
NUREG/CR-1488 THIS DOCUMENT CONTAINS

POOR QUALITY PAGESUnlimited Release
,

|
. . , .

.

. . . .

.
.

! -

|

|
,

| An Ultrasonic Thermometry System for
Measuring Very High Temperatures in
Reactor Safety Experiments

I

{

!
I

|
'

|
|
.

.

Gary A. Carlson, William H. Sullivan,
Howard G. Plein, Tiiomas M. Kerley j

l

,

. .
.. .

-
,

t .

. - '
..

.

s.

. . ,

. .. 4y{
~

, . .,

-

~ -
-

-

|
. .

-c .- .. . .
.. .. . ,

.

- - . ~ . . ..

|
3 ,

-
. ,

|
. .

. + :..

.

.n m.;. ,,.gp};7;,g'g7
,

., . , _
| . . p. c.1. - . -3. f_ ...- . . ,. .:,.

,

:

_ ,

...e. m.. ~. . . , . :.... s--
,

. ... . .
_ . . .

.
.. ..

ph k - d5 *

--__=,---_----__-.-._._,.___;_,.c,_n,_n=.,nn.,x .

| . ' ' *.O GI 7 7j

8008140601 1

|

__ - - _ _ - - . . - _ - _ . . _ _ . -, .- - - . , . . . - - - -



r

) .

4

e

issued by Sand a Laboratories, operated fer the United States
Department of Enern by Sandia Corporation.

NOTICE

This report was prepared as an acccet of work sponsored by
t*-e United States Goverr nent. Neither *he United States nor
the Decartment of Energy, nor any of ineir employees, nor
any of their centractors, subccetrac* ors, or the:r empoyees,
rnakes any warranty, express er implied, or assu-nes any legal
liability or responsibility for the accu'acy, competeems or
usefu! ness of any information, apparatus, product or process

I d;sclosed, or represents that its use would not i7 fringe
privately owned rights.

.

A
e

.



-_ -

NUREGICR-1488
-

.

AN ULTRASONIC THERMOMETRY SYSTEM FOR MEASURING

VERY HIGH TEMPERATURES IN REACTOR SAFETY EXPERIMENTS

*
G. A. Carlson, W. H. Sullivan, H. G. Plein and T. M. Kerley

Sandia Laboratories,
Albuquerque, NM 87185

ABSTRACT

Ultrasonic thermometry has many potential applica-
tions in reactor safety experiments, where extremely
high temperatures and lack of visual access may pre-
clude the use of conventional diagnostics. This report
details ultrasonic thermometry requirements for one such
experiment, the molten fuel pool experiment. Sensors,

,

transducers, and signal processing electronics are des-
cribed in detail. Axial heat transfer in the sensors
is modelled and tound acceptably small. Measurement
errors, calculations of their effect, and ways to mini-
mize them are given. A rotating sensor concept is dis-
cussed which holds promise of alleviating sticking

! problems at high temperature. Applications of ultra-
sonic thermometry to three in-core experiments are
described. In them, tive 10-mm-length sensor elements
were used to measure axial temperatures in a 002 E

UO -steel system fission-heated to about 2860*C.
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AN ULTRASONIC THERMOMETRY SYSTEM FOR MEASURING

VERY HIGH TEMPERATURES IN REACTOR SAFETY EXPERIMENTS
.

*
G. A. Carlson, W. H. Sullivan, H. G. Plein and T. M. Kerley,

Sandia Laboratories, Albuquerque, NM 87185

ABSTRACT

Ultrasonic thermometry has many potential applica-
tions in reactor safety experiments, where extremely
high temperatures and lack of visual access may pre-
clude the use of conventional diagnostics. This report
details ultrasonic thermometry requirements for one such
experiment, the molten fuel pool experiment. Sensors,
transducers, and signal processing electronics are des-
cribed in detail. Axial heat transfer in the sensors
is modelled and found acceptably small. Measurement
errors, calculations of their effect, and ways to mini-
mize them are given. A rotating sensor concept is dis-
cussed which holds promise of alleviating sticking
problems at high temperature. Applications of ultra-
sonic thermometry to three in-core experiments are
described. In them, tive 10-mm-length sensor elements
were used to measure axial temperatures in a UO2 Of

UO -steel system fission-heated to about 2860"C.2

- 1. INTRODUCTION

A critical diagnostic measurement in many reacto~ safety

experiments is temperature. Besides being important to a general

'

understanding of the course of experiments, temperature data are

often required for the determination of heat fluxes. Unfortu-

nately, the temperatures to be measured are often beyond the

useful range of thermocouples (~ 2200*C for sheathed tungsten-

rhenium alloy couples, due to insulator shunting effects).1'

; Pyrometric measurements are often inadequate due to a lack of
,

optical access or to interference by intervening vapors or

aerosols. One method which has been used with some success

*
Deceased
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in the past for measurements of very high temperatures (to ~26b- ')

in reactor experiments is ultrasonic therraometry.2-4 Ultrasonic -

thermometry exploits the temperature dependence of acoustic
.

velocity that all materials exhibit.- By measuring the time

required for an acoustic signal to propagate between two points

in a well-characterized material, the temperature of that segment

of material can be determined.

This report describes the development of ar, ultrasonic ther-

mometer for use in the Sandia LMPBR safety research program.

Applications to date have been in the Molten Fuel Pool Study,

5but applications to Debris Bed experiments are planned. Details

of the sensor construction are given, and the electronics system

for data acquisition and analysis is described fully, with cir-

cuit diagrams provided. Laboratory studies of the system are

discussed, and calibration data shown. The first applications

of the system to in-reactor temperature measurements are described.

Potential problems of ultrasonic thermometry, including the effects

of multiple reflections on measurement accuracy, are evaluated and
,

recommendations made. Finally, future plans for application of

the technique are given.

,

.

.
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2. THEORY AND PREVIOUS APPLICATIONS

Although the temperature dependence of acoustic velocity of.

gases or liquids could be and sometimes is used in temperature
.

measurements, the present study will consider only the use of

solid metal wires as sensors. The acoustic velocity in a solid

is given by v = (M/p )b, in which M is a modulus of the material

and o is the density. Since the modulus and the density in a

solid are temperature-dependent, the acoustic velocity can be
used as a measure of temperature. For solids, both shear and-

compressional waves can be transmitted, and either shear or

compressional waves can be used for temperature measurements.

In practice, extensional (compressional) waves in a small-

diameter metal wire have gen'erally been employed, for which
.

(E/p)b, E being Young's modulus.V =

. Figure 1 illustrates schematically a thin-wire ultrasonic
thermometer. A short-duration acoustic pulse is generated in a

magnetostrictive* wire by a pulsed magnetic field produced by
;

an exciting coil. The acoustic pulse propagates down this wire
i

and into an attached sensor wire, which has a number of acoustic
|
'

discontinuities near the end. In the example shown, the diameter

change and the end of the wire are the acoustic discontinuities.

| A part of the acoustic pulse energy is reflected from each dis-
*

continuity, and is reacquired by the exciting coil as an elec-

trical signal by the inverse of the pulse generating process..

Because the velocity of the acoustic pulse is a function of

I

L *
A magnetostrictive wire undergoes a change in length under an
applied magnetic field. Magnetostrictive materials include
nickel, remendur and elinvar.

| .

-_ , - . - _-- - _ _ _ , _ - . _ . . _ _ _
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the te=perature in the sensor wire, the difference in arrival

ti=es for reflections from adjacent discontinuities can be *

related to the average temperature of the wire between those
,

discontinuities.

Since a number of acoustic discontinuities can be provided
.

on a given sensor wire, a temperature profile along that wire
can be =easured.7 This is one of the pri=ary attractions of

the ultrasonic thermo=etry technique. However, the principal

advantage of this technique over more conventional methods is

that it can be used at very higi terperatures; limited in theory
only by the =elting point of the sensor =aterial. For tungsten

alloy sensors which have been employed, this te=perature limita-

tion is 3410*C, = ore than 1000*C higher than =easurable with

sheathed thermocouples.

'The ultrasonic thermocetry technique has been employed by
2-4a number of investigators to =easure the centerline te=pera-

tures of nuclear reactor fuel pins. Te=peratures around 2400*C

have been ceasured, for periods of several hundred hours. All

these studies have employed tungsten or tungsten alloy sensors

in tungsten alloy sheaths. The results of these studies have

been only partially satisfactory. Arave and co-workers 3 =easured

te=peratures to 2000*C for six days, but found " sticking" prob-
.

Iems (sticking is the contact welding of metallic sensor to

metallic sheath at high te=peratures, which causes spurious *

reflections and te=perature reasurement errors) resulting in

a 300*C calibration error. At higher te=peratures (2700*C),

the transmission line sheath collapsed after two hours, masking

_ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ - - _ - _ _ _ _ _ _ _ _ _ _ - _ -
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the sensor signal. Tasman et al.4 measured temperatures above

2300*C for over 300 hours, using two ultrasonic thermometers
.

inserted in either end of a fuel pin. One of the thermometers

failed after 14 hours due to sticking, and tne other developed-

sticking interferences intermittently, which were cured in each

case by temperature cycling the reactor (:nd hence the fuel pins

and thermometers).

