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INTRODUCTION

During the commissioning of a nuclear power plant, the usual role
of ultrasonics is associated with nondestructive testing of welds as
illustrated in Figure 1. In such an application ultrasonics is used
to detect and evaluate defects in the metal which may be detrimental
to the long term life of the station. There is, however, a variety of
undesirable conditions associated with the fluids carried through the
various reactor systems which may be just as detrimental to station
operation.

During the past five years RPC has developed a variety of unusual

ultrasonic techniques for testing of fluid systems at the Point

Lepreau Generating Station. These techniques, which proved so useful

during the commissioning phases of Point Lepreau have been applied to

other nuclear plants including: Gentilly II, Wolsung I, and Pickering

B. In the last year, one of these techniques (ultrasonic flow metering)

detected feeder tube blockages in both the Point Lepreau and Wolsung I

nuclear power plants just prior to reactor criticallity. These events

served to demonstrate the importance of such ultrasonic techniques for

power plant commissioning.

This paper will use the experience gained at the Point Lepreau
reactor to illustrate the valuable information which can be gained
from these measurements such as.:

- fluid level in pipes and headers

- fluid level in pressure vessels

- detection, and sizing of debris in pipes
- in situ measurement and verification of orifice condition

- detection and location of cavitation, water hammer, valve leakage

- quantitative measurement of gate movement within the body of an
inservice valve

- determination of valve position (open/closed)

- detection and imaging of flow separation
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- detection and location of leaks in concrete containment structures
- verification of design flows
- balancing of loop flows

- detection of low flow

This paper will also discuss the application of these techniques
at other reactor sites arid draw attention to the success and limitations
encountered.
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ULTRASONIC PRINCIPLES

Reflection from an Interface

In order to understand some of the applications described in this

paper, it is necessary to have a knowledge of the basic principles of

sound transmission and reflection. Figure 2 illustrates a transducer

coupled to a pipe filled with a fluid. A pulse of sound emitted by

the transducer will travel with a fixed velocity (velocity of sound in

the material) until the sound enters another material. Sound which

continues to propagate through the second material will travel at a

different velocity. Any difference in sound velocity (or density) at

the interface between the materials causes some of the original sound

pulse to reflect from the interface. Part of this reflected sound

returns to the transducer where it can be amplified and displayed on

an ultrasonic instrument as an amplitude versus time trace. By

observing the amplitude and time position of the return echoes, one

can determine such things of interest as pipe wall thickness (thickness

gauging), presence or absence of foreign bodies within the pipe wall

(flaw detection), presence or absence of fluid in the pipe (liquid

level), and the presence or absence of foreign bodies in the fluid

(debris detection).

Time of Flight

Figure 3 illustrates two transducers coupled to a pipe filled
j with fluid. The transducers are arranged so that the first transmits
j a pulse of sound at an angle across the pipe where it is reflected

from the inside pipe wall and received by the second transducer. The
time required for the sound pulse to travel along this V path can be
measured very accurately. The roles of the transducers can be electri-
cally reversed such that the second transmits a sound pulse which is
received by the first. The time required for this sound pulse to
travel along the same original V path but in the opposite direction
can also be measured very accurately. When the fluid is not moving,
these two times are the same.
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However, if the fluid is moving in the pipe in a direction from
transducer 1 towards transducer 2, then the time of flight of a sound
pulse from transducer 1 to transducer 2 will decrease because of the
additional velocity imparted by the motion of the fluid in the same
direction. In a like manner, the time of flight of a sound pulse from
transducer 2 to transducer 1 will increase because of the loss of
velocity imparted by the motion of the fluid in the opposite direction.
The difference in these time of flights is proportional to the velocity
of fluid flow within the pipe. This is principle of Ultrasonic
Transit Time Flow Metering. With a knowledge of pipe material, wall
thickness, diameter, sound velocity, and fluid sound velocity and
viscosity, it is possible to determine the direction, the velocity,
and the volume rate of fluid flow within the pipe.

