs which are gold- 
plated for corrosion resistance. 

The displacer suspension and motion-transmitter design does not involve torque tubes, bel- 
lows, or diaphragm motion-transmitting pressure sea ls ,  which are subject to fatigue from float 
vibration. An electro-mechanical transducer for converting linear motion to a proportional electri- 
cal  signal is used to s e n s e  the displacer motion through the nonmagnetic austenitic s ta inless  
steel  pressure housing. Th i s  device is a differential transformer whose construction is such that 
the position of the stainless-steel-shielded ferromagnetic core determines the voltage coupled 
from the center primary coil  to the two symmetrical secondary windings. 

The transformer is designed for continuous operation a t  25OoC. The windings are constructed 
of nickel-plated, ceramic-insulated copper wire, tightly bound with fiberglass tape and string, and 
vacuum impregnated with si l icone varnish. The transmitted signal is 0 to 20 mv/v a t  1000 cps. 
Constant current excitation is used to reduce the effects of temperature variations on the trans- 
mitted signal. 

hydrostatic test of 3750 psig. 

suri zers . 
float and is damped by the interaction of two moving vanes attached to the float and a baffle 
attached to the housing. This  transmitter is designed for the storage tanks and has  a design 
pressure of- 500 psi. 

is required to prevent pendulum oscillations of the long displacer float. Hydraulic damping is 
used in preference to magnetic damping because of its simplicity and because the instrument is 
not required to read accurately when the liquid level is below the damping vanes. 

The instrument is designed to operate a t  a pressure of 2500 psi  a t  300°C and is given a cold 

Transmitters of this type are used for measurement of fuel and condensate levels in the pres- 

Figure 8.16 shows the same type of level transmitter except that this unit has a 40-in.-long 

The lower spring guide construction is permissible due to the lower operating temperature and 
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HELICAL 1 SUSPENSION SPRINGS 

LOW LEVEL TAP-., 

Fig. 8.15. HRT Pressurizer Level  Indicator. 
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Fig. 8.16. HRT Storage Tank Level  Indicator. 
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A float-type level indicator, utilizing a unique packless  flexible shaft, is shown in Fig. 8.17. 
The unit is used to annunciate high liquid level in the holdup tank in the reactor low-pressure 
system. The tubular float shaft  h a s  a flattened center section which permits vertical float motion 
only. A tongue within the shaft  transmits the float motion to a microswitch, which provides an  
on-off electrical contact. A limit s top yoke is provided to keep s t resses  in the shaft well within 
the elastic limit. 

a mercury contact switch through the housing extension. The all-welded, s ta inless  steel type 347 
unit is used for high- and low-level alarm purposes in sumps, storage tanks, etc. 

mitters supplied by the Taylor Instrument Company. The only special feature of this transmitter 
is the material and fabrication of the bourdon tube. Figure 8.19 shows specifications and fabrica- 
tion details  of the bourdon tube. 

psia and which will withstand an overrange pressure of 500 psig without shift and 1000 psig with- 
out rupture. The signal output is pneumatic. The bellows serves  as a vacuum seal and as a sec- 
ondary pressure seal. Transmitters of this type are used to measure pressures in the fuel and 
blanket storage tanks,  and overrange protection is required to prevent damage to the instrument 
during dump operation. Transmitters of similar design, but with the low pressure s ide  of the 
diaphragm connected to the system instead of being evacuated and sealed,  are used for measure- 
ment of differential pressure across  the fuel and blanket cold traps. 
for maximum pressure and will withstand a 500-psi overrange on either side of the diaphragm with- 
out shift. The range is adjustable from 0-30 to 0-200 in. of water. 

Another type of liquid level transmitter is shown in Fig. 8.18. A spherical metal float actuates  

In the fuel high-pressure system pressure is measured with bourdon-type pneumatic trans- 

Figure 8.20 shows a weld-sealed, absolute-pressure transmitter which has  a range of 0 to 30 

These  transmitters are  rated 

MICRO- I SWITCH, 
I 

DARD 5 - 1 n ,  300 P S I  
G JOINT FLANGE 

1 LEAD WIRES, \ 

,FLOAT ARM , FLOAT 

STANDARD FLANGE 

ALL DIMENSIONS ARE IN INCHES 

Fig. 8.17. Level Alarm Transmitter. 
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Fig.  8.18. Liquid-Level Controller. 

t 
L I N K A G E  T 

T R A N S M I T T E R  

T Y P E  WELD SEALED 

RANGE 0 TO 3000 psi  
OVER RANGE- TO 3 7 5 0  p s i  
O P E R A T I N G  T E M P . - t 4 0 ' F  
H Y S T E R E S I S - ?  t 5 p s i  
S E N S I T I V I T Y -  3 p s i  
M A T E R I A L -  3 4 7  s s  
VENDOR- T A Y L O R  

BOURDON T U B E  

I N S T R U M E N T  
A P P L I E D  PRE C S S U R E  

Fig.  8.19. HRT Weld-Sealed Bourdon Pres- 

sure Transmitter Element. 
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VENDOR - TAYLOR INSTRUMENT COMPANIES 

Fig. 8.20. Absolute Pressure Transmitter. 
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Flows in the auxiliary systems are measured by use of orifice me te r s  or variable area ro- 
tameters. Flow of fluids in the reactor high-pressure systems is not measured directly due to the 
lack of a drainable flow element which is compatible with containment criteria. Pump power pro- 
vides a continuous indication of flow in these systems, and heat balances during reactor opera- 
tion are used to compute fuel flow. Flow in the oxygen addition system is determined by meas -  
uring the differential pressure drop produced by flow of oxygen through a capillary tube. Figure 
8.21 shows the construction details  of the capillary tube and differential pressure cell  used for 
this purpose. 

refs 4 and 5. 
Detailed information on specific applications of the process instrumentation may be found in 
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DIFFERENTIAL PRESSURE SENSING DIAPHRAGM- ELECTRICAL CAELE GLAND 

1 0 1 2 3 4 5 6 7  

DIFFERENTIAL PRESSURE TRANSMITTER SCALE IN INCHES 

-AUTOCLAVE DISCONNECT 

‘(APPROX 5 - f t  LENGTH OF 0025-in OD x OD21-m-ID TUBING)’ i FROM OXYGEN GAS SOURCE 

Fig.  8.21. Oxygen Flowmeter. 

