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ABSTRACT
Nuclear plant reliability depends directly on steam
generator performance. Downcomer flow is a good
monitor of steam generator performance. It provides
information critical to the efficient and safe operation
of steam generators as determined by the recircula-
tion ratio and water inventory. In addition, reduced
downcomer flow may indicate steam generator crud-
ding or inadequate chemical cleaning.

This paper describes the application of ultrasonic
technology to measure flow velocity in the down-
comer annulus during operation. The technique is
non-intrusive since the measurements are taken
with ultrasonic transducers mounted on the outer
shell of the steam generator.

Successful application of this technique required
development in several areas - high temperature
couplants, signal quality, transducer performance
and reliability, and remote monitoring. The effects of
carry under, obstacles in the downcomer annulus,
temperature variation, and wall thickness are also
discussed in this paper.

The results of measurements from 0 to 100% power
in the Darlington nuclear station are presented. The
results are compared to thermalhydraulic calculations.

A second ultrasonic technique has recently been suc-
cessfully tested at operating conditions with void in
the flow. This new technique is also presented in this
paper.

1. INTRODUCTION
On-line monitoring of downcomer flow velocity could
result in improved steam generator performance and
therefore improved nuclear power plant reliability.
The downcomer annulus in a typical nuclear steam
generator is found between the outer shell and the
shroud (see Figure 1). Without on-line monitoring, a
steam generator must be shut down and opened up
to assess the amount of fouling that has occurred.

The shell-side flows in operating nuclear steam gen-
erators are generally not monitored. Instead, design-
ers and operators depend on thermalhydraulic com-
puter codes to calculate the recirculation ratios and
steam inventory levels in a steam generator. Shell-
side flows have not been measured because intru-
sive flow-measurement techniques present many
practical problems and safety concerns. Recently,
interest in measuring downcomer flows has risen
and a CANDU Owners' Group (COG) program for the
development of a non-intrusive measurement tech-
nique has been accelerated. As a result, a high-tem-
perature ultrasonic system for steam-generator
downcomer flow measurement has been developed
at Chalk River Laboratories (CRL).

Most conventional flow meters are not suitable
because they are intrusive or unable to withstand
steam generator operating conditions. If instrumen-
tation holes through the outer wall have not been
provided, they are a very expensive in situ modifica-
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tion to the pressure boundary. Ultrasonic flow meter-
ing was chosen because its non-intrusive nature
does not require modifications to pressure bound-
aries and therefore is easily installed.

High temperatures found at the outer wall of the
steam generator have required some adaptation of
an ultrasonic measurement system that is in general
use. A commercially available ultrasonic flow meter
working in the reflective mode is used to interpret
the transducer signals. Improvements to room-tem-
perature couplant and transducer attachment tech-
niques were required. Laboratory tests were carried
out at room temperature on a downcomer test sec-
tion in our CRL air-water VIBFLO flow loop. High-
temperature tests were carried out in the Whiteshell
Laboratories steam-water RD-14M flow loop. The
development of this technology for downcomer flow
measurement culminated with a successful series of
measurements on a CANDU® (Canada Deuterium
Uranium) steam generator. This paper outlines the
benefits of measuring downcomer flow, describes
the ultrasonic techniques used, summarizes some of
the technical developments and provides flow mea-
surement results.

2. BENEFITS OF MEASURING
DOWNCOMER FLOW
Measuring the downcomer flow velocity provides
information vital to the efficient operation of nuclear
steam generators. The downcomer flow velocity can
be used to calculate the recirculation ratio and to
infer the rate of tube support fouling.

The recirculation ratio is a measure of how much
water is circulating throughout the steam generator
relative to the amount of steam that is being pro-
duced. The downcomer flow velocity is directly relat-
ed to the recirculation ratio.

Tube support plate fouling will increase the hydraulic
resistance and reduce the recirculation ratio. In turn,
a low recirculation ratio causes more crud to deposit
on the tube supports, a vicious cycle.

By measuring downcomer flow, stations can meet
many needs:

• Provide baseline measurement during commis-
sioning for future reference;

• Determine whether or not the steam generator
tube supports need cleaning;

• Measure the effectiveness of tube support clean-
ing (before and after measurements should be
taken);

• Monitor long-term fouling trends and thus sched-

ule, or even forego tube support cleaning (modify
water chemistry);

• Determine improvement in steam generator per-
formance after modifications (before and after
measurements should be taken); and

• Verify computer code predictions of steam gener-
ator thermalhydraulics.

