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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, five 10-mm-length sensor elements 
were used to measure axi~l t~mperatures in a uo, or 
uo2-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, five 10-mm-length sensor elements 
were used to measure axial temperatures in a uo 2 or 
uo2-steel system fission-heated to about 286ouc. 

1. INTRODUCTION 

A critical diagnostic measurement in many reactor 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 temperAt11res to be measured are often beyond the 

11~eful 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 
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in the past for measurements of very high temperatures (to ~2600°C) 

in reactor experiments is ultrasoni~ thermometry.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 an ultrasonic ther­

mometer for use in the Sandia LMFBR safety research program. 

Applications to date have been in ·the Molten F~el Pool Study, 

but applications to Debris Bed 5 experiments are planned. Details 

of the sensor construction are given, and the electronics system 

for data acquisition and an~lysis is described fully, with cir~ 

cuit diagrams provided. Laboratory studies of the system· are 

discus~ed, 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 refle~tions on measurement accuracy; are eval~ated and 

recommendations made. Finally, future ~lans 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)~,. in which M is a modulus of the material 

and p 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 generally been employed, for which 

v = (E/p)~, E being Young's modulus. 

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 

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 ~he acoustic pulse is· a funcfion of 

*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 temperature in the sensor wire, the difference in arrival 

times for reflections from adjacerit discontinuitiei can be 

related to the average temperatureoof the wire between those 

discontinuities. 

Since a number of acoustic dis~ontinuities can be provided 

on a given sensor wire, a temperature profile along that wire 

can be measdred. 7 This is one of the primary attrac~ions of 

the ultrasonic thermometry technique. However, the piincipal 

advantage of this technique over-more conventional method~ is 

that.it can be used at very high temperatures, limited in theory 

only by the melting point of ~he sensor materiai. For tungsten 

alloy sensors which have been employed, this temperature limita­

tion is 3410°C, more than .1000°C higher than measurable with 

sheathed thermocouples. 

··The ultrasonic thermometry technique has been employed by 

a number of investigators 2- 4 to measure the centerline te~~era­

tur,s of nuclear reactor fuel pins. Temperatures around 2400~C. 

have been measured, for periods 6f several hundred hours~ All 

these studies have employed tungsten or tungsten alloy sensors 

in tungsten alloy sheaths. The res~lts of these studies ha~e 

been only partially satisfactory. Arave and co-workers 3 measured 

temperatures to 2000°C for six days, but found "sticking" prob­

lems (sticking is the contact welding of metallic sensor to 

metallic sheath at high temperatures, which causes spurious 

reflection~ and temperature measurement errors) resulting in 

a 300°C calibration error. At higher temperatures (2700°C), 

the·transmissio.n line sheath collapsed after two hours, masking 

,, 
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the sensor signal. Tas~an et a1. 4 measured temperatures above 

23Q0°C for over. 300 hours, using two ultrasonic thermometers 

inserted in ·either en~ot a fuel pin. One of the thermometers 

failed af~~r 14 hours du~ to sticking, and the other developed 

sticking interferences intermittently, which were cured in each 

case by temperat~~e cycling the reactor (and 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 

preble~. ~his prbblem will .be discussed in some detail in this 

re~ort. 
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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 measur~ temperatures and tempera­

ture gradients in uo2 to its melting point (2860°C) or above. 

The only method of temperature measurement which app~ared to be 

applicable to this problem was ultrasonic thermometry. Since no 
: .. ,., . _., 

commercial equipment existed which could be used for such measure-

* ments, a development program was initiated~ 

In general, the applications made of thin-wire ultrasonic 

thermometry in the past 2- 4 had involv~d relatiyely long (50 mm) 

sensor elements, and coils and electronics appropri~te for sensors 

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

sen·sor elements no longer than 10 mm, since the entire height 

of the temperature zone to be measured was SO 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 

delay lines 8 was quite helpful in this development. 

3b. Signal Transducers 

A 10 mm length sensor element of thoriated t~ngsten results 

in reflected acoustic signals about 4 ~s 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. 
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signal separation, the acoustic pulse then should be no longer 

than 2-3 ~s (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 

maqnetic 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 curren~ pulse driver (described 

later}. Coils which ~ave satisfactory results had 100-150 turns 

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

diam~ter. The inductance of satisfactory coils ranged from 15 to 

30 ~H. The use of the ferrite discs.was actually not necessary 

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

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

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

3c. Signal Processing Electronics 

The signal processing electronics 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, h.igh amplitude current pulse in the_pulse coil. 

After a time delay,. the returned acoustical signals reflected from 

*see Ref. 9 for a more complete description of ~h~ ~til~e length 
~nd chapc obtsin~d from ~ mngnP.tostrictive transducer. 