Due to the " sticking" problem, the full potential of ultra-

sonic thermometry was not realized in either of these studies.

Although some data were obtained at higher temperatures than

could have been reliably measured with thermocouples, the tech-

nique still awaits more satisfactory treatment of the sticking

problem. This problem will be discussed in some detail in this

report.
.

4
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3. ULTRASONIC THERMOMETRY REQUIREMENTS AND DEVELOPMENTS

3a. Sensor Requirements

For one of the LMFBR safety studies being conducted at *

Sandia for the Nuclear Regulatory Commission (the Molten Fuel
.

Pool study), it was desired to measure temperatures and terpera-

ture gradients in UO2 to its melting point (2860*C) or above.
The only method of temperature measurement which appeared to be

applicable to this problem wra ultrasonic thermometry. Since no

commercial equipment existe6 which could be used for such measure-

*
ments, a development program was initiated.

In general, the applications made of thin-wire ultrasonic

2-4thermometry in the past had involved relatively long (50 mm)

sensor elements, and coils and electronics appropriate for sensors

of this length. For our applications, it was desired to have

sensor elements no longer than 10 mm, since the entire height

of the temperature zone to be measured was 50 mm and considerable

temperature gradients were expected. To develop a system suit-

able for 10 mm sensor elements, all aspects of previous ultrasonic

thermometry systems had to be evaluated and most of them changed.

Technology developed a number of years ago for use in acoustic
8delay lines was quite helpful in this development.

3b. Signal Transducers

A 10 mm length sensor element of thoriated tungsten results .

in reflected acoustic signals about 4 us apart. To insure adequate
.

*A commercial unit has been marketed for several years by Pana-
metrics, Inc. However, it did not have the temporal or spatial-
resolution required for the present application. s

.
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signal separation, the acoustic pulse then should be no longer

than 2-3 us (see Fig. 2). At the same time, shorter pulses

are not desirable, since they result in lower signal amplitude.
*

The acoustic pulse length is determined by the length of magneto-
,

strictive wire coupled by the pulsed magnetic field, combined

with the time duration of the magnetic field pulse.* To mini-

mize the length of magnetostrictive wire coupled by the pulsed

magnetic field, short (2 mm length) pulse coils were employed.

Ferrite discs at the ends of the coil further restricted the axial

extent of the magnetic field lines to about 4 mm. To optimize the

duration of the pulse, relatively low-inductance pulse coils were

used, together with a low impedence current pulse driver (described

later). Coils which gave satisfactory results had 100-150 turns

of #44 copper wire, wound on a Delri bobbin 2 mm long and 1.1 mm in

diameter. The inductance of satisfactory coils ranged from 15 to

30 uH. The use of the ferrite dists was actually not necessary

with 2-3 us long acoustic pulses. If shorter pulses (~1-1.5 us) had

been required, signal improvement with 0.5 mm thick ferrites at each

end of the coil would have been been much more obvious.
!

3c. Signal Processing Electronics

The signal processing electror:ics are described in detail in
;

Appendix A. Here only a brief summary of the electronics will be

! given. Initially, a charged cable pulser is used to produce a-

short duration, high amplitude current pulse in the pulse coil.
,

After a time delay, the returned acoustical signals reflected from

i

*See Ref. 9 for a more complete description of the pulse length
and shape obtained from a magnetostrictive transducer.

i
.- . _ _ _ _ . - _ _ . . , , _ . , . _ . . _ . , , , _ .
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the sensor elements induce new electrical signals in the same

pulse coil. These signals are run through a line driver ampli-
.

iler for transmission to a remote signal processing console.

Here, the signals are further amplified and hard linited to give .

a TTL-compatible series of logic transitions corresponding to sig-

nal zero-crossings. After isolating an appropriate set of zero-

crossir.gs using tracking gate control servos, the average time

delay between reflected signals for a given sensor element is

measured, using a commercial timer. Normally, 100 measurements

are averaged, to pro-of the delay time for a given sensor element

vide the necessary time resolution (better than 10 ns). The time

resolution is otherwise limited by the relatively slow clock

frequency of the counter (10 MHz) rather than by jitter in the

zero-crossing signals. A multiplexing system is used to allow

aequential measurement of as many as 10 sensor elements (5 ele-~

ments on each of two sensors). A pulser frequency of 60 Hz pro-

vides an averaged delay time measurement every 1.67 s, or 16.7 s

for a complete sequence of 10 delay time--bence, tempera *ure--

measurements.

|

| 3d. Magnetostrictive Wire Recuirements

The optimal magnetostrictive wire diameter depends on the

characteristics of the exciting pulse and of the resulting acous-
"

tic pulse. If the wire diameter is too large, then dispersion

of the acoustic wave results, and the wave shape and amplitude ,

are changed. On the other hand, if the diameter is too small,

there is inadequate coupling of the wire with the pulsed magnetic

field and the amplitude of the signals drops. For the present

.
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case, the optimal wire diameter for the remendur magnetostrictive

material was about 0.7 mm.
Remendur was one of several magnetostrictive materials which-

could have been used for this application. It was chosen because
.

it has a high magnetostrictive coefficient, and it has been suc-
cessfully used by most other ultrasonic thermometry investigators.
To obtain the maximum magnetostrictive effect (determined by the

ratio of electrical signal returned to input electrical signal),
it is necessary to heat-treat the remendut before use, and also

to apply a DC magnetic field to the wire during use. The heat

treatment recommended by the manufacturer to develop the maximum

magnetic properties requires several hours at various tempera-

tures in a protected atmosphere. However, in the present

studies, a simple short-duration heating to a very dull red

heat '(barely visible) with a torch gave quite satisfactory

signal amplitude.

Biasing the remendur with a DC magnetic field is necessary

because the magnetostrictive effect is quadratic with magnetic

field strength. However, there is a maximum effective DC field

strength beyond which signal amplitude actually declines. For

the present application, simple Alnico rod magnets, 5 mm diame-

ter and 25 mm long, gave maximum signal amplitudes when used

in close proximity (3-5 mm) to the remendur wire.

The length of the magnetostrictive wire used is not criti-.

cal. However, since there may be a small impedance mismatch at
.

the tungsten-remendur junction (typically ~10% reflected signal

amplitude for a butt-welded joint), the length of remendur should
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be chosen to prevent interference of any joint reflection with

the reflected signals from the sensor. This required making

the acoustical propagation time through the remendur section ,

either shorter or longer than that between any two sensor ele-
'

ment reflections (see Section 3j for details on interference

which may otherwise result).

To obtain a longer propagation time in the remendur, the

acoustic delay between the two furthest separated sensor reflec-

tions at the highest use temperature must be exceeded. Consider-

ing the room temperature acoustic velocity of remendur (5400 m/s),

and the acoustic velocity of thoriated tungsten at 3000*C (3300 m/s),

the physical length of remendur must be more than 1.64 times the

length of the tungsten sensor element section to insure no reflec-
tion interference (>82 mm in the present case, for five 10 mm

sensor elements).~

Alternatively, the remendur section could be made shorter

acoustically than the shortest delay between sensor element

reflections at the lowest use temperature. Assuming a 10 mm

distance between sensor reflective discontinuities and room tem-

perature as the lowest use temperature, the length of remendur

| would need to be less than 10 x 5400/4320 = 12.5 mm. In fact,

l the length would necessarily be several mm less than this to'

insure no overlap of reflected signals. However, the signal

amplitude decreases as the remendur is shortened due to the -

decreased coupling with the pulsed and steady magnetic fields.
.

f
Figure 3 shows the signal amplitude received as a function of

1

| remendur length. As shown, a reduction of signal of about a
!
!

I
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factor of 3 may result from use of a sufficiently short remendur

section. For this reason, it may be more desirable to use a

long remendur section rather than a short one.-

3e. Sensor Wire Requirements*

There are two principal considerations in the choice of a

sensor material for any application. First, the sensor material

must be chemically and physically stable in the environment and

at the temperatures of interest. If several materials meet this

criterion, then a second consideration is the temperature sensi-

tivity of the sensor materials.
For the present application, in which temperatures to near

3000*C are to be measured, the choice of sensor materials is
Of these,limited to a few very refractory metals and alloys.

tantalum is highly oxidation-sensitive and would not be stable

in the UO2 environment.
Rhenium has a high temperature sensi-

tivity, but is limited to temperatures below 2600'C. Pure tung-

sten (and probably tungsten-rhenium alloys) tends to recrystal-
lize with time at temperature, resulting in changing moduli,

increasing signal attenuation, and varying calibration curves.
The best sensor material for these applications appears to be

thoriated tungsten.4 Although its sensitivity is not as great

as some of the other metals, thoriated tungsten has a very
duestable calibration curve after an initial heat treatment,

.

