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NUREG/CR-0836

R3

PRESSURE SENSOR FOR USE IN

THE LOSS-0F-FLUID-TEST (LOFT)

REACTOR

T. R. Billeter

ABSTRACT

Tests at temperatures up to 8000 F and pressures up to 2500
psig were conducted at Hanford Engineering Development Laboratory
(USDL) to qualiEy an instrument for measurement of fuel-rod pressure
in the Loss-of-Fluid-Test (LOFT) reactor. Operational characteris-
tics of the selected pressure transducers are summarized for a series
of static, quasi-static, and transient teste conducted for a period
of about 700 hours.
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PRESSURE SENSOR FOR USE IN THE

LOSS-0F-FLUID-TEST (LOFT) REACTOR

I. SUMMARY AND CONCLUSIONS

Qualification tests have been conducted of a measurement system for
determining the pressure of certain fuel rods in the loss-of-fluid-test
(LOFT) reactor. Because of physical size (0.35-in. OD by 5.5-in. ler.gth)
and operational characteristics, an eddy curr'nt device was selected as the
most promising measurement transducer. The sensor wast operate at pressures
up to 17.2 MPa (2500 psig) and at temperatures ep to 800 F. During the

reactor transient caused by loss of coolant flow, sensor temperature and
applied pressure will vary rapidly and significantly. Consequently, qualifi-
cation tests included subjection of the sensor to rapid depressurization,
temperature transients, and blowdowns in an autoclave, as well as to calibra-
tions and various slow temperature cycles.

Calibration data show the sensor responds linearly for applied pres-
,

sure, but with both temperature-dependent sensitivity and zero pressure out-
put signal. Temperature compensation of signal output values was achieved
with use of a derived temperature-dependent algorithm to transform the dc
output voltage to indicate pressure, Because of the very rapid (up to

100 F/sec) temperature changes imp) sed, the sensor erroneously indicated

pressure by a maximum of 18 percent of reading during some tests. In addi-
tion to the infl'ance of magnitude and rate of temperature change on the
observed pressure measurement error, a very significant f actor pertains to
the spatial distribution of the temperature field imediately adjacent to
the sensor envelope. As' proven during 700 hours of qualification tests,
precision and stability of the sensor should be satisfactory for LOFT.
Particular responses of each of the three tested units to imposed transient
stimulus may be deter.nined by reference to a summary table of acquired

data.
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On the basis of detailed, lengthy, and severe testing performed with
pressure sensors intended for the LOFT reactor, the following conclusions
appear warranted:

All sensors yielded linear signal outputs for increasing pressure.

up to 2000 psig. Two of three sensors remained linear for pres-
sures up to the maximum of 2500 psig. Zero pressure output and
sensitivity must be determined for each sensor by calibrations at
specific temperatures. Plotted curves summarize calibration data
with a best-fit straight line of appropriate slope and intercept
values for each temperature.

For improved accuracy, a temperature-compensating algorithm must.

be derived to transfom output signal to indicated pressure. The
second order polynomial algorithm approximates the temperature
dependence of the zero pressure output and sedsitivity.

Each sensor responds with distinctive characteristics to imposed.

temperature transients. Inaccuracy should be anticipated whenever
the applied stimulus results in temperature differences between
the two sensor coils. However, for temperature rates up to
100 F/sec, the sensors have exhibited maximum errors less than

18% of reading. Furthermore, the maximum error usually occurs
subsequent to reaching the maximum applied temperature rate.
Because of this event sequence, quite accurate pressure measure-
ments should result during initial phases of the LOFT blowdown.

The exact response of the sensor to temperature transients depends.

upon the rate and magnitude of the imposed temperature excursion
and significantly upon the complex spatial temperature field
existing adjacent to the sensor envelope.

1078 023
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One sensor (S/N-01) exhibited data during transient testing sug-.

gesting possible mechanical interference between internal moving
parts of the sensor. As a result, occasional discontinuities
result in the values of indicated pressure during imposed temper-
ature transients (see Figures VIII.31 and VIII.32).

Temperature variations of only the 16-foot signal cable affect the.

magnitude of the sensor output signal. The temperature ,aduced
vi.riations of cable characteristics result (see Figure VIII.45 and
VIII.46) in nominal errors equivalent to 2% of sensor reading.

Calibration data remains nearly independent of the imediate.

surrounding of the sensor. When encapsulated within a metal
enclosure for tests in the autoclave, the sensor yielded data
(Figure VIII.17) closely resembling data (Figure VIII.13) obtained
with a bare s2nsor.

All sensors completed at least the initial 500-hour test sequence..

