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ABSTRACT

An extensive experimental program was undertaken to provide

data on the operation and testing of a bismuth-to-bismuth dual-loop

system. The test facility - known as the Four Inch Utility Test Loop -

was constructed at Brookhaven National Laboratory (BNL), Long Island,

New York. Originally built to provide research and development infor-

mation applicable to the Liquid Metal Fuel Reactor (LMFR) concept,

the facility was intended to investigate component behavior and reliability

and to determine loop operating problems. However, The Babcock &

Wilcox Company (B&W) subsequently expanded the test objectives to

include studies of system dynamics and control system performance.

Covered here are the results obtained during initial startup and

subsequent operation. Special operating problems are also discussed.

The stability of uranium and other additives in a bismuth system

was tested, and steady state and transient characteristics of the

individual components and the over-all system were determined -

first, by manually introducing load disturbances, and, later, by using

a plant control system. Valuable information was gained on the reliability

and performance of instruments. (A chronological breakdown shows the

problems encountered.)

Operation and testing of the Four Inch Loop have shown that such

a nonnuclear system is feasible, and that it provides a practical means

for producing large quantities of thermal energy.
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I. INTRODUCTION

Under the direction of The Babcock & Wilcox Company, repre-

sentatives from 17 industrial firms in 1955 evaluated Brookhaven

National Laboratory's Liquid Metal Fuel Reactor concept. A prime

objective of this evaluation was a determination of the research and

development (R&D) required for the construction of a full-scale LMFR

plant. As reported in BAW-2, this study clearly showed the need for

an R&D program to develop equipment such as pumps and valves, and

indicated that additional information would have to be gained on the

reliability and performance of instrument sensing elements in contact

with bismuth.* In light of the foregoing, BNL initiated a loop develop-

ment program late in 1955 to obtain operating characteristics and to

demonstrate the reliability of components as well as an over-all non-

nuclear LMFR system. Further, the test facility was to be large

enough to permit extrapolation of data to determine the design charac-

teristics of a full-scale plant.

BNL directed the design and construction of the loop, and Catalytic

Construction Company erected it.

Upon completion of conditioning runs, on October 20, 1959, the

facility was turned over to B&W for testing. The tests were completed

on January 4, 1960, at which time BNL assumed responsibility for

post-operational inspection.

The results of these tests, conducted under B&W's Liquid Metal

Fuel Reactor Experiment (LMFRE) program, indicated that the scope

of the Four Inch Test Loop could be broadened to include valuable

information on system dynamics and control as well as steady state

operating characteristics. Further, since the LMFRE concept was

based on the use of an uranium-bismuth fuel solution, it was decided

* Liquid Metal Fuel Reactor Technical Feasibility Report, BAW-2,
The Babcock & Wilcox Company and Associates, Lynchburg,
Virginia, June 1955.
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to modify the loop to obtain data on fuel stability and the effects of

additives. The expanded program necessitated the installation of

variable-speed pump drives and rapid-response instrument sensing

elements, in addition to minor loop changes.
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II. LOOP DESCRIPTION

A. HEAT TRANSPORT SYSTEM

The Four Inch Loop has two heat transport systems, each circulating

molten bismuth plus additives. (See Fig. 1.) The primary fluid is a

solution of uranium-bismuth plus small concentrations of magnesium

and zirconium. Magnesium serves as an oxygen scavenger, and the

zirconium is added to form a corrosion resistant film. The interme-

diate fluid is molten bismuth containing small amounts of magnesium

and zirconium. The loop container material is 4-in. Sch 40 Croloy

2-1/4 pipe, and the heat source is an oil-fired furnace containing 18

serpentine, finned tubes. Heat is transferred in parallel flow from hot

flue gases flowing across the tubes containing the primary fluid.

The primary fluid is pumped from the pump discharge to the shell-

side of a counterflow, single pass shell and tube heat exchanger, then

to the furnace, and back to the pump suction. The intermediate fluid

is pumped to the tubeside of a finned-tube air blast cooler, then to the

tubeside of the intermediate heat exchanger, and finally back to the

pump suction. The ultimate heat sink is formed by forced air which

flows on the shellside of the air cooler, and is then vented to the atmo-

sphere. The heat transport system also incorporates surge tanks at

the suction of each pump (to maintain liquid level); bellows-type

throttling valves at each pump discharge; dump valves; and venturi

flowmeters between the pumps and the intermediate heat exchanger (IHX).

The heat transport system was designed to house two pumping

stations in each loop to allow testing and direct comparison of two

different pump designs. At the beginning of the B&W test program,

however, only one pump was available in each loop so direct comparison

was not possible. But, since the primary and intermediate pump designs

were different, a number of observations were made regarding the

general performance of each component. Figure 2 shows a model of
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the over-all facility which measures about 60 ft long by 40 ft wide by

35 ft high. Note that the supporting structure was designed to provide

ready access to major equipment for maintenance. The loop piping was

fully insulated and wrapped with induction heating coils to raise the

temperatures high enough to allow filling the system.

The liquid metal flow rate could be changed in either loop by using

the throttling valve or by varying pump speed. A variable frequency

power supply gave speed variations for 20 to 100% of rated conditions.

The operating characteristics of this equipment were such that smooth

control could be maintained throughout the entire range. Figure 3 shows

the pump speed control arrangement. A 60 cycle, 3-phase, 4 4 0-v induc-

tion motor supplies the input driving force. A magnetic coupling varies

the slip and thus the speed of the alternator shaft. The alternator con-

trols pump motor speed by its supply of variable frequency power to the

pump motor. A d-c tachometer attached to the alternator shaft supplies

a feedback to the control unit, thus regulating speed. Manual speed

adjustment is done with a rheostat on the main control panel that is part

of an electrical circuit using magnetic amplifiers to control pump speed.

Automatic speed control is obtained by means of a pneumatic positioner

which operates a ratchet-driven potentiometer in the same electrical

circuit. The pneumatic input - part of the loop control system - is

discussed later.

B. AUXILIARY SYSTEMS

The major auxiliary systems are shown in Figure 4, an engineering

flow diagram for the Four Inch Loop.

1. Vacuum and Cover Gas System

The vacuum - which will pull the entire heat transport system

down to approximately 10 .- is composed of two fore or "roughing"

pumps and four diffusion pumps. During normal loop operation, one

fore pump maintains a vent for the cover gas system. Helium is the

cover gas on all free surfaces and in the sample stations, and charges

bismuth into the loops by pressurization. Pressure control valves hold

the normal blanket gas pressure to within 5 to 10 psig. Gas at 225 psig

supplied to each dump tank charges bismuth into the loop. A liquid
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nitrogen system condenses and holds all condensable gases before they

enter the diffusion pumps. Liquid nitrogen is supplied to each of four

cold traps in the vacuum system. Both low and high pressure air

systems are available for operation of pneumatic equipment. Supply air

at 80 psig is provided from the low pressure system for instruments,

damper drives, and poppet valves. There is also air at 160 psig for

the gas ballast system, where 1:1 ratio relays regulate the helium gas

blanket pressure.

2. Cooling Water System

Cooling water at 60 psig is supplied to the low pressure air

compressor and aftercooler, the vacuum fore and diffusion pumps, and

the intermediate loop liquid metal pump.

3. Preheating System

Primary and intermediate loop preheating is done with 60 cycle

a-c induction heating coils constructed of No. 6 seven-strand, asbestos -

sheathed cable. Each coil circuit is tightly wrapped, in uniformly pitched

turns, over 4 in. of magnesium block insulation surrounding the pipe.

The coils are pitched ten turns per linear foot on all 4-in, pipe and twenty

turns per linear foot on 6-in. pipe, and are held in place by 2-in. steel

staples driven into the insulation. Resistance heating circuits were used

at pressure taps or pipe stubs to maintain a uniform temperature

distribution.

4. Emergency Power System

A diesel generator set supplies emergency power to a 10 kw

motor-generator set, the induction heating system, and other necessary

loop power requirements. The diesel unit consists of twin 210 hp diesel

engines coupled to a 312 kva, ac generator through a hydraulic clutch.

A bank of 24-v storage batteries supplies starting power. Separate

control panels were constructed for the diesel generator and the motor-

generator. The motor-generator is composed of an a-c motor, an a-c

generator, and a d-c motor-generator. The a-c generator furnishes

power to the emergency lighting and instrumentation panel. During

normal operation the generator is driven by the a-c motor; on loss of

power the d-c motor - powered by batteries - drives the generator,
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thus maintaining an uninterrupted output. The 125-v battery bank is

rated for 1 hr at full power.

5. Melt System

The bismuth ingots were placed in the melt tank through an

8-in. opening in the tank top. Following a helium purge and an

evacuation, the melting process began. The ingots were heated above

their melting point, filtered, and charged into the dump tank. A level

indicator gave continuous indication of bismuth level in the melt tank.

6. Sampling System

There were seven sample stations on the Four Inch Loop. Each

station was composed of a tandem ball valve with helium supply and

attached vacuum outlet. The locations of the sampling stations were as

follows.

1. UBi surge tank (two sample points)
2. Bi surge tank
3. Cold sample tank
4. UBi dump tank
5. Bi dump tank
6. Melt tank

7: Metallurgical Testing System

A metallurgical test section in the primary loop allowed-readily

removable test specimens that were exposed to the highest UBi film

temperatures in the loop. The weld test section consists of three 1/2-in.

Sch 40 pipe wells, each 1 ft long, packed with parallel-wired heater

elements and insulation. The heat input to the calrod heater in each

test section is controlled with a temperature indicator-controller

through a saturable core reactor. Total heat input is 16 kw at 440 v.

The reactor is controlled by a thermocouple in one of the test sections

and can be adjusted to give a set specimen skin temperature.

8. Fuel Oil Flow

Fuel oil flow to the furnace is governed by two diaphragm

operated valves, mechanically linked by an adjustable arm. The fur-

nace uses two burners rated at 4 MW total heat input. Air is supplied

by 15 and 75 hp blowers; oil flow is supplied by two 5 gpm pumps.



9. Air Blast Cooler

A 100 hp blower provides air for the air blast cooler. A three-

way damper system is used for control and safety of the cooler, where

louvers located on the blower can be adjusted to vary air flow. Preheating

is done by a propane burner mounted directly under the finned tubes.

C. LOOP OPERATING CONDITIONS

The Four Inch Loop was originally designed and built to provide a

5 MWh output under the following operating conditions.

Full rated primary loop flow rate: 360 gpm
Full rated intermediate loop flow

rate: 360 gpm
Primary fluid bulk hot leg

temperature: 1022 F
Primary fluid bulk cold leg

temperature: 752 F
Intermediate fluid bulk hot

leg temperature: 950 F
Intermediate fluid bulk cold

leg temperature: 681 F

At a 360 gpm flow rate, the velocity in the 4-in. pipe is approximately

9 fps. Problems dealing with uranium solubility and freezing of bismuth

in the tubes of the cooler led to a later reduction in the primary fluid

bulk AT from 270 to 165 F, where the cold leg temperatures were raised

for an extra margin of safety. Prior to initiation of the test program,

B&W studied the metallurgical aspects of the loop and decided to reduce

the preliminary tests to a power level of 1. 77 MW, using the following

conditions.

Full rated primary loop flow rate: 360 gpm
Full rated intermediate loop flow

rate: 360 gpm
Primary fluid bulk hot leg

temperature: 894 F

Primary fluid bulk cold leg
temperature: 799 F

Intermediate fluid bulk hot leg
temperature: 845 F

Intermediate fluid bulk cold leg
temperature: 750 F

The reduced power conditions were based upon use of film tempera-

ture differences rather than bulk differences. A 162 F maximum inter-

face A T was also established for each loop. The temperature of the air

entering the cooler also influenced the minimum alinwabie bulk cold leg
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temperature in the intermediate loop. Before loop modifications were

made, the air was taken from the outside, with temperatures ranging

down to -10 F. The old ductwork was replaced by a smaller size which

drew air from the inside of the building at substantially higher tempera-

tures - about 70 F. This increase in air temperature allowed some

improvement in available power output.

Throughout the actual test program, the loop temperatures and

flow rates were altered according to the tests being conducted. Lower

initial power output resulted from a decrease in the maximum expected

primary loop flow rate. As a final test step, the temperatures were

changed to achieve a high power level run.

D. EQUIPMENT DESIGN CHARACTERISTICS

1. Furnace

Number of Tube Rows 20
Number of Tubes High 9
Effective Tube Length 5 ft
Bare Tube OD 1.90 in.
Bare Tube ID 1.61 in.

Rows 1 and 2 - located at the entering zone of hot flue gas -
consist of bare tubes.

Rows 3 and 4 are finned tubes having the following
characteristics.

Fin Height 0. 5 in.
Fin Heat Transfer Area 40. 0 in.Z /in._
Total Heat Transfer Area 44.47 in./in..
Gas Free Flow Area 8. 19 ftz
Total Surface Area 166.6 ftz2 /row

Rows 5 through 20 are finned tubes having the following
characteristics.

Fin Height 0. 75 in.
Fin Heat Transfer Area 65. 1 in. /in.,
Total Heat Transfer Area 69. 57 in.Z /in.
Gas Free Flow Area 7. 72 ftz
Total Surface Area 260. 8 ftz/row

Fin Material carbon steel
Oil Burner Output Rating 2 Burners at 4 MW

2. Intermediate Heat Exchanger

Tubeside Heat Transfer Area 125. 5 ftz
Shellside Heat Transfer Area 154. 9 ft2

Over-all Effective Tube Length 29. 6 ft
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Number of Tubes
Tube OD
Tube ID
Tubeside Flow Area
Shellside Flow Area
Shellside Equivalent Diameter
Mass of Tubes
Total Effective Shroud Heat

Transfer Area
Outside Shell OD
Outside Shell ID
Total Effective Shell Mass

20
1000 in.
0.810 in.

10.3 inA
11.8 in 32
0. 046 ft

545 lb

54.5 ft2

8.625 in.
7.981 in.
3,569 lb

3. Air Blast Cooler

Number of Finned Tube Rows
Tube Length per Row
Crosswise Number of Tubes per Row
Bare Tube OD
Bare Tube ID
Tubeside Free Flow Area
Shellside Free Flow Area
Base Fin Thickness
Number of Fins per Inch
Fin Height
Fin Heat Transfer Area
Total Heat Transfer Area
Shellside Equivalent Diameter

16
8 ft
9
1. 900 in.
1.610 in.
0. 254 ft2

11.80 ft2

0.05 in.
5
0 .75 in.

65. 10 in. /in.
69.57 in/in.
O. 217 ft

4. Primary Fluid Pump

Type
Diameter of Impellor
Diameter of Suction
Diameter of Discharge
Type of Seal
Rated Flow
Rated Head
Motor Characteristics

Type 3-phase, 60 cycle, induction
Rated voltage 440 v
Full Load Current 141 amp
Horsepower 100
Full Load Power

Factor 76%
Locked Rotor Current 355 amp
Rated Speed 1200 rpm
Full Load Slip 3%
Cooling System Air (blower)

Rated Fluid Horsepower

centrifugal (diffuser)
12 in
Nominal 6 in. pipe
Nominal 4 in. pipe
canned rotor
360 gpm

55 ft of bismuth

49. 3
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5. Intermediate Fluid Pump

Type
Diameter of Impellor
Diameter of Suction
Diameter of Discharge
Type of Seal
Rated Flow
Rated Head
Motor Characteristics

Type 3-phase
Rated voltage
Full Load Current
Horsepower
Full Load Power

Factor
Locked Rotor Current
Rated Speed
Full Load Slip
Cooling System

Rated Fluid Horsepower

centrifugal (single volute)
12 in.
Nominal 6 in. pipe
Nominal 4 in. pipe
gas
360 gpm

55 ft of bismuth

60-cycle,
440 v
123 amp
100

88%
811 amp

1200 rpm
2%

water

induction

49. 3
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FIG. 1: FOUR INCH LOOP HEAT TRANSPORT SYSTEM
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FIG. 2: TEST LOOP MODEL
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FIG. 3: LIQUID METAL PUMP SPEED CONTROLS
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III. OPERATING HISTORY

A. SUMMARY OF LOOP OPERATION

It is felt that much useful information was gained during the

operation of the Four Inch Utility Test Loop. In many instances the

information cannot be represented by data, but is based on observationE

by operating personnel. Difficulties encountered with conventional

equipment, although of general interest, are not of specific interest in

this instance and therefore are not included here. In addition to mention-

ing these difficulties, the steps taken and/or the recommendations for

steps to be taken to correct these difficulties are discussed.

Figure 5 is a summary of operation and maintenance performed on

the Four Inch Loop. Construction of the loop began in March 1958 and

continued until February 1959. Leak checking and check-out of

auxiliary equipment began in October 1959; loop degassing began in

February 1959 and it became immediately apparent that difficulties

would be met during this phase of operation. Delays in heat-up and

degassing resulted from work performed on the system to permit heating

the loop to the required 1050 F. The melting and charging of additives

proceeded concurrently with heat-up and degassing.

The loop was filled for the first time in June 1959. An intermediate

circulating pump failure forced the loop to be shutdown almost immediately

(see F'ig. 5). After repairs were complete the loops were filled and

bismuth circulated to condition the loop and stabilize additives while on

isothermal operation.

During the first transfer to A T from isothermal operation the

primary circulating pump failed, causing another delay in operation.

The pump was replaced and seal welded in place, but welding difficulties

caused a longer shutdown than originally expected.

The additives proved stable during a 48-hr run on AT operation.

At this point B&W assumed operation and maintenance of the Four Inch
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Loop from BNL. It was originally planned that approximately one year

would be available for operation and testing, but due to an AEC decision

to close out the LMFRE contract, a much shorter period of time was made

available for operation and testing. The test program was therefore

accelerated to perform as many of the tests outlined in the B&W test

procedures as time would allow. Actual testing was begun and the loop

was operated by B&W through an agreement with BNL, eventhough the

responsibility for the operation was not assumed until after the 48-hr

A T run was done.

Shortly after the 48-hr run a leak - caused by a freezeup - was

discovered in the air blast cooler tubes. This freeze up was caused by

the combined effect of the following factors.