8.6 VALVES 

Valves are key components in homogeneous reactor systems a s  they are the means by which 
process liquid and gas  streams are controlled. In the HRE-2, which has  no control rods, tempera- 
ture and reactivity are controlled by valves which control the concentration of the fuel solution, 
and the power is controlled by valves which control the rate of steam removal from the heat ex- 
changers. “Dump” valves perform an emergency scram and normal drain function by controlling 
the flow of fuel solution to the low-pressure storage tanks. Other valves control pressure, bleed 
noncondensable gases  from the system, or isolate equipment. A complete line of bellows-sealed 
valves and actuators was developed for HRE-2 in cooperation with valve and actuator manufac- 
turers. 2 0 - 2 9  A tabulation of the values giving pertinent information on each valve in the system 
is available.20 Similarly, valve drawing lists have been issued. 2 4 * 2 6  

Pneumatic actuators a re  used on a l l  remotely operated valves in the HRE-2. By the use of 
metallic beIlows, the actuators can be of a l l  metallic construction, and the problem of radiation 
damage to hydraulic fluids, elastomers, or electrical insulation is thus avoided. Since the actu- 
ator shaft also is bellows-sealed, there is no problem with leakage of the a i r  actuating medium, 
and the actuator is a simple linear device which can be controlled with standard pneumatic con- 
trollers and regulators. 

Figure 8.22 i l lustrates the letdown valve2* used to throttle a mixture of cooled gas and liquid 
from the 2000-psi high-pressure system to the low-pressure storage tanks at atmospheric pressure. 



310 

UNCLASSIFIED 
ORNL-LR-OWG 14047 
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ACTUATING AIR PORT 
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OPERATOR AREA - 50 in 
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STROKE - '/z in 

STEM SEAL BELLOWS 

SECONMRY PACKING GLAND SEAL 
BACKSEATING STEM 

BELLOWS SEALING WELD BELLOWS LEAK-DETECTING TAP 
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3 PLIES OF 00085-in 3 4 7  SS 

1 0 1 2 3 4  

INCHES 

T H  INTEGRAL SEAT 

STELLITE NO 6 PLUG 

00 PSl INLET PRESSURE 

Fig. 8.22. HRT Letdown Valve and Operator Assembly. 

The valve is controlled by a pneumatic signal which positions the plug in the seat to maintain a 
constant liquid level in the pressurizer. The flow is introduced under the seat to keep the bel- 
lows on the low-pressure s ide of the throttling orifice and thus under l e s s  strain. An integral seat 
is used to avoid the difficult problem of leakage around removable seats .  As the result of devel- 
opment tests, earlier designs with 1/*-in.-diam Stellite No. 6 plugs were replaced with k-in.-diam 
plugs fabricated from Armco 17-4 PH stainless steel ,  hardened to 35 to 40 on the Rockwell C 
scale. Although the Stellite No. 6 plugs were satisfactory for short periods, the later design 
using the 17-4 PH material increased the service l i fe  by an order of magnitude in the fuel stream. 

s teel  type 347. In order to obtain the required )*-in. stroke, two bellows sections were welded 
together. A hexagonal valve s t e m  fitted into a similarly shaped guide is used to prevent a torque 
from being applied to the bellows. A tap between the bellows and the secondary graphited- 
asbestos packing gland affords a means of detecting a bellows leak, while the packing gland 
prevents rapid escape of process fluid from a bellows leak. 

The primary seal  is a seamless bellows, consisting of three 0.0085-in.-thick pl ies  of s ta inless  

. 
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Fig. 8.23. Blanket Dump Valve and Actuator Assembly. 
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The valve, purchased from the Fulton Sylphon Division of Robertshaw-Fulton Controls Com- 
pany according to ORNL Specification HRP-303, 3 0  is rated for 2500-psi service with the flow 
introduced under the sea t ;  however, the downstream pressure is limited to 2000 psi by the bel- 
lows seal. The valve stroke is & in. and the flow coefficient is 0.1. The reversible actuator, 
rated for 60-psi a i r  operating pressure, was  supplied by the Annin Company and has  42- and 48- 
in. * effective area, respectively, when in the air-to-open and air-to-close modes. The  actuator 
operation is reversed by a simple interchange of parts. 

Figure 8.23 shows a similar but larger valve designed for on-off service. The  valve stroke 
is 5/ in. and the flow coefficient is 13. Trim material and sealing bellows are the same as those 8 
used in the letdown valve. The operator has  a two-ply s ta inless  steel type 321 bellows with an  
effective area of 68 in. * and is rated for 80-psi actuating air  pressure. The valve action is air- 
loaded-closed, air-to-open, with the light spring aiding opening. Valve and operator were sup- 
plied by the Fulton Sylphon Division of Robertshaw-Fulton Controls Company. 

joint flanges are welded.31 These flanges mate with permanently mounted pipeline flanges with- 
in the reactor cell. J igs  are  available for assembling replacement valves to the s a m e  dimensions 
as  the originals. 