During installation into the autoclave one sensor (S/N-02) f ailed,
apparently due to a conductor-to-shield short of the signal cable.
Coiling the sigr.al cable for placement in the autoclave appeared
to be the cause of failurt aecause of the coincidence of the
f ailure with installation efforts.

Repair of the cable (of S/N-02) in the area of the connector.

required dexterity and attention to proper preparation and protec-
tion of the brittle conductor wires for soldering. Similar care
must be exercised during installation within the LOFT reactor.

The sensor continued to give stable indications of pressure for.

periods of 72 hours at tempe .tures of 650 F and for applied
pressure of about 1650 psi. Results shown in Figure VIII.59 con-
firm the sensor yielded a precise record of the applied pressure.

1078 0243



Each sensor and associated signal conditioning electronics should.

be <.alibrated and subsequently used as an integral measuring unit,
thus avoiding measurement errors caused by variatior,3 of electrc,n-
ic units.

1078 025
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II. INTRODUCTION

This report surmiarizes development and qualification testing of pres-
sure measurement instrumentation intended for use in the loss-of-fluid-tes'

(LOFT) reactor. Certain of the nuclear fuel rods in the reactor will be
prepressurized. Consequently, during the transient test the gas pressure
within those fuel rods will vary rapidly and significantly. One constMuent
characterizing events within the reactor during loss of coolant is an accurate
measurement of fuel rod pressure. Characteristics of candidate ' essure
sensors, each based on different physical operating principles, were evaluated
during initial work phases. Supported by this evaluation, a sensor using eddy
current techniques was judged to most nearly satisfy operating and physical
characteristics specified for the LOFT pressure sensor.

Two t...its were initially procured for development tests. Relying on
results obtained during those initial tests, a revised sensor was designed and
used during subsequent tests of qualification units (four senscrs pro-
cured). All units have been subjected to multiple iterations of the same
series of tests noted below. The first five tests were completed with the

sensor installed in a laboratory oven. The sixth test required use of an
autoclave. 3rief descriptions of each test in the serier are presented below.

1. Calibration of the sensor at pressures of atmospheric to 2500 psig for
increments of 250 psi and at temperatures up to 800 F.

2. Depressurizatic from about 1850 psig to atmospheric pressure via a
m cually operated valve.

3. Temperature transient as caused by flowing cold nitrogen gas over the
sensor exterior to decrease its temperature from 650 F to 250 F at

Umaximum rates of at least -10 F/sec. Applied pressure, usually main-
tained constant at 1850 psig, was occasionally reduced to i.tmospheric
levels.

1078 026s



4. Slow temperature cycle by allowing sensor to cool by natural heat loss
from 650 F to 250 F and then reheat to 650 F. Test conducted
over a period of about 2 hours and at a constant applied pressure of
1850 psig.

5. Fast depressurization at 650 F as provided by a burst disk rupturing
at about 2200 psig (test conduc ed only once for each sensor).

6. From an initial temperature of 650 F and pressure of 2700 psig, water
surrounding a pressurizable enclosure containing the sensor is exhaus-
ted as rapidly as possible. Exralsion of water within 15 to 20 seconds

Ucreates a minimum sensor temperature of about 350 F. Following the
blowdown, water floods the autoclave at a rate determined by the supply
pump capacity (3 liters /hr.).

In addition to these tests, the sensors endure a series of vibrations

repeated three times. Operating characteristics should remain unchanged due
to the imposed loads.

In general, the sensor described in this report should be usable in
severe environments up to 2500 psig and 800 F. Although the sensors will
survive rapid variations of both temperature and pressure, data :- ..ut
during the transient may not accurately reflect the applied pressure, espec-
ially due to temperature gradients existing along the sensor during rapid
temperature variations. As an overall purpose, the described work should
assure development of a technical specification for procurement of produc-
tion pressure sensors able to both withstand the LOFT environment and be
fabricated by a comercial vendor.

6 1078 02/



III. SENSOR REQUIREMENTS

Within the instrumented fuel bundle for LOFT, the pressure sensor can

be located either as an integral part of the fuel rod or as an attachment to
auxiliary s ructures in close proximity. However, if the pressure sensor is
not a part of the fuel rod, a small-diameter tube must be used to transmit
the rod pressure to the measurement location. Because of th- difference in
environment for sensors located inside and outside of the fuel rod, the
specifications for each is d'fferent, as noted in Table 111.1. Sensors

located within the fuel rod experience less severe temperature transierts,
but must be physically smaller. Because of space constraints within the
reactor, direct attachment to the fuel rod is the preferred sensor location.