1. Low-load A T operation
2. Low-temperature entering air to the cooler
3. Low Bi exit temperature
4. Air stratification in the cooler

During the cooler repairs 14 fast response thermocouples and four

fast response pressure transmitters were installed for later use. In

addition, the primary liquid metal flow transmitter was replaced and

both primary and intermediate flow transmitters were recalibrated. The

transient test equipment was wired and preparations were made for

transient testing.

The loop was operated by B&W for 1.680 hr - 900 hr isothermal

780 hr A T - from October 19, 1959 to January 4, 1960. During these

11 weeks, three weeks were spent on equipment repair and installation

of special test equipment, one week in general operation, and seven weeks

in testing. The following tests were performed.

1. Pump performance
2. Heat exchanger

(a) Intermediate heat exchanger
(b) Air blast cooler

3. Transient system analysis
4. Simulated LMFR control system analysis
5. Throttle valve
6. Instrument calibration

As a final step in the Four Inch Loop test program, the operating

conditions for the furnace and air cooler were changed to provide a high

power level run. To do this, the existing ductwork was removed from

the bismuth-cooler inlet to allow a higher air flow rate. The primary.

- 12 -



loop flow rate was held at a maximum of about 240 gpm during the high

power run. This flow was substantially less than originally calculated,

due to a greater pressure drop through the shellside of the intermediate

heat exchanger than expected. The intermediate loop flow was held at

about 360 gpm for this run, although higher flow rates could have been

obtained. The run was short - only a few hours - and a steady state

power level of approximately 4 MW was reached. The primary loop

bulk fluid AT was 335 F, and skin thermocouples in the furnace indicated

over 1250 F. There were no adverse operating conditions noted, and

the system was found to respond as smoothly as it did during lower A T

operation.

B. OPERATING PROCEDURES

1. Phase One - Heat up and Degassing

With the exception of the correction of the heating circuits to

provide uniform heat up, little difficulty was met during heat up and

degassing preparatory to the addition of bismuth. The heat up of headers

in the furnace and cooler gave some trouble, since the headers were

not located in the gas stream and were heated primarily by conduction

from the tube bundle. This problem could be eliminated by placing the

headers in the gas stream or by providing auxiliary gas heat.

Temperature distribution in both the furnace and the cooler

presented a problem that was reduced (but not entirely eliminated) in the

cooler by closing the cooler outlet damper, and in the furnace by using

a large amount of excess air. The furnace and cooler were fired during

startup using the tube metal temperatures as a firing guide; temperatures

were held at 1000 to 1050 F. Heat up time before startup was reduced

when a routine was established. Under favorable conditions, an 8 to

12-hr heat up period was required to bring the loop from ambient to the

required temperature.

2. Phase Two - Melting and Charging

Melting and introducing the initial charges of bismuth in the

melt tank was a relatively simple but time-consuming procedure that

required considerable manpower. The loop utilized approximately

82, 000 lbs if bismuth, loaded in five batches (by hand) in the form of

- 13 -



10-lb ingots. It is assumed that any system requiring more bismuth

would be provided with an improved loading method. The melt, when

completed, was charged into the dump tank in preparation to charging

the loop.

3. Phase Three - Charging and Dumping

To charge the loop from the dump tanks, the dump valves were

opened and the dump tank pressurized with helium. The bismuth passed

up the dump tank dip leg, through the dump valves, and into the loop.

During the filling process the loop blanket pressure was held constant

at 10 psi by venting helium into the vacuum system. The required dump

tank pressure to fill the loop was 154 psi for this system. Once this

pressure was established, the system was filled by setting the regulator

on the dump tank helium fill lines to 154 psi and allowing the pressure

to build up as rapidly as possible in the dump tank. During the filling

process the loop pressure was maintained by manually bleeding excess

helium into the vacuum system.

The helium gas ballast system was unreliable. Using the

system as it existed, approximately 20 min was required to fill the loop.

Helium was conserved during the loop filling procedure by using the

helium system crossover to bleed high pressure helium from the charged

dump tank to the other tank. At the completion of the filling process,

the excess helium was bled from the dump tanks into the vacuum system.

The loop was dumped by opening the helium dump tank to surge tank

equalizing lines and the dump valves, providing a rapid dump -

approximately 60 sec. The helium valves on the equalizing lines and

dump tank vent lines were water-cooled, preventing the loss of the teflon

valve seats as a result of the 1000 F temperature during these processes.

4. Phase Four - Isothermal Operation

For isothermal operation, U-Bi and Bi were circulated through

the loop at a constant temperature of 1000 to 1050 F for about 900 hr.

This period consisted of the time required for the additive stabilization

period plus the period for pump tests and part of the transient tests.

The furnace and cooler propane burner firing was mostly hand controlled

during this phase.
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Normal isothermal operation was as follows.

1. All induction and resistance loop heaters
operated to maintain 1000 F throughout.

2. Furnace was fired to maintain outlet bulk
temperature at 1000 to 1050 F.

3. Cooler was fired to maintain outlet bulk
temperature at 1000 to 1050 F.

4. Primary loop circulated at 240 gpm.
(The primary loop flow was restricted
as a result of a higher pressure drop
across the IHX than expected. )

5. Intermediate loop circulated at 360 gpm.

5. Phase Five - A T Operation

Approximately 780 hr of A T operation were logged during the

1680 total hours of loop operation.

The following procedure was used to transfer from standard

isothermal conditions to A T operation.

1. With the loop at 1000 F all low-heat return
heating circuits were placed on automatic.
This placed flowing induction heaters off
during normal operation, and on during
emergency operation.

2. Propane burners were turned off.
3. With cooler fan damper on manual control,

zero loading pressure, the cooler fan was
placed in operation.

4. During steps 1 through 3 the furnace was
on manual control at minimum firing con-
ditions for isothermal operation. With
the introduction of a AT through the com-
pletion of these steps the furnace outlet
and cooler outlet temperatures declined;
when furnace outlet temperature reached
its approximate set point, the furnace
was switched to automatic control.

5. Cooler outlet temperature set point was
reached by manually loading the fan damper
control and switching to automatic when the
set point was reached.

The A T conditions for loop operation are shown below.

Primary Loop Intermediate Loop

Condition Appr ox. Flow, Furnace A T Flow, Furnace A T
Power, MW gpm Outlet gpm Cooler

Temperature Temperature

1 1.77 360 894 95 360 750 95
2 1.1 240 900 95 240 750 95
3 1. 1 240 950 143 360 800 95
4 1.77 240 950 143 360 800 95
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Condition 1 was the condition specified prior to loop startup.

Upon startup it was found that the high pressure drop across the IHX

restricted flow in the primary loop to 240 gpm so condition 2 was

established. While operating at condition 2 a freezeup of the cooler

occurred, so the operating level was increased to avoid freezeup in

the cooler. For transient tests, the full 1.77 MW was achieved by

setting condition 4.

C. COMPONENTS OPERATION AND MAINTENANCE

The Four Inch Utility Test Loop program provided an excellent

opportunity to accumulate operating and maintenance experience of an

LMFR system, uncomplicated by a radiation hazard.

1. Controls

Loop operation was relatively simple. The slow response to

a transient allowed the operators ample time to correct for the changing

conditions. Automatic control as originally designed (i. e. , furnace

firing rate controlled by bismuth bulk temperature at the furnace outlet,

cooler air flow controlled by bismuth bulk temperature at cooler outlet,

and pump speed constant) provided adequate control for nontransient

AT operation. One disadvantage of this system stems from the tem-

perature control being a single element control with no anticipation of

firing or load cooling rate provided.

The system has shown itself to be somewhat sluggish in

response to load changes. Long periods of time (about 1/2 hour) were

required to stabilize temperatures in the system after a load change.

There is a definite lag between the temperature indicated by the skin

thermocouples in the furnace and cooler, and the bulk temperatures as

indicated by the standard response thermocouples located in wells in the

4-in. piping at the furnace and cooler outlets. The average temperatures

indicated by the furnace and cooler tube skin thermocouples are not as

accurate, but they reflect bismuth stream temperatures more rapidly

during transient conditions. A control thermocouple, or a series of

thermocouples, located nearer the heat source should provide a control

system that would respond more accurately. These could be chordal type

thermocouples to eliminate the tube well AT. The combination of fur-

nace tube skin and stream bulk temperatures would probably provide the
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most reliable control system with the most rapid response.

A system of this type probably would lend itself to fully

electronic control. The output of all sensing devices (such as pressure

transmitters and thermocouples) that would supply the operating data

for a control scheme can in most cases be used in an all electronic

control system. The electronic scheme would eliminate the pneumatic

lag, and thus improve response. In the case of an LMFR, control system

maintenance within the loop area could be practically eliminated by

locating all control amplifying and transmitting equipment outside the

containment in an accessible location.

2. Emergency Procedures

Heat - provided to the primary and intermediate loops - will

hold loop temperatures at operating levels, thus preventing freezeup or

loss of additives during emergency operation. This heat was provided

by induction heat through the low heat return system, so that furnace

cooling was reduced by automatically removing the furnace secondary

air fan from service in the event of a furnace tripout. The pumps must

remain in service to insure against localized low temperatures and to

facilitate and equalize heat distribution. It was found desirable to add

heat at the cooler by using the propane burner to maintain air loop

temperatures during a forced or emergency shutdown from A T operation.

An automatic cut-in on cooler heat would reverse the heat cycle and

maintain desired loop temperatures in the case of a primary system

heat loss in future units. The automatic cut-in could replace the low

heat return arrangement for emergency operation since loop tempera-

tures could be maintained by using the propane burner and reversing the

heat cycle.

3. Gas Ballast

A more dependable gas ballast system would probably have

given fewer complications in loop operation. Location of all control

valves that require regular operation at a central manifold would have

reduced loop maintenance ; many valves could have been eliminated.

The following valves require dependable automatic operation from the

control panel.
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Dump tanks, helium fill and vacuum
Surge tanks, helium fill and vacuum
Equalizing line, Bi dump Bi surge
Equalizing line, UBi dump UBi surge
Crossover line, Bi to UBi system

These valves should be positive acting, capable of withstanding 1050 F

operating temperatures, and dependable for tight closure and throttling.

All other valves could be remote installations.

4. Loop Instrumentation

The major difficulties with loop instrumentation were (1) poor

reliability of pressure transmitters and flowmeters, and (2) instrument

indicators were difficult to read.

Instrument reading was particularly troublesome during cali-

bration and testing since the pressure and flow indicators in the system

were difficult to read, so readings were often not accurately recorded.

The small scales on the instruments had poorly selected subdivisions,

also causing much reading error. In addition, it is felt that a test

installation such as this should have more backup instruments available -

a minimum of 2 pressure transmitters and 2 thermocouples at each

important location.

5. Pumps

The major items of loop equipment which required extensive

maintenance operations were the circulating pumps. Since the primary

and intermediate loop pumps are of different design, an excellent oppor-

tunity was afforded to make a comparison of their relative ease of

maintenance.

The pump diffuser ring retaining bolts failed, causing loss of

the primary loop canned rotor pump. It was assumed that the bolts

failed from being tightened too much during assembly and then receiving

additional stress during heat up. This failure was not serious since a

redesign of the bolts gave trouble free operation.

For disassembly the pump was allowed to cool enough to permit

cutting the seal weld joining the upper and lower assembly. The pump

was then disassembled and set on the floor in a specially constructed

pump stand. During disassembly, special tools had to be improvised

and special heaters were devised to melt bismuth as required.
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After repairing the pump, the upper assembly was returned to

the loop and the seal weld was made with the pump in the loop. This

weld gave considerable difficulty, because of (1) poor original design,

and (2) inaccessible weld area with the pump in the loop. A total of

9 1/2 weeks were spent on repair with about 6 1/2 weeks being spent

in experimenting with various seal welds.

The intermediate loop circulating pump was stopped when a

lower bearing failed after one hour of operation (the original bearing

material was Haynes Alloy 90). It was concluded from subsequent in-

vestigation that the bearing failed as a result of damage to the pump

when it was dropped during shipment.

The original pump assembly was replaced with a spare pump

assembly having 2 1/4 Croloy bearing. A total of 1664 hr of operating

time were logged on this pump before shutdown without indication of

bearing failure.

Very little difficulty was experienced in removing this pump

from the loop. After the pump was on the floor, the pump was dis-

assembled using three specially constructed pump stands. As with the

other pump, considerable difficulty was experienced with the disassembly

of parts wetted with bismuth, so special tools were devised and heat was

applied using welding preheat torches.

Of the four weeks shutdown required for this pump repair,

very little time was actually spent in removing and replacing the pump

from the loop. The pump was removed by unbolting the flange which

joins the entire operating assembly to the pump outer body and removing

a few helium and water lines and electrical connections. The removal

of this section permitted work on the pump motor shaft bearings and

impeller away from the loop and allowed immediate replacement of a

spare assembly.

Pump internals removal and replacement could be done within

24 hr after a routine was established. The following recommendations

are made for the selection and operation of a pump for liquid bismuth use.

1. The pump should be easily removable from
the loop.

2. All components which become wetted with
bismuth during operation should be heated
to above the melting point of bismuth to
facilitate pump disassembly.
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3. Special tools required for pump disassembly
should be supplied with the pump, i. e. ,
impeller puller, bearing puller, and heaters.

6. Valves

During the operation of the Four Inch Loop, several valve

bellows failures occurred. The failures were as follows.

Location Size Remarks

Throttle Valve, Two failures; the second failure
Primary Pump 4 in. was not noted until after final

shutdown.

Throttle Valve, This valve was not removed.
Intermediate Pump 4 in.

Bi Dump Valve 4 in. Not replaced during 4 weeks
of final operating period.

Melt System dump tank Failed during charging dump

charge line 1 in. tanks.

IHX Bi Side Bypass Valve 1/2 in.

IXH UBi Side Bypass Valve 1/2 in.

Valve failures occurring during operation were evidenced by

a small leakage of bismuth around the valve stem. Loop operation was

not affected by the occurrence of a valve failure. The bismuth leak was

stopped by tightening the valve stem packing gland on the valve, so that

the loop and valve could remain in normal operation.

In the case of a dump valve failure, the dump valve was opened,

back seated, and left open during subsequent operation. Loop dump

control was done using the second pump valve on each loop. The failed

dump valve could have been used, if necessary.

Considering the high incidence of valve bellows failures, the

following recommendations are made.

1. Future valve designs should be considered
to prevent or reduce valve bellows failures.

2. Future loop design should be examined for
the consideration of elimination of as many
process valves as possible.

D. CONCLUSIONS

Experience gained through the construction of this loop should

eliminate many of the delays found here. Operation and maintenance

indicated no insurmountable problems which would restrict operation
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of the loop for prolonged periods. Shutdown time for pump repairs and

cooler repairs are felt to be problems that might be present at the start

of any power plant in which a relatively new design concept is being

attempted.

Although the data obtained is of a short term nature, it is felt that

the Four Inch Loop has demonstrated that operation of such a system is

feasible and practical.
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IV. TEST RESULTS

A. COMPONENT TESTS

The objective of the Four Inch Loop tests was to obtain steady state

operating characteristics for the major components in the heat transport

system. This information, correlated with existing equipment design

methods, should allow a greater certainty in extrapolating the size of

equipment to a full scale plant.

1. Intermediate Heat Exchanger (IHX)

These tests were conducted to obtain steady state over-all heat

transfer data, temperature gradients, and fluid flow characteristics.

The intermediate loop flow was held at given constant values while the

primary loop flow was changed by pump speed adjustment. Temperatures

were read from thermocouples (skin and weld type elements), and

pressure drop on both sides of the component was recorded. Figure 6

shows the tube and shellside pressure drop as a function of liquid metal

flow rate. Data points represent average pressure drops taken during

30 experimental runs listed in Table I.

These data confirm the fact that flow rate is directly proportional

to the square root of the pressure drop. The average measured tubeside

pressure drop compares to within 5% of the calculated value, but the

shellside drop is higher than the calculated value. For example, at

200 gpm flow in the primary loop the calculated drop is approximately

26 psi, but the measured drop was 150 psi. This indicated that the

component was either severely plugged or that the unit was not physically

in its original condition. The post operation inspection of the IHX

revealed that the shroud plate had collapsed around the tube bundle,

seriously restricting the shellside flow area and thus increasing the

pressure drop. BNL will examine the IHX and will state their findings

in a report to be issued later.
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TABLE I

INTERMEDIATE HEAT EXCHANGER PRESSURE DROP

Run

Number

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

UBi
In

301
245
203
163

301
247
207
168

301
245
203
168

298
248
203
170

302
247
210
168

299
248
205
170

UBi
Out

192
176
162
148
140
196
179
164
154
144
194
178
164
152
144
193
175
164
153
144
176
177
164
153
144
197
180
164
153
144

psi

125
83
55
23

122
83
53
24

123
81
51
24

123
84
50
26

125
83
57
24

119
84
52
26

Add 29 psi for elevation correction
* Subtract 19 psi for elevation correction

Temperature gradients across the shell inlet and outlet tube

sheets are shown in Figure 7. There is a 44 F temperature drop across

the inlet tube sheet (run 9) and a 25 F drop across the outlet tube sheet

(run 26). These conditions - which are well within design limitations -

will not cause overstressing of the tube sheet. The data taken for
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Flow,
gpm

232
204
176
148
120
232
204
176
148
120
232
204
176
148
120
232
204
176
148
120
232
204
176
148
120
232
204
176
148
120

Bi
In

152
155
155
152
153
266
266
266
266
266
220
220
224
222
222
191
189
190
191
191
140
140
140
140
140
123
124
125
124
124

Bi
Out

84
82
82
84
84
92
95
96
96
96
95
96
96
93
85
84
88
92
92
91
84
84
84
84
84
84
84
83
81
81.5

LIP, *
psi

68
73
73
68
69

174
171
170
170
170
125
124
128
129
137
107
101
98
99

100
56
56
56
56
56
39
40
42
43
42.5

Flow,
gpm

232
232
232
232
232
400
400
400
400
400
350
350
350
350
350
300
300
300
300
300
200
200
200
200
200
150
150
150
150
150

Average Bi
Differential,

psi

51

155

117

86

37.5

21



temperature gradient across the annulus seal is given in Table II, and

run 26 is shown in Figure 8. Since T is only 12 F, there is no problem

of overstressing at this location.

