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ABSTRACT

A description of instrumentation used in the Loss-of-Fluid Test (LOFT)

large break Loss-of-Coolant Experiments is presented. Emphasis is placed on

hydraulic and thermal measurements in the primary system piping and components,

reactor vessel, and pressure suppression system. In addition, instrumentation

which is being considered for measurement of phenomena during future small

break testing is discussed.



Kurzfassung

Es wird die fuer die Untersuchung von grossen Kuehlmittelverluststoerfaellen
in den Loss-of-Fluid Tests (LOFT) verwendete Instrumentierung beschrieben.
Besondere Betonung wird dabei auf die hydraulischen und thermischen
Messmethoden im Primaersystem, den Rohrleitungen und Komponenten, sowie im
Reaktordruckbehaelter und im Druckabbausystem gelegt. Weiterhin wird die
vorgesehene Instrumentierung fuer die zukuenftigen Versuche zu kleinen
Leeks diskutiert.



ABSTRACT

A description of instrumentation used in the Loss-of-Fluid Test (LOFT)
large break Loss-of-Coolant Experiments is presented. Emphasis is placed on
hydraulic and thermal measurements in the primary system piping and components,
reactor vessel, and pressure suppression system. In addition, instrumentation
which is being considered for measurement of phenomena during future small
break testing is discussed.



AN OVERVIEW OF LOFT INSTRUMENTATION

INTRODUCTION

The Loss-of-Fluid Test Facility (LOFT) is a 55 MW(th) pressurized water

reactor located at the Idaho National Engineering Laboratory. LOFT has been

scaled to a commercial presssurized water reactor (PWR) and has all the

principal features of the reference plant^ '. LOFT's primary objective is to

provide transient thermal-hydraulic and fuel performance experimental data

for a wide spectrum of off-normal and accident conditions postulated for PWR's.

The experimental data derived from LOFT has and will continue to be used to

assess the completeness of the computer codes used in evaluating the performance

margins of commercial liyht water reactors (LWR) under these off-normal events.

Instrumentation not currently found on commercial LWR's has been developed

to provide the data necessary to satisfy LOFT's principal objective. This

instrumentation must have the capability to measure the rapidly changing two-

phase flow phenomena and at the same time withstand the severe nuclear environ-

ment that results from the accidents. Considerable progress has been made.

This paper summarizes the instrumentation used for LOFT Large Break Loss-of-

Coolant Experiments (LBLCE), discusses small break phenomena and identifies

potential new instruments being considered to measure this phenomena during

Small Break Loss-of-Coolant Experiments (SBLCE). Primary emphasis is focused

on thermal-hydraulic measurements employed in the reactor vessel and primary

coolant system.

LOFT LARGE BREAK INSTRUMENTATION

For a typical Loss-of-Coolant Experiment (LOCE), over 800 measurements are made

in LOFT. These measurements are concentrated in three areas: (1) the Primary

Reactor Cooling System, (2) the Reactor Vessel, and (3) the Suppression System.

The instrumentation in each area is summarized in the following sections:

LOFT Primary Coolant System

The LOFT Primary Coolant System (PCS) consists of an active intact loop, to

simulate the three unbroken loops of a commercial PWR, and a passive broken



loop, to simulate the ruptured loop in the reference plant. The components

in the intact loop include pumps, steam generator, pressurizer and emergency

core cooling (ECC) systems. Instrumentation in the piping and the components

are discussed separately.

Piping Instrumentation

There are five principal measuring stations in the LOFT piping. Three are

located in the intact loop (Figure 1) and one in each leg of the broken loop

(Figure 2). The measurements (and designation) at each station consist of:

1. Pressure (PE)
2. Temperature (TE)

3. Density (DE)
4. Velocity (FE) and Momentum Flux (ME)

A discussion of the measurement principle for each, as applied to LOFT, follows.