Acoustic Emission at Flow Restrictions

When a fluid or gas under pressure passes with high velocity
through a restriction into a lower pressure region, ultrasonic energy
is released. This energy can be detected using ultrasonic microphones,
high frequency accelerometers or acoustic emission transducers. This
ultrasonic energy release serves as the basis for ultrasonic leak
detection and location.
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LIQUID LEVEL

Portable ultrasonics can easily be applied in the field to
monitor static or changing liquid levels inside of pipes, headers, and
small diameter (<2 m d) tanks. The ultrasonic technique used (Figure 2)
relies on transmitting sound across the pipe diameter (only possible
if fluid is present) and objtaining an echo from the far inside surface
of the pipe. Figure 4 illustrates a liquid level measurement in
progress on a 254 mm (10 inch) diameter pipe. On large diameter tanks
and vessels with internal obstructions (i.e., heat exchanger shells)
it is possible to utilize special transducers and techniques to locate
the level of liquid.

In early commissioning tests of the Point Lepreau shutdown

cooling system it was observed that start-up of a shut down cooling

pump would lead to a pump trip after only one minute of operation.

Ultrasonics was able to determine that the level of water in the heat

transport system was just below the steam generator bottom prior to

pump start. Immediately after pump start the level began to drop

until some 15 seconds later the ultrasonic operator reported by radio

to the engineer responsible for commissioning the pump that the level

had dropped below the pump suction tie in to the heat transport system

(a drop of 4 meters) and that the line was empty of water, 45 seconds

later the pump tripped.

In another application at Point Lepreau, ultrasonics was used to
monitor the changing fluid level in the calandria head tank (Figure 5)
as the calandria was being filled with heavy water for the first time.
As no sight glass had been provided on the tank, ultrasonics provided
a means for monitoring and thereby assuring proper control of the rcte
of heavy water flow into the calandria.

A most unusual application encountered at Point Lepreau was the
determination of liquid gas fire retardent in fire extinguisher
bottles. Ultrasonics provided a quick and easy means of verifying the
required amount of fire fighting agent was present. This avoided the
time consuming task of removing the tank mounting fixtures in order to
weigh the tank to determine the amount of chemical present.
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DEBRIS SCAN

During construction it is possible for foreign material to find
its way into open piping systems. For this reason strainers are
installed on many systems to collect and facilitate removal of the
debris prior reactor operator. There are, however, some systems where
no strainers could be installed. Extensive care was exercised during
construction to ensure system cleanliness through the application of
approved and verifiable quality control procedures. Nevertheless,
there always remains the possibility of a potentially damaging foreign
body such as a crescent wrench, piece of lumber, or other piece of
debris moving during operation and entering a pump or valve and
causing serious damage.

«

The commissioning engineers at Point Lepreau had planned to

examine the major piping systems for debris prior to pump start up.

While radiography could do the job, the cost was prohibitive for the

large amount of pipe requiring inspection. Ultrasonics was capable of

doing the job (provided the piping system was filled with water)

faster, safer and economically. Accordingly all major primary side

piping systems such as the heat transport, shutdown cooling, and

emergency core cooling systems were scanned by ultrasonics with only

elbows being radiographed. Figure 6 illustrates a debris scan in

progress on the heat transport system feeder pipe.

The following example indicates the sensitivity of the "debris
scan" technique. An ultrasonic indication was found in a 254 mm (10
inch) section of pipe just upstream to an elbow in the emergency core

*

cooling systems. At first appearance the indication appeared to be a
section of wood 54.0 mm wide (2 inches) and 420 mm (17 inches) long.
Radiographs were taken of the area and showed nothing. Further
examination by ultrasonics indicated that the indication appeared to
be just an air bubble. Radiographs were again taken after the radio-
graphic crews were specifically instructed to reverse their normal
procedure end place the film on the top side of the pipe and the
source on the bottom. The new radiographs confirmed the presence of
the elongated air bubble.
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WATER HAMMER AND CAVITATION

During early commissioning of Point Lepreau moderator system a

loud "clunking" noise of unidentifiable source could be heard throughout

the piping system in the moderator pump room located immediately below

and between the moderator heat exchangers. A simple two channel

acoustic emission system was moved to various positions along the

pipework. At each position it provided a clear indication of the

direction of this "clunking" noise. The source was localized to a

10 inch gate valve at the discharge of moderator pump No. 1. By

switching to ultrasonics, it was then possible to propagate sound

through the valve body and obtain a clear echo from the valve gate.