TABLE II

TEMPERATURE GRADIENT ACROSS THE IHX ANNULUS SEAL

UBi Bi UBi Bi UBi Bi Thermocouple Readings, F
Run A T, A T, Flow, Flow, To, TI, Reading Number
No. F F gpm gpm F F 1 2 3 4 5

1 98 95 235 232 870 836
2 110 91 204 863 837 847 848 852 864 871
3 111 78 176 854 836 850 852 855 869 875
4 131 77 148 842 833
5 150 77 120 820 810

6 125 65 232 400 845 835 828 830 833 842 847
7 122 59 204 850 835 833 834 836 845 849
8 119 49 176 846 836 835 835 835 840 843
9 125 45 148 842 835 823 824 823 826 828

10 128 38 120 832 827 807 807 810 817 820

11 113 71 232 350 857 836 841 842 847 859 864
12 116 73 204 853 837 837 837 840 850 855
13 121 55 176 850 837 836 836 839 846 850
14 125 51 148 842 833 832 832 833 839 841
15 130 45 120 838 832 847 849 849 855 857

16 111 80 232 300 866 841
17 113 73 204 855 835 825 826 827 835 837
18 120 66 176 852 837 830 830 833 837 840
19 118 58 148 850 839 832 832 833 839 842
20 130 52 120 837 831 822 823 823 826 829

21 94 107 232 200 873 830 851 853 859 874 882
22 100 97 204 868 837 855 857 862 878 887
23 107 89 176 860 837 852 852 855 868 875
24 123 91 148 840 820 841 842 845 855 860
25 144 89 120 828 813 840 842 845 856 862

26 78 112 232 150 888 840 866 870 877 892 903
27 89 114 202 882 837 860 861 867 885 891
28 97 108 176 870 834 850 853 857 870 878
29 111 106 148 852 825 836 837 840 851 858
30 124 100 120 845 825 825 828 830 838 843
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Experimental IHX heat transfer characteristics were put in

Wilson plots and correlated with the over-all heat transfer coefficient

as computed from the Lubarsky-Kaufman equation.? Calculated values

of the over-all heat transfer coefficient were determined from the

following equations.

_ A

1 = -- 0-+ A0 + 1 (1)
U h.A. h A +h

1 1 w w 0

K1h. = 0.625- (P )0-4 , and (2)
1 d e

h = 0. 625DK2P (Pe) O- 4  ,(3)
e

where U = over-all coefficient of heat transfer,
Btu/hr-ft 2 - F,

A = shellside heat transfer surface, ft2 ,
0

A. = tubeside heat transfer surface, ft2 ,
1

Aw = log mean heat transfer surface for tubewall, ft2z,

h. = tubeside film coefficient, Btu/hr-ftz -OF,
1

h = shellside film coefficient, Btu/hr-ftz-OF,
0

h = tubewall heat transfer coefficient, Btu/hr-ft2 -*F,
w

K1 = thermal conductivity of tubeside fluid, Btu/hr-*F-ft,

d = inside tube diameter, ft,

P = Peclet Number, a dimensionless group,

K 2 = shellside fluid thermal conductivity, Btu/hr-*F-ft, and

D = shellside fluid equivalent diameter (equal to
e four times the free flow area divided by the

wetted perimeter), ft.

Table III shows the determination of the tubeside film coefficient,

corrected to the outside surface. Table IV gives values of U based

upon the previous equations for comparison with each experimental

run. Figure 9 shows a composite Wilson plot of these calculations.

Experimental results of the 30 runs are given in Table V, and Figure 10

is a composite Wilson plot of the data. As seen from comparison of the

Wilson plots, the experimental heat transfer coefficients are somewhat

lower than predicted by the Lubar sky-Kaufman equation.?

2 CA Technical Note - 3336; March 1955.

- 26 -



TABLE III

DETERMINATION OF THE TUBESIDE FLUID FILM COEFFICIENT

Vi,
fp s

7.21 2.205

1

(V)0 4

0. 454

12.45 2.741 0.365

10.9 2.60 0. 385

9.33 2.444 0.409

6.22 2.079 0.481

4.67 1.854 0.540

Vi
ft/hr
x 10 4

2. 6

h5

2356

h.1

1906

4.48 2925 2370

3.93 2775 2249

3.36 2620 2122

2.24 2218 1795

1.68 1975 1600
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Bi
Flow,
gpm

232

400

Run
Number

1
2
3
4
5

6
7
8
9

10

350

300

200

11
12
13
14
15

16
17
18
19
20

21
22
23
24
25

26
27
28
29
30

150



TABLE IV

DETERMINATION OF OVER-ALL HEAT TRANSFER COEFFICIENT
BASED ON FLUID VELOCITIES

UBi
Run Flow,

Number gpm

1 232
2 204
3 176
4 148
5 120

6 232
7 204
8 176
9 148

10 120

11 232
12 204
13 176
14 148
15 120

16 232
17 204
18 176
19 148
20 120

21 232
22 204
23 176
24 148
25 120

26 232
27 204
28 176
29 148
30 120

vo,

fp s

6.38
5.61
4.84
4.08
3.30

Vo
ft/hr
x 10 4

2. 3
2.02
1.74
1.47
1.19

ho

2880
2739
2580
2408
2212

1 1 1
hw ho

X 10-4 X 10-4 X 10-4

5.24 5.34 3.47
3.65
3.88
4.16
4.52

4.22

4.45

4.71

5.57

6.25
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1
Uo

x 10-3

1.405
1.423
1.446
1.474
1.510

1.303
1.321
1.344
1.372
1.408

1.326
1.344
1.367
1.395
1.431

1.352
1.370
1.393
1.421
1.457

1.438
1.456
1.479
1.507
1.543

1.506
1.524
1.547
1.575
1.611

U

712
703
692
678
662

767
757
744
729
710

754
744
732
717
699

740
730
718
704
686

695
687
676
664
648

664
656
646
635
621



TABLE V

IHX HEAT TRANSFER DATA

Bi
Run Flow,

Number gpm

Bi
Flow,
ft

3 
/hr

x 103

Q
Bi Btu/hr
AT x 10

6

Bi UBi

T i To T i T o AT, ALTz
1/U 1

ATm U x 10-1 (V)
0

.
4

232 1.86 95
91
78
77
77

400 3.21 65
59
49
45
38

350 2.81 71
73
55
51
45

300 2.41 80
73
66
58
52

200 1.605 107
97
89
91
89

150 1.203 112
114
108
106
100

3.89
3.72
3. 19
3. 15
3. 15

4.59
4. 17
3.46
3. 18
2.68

4.39
4.51
3.40
3. 15
2.78

4.24
3.87
3.50
3.07
2.76

3.78
3.42
3. 14
3.21
3. 14

2.96
3.02
2.86
2.81
2.65

836 931 968 870
837 928 973 863
836 914 965 854
833 910 973 842
810 887 970 820

835 900 970 845
835 894 972 850
836 885 965 846
835 880 967 842
827 865 960 832

836 907 970 857
837 910 969 853
837 892 971 850
833 889 967 842
832 877 968 838

841 921 975 866
835 908 968 855
837 903 972 852
839 897 968 850
831 883 967 837

830 937 967 873
837 934 968 868
837 926 967 860
820 911 963 840
813 902 972 828

840 952 966 888
837 951 971 882
834 942 967 870
825 931 963 852
825 925 969 845

37
45
51
63
83

70
78
80
87
95

63
59
79
83
91

54
60
69
71
84

30
34
41
52
70

14
20
25
32
44

34
26
18

9
10

10
15
10

7
5

21
16
13

9
6

25
20
15
11

6

43
31
23
20
15

48
45
36
27
20

35
35
32
28
35

31
38
34
32
31

38
33
37
33
31

38
36
35
32
30

36
32
31
33
36

27
31
30
29
30

718 1.39 0.454
686 1.46
644 1.55
726 1.38
580 1.72

956 1.05 0.365
708 1.41
657 1.52
641 1.56
558 1.79

746 1.34 0.385
882 1.13
593 1.69
616 1.62
588 1.70

720 1.39 0.409
694 1.44
645 1.55
619 1.62
594 1.68

675 1.48 0.481
690 1.45
654 1.53
628 1.59
563 1.78

707 1.41 0.540
629 1.59
615 1.63
625 1.60
570 1.75
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3
4
5

6
7
8
9
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11
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14
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16
17
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19
20
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22
23
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30



For the runs where the sheliside fluid velocity was a maximum of

6.38 fps, the maximum difference is slightly over 4%. The greatest

difference appears at the lowest shellside fluid velocity of 3.30 fps,

where the calculated value of U is approximately 17% greater than the

corresponding experimental value. Most of the error comes from

discrepancies in the flow meters from the calibrated values. In general,

the Wilson plots agreed well within the probable error of the measuring

instruments.

2. Bismuth-Air Cooler

This test was performed to obtain pressure drop and heat

transfer characteristics of the bismuth-air cooler.

The original data compiled for this test were a secondary

result of the intermediate heat exchanger test and were for the purpose

of making a heat balance around the unit. It was found that the cooler

effluent air temperature measurement was lower than expected. This

indicated that the exit air temperatures were affected by back circula-

tion of the air in the stack. This was corrected by reducing the air

duct exit to 4 ft2 .

Pitot traverses made in the air duct determined the orifice

constant, K, according to standard practice.

Constant air flow rates were set using pressure drop across

the air orifice (Fig. 11), then the bismuth pump speed was set for

various constant speeds for each test run. All automatic controls

were excluded, and the bismuth flowmeter was out of service during

these tests. A flow curve based on alternator speed was used (Fig. 12).

The data obtained from the pitot traverses of the air duct

yielded a "K" value lower than that obtained by using theoretical calcu-

lations. As a result the air flow was smaller than anticipated, meaning

that less heat was removed from the bismuth than expected. Therefore,

only raw data are presented (Table VI) so that Wilson plots may be

calculated if desired. Figure 13 shows a comparison of heat balance

between the bismuth and the air. No balance is shown because of

uncertainty of air temperature and flow measurement. During the

test, four serpintine tubes were removed because of ruptures and

plates were welded to the cooler to deflect air away from this void in

heat transfer surface, causing more analytical problems.
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TABLE VI

BISMUTH-AIR COOLER HEAT TRANSFER DATA

Air
In

O F Dry \
Bulb, B

Number "H 20 F

Out
Bismuth

Vet Bi Temp
ulb, Flow, In,
F F gpm F

Temp Press Press Head
Out , In , Out , Correction,
F psi psi psi

3.5 76 53.5 781 400
3.5 82 56 784 353
3.5 82 56 788 300

3.0 72 52 795 400
3.0 76 53 782 353
3.0 80 57.5 792 300
3.0
3.0

2.5
2.5
2.5
2.5
2.5
2.5

2.0
2.0
2.0
2.0
2.0
2.0

1.5
1.5
1.5
1.5
1.5
1.5

0.9
0.9
0.9
0.9
0.9
0.9

80 55
79.5 54.5

70 51
71 51
72 52
72 53
74 54
74 55

72 54
74 54
74 54
74 55
73 55
74 55

84 59
84 59
84 59
82 58
76 56
76 56

85 59
69 49
70 51
68 49
68 49
69 49

786 252
795 200

813 400
808 350
810 297
804 250
810 200
792 150

840 395
833 350
837 300
828 250
813 200
808 150

806 405
808 353
810 300
813 252
844 200
848 150

815 412
867 385
865 350
864 290
860 220
862 155

Run

241 252
200 215
158 174

+ 24.51
2
3

7
8
9

10
11

13
14
15
16
17
18

19
20
21
22
23
24

25
26
27
28
29
30

31
32
33
34
35
36

243
200
161
127
102

243
2025
161
130
105
83

237
198
160
130
102
83

254
215
176
145
123

254
215
175
147
125
105

250
212
175
147

1225
105

932
937
940

930
936
949
945
961

936
935
950
952
966
972

950
945
952
958
964
974

950
955
957
965
972
979

962
956
959
959
972
980

866
863
853

867
866
867
848
837

877
870
872
860
853
820

897
885
881
874
859
862

904
900
895
890
877
856

925
915
914
912
900
885

250 262
200 214
159 175
130 147
101 122

83.5 105

256 267
226 239
200 214
156 172
114 133
87.5 110
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Figure 14 shows pressure drop versus bismuth flow before and after

removal of the tubes.

3. Primary (UBi) Pump Performance Test

The object of this test was to determine the operating charac-

teristics of the primary (UBi) pump and to establish its reliability in

liquid metal service.

The range of data was limited by two factors, (1) flow rates of

more than 240 gpm were not possible due to the unexpected high pressure

drop through the shell side of the intermediate heat exchanger, and

(2) pump operation at speeds lower than 500 rpm was not permitted in

order to protect the hydrostatic bearing.

Cavitation data were not taken since the pump liquid level could

be only slightly varied without damaging the pump.

The loop was operated at 1000 F isothermal conditions through-

out the test; cover gas was maintained at 10 psig. With the pump

operating at full speed, the throttle valve was adjusted to provide the

desired flow. Pump speed was then varied to provide the desired

number of readings

Four pressure transmitters were used in the tests, two on

each side of the pump. On the suction side of the pump one transmitter

tap was located between the pump and the surge tank, the other tap was

upstream of the surge tank. Two pressure taps were the standard type

and two were fast response taps. The fast response pressure taps on

the suction side were not affected by the overflow circulation from the

pump to surge.

Figure 15 shows the head-capacity curves for the standard

pressure taps. The developed head is the summation of the differences

of pressure tap readings, static heads, and velocity heads. The head-

capacity curve taken from the fast response pressure taps is shown in

Figure 16. Figures 17 and 18 show the variation of the over-all efficiences

and input power with flow.

4. Intermediate (Bi) Pump Performance Test

The object of this test was to determine the operating charac-

teristics of the intermediate (Bi) pump and the establish its reliability

in liquid metal service.

- 32 -



The loop was operated at 1000 F isothermal conditions through-

out the tests; cover gas pressure was maintained at 12.5 psig. With the

pump operating at full speed, the throttle valve was adjusted to provide

the desired flow. The pump speed was then reduced to its lowest

readable point by steps.

Pump speed was determined by a stroboscope sighted on the

pump shaft through a sight glass in the seal can since the normal pump

tachometer was out of service during these tests. The tachometer was

later replaced and a calibration curve showing tachometer reading

versus stroboscope reading was made (see Fig. 19).

Four pressure transmitters were used in the tests, two on

each side of the pump. Two were fast response and two were standard

type. The pump suction fast response pressure tap was mounted up-

stream of the surge tank leg, and the suction side standard pressure

tap was mounted between the surge tank leg and the pump. The up-

stream pressure tap was not affected by the over flow circulation from

pump to surge.

Head, over-all efficiency, and input power versus capacity

are shown in Figures 20 through 23.

Net Positive Suction Head (NPSH) was varied in the upper

values by varying the cover gas pressure from 0 to 50 psig. Lower

NPSH values were gained by dropping the loop liquid level. Curves

showing the effect of NPSH are plotted in Figures 24 through 26.

Two procedures were used for cavitation data runs, (1) the

cover gas pressure was set and the pump speed varied through its

range, and (2) the throttle valve position was set while the pump speed

was varied.

5. Throttle Valve Performance Test

The throttle valve test was performed in the bismuth loop.

Information obtained includes pressure drop at several valve disc

positions with varying flows and pump speeds.

The data was generated during the Bi pump tests by running

the pumps at full speed and setting the desired flow with the throttle

valve.
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Pressure transmitters were located downstream on both sides

of the valve, 103 in. and 57.5 in. below the centerline of the surge tank.

The difference in elevation caused a 16 psi head correction.

Figure 27 shows the relationship between pressure drop and

flow for various pump speeds and valve openings.

6. Furnace

Time did not permit detailed furnace tests. Skin thermocouples

were installed in the furnace tube bundle in the region of expected hot

spot temperature. These temperatures were continuously recorded and

provided a rapid and fairly accurate means of obtaining relative firing

rates. Figure 28 shows pressure drop data through the furnace tubes

as a function of the primary flow rate, and temperature measurements

to provide heat input into the primary loop. Steady state heat balances

between the primary and intermediate loops agreed to within 3%. Calcu-

lations indicated that the flue gas temperature entering the furnace tube

bundle was about 2200 F. The limited temperature measurements indi-

cated a significant gas flow unbalance, and there was some evidence that

the hot spot temperature was closer to the primary fluid inlet than

expected. The large mass of refractory material made bismuth tem-

perature very slow in response to power level changes. Considerable

manipulation was required to bring the furnace from one steady state

condition to another. When the control system was used to adjust air

damper position to hold a constant bismuth exit temperature, a "hunting"

action resulted which when coupled with temperature control from the

furnace exit, caused temperature oscillations which damped out very

slowly. Because of this, manual operation was used for the major

portion of the component tests.

7. Instrumentation

a. Pressure Measurement

Two basic types of pressure transmitters were used in the

test program. The first type, standard response transmitters (SRT),

were installed during loop construction to measure pressures at various

locations in the heat transport system at steady state conditions. The

second type - added later by B&W for the system analysis program -

were fast response transmitters (FRT).
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The SRT installations consisted of two different designs

of pressure sensing elements having the following characteristics.

(1.) Design "A"

The sensing element consisted of a flat diaphragm

which had slight corrugations around the circumference near the outer

edge. The first units had AISI 430 diaphragms; later units were con-

structed of Croloy 2-1/4. Each SRT was connected to the loop through

a 1/2-in. Sch 80 nipple welded at each SRT location. The pressure on

the diaphragm was transmitted by sealed NaK-filled capillaries to a

bourdon tube. The movement of the bourdon tube operated a pneumatic

system through mechanical linkages and a bellows, providing both a

local pressure indication and recorded pressure on the main control

panel.

(2.) Design "B"

This design is similar to Design "A" with the exception

of the diaphragm which consisted of AISI 405 and Croloy 2-1/4. The

diaphragm was of the envelope type, where two dished faces were welded

together to form a small, sealed chamber. The chamber was then

corrugated and finally welded into a sealed NaK system. The SRT

instruments were installed at the following locations. (See Fig. 4.)