3 . THE TRANSIT TIME TECHNIQUE
Ultrasonic flow measurement is based on a knowl-
edge of the speed of sound in various mediums. For
reflective-mode flow measurement in a steam gen-
erator, ultrasonic pulses are alternately fired and
received between upstream and downstream trans-
ducers, using the downcomer shroud wall as a
reflector (see Figure 2). Because the sound waves
travelling from the upstream transducer are moving
with the water flow, they will reach the opposite
transducer faster than those travelling from the
downstream transducer. With the knowledge of this
difference in the time of flight between upstream
and downstream pulses and a knowledge of the path
geometry, a flow velocity can be calculated.

In practice, a sound pulse sent into a steam genera-
tor shell and downcomer annulus can follow any one
of several dominant paths. With the downcomer
geometry, each transducer receives five time-sepa-
rated pulses. The signal path for each of these puls-
es can be seen in Figure 3. The first three pulses
travel only through the carbon steel outer shell. The
speed of sound in steel is much higher than it is in
water so these three signals arrive before the
desired signal (the 4th signal). A weak fifth peak orig-
inating from a double bounce through the water
arrives last.

The fourth pulse is used for flow measurement. This
pulse enters the steel wall at a 60° angle, refracts
when entering the downcomer water, passes
through the flowing water and hits the shroud wall. It
then reflects from the shroud wall, passes through
the flowing water, refracts as it enters the steel and
continues to the second transducer. The difference
in time of flight between upstream and downstream
pulses following this path, Dt, is used to determine
the downcomer flow velocity, Vf as follows:

V - *
f 2 Wtanfl, (1)

where, W is the annulus width, af is the speed of
sound in the fluid, and qf is the angle of refraction
from the shell to the annulus as measured from the
normal to the shell.
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The flow meter searches for pulses in a time window
that has been calculated internally from user-provid-
ed information about the temperature and geometry.
User input includes types of media, medium thick-
nesses, number of passes, distance between trans-
ducers and temperature. If pulses are detected with-
in the calculated window, the signal quality must be
verified. After a significant number of successful
transmit and receive cycles, the flow meter will cal-
culate and output flow data.

User inputs such as the steam generator shell thick-
ness and the width of the downcomer annulus must
be accurate to ensure that the velocity reading is cor-
rect. The annulus width, W, is particularly important
since it is inversely proportional to the measured flow
velocity (see Equation (1)). For example, if the annu-
lus width input to the flow meter is 10% larger than
the actual annulus width, the measured flow velocity
will be 10% lower than the actual flow velocity.

The shell thickness is important because it is
required in calculating an appropriate transducer
spacing. A slight error in the shell thickness input to
the flow meter has no significant effect on the mea-
sured velocity but it can affect the signal quality as a
result of inappropriate transducer spacing.

The measured time difference, Dt, is not affected by
the input values for the annulus width and the shell
thickness. This is because the time spent in each
medium subtracts out when the time difference is
calculated.

The gap between the transducer and the vessel wall
is crucial because unwanted scattering and absorp-
tion of the signal energy can occur at this location.
This interface not only lowers signal strength, but
produces background noise. To minimize these loss-
es, a couplant (void-free filler material) is commonly
placed in the gap. At room temperature, almost any
liquid or paste will function as well as a couplant.

4. OBSTACLES IN APPLICATION TO
DOWNCOMER FLOW
Several factors associated with nuclear steam gener-
ators create a difficult environment for ultrasonic
measurements. High temperatures, thick outer
shells and radiation fields were obstacles that had to
be overcome in the development of a suitable mea-
surement device.

High temperatures affect transducer lifespan, cou-
plant selection and differential thermal expansion of
the transducer rails. Temperature also affects pulse
trajectory and path length as shown in Figure 4. The
path changes due to the change in sound velocity as

water is heated, which in turn alters the refraction
angle at the steel-water boundary.