Functionally, the described pressure sensor provides a measurement of
fuel pin plente, gas pressure. This measurement is useful for determining
fuel pin f ailure by detecting a loss of pressure in the fuel pin plenum and
also for characterizing the rate of depressurization. Sensors placed inside

the fuel rod gas pienum must be small enough to fit within a nominal 7y
0.37-inch inside diameter, 0.025-inch wall cladding of the nuclear fuel.
The sensor will measure the internal gas pressure of the fuel rod. For much
of its service life, the sensor will operate at 2000 psig and 650 F.

'During imposed transients, the pressure sensor will be exposed to rapid vari-
ations of temperature end pressu e of the plenum gas.

.

In addition to the requirements noted in Table III.1, the sensor is
expected to withstand vibration loads prevalent during the transient and to
have a lifetime of 1000 effective full-power hours.

1078 0.28,



TABLE III.1

PRESSURE SENSOR PERFORMANCE

REQUIREMENTS AND OPERATING ENVIRONMENT

PERFORMANCE:

Range Atmosphere to 17.2 MPa (2500 psig)

Accuracy 3% of reading or i 172 kPa (1 25 psi), whichever is larger

Resolution 1 69 kPa (1 psi)

Response Time 250 msec

OPERATING
ENVIRONMENT: Inside Fuel External Mount

Flow None 15 ft/sec, 60 lbm/ft3

Media Helium / fission-product gas / LOFT water chemistry
U02 water vapor (10 ppm)

Radiation 2 x 1013 n/cm2 2 x 1013 n/cm2sec sec
2 x 108 R/hr 2 x 108 R/hr

Pressure Atmosphere to 17.2 Mpa Atmosphere to 17.2 MPa
(2500 psig) (2500 psig)

17.2 Mpa (2500 psig)
[d = 2.4 MPa/sec (350 psi /sec) 722kPa/sec (105 psi /

sec)

Temperature 70 to 6500F 70 to 6500F
8500F for 100 sec. 8000F for 100 sec.

h=10F/sec h=260F/sec
U
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IV. CANDIDATE TRANSDUCERS

Because of the demanding characteristics of the required pressure
sensor, a detailed appraisal of transducers of distinct operating principle
was first conducted. A sunmary of the resulting appraisal (Table IV.1)
shows the major items considered.

As a result of the assessment of the operating and physical character-
istics of these sensor types, the small eddy current device (the only
continuously operating device able to fit within the fuel rod) became the
primary choice for evaluation tests.

,
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TABLE IV.1
,

PRESSURE SENSING METHODS

METHOD ED0Y CURRENT S, TRAIN GAUGE MICROWAVE CAPACITIVE PIEZOELECTRIC

EMBODIMENT SINGLE OR UNBONDED, BONDED, RESONANT PR0XIMITY OF CHARGE FROM
DOUBLE ELEMENT SPUTTERED CHAMBER CAPACITIVE PIEZ0 ELEMENT

ELEMENT

TEMPERATURE 1300 650 1300 NOT KNOWN 750
(OF)

SIZE,(in.) 0.25 DIA x 5 1 DIA x 3 LONG 2.0 x 1.5 x 2.0 RELATIVELY 0.4 DIA x 0.5
(4 SENSORS) LARGE LONG

RESPONSE MECHANICAL MECHANICAL MECHANICAL MECHANICAL TRANSIENT, NOT
STATIC

Es RADIATION SLIGHT UNPROVEN SAME AS UNPROVEN PROVEN
RESISTANCE DECALIBRATION METALS (HALDEN)

ATTACHMENTS ENERGIZING AND ENERGIZING AND C0 AXIAL LINE ENERGIZING AND ONE CHARGE
SIGNAL OUTPUT SIGNAL OUTPUT OR WAVEGUIDE SIGNAL OUTPUT CABLE
CABLE CABLE

AVAILABILITY RESTRICTED MANY VENDORS LIMITED BOEING SEVERAL
DEVELOPED

SPECIFIC KAMAN SCIENCES BELL & HOWELL HEDL HYTECH, INC. KRYSTAL, INC.
VENDOR

-

N
CC
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V. PRIMARY SENSOR DESCRIPTION