Figure 8.24 shows a typical low-pressure system valve without an  operator. The valve is 
designed for 500-psi on-off service, according to ORNL Specifications HRP-302. 30 It employs a 
removable seat and bellows seals similar t o  those of the high-pressure valves. A novel feature 
of the valve design is the provision of integral ring joint gasket  grooves for install ing the valve 
in the system. This  feature saves  two flanges over the conventional method. Long bolts at the 
corners of the valve body clamp the valve between the companion flanges. The valve w a s  sup- 
plied by the Fulton Sylphon Division of Robertshaw-Fulton Controls Company. 

seat is used to  avoid leakage around the seat. The connections are  coned and threaded for high- 
pressure tubing connectors. In high radiation zones, the valve is equipped with an extension 

All the high-pressure system valves are provided with short sections of pipes  to which ring 

Figure 8.25 shows a small manually-operated valve utilized for sampling service. An integral 

UNCLASSIFIED 
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Fig. 8.24. HRT Low-Pressure Valve. 
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Fig. 8.25. Small Manually Operated Valve. 

2 8 0  

handle or an air actuator for remote operation. The valve w a s  also supplied by Fulton Sylphon 
Division of Robertshaw-Fulton Controls Company. 

Figure 8.26 shows a differential-thermal-expansion metering valve which was developed to 
regulate the flow of oxygen gas  to the high-pressure fuel 
small and is difficult to control by conventional mechanical positioning methods. The valve 
uti l izes the difference in thermal coefficient of expansion of tantalum and s ta inless  steel to effect 
flow control. Heat for actuating the valve is supplied by electrical heaters. Tantalum is used for 
theplug material to avoid the possibility of an ignition reaction between oxygen gas  and the 
metal, which - for a flow of 2000 std cc/min with a 400-psi differential - is heated to about 
330°C. The design incorporates all-welded construction and is enclosed in a waterproof protec- 
tive housing. The resistance heating element and thermocouple are  duplicated to ensure con- 
tinuity of service. 

A soft-seated, tongue-and-groove, on-off valve is provided in conjunction with the thermal 
regulating valve to ensure positive shutoff of the oxygen gas  flow. The valve, shown in Fig. 
8.27, employs an inlaid gold washer a s  the sea t  material. Otherwise the valve is essentially the 
same a s  the other high-pressure valves. 

The required flow is very 
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Fig.  8.26. Differential-Expansion Type of Gas Metering Valve. 
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Fig. 8.27. Oxygen Shutoff Valve. 



315 

8.7 INVENTORY MEASUREMENT 

A weigh system utilizing pneumatic weigh cells was  developed a s  the only feasible method 
of measuring the quantity of liquid in the long, horizontal dump tanks of HRE-2. The system, 
shown schematically in Fig. 8.28, was selected primarily because taring can be done remotely 
with balancing air  pressures  and the components are  not susceptible to radiation damage. The 
pneumatic load cells have a n  accuracy of /2%; however, when used  in a system with solid pipe 
connections to the weighed vessels ,  an accuracy of about 1% results under quiesent conditions. 

unit assemblies (see Sec 3.9). The system is capable of high accuracy under varying ambient 
pressure conditions and is unaffected by radiation or by submersion in water. For precise meas- 
urements the pressure is measured by mercury manometers as indicated in Fig. 8.28. A detailed 
description of the unit is available. 3 4  

1 

The mechanical design of the weigh system was described in connection with the low-pressure 
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Fig. 8.28. Pneumatic Weigh System. 

8.8 CONTROLS AND INTERLOCKS 

The basic design and philosophy of the HRE-2 control circuitry have been reported in detail.35 
Numerous revisions and additions were added to improve reliability and safety of the s y ~ t e m . ~ ' - ~ '  
A tabulation of the control relay and circuits51 and a tabulation of the control loop supply l ines52  
have been reported. Current information on circuits, interlocks, and circuit functions are reported 
in d e t a i l i n  the HRE-2 Operator's Manual' and are  shown in the process flowsheets (see chap. 2). 

and, a t  the same time, eliminate shutdowns from such extraneous causes  as instrument failure, 
TVA power loss  and line surges,  solenoid failures, and inadvertent operation of instrument inter- 
locks by operating personnel. 

The design of the control circuit was influenced by the desire to provide safety in operation 

An effort w a s  also made to block out startup interlocks, which 
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might cause shutdown af ter  they have performed their function. To  minimize shutdowns from 
instrument or solenoid failure, contacts and solenoids are duplicated in key control circuits, and 
simultaneous operation of two instruments or components is required to actuate  the circuit. 

A 48-v dc supply is used for relay and solenoid operation. This  voltage is obtained from a 
battery supply, which is charged by a rectifier from the 115-v a c  control circuit bus. The  use  of 
a dc  circuit permits better relay operations and allows the use  of fail-safe circuitry without the 
attendant condition of having relays dropout and valves operate when a c  power is lost. Motor 
contactor circuits are supplied from the ac  control circuit bus, s ince there is no advantage gained 
from dc operation, and s ince contact arcing is less severe on a c  circuits. 

Figure 8.29 shows two typical key control loops: (1) the pressure of the core system is con- 
trolled from the sensed  pressure by proportioning the power to the pressurizer electric heaters; 
the blanket pressure is similarly controlled by a core-to-blanket differential pressure signal, and 
(2) the liquid level in the pressurizer is controlled from sensed  level by pneumatic control of the 
letdown valve. 

Electric control act ions from the s ignals  from pneumatic transmitters and transducers are  de- 
rived from pressure switches. Electric interlock control of the pneumatic s ignals  to final control 
elements is achieved by the use  of solenoid-actuated pilot valves. 

Other key control loops not shown in the figure a re  the following: 
1. The reactor power is controlled by a manual or turbine governor signal to a valve throttling 

steam from the core heat exchanger. Because of the large negative temperature coefficient and 
the low heat capacity, the reactor can produce more heat than is being removed for only a very 
short time. Heat is removed by opening the steam throttling valve, which causes  a decrease in 
the temperature of the fuel leaving the heat exchanger. Because of the negative temperature co- 
efficient, the cooler fluid entering the core causes  an increase in reactivity and the fuel is heated 
until it overcomes the excess  reactivity. 