-8-

the sensor elements induce new electrical signals 'ih the same 

pulse coii. These signals are run ·through a line driver ampli­

fier fdr transmission to a remote signal processing console. 

Here~ the signals are further ampli~ied and hard l{mited ~o ~ive 

a ~TL-compatible series of logic transitions c6rrespondin~ to sig­

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

crossings u~ing 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 

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

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

resolution is otherwise iimited by the relatively slow clock 

frequency of the counter (10 MHz) rather than by jittet in ·the. 

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

sequ~ritial measurement of as many as 10 sensor elements (5 ele~ 

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

vides an averaged delay time measurement ~very 1.67 s, or 16.7 s 

for a Complete sequence of 10 delay time--hence, temperature-­

measurements. 

3d. Magnetostrictive Wire Requirements 

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 bf the signals drops. F6r 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 th~ maximum magnetostrictive effect (determined by the 

ratio of electrical signal returned to input electrical signal), 

it is necessary to heat-treat the remendur 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 s~tisfactory 

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 rnm diame­

·ter dll~ 2~ rnrn long, gave maximDm ~ignal amplitudes when used 

in clo~e proximity (3-5 mm) to the remP-ndur wire. 

The length of the rnagnetostrictive wire used is not criti­

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

the tungsten-rernend11r junction (typically ~10% reflected signal 

ampl1tude for a butt-welded joint), the length of remendur should 
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be chosen to prevent interference of_any joint reflectiop with 

the reflected signals from the sensor. This require~ makirig 

the acoustical propagation time through the remendur s~ction 

either shorter or longer than that between any two sensor el~­

ment ·reflections (see Section 3j for details on interfer~nce 

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 v~locity of thoriated tungs~en _at 3000°C (3300 m/s), 

the physical length of remendur must be more than 1.64 times the 
) !' 

length af the tungsten sensor elem~nt section to.insure no reflec-

tion interference (>82 mm in the present case, for five 10 mm 

sensd~ elements). 

~lternatively, the remendur section could be made.shorter 

acoustically than the shortest delay. between sensor, elemept 

reflections at the lowest use temperature. Assuming a 10 mm 

distance between sensor reflective discontinuities and room t~m-

perature as the ·lowest use temperature,, .the length of remendu_r 
. 

would need to be less than 10 x 5400/4120 = 12.5 mm. In fact, 

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 i~ short.ened due to the 

decreased coupling with the pulsed and steady magnetic fields. 

Figure 3 shows the signal amplitude received as a function of 

remendur length. As shown, a reduction of signal of about a 
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factor of 3 may result· from use of a sufficiently short remendur 

section. For this ~eason, 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 

limited to a few very refractory metals and alloys. ~f these, 

tant~lum is highly oxidation-sensitive and would not be stable 

in the uo 2 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, 

incre~sing 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 

stable calibration curve after an initial heat treatment, due 

to grain boundary pinning by the Tho 2 • This material has been 

chosen for use by others 4 ,ll and is presently being used in our 

studies. 
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The diam~ter of thoriated tung$ien wire required f~r ·imped~ 

ance matching to 0.7 mm remendur is near 0.5 mm*, a readiiy ·avail~ 

able size. Percussiv~-arc welding.(butt-~elds) was a convenient.· 

means of attaching the remendur and tungsten. A strong though 

somewhat brittle joint was obtained in this way. 

3f. Sh~ith Materials 

When the sen~or is.used in an environment such as sintering 

and melting uo 2 , it is· necessary to sepatate the sensor from the 

uo2 to prevent inte~fering acoustic signals at p6ints of contact. 

This has generally been accomplished 2- 4 with a protective sheath 

of a tungst~n-rhenium alloy (thoriated tung~ten sheaths could not 

be readily fabricated). Howe~er, there is~ strong· tendency for 

the sheath a~d the sensor to contact· weld above 1800°C, resultin·g 

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

meant to prevent. This has sometimes been reduced 11 by using 

standoffs it iritervals on the sensor wire to localize and mini-

mize the contact area. However, foi the present application it· 

was judged that the reflections from the standoffs themselves 

were excessive, ~o this t~chnique was not applied. Insteadt an 

*The impedance for extensional waves is Z = pveA, in which p is 
the densi~y, ve the extensi£9al wave velocity and A the cross­
sectional area of the wire. · For impedance mat~hing, 

P1v1A1 

p2v2A2 
For tungsten and remendur, this requires 

(8.2) ("5400) = . . d /d 0 73 th (19.3)(4320) 0.53 glvlng W R = • ·as e 

wire diameter ratio. 
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alternative sheath material, Tho 2 , 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 occurs). The Tho 2 

sheaths work quite well for experiments of short duration. For 

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

the vapor pressure of Tho 2 is sufficiently high that Tho 2 vaporized 

from not portions of the sheath may condense on a cooler portion of 

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

tu~e measurements. It is also possible that slow chemical inter-

actions between tungsten and Tho 2 could occur, changing the sensor 

calibration. However, this effect was not observed in furnace 

~xperiments up to one hour in duration. 

