
NOTICE
PORTIONS CF THIS REPORT ARE IUEH1U.

It has boon reprodused from tka bast
available cony to permit t in broattoat
sosslbfa availabiNty» - •

ANNULAR SODIUM FLOWSENSOR CONF-830518—2

DE83 009607
William C. Kaiser, John Braver and George A. Forster

Argonne National Laboratory
9700 South Caaa Avenue

Argonne, Illinois 60439

Martin E. Winkler, Chief Engineer
Xaman Instrumentation Corp.
Colorado Springs, Colorado

ABSTRACT

This paper describes a unique eddy-current type
liquid sodium flowsensor, designed as a joint
effort between Argonne National Laboratory and
Kaaan Instrumentation Corp. The flowsensor was
designed to meet the following criteria.

* Ambient temperature of 250*C and transient temp-
eratures of 480*C.

'• Measure sodium flow in a 16.5 cm(6.5") OD x 14
c*»(5.5") ID annulus without interference from
reverse flow in an inner pipe.

* Operation in close proximity to a 480V 39
60 R E Annular linear induction pump (ALIP).

* Limited space availability.

Test results are included for operation of the
flowsensor mounted on a sodium test loop whose
configuration simulates the actual operating
conditions^ except for the magnetic field of the
ALIP.

INTRODUCTION

The flowsensor described in this paper was designed
to Measure total sodium flow in the advanced TREAT
Loop (ATL), used for safety research transient
experiments in the upgraded Transient Reactor Test
(TREAT) facility. The TREAT facility is located at
Argonne National Laboratory West (ANL-W), Idaho
National Engineering Laboratory near Idaho Falls,
Idaho.

The ATL (see Figure 1) consists of the follow-
ing main parts:

* Test train which contains the experiment trans-
ducers.

* Primary containment vessel.
* Secondary containment vessel.
* 480V 60 Hz 3? Annular Linear Induction Pump.

Liquid sodium is pumped down through an annulus
between the primary containment and the ALIP core
to the bottom of the core. Here the flow splits;
two-thirds reversing and flowing up through
the annulus foraed by the ALIP core and the test
train wall .(bypass flow) and one-third flowing down
though the annulus foraed by the primary contain-
ment and the test train wall (test train flow).
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The test train flow then reverses up through the
test train and exits at the top where it mixes
with the bypass flow. The combined flow then
reverses and flows back down through the ALIP.

Measurement of the total flow is not a requirement
of the experiments. However, for safety reasons
the ATL cannot be operated without it. Should a
total flow blockage occur during full power opera-
tion of the ALIP, thereby causing cavitation of the
pumping annulus, the primary containment would
experience a melt through in three to six minutes.

An examination of Figure 1 shows the plight
one faces when trying to measure the total sodium
flow through the ATL. There is no position along
the test train (one of its purposes is for mounting
the instrumentation) where this measurement can be
accomplished, as the two flows do not recombine
until the point where the test train flow exits
the test train. The only feasible position within
the ATL to measure total flow is just below the
ALIP exit. Even here the axial distance available
is somewhat less than practical. The only possible
flowsensor for this application seemed to be the
eddy-current type, especially when considering a
.further restriction that no attachment to the
primary containment is permitted.

The eddy-current flowsensor is not a new device.
It was patented Janury 27, 1948 by H. Lehde
and W. T. Lang[1]. Further work was dona on
it by D. W. Wiegand[2,3,4] in the late 60*s and
J. Brewer, R. Jaross and R. Brown[5] developed a
probe type eddy-current flowsensor during this same
period. Several of the probe sensors have been
used in the ANL Sodium Loop Safety Facility ex-
periments and are currently in use in test loops in
EBR-II at ANL-W and the Fast Fuel Test Facility in
Hanford, Washington.

This development is based on the work of Wiegand,
the work and experience of J. Brewer and the
experience of Kaman Instrumentation Corp. in
fabricating the Brewer, et al., designed probe
type flowsensors.

PRINCIPLE OF OPERATION •

The annular eddy-current flowsensor employs a
primary coil and a pair of balanced, series oppos-
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ing secondary coils electromagnetically coupled to
th« annulus of sodium. The primary coil is driven
by a sinusoidal current, producing equal excitation
in the two secondary coils when the sodium is not
flowing} i.e., no secondary coil output signal is
produced. When the sodium is flowing, the eddy-
currents set up in the sodium increase the coupling
to the downstream secondary coil and decreases it
to the upstream coil. This results in a secondary
coil unbalance, producing an output signal propor-
tional to the flow velocity.

DESIGN DESCRIPTION

The annular sodium flowsensor consists of three
identical coils wound on a bobbin as shown in the
cutaway of Figure 2. Each coil consists of 108
turns of B.I mm (0.032") mineral insulated, coaxial
cable with a stainless steel sheath and a copper
center conductor. The sheathed cable construction
was chosen to meet the temperature requirements of
the ATL application; i.e., an ambient temperature
of 250'C and transient temperatures as high as
480«C.