The principle of operation of the primary sensor candidate concerns the
interaction between a metal plate (target) and the electromagnetic field of
an adjacent coil. Proximity of the target and coil affect the impedance of
the coil due to eddy current effects. Consequently, a transducer, with
relative separation between a coil and an adjacent target dependent upon
pressure applied to the transducer, may be designed to yield a signal
proportional to applied pressure. Two metal targets, connected via a push
rod to a bellows and spring-supportea diaphragm, move in unisen relative to
two adjacent coils. The coils, excited with a 500 kHz signal source,
comprise two arms of a balanced four-arm bridge. Pressure applied to the
diaphragm causes displacement of the two metal targets relative to the
energized coils, thereby changing the coil impedance. The resulting bridge
imbalance yields a pressure-dependent signal output which is generated using
the sianal conditioner shown schematically in Figure V.1. As the maximum

displacement of the diaphragm / target assembly approximates .005 in to .007
in., the pressure range of a particular sensor design mainly depends upon
physical characteristics of the support springs. Physically, the sensor
envelope is 0.23-in. diameter by about 5.5-in. long. However, for the LOFT

design, a 0.35-in.-diameter outer shell was attached to the envelope for the
purpose of reducing temperature gradients created during the severe
temperature transients concomitant with loss of coolant. For development

units (Figure V.2), an evacuated, stainless-steel enclosure acted as the
thermal barrier. However, during initial evaluations a copper cylinder
surrounding the sensor envelope (Figure V.3) proved to be more effective
than the evacuated enclosure for reducing temperature gradients; therefore,
the copper jacket was used for qualification sensors. Although shown with a
1/4-inch calibration tube as part of the sensor (end opposite signal cable),
all except a 0.25-inch length are severed before assembling the sensor into
a fuel rod. A 16-foot length of two-conductor, magnesia-insulated,1/15-
inch Inconel-shielded cable connected to signal-conditioning electronics
(Figure V.4) acts as the signal transmission cable for the pressure sensor.

1078 032
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VI. TEST PROCEDURE

Qualification testing consists of a 500-hour series of static and dyna-
mic tests conducted in a laboratory oven followed by 200 hours of transient
and static 'ests in an at toclave of 6.4-litre capacity. Vibration of the
sensor at critical frequencies concludes the qualification test rigor. Dur-
ing the first 500-hour series, the sensor is inmersed in the test environ-

ment; in contrast, for autoclave tests the sensor is surrounded by a 7/16-
inch OD by 0.368-inch ID by 6.3-inch long stainless-steel cylindrical
enclosure which simulates the physical configuration of the nuclear fuel rod
cladding.

During tests, data output is acquired and plotted using an HP 3052A
data acquisition system. Reference pressure values originate from a Setra
Model 204 capacitive pressure transducer and model 301C readout, both main-
tained at laboratory temperatures and pressures.

Figure VI.1, which depicts the placement 0.020-in diameter Type K
thermocouples on a development-type pressure sensor, shows one thermocouple

in contact with the body and another (held on a coolant pipe and i,tated
Uabout 180 for clarity of presentation) displaced about 1/4 inch froa the

sensor body. The three coolant lines also appear positioned rotationally at
120 degrees with respect to each other. Except for closure of the clam-
shell oven, a qualification pressure sensor installed in the oven f acility
and ready for testing appears as illustrated by Figure VI.2. To increase
credibility of the data output from the pressure sensor selected for the

LOFT reactor, ' rigorous series of tests was planned for each of the three
qualification units. Multiple repetitions of most of the below-described

tests were completed for each sensor.

.
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A. TESIS IN CM N b lLI~.;

1. Calibravion: Each unit is pressurized (and subsequently depressurized)
of 250 psi from atmospheric pressure to 2500 psig (asat incr r 3

measuret with the referer a gauge) and for temperatures of 75, 250,
400, 650, and '.200 F. Calibrations yielding the dc output signal as a
fudction of cpplied pressure are conducted as the first test at both
the oven f aci;ity and the autoclave.

2. Slow Temperature Cycle: Temperature of the sensor % decreased from
U U650 F to 250 F and then increased to 650 F over a mtal elapsed

time of about 3 hours. Pressure is maintained at 1850 psig and the dc

signal output is maasured at 5-minute intervals during the test. Data

acquired helps to determine sensor stability for imposed slow tempera-
ture variations.

3. Fast Temperature Cycle: Flowing cold nitrogen gas along the exterior
U Uof the sensor cools it from 650 F to 250 F at rates of at least

-10 F/sec. Following the temperature decrease, gas flow stops and
the sensor temperature increases to 650 F. Total elapsed time of the

test is about eighteen minutes, although the minimum temperature occurs
within one minute of test initiation. The sensor output signal measured
at two data points per second for the first 74 seconds of elapsed time,
and at periodically slower rates thereafter, reflects the effect of
applying severe temperature gradients along the exterior of the sensor.
Pressure applied to the sensor is maintained constant at 1850 psig for
the test period.