Pressure measurements in the primary system are made by standoff absolute

transducers. These transducers are located outside the system and are connected

to their measurement points by 6.35 mm OD tubing. These standoff transducers

use strain gauges in a four active-arm Wheatstone bridge. The strain gauges are

mounted directly to the diaphragm in the high range transducers (Type A) and on

mechanical amplification arms attached to the diaphragm surface in the low

range (Type B) transducers (Figure 3).

LOFT coolant temperature measuring devices employ grounded weld junction thermo-

couples. Two slight variations of the grounded weld junction are used. The

most common used for LOFT involves the welding or brazing of a small metal

plate or diaphragm to the end of the sheathing and thermocouple wires. The

second variation is made by welding the end of the sheathing and thermocouple

wire closed with a weld bead. Because the diaphragm junctions have a smaller

end mass, they have a somewhat faster thermal time response. The coolant

temperatures are an integral part of the drag disc turbine transducer which is

described in the discussion on velocity and momentum flux measurement.
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Density measurements are made using gamma densitometers, one consisting of a

source cask and four detector casks. The source cask contains an 81 bequerel

(22-Ci) Co-60 gamma ray source. This source is collimated into three beams

which pass through the fluid of interest (Figure 4). The beams are detected

by thallium activated Nal scintillation cells with photomultiplier tubes,

located opposite the source. The fourth detector is located so it sees only

background radiation, which will be present in the coolant during nuclear tests.

A data acquisition scheme has been developed to accommodate the fourth (back-

ground) detector. In this scheme, each detector is recorded on its own

channel. The three-beam detectors are recorded with the background activity

included which is then subtracted after the test. All the detectors look at

an energy window straddling the two peaks of Co-60 gamma output and measure

the number of pulses in that window.

The output of the three-beam detectors, a measure of the attenuation of gamma

radiation through the pipe wall and the fluid, can be related to the average

fluid density across the portion of the pipe traversed by each beam. This

information can be used to determine the flow regime and average fluid density

in the pipe (Figure 5).

Drag disc turbine meters (DTT's) are used to make measurements of coolant

velocity, momentum flux and flow direction. The design of the DTT is modular

and consists of basically six parts: a drag disc module, a turbine module, a

thermocouple, two end caps, and a shroud. Three of these, the drag disc,

turbine, and thermocouple, are functional. The thermocouple is located near

the end cap on the turbine end of the assembly.

The turbine flowmeter assembly consists of a 17-4 stainless steel alloy turbine,

gold alloy bearings, and an eddy current pickup. The pitch of the turbine

blades is given by the following equation:

tan jr = constant

where

0 = blade pitch (angle between blade and turbine axis)

R = radial distance to the point in consideration
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The DTT turbine is calibrated to read velocity magnitude in either direction.

The drag disc measures coolant momentum flux (pV ) and indicates flow direc-

tion. Both parts are mounted in line to measure as nearly as possible,

the same coolant flow path. A rake assembly has been developed containing

three DTT assemblies. The three OTT's are located across the pipe to give

a better picture of the flow regimes and velocity profiles during two-phase

flow. The rake assembly is shown in Figure 6 and relationship to the gamma

densitometer is shown in Figure 7.

A pi tot tube rake is also used to measure the coolant momentum flux and

flow direct.on. The pi tot tube rake is an assembly which contains eight

pitot tubes spaced at various intervals with two static taps at the pipe

wall, and four thermocouples (Figures 8 and 9). At each station there are

two pitot tubes arranged 180 degrees apart axially in the pipe and a thermo-

couple radially oriented in the pipe. This arrangement allows the rake

to measure flow in either direction.

In the LOFT system, there are two such rakes located 190 mm up and downstream

of the cold leg ECC injection point. These rakes provide information on

the two-phase flow occurring at these points and the change in flow caused

by ECC injection. The relative location of the pitot tube rakes in the

cold leg is shown in Figure 10.