This material has beento grain boundary pinning by the Th02
4'll and is presently being used in our.

chosen for use by others

studies,

i

f
f

- _ - - _ _ _ . _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - . _ - . _ - _ _ _ _ _ - - - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - - _ _ - _ _ _ _ _ _ _ - - . _ _ - _ _ - - _ _ _ _ _ - _ - _ - - _ - - _ _ - . _ _ _
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The diameter of thoriated tungsten wire required for imped-

ance matching to 0.7 mm remendur is near 0.5 mm*, a readily avail-

j able Size. Percussive-arc welding (butt-welds) was a convenient -

means of attaching the remendur and tungsten. A strong though
.

somewhat brittle joint was obtained in this waye

3f. Sheath Materials

When the sensor is used in an environment such as sintering

it is necessary to separate the sensor from theand melting UO2,

UO2 to prevent interfering acoustic signals at points of contact.
This has generally been accomplished -4 with a protective sheath2

of a tungsten-rhenium alloy (thoriated tungsten sheaths could not

be readily fabricated). However, there is a strong tendency for

the sheath and the sensor to contact weld above 1800*C, resulting

in the same type of an acoustic interference that the sheath was
ll

meant to prevent. This has sometimes been reduced by using

standoffs at intervals on the sensor wire to localize and mini-
mize the contact area. However, for the present application it

was judged that the reflections from the standoffs themselves

were excessive, so this technique was not applied. Instead, an

i
I

*The impedance for extensional waves is Z = ov A, in which p is
e

sectional area of the wire.ggal wave velocity and A the cross-the density, v the extensie For impedance matching,

ova -

For tungsten and remendur, this requires2 /Z2=1= .

1 0 2"2^2
.

A P
[ w _ R" R _ (8.2)(5400) = 0.53 giving d /dR = 0.73 as theg

( 'A{~ov' *yW

wire diameter ratio.
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alternative sheath material, Th02, was found which did not stick

to the sensor wire. This minimized interfering reflections (minor -

' reflections will still occur if either the sensor or the sheath
is curved or bent so that significant contact occurr,). The Th02,

sheaths work quite well for experiments of short duration. For

longer experiments ( 60 minutes) at high temperatures ( 2800-2900*C)

the vapor pressure of Th02 is suf ficiently high that Th02 vaporized
from hot portions of the sheath may condense on a cooler portion of

the sensor and cause new reflections which may affect the tempera-

ture measurements. It is also possible that slow chemical inter-

actions between tungsten and Th02 could occur, changing the sensor

calibration. However, this effect was not observed in furnace

experiments up to one hour in duration. ,

39 Reflective Discontinuities on Sensor Wire

A variety of acoustic reflective discontinuities can be used

to define the ends of the sensor elements. Step changes in wire

diameter can be used to cause an impedance mismatch with readily

defined reflection and transmission coefficients.12j

Z ~Z
2 1

R=32+Z 1

2Z
2

"Z2+Z 1

2 are the impedances of the sensor wire before andand ZHere, Zi

after the step diameter change, and are related by'

|

|

l

|
|
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2

_1 = d
Z

1
Z 2

2 d
2

.

is the initial wire diameter and d2 is the changed wirewhere di
*

diameter. Thus the reflection coefficient is

2 2d -d
R=

d +d
2 y

and the diameter ratio required to give a specific reflection

coefficient,

d I
Hj " [ l+R

2

\ 1-R )

Other types of reflective discontinuities, while not readily

treated mathematically, nevertheless produce quite acceptable-

refle'ctions. These include notches, loops and standoffs.

Loops and standoffs would appear to serve a double function of

providing a reflective discontinuity and at the same time mini-

mizing contact between sensor and sheath. However, the reflection

at a loop or standoff can be =odified not only in amplitude but in

shape by contact with tne sheath. Since the measure =ent of tem-

perature by 9ltrasonic ther=onetry depends on very accurate meas-
urement of the time between successive reflections, irreproducible

changes in shape of a reflected signal cannot be tolerated. For
.

this reason, loops and standoffs have not generally been used as

discontinuities. Notches, on the other hand, are well suited to -

this application. They have been employed in the present study,

primarily because they are more easily obtained than step diameter
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changes of extended length. The notches used in this work con-

sisted of circumferential cuts in the wire produced by a thin-

bladed (0.4 mm) diamond wheel. Neither the width nor the shape*

of the notches is believed to have a significant ef fect on the
,

pulse shape, since the cuts are very short compared to the acous-

tical pulse (reflected signal amplitude, however, may be affected).

Figure 4 illustrates the depth of notches required to obtain
various reflection coefficients, compared to the depth of step

diameter changes. Interestingly, the notch depth / signal ratio

curve has the same slope as, but is displaced from, the curve

for a signal reflected following two successive diameter changes.

This is perhaps not surprising, since a notch represents a

double diameter change with a very short distance between steps.

The acoustical energy in a pulse is related to the square

of the pressure amplitude, so that the reflected and transmitted

energies are given by

2Eq=ERg

ET=Eg(1-R2)

with R the pressure amplitude reflection coefficient.12 Thus

for example, a reflection whose amplitude is 20% of the initial

amplitude only removes 4% of the acoustic energy, and a number

of 20% reflections will cause relatively minor degradation of
.

the signal amplitude. In the present studies, five reflective

discontinuities at 9-10 mm intervals, with reflection coeffi-"

cients between 0.2 and 0.3, were typically used, along with the

end reflection, to define five sensor elements.

- - .. - - . -



-16-

3h. Ultrasonic Thermometry Laboratory Experiments

Experiments to characterize ultrasonic thermometry behavior

were run in an inert-gas-filled, tungsten mesh-heated furnace,

which provided temperatures to 2900*C. In general, the thermome- .

ters were suspended vertically in the heated zone, and had limited

contact with other materials. In early experiments, the thermome-

ters did experience some contact with tungsten or molybdenum heat

shields at the top of the heated zone (right-angle contact between

the horizontal shields and .the vertical sensor) which resulted in
some sticking (welding) at temperatures above 2000*C. This problem

was largely alleviated by providing a Th02 sheath around the sensor

over the length which passed through the shields into the neated

zones. Normally, the Th02 sheath did not extend f ar beyond the
heat shields into the heated zone unless it was desired specifi-

cally'to look at sheath-sensor interactions.

The sensor wires used were 2% thoriated tungsten, specified

as " straight rod" by the manuf acturer.* Calibrations were per-

formed on roughly 220-mm-long sensor wires, silver-soldered or

welded to a 100-mm-long remendur section. The sensors generally

had 5 sensor elements of 9-10 mm length, plus an additional 25-

50 mm of sensor wire, in the heated zone of the furnace. This

insured relatively constant temperature in the calibrated sec-

tion of wire. Calibration of the sensor elements normally

involved measuring the delay time at dif ferent temperatures
'

between each pair of reflections including the pair with the

end reflection. Thus five calibration curves were obtained

*Kulite Semiconductor Products, Inc.

.-_ __ _ . . ._ , -. . _ - , - _ . . ._ , . . . _ _ .
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for a given sensor wire. In the heated zone, sensors were sur-

rounded by a thin-wall tungsten tube, providing a quasi-blackbody

*

enclosure. Temperatures were measured using a manual optical

pyrometer sighted on a small hole in the tungsten tube, providing,

measurements with an accuracy of 15'C above 2000*C. Calibration

curves for adjacent sensor elements varied slightly, apparently

due to variations in wire composition or grain structure.

Figure 5 shows signals obtained from one sensor element at

different temperatures, using a 150 turn pulse coil, and 10 m

of RG-58 cable between the pulser and the coil (see Appendix A).

The signal has been amplified in the pulser circuitry. A typical

calibration curve for a single sensor element is shown in Figure 6.

The acoustic velocity as a function of temperature for the first

heating cycle (not shown) is quite different from subsequent

heating cycles, indicating some permanent change in the internal

structure of the thoriated tungsten vire. After the initial

heating the temperature-delay time curve is quite reproducible.

Calibration curves were fit using a fifth-order polynomial.

Best results were obtained when the curve was broken into a low-

and a high-temperature segment, due to the marked change in slope

at higher temperatures. The standard deviation of the high-tem-

perature segments (1400'C to 2850'C) was typically near 10 C.

The accuracy of the calibration data was limited by the accuracy
.

of the optical pyrometer measurements to 15'C above 1800 C.

*
At temperatures above 1800*C, some attenuation of the

reflected signals was observed. Figure 7 shows the attenuation

at dif ferent temperatures for a signal f rom a 2%-thoriated tungsten
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ultrasonic thermometer, reflected from a point 80 mm into the high
temperature zone. For applications where a significant length of

sensor wire must be in a high temperature zone, attenuation could -

be a problem.
.