2. The nuclear average temperature of the core system is controlled by varying the concen- 
tration of the fuel solution. The core inlet and outlet temperatures will vary with the power ex- 
traction, while the nuclear average temperature is a function only of fuel concentration. 

3 .  The blanket temperature is controlled by a signal, derived from the difference in average 
core and blanket temperature, which operates the steam valve of the blanket heat exchanger. 

These  and other control loops and circuits are  fully described in the l i t e r a t ~ r e . " ~ ~ - ~ ~  
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Fig. 8.29. Key Control Loops Ut i l iz ing Both Pneumatic and Electric Transmission. 
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Extensive protective interlocking of the control circuits is provided to  prevent unsafe opera- 
ting conditions. However, flexibility of operation is provided by the jumper-board on the control 
panel to facilitate special  operating conditions. 

Examples of interlocked systems include the following: 
1. The pumping-up of fuel to the reactor core instead of condensate is prevented by several 

interlocks which keep the fuel addition valve closed until the core is full of condensate and has  
been heated to 200°C. This  prevents power (and consequent pressure) surges. 

2. T o  avoid excessive thermal s t resses ,  the control circuitry does not permit the pumping of 
cold feedwater into the heat  exchangers until the level is above 50%. 

3. To give smooth startup, the fuel injection pump can only run a t  half speed until a tempera- 
ture of 24OoC is reached. 

4. The fuel feed valves are closed and the concentration in the fuel system is lowered by 
injecting condensate i f  the core outlet temperature becomes excessive,  if the circulating pump 
stops, or i f  the power level exceeds normal. 

storage tanks through the dump valves on a signal of extremely high pressure, or a radiation leak 
into the steam system. Differential pressure control between the core and blanket systems during 
this dump is by on-off control of valves from a differential pressure signal. 

references. 3 5 - 5 ‘  

5 .  The contents of the high-pressure systems are automatically emptied to the low-pressure 

Details of these and other interlocks are available in the Operator’s ManualG and in other 

8.9 ELECTRICAL SYSTEM 

Ordinary electrical equipment and wiring methods were utilized for the portions of the electrical 
distribution system outside of the reactor containment vessel .  5 3  The portion inside the contain- 
ment vessel  required additional consideration to overcome the effects of radiation, periodic sub- 
mersion in water, ambient conditions of temperature and pressure, and methods of maintenance. 5 4  

A simplified diagram of the electrical load d i s t r i b ~ t i o n ~ ~  is shown by Fig. 8.30. A summary 
of the installed capacity is given in Table 8.1 and detailed breakdowns are reported in Tables 
8.2-8.4. 

Starting from the 13.8-kv overhead line to the s i te ,  a single-pole substation was made to  feed 
three, single-phase, 167-kva transformers, delta-delta connected, 13.8 kv to 460 v, 60 cycles. 
Fuses  on the one-pole substation were chosen to blow only in the event of trouble in the trans- 
formers and/or underground duct run to the 800-amp circuit breaker. 

The essential  electrical circuits are tied to a main cross  bus, connected between circuit 
breakers on the two power sources (TVA power and power generated at the site). In this  manner 
the load can be carried by either source alone or jointly when both are synchronized and available. 

Detailed descriptions of the electrical distribution system may be found in the Operator’s 
ManualG and in refs 53-55. 

The power wiring system inside the reactor containment vessel  required special  design con- 
siderations to permit periodic submersion of the entire system during maintenance operations. 5 4  
Conventional wiring and pressurized conduit and junction boxes were found to be unsatisfactory 
because leaks exposed the hygroscopic radiation-resistant wire insulation to moisture which 
caused a severe reduction in insulation resistance. As a result, the power wiring was replaced 
with metal-clad, mineral-insulated cables  with hermetically sealed end caps a s  shown in Fig. 8.31. 
Compression fittings of the type shown in the figure were used to sea l  the cables to bulkheads 
and the containment vessel .  

, 
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Fig.  8.30. Simplified Diagram of the HRE-2 Electr ica l  Load Distribution. 

Table 8.1. E lectr ica l  Distribution and Load  Center Summary 

Installed Installed Installed 
Load Load Effective Voltage Capacity 

(kva) 
Component 

0-a) (amps) (amps) 

Supply line 460 800 

Generator breaker 460 600 

Generator 460 282 

20 15.9 15.9 Tower sh ie ld  pump 

Power and l ights 460 

Bldg. 7505 

Bldg. 7506 

Load center A 460 380 

Load center B 460 255 

Load center C 460 125 

Load center D 460 150 

Total Plant Load 

24 av  

20 av 

464.7 

219.6 

50 

196.5 

892.2 
- 

19.1 

15.9 

367.2 

158.2 

39.8 

150.7 

727.0 

19.1 

15.9 

182.8 

125.3 

39.8 

43.4 

442.2 
- 
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Table 8.2. Load Center A 

Demand Effective Installed 
Disconnect and Service 

(hP) (amps) (kva) Factor (kva) 

A-1 Cooling-tower pump 1 

A-2 Turbine oil pump 

A-3 Hot well pump 

A-5 Boiler feed pump 1 

A-7 Air compressor 1 

A-9 Steam pit exhaust fan 

A-11 Boiler feed pump 2 

A-12 Adsorber vacuum pump 

A-13 Cooling-tower fan 

A-14 Condensate pump 

A-15 Stack fan 

A-17 Air-cooled condenser 

A-18 Load center B main 

A-21a Sub bus 21 

A-21b Sump pump 

A-21c 1st Level air  condtr. 

A-21d 2d Level air  condtr. 