Wall thickness affects the signal strength due to nat-
ural diffusion of the sonic pulse as it passes through
the carbon steel. The steel walls of CANDU nuclear
steam generators are typically more than 54 mm
(2 in.) thick to safely contain shell-side pressures of
about 4.5 MPa (260°C). Because the steam-genera-
tor walls are much thicker than the pipe walls gener-
ally encountered in ultrasonic flow measurement,
the signal strength for this application is low. Faced
with a signal of limited strength it is even more
important to be sure that the transducer-to-shell cou-
plant is minimizing the signal loss.

Radiation fields may limit access of personnel to the
steam generator. This may preclude the possibility of
performing minor tests and adjustments of installed
equipment while the reactor is operating. The ability
to make adjustments after the steam generator is at
operating temperature and in radiation environments
is station specific and therefore may affect applica-
tion of this ultrasonic measurement system.

5. TECHNICAL DEVELOPMENTS
The first hurdle was the selection of a suitable high-
temperature couplant. At room temperature, almost
any liquid or paste will function well as a couplant,
but none of these materials remain effective at
steam-generator temperatures. If the transducer and
shell surfaces are smooth and flat, and if sufficient
force can be applied to mold the couplant to the
micro-contours of these surfaces, a soft metal can be
used as a couplant.

Unfortunately, the transducer manufacturer had lim-
ited experience with the use of soft metals as a cou-
plant. Therefore, considerable development was
required before suitable surface preparation and
clamping techniques were established. With soft
metal couplants, flat and smooth surfaces are need-
ed to minimize signal loss due to absorption and
scattering at the couplant/wall and couplant/trans-
ducer interfaces. In addition, parallel surfaces are
required to ensure that the signal initiated at one sur-
face is sent directly toward the second surface.
Consequently, a portable machining device was
found that could be used on the steam-generator
outer wall to produce flat, parallel surfaces. In addi-
tion, the surface is polished to remove surface imper-
fections.

Transducer mounting hardware consisting of
clamped steel rails was designed to allow higher
forces to be applied to the transducers. The steel
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rails also keep the transducers aligned vertically and
allow for easy adjustment of the spacing between
the transducer pair. The clamping hardware is spring-
loaded to allow for thermal expansion effects.

The use of a soft metal couplant and the fact that the
steam-generator outer shell is very thick both limit
the signal strength and signal quality in this applica-
tion. Flow meter parameter settings suggested by
the manufacturer of the flow meter were not suitable
for this application. Laboratory tests were undertak-
en to determine appropriate parameter settings and
to understand the limitations of the flow meter
device.

The effect of transducer spacing was studied to
determine the loss in signal quality and the loss in
flow measurement accuracy with non-ideal transduc-
er spacings. Because the transducers must be
installed at room temperature, it can be difficult to
know the optimum spacing for the transducers at
operating temperature. Equations are available to cal-
culate such distances, but the true optimum distance
can be affected by inner surface conditions. Signal
quality was found to decay rapidly after a significant
change from the ideal transducer spacing. This sig-
nificant change in spacing was greater than our
expected error. Therefore, a small error in transducer
separation distance is unlikely to affect the signal
quality.

The effect of changing the mounting forces acting on
the transducer and the soft metal couplant was also
examined. It was found that significant signal loss
would occur if the original mounting pressure was
not maintained. Since the signal quality is already lim-
ited in this application, it is very important to maintain
the mounting force as the temperature changes and
time passes.

As received from the manufacturer, the transducers
were not always reliable. A high-temperature testing
technique was developed to determine if a pair of
transducers could be used in the field. Since this
quality control test has been used, no short-term fail-
ures have occurred during flow testing. Currently
available transducers used at CANDU steam genera-
tor temperatures will fail within six months if no cool-
ing is applied. Methods to cool these transducers are
now being tested. In addition, more reliable trans-
ducers are currently being developed by the manu-
facturer, but have not yet been used in the field.

The flow meter can be controlled using a finger pad
on the meter itself or from a remote terminal such as
a personal computer. This feature allows remote
monitoring and adjustment of the flow meter input
parameters, if communication lines are put in place.

Portable data logging equipment has been used to
store the velocity data at sites where such commu-
nication lines are not available.