Component Instrumentation

In addition to the five major measuring stations, instrumentation is included
on all major reactor system components including the pumps, steam generator,
pressurizer, and emergency core cooling (ECC) systems.

Both the primary coolant pumps have a pump speed indicator. The pump speed

is monitored by converting an interrupted displacement transducer direct

current readout to revolutions per minute. The transducer consists of an

eddy current transducer pickup coil mounted in the pump top radial bearing

end cavity. Pickup coil mounting is parallel to the pump shaft but approxi-

mately 22 mm (7/8 in.) off center. This coincides with a circular pattern

of radial slots in the shaft end mounted tachometer plate. The plate plane

is perpendicular to the pump shaft.
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The transducer pickup coil alternately sees the plate surface and the end

of the pump shaft as the pump rotates. The alternating component of the

displacement signal is directly related to the shaft speed and translated

into revolutions per minute. The output signal is read for interruption

frequency and as such is independent of both normal pump shaft end clearance

movement and coolant temperature change. The 3-dB voltage loss characteristic

(0.707 steady-state output) at 2500 kHz allows favorable response at the

relatively lower frequencies seen in normal pump operating speeds (roughly

six times 70 Hz for the speed readout and two times 70 Hz for direction

readout fundamentals at maximum motor synchronous speed).

In addition to pump speed, differential pressure measurements^ are made across

each pump to provide an indication of time varying pump heed.1.

Two basic measurements are made in the steam generator: temperature and

differential pressure. Fluid temperature measurements are located at the

inlet and outlet of the steam generator. A bulk fluid temperature measurement

is also made on the secondary side. Differential pressure measurements

are made at two different elevations on the secondary side to establish

the level while a differential pressure measurement is made across the inlet

and outlet of the primary side of the steam generator.

Like the steam generator, the two basic measurements included on the pressurizer

are temperature and differential pressure. There are two temperature measure-

ments. One measures the temperature of the vapor space and the other measures

the fluid temperature. Liquid level is measured using differential pressures

at three different levels. A differential pressure measurement across the

surge level is provided to ascertain the single phase resistance of the

surge line and to provide a measure of the flow entering and/or leaving

the surge line during all experiments.

The LOFT ECCS is comprised of three subsystems arranged in two separate

groups of equipment. Each group contains three subsystems: the high pressure

injection system (HPIS), the accumulator system, and the low pressure injection

system (LPIS). The groups can act singly or simultaneously. In general,

the groups use separate piping, but in some instances, it is possible to valve
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them into the same piping. During the LOFT LOCE's, normally only one group

is used. Four basic measurement! are made on the ECC systems: pressure,

temperature, flow and level. Pressures are measured at each of the following

locations:

a. Accumulator A

b. Accumulator B

c. Hot leg injection point

d. Upper plenum injection point

e. Downcomer injection point

f. Cold leg injection point

g. Lower plenum injection point

h. LPIS A pump discharge

i. LPIS B pump discharge

Fluid temperature measurements are made at the same locations.

High and low range volumetric flow measurements are made at the discharge of

each accumulator and the outlet of both the high and low pressure injection

systems. Finally, levels for each accumulator are derived from differential

pressure measurements. There is one differential pressure measurement for

each accumulator.

LOFT Reactor Vessel Instrumentation

Thermofluid measurements in the LOFT reactor vessel are concentrated in three
major regions: (a) the downcomer and lower plenum, (b) core, and (c) upper
plenum. A summary of the instrumentation in each region follows.

Downcomer and Lower Plenum Instrumentation

Downcomer and lower plenum measurements are concentrated on two downcomer

"stalks," which are located on the outer surface of the core barrel, 180°

apart (Figure 11). The instrumentation on each stalk is identical and consists

of:
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1. Fluid Temperature (TE)

2. Absolute Pressure (PE)

3. Liquid Level (LI)

4. Coolant Velocity and Momentum Flux (FE and ME)

Fluid temperature measurements are made in a manner similar to that described

for the primary piping. These measurements are made at fourteen discrete

elevations. Seven are located in the lower plenum at 4 in. intervals while

six are located in the downcomer in 21 in. increments from the bottom of the

cold leg nozzle to the Uuttom of the downcomer. The i maining fluid tempera-

ture measurement is located on the drag disc turbine transducer located at the

junction between the downcomer and lower plenum.