The amount of gate opening could be observed ultrasonically as the

valve was stroked. The ultrasonic echo from the gate was observed to

flutter back and forth 3 mm (0.1 inch) in its normal position. The

audible "clunking" noise was found to correspond in time with the

ultrasonic echo reaching the limits of its back and forth oscillation.

This indicated that the valve gate was physically moving back and

forth 3 mm (0.1 inch) creating the "clunking" noise as the gate

impacted against its guides. This valve was subsequently opened and

the gate/guides gap adjusted. Thus ultrasonics was able to monitor

the proper functioning of a valve under operational conditions.

In the same way that ultrasonics can be used to detect the
presence or absence of fluid in a pipe, ultrasonics can also be used
to detect the presence and extent of air bubbles and voids in the
fluid. In the Point Lepreau moderator system a 254 mm (10 inch)
diameter pipe directs a high velocity stream of fluid from the pump
into a T fitting and then to the moderator heat exchangers. A loud
"roaring" noise could be heard by ear and stethescope in the immediate
vicinity of this T fitting. Ultrasonic examination of the T fitting
and adjacent piping revealed the presence of flow separation within
the T as show in Figure 7. Ultrasonics enabled the commissioning
engineers to visualize in real time, the depth, cross sectional area,
and extent of this rapidly changing turbulent flow separation. Thus
the source and nature of the "roaring" noise was identified. The
piping configuration was subsequently redesigned to eliminate flow
separation and the fluid noise reduced significantly.
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LEAK DETECTION

As fluid leaks across the seat of a "closed valve" an acoustic
turbulence is created which can be detected by listening with a highly
sensitive high frequency (>40 KHz) microphone in direct contact with
the valve or immediate area. At Point Lepreau, acoustic emission
testing enabled the commissioning engineers to determine which one of
five valves were leaking in the shutdown cooling loop.

A leak test of major significance to Point Lepreau occurred
during the reactor building pressure qualification tests. Several
leaks had already been discovered with bubbler solutions applied to
the outside of the concrete containment structure. However, when
these leaks v/ere sealed, the leakage rate was still above the maximum
allowable to meet the AECB licensing requirements. A high frequency
(40 KHz) ultrasonic microphone mounted in a parabolic reflector (see
Figure 8) was used in an attempt to identify the residual leaks. This
device showed poor performance when used on the outside of the concrete
containment building, being unable to detect leaks which bubble
solutions indicated easily. However, inside the containment structure
the device performed very well detecting leaks around piping penetrations
from a distance in excess of 50 meters. As a result, two more of
these ultrasonic leak detectors were commissioned into service to
identify the leaks for repair. As a result, containment structure
leakage rate was quickly reduced well below the level required to
obtain art operational licence.
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FLOW MEASUREMENT

Like many other utilities, NBEPC had acquired a commercial

ultrasonic flow meter for use at the Point Lepreau nuclear station.

However, when problems arose in the moderator system the commercial

equipment was not equipped with the necessary probes to handle measure-

ments on the 254 mm and 305,mm (10 inch and 12 inch) diameter stainless

steel pipes. RPC assembled an assorted array of laboratory equipment

that enabled these first ultrasonic flow measurements to be made.

Since those first commissioning measurements, the RPC flow metering

equipment has undergone a continuous series of improvements in portability

and accuracy and has been applied to perform literally thousands of

commissioning flow measurements at the Point Lepreau site alone. Some

of the more important applications of ultrasonic flow measurements at

Point Lepreau will now be discussed.

In the shutdown cooling system, ultrasonic flow measurements were

performed at several points in each of the two primary loops. This

was performed under both normal water level conditions with the heat

transport system filled and with the system drained to just below the

steam generators. While ultrasonic level measurement helped establish

the operating level for shutdown cooling pump start-up and for

operation, ultrasonic flow measurement provided system flows under a

variety of pump/valve configurations. These ultrasonic flow measure-

ments were used by AECL to verify the analytical predictions and

ensure that adequate core cooling flows were available under normal

and various abnormal operating conditions of the shutdown cooling

system.