6. LABORATORY MEASUREMENTS
Laboratory measurements to check the calibration of
the ultrasonic flow meter were carried out in the
VIBFLO air-water loop at Chalk River Laboratories.
The results of the calibration tests are given in Table
1. There is reasonable agreement between the test
loop flow meters and the ultrasonic flow meter.

More recent laboratory testing has been carried out
to determine the susceptibility of this measurement
system to the presence of both obstacles in the flow
and void (vapour bubbles) at the flow measurement
location. Although the flow meter itself does not
obstruct the flow, it was thought that other obstacles
such as shroud pins and intrusive measurement
devices could affect the ultrasonic flow measure-
ment. Bubbles passing through the ultrasonic signal
will interrupt the signal thereby reducing the signal
quality.

For the obstacle tests, a 2 in. diameter shroud pin
was placed in the VIBFLO downcomer test section at
varying heights above the measurement location.
Velocity measurements taken with the shroud pin at
each height showed no significant effect due to the
presence of the shroud pin. Vortex street flow pat-
terns that would have developed behind the pin did
not affect the measurement device. An example of
the results with shroud pins is given in Figure 5.

The presence of void in the flow had a significant
effect on the measurement device. With as little as
1 to 2 percent void fraction, the ultrasonic signal was
lost and velocity measurements were not possible.
These tests were carried out in a mixture of air and
water and, therefore, may not be directly applicable
to the steam-water mixture found in an actual down-
comer. Tests at downcomer flow conditions are
planned for the near future. In addition, a new ultra-
sonic technique (called transflection) for measuring
velocities in multi-phase flows is now available.
Testing at steam generator operating conditions is
underway.

In March 1994, high-temperature tests were per-
formed in the RD-14M steam-water flow loop at
Whiteshell Laboratories. This test loop has calibrated
turbine flow meters that were compared against the
ultrasonic flow meter. A high-pressure test section
was built with a wall thickness and annul us width
almost identical to the geometry found in a typical
CANDU steam generator. Excellent signal quality
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was obtained with this set up. Three sets of trans-
ducers were tested over a complete range of down-
comer velocities (0.0 to 2.5 m/s). An example of a
high-temperature test result is given in Figure 6. The
test results proved that this non-intrusive ultrasonic
measurement system consistently measures down-
comer velocities with an accuracy of better than ±10
percent. If the flow is steady and parameters such as
temperature are not changing, the accuracy
improves.

7. FIELD MEASUREMENTS
In September 1994, downcomer flow measure-
ments were taken on steam generator #1 in Unit 2 at
Darlington Nuclear Generating Station. The reactor
began to heat up on September 19th, started to
increase power on September 21st and reached
100% power on September 26th. The change in
velocity and power with time is plotted in Figures 7
and 8. The elapsed-time scale is zero at 2200 hr on
September 21st and increases by minutes. The plot-
ted measurements were either read directly from the
flow meter or from chart recorder strip charts.

The hot side and cold side measurements are very
similar. There are no significant differences in the
velocities at any given time or power level.

During the first 250 minutes, the velocity rises rapid-
ly as the power increases from 0 to 10%. At each
step increase in power, the velocity experiences a
sharp increase and overshoots the steady state
velocity for that power. It is not clear whether the
overshoot is real or caused by the software in the
flow meter.

Up to 30% power, the velocity changes significantly
with a change in power. Above 30% power there is
very little change in velocity as the power increases
to 100%. This change in velocity with reactor power
is more clearly shown in Figure 9. In this plot some
of the data points corresponding to the overshoots at
low power have been eliminated so that the trends
with reactor power can be seen more clearly. Each
time the reactor power was held constant for a peri-
od of time (i.e. at 5.7%, 8.7%, 10.5%, 30%, 60%
and 93%), some variation in the velocity was mea-
sured.

THIRST, a thermalhydraulic computer code for
steam generators, was used to calculate downcom-
er velocity at 100% power for the instrumented
Darlington steam generator1. The results of these
calculations are also shown in Figure 9. The calculat-
ed values agree very well with the downcomer flow
measurements.

Some earlier field measurements were briefly out-
lined in a previous paper2. These measurements
showed that a crudded steam generator had reduced
downcomer flow velocities.