4. Pressure Cycle: For a constant sensor temperature of 650 F, pressure
applied to the sensor is adjusted to atmos;,heric pressure,1850 and
2500 psig. Signal output at each pressure is compared with values
obtained when the applied pressure is decreased from 2500 to 1850 psig
and then to atmospheric pressure. Repeated periodically throughout the
500-hour test duration, this pressure-cycl. test attempts to reveal
possible long-term signal drif t.
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5. Pressure Transient: Except for one test, gas exerting 1850 psig pres-
sure on the sensor is exhausted as rapidly as possible via a mechani-
cally actuated valve. Measurement of the signal output during the pres-
sure release permits cvaluatior, of the time response of the sensor.
Significantly, shorter exhaust times occur by placing a burst disk in
the pressurizing line. Lonsequently, for one test a disk rupturi: at
2181 psig is used to rapidly reduce applied pressure. In addition to
providing data regarding sensor time constant, this series of tests
subjects qualification units to multiple fast depressurizations.

B. TESTS IN AUTOCLAVE:

1. Calibration: Each unit is pressurized (and subsequently depressurized)
at increments of 250 psi from atmospheric pressure to 2500 psig and for
temperatures of 75, 250, 400, and 650 F.

2. Transients in Autoclave: A test environment most closely resembling
that expected in LOFT occurs for blowdowns conducted in an autoclave.
For two of the test articles, both the sensor and about 14 feet of
coiled signal cable reside in the pressure vessel; for the third, only
the sensor is placed in the autoclave. Initially at a temperature of
650 F and a pressure of 2700 psig, autoclave water pressure is reduced
as rapidly as possible by opening an exhaust valve. As a result, water
in the autoclave flashes to steam and exhausts from the pressure vessel.
Coincidentally, a very rapid temperature change occurs. 1850 psig pres-
sure applied to the sensor (inside an enclosure which physically simu-
lates a fuel cod) remains nearly constant for this test. Measurement

of the signal output provides a basis for determining pressure sensor
signal independence of sensor temperature.

C. OTHER TESTS:

1. Vibration Tests: The test unit experiences vibration loads at 40 to 50

Hz of 0.5G for 40 seconds and 2G for 100 milliseconds. Motion occurs
along the axis of the sensor. The test unit must survive '2s demon-
strated by subsequent calibration) three vibration cycles.

1078 039
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2. Irradiation: At least one of the qualification units is placed in a ther-

mal flux reactor to evaluate the stability of the sensor operational
characteristics. While in the reactor, pressure applied to the sensor is

varied at 250 psi incrcients between atmospheric pressure and 2500 psig.
Signal output measured during the irradiation period should yield
repeatable data if the sensor remains impervicus to radiation effects.
At this date, the irradiation capsule is being fabricated in anticipation
of tests in the N-ractor in the near future.
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VII. TEST FACILITIES

A. OVEN:

During initial tests, qualification units were placed in.;ide a laboratory
oven with a 1/4-inch pressurizing tube connecting the test device with the high-
pressure argon gas supply. A schematic of the test f acility (Figure VII.1)
shows components required for perfonnance of the previously described qualifi-
cation tests. For the fastest aepressurization, a holder for a burst disk
connects to the pressurizing line at point "A". Pressure variations for cali-
brations and other tests result from adjustment of the high-pressure regulator
at the supply gas cylinder. Inside the tube furnace, the assembly of the test
article plus coolant lines, temperature monitors, and other components was
oriented as shown in Figure VII.2. The complete oven test facility with a
sensor installed appears h Figure VII.3. The outer stainless-steel enclosure
has been removed for improved picture clarity. In addition to the oven used
for heating the sensor, two adjacent tube furnaces (Figure VII.4) placed
collinearly contain the signal cable, which is bent to allow heating of three
five-foot sections.

B. AUTOCLAVE:

All qualification units were subjected to 200 hours of tests in a 6.4-
liter autoclave. Prior to installation each ' unit was welded eo a pressuri-

zable enclosure to permit independent adjustment of both aut.oclave and sensor

pressure. Also, the enclosure simulates the thermal barrier afforded by a
LOFT fuel rod. Next, about 12 feet of signal cable are wound on a 5-inch-
diameter mandrel and secured for insertion within the autoclave. However, for
sensor S/N-01 only, the rignal cable was not coiled and placed inside the
auto'. lave, thereby permitting evaluation of the effects of coiling and subjec-
ting cable to the autoclave environment. Figure VII.5 illustrates components
of the test unit mounted within the autoclave head. Fast-response thermo-
couples measure temperatures within the enclosure near the sensor and also
adjacent to the enclosure envelope--essentially the autoclave environment
temperature. A schematic illustrating the location of components within the
autoclave appears in Figure VII.6.
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During blowdowns, pressurized water is exhausted via a manually operated
valve. The rate of expulsion of water / steam depends upon the area of the
exhaust orifice. Most blowdowns were conducted with maximum attainable exhaust
orifice area, although some were rate limited by restricting the exhaust area.
For the majority of blowdowns, the exhaust valve was closed and the autoclave
feed water pump activated immediately after depressurization. Output signal
amplitude variations were measured during the blowdowr. transient and for the
following 15 minutes while water refilled the autoclave. The autoclave and
auxiliary equipment employed during the transient tests appear in
Figure VII.7.