31. Axial Heat Transfer in Sensor Wires

In the first application planned for the ultrasonic ther-

mometers, measurement of temperatures in fission-heated UO , there2

was concern that significant temperature measurement errors might

result from axial thermal conductivity in the sensor wire, because

the thermal conductivity of the tungsten sensors was much higher

than that of granular UO (1 W/cmK vs. 0.015 W/cmK). Computer2

modeling of the expected transient heating and cooling cycle was

attempted, but failed due to stability problems. Subsequently,

a steady-state model was used to establish an upper Laund on

the measurement error.13 The configuration of tungsten sensor

and sheath and U0 fuel sample initially modeled are shown in2

Figure 8. A volumetric heating rate was chosen which gave the

predicted axial and radial temperature gradients in the fuel

using an isothermal outer boundary. Temperature profiles were

calculated with and without the sensor and sheath present in the

fuel. The presence of the sensor and sheath depressed the UO2

temperature as much as 42'C. Similar calculations performed

using a Th02 sheath in place of the tungsten sheath, with the .

same imposed t# perature gradient, indicated a maximum temperature,

.

measurement error of 20*C, due to the much lower thermal conduc-

' rel tive to tungsten. Results of the calculationstivity of Th02
with a Th0 sheath are shown in Figure 9.

2

-
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The calculated volumetric heating rates necessary to produce

the desired temperature gradients in the UO2 at steady state were
2-4 times lower than the actual experimental heating rates,14 demon-.

strating the departure of the experiment from a steady-state con-
.

dition, and also suggesting a lower temperature error in the actual

experiment than calculated. Further, the temperature gradients

14actually observed in the experiments with UO were more than a2

factor of two lower than used in these calculations. Assuming the

temperature error declines roughly in proportion to the axial tem-

perature gradient (other calculations indicated this to be a

reasonable assumption), it appears that temperature measurement

errors of less than 20'C (tungsten sheath) or 10*C (Th02 sheath)
can be anticipated for the sensors used in the experiments to be

described.

3j. Ultrasonic Thermometry Measurement Errors

Although the calibration curves generated in furnace experi-

ments suggest a temperature measurement capability limited only

by the accuracy of pyrometric temperature measurements, a number

of temperature measurement errors can occur with ultrasonAc

thermometers,in less ideal measurement situations. Differences

between the temperature of the sensor and its surroundings due

to axial heat losses in the sensor have been treated in the pre-

ceeding section and found to be generally small and within the.

measurement uncertainty. Two other sources of error are somewhat
.

harder to define, but potentially can be very troublesome.

The first is the effect of overlap of multiple reflections

among the sensors with the primary sensor reflections. This
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area is discussed in detail in Appendix B. The results of an

analysis of this problem are that for reflection coefficients of
.

the sensor elements of 0.20 or less, the temperature errors result-

ing from multiple reflections are likely to be within the measure- .

ment uncer tainty. For larger sensor reflection coefficients, the

errors resulting from multiple reflections may become prohibi-

tively high for certain sensor elements (not all sensor elements

are equally susceptible-to this problem). In the present studies,

an attempt was made to keep the reflection coefficients near 0.20

to maximize signal amplitude without seriously affecting measure-

ment accuracy.

The second source of measurement error is caused by spurious

reflections due to some unwanted contact between the sensor (or

remendur) and surrounding materials. For example, if the sensor

enters a sealed vessel, it must pass through, and contact, some

type of seal. A reflection of some magnitude will be developed

at the point of contact. Additionally, the sensor and the sheath

are likely to be in contact at one or several points, causing

reflections. There will also be a reflection at the remendur-

tungsten weld, as discussed previously. If these reflections

at e suf ficiently small, then they will not affect temperature

measurements perceptibly. However, if the reflections become

large enough and occur in the wrong places, they can cause
.

Substantial errors in the temperatures measured.
'

As an example, Figure 10 shows a sensor with a number of

reflection points (7-10) in addition to the desired sansor ele-

ment reflection points (1-6). The desired signals will traverse
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paths 10-1-10, 10-2-10, e tc . However, multiple signal reflection

paths such as 10-1-10-9-10 and many other combinations are also
.

possible. If the acoustic distance from 10 to 9 is nearly the

same as that from 1 to 5, then the multiple reflection signal-

10-1-10-9-10 will overlap the desired signal 10-5-10. Since

reflections 1 and 5 are of the same magnitude, and reflection 10

is essentially a total reflection, then a 20% reflection coeffi-

cient for reflection 9 will cause an interfering reflection from

10-1-10-9-10 which is 20% of the amplitude of the primary 10-5-10

reflection. Calculations based on the equations given in Appen-

dix B, assuming a 10 mm length sensor element and a 500 kHz signal

center frequency, show that the maximum effect of such an interfer-

ing signal would be to shif t the primary waveform by 65 ns, which

could result in a temperature error of from 100 to 400*C, depend-

ing on the temperature sensitivity of the sensor at the tempera-

ture being measured.

Many other multiple reflections involving undesired reflec-

tion points could contribute to temperature errors. For example,

I

a strong reflection developed at a sheath-sensor contact prior

to sensor elements (7a) could cause interfering multiple reflec-

tions as well as primary signal attenuation. Alternatively, the

sheath-sensor contact point could be somewhere within the sensor

elements (7b). The interference may not be obvious from an
,

inspection of the signal waveforms. However, as previously
-

i stated rather small temporal shifts can cause large apparent

temperature errors tl.4-6 C/ns in the present case).

l
.-. - . - , - - - - - _ . - . . ,, . . . . .. . . _ , , . ,
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From the above it is apparent that to insure accurate tem-

perature measurements using short sensor elements, it is impor-

tant to minimize unnecessary reflections or to constrain them -

to occur at locations where they will not overlap the sensor
.

element signals. The feedthrough and weld reflections can be

made reasonably small (~10%), but are most easily dealt with

by making the acoustic distance from the end of the magnet 7-

strictive stub to the feedthrough or weld long in comparison

to the distance between the furthest separated sensors reflec-

tive so that any multiple reflections involving the feedthrough

or weld will not overlap the primary sensor reflections. Any

reflections from sheath-sensor contact, however, necessarily

occur in the vicinity of the sensor elements since this is where

the sheath is located. Since the sheath is required in the

present case to eliminate the possibility of even larger reflec-

tions frorn contact between the sensor and UO , it is important2

to minimize the sheath-sensor contact.

In the present work, the following steps have been taken.

A compromise has been made in sheath-sensor spacing to minimize

contact area while not jeopardizing thermal energy transfer into

the sensor from the sheath. At present, the sheath ID is 0.7 mm,

.natched to a 0.5 mm CD sensor. An attempt has been made to obtain

very straight sensor wires and sheaths. The thoriated tungsten
.

sensor wires (centerless ground) are quite straight, while the

sheatt.s tend to be slightly warped. Tungsten-rhenium sheaths

used in early trials were generally warped by less than 0.5 mm

in a 100 mm length, while Th0, sheaths tended to have greater
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warpage (to 1-2 mm in 150 mm length), which was generally con-

centrated near one end. Because some contact was unavoidable,

'

means to isolate that contact or localize it were attempted.

Loose wraps of a fine tungsten wire (25-75 um diameter) provided
.

satisfactory isolation of contact points at low temperatures but

were subject to contact welding, resulting in more substantial

reflections at temperatures above 2300*C. Standoffs consisting

of small nubs of tungsten, laser-welded to the sensor at inter-

llvals, have been used by others and were investigated in the

present study. However, it was difficult to weld sufficiently

small nubs to the sensors to prevent rather large reflections

at those nubs. Although these could be placed midway between

sensor reflections and possibly not interfere directly with mea-

surements, the additional signals were confusing and judged not

desirab'le. Further, the nubs can stick to tungsten sheaths at

high temperatures, both modifying the shape of the reflection

and increasing its amplitude. Thus, for several reasons, stand-

offs were also rejected in the present study. Alternatively, it

was found that Th0 sheaths did not develop sticking problems at
2

high temperatures as had the tungsten sheaths. There was no

reaction apparent between tungsten and Th02 at temperatures as

high as 2900*C. Further, there was generally not seen in the

furnace experiments any evidence of temperature measurement
,

error due to the contact which invariably occurred due to

the as-received warpage of the Th02 sheaths mentioned earlier.'

The Th0 sheaths had an additional benefit in being low in
2

thermal conductivity relative to tungsten, so that the Th02
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.

sheaths did not contribute substantially to axial heat losses

in the sensor. The principal drawbacks of the Th02 sheaths
.

. relative to tungsten were an increased brittleness, potentially
;
'

resulting in broken sheaths during an experiment, and a possi- -

bility of interference in high temperature measurements of long

duration due to vaporization of Th02 and condensation on the

{ sensor wire at another location where the temperature was lower.