The center coil acts as the primary and the two
end coils, connected in a series opposing configur-
ation, constitute the secondary. The coils are
•sealed in a stainless steel case, backfilled with a
90% Argon-10% Helium mixture. The coil leads are
brought out on three stainless steel clad twin lead
cables. The finished flowsensor is shown in
Figure 3.

TEST PROCEDURE

The annular sodium flowsensor was tested under
simulated operating conditions by use of the test
section shown in Figure 2. This test section was
aounted on the ANL MHD Sodium Flow Calibration
System; a system capable of flow measurement
accuracies of better than 2%.

The flow-test instrumentation was connected with
the flowsensor as shown in Figure 4. The fre-
quency/phase characteristic of the amplifier
between the flowsensor and phasemeter was deter-
mined for the frequency range of interest prior to
connection with the flowsensor, so that corrections
could be included in the test data when necessary.

Xxcitation current was monitored on the oscillo-
scope and digital voltmeter for quality and ampli-
tude respectively. The excitation frequency was
•onitored with the frequency counter.. A sinewave
generator supplied the excitation through a power
amplifier. The flow signal was monitored on the
oscilloscope and the true rms voltmeter for quality
and amplitude respectively. The secondary voltage
phase, relative to the excitation current, was
•onitored on the phasemeter. The phase was also
observed on the oscilloscope as a rough check on
the phasemeter.

Two series of tests were performed — the first
with the flowsensor mounted over the magnetic core
and the second over the stainless steel core
extension as shown in Figure 2. In each case,
the flowsensor was covered with glass felt insula-
tion to minimize the heat loss and thus help

maintain the sodium temperature. The sodium
temperature was monitored with type K thermo-
couples .

The desired test conditions were: a flow of 0 to
28.4 1/s at temperatures from 200 to 400*C. Based
on KIC's preliminary testa and verbal communica-
tions, 100 mA excitation currents in the rang* of
100 to 500 Hz were chosen for the tests.

Although flow testing was only intended to be
conducted up to 28.4 1/s, when the reference
flowmeter was calibrated (after the first test run)
the actual maximum flow rate was found to be
considerably higher than anticipated ( -44 1/s).
Since the flowsonsor appeared to be quite linear up
to the maximum flow, testing at these flow rates
was continued.

The planned series of tests with the flowsensor
mounted over the magnetic core were never com-
pleted. A series of tests were run at 200*C and
then a second series was started at 400*C. Just as
the 200 Hz run was finished, the flowsensor failed.
Foliowup resistance measurements and time domain
raflectrometry tests showed all 3 coil* open in the
region of the feedthroughs. Indeed, when KIC
personnel opened the flowsensor for examination
they found the coil wires open at the coil-feed-
through welds. It was determined this was caused
by a poorly cured ceramic coating attacking the
copper wire at this point. The welds were remade
and a ceramic cloth sleeve was used in place of the
coating. When the flowsensor was returned it was
decided no further tests would be run over the
magnetic core.

The zero flow offset was determined for each
operating frequency and temperature. These values
were then used to correct all raw output data. The
corrected data is shown in all test results. The
zero offset correction was not a simple task, in
that the data is in polar coordinates. The flow
data and zero offset data were converted to carte-
sian coordinates, combined and then reconverted to
.polar coordinates. A simple program was devised
for the TI SR-52 calculator to accomplish this
task. The phase angle is shown in the test results
as average phase angX«O*. This is because the phase
angle appears to change"- slightly with flow rate.
However, all reading variations for any one exci-
tation frequency and temperature are within reading
error.

TEST RESULTS

Part I, Flow-test Results With Magnetic Core -

Figure 5 is a graph of output vs. flow rate at
200*C with excitation frequencies from 100 to 500
Hz. The 100 Hz excitation provides the greatest
sensitivity, as shown in Table I, but also provides
the greatest non-linearity with a maximum deviation
at mid-range of nearly -6 1/s from a straight line
through 0 and 28.4 1/s. The 200 to 500 Hz excita-
tions provide essentially straight line character-
istics with 500 Hz exhibiting the least sensi-.
tivity.



TABU I

Sensitivity, Frequency, Temperature

Relationships*

FEKQ Hz

100

200

300

400

500

Sensit ivity lW/1/s
400*C200 «C

197

157

128

107

95

174

*at • Flow rate of 28.4 1/s and with a magnetic
cor*.

Figure 6 is a graphic comparison of output vs. flow
rate at 200 and 400«C with 100 Hz excitation. They
exhibit essentially straight line characteristics
between 0 and 28.4 1/s. The sensitivity, at 400»C,
ia a little less than that at 200*C. This would be
expected because of the increased resistivity of
•odium at higher temperature.

Table II shows the zero flow offset magnitude and
* phase angle vs. excitation frequency and sodium
temperature. These values were used to correct the
flow signal raw data.