During time intervals between blowdown tests, the sensor signal output
was monitored to determine its stability for relatively long time durations.
During these times, sensor temperature and pressure were maintained constant
at about 1850 psig and 650 F.

'
1078 044
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TEST ASSEMBLY FOR EXPERIMENTS IN AUTOCLAVE
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VIII. TEST RESULTS AND INTERPRETATIONS

Only data typical of the general operational characteristics of the pres-
sure sensor appear in this report, as inclusion of the large volume of acquired
data would only, at the expense of considerable bulk, add repetitive evidence
supporting conclusions. Data included from each of the three qualification

units indicates uniformity of s2nsor characteristics.

In this report, data acquired during particular tests are grouped together
to emphasize general operational characteristics of the sensor type rather than
anomalous behavior of each sensor. Information from each sensor has been
included, however. As shown in calibration sunmaries of Figure VIII.1 through
VIII.26, each sensor responds nearly linearly for pressure variations to 2500

Upsig and within the temperature range 75 to 800 F. Except for sensor S/N-01,
practically no signal hysteresis occurs for increasing ("*" data points) or
decreasing ("+" data points) pressure. Of the tested sensors, S/N-01 exhibited
calibration data deviating discernably from the least-squares-fit straight
line. S/N-01 responds nearly linearly for applied pressure to 2000 psig and
then has steadily decreasing sensitivity for higher pressurts. 'J the qualifi-

cation test units, S/N-04 proved least sensitive to pressure sariations. At
high temperature, sensitivity decreased to about 3 mV/ psi. Calibration data
obtained at the beginning and end of tests in the laboratory oven show each
sensor continues to yield repetitive data af ter undergoing 500 hours of test-
ing, an indication that long-term signal drif t remains limited.

Calibration data from each secor shows that as temperature increases,
sensitivity decreases; however, behavior of the value of zero pressure output
signal appears to be a characteristic particular to each sensor. Nevertheless,
as the sensor output signal relates in a temperature-dependent way to the
applied (reference) pressure, an algorithm was developed for each sensor to
transform output signal values to indicated pressure. The algorithm, derived
from calibration data, accounts for the variations of sensitivity and zero
pressure signal output with temperature. Curves obeying second degree poly-
nomial equations exhibit high correlation with the data as shown by the

31
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variation of sensitivity and zero pressure output signal with temperature
depicted in Figures VIII.2 through VIII.25. Transfonn algorithms derived
from, and appearing immediately after, each of the calibration summaries
verify that the sensor yielded repetitive calibration data nearly independent
of conditions existing during the three different tests. Specifically, these
conditions include the followi~ng: (1) the sensor only heated; (2) the sensor
and cable heated, and, (3) the sensor encapsulated in the pressurizable
enclosure and installed inside the autoclave. The derived algorithm (Equation
1) transforms signal output data to indicated pressure as noted on the
ordi1 ate of data plots which occur subsequently:

p , E-K(T) (y)
M(T)

where P is the indicaced pressure, E is the sensor dc output voltage, and
K(f) and M(T) are the temperature-dependent values of zero pressure output
r.nd sensitivity. Plots of K(T) and M(T) following each set of calibration
data relice to coefficients (noted as A0, A1, and A2) on each plot by the
general equation

2K(T) = A +AT+AT (p)
g y 2

M(T) = A + A T + A 1- (3)g y 2

where T is temperature and the values of the coefficients for (2) and (3)
are each distinct values.

For slowly varying sensor temperature, the indicated pressure conforms
closely with the reference (applied) pressure as shown in Figures VIII.27 to
VIII.29. Figure VIII.27 portrays the response of pressure sensor S/N-01 for
changes of temperature of + 400 F occurring within an elapsed test time of
3 hours. Although an initial measurement error of -8% of reading exists
(due to inaccuracy of the transform algorithm), maximum error during the
total test duration equals -11% of reading. Each of the sensors exhibited
variations of indicated pressure of about + 2% of reading for slow varia-

_

tions of temperature between 650 and 250 F.