Two methods of sensing pressure in the downcomer are made. The first is

similar to that described for the primary coolant piping. These measurements

are made on both stalks at 15 in. below the downcomer/lower plenum junction

and 19 in. below the cold leg centerline. The other means of sensing pressure

is with a free-field pressure transducer.

The free-field pressure transducer uses a strain post, enclosed by a bellows

and two end plates, with four active strain gauges as the sensing element.

The strain gauges are oriented on the strain post, such that two are parallel

to the long axis and two are perpendicular to it (Figure 12). To obtain

minimal temperature dependence, a parallel and perpendicular gauge are grouped

on one side of a Wheatstone bridge and the other two are on the opposite side.

The free-field pressure transducers are located 3 in. below the absolute

pressure measurements noted above.

Coolant presence is measured using electrical conductivity probes consisting
of several anodes at various intervals in a tube. The tube is perforated at
each anode to provide good communication between the anode and the surrounding
medium. The presence or absence of coolant at any location along the probe is
determined by measuring the electrical conductivity of the surrounding medium.

Liquid level is measured at 7 elevations in the lower plenum at four inch
intervals between 8.4 and 32 in. above the bottom of the reactor vessel.
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Downcomer liquid level is measured in 12 in. intervals between 68.4 and
200.4 in. above the reactor vessel lower head.

Coolant velocity and momentum flux is measured with a drag disk turbine trans-

ducer similar to that described for the primary coolant piping. This device

is located at the junction between the downcomer and lower plenum at an

elevation 113 in. above the bottom of the reactor vessel lower head.

Core Instrumentation

Five basic measurements are made at or within the boundary of the core region

in LOFT. These measurements are:

1. Fluid Temperature (TE)

2. Clad Temperature (TE)

3. Liquid Level (LI)

4. Mass Flow (ME and UD)

5. Neutron Flux (RE)

There are 38 fluid temperature measurements located in the core. These measure-
ments are similar to those described previously.

There are 185 measurements of fuel cladding temperatures measured on the outside

of the LOFT zircaloy clad fuel. In addition, there are 11 thermocouples

located on the stainless steel guide tubes.

Three different types of thermocouples are used for experimental measurements

on LOFT. They are:

(a) Type K - chromel versus alumel

(b) Type S - platinum versus platinum 10% rhodium
(c) Type T - copper versus constantan

The mechanical construction of the experimental thermocouples can be placed

into two basic groups: (a) the grounded spade junction and (b) the grounded

weld junction described previously. These two configurations are shown in
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Figure 13. The spade junction is used as a metal surface temperature measur-

ing device, because it can be easily welded directly to the metal surface and

supplied better heat transfer. Stainless steel and titanium sheathing metals

are used to make the spade junction thermocouples. Because of the welding

characteristics of zircaloy, a titanium sheathing material is used on most of

the thermocouples welded to the zircaloy reactor parts. In all cases when the

reactor metal is stainless steel, the thermocouple sheathing material will be

stainless steel. When titanium is used as a sheathing material, a small

barrier of tantalum is placed between the thermocouple junction and the sheath-

ing, preventing the possible forming of eutectic between the junction metals

and the titanium sheathing.

Liquid level measurements are made at four separate radial locations in the

LOFT core using the same principal method of coolant detection described for

the downcomer and lower plenum. Each level detector counts nineteen conduc-

tivity probes at four inch intervals.

Fluid velocity and momentum flux are measured at the outlet of the LOFT core

in three locations: above the center fuel module and the two corner modules

adjacent to the cold legs. These measurements are made using the drag disc

turbine transducer described previously. Work is under way to include a

similar measurement capability at the inlet of the center fuel bundle in LOFT.