:

31. Rotating Sensor Concept

Because some temperature measurement errors which occurred

in the in-core reactor experiments (to be discussed in Section 4)

may have been related to sheath-sensor contact, possibly alterna-

tive techniques of preventing reflections between sheath and

sensor have been sought. One which may have a great deal of

promise has been suggested by Lynnworth.16 He found that rela-

tive motion between sensor and sheath minimized reflections at

contact points. Either axial or rotary motion was effective,
!

with relative surface velocities of about 10 mm/s giving a

marked decrease in spurious reflections. This technique has not

been used at high temperatures previously, but may give relief

from the contact welding problems encountered when using tungsten

sheaths with tungsten sensors. Tungsten sheaths might be more

desirable to use than Th0 sheaths due to their superior rugged-
2

ness at high temperatures. However, with either Th02 or tungsten

sheaths, the moving sensor concept might provide more accurate .

data by suppressing spurious reflections due to casual contact

between sensor and sheath.
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Thus far, it has been determined that the sensor gives

undistorted signals while being rotated. Rotation is accom-

plished using a small de motor, attached through a small diameter!

plastic coupler to the end of the remendur section. The plastic-

provides a sufficiently great impedance mismatch to remendur that

no significant signal distortion occurs at the coupling. The sen-

sor can be kept in alignment using small, loose-fitting bearings

or stationary guides with slightly oversized clearance holes.

It is planned to use a vacuum-tight cylindrical cover over the

sensor coil and motor to alleviate the need for a rotating vacuum

seal feedthrough, for both furnace and in-core experiments. Fur-

nace experiments using rotating sensors with tungsten and thoria

sheaths are planned for the near future.

'

4. APPLICATIONS OF ULTRASONIC THERMOMETRY IN REACTOR EXPERIMENTS

As mentioned earlier, the primary impetus for the develop-

men * of ultrasonic thermometers was the measurement of very high

temperatures in reactor safety experiments. In this section are

described the first reactor safety experiments to which the ultra-

sonic thermometry technique has been applied.

The PAHR Molten Fuel Pool exterimental program is concerned

with the interaction of very hot fuel with reactor structural or
'

.

sacrificial materials. The approach is to use fission-heated

fuel to obtain sustained, intrinsic heating which rather closely
,

approximates the decay heated case. This experimental method
.

also allows the fuel to interact with real structural and core

-- - , - - - . --. ~ - - - -. - ,
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In MP-1, the duration of reactor heating was 17.7 minutes,

during which the ultrasonic thermometry data indicated that the

fuel reached incipient melting. For MP-2 the powered portion'

of the experiment was 19 minutes which resulted in an indicated
.

melt of about 15 percent of the fuel according to post-experiment

x-radiography.

During both experiments the tungsten-rhenium thermocouples

in the very high temperature zones failed at relatively low tem-

peratures (1700-1800*C). In contrast, both ultrasonic thermome-

ters provided temperature data to the highest temperatures

(2860'C). In MP-1, one ultrasonic thermometer indicated that

the UO2 p rticulate reached incipient melting just prior to the
termination of fission heating. The thermometer record for this

case is shown in Figure 13. Here UO melting is suggested by
2

both the indicated maximum temperature on the center sensor

element and by the sudden shifts in apparent temperature of

several of the sensor elements. The shifts are believed to be

indications of fuel motion at melting causing temporary pertur-

bation of the ultrasonic signals rather than an actual tempera-

ture change.

| In addition to temperature-time data, the ultrasonic ther-

mometers showed a clear indication of a temperature gradient
;

within the fuel, as predicted by heat transfer calculations.
i

Figure 14 shows a temperature profile near incipient melt,

taken from the data of Figure 13. Also included are calculated*

temperature data under similar conditions.

!

t
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The data acquired during the first two in-core experiments

were much less satisfactory than from the laboratory experiments,
,

due to the more complex physical arrangement of the in-core
'

experiments. Figure 13 shows temperature measurement errors

as high as 100*C (based on calculated temperature histories)

during the reactor-powered portion of the run (0-18 minutes),

while even larger errors are apparent following the reactor

shutdown. The other censor in MP-1 and both sensors in MP-2

gave less accurate data. For these first two in-core experiments,

the sensors were contained within 150-mm-long Th02 sheaths for

bed. Because the sheathsprotection from contact with the UO2
were generally somewhat warped, there was some binding between

the sensor line and the sheath. Further, there was an S-bend

in each sensor to accommodate a feedthrough in the lid of the

inner steel containment vessel. The resulting alignment prob-

lems caused additional binding between sensor and sheath which

may have been accentuated during the experiment by the uneven

thermal expansion of various parts of the experiment capsule.

Finally the large temperature gradients in the fuel bed during
the in-core experiment may have caused non-uniform fuel motion

which could have further warped or even broken the Th02 sheaths

during the later portions of the experiments.

An additional problem encountered was a possible interac-

tion between the Th02 sheath and the surrounding low density ZrO2 ,

insulation (see Fig. 11). During assembly the fragile ZrO2

insulation pieces sometimes sloughed off a powdery residue. If

sheath, eutectic meltingsome~of this powder fell inside the Th02
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of the Th02 and Zr02 could occur above 2600*C causing interfer-
ence with the ultrasonic thermometer readings. This problem was

minimized in the third experiment by a more careful assembly pro-
'

cedure.
,

The third in-core experiment, MP-3S, involved fission heat-

at 1.9 kW/kg (475 kW ACPR power)ing 628 g of fully enriched UO2
to melt an underlying 224 g sample of 304 stainless steel. The

steel was in the form of a solid disk, 12.7 mm thick, and 53.2 mm

in diameter. The lower ultrasonic sensor element for each of the

two sensors was almost entirely within the steel disk.

For this last experiment, modifications were made to the lid

feedthrough so that straight sensors could be used. Somewhat

larger reflection coefficient notches were also used (35%, vs. 20%
for MP-1 and MP-2), to minimize the effect of spurious reflections

~

due to possible binding of sensor and sheath. Finally, care was

taken to prevent any Zr02 p wder from entering the space between

sensor and sheath.

Figure 15 shows the ultrasonic data from two of the sensor

elements, compared with the response of the bed and steel cal-

culated using a two-dimensional heat transfer code. As seen,

with the exception of some apurious data early in the experiment

on one sensor element, the agreement between calculations and

measurements of steel temperature and maximum fuel temperature
.

is reasonably good. A temperature arrest in the steel near

1400*C corresponding to the steel melting transition is clearly*

seen. The lower measured rate of rise in the fuel temperature

above 2100'C is believed to be real, and apparently indicates

- _. . .__ . . -- ..
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an inadequate expression for thermal conductivity used in the
calculations.

Figure 16 shows the power of the ultrasonic technique for
measuring temperature profiles. Here, the temperature profiles

.

in the fuel-steel bed measured by each ultrasonic thermometer

are compared to calculated values at several points in time.

during the experiment. The agreement is in general very good

except for high steel temperatures measured by one sensor, and

a discrepancy between measured and calculated fuel temperatures

at later times, as discussed above.
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|
'

S. CONCLUSIONS

As demonstrated by the data shown, the ultrasonic thermome-

try technique has been very useful for determining the tempera-
|

tures and temperature profiles within the Molten Pool in-core !,

|

experiments. No other known technique could be used, since I

thermocouples were unsuccessful above 2000*C. Optical pyrome-

try was not applicable due to the limited physical access of

the experiments, as well as the opaque nature of the sample

whose internal temperature was to be measured. Nevertheless,
,

|

the considerable uncertainty and obvious inaccuracy observed

in the early experiments demonstrates a need for additional
;

work to obtain a reliable, accurate temperature monitor. It

|

is believed that a combination of attention to unwanted reflec- |

tions, especially at the pressure feedthrough and between sensor
^

and sheath, will be especially important. The pressure feed-

through reflection can be eliminated by including the entire |
|

sensor assembly within the pressure vessel, or it can be moved |

sufficiently far from the end reflection to prevent overlap of>

the primary signal reflections. Sensor-sheath reflections can

be minimized by utilizing a rotating sensor, as previously des-

cribed. Future Molten Pool in-core experiments will utilize j

sensors modified in these ways.

The ultrasonic thermometry technique could be used in a

variety of reactor safety experiments, especially those involv-

ing extremely high temperatures or requiring temperature gradient'

measurements. Studies have begun of sensors for measuring tem-

perature profiles in the Debris Bed experiments.5,10
l
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Appendix A -- Signal Processing Electronics

As previously indicated, multiple sensor / multiple element

ultrasonic thermometers were to be used to support the LMFBR
.

experimental program. As a result of this requirement, the pro-

grammable signal processing system shown in Fig. Al was developed.