One of the interesting phenomena discovered as a result of this
program was the lack of flow balance between the two heat transport
loops serviced by one shutdown cooling loop. One of the heat transport
loops tended to take most of the flow due to hydraulic characteristics
of the piping connecting the shutdown cooling loop to each of the main
heat transport loops. Detailed analysis performed by the designers
diagnosed the problem, a design modification was introduced to increase
the resistance of the interconnecting piping to achieve an acceptable •
flow balance.
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The recirculating cooling water (RCW) system circulates demineralized
water throughout the plant to provide auxiliary cooling requirements.
It is designed as a constant flow system normally using two RCW pumps
and five heat exchanger transferring heat to sea water coolant. The
individual loads are served by a temperature control valve and/or flow
limiting orifice to ensure that design flows are not exceeded under
various plant operating conditions. As part of a comprehensive flow
balancing program, ultrasonics (Figure 8) played the key role as most
of the sub-loops did not have in line flow measurement devices.

One of the significant findings of this program indicated that

RCW flows through the secondary side of the shutdown cooling heat

exchangers was approximately 150 percent of the design flow with

temperature control valves fully open. This high flow had actually

caused the failure of a few tubes in one of the shutdown cooling heat

exchangers due to fluid elastic instability. Modifications to the

impingement plate design at the RCW inlet to these heat exchangers

coupled with flow limiting devices resolved this problem.

Particular attention was given to the moderator heat exchanger
(Figure 9) when it was discovered that RCW flow of more than 60
percent of design would cause fluid elastic instability with resultant
vibration damage to the tubes. Ultrasonics provided an accurate means
of confirming the annubar flow readings. Subsequently, an overflow
alarm was installed on the system.

Ultrasonics was used to establish flows through the purification
cooler, gland fuel cooler, degasser cooler, and shield cooler.
Although annubars were present on some of these coolers, their relia-
bility was often doubtful as the Ap was very low. Ultrasonic flow
measurements provided an accurate means of checking flow and verifying
adequacy of annubar performance.

Often ultrasonic flow metering provided the only means of establish-

ing system performance. For all local air coolers, ultrasonic fiow

measurements were used in conjunction with temperature drop across the
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coolers to verify their performance. In the case of the eight fueling
machine vault local air coolers, four were found to exhibit reverse
flow and another very low flow. A repiping of the 150 mm (6 inch)
inlet/outlet lines remedied the reverse flow situation and an ultrasonic
debris scan located a wad of heavy gauge plastic sheeting lodged in a
flow restricting orifice in the low flow line.
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HEAT TRANSPORT SYSTEM/FEEDER PIPE FLOW

The heart of the hydraulic system of a Candu 600 reactor is the
primary heat transport system and associated feeder pipes connected to
the reactor fuel channels. Although each of the 380 fuel channel is
fitted with inlet and outlet temperature sensors only 12 are equipped
with flow measurement orifices. Preliminary ultrasonic flow measure-
ments were made at Point Lepreau in order to determine if all channel
flows were close to design. These measurements were made using light
water early (December 1980) in pump commissioning tests. Ultrasonic
instrumentation in use at that time had a nominal accuracy of ±8 percent
which was sufficient to demonstrate that flow was equally divided
between the two reactor loops and to flag a few channels with apparent
low flow. Subsequent to this test, the ultrasonic flow instrumentation
was put through a series of accuracy tests at the National Research
Council and at an Atomic Energy of Canada laboratory. Based upon
these results, flow profile correction factors and instrumentation
modifications were made to increase the accuracy of the ultrasonic
system.

In April 1982, ultrasonic measurements v/ere made of individual
feeder pipe flow and of gross flow through the steam generator outlet
and inlets (Figure 11). The reactor at that stage was fuelled and the
heat transport system filled with heavy water. Flow rates on individual
heat transport pumps were measured with one, two, and all four pumps
running. Bypass flow through the "valved in" shutdown cooling system
was also measured. Based upon comparison to instrumental channel .
flows, a nominal ultrasonic flow measurement accuracy of ±3 percent
was achieved. For each of four headers, the gross flow measurements
performed on the steam generator outlet line was within +4.0, -1.5 percent
of the combined feeder flow to that header. The flows through each
heat transport pump were within ±0.4 percent. These measurements were
very important as they would later serve as a basis for calculating a
primary side heat balance to determine reactor power level and turbine
efficiency. These measurements are presently being compared to the
secondary side heat balance obtained by venturi flow measurements and
temperature rise across the steam generator.
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Of major- significance was the discovery that channel N19 exhibited
flow 13 percent below design compared with a maximum spread of +7,
-4 percent for all other 379 channels. Subsequent investigation
revealed this low flow to be due to a partial obstruction in a reducing
section of the feeder pipe. Radiographs shov/ed the obstruction to be
a flexible steel measuring tape lodged in the reducer as shown in
Figure 12. After removal of this obstruction, ultrasonic flow measure-
ment performed in July 1983 indicated that flow was now restored to
within 1.5 percent of design.
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CONCLUSIONS