This would consist of a drag disc turbine transducer and would also include

an ultrasonic density device. The configuration is shown in Figure 14. The

principle of the ultrasonic density sensor is the change in propagation time

of a torsional ultrasonic wave in a metal transmission line as a function of

the density of the surrounding media. Changes in propagation times are related

to the polar moment of inertia of the sensor and the density of the surrounding

media. Separate effects tests and two-phase flow tests have been conducted to

characterize the detector. Tests show the detector can successfully measure

the average density of the media surrounding the sensor in a 343°C pressurized

water reactor (PWR) environment.

Two types of transducers are used for neutron flux measurements: scanning and

fixed location detectors. The scanning detector is used to give an accurate
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measurement of the steady-state power distribution, and fixed detectors are

used to measure the power transient during a LOCE.

The scanning detector [traversing in-core probe (TIP)] has been purchased as

a complete, independent system, having its own transducer, positioning sub-

system, signal conditioning, recording subsystem, and any required cabling,

construction, or mechanical details. The system provides graphs of the axial

flux distribution at four different locations in the core. Fixed detectors use

cobalt neutron flux detectors for fast response. These are called self-powered

neutron detectors (SPND's), because they use the current generated by the

decay of Co-60 and -61 to indicate power level.

There are four fixed neutron flux detectors and four scanning flux detectors.

Studies are under way to determine whether the neutron flux detectors can be

correlated to the density in the vessel during a LOCE.

Upper Plenum Instrumentation

In addition to the three mass flow measuring devices at the exit of the core

(located in the fuel end boxes), the upper plenum instrumentation consists of

a liquid level detector, four pressure measurements, fluid thermocouples and

metal thermocouples.

The liquid level detector in the upper plenum is located in the corner fuel

module adjacent to the broken loop hot leg. It uses the same principle for

coolant detection described previously, and contains 9 probes spaced at 8 in.

intervals. Free-field pressure transducers are located 27 in. above the corner

fuel assemblies adjacent to the intact and broken cold legs, respectively. The

absolute pressure measurements are located 20 in. above the free-field transducers.

There are five coolant thermocouples and two guide tube thermocouples in the

upper plenum. Three coolant thermocouples are located in the upper end box in

conjunction with the DTT. The remaining two are located 14 and 28 in., respec-

tively, above the cold leg nozzle center!ine. The metal thermocouples are
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located on the upper core support structure at 10 and 45 in., respectively,

above the top of the core (62 and 27 in. below the center!ine of the cold leg

nozzle).

Suppression System Instrumentation

Measurements on the suppression system consist of:

1. Spray flow velocities and rates

2. Liquid level

3. Pressure

4. Fluid temperature
5. Strain

This instrumentation has been used to determine suppression pool dynamics for

refined control of reflood backpressure. Figure 15 shows the location of this

instrumentation and Table I summarizes the number of instrumentations on the

LOFT suppression system.

LOFT SMALL BREAK INSTRUMENTATION

As a consequence of Three Mile Island, emphasis in the LOFT Program has shifted

from large break LOCA's to small break LOCA's. These tests are characterized

by: (1) periods of single and two-phase natural circulation, (2) low flow

rates, (3) extended pump degradation, and (4) upper plenum voiding.

While the instrumentation currently available for large break experiments can be
used for small break LOCA's, additional measurements are necessary to investi-
gate the small break LOCA phenomena. Following is a discussion of those
being considered for LOFT.

Single and Two-Phase Natural Circulation

Depending on the size of the small break in question, it is postulated that the

LOFT primary coolant system will be in an extended period of natural circulation

which is characterized by flow rates which are ten percent of those expected for
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the large breaks. These flow rates are well below the ranges of current drag
(2)disc turbine transducers. However, use of the pulse neutron activation methodv '

shows promise of being able to measure the low flows during natural circulation.