8. THE TRANSFLECTION TECHNIQUE
With the transit time technique, flow velocity is cal-
culated from the difference in time required for
sound waves going in opposite directions to travel
the same signal path. If something obstructs or
absorbs one, or both, of the signals (e.g., vapour bub-
bles), then the measurement cannot be taken. In
contrast, the transflection technique actually requires
the presence of a reflective second phase to be able
to measure flow velocity.

Transflection calculates velocity be measuring the
actual time required for a bubble or particle to move
a specified distance. In this case, the distance is cho-
sen to correspond to a change in signal path length
equal to 1/2 wavelength at the operating frequency
(see Figure 10). As with transit time, a sound pulse
from the transmit transducer enters the steam gen-
erator shell, refracts at the shell-water interface and
enters the flowing water. Any signals reflected back
to the receive transducer are analyzed and filtered to
remove the "clutter" signal (e.g., noise, shroud wall
reflection, short circuit, etc.) and retain only the signal
due to moving bubbles or particles. The time required
for a bubble to move the specified distance, A t , is
used to calculate the downcomer flow velocity, Vf .
as follows:

where F is the transducer frequency, e i is the trans-
ducer wedge anle, and c i is the sound of speed in
the transducer wedge.

One notable difference between the transflection and
transit time techniques is in the choice of transducer
wedge material. Judicious selection of the wedge
material may obviate the need for a soft metal cou-
plant at high temperatures, thus potentially avoiding
the associated surface preparation and high clamping
forces. The transflection wedge also places the piezo-
electric crystal at greater distances from the hot shell
surface. The resultant lower operating temperature
bodes well for long transducer life and reliable per-
formance. These benefits are being investigated.

In 1995 July, tests were conducted in the same
steam-water loop used previously. In this test
sequence, the transit time and transflection tech-
niques were compared for measurement capability
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at steam generator conditions for varying levels of
void, and to confirm the acceptability of transaction
for high temperature operation. Results of this and
room temperature tests (Figure 11, using air injection
to simulate void) indicate that transit time becomes
inoperative around 0.3% void, and transaction
requires some void, 0.1 %, to begin but is still opera-
tional at 30%. Within this overlap from 0.1 to 0.3%,
the results are very similar. Future installations will
probably require that both techniques are available,
to accommodate the potential for void due to carry-
under and thus ensure flow measurements can be
made.

9. CONCLUSIONS
A non-intrusive ultrasonic flow measurement system
has been successfully used to measure downcomer
flow velocities in an operating steam generator.
Predicted velocities using the THIRST code (a ther-
malhydraulics computer code) are in agreement with
the measured velocities.

Obstacles placed in the flow in the VIBFLO laborato-
ry test program did not affect the measurement of
the flow velocity. On the other hand, the presence of
void in the flow has the almost immediate effect of
blocking the ultrasonic signal. However, a new ultra-

sonic meter is now available for use in multi-phase
flow and has been successfully tested for use at
steam generator operating conditions. When com-
bined with the original transit time technique, this
complete measurement system can be used over a
wide range of single- and two-phase flow conditions.

We recommend this flow measurement system as a
diagnostic tool for steam generator maintenance.
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Table 1: Flow Meter Comparison

Ultrasonic
(m/sec)

0.72

1.46

2.19
2.94

3.87
4.72

5.61
6.05

Vortex
(m/sec)

0.826

1.63
2.44

Magnetic
(m/sec)

3.26
4.07

4.89
5.69
6.11

Difference
(%)

12.8
10.4

10.3

9.8

4.9

3.5

1.4

0.1
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Figure 3: Signal Path for each Time-Separated Pulse

Figure 4: Effect of Temperature on the Fourth Pulse
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FLOW

Velocity Vf = —
At

Ad

2 sin 63At

AS =
Ad

2 SinG,

SnelT s Law
4Fsin63 A t

4F sin e2 At

where: Vf = flow velocity
AS = change in bubble position
At = change in time
Ad = change in signal path length (= 1/2 A,)
C3 = sound of speed in the fluid
63 = incident angle in the fluid
C1 = sound of speed in transducer wedge
62 = transducer wedge angle
F = transducer frequency

sin 63 sin Q1

Figure 10: Transflection Ultrasonic Flow Measurement Technique
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Figure 11: Comparison of Transit Time and Trasnflection Under Changing Conditions of Void