A-22 Air compressor 3 

A-23 Air compressor 3 

A-2 5 

A-27A Inst. air drier 1 

A-27B Inst. air drier 1 

A-29 Cooling-tower pump 2 

A-30 Demin. C. W. 1 

A-31 Demin. C. W. 2 

A-33 Welding receptacles 

A-34 Exhaust fan 1st leve l  

A-35 Feedwater chem treatment 

A-36 

A-37 

A-38 Inst. air drier 3 

30 

1.5 

1.5 

25 

20 

2 

50 

0.5 

20 

5 

3 

25 

3 

40 

30 

15 

15 

2 

38 

3.15 

2.3 

31.5 

24.8 

3.75 

77.6 

0.9 

25.5 

7.0 

4.5 

32 

4.5 

17 

8.2 ( 2 2 0 ~ )  

49 

1.25 

17.5 

8.97 

8.97 

92.0 

1.52 

1.03 

3.76 

464.7 

30.3 

2.5 

1.8 

25.0 

19.8 

3.00 

61.9 

0.7 

20.4 

5.58 

3.59 

25.5 

3.59 

13.6 

3.27 

39.1 

1.0 

13.9 

7.15 

7.15 

73.4 

1.21 

0.82 

3.0 

367.2 

0.5 

1.0 

1.0 

0.1 

1.0 

1.0 

1.0 

1 .o 
1.0 

1.0 

1.0 

1.0 

0.1 

0.1 

0.3 

0.2 

1.0 

0.5 

0.5 

0.5 

0.1 

1.0 

1.0 

1.0 

15.1 

2.5 

1.8 

2.5 

2.0 

3.0 

61.9 

0.7 

20.4 

5.6 

3.6 

25.5 

0.4 

1.4 

1 .o 
7.8 

1.0 

7.0 

3.6 

3.6 

7.4 

1.2 

0.8 

3.0 - 
182.8 
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Table 8.3. Load Center B 

Disconnect and Service 

B1 Fuel circulating pump 

B2 Fuel circulating pump purge pump 

B3 Fuel feed pump 

B4 Fuel pressurizer heater 

B5 Blanket pressur izer  heater 

€36 Blanket feed pump 

B7 Blanket circulating pump purge pump 

B8 Blanket circulating pump 

B9 Shield vent cooler 1 

B10 Shield vacuum pump 

B11 Shield vent cooler 2 

B12 Shield vent  cooler 3 

B l 3  Shield vent cooler 4 

B14 Cold pump 

B15 Hot pump 

B l 6  Refrigeration comp. 

B17 Control battery charger 

B18 Light panels,  nuclear panels,  etc. 

B l 9  Fuel pressurizer purge pump 

B20 Blanket pressurizer purge pump 

B21 Stator t e s t  

1.5 

0.5 

7.5 

7.5 

0.5 

15 

1.5 

10 

1.5 

1.5 

1.5 

5 

1.5 

25 

5 

3 

3 

24 

1.3 

10 

30.5 

30.5 

10 

1.3 

24 

5.6 

13 

5.6 

5.6 

5.6 

6.75 

2.35 

34.5 

6.6 

20 

4.2 

4.2 

4.5 

250.1 
- 

19.2 

0.8 

7.98 

24.3 

24.3 

7.98 

1.04 

19.3 

2.23 

10.4 

2.23 

2.23 

2.23 

5.38 

1.87 

27.5 

5.26 

8.0 

3.35 

3.35 

3.59 

182.52 
- 

1 19.2 

1 0.8 

1 8.0 

1 24.3 

1 24.3 

1 8.0 

1 1.0 

1 19.3 

1 2.2 

0.2 2.1 

1 2.2 

1 2.2 

1 2.2 

1 5.4 

1 1.8 

0.4 6.9 

1 5.3 

0.5 4.0 

1 3.4 

1 3.4 

1 3.6 

149.6 
- 
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Table 8.4. Load Center D 

Demand Effective Installed 
Disconnect and Service 

(hP) (amps) (kw) Factor (kva) 

D-4 Bridge crane 20, 8.1, 12.5 32.3 0.1 3.2 

D-6 Light panel A 0.5 

Inst. air drier 2 (D-26) 1.25 1.0 1.0 1 .o 
Outside heat tracing (D-32) 10 2.0 0.1 0.2 

D-8 Spare 

D-10 Package boiler 7.5 10.3 8.2 0.1 0.8 

D-16 Welding receptacles 92.0 73.4 0.1 7.3 

Storage pit hoist  1.5 4 3- 19 0.1 0.3 

D-19 Inst. air  comp. 2 20 24.8 19.8 1.0 19.8 

D-20 Vent fans bay, C.R. 11 13.6 10.85 1.0 10.8 

D-28 Spare - 
196.5 150.7 

- 
43.4 

SOLID COPPER CONDUCTOR ALUMINUM OXIDE 
POWDER FILL 

N. P. T. TAPER THREAD 

MAGNESIUM OXIDE INSULATION 

\ BRASS GLAND NUT 

-CERAMIC-TO-METAL \ \*I2 IAWGI SOLID COPPER CONDUCTOR SEAL 

' 0 . 4 6 5 - h O D  SEAMLESS COPPER SHEATH VENDORS: 
CABLE-GENERALCABLECORP. 
END SEAL-ADVDNCEO VACUUM PRODUCTS, INC. 

SILVER SOLDER 

Fig.  8.31. Mineral-Insulated Cable and Associated Compression Attached F i t t i n g  and Hermetic 

End-Sea I. 
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9. HRE-2 Cost Analysis 

L 

9.1 INTRODUCTION 

The construction period for HRE-2 is considered to be from July 1, 1954 through April 30, 
1956. Detailed cost  data were accumulated for future use. Based on this accumulation of data,  
Table 9.1 presents a breakdown on various categories of HRE-2 cos t s  a s  well a s  a total reactor 
cost  of $3,853,000 through April 30, 1956.' 