Primary Loop Reference Number Design

Furnace Inlet PT 100 A

Furnace Outlet PT 101 A

IHX Inlet PT 102 B

IHX Outlet PT 103 B

Pump Suction PT 106 B

Pump Discharge PT 107 B

Intermediate Loop

Air Cooler Inlet PT 111 A

Air Cooler Outlet PT 112 A

IXH Inlet PT 113 B

IXH Outlet PT 114 B

Pump Suction PT 117 A

Pump Discharge PT 118 A

Throttle Valve PT 115 A
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Each transmitter was calibrated statically by

pressurizing the heat transport system with helium. After charging

bismuth into both loops, readings were again taken for no-flow conditions,

and pressure drop across loop components was read directly at each

point and then corrected for elevation. Both designs had a relatively

large response time constant, varying from 2 sec to > 10 sec at some

points. As the test program progressed, the SRT instruments became

more and more sluggish, and their response to a sudden pressure

decrease was substantially different than response to an increase of

pressure for some instruments. A cursory examination of the pressure

transmitters upon loop shutdown indicated that plugging in the capillaries

was responsible for the poor response. Variations in accuracy dis-

covered during instrument recalibration could also be a result of a

plugging action. These instruments were used only to obtain steady

state flow characteristics due to their poor response.

Four fast response transmitters were purchased for

the transient tests. These instruments used a sensing element similar

to Design "A", and also contained a sealed, NaK-filled capillary

connected to a bourdon tube. In the FRT units, however, the bourdoi

tube is mechanically coupled to a strain gauge cell that provides 0 t>

10 my electrical output, this was fed to the input of a high gain d-c

amplifier. The amplifier output was recorded on an oscillograph

recorder. The advantage of this design lies in the small amount of

movement required by the strain gauge cell in order to respond to

pressure changes. Manufacturer's tests showed the FRT units to have

a response time constant of approximately 0.5 sec.

The pressure transmitters of this type were in the

following locations.

Transmitter Number Location

707 Intermediate Loop circulating pump suction.
709 Intermediate Loop circulating pump discharge.
708 Primary Loop circulating pump suction.
710 Primary Loop circulating pump discharge.

To obtain reliable loop test data, the pressure trans-

mitters were calibrated at actual operating conditions using the test

stands shown in Figure 29. A known helium pressure was applied to

the bismuth side of the NaK filled pressure transmitters, while a
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constant d-c voltage was supplied to the strain gauge. The pressure

was varied 0 to 75 psi for the two pump suction transmitters and from

0 to 300 psi for the two pump discharge transmitters. The pressure

and output strain gauge voltage was recorded for each run. The output

strain gauge voltage was measured with a potentiometer graduated in

millivolts; the applied pressure gauges used in this setup were calibrated

with a dead weight tester before installation, thus assuring accurate

pressure readings. Data obtained are shown in Table VII, and calibrated

curves are shown in Figures 30 through 33.

To better simulate operating conditions, the NaK filled

pressure transmitters were maintained at approximately 900 F with

nichrome heater wire, and were wrapped with insulation. The operating

temperature of the NaK elements was varied from approximately 500

to 900 F, and data were taken for the two pressure transmitters located

at the intermediate loop pump (No. 707 and 709). The temperature effect

on transmitter No. 707 was greater than the effect on No. 709; the

temperature effect on No. 707 is shown in Figure 30.

The four pressure tap strain gauges were installed

during the shutdown in November and were operated until the final loop

shutdown. During this period the loop was shut down., cooled, and

reheated twice. Actual operating time on these strain gauges amounted

to seven weeks; however, it must be noted that during this period of

operation most of the loop tests were run and the strain gauges were

subjected to more pressure variations than under normal operating

conditions.

After loop shutdown the four pressure tap strain gauges

were removed and retested for comparison. The test procedures were

identical except that a dead weight tester was used instead of using a

pressure gauge to measure the applied pressure.

Table VIII presents the data obtained from these test

runs. Figures 30 through 33 show the outputs before installation and

the output after removal.
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TABLE VII

CALIBRATION OF FAST RESPONSE PRESSURE TRANSMITTERS

Strain Gauge No. 707,
d-c Voltage Input

d-c Output at
Pressure, 495 to 550 F, 930to1000F,

psig my

0
10
20
30
40
50
60
75

-0..25
+1.22
2.37
3.76
5.05
6.39
7.75
9.67

my

-0.09
+1.35

2.57
3.87
5.25
6.57
7.86
9.93

Strain Gauge.No. 709

Pressure,
psig

0
20
40
60
80
100
120
140
160
180
200
220
240
260
280
300

d-c
550 F,
my

-0.06
+0.41

1.00
1.35
1.85
2.33
2.81
3.29
3.66
4.26
4.75
5.23
5.70
6.07
6.67
7. 16

Output at
880 to 900 F,

my

+0.02
0.50
0.99
1.47
1.97
2.46
2.92
3.43
3.93
4.40
4.90
5.39
5.86
6.36
6.84
7.30

Strain Gauge No.
d-c Voltage Input

Pressure,
psig

0
10
20
30
40
50
60
70
75
80

100
120
140
160
180
200
220
240
260
280
300

708
4

Output at
1000 F,
my

0.07
1.35
2.52
3.76
5.05
6.41
7.65
8.89
9.55

710
4

Output at
1000 F,
my

0.02

0.50

0.99

1.47

1.97
2.46
2.92
3.43
3.93
4.40
4.90
5.39
5.86
6.36
6.84
7.30
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TABLE VIII

FAST RESPONSE PRESSURE TRANSMITTER RECALIBRATIONS

Strain Gauge No. 707
Input 4 d-c Voltage

d-c Output at
Pressure, 1025 to 1035 F,

psig my

0
10
20
30
40
50
60
70
75

2.20
3.67
5.05
6. 37
7.78
9. 21

10.27
12.01
12.70

Strain Gauge No. 708
Input 4 d-c Voltage

Pressure,

psig

0
10
20
30
40
50
60
70
75

d-c Output at
1000 to 1015 F,

my

0.49
0.93
2.30
3.67
5.06
6.41
7.83
9.24
9.94

Strain Gauge No. 709
Input 4 d-c

Pressure,
psig

0
20
40
60
80
100
120
140
160
180
200
220
240
260
280
300

Voltage
d-c Output at

1070 to 1080 F,
my

0.92
1.43
1.95
2.40
2.95
3.48
4.01
4.52
5.04
5.56
6.08
6.61
7.13
7.65
8. 18
8.70

Strain Gauge No. 710
Input 4 d-c

Pressure,

psig

0
20
40
60
80

100
120
140
160
180
200
220
240
260
280
300

Voltage
d-c Output at
990 to 1025 F,

my

0.22
0.67
1.25
1.76
2.32
2.79
3.27
3.83
4.32
4.84
5.39
5.90
6.43
6.95
7.51
7.98

- 39 -



From the curves of strain gauges 707, 709, and 710

it appears that only a zero shift has taken place. Strain gauge 708

produced a more negative output on the low end and a higher output on

the high end, indicating an increase in instrument span. However, this

change does not differ much from the original calibration run, since

the largest error is 0.5 mv, or only 4 psi.

Both the zero and span shift can be corrected for at

the strain gauge; however, when the pressure tap is welded into the

loop there are no means for recalibration.

It is recommended that a separate port be installed

near the diaphragm so that the main pressure tap may be valved off

and the instrument calibration rechecked with the process still operating

at temperature. A valve would also have to be installed in this port and

closed during normal operation (see Fig. 34).

It is also recommended that a surge chamber be

installed between the disphragm and the main piping to eliminate any

spashing of bismuth on the diaphragm during sudden pressure changes.

b. Flow Measurement

(1.) Liquid Metal Flow

The Four Inch Loop was equipped with two identical

liquid metal flow measuring systems, each consisting of a differential

pressure transducer, power supply, potentiometer transmitter, and a

pneumatic pressure recorder. The high and low pressure taps across

the venturies were connected to the transducer by capillary tubing.

This system was NaK-filled and completely sealed. Diaphragms be-

tween the process fluid and capillaries transmit pressure changes

through the NaK to the transducer. A diaphragm in the transducer

senses any change in differential pressure that causes strain gauge

movement.

The power supply delivers a constant d-c voltage to

the strain gauge, and the gauge's output is directly proportional to input.

Therefore, a constant d-c power supply is a necessity to make the strain

gauge output directly proportional to the pressure differential across

the venturi.
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The signal is then sent to a potentiometer transmitter

where it is amplified. A metallic slug is repositioned in a coil when a

change of input signal occurs. The slug is connected to a flapper which

repositions itself near a nozzle. The small air pressure change at the

nozzle is converted to a 3 to 15 psi signal by an air relay and transmitted

to a pneumatic pressure recorder. The recorder has a square root

chart so that the receiver reads directly the percent of full flow.

Considerable trouble was encountered with the flow-

meter installations. Initially, transmitter 602 (UBi flow) seemed to be

giving the most trouble since the zero shifted continually (sometimes

up to 30% on the square root scale) from one shut down to another. The

flow recording also continually changed for the same pump speed.

Instrument 601 (Bi flow) showed the same symptoms to a lesser degree.

When the pneumatic pressure recorders were checked

with a manometer, they were in calibration and their repeatability was

satisfactory. To check the calibration of the potentiometer transmitters,

a potentiometer was connected to the input, and a mercury manometer

was connected to the output. These transmitters were in proper cali-

bration and repeatability was satisfactory. It was impossible to check

the calibration of the strain gauge circuit at this time because the

pressure taps were welded to the pipe.

The high pressure taps were removed from the loop.

The maximum pressure differential across the venturi was set at 600-in.

of water. All pressure was removed from the loop so that the low

pressure tap would not cause a faulty reading. Pressures from 0 to

600 in. of water were applied to the high pressure taps and the output

of the potentiometer checked with a manometer. Errors up to 20%

were found on No. 602 (UBi), and errors up to 12% were found on No.

601 (Bi); repeatability on No. 602 was unsatisfactory, and repeatability

on No. 601 was satisfactory.

The Vendor service representative checked the

installation and found that only one power supply was being used for

both strain gauges. Since the strain gauge output is directly related

to the d-c input, each strain gauge must have its own power supply.

(One power supply could be used if there were a rheostat adjustment
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for the d-c input of each gauge, but this installation had only one such

adjustment for both strain gauges.) The vendor's representative added

another rheostat to the circuit, and then adjusted the output current of

the power supply. The strain gauge transducer of No. 601 was zeroed

and when the calibration of the whole installation was checked the

maximum error was 0.8%. The strain gauge transducer of No. 601

was again zeroed and when the calibration was checked it was still off

considerably and the linearity and repeatability of the system was still

unsatisfactory. The vendor representative suggested that the spring

holding the force arm on the strain gauge became bent or deformed in

some manner, causing a nonlinearity at the extremes of the range.

The force arm was repositioned (this improved the linearity), the

transducer was rezeroed and when the calibration was checked the

maximum error was 0.4%, and the repeatability was satisfactory.

The strain gauge transducer of No. 602 was calibrated in a similar

manner.

When the loop was placed back into operation, both

potentiometer transmitters were zeroed with bismuth in the loop. When

the pumps were started, the bismuth flow was satisfactory, but the

UBi flow dropped below zero. The potentiometer transmitter No. 602

(UBi flow) was rezeroed to read 50% of scale with flow in the loop.

When the pump was shut off, the pen on the flow receiver increased

by about 8%. The leads from the strain gauge to the potentiometer

transmitter were reversed, the system rezeroed with no flow, and

the pump started. The maximum flow reading on the chart was 20%

with maximum pump speed. All wiring was checked and found satis-

factory. The maximum change in strain gauge output was 1. 7 my

negative, from a no-flow to flow condition. The strain gauge was then

stretched by hand and the output changed in the proper direction.

From this information, it was concluded that the high

pressure line was either clogged or open. When the flow increased,

the pressure on the low pressure line increased, thus causing the

transmitter to receive a negative signal from the venturi lines.

The high pressure line was cut from the flow line

and a pressure of 0 to 600 in. of water was applied to it with no output

change detected.
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Transmitter No. 602 was then replaced with No. 603

(a spare), and No. 602 was returned to the vendor for repair. Varying

pressures were applied to the high pressure line of transmitter No. 603

and the accuracy checked after minor adjustments, but installation was

left within 0.8% accuracy. When a small pressure was applied to the

low pressure line to check the system, a normal negative signal resulted.

The high and low pressure taps of No. 603 were then welded into the flow

line across the venturi.

The two transmitters operated satisfactorily through

most of the component testing. They were later removed from the loop

and calibrated for transient tests to be conducted later in the test

program.

Flow transmitter calibration (see Fig. 35) consisted

of applying a 0 to 50 in. of mercury helium pressure to the high pressure

(upstream) NaK transmitter, while the low pressure (downstream) trans-

mitter was left at atmospheric pressure. Similar data was recorded

as in the pressure transmitter calibration, with the differential pressure

measured by a mercury manometer.

Since the bismuth loops both operated at substantially

higher static pressures than the venturi sections, the effect of increasing

the NaK transmitter pressures was evaluated, and found insignificant.

Some drift in d-c power supply to the strain gauges

was noted, and this variable was evaluated for flow transmitter No. 601

and data plotted. From Figure 36 this is a significant variable and also

a critical item in calibration and operation. The plotted data for a

12. 94 v d-c strain gauge supply was obtained at room temperature.

This variation from actual loop conditions in the case of the flowmeters

was assumed to be insignificant, since the two NaK transmitters oppose

each other in each flowmeter and cancel out any temperature effect.

After calibration of the two flow transmitters, they

were reinstalled, and the loop operated once more. Shortly thereafter,

trouble appeared in transmitter No. 601. The flow recorder dropped

to zero, so the potentiometer transmitter was checked and found in good

condition. The strain gauge transducer was checked, and it was not

giving an output signal with flow in the loop. The power supply was then

checked, its output was normal. The resistance of the four strain gauge
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arms was checked at 150 ohms each, showing no strain on the gauge.

The pump was then shut down and the recorder went below zero

From this information, it was concluded the strain

gauge linkage arm was slipping past the force arm. The screws were

tightened and the strain gauge zeroed with no flow in the loop. The

bracket was tightened against the arm and the screws painted to hold

then in place.

The pumps were then turned on and speed increased

to the maximum; this should have given full flow, but the chart read

94% full flow. The strain gauge output was checked at 8.8 mv. (It

should have been 10 my for full flow.) The pump was shut off, and the

strain gauge output checked at 0 mv, as is normal. Therefore, the

strain gauge was not reading a high enough differential for full flow.

This flow system was checked intermittently and the

flow recording was slowly dropping throughout this period. The power

supply output checked satisfactorily, so the high pressure capillary

was heated to 500 F with a propane burner with no noticeable improvement.

The trouble grew worse until finally the output span was less than 2. 0 my

with supply voltage increased to the maximum. It was assumed that

either the high pressure diaphragm had become deformed by long

exposure, or that leaks had developed in the diaphragm through corrosion.

It seemed to be generally following the pattern of failure exhibited by

strain gauge No. 602.

A preliminary report was received from the vendor

concerning Transmitter No. 602, which had been returned for repair.

Excerpts from this report follows:

"Instrument 602 which was removed from the 4" loop

was received. It was examined and tested immediately.

"The transducer proper (transmitter and strain gage

force probe) functioned properly and was in excellent condition, showing

no signs of extreme pressure over-ranges.

"Both sensor elements (diaphragm seals) and nine feet

of capillary exhibited an extreme 'plugged' condition throughout. This

was determined by selective and progressive inclusive heating (to 600* F)

of portions of the NaK-filled system exclusive of the transmitter region

while simultaneously applying pressure signals to high and low process
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connections alternately. The high side showed a more extreme condition.

"The development of such a condition in a system

would show up in operation as a gradual 'slowing up of instrument re-

sponse' to process signals until eventually there would be no response

at all, just as you experienced.

"My examination of the visible portion of the process

sensor diaphragms conditions and exploration of the extensive plugging

of the NaK filling of system leads me to believe that infinitesimal leaks

developed through the diaphragm because of corrosive attack by bismuth

and its oxides. The visible portion of the diaphragm surfaces show

splotches and pitted areas to some of which bits of bismuth were still

adhering.

"The capillary employed in this system has a bore of

.050 inches and will tolerate an appreciable build-up of oxides. The

fact that it took a temperature of 600 *F to free up the capillaries means

that there was a concentration of sodium or potassium oxides in NaK in

excess of 200 PPM (from temperature solubility curves) in that portion.

This could only be produced by 'in leakage' of gaseous oxidizing con-

taminates."

(2.) Air Flow

A square edge orifice was used to measure air flow

through the air blast cooler. As originally designed, the air cooler

fan inlet duct was unsatisfactory on several counts.

1. Air was being drawn from outside the
building and thus was subject to outside
air changes.

2. Only a short duct run was available,
with several bends between the air inlet
and the cooler.

3. There was no satisfactory method of
measuring air flow.

Therefore, a 24-in. - diameter straight duct 27 ft long

was installed, with the air inlet inside the building. A 14-in. - diameter

orifice plate, having pieziometering pressure taps was installed to

measure orifice differential. The upstream and downstream pressure

readings gave the average pressure of four points around the duct perifery.
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An equal areas method, pitot tube transverse of the

duct was made at several orifice differentials. Statis and barometric

pressures, and wet and dry bulb temperatures were recorded. The

orifice coefficient, or constant, was determined and air flow calibration

curves were plotted. Tables IX and X present the test results of this

calibration. The orifice constant, K, was calculated by

K= phw (4)

where W = air flow, lb/min,

hw= orifice differential, in. of water, and

p = air density in lb/ft3 .

c. Level Measurement

Three types of liquid level indicating devices were used

on the Four Inch Loop with varying degrees of success.

(1.) Surge Tank Liquid Level Device

This level indicating device consisted of a:completely

sealed metal float. The vertical action of the float rising with the

liquid metal was mechanically transmitted through a rack and pinion

to a circular motion. This circular motion was then converted to a

3 - 15 psi pneumatic signal which was transmitted to the control panel

liquid level indicator.

This device proved to be a dependable method of

liquid level indication. No doubt of the reliability of this was evidenced

during the operation of the loop.