3g. Reflective Discontinuities on Sensor Wire 

~ variety of acoustic reflective discontinuities can be used 

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

diame~er can be used to cause a~ impedance mismatch with readily 

defin~d reflection and transmission coefficient~. 1 ~ 

R = 

T = 

Here, z1 and z2 are the impedances of the sensor wire before and 

after the step diameter ·change, and are related by 
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d 2 
1 = --2 

d2 . 

where d 1 is the initial wire diameter and d 2 is the changed wire 

diameter. Thus the reflection coefficient is 

R = 
d 2 

2 

d 2 
2 

- d 2 
1 

+ d 2. 
1 

and the diameter ratio required to give a specific reflection 

coefficient, 

= (l+R)~ 
.1-R . 

Other types of reflective discontinuities, while not r~adily 

treated mathematically, nevertheless produce quite acceptable 

refl~~tions. These include notches, loops and standoffs:·· 

Loops and st.andoffs would appear to serve a double functi"on of 

providing a reflective discontinuity and at the same time mini­

mizing contact between sensor and sheath. However, the refl~ction 

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

'shape by contact with the sheath. Since the measurement of tern-

perature by ultrasonic thermometry 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 

~f the notches is believed to have a significant effect 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 coeffi~ients, compared to the depth of step 

diamet~r 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 th~ pressure amplitude, so that the reflected and transmitted 

energies are given by 

E = E R2 
R o 

with R the pressure amplitude reflection coefficient. 12 Thus 

for example, a reflection ~hose 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·o.2 and 0.3, were typically used, al~ng with the 

end reflection, to define five sensor elements. 
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3h. Ul~rai~nic Thermometry Laboratdty_Experiment~ 

Experiments to characterize ultdisonic thermometry behavior 

were run in an inert-gas-filled, tungsten m~sh-heated furnace, 

which provided temperatures to 2906°C. In general, the thermome­

ters we~e suspended vertitally in the heated zone, and-had limited 

contact with other mater-ials. In ~arly experiments, the thermome­

ters did experi~nce some contact with tungsten cir molybdenum h~it 

shields at th~ top of the heated zone (right~angle contact betwe~n 

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 Th0 2 ~heath around the serisor 

over the length which passed through th~ shields into th~ heated 

zones. Normally, the Tho 2 sheath did not extend far beyond the·· 

heat shields into the heated zone unless it was desir~~ specifi­

cally"to look at sheath-sensor interactions. 

The sensor wires used were 2% thoriated tungsten, specifi~d 

as "straight rod" by the manufacturer.* Calibrations:were_ per~ 

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

welded to a 100-mm-long remendur section. ~he sensors gene~ally 

had 5 sensor elemen~s of 9-10 mm l~ngth, plus an additionai 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. Calibratiori of the sensor elements normally 

involved measuring the delay time at different temperatures 

between each pair of reflections iricluding the pair with the 

end reflection. Thus five ~alibration 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 l5°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 (irst 

heating cycle (not shown) is quite different from subsequent 

heatin~ cycles, indicating some permanent change in the internal 

structure of the thoriated tungsten wire. 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-tern-

perature segments (1400°C to 2850°C) was typically near ±l0°C. 

The accuracy of the calibration data was limited by the accuracy 

of the optical pyrometer measurements to ±l5°C above 1800°C. 

At temperatures above 1800°C, some attenuation of the 

reflected signals was observed. Figure 7 shows the attenuation 

at different temperatures for a signal from a 2%-thoriated tungsten 
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ultrasonic thermometer, reflect~d 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. 

3i. Axial Heat Transfer in Sensor Wires 

In the first application planned for the ultrasonic thei­

mometers, measurement of temperatures in fissibn-heated uo 2 , there 

was concern that significant temperature measurement errors might 

result from axial thermal conductivity in the serisor-wire, be6a~s~ 

the thermal conductivity of the tungsten sensors was much higher 

than that of granular uo2 (1 W;/cmK vs. 0.015 W/cmK)'. Computer 

modeling of the expected transient heating and cooling cycl~ was 

attempted, but failed due 'to stability problems. Sub~equently, 

a steady-state model was used to establish an uppet bound on 

the measurement error. 13 The ~ohfigur~tion of ttingsten sensei 

and sheath and uo 2 fuel sample ~niti~lly mod~led are shown in 

Figure 8. A vqlumetric heatirig rate was chosen ,which gav~ the 

predicted axial and radial temperature gr~dients in·the fuel 

using an isothermal outer boundary. T~mperature profiles were 

calculated with and without the sensor and sheath present in the 

fuel. The presence of the sensor and sheath depressed the uo 2 

temperature as much as 42°C. Similar calculations petformed -

using a Tho 2 sheath in place of the tungsten sheath; with the 

same imposed tem~eratu~e gradient, ind{cated a maximum ·temperature 

measurement error of 20°C, due to the much lower thetmal conduc­

tivity of Th0 2 relative to tungsten. Results of the calculations 

with a Th0 2 sheath are shown in Figure 9. 
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The calculated volumetric heating rates necessary to produce 