Table 9.1. Summary of HRE-2 Construction Costs to May 1, 1956a 

Design 

Reactor 

Structure and Services  

Instrumentation 

$ 549,000 

185,000 

126,000 

Tota l  design cos t  (labor + overhead at 65%) $ 860,000 

Reactor Instal la t ion 

Building modification 

Reactor cell and shielding 

Reactor components and piping 

Reactor controls  (instrumentation and va lves)  

Reactor s team and cooling systems 

Miscellaneous service piping 

58,000b 

375,000 

1,400,000 

470,000 

161,000 

69,000 

Remote maintenance too ls  54,000 

Waste and off-gas system 78,000 

Miscellaneous and spare  par ts  208,000 

Supervisory labor 120,oo 0 

Total  instal la t ion (material, labor and overhead) $2,993,000 

Tota l  reactor  c o s t  $3,853,000 

nExcluding $800,000 cost of supporting research and development labor. 
bBuilding housed the HRE-1; modified for housing the HRE-2. Initial cost $300,000. 

9.2 CONTAINMENT COST 

Containment cost  was not considered a specific expense before or during construction. How- 
ever, an estimate of the cost  of modifications to the reactor and shielding necessary to meet  con- 
tainment specifications is presented in Table 9.2 a s  $160,000.' 
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T a b l e  9.2. Estimated Contoinrnent Costs for HRE-2 

1. Additions to shield design, required only to meet 
containment specifications 

$ 75,000 

2. Cost of seal ing conduits and wiring 7,000 

3. Cost  of leak-tight c losures  on process service l ines  23,000 

4. Blas t  sh i e lds  on reactor components 
Reactor pressure vessel ,  $35,000 
Steam generators (2), $10,000 

5. Radiation monitoring of service l ines  

45,000 

10,000 

Tota l  cost  $160,000 

9.3 REACTOR CORE, PRESSURE VESSEL, AND BLAST SHIELD 

Detail design, development, and fabrication of the reactor core, pressure vessel ,  and blast  
shield were performed by Newport News Shipbuilding and Dry Dock Company at a cost  of $329,266.* 
Of this amount $164,692 was charged to design and supporting development; the remainder was 
charged to HRE-2 a s  a direct cost. Table 9.3 itemizes these cos ts  and presents unit costs for 
these three i tems.  

Table  9.3. Reoctor Core, Pressure Vessel, ond Blast Shield Manufacturing Costs 

Materials Labor Overhead To ta l  

J ig s  and fixtures for core 
vesse l  

J i g s  and fixture for pressure 
ves se l  

Core ves se l  manufacturing 

Pressure  ves se l  manufacturing 

Blast  shield manufacturing 

Modifications by ORNL 

Core ves se l  testing 

Pressure  vesse l  tes t ing 

Sub to t a l s  without fee 

F e e  

Total  

$ 5,371 

189 

11,617 

26,735 

14,868 

280 

410 

$59,470 

$ 8,538 

1,426 

12,800 

19,838 

5,212 

4,647 

306 

696 

5153,463 

c o s t  
($1 

$ 7,642 $ 21,551 

12,846 37,263 

19,756 66,329 

5,080 25,160 

3,021 7,668 

209 795 

488 1,574 

$50,333 $163,266 

9,094 

$172,360 

- 

Core vesse l  382 62,929 164.75 

Pressure  ves se l  18,727 82,871 4.43 

Blast shield 11,453 26,560 2.32 
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9.4 HEAT EXCHANGER COSTS 

Besides the primary steam generators, HRE-2 has many other heat exchange components. Table 
9.4 presents some typical cost  data for some of these components. The high unit cost  for concen- 
tric pipe exchangers results primarily from labor charges. 2 

Table 9.4. HRE-2 Heat Exchonge Equipment Costs 

Average Cost Area Unit Cost 
Component Item No. Type ($) (ft2) ($/ft2) 

Primary heat exchanger 4 and 31 U tube 40,000 480 83.50 

Recombiner condenser 8 and 35 U tube 5,995 112 53.50 

Bayonet tube 2,540 27.6 92.00 Reflux condenser 15 and 39 
Letdown heat exchanger 20 and 45 3-concentric pipe 1,495 8.2 182.00 

Cold trap 9a, 9b, 36a, and 36b Concentric pipe 1,388 5.5 252.00 

Space cooler 82a, 82b, 82c, and Finned tube 1,636 

Air cooled condenser 60 Finned tube 8,866 13,700 0.65 

a a 

82d 

nunavailable. 

9.5 PUMP COSTS 

Typical costs  for pumps used in the reactor fuel and blanket systems are presented in Table 
9.5. Machining, welding, and inspection represent the major portion of the cost  for diaphragm pump 
heads and check valves.2 

Table 9.5. HRE-2 Reactor Pump Costs 

Capacity Average Cost 
Type (gpm) ($/pump) Pump Item No. 

_ _ ~  ~~ 

Fuel circulating 5 
Blanket circulating 28 

Centrifugal 400 29,500a 

Centrifugal 230 23 ,600b 

19,615‘ 
23, 104, 108, 109 Diaphragm 0.15 5,130d 

1.5 Feed pump 21, 41 Diaphragm 

Purge pump 

aPump fitted with titanium inserts; without titanium cost would be $23,600. 
bPump fitted with stainless steel parts; with titanium inserts cost would be $29,500. 
‘Feed pump consists of drive unit a t  $7925, two diaphragm heads at $4985, and four check valves at 

$430. 
dPurge pump consists of drive unit at $980, one diaphragm head at $3550, and two check valves a t  $300 

(estimated). 
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9.6 TY PlCAL VESSEL COSTS 
Typical cost  data are presented in Table 9.6 for a few items of equipment.2 These vesse ls  

are constructed of type-347 s ta inless  s teel  and comply with the requirements of the ASME Boiler 
and Pressure Vessel Code. 