Basically, this system can drive either one or two sensors, where

either sensor can have from 1 to 5 sensing elements. Specific

reflections from the elements are manually selected and the elec-

tronics generates a start /stop signal for each element. These

start /stop signals are then multiplexed to a single time interval

counter so that the counter provides a serial readout of the time

intervals for all the elements, where the number of elements can

be from 1 to 10. By using a counter having digital output, the

data can be used to drive a data logger or as direct input to a

computer, as was done for these experiments.

The most unique feature of this system is the manual signal

selection process. The desired signal is selected by aligning a

narrow (~0. 5 to 1. 0 p s ) gate pulse with the desired zero crossing

of the selected signal. Once this alignment is accomplished, a

signal tracking servo is engaged, causing the gate pulse to auto-

matica11y track the selected zero crossing. The required start /-

stop signal is then generated by "ANDing" the video (ultrasonic)

and gate signals. In previous systems, the gate was manually con- !

trolled at all times, or it had a very limited range, thus making ,

|

the multi-element sensor rather impractical. |

The major alements of Fig. Al are discussed in detail in

the following s2ctions of this Appendix.

1

I

J
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Sensor Driver and Preamp

Although several commercial pulse generators were investigated

to drive the sensor coil, a simple delay line/ mercury-wetted relay
'

pulser produced the best results. In the final design, 20 m of
,

RG58 cable charged to 300 volts was switched into the sensor coil,

as shown in Fig. A2. The pulser and coil were normally connected

by 10 m of coaxial cable, to allow use of the pulser at reactor

poolside, while the coil was in the reactor core. For a typical

sensor, this system provides a current pulse of 0.5 amperes, with

a pulse width of 0.5 us and a repetition frequency of 60 Hz.

The sensor coil is used for both excitation and interrogation

of the acoustic signal. The input to the preamp is protected from

the large (~150 V) excitation pulse by a hard limiter. This

limiter does not affect the return signals as they are well below

the diode threshold of 0.5 V. The preamp itself is normally

set for near unity gain and it simply acts as a line driver to

transmit undistorted signals through a 20 m coaxial cable to

the signal conditioning electronics in the control room.

A sync signal for use in the gate servos is generated in a

circuit parallel to the sensor coil by diode limiting the excita-

tion pulse. The parallel comoination of the sensor coil and the
|

! sync signal electronics, each nominally 100 0, provides a system
,

well matched to the 50 0 coaxial cable impedance.
-

,

I

Video Amplifier and Limiter
.

A video amplifier is required to bring the relatively small

(typically 5 to 100 mV) video signals up to a useable level. In'

! the present system, the video signal is amplified, hard limited

i



-34-

and applied to'a low-level sense amplifier. The resultant output

is a TTL-compatible series of logic transitions, where the transi-

tions correspond to the zero crossings of the input video signal.
As shown in Fig. A3, the video amplifier consists of two

differential gain stages followed by an integrated circuit sense

amplifier. The sense amplifier output is fanned out to drive six

AND gates and six NAND gates which in turn feed six gate control

servos. The parallel AND/NAND outputs are provided so that the

gate control servos can be locked to either a positive- or nega-

tive-going zero crossing. A 10.-level vide ^ 9tput is also pro-

vided, for viewing on an oscilloscope. This signal is used in

setting up the servo systems.

The input differential amplifiers provide a number of desira-

ble characteristics. For example, they provide a band-pass function

with cutoff frequencies of approximately 0.2 to 2.2 MHz. This band-

pass characteristic reduces system noise while maintaining the

required gain at the signal frequency of approximately 1 MHz. In

addition, the reduced low frequency response improves the overload

recovery of the amplifier, a necessary characteristic since the

amplifier sees both the transmitted and received pulses.

The differential amplifier also provides hard limiting of an

input signal without being driven into saturation, with the attend-

ant charge storage and (variable) overload recovery times which

occur in other types of amplifiers. The hard limiting is provided

through three stages of diode limiting using FD700 diodes. The

maximum reverse recovery time for the FD700 is approximately

U.7 ns and thus it does not degrade amplifier performance.
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For a simple amplifier of the type shown in Fig. A3, the
stage's differential voltage gain, A is given byy,

.

Rc
A =

kT , _RV c,

RE ,qI
E

with

voltage gainA =y

collector load resistanceR =c

RE = emitter resistance
k = Boltzmann constant

T = absolute temperature

q = electron charge

Ig = emitter current

B = common-emitter current gain

-

Unfortunately, if the device is used as a single-ended amplifier,
only half this gain is actually realized. This shortcoming can

be overcome by using a current mirror type load, as provided by
the 2N5119 of this design. The current mirror also improves the

amplifier's high frequency response by (1) greatly reducing the

input Miller capacitance and (2) allowing the use of a very low

collector load resistance.

A high speed sense amplifier (UA710) is used to provide final

signal processing in the video amplifier. With the overdrive pro-.

vided by the input differential amplifiers, this device provides

a propagation delay and rise time of under 40 ns for both positive-

and negative-going transitions. Since these delays are constant,

they do not affect system accuracy.

.. - --. _ _. ... - _ . .
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Finally, a second sense amplifier (U7) was included on this

board to process the sync signal so that it is TTL-compatible.
.

This. amplifier also provides a variable offset so that it can be

adjusted to reject the reflected acoustic and other noise pulses. .

Gate Control Servo and Zero Crossing Detector

As previously indicated, the gate control servo produces

a narrow (~0.5 to 1.0 ps) gate pulse which can be locked to a

selected video zero crossing. Time coincidence of these two

pulses can then be used as a start or stop signal to an elec-

tronic timer. Six gate control servos are required for each

5-element sensor.

The basic operating principle of this system is illustrated

in the block diagram of Fig. A4. Initially, the servo loop gain

and the voltage on the base of 01 are both zero. Thus, the col-

lector current of Al can be controlled by the gate position pot,

R1. This collector current then controls the pulse width of SS1,

over a range of approximately 50 to 1500 us.

Operation of the gate servo system is initiated by the sync

(transmit) pulse. This pulse starts the timing interval for SSl

and'it resets the stop/ start flip-flop (FFl).

When SS1 times out, the trailing edge of its output pulse

triggers SS2, which produces a fixed duratir n (~10 u s ) output
*

pulse. This SS2 pulse provides two functions. First, it resets

the integrator (A1) through the PET switch G2A and, secondly, the

leading edge of its output pulse triggers SS3. Thus, SS2 and SS3

are on simultaneously but SS2 will always be turned on before SS3,

since the leading edge of SS2 triggers SS3 (if SS2 is triggered
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on first, a double gate pulse will be produced, causing very erratic

behavior).

The output pulse duration from SS3 can be varied from approxi--

mately 10 to 12.5 us. This output performs two functions. First,
9

it turns on Q2B, connecting a summing junction (R5 and R6) to the
integrator input (note that the integrator will not start inte-

grating until SS2 times out, since it is held in the reset mode

by 02A). The second output from SS3 is combined with the SS2

output, through clamp transistor A3. After SS2 times out, this

produces a gate pulse whose width can be varied from approximately

0 to 2.5 us, via the gate width control (R4) on SS3. This gate

pulse and the (square wave) video signal then drive an AND gate,

the output of which represents the selected video signal zero

crossing.

The zero crossing signal is used to set the zero crossing

flip-flop (FF1), which was initially reset by the sync pulse.

The FFl output provides the required timer start /stop signal and

it also provides the second input to the integrator summing junc-

tion, by turning on Q4. Reference should now be made to the tim-

ing diagram of Fig. AS.

As shown in Fig. A4, the sync pulse triggers SS1 on at zero

time. When SSl times Jat, SS2 and SS3 are triggered on. The

integrator is held in the rest mode as long as SS2 is on. When

SS2 times out (ty), the integrator begins integrating the current
which is being injected by R6 and its output voltage begins swing--

ing negative at the rate of

dV 1
*

dt R
6
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The output will. continue ramping negative at this rate until time

t2, when the AND gate output goes high, due to the coincidence of

the gate and the signal zero crossing. At t2, Q4 is turned on
.

and R begins conducting a current of V /R5 2 5 fr m the integrator
summing junction. If IV l = |V2| nd R5 = R /2, the integratori 6

output will begin ramping positive at t2, gain at the rate of

V
$E = 1

.

dt R
6

At T SS3 turns off, terminating the gate pulse and disconnecting
3

the summing junction from the integrator. The integrator then

holds its last output voltage value until the next timing cycle.

Assuming that the positive and negative ramp rates are equal,

if t2-t1=t3-t2'the integrator output wil be zero at t3

that is, if the signal zero crossing occurs in the middle of the

2, the output will be negativegate pulse. If t2-t1 >t, -t

the output will positive. This time-and if t2-t1< t3-t2,

proportional bipolar error signal from the integrator is the

driving function which controls the servo loop.