(2.) Primary Pump Liquid Level Indicator

The primary pump liquid level indicator consisted of

a float in a liquid column mounted on the side of the pump. The float

had an extension rod at the top which acted on a core for a differential

transformer coil. The motion of the float produced a variable output

from the coil, and the coil was connected to a remote indicator cali-

brated for various levels.
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TABLE IX

DETERMINATION OF AIR CONDITIONS FOR
ORIFICE CALIBRATION

Traverse

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Distance in
Horizontal
Traverse

1
1.5
2.2
3.0
4.0
5.0
6.5
8.0
16.0
17.5
19.0
20.0
21.0
21.8
22.5
23

Distance in
Vertical
Traver se

1
1.5
2. 2
3.0
4. 0
5.0
6.5
8.0

16.0
17.5
19.0
20.0
21.0
21.8
22. 5
23

Total
32

0i ~

3.3 Op

Run 6

0.07
0.07
0.075
0.08
0.095
0.110
0. 120
0. 140
0. 167
0.162
0.160
0. 155
0. 150
0. 147
0. 145
0. 145

0. 110
0. 110
0.135
0. 160
0. 162
0. 165
0. 167
0. 172
0. 148
0. 140
0. 130
0. 130
0. 130
0. 127
0.125
0. 125

4.227
0. 132
0.363

2.25 Ap

Run 5

0.045
0.045
0.065
0.085
0.095
0. 105
0.097
0.092
0. 195
0.087
0.085
0.085
0.085
0.085
0.085
0.085

0.045
0.045
0.060
0.075
0.082
0.090
0.092
0.097
0.097
0. 140
0.095
0.095
0.095
0.092
0.09
0.09

2.650
0.083
0.288

4.0 Ap

Run 3

0.100
0. 100
0. 105
0. 110
0. 115
0.120
0. 145
0. 172
0.205
0.197
0.185
0. 187
0. 190
0. 185
0. 180
0. 180

0. 165
0. 165
0. 177
0. 190
0.205
0.220
0.230
0.240
0. 195
0. 175
0. 170
0. 165
0. 160
0. 155
0. 150
0. 150

5.388
0. 168
0.410

3.9 Lp

Run 1

0.110
0.110
0.110
0. 110
0.112
0.115
0. 120
0. 125
0.150
0.157
0.160
0.162
0. 165
0. 158
0. 150
0. 150

0. 160
0. 160
0. 177
0. 195
0.200
0.205
0.202
0. 195
0. 130
0. 128
0. 120
0. 117
0. 115
0. 110
0. 105
0. 105

4.588
0.144
0.380
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TABLE X

BISMUTH-AIR COOLER ORIFICE COEFFICIENT DATA

Run Dry Wet
No. Bulb Bulb

Spec
Abs % Vol
Hum Hum dry

Spec
Vol
sat

Hum
Vol p Avg

ft3 /lb lb/ft3 \ hr

w
V Q h Qxp

ft/min cfm "H 2 O lb/min hxp hxp K

13.06 0.0765 0.276 0.380

14.04 0.0712 0.267 0.410

14.09 0.0710 0.266 0.288
14.06 0.0711 0.266 0.363

1510

1685

1180
1495

4910

5150

3630
4560

1.9

4.0

2.25
3.3

0. 376

366

258
324

0. 298

0. 284

0. 160
0. 2345

0.546 690

0.534 685

0.401 645
0.4845 670

2690 4

K avg 672.5

1

3

5
6

56

86

88
87

42 0.0023

70 0.012

72 0.013
70 0.012

20

45

42
42

13.01

13.75

13.80
13.78

13.25

14.4

14.5
14.45



This device did not function during operation, but did

function when the loop was cold. Inspection of the device indicated no

cause for the malfunction. It was assumed that stresses from uneven

heating caused bending, thus restricting float movement.

(3.) Secondary Pump Liquid Level Indicator

The secondary pump liquid level indicator consisted

of a strip source of gamma radiation, vertically mounted parallel to

the cylindrical pump body. A measuring cell - located across a chord

of the pump body - measured the variable intensity of the radiation

field caused by the varying liquid level.

This device did not operate satisfactorily since the

signal from the source provided did not provide a strong enough radiation

field. Since time and money were limited, no further steps were taken

with this device.

As a result of the experience with the liquid level

indicating devices supplied for this facility, it can be concluded that a

float device with a direct mechanical drive provided the simplest and

only dependable indication of liquid level.

There is no information available which would indicate

whether or not the other two devices would have proved satisfactory if

more time had been available to experiment with them. Therefore,

these could not be evaluated for a possible future application.

d. Temperature Measurement

(1.) Logger-Scanner Operation

The Logger-Scanner recorded over 700 thermocouple

outputs, giving an accurate recording of temperatures throughout the

Four Inch Loop. At preset intervals, the Logger section typed out

temperatures at a one-per-second rate. At the end of this cycle, the

scanner operated on a three points-per-second rate.

In the Logger section, an electromechanical stepping

switch programmed the temperature of a thermocouple to a high speed

potentiometer indicator. Two coding wheels were geared to the poten-

tiometer pointer shaft. When the indicator reached null, sensing heads

were pulled in on each coding wheel, thus converting the numerical
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readings to a binary digit reading. This reading was memorized by a

relay network and at the proper programming interval, this memorized

reading was reconverted to a numerical reading by a decoding chassis

and typed out on the logging typewriter.

The scanner used the same point programming section

but the thermocouple output was routed to an electronic comparison net-

work and compared against a preset alarm voltage. Output above or

below this set point caused the point to go into alarm. This alarm

condition was then typed out in red on the alarm typewriter by the logger

section.

Accuracy of the logging section was better than 0.5%

of full scale at 1500 F; scanner comparison unit accuracy was 1% of

full scale at 1500 F.

The unit was received and put into limited operation

in late November, 1958, for periods usually less than 2 to 3 hr/day to

check thermocouple wiring. In February, 1959, the Logger-Scanner

was put into 24-hr operation.

Mechanical failure in (1) the temperature measuring

section, (2) the character programmer section, and (3) the scanner

programmer caused most of the operational difficulties.

The temperature measuring section consisted of the

high speed potentiometer indicator, the digi-coder sensing head, and

the coding wheels. In one instance the slide wire opened, and a new

one had to be made up by the vendor. The pointer shaft pin broke

loose and the instrument had to be more than half disassembled to

replace it. On two occasions one sensing head had to be replaced.

Numerous teflon pins in the sensing head have had to be replaced.

In the character programmer section, the stepping

switch (a plug-in unit located on the rear of the chassis) was replaced

once and removed several times for cleaning and adjustment. Because

of repeated operation, the relays in this section also caused trouble.

The scanner programmer section gave some minor

relay trouble. Numerous electronic breakdowns, tube failures, diodes

shorting, etc. occurred until it was discovered that the internal tem-

perature of the unit with all the doors buttoned up was between 95 and

120 F, depending on outside ambient temperature. The unit had no
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cooling arrangement, so it was then operated with the doors open and

a fan blowing on it. This kept electronic failures to a minimum but

subjected the unit to the dusty conditions of the building.

The Logger-Scanner spare parts list was not received

from the vendor until May, 1959; however, because of the high cost of

parts and the small monetary allowance, ordering most of these spares

would have been a waste.

During the last four months of loop operation the tem-

perature measuring section caused quite a bit of down time. As explained

earlier, the sensing heads were pulled in on the coding wheels when a

null temperature was reached; this was done by a d-c operated solenoid

powered by a full wave selenium rectifier circuit. The first trouble

was a high voltage breakdown of the solenoid. The solenoid was located

under the coding wheels, so the digi-coder had to be torn down to get

at the solenoid. Since digi-coder repair work had to be done at the

factory, the whole measuring section was removed and shipped back

to the vendor. The unit was repaired by the vendor, returned, and

put in operation. In less than a week the solenoid burned out completely

and the unit was returned to the vendor for repair.

Next, a voltage breakdown of the solenium rectifiers

occurred. When the vendor received it this time, the circuit was

redesigned. This circuit change eliminated any further trouble with

sensing head operation. The vendor stated that every solenoid circuit

component was replaced on each repair of the unit; and that on the third

repair, certain drive shafts and gears in the temperature measuring

section showed extreme wear.

In early December the measuring unit was binding

on large temperature variations. The trouble could not be determined

immediately and soon all the gears were bound. It appeared that a

misaligned shaft caused the shaft bearing to seize. Again, the unit

was returned and repaired. On this return from the vendor, the unit

was put on very limited operation to insure its lasting until the final

shutdown.

Concerning future comparable units, the following

is recommended.
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1. Instead of purchasing one large unit, smaller
units are more advisable, since during a
breakdown, only a portion of the temperature
information would be lost.

2. In one day's operation of the logger alone, the
character programmer stepping switch and the
temperature measuring system make at least
20,856 operations, more when the scanner is
operating. This mechanical system obviously
cannot withstand this amount of punishment
without excessive wear and breakdown. It
would seem that a similar system -but entirely
electronic - would probably provide more
dependable operation.

3. The unit should be located in an air conditioned,
relatively dust-free atmosphere and adequate
cooling should be provided.

4. Spare part inventory must be considered since
a unit of this importance loses much of its
usefulness unless down time is a minimum.

5. The temperature measuring unit should be
replaced with a comparable all-electronic
unit. The electronic unit has the advantages
of no moving parts and the possibility of
field repair. Its only apparent disadvantage
would be its comparative complexity.

As an alternative a complete spare measuring
unit could be kept on hand for minimum down
time. This is not a good solution, however,
because of the prohibitive cost.

(2.) Liquid Metal Fast Response Thermocouples

In spite of the large number of thermocouples originally

provided on the Four Inch Loop, it was necessary to install additional

elements for control system use and for transient studies. A large

number of skin and well type thermocouples were provided throughout

the entire loop; however, for the most part the response characteristics

were very poor. The skin thermocouples in the furnace and cooler tube

bundles responded very quickly to power changes, but did not give a

very accurate picture of average temperature at various load conditions.

In order to measure the bulk temperature into and out of each heat

transfer component, two fast response elements were installed at each

location. These sixteen thermocouples were iron-constantan, swaged

MgO type, with the hot junction welded to a Croloy 2-1/4 sheath. As a
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safety measure, mounting brackets, shown in Figure 37, were used

for each installation. Manufacturer's tests showed that the response

time of these thermocouples was less than 0.5 sec. Each element

was calibrated by the manufacturer before installation.

(3.) Fast Response Cooler Thermocouples

Exposed tip, chromel-alumel thermocouples measured

the temperature rise across the air side of the cooler. These elements

were grouped to have four point measurements on the cooler inlet and

four point measurements on the cooler outlet. The leads were connected

to give an average of the temperature difference.

e. Speed.Measurement

In the Four Inch Loop test program the speeds of the

primary and intermediate pumps, and the alternators, were important

factors. An accurate indication of pump and alternator speed was

desirable data in many tests (i. e. pump tests, transient tests) as a

check on system flow. The calibration of many instruments and controls

frequently depended upon or was related to an accurate indication of

pump speed. As designed, no method for the determination of pump

speed was available for calibration purposes. Alternator speed was

indicated, but not accurately enough for test purposes. In an attempt

to determine pump speed accurately, a tackometer indicator was

attached to the intermediate loop pump shaft. This instrument was

helpful but not dependable for test or calibration purposes. A viewing

port, giving a view of the motor shaft, was installed at the top of the

intermediate pump motor. Through this port, a stroboscope was used

to determine pump speed, and alternator speeds were determined by

the stroboscope. This method provided an accurate, but somewhat

inconvenient, method of determining pump speed. Errors introduced

in the calibration data by this method were as follows.

1. Human errors in using the stroboscope.
2. Errors in stroboscope calibration.
3. Human errors in reading the tachometers

being calibrated.

To correct this situation, it is recommended that a posi-

tive method of speed indication be provided on future installations. A
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mechanical revolution counter would provide a dependable and accurate

means of determining the speed of rotating machinery for calibration

and testing. An accurate tachometer should be installed on the rotating

machinery to provide a speed indication for operation.

B. SPECIAL OPERATING PROBLEMS

1. Welding

Site specifications were followed for all process equipment

welding on the Four Inch Loop. The principal problems experienced

in carrying out this procedure were obtaining welders qualified to

heliarc weld in the various positions required, and maintaining the

cleanliness and inert cover gas requirements. The cleanliness problems

resulted from poor welding techniques, including such things as not moving

all weld slag from one pass before laying in the next pass, starting a

pass with an oxidized weld rod tip, and not properly cleaning the surfaces

before welding. The difficulties in obtaining proper inert gas coverage

of welds were solved when the welders became experienced enough to

determine the correct size of gas cup for a particular job.

Site specifications - used in qualifying all welders - also

caused problems in this area. All field welders were qualified by the

construction company, but out of 12 men from the local pipe fitter's

union that took the tests, only two welders became "conditionally"

qualified after 10 weeks. A total of five welders became "conditionally"

qualified (qualified for only certain welding positions) for field welding,

two from one vendor, two from the local fitter's union, and one from the

construction company. Problems involving shop welders were also

encountered in convincing the vendor that welding, welder qualification,

and specifications had to be followed in detail.

Site specifications were also used for cleaning procedures.

The major problem here was in interpreting "clean" conditions, and

specifying what a clean sample looked like. Once agreement was

reached, very few problems arose except for occasional rust spots or

a small amount of weld porosity being found. These conditions were

caused by small amounts of sand being left in the weld area, and by not

properly cleaning the slag from the previous weld pass.
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In general, welding difficulties experienced in this installation

emphasized the importance of following welding specifications in detail

while making field welds.

2. Leak Testing

All piping and component joints in the vacuum systems, heat

transport system, and inert gas system were helium mass spectrometer

leak tested. These joints included welded and soldered (soft and hard)

pipe and tube connections, valve stem penetrations, and pressure fittings.

The vessels, piping subassembly, and other component joints were mass

spectrometer leak tested by the vendor before shipment and many were

rechecked after installation. Total time involved in field testing for

leaks was about 150 to 200 man-days.

The general procedure for leak testing consisted of evacuating

the system to as low a pressure as possible and then flowing helium

around each joint to be tested, starting at the joint nearest the vacuum

pump and working out into the system. As the test progressed, the

portion under test was isolated as much as possible from that portion

already tested. The mass spectrometer leak detector was tied into

the vacuum header just upstream of the fore pump and the pump ran

continuously. If there were several large leaks in one area, it was

difficult to pinpoint a given leak since the sensitivity of the detector

was so great that it would go off scale even when the helium probe was

held several feet away from the leaks. Once the probe was brought

close to a large leak, the detector would remain off scale for about

fifteen minutes until the helium could be evacuated from the system.

Much time was spent in attempts to locate large leaks by this method.

When the general vicinities of the larger leaks were found, the system

was pressurized with nitrogen to 25 psig and the joints were soap tested.

After the larger leaks were found and repaired, the system was again

evacuated and mass spectrometer leak tested under a 1 to 10 microns

vacuum. All joints were bagged with plastic and masking tape for the

final check using the detector. After the final leak check and before

heatup, the rate of pressure rise was measured on the primary and

intermediate systems. Each system was pumped down as far as possible

with the diffusion pumps and isolated from the rest of the loop. The
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pressure rise was measured with two trapped and two untrapped

vacuum gauges; the results are shown in Figure 38.

The vacuum system contains many cast bronze fittings, which are

4 in. and larger in size. Originally, forged copper fittings were to be

used, but the long delivery dates precluded their use and cast fittings

were ordered. The cast bronze fittings were tinned at 350 F at the

factory and were guaranteed leak tight. When they were installed,

they were silver soldered to the piping at approximately 1350 F, melting

the tinning which flowed freely off the fitting surfaces. Construction

continued even though this condition was known to exist. During leak testing,

the fittings were found to be porous and an unsuccessful attempt was

made to fill the pores by wiping the outside of each one with a tinning

material. This was done at 650 to 700 F with an Argon pressure inside

to prevent oxidation. Later, a material which was liquid in air but

hardened under vacuum was applied by soaking tissue paper and laying

it on the fitting with a vacuum inside. After the pores were filled, the

tissue paper was wire-brushed from the fitting, and heat was applied

for about 4 hr under vacuum to harden the sealant. This work took

about one month.

Leaks were detected in the horizontal welds of two of the

vacuum poppet valves, not during the 10 micron leak test, but when

the diffusion pumps were started and the pressure was lowered to about

0.02 microns. These leaks were repaired by rewelding.

A number of threaded and soldered joints throughout the system

were not tight, so they were resoldered

Several valves in the helium and vacuum systems leaked across

the seat and around the diaphragm. These repairs were made by

tightening the bonnet nut.

The neoprene end gaskets were replaced on several 1/2-in.

vacuum valves; these valves did not operate satisfactorily on the loop.

Flange surfaces were rehoned and flat rubber flange gaskets

replaced on the three bismuth liquid level indicators.

Two of the diffusion pump "clean out" flanges were retightened,

the caps on the oil fill and drain connections were replaced with permatex,

and the O-rings in the cold trap flanges were replaced.
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All of the process piping and components were leak tight

except for piping flanges. The ring joints in these flanges were

relapped and the O-rings replaced.

3. Induction Heating

All 4- and 6-in. Croloy 2-1/4 piping in the heat transport

system was equipped with an auxiliary heat supply consisting of 60

cycle a-c induction heating coils constructed of No. 6 (seven strand)

asbestos sheathed cable. As stated in Section II, each coil was tightly

wrapped over 4 in. of magnesium block insulation and held in place by

2-in. steel staples driven into the insulation. The coils were pitched

at 10 turns per linear foot on the 4-in. pipe and 20 turns per linear foot

on the 6-in, pipe. Each coil circuit was designed to operate from a

5.4 kva autotransformer. The maximum input to each coil circuit was

120 v at 45 amp; the limiting factor was the kva rating of the autotrans-

former. All process piping which contained flowing bismuth had a

special "heat return" feature which automatically energized the circuits

upon loss of the furnace. Normal power for the induction circuits was

taken from the 120 v 60 cycle heating bus. Provision was made to

supply over-voltage to the induction bus by manual transfer to a single

phase 480/120 v, 75 kva transformer. This transformer took power

from a 250 kw emergency diesel generator, which could be operated

so that over-voltage was available at the induction heating bus.