This method measures the velocity of the fluid by determining the transit tijne

of a neutron activated oxygen (i.e. 0 + n ->• N + 6.7 MEV gamma) from the

point of activation to the point of detection. This neutron activation device

will be located in the intact hot leg of the LOFT primary system. The receiv-

ing detector will be located on either side of the activation device and will

allow detection of velocity changes in either direction in the hot leg.

Density will be measured using the same gamma densitometers as used in the

large break.

Break Flow

The amount of energy removed from the system during a small break depends on

the amount of energy removed from the break versus that removed through the

steam generators. The energy removed from the break determines the time

sequence of events during the small break. This is important in ensuring

proper scaling to the reference plant. Therefore, an accurate measure of

critical flow is necessary. The critical flow at the break will be obtained

from orifices which have been calibrated in two-phase flow. The relationship

between the pressure at the break, the temperature, and the differential

pressure across the break plane will be established from transient tests being

conducted at Wyle Labs in Norco, California. A cross check on the critical

flow will be derived from a mass and energy balance of the suppression tank.

A low range differential pressure measurement will be added to the suppression

tank to provide a more discrete measure of level during the transient.

Pump Degradation

During large break Loss-of-Coolant Experiments (LOCE's), the influence of pump

degradation was observed to be small. The transition from single-phase liquid

to single-phase steam occurred over a two-to-three second time period. Con-

sequently, two-phase pump behavior did not have a significant influence on

loop hydraulics as the system thermal hydraulic behavior was governed by the

critical flow. During small break LOCE's, the transition from 0% quality to
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100% quality is expected to last for several hundred seconds. In those situa-

tions when the pump is running (and the system is, therefore, not governed by

natural circulation), the performance of the pumps in a two-phase environment

becomes very important in simulating LPWR small break phenomena. The pumps are

anticipated to collapse voids formed at the inlet to the pump which will pro-

vide a lower quality of fluid to the downcomer and core thereby delaying core

voiding. Because of their influence, additional instrumentation is being

considered for the pumps to better characterize its influence on small break

LOCE behavior. Differential pressure measurements are being added to the

pump suction to determine the void fraction entering the pump. This informa-

tion, coupled with existing differential pressure measurements across the

pump will determine the effective reduction in head under extended two-phase

flow conditions.

Upper Plenum Level

Under certain small break conditions, in which the break discharge flow rate

is greater than the high pressure injection flow, the mixture level in the

reactor vessel is predicted to steadily decrease. Depending on the makeup

flow rate from the HPIS and the break size, the reactor vessel mixture level

can drop into the core until the pressure reaches safety injection tank actua-

tion pressure of 600 psia. The interrelationship between the reactor vessel

mixture level and the system depressurization rate will establish the extent

of core uncovery, if any. Additional differential pressure measurements are

being considered for the upper vessel region in LOFT to establish the quality

and movement of the mixture level in the reactor vessel.

Pressurizer Behavior

One small break test currently planned for LOFT is the simulation of an open,

power operated relief valve (PORV) on the pressurizer. An isothermal test

(L3-0)* under these conditions has already been performed. This test

identified the need for several additional instruments for the pressurizer.

First, as already discussed, the discharge flow rate at the break, in this

case the PORV, governs the system hydraulics. To adequately test the computer

codes capability to predict small break phenomena will require an accurate
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prediction of the discharge flow. For this reason, a calibrated spool piece

is being considered for installation at the discharge of the PORV. This

spool piece will have an orifice AP, pressure, temperature, density and momentum

flux. Second, a densitoineter is being considered for the pressurizer surge

line to aid in determining the mass flux during the period when the primary

system reaches saturation pressurizer. During Test L3-0, the pressurizer

indicated that it was liquid full despite the presence of stratified flow in

the hot leg. The pressurizer densitometer will provide an indication of the

flow behavior in the surge line in the transition period in the hot leg from

single-phase liquid to single-phase steam.
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