The integrator output drives a low-phase filter (~0.06 Hz)

and amplifier. Although the amplifier gain is only 6, the overall

loop gain is adequate to provide the required servo action. Assum-

ing that the integrator output is zero (the signal zero crossing

is centered in the gate pulse), the loop gain can be increased

without affecting the base voltage of 01. Once the loop is closed,

any motion of the signal relative to the gate pulse will change
the base. voltage and collector current of 01. This current change
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varies the pulse width from SS1, thus causing the gate signal

to shift in time, which re-centers the zero crossing signal.

Over a period of time, large signal movements (10 ps or
.

greater) may occur. These will require large error signals to

shift the gate pulse and, consequently, the zero crossing signal-

will become somewhat offset from the center of the gate pulse.

However, as long as it remains within the gate pulse, time

coincidence of these two signals still provides an accurate

start /stop timing signal.

As previously indicated, the open loop gain of this system

is relatively high and unfortunately, it is a function of gate

position, i.e., the value of Rl. For example, loop gain varies

by a factor of 30 between minimum and maximum gate delay. Loop

stability is attained by the low pass filter and the manually

adjustable loop gain control. For relatively short delays (in

the range of 100 to 300 us), the loop is stable with maximum

loop gain. However, for long delays (1 ms or greater) the maxi-
'

mum loop gain is sufficient to produce minor instability. This

instability is manifest as a time jitter of the gate pulse and

not the large amplitude oscillations normally associated with

servo systems. This instability can be eliminated simply by

reducing loop gain using the loop gain pot.

To set up the servo, the loop gain is set to zero, the gate

pulse is aligned with the desired zero crossing, the zero cross-

ing polarity is selected and the loop gain is increased until

the gate signal begins to jitter. Loop gain is then reduced

slightly to eliminate the jitter. The channel is now locked in.

i

.
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By connecting a zero-center meter to the integrator output, one

can observe gate centering during an experiment and, if required,
.

the gate position pot can be readjusted without opening the servo
~

loop and losing data. This adjustment is not generally required, .

as the servos track very well for relatively large (many us)

signal excursions, but the meters do provide a quick visual check

of servo performance.

A schematic of the gate control servo is shown in Fig. A6.

The major shortcoming in this system is the CD4016 FET switch.

A 0.5 us gate pulse severely taxes this device's switching speed

and if narrower pulses are needed, faster FET switches would be

required. However, the CD4016 is quite adequate for any gate

pulse longer than 0.5 us.

Multiplexer

The present multiplex system was designed such that one

timer can be used to read sequentially the outputs from either

one or two sensors, where either sensor may have from one to five

active elements. The system will automatically sequence through

all elements or it can be manually stepped through the sequence

at any desired rate. The required systci inputs are:
|

1) Selection of either one or two sensors,

2) Selection of the number of elements per sensor, ,

3) Selection of auto or manual sequencing,

4) Stop/ start signals from all sensors and,

5) A "done" signal from the timer.
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The system outputs are:

1) One " start" and one "stop" signal line to control the

timer,-

2) A top-of-page sync pulse, to indicate when element #1 of
.

sensor #1 is being read and,

3) A train of data sync pulses, one pulse per sensor element.

Assuming the timer has a digital output, the data can be printed

out directly or it can be fed to a computer for real time data

reduction.

A schematic of the multiplex circuit board is shown in Fig.

A7. The basic ci.rcuit functions for e single sensor are as rol-

lows. The "done" signal from the timer increments a 7419 decade

counter. The decade counter drives a 7485 digital comparator and

two 74151A 8-line to 1-line decoders. The second set of compara-

tor inputs are derived from the element selector switch and when

the decade counter and element switch inputs match, the comparator

resets the decade counter and the sequence starts over again. The

decoders (74151A's) pass the selected stop/ start signals to a sin-

gle start and single stop terminal, depending upon the state of

the decade counter, e.g., for element 1, servo 1 provides the

start and servo 2 the stop; for element 2, servo 2 provides the

start and servo 3 the stop, etc.

- These basic functions are essentially duplicated when a two

sensor system is used. The major difference is that the reset

pulse from the 7485 comparator now sets a flip-flop which enables

a second cou1ter, comparator, decoder system. The comparator

for this second sensor then provides the system reset function.
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Addition of a second sensor also requires the use of a 74157

2-line to 1-line decoder to provide additional fan-in of the
stop/ start signals. -

If one of the servo loops should drop out of lock, the timer

may not. generate a "done" signal for this element and the multi-

plexer would stop on the affected element. To prevent data loss
,

from the unaffected elements, a demand timer has been included in

the multiplex system (the U2, U3 and U28 one-shots). If this cir-,

cuit does not receive the "done" signal before the pre-programmed

demand time interval, it automatically increments the multiplexer
to the next sensor element. Assuming the out-of-lock servo is

driven by an interior sensor element, the next element will also

be affected (i.e., i f the first element has no stop signal, the

second element will have no start signal) and the demand timer

will again increment the multiplexer.

| Propagation delay effects in the multiplexer were minimized

by:

1) using high speed TTL logic (series 74),

2) minimizing the number of gates and

3) ensuring that all start and stop signals encounter<

the same number and type of gates.

Obviously, these steps will not totally eliminate propagation

delay but they do cancel the effect of the inherent gate delay

and only the unit-to-unit delays will affect the data. The

effects of these unit-to-unit variations are minimized by

laboratory calibration of the sensors.

-p w ---,-w- y -,,, ,,v, , ye--e-
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Appendix B -- Evaluating the Effect of Overlapping

Signals on the Accuracy of Ultrasonic Thermometry Data
.

11Arave and Buchenauer recently evalua ed the phase shift of

ultrasonic thermometry signals resulting from interference from-

an overlapping standoff echo. In this Appendix, we will use the

same approach to a more general discussion of the effects of

overlapping reflections. For this discussion, we will focus on

secondary reflections; however, the results could be applied to
any reflections overlapping the primary reflections.

For purposes of discussion, consider Figure B1, which shows

a five-element ultrasonic thermometer, along with the six primary
reflections which are the start and stop signals for those five

elements. Besides these primary reflections, there will be over-

lapping secondary and higher-crder reflections which will be more

or less important, depending on their amplitude and phase rela- t

tionship to the primary signals. For example, if the elements

are equally spaced, and the temperature uniform, we would expect
| that the primary signal from reflection 3 (R3, in Fig. Bl.c)

would be generatad in the pulse coil at the same time as (i.e.,

be overlapped by) a secondary signal resulting from successive

reflections at notch 2, notch 1, and notch 2, designated as R212
in Fig. Bl.d. Likewise, primary reflection R4 is overlapped by
three secondary reflections, R by six secondary reflections,.

5

and R by ten secondary reflections as tabulated in Table BII.6
.

Inspection shows that R and Ry are not overlapped by any sec-2

ondary reflections.

_ - _ __ -. . _ _ - . --
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If the secondary signals are in phase with the primary sig-

nals, then only the magnitude of the signals will be affected,
and no measurement errors in delay time will result. However, -

in an actual measurement situation, the temperature gradient along

the sensor wire, and differences in sensor length, will result in

overlapping but out-of-phase secondary reflections. These will

change the apparent phase of the primary signal and introduce

temperature measurement errors.

In order to treat the overlap ef fects mathematically, we will

make the simplifying assumption that the signals are sinusoidal,

rather than damped waves. Since we are principally interested in

the larger amplitude por tions of the signals, this assumption will

not cause significant error.

4

A sin wtR =
p

Rsl " B1 sin (wt + 6 1)
__

Rs2 * B2 sin (wt + 6 n)
t

.

.

B sin (et + S n)R =
sn n

{
i

Here R is the time-resolved primary reflection amplitude, and Rsl'p
th

R ..., R are the reflection amplitudes of the first to n
s2, sn

j secondary reflections, which are out of phase with the primary

* 6n. The maximum signal amplitudes arereflections by 6 1, 6 2 *

A, 91, B2' *'Bn, The resultant signal from the summation of

overlapping primary and secondary reflections is

_ _.
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1) R = A sin. t + By sin (wt + 6 1) +B2 sin (wt + 62)
+ +B sin (wt + 6 n)... n

.

=.A sin wt + B1(sin et cos 6 1 + cos wt sin 6 1) + ...

~

+Bn(sin wt cos 6 n + cos wt sin 6 n)

= (A + By cos 6 1 + ... + B cos S n) sin wt + (By sin 61+ ...n

+B sin 6 n) cos cot wn

This can also be expressed as a single resultant sinusoidal wave

which is phase-shifted from the primary reflection by Y.

2) R = C sin (wt + Y ) = C sin wt cos Y + C cos wt sin Y

Combining 1 and 2,

3) C cos Y = A + By cos 6 1 + ... +B cos 6n n

4) C s'in Y = By sin 6 1 + ... +B sin 6n n

which together give

A+B cos 6 + +B cos 6...
"5) cos y

= cot Y =
sin Y B sin 6 y + ... + B sin 6y n

Before using this general expression to look at potential tempera-

ture errors, let us reproduce some of Arave and Buchenauer's treat-

ment of the effect of a single secondary reflection.
.