As originally designed, and at 1 2 0-v normal operating power

supply, the induction heating circuits were to provide sufficient auxiliary

heat to maintain the 4- and 6-in. piping at 750 F. When supplied with

over-voltage from the diesel generator, a temperature of 1050 F was

expected. The original plan for heatup of the process piping was to

level off the furnace at the minimum firing rate (approximately 400 F)

andraise the power level of the heating circuits until temperatures

throughout the loop were uniform. Soon after startup, it became apparent

that a number of cold spots and large temperature differentials existed

throughout the heat transport system in the following general areas.

1. Junctions of adjacent induction circuits.
Field cancellations occurred in cases
where the circuit connections were not
properly made.
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2. Fittings, such as flanges, reducers, and
tees. Flanges were troublesome due to the
large mass of metal. Otherfittings were
bothered by nonuniform wrapping and a re-
sultant field cancellation.

3. Induction circuits in the immediate vicinity of
large masses of metal, such as steel columns.
To cause trouble, the steelwork must be
heavy and within 6 in. of the induction circuit.
Steel pipe hangers had no apparent effect on
the heating ability of the circuits. Although
the majority of the steelwork did not appear
to hamper the induction circuits, it was noted
that large a-c currents were present in the
steelwork.

The most evident cold spots during the early stages of heatup

were flanges and reducers in the 6-in, piping. The addition of multi-

layer windings brought all flanges, with the exception of the blanked-off

test section flange, up to temperature. A 36-in, length of 6-in, steel

pipe was welded to the blanked-off flange, insulated, and wired into

induction circuit No. 10. When the loop reached a 400 F average tem-

perature, it was felt that increased power to the induction circuits

would force heat into adjacent cold sections of piping, thus requiring

little or no additional wrapping. Actual test indicated that this was not

the case, and Table XI shows the power requirements for the various

induction circuits before a major rewrapping. Note that even during

the early stages of heatup, the majority of circuits approached or

exceeded the design current requirements.
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TABLE XI

INDUCTION HEATING CIRCUITS - POWER REQUIREMENTS

Circuit
Number

1

2

3

4

5

6

7

8

9

10

11

13

14

15

54

56

Average
Temperature, F

480

440

470

455

430

425

280

310

400

360

440

400

360

400

400

430

Voltage,
v

57

60

65

74

55

41.8

58

25

34.5

34. 2

65

44

44

13.2

43. 5

38.5

Auto Transformer
Setting, o of
Full Output

56.5

58

61

70

53

42

47. 5

27

35

34

61

43

45

15

43

39

Current,
amp

32

30t,

3 0 . 8

36

29

38

16.8

34. 5*

32

27

34. 5'

24.5

31. 5

39. 9

32

38.5

Power
kw

1.71

1.52

1.85

2.52

1.5

1.44

0.618

0.81

0.98

0. 79

1.97

1.01

1.26

0.49

1.3

1.38

Panel meter instrument transformer improperly connected; these readings are approximate.

Power Factor

0.93

0, 89

0.92

0.94

0.93

0.91

0.62

0.94

0. 89

0.86

0.88

0.93

0.91

0.93

0.93

0.93

I

U,

1



As heatup continued, attempts to heat up cold spots by re-

wrapping and revising the induction circuits failed. Circuit No. 15,

which required very low voltage for high current flow, was placed in

series with Circuit No. 56. Table XII shows the electrical character-

istics of these circuits before the alteration was made; Table XIII shows

the electrical characteristics after the circuit modifications were

completed. Table XIII is based on use of the normal 120 v power supply.

This data was taken 24 hr before maximum temperatures were reached

in the piping. While most temperatures were above 800 F, a number of

cold spots were still present, so it was decided to transfer the induction

heating bus to the diesel generator. Before switching to the generator,

the autotransformers controlling the power to the circuits were operated

at almost maximum kva, and the transformer cubicles were very warm.

After the transfer, and with the control transformers operating on 140 v

48 amp (6. 725 kva), the transformer cubicles required external fan

cooling. Likewise, external cooling was necessary for the 75 kva diesel

generator stepdown transformer and the 600 amp circuit breaker on the

induction bus. Without this cooling, it would not have been possible to

hold the breaker in the heating circuit. After about one week of over-

load operation, the diesel generator blew a cooling water hose and

dropped the lead.

Following this incident, a re-evaluation determined the heating

requirements for the process piping. From previous experience, it

was evident that the original 1050 F requirement for outgassing and the

750 F requirement for normal power operation could not be achieved

at all points in the loop. The following conditions were then established.

1. Maintain 750 F, using normal 120 v power,
in the process piping containing flowing
bismuth.

2. Maintain 1000 F in the static bismuth
piping.

3. Raise all process piping temperatures to
at least 875 F for outgassing.
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TABLE XII

INDUCTION HEATING CHARACTERISTICS BEFORE MAJOR ALTERATION

Circuit Average
Number Temperature, F

1 515

2 480

3

4

5

6

7

8

9

10

11

13

14

15

54

56

Voltage,
v

62

67

Cu r r ent,
amp

32

31

Auto Transformer
Setting, % of
Full Output

58

62

Power,
kw

1.73

1.88

Power Factor

0.90

0.90

No data

No data

460

500

400

425

550

450

515

465

455

495

525

525

60

53

72

29

42

45

68

50

50

15

44.7

43. 8

29

42

18

31

37

30

34

27.5

33

41

35. 5

39

55

52. 5

64. 5

30

43

45

64. 5

48

49

16

45. 5

44

1.6

2. 02

1.08

0.74

1.40

1.0

2. 12

1.26

1.5

0. 583

1.45

1.48

0.92

0.90

0. 83

0.83

0.90

0.74

0.92

0.92

0.91

0.95

0.92

0.87

IN



TABLE XIII

INDUCTION HEATING CHARACTERISTICS AFTER MAJOR ALTERATION

Circuit Average
Number Temperature, F

1

2

3

4

5

6

7

8

9

10

11

13

14

15

54

56

820

770

795

680

780

675

775

835

710

620

705

740

725

660

715

Voltage,
v

96

108

100

96

91

90

110

56

51

72

90

83

70

67

57

Current,
amp

42

41

42

43

41

42

20

42

44

44

43

42

43

44

41.5

Auto Transformer

Setting, % of
Full Output

88.5

100

94

89

88

91

100

57

54

71

84

78

68

66

58

Power,
kw

3.63

4.03

3. 83

3.8

3.51

3. 36

1.81

2.09

2.05

2.54

3.44

3. 1

2. 76

2.82

2. 23

Power Factor

0.90

0.91

0.91

0.92

0.94

0.89

0.82

0.89

0.91

0.80

0.89

0.89

0.92

0.95

0.94

No data

I

N

I



The first step consisted of rewrapping induction circuits that

were near columns, and rewrapping circuits where field cancellations

from nonuniform wrapping were present. Next, the spare primary loop

pump stand was removed from the loop structure, and a short section

of pipe was clamped between the capped-off section and discharge

piping. This section was then insulated, wrapped with induction wire,

and included in Circuit No. 14. The remaining cold spots (below 750 F)

were at the inlet and outlet headers of the bismuth-air cooler. These

headers represented a large heat sink where heat was taken from the

induction-heated piping. Up to this point, it was not possible to

maintain 750 F at the headers with normal power on the induction bus.

The 875 F temperature requirement for outgassing was

satisfied when an additional 10 to 20 turns of induction wire were

wrapped over a cold area and connected to a portable welding machine.

Currents up to 150 amp passed through these circuits. Various

circuit revisions were attempted in order to obtain a more evenly

distributed load.

Shortly after the contractor left the site, the induction heating

problem was again reviewed with the idea of meeting original heatup

requirements. The main factor was to furnish a greater number of am-

pere turns.. The cost and time required for these modifications was

so great that they could not be made. It was decided to increase the

voltage on the induction bus from 120 to 240 v, thus providing the

extra power for higher currents. This change required tandem auto-

transformer connections to provide 240 v, 56 amp current.

Induction heating on 4- and 6-in. Croloy 2-1/4 pipe proved

quite successful on the Four Inch Loop. Although difficulties were

encountered in some locations, this method did provide a satisfactory

means of obtaining the necessary high temperatures. Most of the

problems consisted of differences between heating characteristics

experienced on the loop and those predicted based upon straight runs

of unobstructed piping. Large masses of metal (flanges, reducers,

fittings, etc.) created the greatest discrepancies in heating rates.

Eventually, a point was reached during loop operation where the

majority of circuit power controls became overloaded. The high power

factors, prevalent in most circuits, indicated excessive I12 R losses
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in the coil turns. Larger coil wires should present no great installation

problem, and their use should reduce these losses and provide a more

efficient heating system.

4. General Heatup and Degassing

The original heatup and degassing plans called for evacuating

the heat transport system to about 10 , starting the heating circuits,

firing the furnace and cooler, and then stabilizing the system at the

lowest possible temperature. After this point, the temperature would

be gradually increased until a 100 pressure was reached in any point

of the system. At the instant these conditions were achieved, the

temperatures were to be leveled off until a full vacuum was obtained.

This stepwise procedure was to be continued until the temperature

reached 1000 to 1050 F. The procedure followed, however, was quite

different. As the system temperatures were increased, there was no

appreciable rise in pressure because the vacuum system was oversized

to the point where the impurities were removed faster than they were

driven out of the steel. Also, the system was exceptionally clean when

assembled. These factors permitted heatup on a continuous basis

without temperature stabilization. However, considerable difficulty

was encountered in obtaining a uniform temperature distribution

throughout the piping, and in attaining the required outgassing temper-

ature. This delayed the heatup and degassing phases for several months.

5. Bismuth Cleaning

About 80, 000 lb of bismuth was supplied for the Four Inch

Loop, shipped in the form of ingots (average weight 10. 582 lb per

ingot) crated ten to a box. The net weight, to three decimal places,

was stenciled on each box along with a box number and a lot number.

An ingot from each lot (melt) was retained for analysis.

The original cleaning plans called for wire brushing heavy

oxide deposits, degreasing in acetone (or similar solvent), deoxidizing

surfaces in a 37% nitric acid solution, rinsing in water, dipping in

alcohol to increase the drying rate, and then drying with compressed

air. However, this procedure was simplified considerably when cal-

culations indicated that surface oxidation would contribute only 4 ppm

Bi 03 (assuming a 5000-A oxide coating on each ingot), and it was
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realized that deoxidizing with acid on such a large scale could very

likely result in a heavier oxide coating on the ingots than was initially

present. The only acid cleaning that had previously been done in this

area was on a small scale, and the individual ingots could readily be

inspected while in the acid bath, and then removed before the bismuth

could become re-oxidized.

The cleaning procedure used consisted of wire brushing each

ingot, degreasing in methylene chloride, air drying, and wiping with a

clean rag just before loading in the melt tank. Methylene chloride was

used because it is less toxic than acetone and is also nonexplosive. The

final wiping was specified after it was noticed that a black substance

could be rubbed off the surface of a clean ingot. The need for this

final wiping is questionable, since the black substance continued to rub

off after several wipings, and it could not be completely wiped off of a

freshly exposed surface.

Additional oxide removal is done by slagging, adding magnesium

to the bismuth in the melt tank. The oxides that are formed will float

on the bismuth, and will remain in the melt tank when the bismuth is

drained to the dump tanks.

Approximately 275 manhours were required to break open the

bismuth boxes, wire brush, degrease and stack the 80, 000 lb of

bismuth. The cleaning process used about 125 gal of methylene

chloride. The ingots were degreased in 5-gal tray, and the solution

was changed after 30 boxes were cleaned.

The melt tank was filled with about 15, 344 lb of bismuth

ingots. An argon purge was placed on the melt tank during the filling

operation; the melt tank was placed under a helium pressure of 7 to

8 psi and leak tested. Next, the melt system was placed under fore

pump pressure of about 40 and heat was applied (14. 75 kw). These

conditions were held for 24 hr until the bismuth was completely

melted. The five bismuth melts used in the loop are as follows.

Melt Number Weight, lb Disposition Date Added

1 15, 344 Bi Dump Tank 5-7-59
2 15,900 Bi Dump Tank 5-19-59
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Melt Number Weight, lb Disposition Date Added

3 15,900 * 5-21-59
4 16, 550 UBi Dump Tank 5-22-59
5 18,300 UBi Dump Tank 6-9-59

6, 450 lb added to the Bi Dump Tank and 9, 450 lb added to the UBi
Dump Tank.

C. ADDITIVE TESTS

The corrosion characteristics of the process piping used on the

Four Inch Loop required certain inhibitors in the loop and a helium

blanket on all exposed internal surfaces. Magnesium was added to

serve as an oxygen scavenger; zirconium served to form a corrosion

resistant film. A third additive, U-238, was also dissolved into the

primary loop to determine the stability of high concentrations of the

U-Bi solution formed. The concentration of magnesium in both loops

was predetermined and held to 375 ppm 10% throughout the tests;

zirconium concentration was maintained at 275 25 ppm; and U-238

concentration was 1000 ppm. These additive concentrations were

easily attained because they were well below the saturation limits at

the operating temperatures of the two loops. Based upon existing

information, additive saturation and subsequent deposition would occur

at approximately 725 F for zirconium (750 F for uranium), so minimum

temperatures must be held somewhat higher. A certain amount of

cleaning was required for the additive materials before placing them in

the loop in order to speed up the dissolving process and reduce the

amount of corrosion products in the loop.

1. Magnesium Addition

Magnesium was supplied in clean bars about 1-in. diameter

and with random lengths. This allowed use without further cleaning.

During operation, magnesium was added to both primary and inter-

mediate systems to maintain proper concentrations. A total of five

melts were used to supply process fluid to the dump tanks, the first

two supplied the intermediate loop dump tank, and the last two supplied

the primary dump tank. Melt No. 3 was split between the two dump

tanks. Table XIV summarizes the additives employed in the tests.
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For the first melt seven additions of magnesium were made over

a period of two days, totaling 6.41 lb. Each addition was contained in

an additive basket which consisted of a perforated 1-in. Sch 40 Croloy

pipe 24 in. long. The pipe was plugged at the bottom with a perforated

plate, and its removable top was attached to a 1/4-in. solid Croloy rod.

The basket, along with the additive, could be inserted into a sample

station port either at the melt tank, dump tanks, or surge tanks. The

rod was passed through a Wilson seal, then attached to a flange which

sealed the additive basket in the sample station, as shown in Figure 39.

The sealed chamber was purged with helium and evacuated several

times before opening the ball valves and inserting the material into the

molten bismuth.

Since magnesium dissolves readily in molten bismuth, a faster

method of addition was used in the remaining four melts. This method

consisted of placing the magnesium bars at the bottom of a charge of

bismuth ingots to impede the lighter weight magnesium from rising

before dissolving. This method proved very efficient and resulted in

a considerable decrease in the dump tank charging time.

TABLE XIV

ADDITIVES

Bi Loop UBi Loop

Bi, lb Mg, lb Zr, gm Bi, lb Mg, lb Zr, gm

Melt No. 1 15,344 6.41 1565 --- --- ---

2 15,900 5.42 1650 --- --- ---

3 6,000 2.42 -- 9,900 3.99 ---

4 --- --- -- 16,550 6.41 ---

5 --- --- -- 18,300 7.40 2333.8

Dump Tank --- 5.13 2918.6 --- 1.48 3194.4

TOTAL 37, 244 19. 38 6133.6 44,750 19. 28 5528.2

Adjusted Total 37, 200 40, 100

Theoretical 520 ppm 363 ppm 431 ppm 272 ppm
Concentration
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2. Zirconium Addition

Zirconium, degreased with acetone, was added to the system

with the sample basket. The rate of dissolution was comparatively

slow, therefore the crystalline zirconium bars were machined to the

fineness of wood shavings before addition. This increased the zirco-

nium surface area and resulted in a much faster dissolving rate. A

disadvantage of this method was that the time required for the additive

to dissolve depended upon the packed density of the chips, virtually

impossible to predict. To insure that zirconium was dissolving at all

times, a section of crystalline bar 3/4-in. square by 5 in. long was

included in the basket. When the basket was removed for inspection,

the undissolved.portion of the bar provided an indication of the over-all

rate.

Some zirconium bars had an oxide coating which was removed

periodically by rinsing in a solution of nitric acid and ammonium

fluoride. Table XV presents the loop zirconium concentrations.

Zirconium dissolved very slowly during the conditions established for

addition to melt No. 1. For melt No. 2 ingots of a eutectic mixture of

zirconium bismuthide were used. The alloy was formed using 6-in.

bismuth cylinders with a 3-in. OD and a 1-in. ID. A crystalline zirco-

nium bar was the core. The mold itself consisted of a 23-in.-long

pilegrade graphite cylinder located and centered in a 4-in. Croloy pipe

(See Fig. 40.) The composite unit was then placed in a tube furnace,

purged with argon, and held at 850 to 890 C for 48 hr. The alloy ingots

were held below the bismuth charge in a similar manner as for the

magnesium. The resulting zirconium concentration was calculated on

the order of 200 ppm, but due to segregation and migration of zirco-

nium in the eutectic, only approximately 100 ppm was realized. This

involved three of the five alloy ingots prepared before melt No. 2.

Metallographic examination of sections of the two remaining ingots

indicated that zirconium oxide was not present as originally theorized;

however, it was found that the zirconium had migrated in the eutectic,

confirming other data. Visual observation of these ingots indicated

that they were dangerously pyrophoric so extra caution was exercised.
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TABLE XV

ADDITIVE CONCENTRATIONS OF ZIRCONIUM

Vessel

Bi Dump

Bi Dump

Melt Tank

UBi Dump

Bi Dump

Time in Vessel, hr

345. 5

321.7

445. 0

539. 2

Zirconium
Concentration, gm

1,565.02

1, 650. 00

2, 333. 80

3, 194.40

2, 918. 55

11,661.77

3. Uranium Addition

The natural uranium was supplied in 3/4-in. diameter rods.

At the time it was received, the U-238 was first cleaned with a nitric

acid solution of greater than 75% concentration, then immediately

rinsed in water and stored in alcohol-filled tubes. Before insertion,

the uranium was acetone-cleaned and air-dried. Dissolution of this

additive into the molten bismuth was found to be as the solutibility

curves predicted, and no difficulties were encountered. No traces

were found in the withdrawn additive baskets, so accurate solubility

rates could not be determined. The total amount dissolved was 44. 98 lb,

as shown in Table XVI. Once the desired 1000 ppm concentration was

reached, replenishment was not necessary for the duration of the test.