The ultrasonic technologies pioneered at Point Lepreau for
commissioning work have since been employed at Gentilly II, Hydro
Quebec (Figure 13), Wolsung I, Korea (Figure 14), and Pickering B -
Unit 5, Ontario Hydro (Figure 15). Most recently, a feeder blockage
at Wolsung I was detected by Korean Electric Power Commission staff
using the RPC flow measurement system. The feeder exhibited a flow
approximately 30 percent below design and was caused by a wire disc
grinding wheel. Thus these innovative ultrasonic techniques have
been, and will continue to be, powerful tools for power plant
commissioning.

4
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FIGURE 1

ULTRASONIC INSPECTION OF A NUCLEAR WELD.

<



FIGURE 2

USING THE PRINCIPLE OF REFLECTION FROM AN INTERFACE,
ULTRASONICS CAN BE USED TO DETERMINE THE LEVEL OF FLUID
IN A PIPE AND TO DETECT THE PRESENCE OF DEBRIS.



PIPE WALL

FIGURE 3

ILLUSTRATION OF THE PRINCIPLE OF
ULTRASONIC TRANSIT TIME FLOW METERING.
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FIGURE 4

ILLUSTPsATION OF ULTRASONIC LIQUID LEVEL
MEASUREMENT IN PROGRESS ON A 254 MM DIAMETER PIPE.
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FIGURE 5

ILLUSTRATION OF ULTRASONIC LIQUID LEVEL
MEASUREMENT IN PROGRESS ON CALANDRIA
HEAD TANK, POINT LEPREAU MGS.
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FIGURE 6

ILLUSTRATION OF ULTRASONIC
SCAN IN PROGRESS ON A FEEDER PIPE.



FIGURE 7*

ILLUSTRATION OF ULTRASONIC DETECTION
OF FLOW SEPARATION IN A TEE FITTING.
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FIGURE 8

4
ILLUSTRATION OF AN ULTRASONIC MICROPHONE
LEAK DETECTION SYSTEM IN FIELD USE.
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FIGURE 9

ILLUSTRATION OF ULTRASONIC FLOW METERING
IN PROGRESS ON RECIRCULATING COOLING
WATER SYSTEM, POINT LEPREAU NGS.



RKSEAHCH AND PRODUCTIVITY COUNCIL

FIGURE 10

ILLUSTRATION OF ULTRASONIC FLOW METERING
IN PROGRESS ON THE SECONDARY SIDE OF A
MODERATOR HEAT EXCHANGER, PT. LEPREAU NGS.
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FIGURE 11

ILLUSTRATION OF ULTRASONIC FLOW METERING
IN PROGRESS ON FEEDER PIPES, PT. LEPREAU NGS.
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FIGURE 12

RADIOGRAPH OF A MEASURING TAPE LODGED
IN A REDUCER AND BLOCKING FLOW THROUGH
INLET FEEDER N19, POINT LEPREAU NGS,
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FIGURE 13 '

ILLUSTRATION OF ULTRASONIC FLOW METERING
IN PROGRESS ON FEEDER PIPES AT GENTILLY II,
NGS, HYDRO QUEBEC.
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FIGURE

ILLUSTRATION OF ULTRASONIC FLOW MEASUREMENT
TRAINING PROGRAM IN PROGRESS AT WOLSUNG I
NPP, KOREAN ELECTRIC POWER COMMISSION
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FIGURE 15

ILLUSTRATION OF ULTRASONIC FLOW METERING
OIJ FEEDER PIPES AT PICKERING B, UNIT 5,
NGS, ONTARIO HYDRO.