Table  9.6. Miscellaneous Vessel  and Storage-Tank Costs 

Component 
Appr ox h a t  e 

Unit Cost 
($/lb) 

Item No. Cost Each Weight 
($1 (lb) 

Pressurizer 9173 2100 4.40 
Fuel dump tank and evaporator 7a, 7b 5337 1200 4.45 

Blanket dump tank and evaporator %a, 34b 5 694 2700 2.10 
Condensate tanks 14, 37 1870 450 4.15 
Transfer tanks 17, 42 500 65 7.75 
Holdup tank 22 557 170 3.35 

9.7 PIPING COSTS 

From Table 9.1 the reactor components and piping are estimated to cost  $1,400,000, and mis- 
cellaneous service piping is estimated to cost  $69,000. From the available data the reactor com- 
ponents are estimated at approximately $500,000.2 Hence by difference the piping cost  for HRE- 
2 is of the  order $969,000. Data suitable for estimating s ta inless  s teel  piping costs  have been 
presented.3B4 These data are based on purchase orders and vendors information and reflect the  
prices current in the latter part of 1957. A s  such they may be adjusted directly for current prices. 

4 
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10. Appendix 

ITEM NUMBER AND FLOWSHEET IDENTIFICATION OF COMPONENTS 

Item No. 

1 
2 
3 
4 
5 
6 
7a, b 
7c 
8 
8a 
9a,  b 
l o a ,  b, c 
11 
12 
13 
13a 
14 
15  
l b a ,  b 
17 
18 
19 
20 
2 1  
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34a, b 
34c 

Component 

Core Tank 
Fuel pressurizer 
Fuel  gas  separator 
Fuel  heat exchanger 
Fuel circulating pump 
Fuel  dump cooler 
Fuel  dump tank and evaporator 
Entrainment separator 
Fuel  recombiner condenser 
Fuel recombiner and iodine removal bed 
Fuel  cold trap 
Fission product adsorber 
Off-gas vacuum pump 
Off-gas s tack filter 
Off-gas stack 
Off-gas stack fan 
Fuel condensate storage tank 
Fuel  storage-tank reflux condenser 
Fuel  stor age tank and evaporator 
Fuel feed cooler 
Low-pressure fuel sample station 
Fuel transfer tank 
Fuel letdown heat exchanger 
Fuel feed pump 
Holdup tank 
Fuel  pressurizer purge pump 
Fuel sample cooler 
High-pressure fuel sample station 
Oxygen station 
Secondary fuel recombiner 
Blanket circulating pump 
Blanket pressurizer 
Blanket gas  separator 
Blanket heat exchanger 
Reactor pressure ves se l  
Blanket dump cooler 
Blanket dump tank and evaporator 
Entrainment separator 

System Flowsheet 

High-pressure fuel 
High-pressure fuel 
High-pre s s ure fuel 
High-pressure fuel 
High -pre ssure f ue 1 
High-pressure fuel 
Low-pressure fuel 
Low-pressure fuel 
Low-pressure fuel 
Low-pressure fuel 
Low -pr e s sur e f ue 1 
Waste and vent 
Waste and vent 
Waste and vent 
Waste and vent 
Waste and vent 
Low -pre s sure f ue 1 
Low-pr e s s ur e f ue 1 
Low-pressure fuel 
Low-pressure fuel 
Low-pre ssure fuel 
Low-pressure fuel 
High-pressure fuel  
Low-pressure fuel 
Low -pre s sur e fuel 
Low-pressure fuel 
High-pressure fue 1 
High-pressure fuel 
High-pressure fuel 
Low-pressure fuel 
High-pressure blanket 
High-pressure blanket 
High-pressure blanket 
High-pressure blanket 
High-pressure blanket 
High-pressure blanket 
Low-pressure blanket 
Low-pressure blanket 
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I tem No. 

35 
35a 
36a, b 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49a, b 
50 
51 
52 
53 
54 
5 5  
56 
57 
58  
59 
60 
61 
62a, b 
63 
64 
65a, b 
66 
67a, b 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80a 
80b 
81 
82a, b, c ,  d 

Component 

Blanket recombiner condenser 
Blanket recombiner 
Blanket cold trap 
Blanket condensate storage tank 
High-pressure blanket sa mple station 
Blanket storage tank reflux condenser 
Blanket feed cooler 
Blanket feed pump 
Blanket transfer tank 
Blanket sample cooler 
Low-pres sure blanket sample station 
Blanket letdown heat exchanger 
Turbine oil filter 
Deleted 
Blanket purge pump cooler 
Blanket storage tank and evaporator 
Storage tank cold trap 
Building s t e a m  condensate tank 
Omit 
Fuel steam drum 
Blanket steam drum 
Omit 
Package warmup boiler 
Steam turbine 
Generator 
Turbine condenser 
Air-cooled condenser 
Cooling tower 
Cooling tower pumps 
Hotwell pump 
Deaerator and surge tank 
Feedwater pump 
Omit 
Gas accumulator 
Fuel purge pump cooler 
Refrigerant compressor 
Oil separator 
Chiller and storage tank 
Warm storage tank 
Amsco  (cold) circulating pump 
Amsco (warm) circulating pump 
Refrigerant condenser 
Omit 
Omit 
Omit 
Omit 
Waste Evaporator 
Waste evaporator entrainment separator 
Decontamination system 
Space cooler 