TABLE XVI

URANIUM ADDITION CONCENTRATIONS

Addition Number U-238, lb

7.50

7.50
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1-9

Melt No.

Melt No.

1-18

10-24

2

5

Total

1

2

Date

10-21-59

10-21-59



TABLE XVI (CONT'D)

Addition Number U-238, lb Date

3 8.05 10-27-59

4 7.32 10-27-59

5 6.19 12-1-59

6 8.42 12-1-59

Total 44.98

Note: Loop Condition - UBi flowing, additives at UBi Surge Tank

4. Sampling

Liquid metal samples were taken from seven sampling stations

at various representative points on the loop. Data taken from these

points allowed accurate determinations of additive and corrosion product

concentrations.

The sampling method consisted of first inserting a graphite

sample frit and container through the sample port and the Wilson seal,

then evacuation and purging with helium. Next, the sample station was

exposed to the loop by opening the proper ball valves. Using a hollow

rod and helium line attached to the graphite container, the pressure

was increased to about 2 psi more than that expected at the required

bismuth depth. This gave a constant helium gas flow through the

sample cup, assuring that the sample would not be taken until the

desired level was reached. To take the sample, the helium pressure

was reduced to 2 psig less than the blanket pressure, allowing the

metal to flow up into the sample cup.

The original sample cup design had a hollow graphite cylinder

2 in, long, with a 1/4-in. ID and a 1/2-in. OD. A threaded end with

a filter frit was supplied at the top; a similar porous graphite filter frit

was located on the bottom intake. This type of container was satisfactory

only if extreme care were taken during sampling. For this reason, the
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design was modified, so that the intake frit was located on the side,

two-thirds of the length up from the bottom of the cup. This consider-

ably improved the ease of sampling.

The samples were chemically analyzed to determine the

additive concentrations and any possible corrosion products which might

appear from exposure of the equipment to molten bismuth. The con-

centrations of magnesium, zirconium, uranium, iron, chromium,

manganese, silicon, nickel, and molybdenum were determined. Leaks

in the intermediate heat exchanger could also be detected using this

sampling technique, if any had been present.

The procedure did contain several sources of error, this

limited the value of the information gathered from any given sample.

Probably the most significant source was the contamination of samples

with bismuth remaining on the sampling equipment from previous useage.

Table XVII shows the results of sample analyses. Slightly

higher iron concentrations - detected in some runs - were traced to

impurities in the sampling system resulting from normal handling.

Comparing Table XVII and Table XIV, the theoretical concentrations

of magnesium and zirconium varied significantly from the experimentally

determined concentrations. The results show that both of these

additives were consumed during operation. After loop conditioning had

been completed, the zirconium concentration remained constant except

in the intermediate loop. Since this loop also contains the coldest

point in the over-all system, it would appear that there was a certain

amount of additive deposition in that area. Also, the intermediate loop

was opened up more often than the primary loop for repairs.

The stability of U-238 was very satisfactory; no evidence of

deposition was noted. In general, the additive tests - completed as

planned - produced valuable information to substantiate the stability

of U-238 in a large scale LMFR system.
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TABLE XVII

DETERMINATION OF ADDITIVE SAMPLE ANALYSES

Sample
Number

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202 UBi Dump

Vessel

UBi Surge

Bi Surge

C. S. Tank

UBi Surge

UBi Surge

Bi Surge

UBi Surge

Bi Surge

UBi Surge

UBi Surge

Bi Surge

UBi Surge

Bi Surge

UBi Surge

Bi Surge

Bi Surge

C. S. Tank

Bi Dump

Loop
Condition

Isothermal

Isothermal

Isothermal

Isothermal

Isothermal

Isothermal

Isothermal

Isothermal

Isothermal

Isothermal

Isothermal

Isothermal

Isothermal

95 A T

95*AT

A T

AT

AT

AT

Mg Zr

359 260

320 266

378 243

330 247

343 248

230 154

322 262

292 248

362 283

328 255

275 201

344 280

318 263

233 247

309 259

288 257

345 267

311 254

Fe

30

16

16

23

15

17

12

22

13

22

18

42

26

16

13

<10

16

18

332 268 17 1010 <10 <5 <10 <10

D. SYSTEM ANALYSIS PROGRAM

The system analysis program consisted of operating the Four Inch

Loop for approximately 19 days. Data from these tests would sub-

stantiate and extend technology applicable to the LMFRE. Analytical

LMFR studies can be made through demonstrating the operational and

control characteristics of the Four Inch Loop. Operational boundaries

and existing conditions were determined from the following tests.

1. Startup and coastdown characteristics of
the circulatory systems.

2. Characteristics of a variable speed drive
system for pump speed control.
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U Cr

590 <10

-- <10

1010 <10

970 <10

969 <10

--- <10

1000 <10

--- <10

1000 <10

985 <10

--- <10

986 <10

--- <10

984 <10

--- <10

--- <10

1010 <10

--- <10

Mn

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

Mo

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

Ni

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10

<10



3. Intermediate heat exchanger temperature
response to power demand changes.

4. Air-bismuth cooler temperature response
to power demand changes.

1. Special Test Equipment

Special equipment was used to sense and record signals pro-

duced during the tests. Transients are created by disturbing steady

state operation (or nonoperation as in the startup case) and the change

may be so fast or so slight that only highly sensitive devices will detect

them. The fast response, iron-constantan thermocouples (700 to

1000 F specified operating range) were immersed in the bismuth

stream. Air temperatures in the bismuth air cooler were detected with

chromel-alumel direct immersion thermocouples (0 to 1000 F operating

range). The cold junctions of all thermocouples were placed in a

common ice bath (32 F) which permitted a change of leads to copper-

copper out of the bath.

Pressure transmitters having NaK-filled capillaries that

transmit pressure through a bourdon tube to a strain gauge were used.

The strain gauge output was a millivolt electrical signal which varied

linearly with pressure. The same type of pressure transmitter sensed

the pressure differential across the venturi flow meters, but a differ-

ential pressure sensing diaphram and beam arrangement to the strain

gauge was used here instead of a bourdon tube. This was an existing

piece of equipment and was not special test equipment; however, this

millivolt electrical signal was not converted to flow but was recorded

in millivolts. It operated to give a 0-600 in. of water differential

with a response time less than 0. 5 sec.

Before air flow could be measured to any degree of accuracy

a 14-in. ID square-edge orifice flow element had to be installed in the

inlet air duct to the air-bismuth cooler. The process pressure-to-

current transmitter for the cooler air flow was installed after these

tests began. The trace was impossible to read because of oscillations

("hash"), but because time was not available to trace the trouble, the

signal was not recorded. However, steady state readings of the

differential pressure across the orifice were taken on a water manometer

and converted to air flow.
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A thermal watt converter (twc) was to have given an indication

of power delivered to the pumps, but the noise or "hash" in the output

signal remained despite attempts to eliminate it. An a-c, two-element,

recording watt meter was substituted, but its disadvantages were

twofold: (1) the chart speed on the watt meter was slower than the

speeds used on the oscillograph, making it difficult to determine common

time points, and (2) the response time of the watt meter was slower

than the thermal watt converter.

Pump motor input voltage and current was obtained by

potential and current transformers feeding an output to a vacuum

thermoelement which gave a millivolt signal.

Many difficulties were encountered in setting up this equip-

ment. The transient test equipment consisted of a 6- and a 2-channel,

inkwriting, oscillograph with a wide range of chart speeds and high

frequency response. Six high-gain d-c amplifiers, three universal

amplifiers with bridge balance input boxes, a patch board with telephone

jacks where the input signals terminate, and the input signal trans-

ducers (fast response thermocouples, vacuum thermoelements, thermal

watt converter, strain gauge pressure transmitters, etc.) was included.

The nine amplifiers and the 2-channel oscillograph were

mounted in a relay rack. A ground bus was connected between the relay

rack, the 6-channel oscillograph, the patch board and the building

ground bus. All signal inputs were run in either multi-conductor

shielded cable or shielded thermocouple extension wire. The shields

were grounded to the patch board chassis and to the loop near the trans-

ducer. The patch cords between the patch board and the amplifiers

were 2-conductor shielded cable with telephone type plugs on one end

(2-contact insulated tips plus noninsulated barrel) and shielded plugs on

the other end (2 banana plugs in shielded hood). The two conductors

were connected to the contact tips in the telephone plug and the shield

was connected to the noninsulated barrel. In the shielded plug, one

conductor and the shield were connected to the "ground" terminal while

the other conductor was connected to the remaining terminal.

With the equipment connected as described above, it was

impossible to make a recording from an input transducer, since either

the pen was thrown completely out of the pen motor when the amplifier
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was turned on to the least sensitive position, or the oscillations of the

pen were from one side of the chart to the other. The "hash" appeared

to be coming from a 60-cycle signal somehow getting to the pen motor.

It was necessary to use the amplifiers at a sensitivity of not more than

0. 2 my per chart line because the expected temperature variations were

to be 20 F or less. (With the iron-constantan thermocouples used, a

1. 0 my change is approximately a 33 F variation. A 0. 2 my change

would be a 6. 6 F variation. )

An unshielded thermocouple extension wire was run to one of

the thermocouples; no improvement was noted in the "hash". A spare

thermocouple with an unshielded extension wire was connected directly

to one of the amplifiers, the thermocouple was hand-carried into the

loop area, and the "hash" disappeared. However, when this thermo-

couple was touched to the loop ground, the "hash" returned. The

shield ground connections were removed from the loop, but this did not

help. Next, the shields were removed from ground on the patch board

end of the input cables, with no change, then the ground bus was

removed from the patch board, the amplifier rack, and the 6-channel

oscillograph with still no improvement.

An oscilloscope was connected to one of the signal inputs and

it was discovered that a spurious d-c signal as well as a 60-cycle a-c

signal was present with the desired input.

Isolation transformers were installed in all 115-v power cords

to the amplifiers. This reduced the "hash" and the spurious d-c signal

disappeared completely. The "hash" was gone completely when only

one channel was used, but it was still very evident when two or more

channels were operating.

It was decided that this phenomenon was due to the "loop

grounds" being at different a-c potentials, caused by induction heating

in the loop. It was impossible to "unground" the thermocouples since

the junctions were welded to the thermocouple wells and the thermo-

couple wells were welded to the 4-in, pipe.

In an attempt to further isolate the channels, the amplifiers

were insulated from the relay rack with no more improvement in the

"hash". The shields in the patch cords were disconnected, with no

improvement.
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The only other place where the channels were not isolated from

each other by this time was through the pen-motor frames. Due to the

construction of the oscillographs, it was not feasible to insulate the pen-

motors.

All conceivable combinations of the shielding at different points,

and/or using the isolation transformer in the 115-v power lines were

tried without improvement.

Finally, a low pass, L-section inductive-capacitive filter was

inserted in each signal input line between the patch board and the

amplifiers. The "hash" was still present, but it was only one-half of a

chart line in amplitude when the amplifier sensitivity was set at 0. 5 my

per chart line, a level that could be tolerated. It was discovered

eventually that these filters were not needed in some of the inputs,

since, when the filters were inserted the insertion loss was approxi-

mately 3% close to the accuracy of the equipment at 0. 5 my per line.

If the filters had been designed to filter out more of the "hash", the

insertion loss would have been greater.

To connect the filter, a 300-henry toroidal inductance was

inserted in series with one of the input signal lines. A 1 fd capacitor

was connected across the two signal input lines on the amplifier side of

the inductor, as shown in the sketch. The high frequency cutoff for

this filter is approximately 10 cycles.

300henries
Patch

Thermocouple

Amplifier

Loop Ground

2. Test Procedures and Results

a. Circulating Pumps

The loop was operated isothermally to avoid unnecessary

control problems. Steady state data was logged before and after each

- 76 -



test run. Data pertinent to transient tests were the furnace exit UBi

temperature, the IHX exit Bi temperature, the throttle valve setting,

and the surge tank liquid level and gas pressure.

Primary pump coastdown was achieved by pressing the

"stop" button on the main control panel and disconnecting the electrical

power between the pump motor and the alternator. The UBi flow rate

and pump suction and discharge pressures were recorded until they

stabilized. Actually, the millivolt signal (proportional to the pressure

drop across the venturi, 100% of the signal equals 600 in. of water)

of pressure drop through the flow meter was recorded as in the tests

that follow. Figure 41 shows pressure differential across the flow

meter and pump for the UBi loop; Figure 42 is the calibration curve for

the venturis. The same test was performed with the pump operating

at one-half of full speed.

Coastdown transients were done on the intermediate pump

in the same way, by pressing the Bi "stop" button on the main control

panel. The Bi flow rate, Bi pump speed, and pump suction and

discharge pressures were recorded and plotted as shown in Figure 43

for both full and half speeds.

Startup tests were run between coastdown tests while the

Bi loop and the variable frequency motor-generator (VFMG) units were

running, and all circuit breakers and switches were closed.

The "manual speed adjustment" on the main control panel

was set on "100" and the UBi "start" button on the main control panel

was pressed. The UBi flow rate, the pump suction and discharge

pressures, and the pump motor voltage, current, and power were

recorded, and are shown in Figures 44 and 450

Startup transients were performed with the Bi pump in

the same manner while the UBi loop was running. The "manual speed

adjustment" was set on "100" and the Bi "start" button was pushed.

The Bi flow rate, Bi pump speed, the pump suction and discharge

pressures, and the pump motor voltage, current, and power were

recorded and are shown in Figures 46 and 47.

The "manual speed adjustment" was changed to start pumps

at half speed and similar tests were performed.
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b. Pump Speed Controls

The primary or UBi VFMG set was started while the bis-

muth loop was running. With all circuit breakers closed, the VFMG

set motor running, and the magnetic coupling (MC) voltage line open,

the "manual speed adjustment" was set on "100" and the MC switch was

closed energizing the MC field. The UBi flow rate, the pump suction

and discharge pressures, the magnetic coupling voltage, the alternator

speed, and the pump motor voltage, current and power were recorded.

Figures 48 and 49 show the results of this test. Similar startup test

runs were made to speeds of 600, 780, 960, and 1080 rpm.

Startup performance of the bismuth VFMG set was

obtained with the UBi loop running and alternator speeds from zero to

300, 600, 780, 960, and 1145 rpm. Here the pump speed was recorded

instead of magnetic coupling voltage.

Coastdown tests for both VFMG sets were performed by

disconnecting the voltage leads to the respective magnetic coupling

field, when the pump was at full speed and then again at half speed.

The operation of the other loop remained constant. An example of this

is shown in Figure 50.

Power-on transient tests were done with both the UBi and

Bi VFMG sets by changing the input voltage to the magnetic coupling

using "manual speed adjustment". The six runs are summarized below.

Initial Speed Signal Change Final Speed

25% Step 50%
25% Step 100%

100% Step 25%
25% Ramp (2%/sec) 100%

100% Ramp (1%/sec) 25%
100% Ramp (4%/sec) 25%

The flow rate, the pump suction and discharge pressures, the magnetic

coupling voltage, alternator or pump speed, and the pump motor voltage,

current, and power were recorded for these test runs.

c. Intermediate Heat Exchanger (IHX)

Thermal transients resulted when power demand changes

were initiated at the heat sink (cooler), the heat source (furnace) and by

the circulating pumps. Rated conditions were established with the
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240 gpm UBi flow rate, the 360 gpm Bi flow rate, and the loop operating

under maximum attainable A T conditions,

The bismuth outlet temperature at the cooler was changed

in steps by varying the cooler damper positioner input or signal on the

"Cooler Discharge Temperature Control" at the main control panel.

This opened or closed the dampers on the fan, controlling air flow

through the cooler. The upper limit was governed by the 1000 F furnace

exit temperature. The lower limit at the cooler outlet was 780 F.

Steady state data logged before and after each test run included positioner

input ai.r signal to cooler air controller, Bi and UBi flow rates, and

pump suction and discharge pressures. Data recorded during the

transient were temperatures of UBi in and out of the IHX, bismuth in and

out of the IHX, and bismuth out of bismuth air cooler. (See Fig. 51. )

The UBi temperature at the furnace exit was changed in

steps by varying the process control air pressure on the "Heater

Discharge Temperature Control" at the main control panel. This

operated the fuel control valve, regulating heat input to the furnace.

Operating limits and steady state data logged were the same as those

given above, with the exception of the heater fuel controller input air

signal. Data recorded during the transient were temperatures of UBi

in and out of the IHX, bismuth in and out of the IHX, and bismuth out of

the furnace. (See Fig. 52. )

Input signals to the UBi VFMG magnetic coupling were

changed using the "manual speed adjustment" given above. Recorded

steady-state data included bismuth pump speed and flow rate, UBi

temperature at the furnace exit. Transient temperatures of UBi and Bi

in and out of the IHX were recorded at the same time, along with bismuth

flow.

Similarly, the same test was performed with the bismuth

VFMG magnetic coupling. Recorded steady state data included bismuth

flow rate, bismuth magnetic coupling input voltage before and after each

run, and bismuth temperature at cooler exit. Transient temperatures

of UBi and Bi in and out of the IHX were recorded with bismuth pump

developed head. Results of a transient test are shown in Figure 53.

d. Bismuth-Air Heat Exchanger

This test was performed in the same manner as the IHX

test; steady state data were recorded as in the IHX test. Transient data
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were taken for the average A T of air across the cooler, temperatures

of bismuth into and out of the cooler, bismuth pump discharge pressure,

and bismuth flow rate. The air flow (or pressure drop across the

flow measuring orifice) was recorded before and after each step change

in the test. Figure 54 is an example of this test.

3. Remarks

The time allotted for transient testing was too short to allow

close inspection and evaluation of the oscillograms after each test.

Each part of every test on the pump and pump speed controls was per-

formed at least three times in attempt to get typical responses. The

amplifiers and pen motors were calibrated at the beginning of each day.

Only five channels were used on the 6-channel oscillograph because of

an open circuit in one of the pen motors. No replacement was available

because of the lack of funds.