TABLE II

Zero Flow Offset, Frequency, Temperature

Relationships*

FSEQ (Hz)

100

200

300

400

500

200«C

1.56/-14.7

1.81/-290.9

3.99/-281.2

6.33Z-284.5

S.72/-292.8

»yrm»/degrees
400 »C

3.68/-22.6

*with a magnetic core

Table III shows the true flow signal average phase
angle vs. excitation frequency ami sodium tempera-
ture.

TABLE III
Corrected Flow Signal Phase Angle
Frequency, Temperature, Relationships*

Phase Angle (Degrees)
400 »C

-192

FREQ Hz

100

200

300

400

500

200«C

-201

-220

-232

-240

-245

•with a magnetic core

Part II, Flow-test Results without Magnetic Core -

Data were taken for temperatures of 200, 250, 300,
3S0 and 400*C. Figure 7 is a graph of the data at
ZOO'C. Data taken at the other temperatures were
similar. It can be seen that 300 to 500 Hz excita-
tion exhibits very good output vs. flow linearity
while the 100 Hz and 200 Hz response drops off
slightly at the higher flow rates.

Figure 8 is a graph of flow sensitivity vs. sodium
temperature for three flow rates, 12.6, 28.4 and
37.9 l/« with 200 Hz excitation. This illustrates
that at any given temperature from 200 to 400*C and
200 Hz excitation the flow sensitivity is essen-
tially constant for flow rates within these limits.
This is also true for any one of the other excita-
tion frequencies and flow rates from zero to the
maximum flow rates tested. In other words, the
flow sensitivity should be nearly independent of
flow rate within the test range. This is not true
at low excitation frequencies that allow signifi-
cant flux penetration of the reverse flow region
with consequent changing velocity profile effects.

Figure 9 is a graph of flow sensitivity vs. temper-
ature from 200 to 400*C at 28.4 1/s and excitation
frequencies of 100, 200, 300, 400 and 500 Hz. This
riraph will aid in choosing an excitation frequency.

Table IV shows the zero flow offset magnitude and
phase angle vs. excitation frequency and sodium
temperature. These values were used to correct the
flow signal raw data.

Table V shows the true flow signal average phase
angle vs. excitation frequency and sodium tempera-
ture.

FREQ (Hz)

100

200

300

200*C

0.53/-317

1.05/-301

1.73/-303

TABLE IV

Zero Flow Offset, Frequency, Temperature, Relationships*

es)Zero Offset
300*C

•without a magnetic core



TABLE V
Corrected Flow Signal Average Phase Anyl

Frequency, Temperature Relationships*

200*C 250»C 300»C 350«C 400»C

100

200

300

400

500

Hz

Hz

Hz

Hz

Hz

-163

-196

-217

-234

-243

-160

-193

-214

-230

-241

-157

-189

-211

-226

-239

-153

-185

-206

-224

-236

-1S0

-182

-202

-220

-233

'without a magnetic core

CONCLUSIONS AND RECOMMENDATIONS

The tests herein described have demonstrated the
ability of the flowsensor to perform in a satis-
factory manner under the conditions set forth in
this report.

The raw data showed good reproducibility of the
zero flow offset. This makes the offset less
objectionable, since it can be factored into the
flow signal, either manually or automatically.

' Extension of the sodium pumps magnetic core into
the flowsensor region has the advantages of putting
•ore flux in the outer channel sodium for a given
excitation current and shielding the inner channel
sodium from the excitation flux. This provides a
greater flow sensitivity and a lower optimum
excitation frequency. However, the lower frequency
is nearer the pump excitation frequency and the
core will undoubtedly induce more pump excitation
flux into the flowsensor coils. Since there is not
a great difference in relative sensitivity with and
without a magnetic core, it seems best to avoid the
magnetic core and choose an excitation frequency
farther removed from the pump fundamental. Looking
at Figure 7, a frequency between 200 and 500 Hz
appears appropriate.

Temperatures from 200 to 400*C,
tion provided:

and 200 Hz excita-

1) the most flow sensitivity,
2) the most consistent results,
3) the most change in flow sensitivity with

temperature,
4) a slight non-linearity of output vs. flow

rate,
5) the least zero flow offset,
6) the least offset magnitude change with tempera-

ture, and
7) only 3* more offset phase shift with temperature

than 500 Hz which exhibited the least.

In the same tests, 500 Hz provided:

1) the least flow sensitivity,
2) the least change in flow sensitivity with

temperature,
3) best linearity of output vs. flow rate,
4) considerably more zero flow offset, and
5) the most offset magnitude change with tempera-

ture.

The choice of excitation frequency la a coaprcnise
and will dspand on noisa conditions and raquira-
mnta> The higher the frequency chosen the easier
it becomes to filter out the puap frequency. Fur-
ther work should be don* to determine whether coil
operating temperatures will permit increasing tht
excitation current, thus improving the flow sensi-
tivity and signal to noise ratio.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government, Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade r.ame, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.