Using

6) cot Y = ^ + sc 6 + cot 6=
in 6
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let us find the phase shift 6 which produces the maximum change l

in Y, and hence,-the maximum error in indicated temperature. For

'

this, we need to' find A = 0.
d6

.

2
Y h = h (-csc 6 cot 6)7) d cot y = - csc2 .

- csc 3

2
dY _ A csc 6 cot 6 , esc 68)
d6 B 2

csc Y csc y

- cos 6 + l\
. 2

h = [B
A ^Y

d6 \ / sin - 6

Setting =0 ,

B
9) cos 6 = y

,

-1(-f9a) 6 (Ymax) = cos

f

Equation 6 may be rewritten using trigonometric identities
i

|

10) cot y = A/B + cos 6
Y1 - cos2 3

s

|
and substituting from Eq. 9 to find the maximum value of Y,

11) cot Y = Y(A/B) -I

which is equivalent to

f12) y = sinmax
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For values of which are small, 6 (Ymax) will be near 90', and

ymax will be near O*.

Let us use these results to evaluate potential errors with.

ultrasonic thermometers similar to those described in this report.
.

A maximum acceptable temperature error might be 15*C, or about the

calibration uncertainty. If we assume a 10 mm length sensor of

thoriated tungsten, a 15*C temperature change at 2500*C represents

a time error of about 10 ns (see Figure 6). For signals whose

center frequency is about 500 kHz, 10 ns represents a 1.8' phase

shif t Y . From Eq. 12, 1.8' is the maximum phase shift possible

if the signal ratio B /A is 0.031. This phase shift in y willy

occur if 6 is 100'. Thus, a secondary reflection with about 3%

of the primary signal amplitude, and out of phase by 100*, will

cause a 15*C temperature error at 2500'C. Note that since the

secondary reflections which we are considering always involve

two reflections more than the primary reflection (see Fig. Bl),

then a ratio of B /A f 0.031 implies a reflection coefficient
l

of /0.031, or 0.18. That is, if the primary reflection coeffi-

cients are all 0.18, then the secondary reflection coefficients

will be (0.18)3, and 8 /A = 0.031. For ccaipar ison, reflection'

1

coefficients used in the present study were generally near 0.2.

It should also be noted that the above calculations assume

only one secondary reflection overlapping only one reflected pri-
.

mary signal, where in fact the delay time is measured beuween two

. primary reflections and several secondary reflections can be

present. Thus, in practice, larger errors could result if the

offc:ts of the secondary signals were additive. However, now

. _ _ _ _ _ _ _ - _ _ - _ _ - _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ _ _ - - _ - - _ - - _ _
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let us refer to the more general case depicted schematically in

Fig. Bl. As shown, no overlapping secondary reflections are
.

.

possible with Ry'and R2, while R3 has onc overlapping secondary

reflection and multiple secondary reflections could affect R4, .

R5 and R6 Let us for illustrative purposes calculate the tem-;

perature errors which resulted from the measured temperaturei

. profile in Figure 14. In Table BI we give the temperatures,.
!

delay times in microseconds and delay times exprected in terms

of the number of cycles of a 500 kHz signal (the approximate

signal frequency).
1
'

For the calculations, the reflection coefficients are assumed

to be 0.2 except for the end reflection coefficient of 1.0. The

decrease in amplitude of the incident signal due to losses at,

earlier reflection points is small and ignored in this calculation.

For each reflection R1,...,R6, we calculate the phase angle 5 for

each secondary reflection which can overlap the particular primaryi

i

reflection. Then, using Equation 5, we determine Y , the change of

phase of the resultant signal.

As an example, for R there are three overlapping secondary4,

The last two are equivalent.; reflections, R R312 and R213323,

f Using the data from Table BI, the phase angles d i are

323) = 360 [8. 311 - (5.509 + 2.76 3) } = 14.0 *6 (R -R
4

i

R312) = 360[8.311 - (5. 509 + 2. 747) ] = 19. 8 *(R5(R -R213) = -

4 4 .

-From the phase angles 6g, the phase angle of Y(R4) is calculated

as
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^+ sin 14* + B sin 20 +B sin 20
Y(R ) = cot" 1 2 3

4 B cos 14* + B cos 20 + B cos 20y 2 3

*
- -

l+ ('04)('97+ (2) ('9 4)-1
cot- - =

(.04) { .243 + (2) ( . 339))1
- .

y(R ) = -1.9'
4

Thus, the effect of the three overlapping secondary reflections

on R is to shift the signal forward in *;me by 1.9 or 10 ns.,
4

Table II lists the calculated values of S for each secondary

reflection and of the resultant Y for each primary reflection.

Finally, for each sensor element E j , we determine Yji -Y i, and

from this At. Using At and Figure 6 calibration data, we finally

obtain AT. These data are tabulated in Table III, and indicate

temperature errors of -1.6 to -14*C due to overlapping secondary
~

reflections.

Although each set of temperature data will have its own

unique combination of overlapping secondary reflections which will

give a unique temperature error, these calculations suggest the1

possibility of minimizing the temperature errors by appropriate

choice of sensor lengths. In the present case, the end element

(E56) was about 15% longer than the other elements. As a result,

had a relativelyall of the secondary reflections overlapping R6.

large and constant phase angle 6 with the end reflection R6*
.

This would have caused a rather large phase angle Y(R6) except

was five times larger than any of thethat the amplitude of R6

other primary reflections, so that the relative importance of
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each secondary reflection was less. In fact, the phase angle

Y(R6) ended up fortuitously close to (RS), resulting in a rela-
Although this combination occurredtively small error for E56

-

accidentally, i t suggests the possibility of tailoring the sensor
.

lengths to offset errors caused by temperature gradients, if these

temperature gradients can be determined approximately in advance.

The approach would be to determine the ratio of delay times per

unit length between successive elements in the predicted tempera-

ture gradient, and then fix the element lengths in the inverse

ratio to give nominally constant At's between all sensor elements.

This would then give in-phase or nearly in-phase secondary reflec-

tions. Alternatively, or in addition, it should be possible to

make corrections to the measured temperatures by calculations

such as those described in this Appendix.

.

9
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Table BI

Raw Ultrasonic Thermometry Data Converted to Cycles*

of 500 kHz Signal
.

Delay Time
Sensor Delay Time in Cycles )[
Element T('C) (ps) (500 kHz) Cycles

2535 5.493 2.747 2.747-E 12

2693 5.526 2.763 5.509E 23

2770 5.603 2.801 8.311E34

E 2715 5.580 2.790 11.10145

2561 6.305* 3.153 14.254-E 56
.

*This time longer because the end sensor element was about 15% longer.-

.

e

*

.

1

1

amv a w m v w .-w + e y , wyv---- ,w--w4 ~v--- ~* **
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Table BII

Phase Shifts Y(Ri) Calculated for Each Primary Reflection

due to Secondary Reflection Overlap
.

Resultant
overlapping Phase Shift 6 1 Phase Shift

Primary Secondary of Secondary y(R ) of Primary
i

Reflection Reflection Reflection Reflection Ri
(degrees) (degrees)

!

R1
-- ----<

R 2
-- ----

R -5.4 -0.2R3 212

R -14.0R 4 323
-1.9

R -19.8R312, 213

R R +4.0 -2.35 434

R -15.5313

R -29.9R412, 214

-7*9R423, R324

R R -130.7 -3.056 545

R -136.4424

R -126.4R534, 435

R -146.2R512, 215

-140.8RS23, R325 .

R -156.2R413, 314

. . _ _ _ . __ . . . . ,_ _ _ _ . _ - ._ _ - _ _ . - . _ _
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Table BIII

Temperature Errors Resulting from-Secondary
.

Reflection Overlap of Primary Reflections
,

,

;
.

Sensor Element AY At AT

(E j) (Y -Yg) ( p s) (T)'

i
(d grees)

.

0 0 0E 12
.,

E23
-0.2 -1.1 -1.6

E 34 14-1.7 -9.4 -

E 45
-0.6 -3.3 -5

.

A

E 56
-0.75 -4.2 -6

1

I

!

|
|
i

I

4

|

> e

I

.|

,
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Figure 1. Schematic of an ultrasonic thermometer,' showing the
exciting coil and de magnet used to generate and
reacquire a signal in the magnetostrictive stub, the
transmission line, and the sensor element in an ele-
vated temperature zone. The temperature-dependent
delay between the electrical signals generated by
the reflected acoustic pulses is shown in Figure Ib.
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as the remendur length becomes comparable to the length
of exciting coil and DC magnet.
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i Figure B1 Diagrammatic representation of a) five-element ultra-
sonic thermometer, b) primary reflected signals from.

thermometer, c) path of primary reflection R3, and d)
path of secondary reflected signal R212, which over-
laps R3* '
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