E. CONTROL ANALYSIS PROGRAM

1. Objectives

The control system tests were conducted to determine if

satisfactory temperature control of the liquid metal loops could be

obtained by varying operating conditions in a prescribed manner to

match power extraction with the heat transfer characteristics of the

over-all system. It was further desired to optimize the control

settings and to demonstrate that the over-all system could follow rapid

load changes without exceeding the preset temperature limitations.

2. Scope of Original Test Program

The scope of the original test program as set forth in the test

specification was to investigate three control philosophies for the Four

Inch Loop. Control Philosophy I was based upon holding both hot and

cold leg temperatures constant in the primary loop with the flow rate

being directly proportional to load at steady state conditions. Inter-

mediate hot leg temperature would be held constant at steady state,

while the intermediate loop cold leg temperature and flow rate would

vary in some prescribed manner with load, depending upon the heat

transfer characteristics of the over-all system. Under this philosophy
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studies were to include the effects of load changes with and without flow

feedback in each loop.

Control Philosophy II was based upon holding the primary and

intermediate fluid hot leg temperatures constant at steady state, and

primary loop flow would be fixed at all times. Control Philosophy III

was based upon maintaining fixed flow rates in both loops at all times.

The heat source would be operated to maintain a constant average

primary loop temperature at steady state.

Due to the termination of the test program, only a portion of

the scheduled tests on Philosophy I were completed, and no information

was obtained on the other two tests. The problems encountered with

liquid metal flowmeters during this time prohibited their use for

obtaining the effects of flow feedback on. system control.

3. Control Philosophy

The selection of a satisfactory power plant control system is

usually based upon two factors - (1) to determine which variables must

be controlled to maintain desired steady state conditions, and (2) to

determine what control actions are necessary to provide smooth and

safe operation during load changes. For many plants only the first

factor is important due to the inherent slow response or to the system

application. In the other category such factors as the maximum

anticipated load change, maximum credible accident, system design

limitations, etc. , all effect the importance of whether steady state

control is sufficient. In cases where a temperature excursion may

exceed system limitations, it becomes necessary to provide controls

which regulate response during transient conditions. In the case of an

LMFR system, the temperature variations at the reactor are important

from the standpoint of over-all system response, therefore an opti-

mization of a nonnuclear LMFR system should allow valuable informa-

tion on the expected magnitude of temperature transients in an LMFR.

The Four Inch Loop control studies were centered about such require-

ments, where the primary and intermediate loop flow rates were varied

to match power output, and where certain temperatures were used to

"trim" fine flow rate adjustments and minimize temperature swings.

At steady-state conditions the furnace inlet and outlet temperatures
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were controlled by driving furnace firing rate and primary pump speed,

respectively. The intermediate fluid temperature out of the heat

exchanger hot leg was controlled by the intermediate loop pump speed.

As a result of these controlled conditions, the primary loop flow was

directly proportional to power extracted at steady state, while the

intermediate loop flow would be nonlinear because of the heat transfer

characteristics. Figure 55 shows the relationship between temperatures

and percent of full power for a given set of operating conditions; Figure

56 shows the relationship of flow rates and power for the same conditions.

Basically, the control system functions as follows. A load

distrubance is introduced by adjustment of the air damper on the

bismuth-air cooler. The air flow is measured and used as an anticipatory

signal to regulate the furnace firing rate, primary pump speed, and

intermediate pump speed. The temperature signals provide an over-

riding action for transient control. The design of the cooler was such

that the air flow was essentially directly proportional to power output.

This signal then simulated steam flow in an actual LMFR plant.

4. Control System Description

Figure 57 is a schematic diagram of the control system. Air

flow was obtained by an orifice placed in the duct leading to the bismuth-

air cooler. The pressure differential across the orifice was amplified

to a 3 to 15 psi signal using transmitter PDXP-SS3. (See Table XVIII. )

A one-to-one booster relay was installed to increase the response of

this signal to various other control points. The booster relay, FXP-SS1,

was connected to the input of a square root extractor, FCP-SS2, to

obtain an output signal directly proportional to the air flow rate. This

was the power signal to the control system. All control system thermo-

couples were the fast response type previously described. The furnace

control thermocouple was connected to an electro-pneumatic transmitter

which was an integral part of a two-mode proportional plus reset

controller, TCP-PS10. This controller operated such that an increase

in temperature, TE-PS12, would produce a decrease in pneumatic

output. The power demand signal was combined with the temperature

signal using a force bridge, FCP-PS11. The output of this component

represented the additive effects of power and temperature as related
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through the proportional band setting, and the output operated a

diaphragm-actuated valve system. This valve system consisted of two

valves mechanically linked together with an adjustable arm; this system

governed the rate of oil flow to the furnace.

The exit primary fluid from the intermediate heat exchanger

was used as the second control point. An electro-pneumatic temperature

transmitter, TXP-PS2, was used to supply this temperature to the

control system. This signal fed a proportional plus reset controller,

TCP-PS3, which in turn was combined with the power demand in a force

bridge, TKP-PS4, to produce the driving signal to the primary pump

speed controls. The output of the force bridge varied the loading pres-

sure to the pneumatic operator, SCP-PS8, which drove a ratchet

mechanism to turn a potentiometer. The potentiometer was part of an

electrical circuit using magnetic amplifiers to vary the voltage to the

pump drive system.

The third control point was the hot leg temperature of the

intermediate fluid at the IHX outlet. This signal was measured and

routed as for the second control point.

5. Test Results

The first phase of the control system tests was devoted to the

calibration of each control component. Certain difficulties were

experienced here, in that the pneumatic operators, SCP-PS8 and SCP-

IS8, were found to be binding against the potentiometers, and thus a full

range of pump speed control could not be obtained. This problem was

eliminated by disassembling the ratchet mechanism and potentiometers

and loosening the wiper arm on the slidewire. Both pump speed control

units were then calibrated over the full range of the wiper arm.

Considerable time was required to calibrate the square root

extractor, the pressure amplifier (PDXP-SS3), and the electrical

portion of the pump speed controls, primarily because of dirt in con-

nections and binding of parts. The tachometer feedback signal to the

speed controls was in error because of nonlinear characteristics. The

manufacturer's service representative performed the necessary repairs

for checkout on the pump drive system.
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The second test phase consisted of adjustment of control

actions for each piece of equipment. The initial settings of proportional

bands were at 100% and reset rates at a minimum. It was found that

the controls were too insensitive to temperature changes in the liquid

metal streams, so proportional bands were narrowed to values between

10 to 50% at minimum reset. This provided satisfactory response in

both loops; however, the recovery time following load changes allowed

temperatures to exceed pre-established values. The reset rates were

increased to values between 0. 1 and 0. 5 repeats per minute and this

gave satisfactory recovery characteristics.

The control tests were begun at the end of the second phase.

Time permitted only six runs under controlled conditions.

Run I consisted of a 1 psi disturbance in the loading pressure

to the air damper. Since the air flow rate was nonlinear with respect

to damper position, the initial loading pressure did affect the response

to some degree. It was found that this disturbance was easily controlled,

and that the transient was equivalent to approximately 15% in air flow.

The damper position change was abrupt enough to consider the disturbance

essentially a step change. It was noticed throughout the tests that the

furnace firing rate, and thus the outlet furnace temperature, fluctuated

in roughly a sinusodial manner following each load change. Since no

provision had been made in the control system for rate adjustment at

the furnace, the temperature oscillations could not be damped out.

The optimum control values resulted in a 15 F oscillation in outlet

furnace temperature. A 10 F change in the bismuth temperature out

of the cooler occurred during this run. Action of the controls quickly

returned the temperature back to the set point.

Runs 2 through 6 consisted of imposing a full range disturbance

in damper position. This corresponded to a change of more than two-

to-one in air flow rate. Reset rates were increased in Run 2 to deter-

mine optimum limits. It was found that reset rates above 0. 5 repeats

per minute had very little effect on the damping of a transient, but also

that very high reset rates caused even greater cycling than was evident

at the furnace. It was noted that bismuth temperature out of the cooler

followed the primary fluid temperature oscillations within 5 F of the

steady state value. In Run 3 an attempt was made to improve the
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furnace operation by placing the predominant control on power demand

rather than temperature. A much faster correction in firing rate

resulted, but the temperature excursions varied by 25 F following load

changes and a greater fluctuation was found in the outlet cooler tem-

perature. Run 4 consisted of raising the furnace outlet temperature

setpoint by 5 F, producing only small temperature fluctuations throughout

the system. Runs 5 and 6 were conducted to determine optimum reset

rates for the primary and intermediate loop temperature controllers.

The control system investigations were limited by the following

equipment restrictions.

1. The speed range of the primary pump was
reduced from 20-100% to 50-100% to keep
from causing possible bearing damage at
lower flow rates.

2. Wideband temperature controllers were used
to control the liquid metal pumps. This
equipment was part of the original control
concept and was not changed during the tests.

As a result the proportional band adjust-
ments had to be narrower than usual to obtain
the required temperature sensitivity.

3. The furnace temperature controller required

the addition of rate adjustment to smooth out
the temperature oscillations. Tests were
terminated before this could be done.

4. The maximum primary flow rate was sub-
stantially less than expected, which further
decreased the range of speed adjustment
allowable during transient conditions.

These problems did not seriously affect the control investiga-

tions, although they did reduce the scope of the program. The optimum

settings, as obtained in Runs 5 and 6, could undoubtedly be improved by

making a detailed investigation of the control system. However, in the

available time, only indications could be obtained on control system

performance. Table XVIII lists optimum settings found in this investi-

gation.
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TABLE XVIII

OPTIMUM RESPONSE SETTINGS FOR CONTROL SYSTEM

Instrument
Number

TXP-IS2

TCP-IS3

TKP-IS4

SCP-IS8

PDXP- SS3

FCP- SS2

TXP-PS2

TCP-PS3

TKP-PS4

SCP-PS8

TCP-PS10

FCP-PS11

Set
Point

1200 F = 15 psi

8. 76 psi (890 F)

9. 00 psi

1200 rpm 15 psi

36000 lb/hr = 15 psi

15. 0 psi

1200 F = 15 psi

11. 3 psi (833 F)

9. 0 psi

1200 rpm = 15 psi

975 F

9. 00 psi

Proportional
Band, %

100

50

Reset Rate,
Repeats /min

0.5

100

100

20

100

20

50

0. 5

8.0*

This value represents a scale factor which produces an
rate of approximately 1 to 2 repeats per minute.

expected reset

The following general conclusions were formed as a result of

the Four Inch Loop control system tests

1. The use of variable pump speed to control sys-
tem temperatures proved practical and desir-
able. Intermediate loop cold leg temperatures
could be held within 10 F using the control
system, whereas in the transient tests at
constant intermediate loop flow, the tem-
peratures dropped as much as 50 F when the
air damper was suddenly opened.

2. The response of the pump drive units was such
that the temperature override could quickly
and smoothly maintain acceptable operating
conditions during the most stringent disturb-
ance imposed on the system.

3. Although the outlet furnace temperature
tended to oscillate following a load change,
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it is felt that by addition of rate control the
temperatures could be damped out to the point
where satisfactory over all response could be
obtained.

F. POST OPERATIONAL INSPECTION

At the conclusion of the B&W test program, an extensive inspection

of loop components was begun by BNL. A certain amount of valuable

information has been obtained, mostly from visual inspections.

The honed sections of the furnace were removed, and the inside

surfaces were smooth. The furnace refractory was spalled, however

this is believed to be a result of the high-power run. The primary fluid

inlet area of the IHX shell was opened and entirely smooth surfaces

were noted. The shroud, which covered the tube bundle and was

originally a flat plate, was collapsed or moulded about the tube bundle.

Visual inspection indicated that the change in flow path could account for

the excessive pressure drop encountered during operation. The

collapsing of the shroud probably occurred during the initial startup

phase of operation, since the pressure drop characteristics indicated

no evidence of physical change during the test program. It is felt that

a combination of high temperatures and pressure differential across

the shroud caused the failure.

Both circulating pump bearings and impellers were removed and

examined. The intermediate pump showed no visual metal erosion, and

the bearings appeared as good as new. Some evidence of corrosion

and/or erosion was noted in the primary loop pump. The ends of the

diffuser vanes showed wear, but it was on the pump body, directly above

the diffuser vanes, that the more noticeable metal erosion was observed.

This did not take place in the path of flowing bismuth but rather through

the small clearance between the diffuser and the body. There was

scoring evidence on the stellite bearings and some distortion of the

orifice holes in the journal.

The fast response thermocouples used in the control system at

the furnace outlet and cooler outlet were removed, no evidence of wear

was noted.

The stems of the throttle valves, the elbow at the intermediate

pump discharge, the bottom row of cooler tubes, and the flow venturies
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were removed. Visual examination showed no erosion or corrosion.

The metallurgical test section was to be examined by the BNL metallurgy

group, and more thorough examinations are being made. This informa-

tion will be published by BNL.
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FIG. 7: IHX INLET AND OUTLET TUBESHEET TEMPERATURE
GRADIENTS
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FIG. 8: TEMPERATURE GRADIENTS ACROSS THE IHX ANNULUS
SEAL
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FIG. 9: WILSON PLOT OF IHX PERFORMANCE
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FIG. 10: WILSON PLOT OF IHX PERFORMANCE
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FIG. 12: ALTERNATOR SPEED VERSUS LIQUID METAL FLOW RATE
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FIG. 13: HEAT BALANCE - INTERMEDIATE FLUID VERSUS

AIR STREAM
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FIG. 14: BISMUTH AIR COOLER PRESSURE DROP VERSUS FLOW
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FIG. 15: PRIMARY PUMP HEAD CAPACITY CHARACTERISTICS
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FIG. 16: PRIMARY PUMP HEAD CAPACITY CHARACTERISTICS
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FIG. 17: PRIMARY PUMP FLOW - EFFICIENCY CHARACTERISTICS
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FIG. 18: PRIMARY PUMP INPUT POWER - FLOW CHARACTERISTICS
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FIG. 19: INTERMEDIATE PUMP TACHOMETER CALIBRATION
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FIG. 20: INTERMEDIATE PUMP HEAD - CAPACITY CHARACTERISTICS
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FIG. 21: INTERMEDIATE PUMP HEAD - CAPACITY CHARACTERISTICS
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FIG. 22: INTERMEDIATE PUMP EFFICIENCY CHARACTERISTICS
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FIG. 23: INTERMEDIATE PUMP POWER CHARACTERISTICS

70

60

50

100 200

Flow, gpm

300 1)O 500

1100 rpm

Fast P esponse Pressore Taps Used

1000 rpm

800 rpm

600 rpm

0

400 rpm

40

30

a

0a

20

10

0

0



FIG. 24: INTERMEDIATE PUMP NPSH VERSUS FLOW
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FIG. 25: INTERMEDIATE PUMP NPSH VERSUS SPEED
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FIG. 26: INTERMEDIATE PUMP NPSH VERSUS EFFICIENCY
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FIG. 27: INTERMEDIATE LOOP THROTTLE VALVE CHARACTERISTICS
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FIG. 28: FURNACE OPERATING CONDITIONS FOR TUBESIDE
FLUID
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FIG. 29: FAST RESPONSE PRESSURE TRANSMITTER
CALIBRATION APPARATUS
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INSTRUMENT ACCURACY COMPARISON - PRESSURE
TRANSMITTER NO. 707
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FIG. 31: INSTRUMENT ACCURACY COMPARISON - PRESSURE
TRANSMITTER NO. 708
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FIG. 32: INSTRUMENT ACCURACY COMPARISON - PRESSURE
TRANSMITTER NO. 709
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FIG. 33: INSTRUMENT ACCURACY COMPARISON - PRESSURE
TRANSMITTER NO. 710
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FIG. 34: MODIFIED LOOP CONNECTION FOR PRESSURE
TRANSMIT T ERS
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FIG. 35: FLOW TRANSMITTER CALIBRATION APPARATUS
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FIG. 36: CALIBRATION OF FLOW TRANSMITTER NO. 601
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FIG. 37: MOUNTING BRACKETS FOR FAST RESPONSE
THERMOCOUPLE
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FIG. 38: HEAT TRANSPORT SYSTEM PRESSURE RISE AFTER
EVACUATION
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FIG. 39: ADDITIVE SAMPLE STATION
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FIG. 40: ZIRCONIUM BISMUTHIDE ADDITIVE MOLD

U

I

I

Graphite

Spacers

Bismuth

Spacers
Ceramic

0

-4
-4

U 4

Zirconium
Core

Graphite
Mold

4-in. Pipe

00



FIG. 41: PRIMARY PUMP COASTDOWN
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FIG. 42: PRIMARY AND INTERMEDIATE LOOP VENTURI
CALIBRATIONS
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FIG. 43: INTERMEDIATE PUMP COASTDOWN
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FIG. 45: PRIMARY PUMP STARTUP - PRESSURE MEASUREMENTS
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FIG. 46: INTERMEDIATE PUMP STARTUP - ELECTRICAL
MEASUREMENTS
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FIG. 47: INTERMEDIATE PUMP STARTUP - PRESSURE
MEASUREMENTS
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FIG. 48: PRIMARY VFMG STARTUP - ELECTRICAL
MEASUREMENTS
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FIG. 49: PRIMARY VFMG STARTUP - PRESSURE
MEASUREMENTS
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FIG. 50: VFMG COASTDOWN CHARACTERISTICS
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FIG. 51: COOLER-INDUCED TRANSIENTS AT THE IHX
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FIG. 52: FURNACE-INDUCED TRANSIENTS AT THE IHX
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FIG. 53: INTERMEDIATE-FLOW-INDUCED TRANSIENTS AT THE IHX
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FIG. 54: BISMUTH-TO-AIR COOLER TRANSIENT CHARACTERISTICS
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FIG. 55:
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FIG. 56: FLOW-POWER RELATIONSHIP FOR CONTROLLED
LOOP CONDITIONS
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FIG. 57: FOUR INCH LOOP CONTROL SYSTEM
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Instrument Symbols

st Letter Second Letter Additional Letters

Temperature C - Controller P - Pneumatic
Flow K - Compensator E - Electrical
Speed X - Transmitter X - Transmitter
Pressure D - Differential

E - Element

- Primary System
- Intermediate System
- Air System
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