1078 053
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In contrast, accelerated cooling of the sensor by directing cold
nitrogen gas over its exterior results in significant pressure measurement

Figures VIII.30 to VIII.47 illustrate typical responses of theerrors.
three qualification units to rapid cooling. Figure VIII.30 illustrates the
response of sensor S/N-01 as its temperature decreases with atmospheric
pressure applied. A maximum negative error of 50 psi and a maximum positive
error of 75 psi occur at respective elapsed times (af ter start of test) of
52 seconds and 175 seconds. The errors most likely result from sensor coil
temperature differences which effectively unbalance the bridge resulting in

U
a signal output variation. The minimum sensor temperature of 360 F occurs
39 seconds af ter application of the cooling gas. At that time, interruption
of coolant gas flow allows the sensor to reheat to the initial temperature.
Data is obtained for a total of about 18 minutes--time for the sensor to
return to temperature equilibrium. Alphanumeric notations along the data
curve specify the time elapsed af ter initiation of the test. Note that the
rate of data acquisition becomes intermittently slower as the test
progresses.

The sensor responds to rapid cooling regardless of the magnitude of
applied pressure, as shown by the similarities between the data summaries of
Figures VIII.30 and VIII.31. As occurred with zero applied pressure, the
sensor yields an indicated pressure less than the applied pressure by 13.7%
52 seconds af ter test initiation. Maximum rate of temperature change occurs
28 seconds after application of the coolant.

Both S/N-03 and S/N-04 sensors indicate pressure unequal to the applied

(reference) pressure for imposed rapid temperature variations. For a time
period of 38 seconds, S/N-03 yields values less than the applied pressure by
increasing amounts to a maximum of 43 psig. At a later time (af ter test
initiation), the sensor indicates a pressure greater than the applied value,
with the maximum positive error of 13.7% occuring at 121 seconds elapsed
time. Temperature rates (Figures VIII.35 and VIII.37) during the transients

Uexceed -10 F/sec, the maximum specified for tests of this LOFT instrument.
Sensor S/N-04 exhibited error for rapid cooling as shown in Figures VIII.40

1078 054u
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and VIII.42. Except for sensor S/N-01, the maximum negative error occurs
within 40 seconds and the maximum positive error occurs usually within 170
seconds, both elapsed times af ter initiation. For S/N-01, only negative
error was witnessed, possibly due to inaccuracy inherent in tne transfem
algorithm (note the large negative starting error). Curves showing temper-
ature rates appear immediate',y following the response sunmaries. Table
VIII.1's suninary of test results witnessed during transient tests indicates
ope ational responses to be expected for rapid temnerature change. Subse-

quent to each temperature transient and af ter reaching thennal equilibrium,
each sensor yie!ded an output signal closely equal to its initial value, an
indication that t.ransient tests do not cause pennanent signal offset.

Both rapid and relatively slower depressurization of the sensors caused
responses shown in Figure VIII.44. In all cases, the sensors respond to the
1850 psi reduction of pressure. The maximum rate of pressure reduction,
limited by the size of tubing and valve orifice area along the exhaust path,
apparently prevents accurately determining the intrinsic response speed of
the sensor; however, even though limited by exhaust capacity, a demonstrated
10 to 90% time response of about 40 to 50 milliseconds easily satisfies the
requirement of 250 milliseconds for LOFT use. For comparative purposes, the
data traces also show time response t * the SETRA reference pren ure transdu-
cer (specified to respond at a 1000 Hz rate) during depressurization. "

For each of the qualification sensors, Figures VIII.45 and VIII.46
depict the very minor signal variations occurring during heat up from 75 to
800 F of 16 feet of signal cable. Ideally, the indicated prescure should
remain unchanged, 'or both the applied pressure and temperature of the sen-
sors remain constant during these tests. Similarities between calibration
data for conditions of sensor only and then sensor and cable heated also

verify the insignificant contribution to the output signal of heating the
signal cable. As used in LOFT, the signal cable will be routed in a compact
bundle with many other cables along the structure supporting the fuel assem-
blies. Consequently, the temperature along the cable will be nonuniform and
probably less than the maximum temperature imposed during qualification

1078 055
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tests. Errors attributable to cabling heating effects should therefore be
less than witnessed in these tests.

Initial tests in the autoclave include calibration at temperatures of

75, 250, 400, and 650 F. As verifiable from calibration plats (Figures
VIII.1 through VIII.26), these data conform closely with calibration data
obtained prior to sensor installation in the autoclave. Zero pressure

output and sensitivity values derived and plotted inmediately after pertinent
calibrations yicld coefficients r an algorithm used for transforming sen-
sor output data (dc volts) obtainet iuring autoclave blowdowns. Rapid tem-