System Flowsheet  

Low-pressure blanket 
Low-pressure blanket 
Low-pressure blanket 
Low-pressure blanket 
High-pressure blanket 
Low-pressure blanket 
Low-pressure blanket 
Low-pressure blanket 
Low -pre s sure blanket 
High-pressure blanket 
Low-pressure blanket 
High-pressure blanket 
Reactor steam 

Low-pre ssure blanket 
Low -pre s s ur e blanket 
Low-pressure fuel 
Service s t e a m  

Reactor steam 
Reactor steam 

Reactor steam 
Reactor s t e a m  
Reactor s t e a m  
Reactor steam 
Reactor steam 
Cooling water 
Cooling water 
Reactor steam 
Reactor s t e a m  
Reactor s t e a m  

Oxygen addition 
Low-pres sure fuel 
Refrigeration 
Refrigeration 
Refrigeration 
Refrigeration 
Refrigeration 
Re friger a ti on 
Refrigeration 

Waste and vent 
Waste and vent 
Waste and vent 
Cooling water 

. 
. 

* 

t 



Item No. 

83 
84 
85 
86 
87 
88a, b 
89a 
89b 
90a, b 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
1 Ob 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124a, b 
125 
126 
127 
128a, b 
129a, b 
130a, b 
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Component 

Omit 
Omit 
Omit 
Omit 
Omit 
Feedwater accumulator 
Chemical-plant-vent vacuum pump 
Reactor-vent vacuum pump 
Waste -evapora t or condenser 
Reactor-vessel cooler 
Thermal-s hield cooler 
1000-gal waste condensate tank 
12,000-gal waste tank 
300,000-gal waste  storage pond 
Omit 
Thermal insulation in reactor cel l  
Reactor blast  shield 
Dewatering pump 
Dump tank weigh beam assembly 
Condensate weigh beam assembly 
Cell  air  monitor blower 
Condensate receiver tank 
Blanket pressurizer purge pump 
Heat-exchanger blast  shield 
Amsco (cold) drier 
Amsco (warm) drier 
Fuel circulating pump purge pump 
Blanket circulating pump purge pump 
F-22 drier 
F-22 receiver 
Thermal shield cooler fill tank 
Omit 
Omit 
Omit 
Omit 
Fuel storage tank recombiner 
Fuel purge flow heat exchanger 
Blanket purge flow heat exchanger 
Rupture disc  assembly 
Catch tank 
Demineralized-water surge tank 
Purge pump coolant heat exchanger 
Demineralized-water circulating pump 
Demineralized-water heat exchanger 
Omit 
Demineralized-water heater 
Fil ters 
Instrument air compressors 
Condensate tank 

System Flowsheet 

Reactor steam 
Waste and vent 
Waste and vent 
Waste and vent 
Demineralized cooling water 
Demineralized cooling water 
Waste and vent 
Waste and vent 
Waste and vent 

Waste and vent 
Low-pressure fuel and blanket 
Low-pressure fuel and blanket 
Waste and vent 
Steam and condensate service 
Low-pressure blanket 

Refrigera tion 
Refrigeration 
Low-pressure fuel 
Low-pre ssure blanket 
Refrigeration 
Refrigeration 
Demineralized cooling water 

Low-pre ssure fuel 
Demineralized cooling water 
Demineralized cooling water 

Refrigeration 
Demineralized cooling water 
Demineralized cooling water 
Demineralized cooling water 
Demineralized cooling water 

Demineralized cooling water 
Demineralized cooling water 
Instrument air 
Demineralized cooling water 
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I tem No. 

131 
132 
133 
134 
135 
136 
137 
138a, b 
139 
140 
141 
142 
143 
144 
145 
146 

Component 

Fuel feed pump oil  cooler 
Blanket feed pump oil cooler 
Steam condenser 
Turbine oil cooler 
Liquid subcooler 
Heat exchanger 
Evaporator 
Water-treatment-solution storage tanks 
Lapp Pump 
Cornelius pump 
Omit 
F i l l  tank 
Control room sump jet 
Control room sump pump 
Dirt trap 
Dirt trap 

System Flowsheet  

Cooling water 
Cooling water 
Demineralized cooling water 
Cooling Water 
Refrigeration 
Refrigeration 
Refrigeration 
Reactor s t e a m  
Leak detector 
Leak detector 

Leak detector 
Steam and condensate service 
Steam and condensate service 
Low-pressure fuel 
Low-pressure blanket 

. 

c 



I? 

. 

333 

ORN L-TM-348 

IN  T €RNA L Dl STRl BUT10 N 

. 

1. G. M. Adamson 
2. S. E. Beall 
3. R. Blumberg 
4. E. G. Bohlmann 
5. C. J. Borkowski 
6. W. D. Burch 
7. R. H. Chapman 
8. R. D. Cheverton 
9. C. J. Claffey 
10. C. W. Coll ins 
11. D. E. Ferguson 
12. J. H Frye, Jr. 
13. W. R. Gall 
14. R. H. Guymon 
15. P. H. Harley 
16. P. N. Haubenreich 
17. J. W. H i l l  
18. E. C. Hise 
19. P. R. Kasten 
20. C. E. Larson 

21. M. I. Lundin 
22. E. C. Miller 
23. R. L. Moore 
24. R. B. Parker 
25. C. L. Segaser 
26. I. Spiewak 
27. J. A. Swartout 
28. W. Terry 
29. R. Van Winkle 
30. F. C. Zapp 
31. ORNL Patent Office 

32-33. Central Research Library 
34. Biology Library 

35-36. Reactor Division Library 
37-38. ORNL - Y-12 Technical Library, 

Document Reference Section 
39. MSRP Director’s Office (R. B. Briggs) 

45. Laboratory Records, ORNL R.C. 
40-44. Laboratory Records Department 

E XT €RNA L Dl STRl BUT10 N 

46. Research and Development Division, AEC, OR0 
47-61. Division of Technical Information Extension 