perature variations during maximum and controlled-rate bicudowns cause the
sensors to indicate pressure inaccurately (Figures VIII.47 through VIII.57).
For data obtained during a maximum-rate blowdon, maximum errors of +12.5
percent and -8.8 percent (Sensor S/N-01), of +3.5 percent and -11.3 percent
(Sensor S/N-03), and of +14 percent and -7.2 percent (S/N-04) cf reading
occur at times during the transients. The sensors remain within the LOFT
specified accuracy limits of 3% for a period of about 13 seconds after
initiation of a depressurization which creates temperature change rates up
to -100 F/sec, ten times as severe as expected to occur at the pressure
sensor location riuring transients in the LOFT ret tor. Even for controlled
blowdowns, the temperature change rates were up to 25 F/sec and the sensor

indicated pressure deviated by less than + 3% of reading as shown in Figure
_

VIII.51. Pressure measurements higher by 192 psi and lcwer by 57 psi than
the applied pressure were observed during the test duration.

Tables VIII.1 and VIII.2 sumarize data obtained for the transient
tests used as examples in this report. Because of the small initial errors
for tests in the autoclave, the derived transform algorithm for each sensor
accurately related output signal and indicated pressure. In contrast, the

algorithm used for S/N-01 during temperature transients in the oven f acility
yielded relatively large initial errors. Of sigr.ificance, regardless of
comparative temperature rates, errors observed during tests in the autoclave
were generally less than those caused by coolant gas in the oven f acili'y..
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TABLE VIII.1

ERRORS INDUCED BY TEMPERATURE TRANSIENTS

Sensor
Serial No. S/N-01 S/N-03 S/N-04

Ref. Figure VIII.32 VIII.34 VIII.40
Start Error -7.6% -1.3% -1.6%
Maximums -16% 0 48 sec. +13.7% 0 121 +16.8 0 96 sec.
1-3% Error >151 sec; <195 sec <60 sec; >277 sec <38 sec; >210 sec
Max. Temp Rates -29 F/sec; -11 F/sec; -23 F/sec;

+12 F/sec +3 F/sec +6 F/sec
Conment no positive error

Ref. Figure VIII.31 VIII.38 VIII.42
Start Error -7.5% -2% -1.5%
Maximums -13.7% 0 52 sec. +12% 0 168 sec. +15.4% 0 88 sec.
3% Error <57 sec; >400 sec. <40 sec; >210 sec.

Max. Temp Rates -21 F/sec; -10 F/sec; -14.5 F/sec;
U U+12 F/sec. +5 F/sec +7 F/sec

Conment no positive error signal output dis-
continuity during
test.
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TABLE VIII.1 (Cont'd)

Sensor
Serial No. S/N-01 S/N-03 S/N-04

Ref. Figure VIII.30 VIII.36

Start Error +19 psig -1.1%

Maximums -50 psi @ 52 sec. +13% @ 85 sec.

+75 psi @ 175 sec.

3% Error not applicable <31 sec; >244 sec.

Max. Temp Rates -20 F/sec; -13 F/sec;
0+4 F/sec +4'F/sec.

Coment 0 psig applied
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TABLE VIII.2

ERRORS INDUCED BY TRANSIENTS IN AUTOCLAVE

Sensor
Serial No. S/N-01 S/N-03 S/N-04

Ref. Figure VIII.47 VIII.53 VIII.55
Start Error +1.2% 0.1% -0.7%
Maximums -8.8% 0 19 sec. -11.3% 0 21 sec. -7.2% 0 15 sec.

+12.5% 0 72 sec +3.5% 0'62 sec. +14% @ 56 sec.
3% Error 12 sec. 13 sec; 39 sec. 13 sec; 128 sec.

U U UMax. Temp. Rates -68 F/sec; -86 F/sec; -70 F/sec;
U U U+22 F/sec +45 F/sec +28 F/sec

Ref Figure VIII.49 VIII.51 VIII.27
Start Error +1.5% 0.8% -0.6%
Maximums -8.1% @ 19 sec + 3% -3% 0 20 sec.

+13.5% @ 66 sec. +10% 0 61 sec.
3% Error 12 sec. 20 sec; 117 sec.

UMax Temp. Rates -65 F/sec; -26 F/sec; -24 F/sec;
U U+21 F/sec +60 F/sec +22 F/sec
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This further emphasizes the importance of minimizing temperature gradients in
the sensor vicinity. In the autoclave, the pressurizable container enclosing
the sensor provides a thermal mass tending to reduce gradients near the sensor.

Calibrations (Figure VIII.26) obtained just before removal of the
sensor from the autoclave correlate closely with initial calibrations

(Figure VIII.23), thereby' implying sensor stability for environments created
within the autoclave. Each of the qualification units exhibited differing
response to autoclave blowdown. However, for all imposed test conditions,
none of the test units exhibited measurement errors greater than 18% of
reading for applied pressures above 500 psig.
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