the desired. temperature gradients in the uo 2 at steady state were 

2-4 times lower than the actual experimental heating rates,l4 demon­

stra~ing the departure of the experiment from a steady-state con­

dit~on, and also suggesting a lower temperature error in the actual 

experiment than calculated. Further, the temperature gradients 

ac~ually observed in the experiments with uo2
14 were more than a 

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

temperature error declines roughly in proportion to the axial tern­

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 l0°C (Tho 2 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-

rnents suggest ~ temperature measurement capability limited only 

by the ·accuracy of pyrometric temperature measurements, a number 

of temperature measurement errors can occur with ultrasonic 

thermometer~ in less ideal measurement situations. Differences 

between the temperature of the sensor and its surroundings due 

to axial h~at losses in the sensor have been treated in the pre-

ceeding secti6n and found to be gener~lly small and within the 

measurement uncertainty. Two other sotirces of error ~re sornewh~t 

ha~der to define, but potentially can be very troublesome. 

T~e fir~t is the effect of overlap of rn~l~iple re~le~tions 

among ~he sensors with the primary sensor reflections. This 
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area is discussed in-detail in Appendix ·s. The results o£ an 

analysis of ~hi~ proble~ are th~t for! reflection coe~ficient~ 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 uncertainty. For larger sensor reflection coeffidients, the· 

errors resulting from multiple reflections may become prohibi-

tively high for certain sensor ele~ents (not all sensor elements 

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

an attemp~ 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 

ente~s a sealed v~ssel, it must pass through, .and contact, some 

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

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. t~e r~meQdur~ 

tungsten weld, as discussed previously. If these reflections . . . 

are sufficiently 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 te~peratures measured .. 

As an example, Figu~e ~0 shows a.sensor.with a number of 

reflection points _(7 7 10) in.?ddition to the desired sensor ele­

ment reflection points (1-6). The desired signals will tra~erse 
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paths 10-1-10, 10-2-10, ·etc. 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 Apperr­

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 wou~d be to shift 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, 

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 fro~ an 

inspection of the signal waveforms. However, as previously 

stated rather small temporal shifts can cause large apparent 

temperature errors (1.4-6°C/ns in the present case). 



-22-

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 magneto­

strictive stub to the feedthrough or weld long in comparison 

to the distance between the furthest se9arated 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 from contact between the sensor and uo 2 , it is important 

to minimize the sheath-sensor contact. 

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

A compromise has b~en made in sheath-sensor spacing to ntinirnize 

contact area while not jeopardizing thermal energy transfer into 

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

matched to a 0.5 mm OD sensor. An attempt has been made to obtain 

very straight senso~ wires and sheaths. The thoriated tungsten 

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

sheaths tend to be slightly warped. Tungsten-rhenium sheaths 

used in ~arly trials were generally warped by less than 0.5 mm 

in a 100 mm length, while Tho 2 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 ~ine tungsten wire (25-75 ~m diameter) provided 

satisfa9tory isolatio~ of contact points at low temperatures but 

were subject to contact welding, resulting in more substantial 

reflections at temp€ratures. above 2300°C. Standoffs consisting 

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

vals, have been used by others11 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 
.. ,. 

desirable. 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 tound that· Th0 2 sheaths did not develop sticking problems at 

high temperatures as had the tungst~n sheaths. There was no 

reaction apparent between tungsten and Th0 2 at temp~ratures as 

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

furnace experiments any evidence o~ temperature measurement 

error due to the contact which invariably occurred due to 

the a~-receiv~d warpage of the Th0 2 she~th~ mentioned earlier. 

The Th02 sheaths had an additional ber1efit in being low in 

thermal conductivity relative to tungsten, so that the Th02 
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sheaths 'did;bot~~ontribute substantially ·to axial ~eat losses 

in the sensei.· The Principal dr~wbacks bf th~ Tho 2 sheaths 

relative to tungsten were an increased brittleness, potentially 

resulting in broken sheaths during an experiment, and a possi­

bility of interference in high temper~ture'measurements of l6rtg 

duration due to vaporization of Th0 2 and conderiiation 6n '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 be~n sought. One which may have a great deal of 

promis~ has been suggested b~ Lynnworth. 15 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 gi~e relief 

from the contact welding problems encountered when using tungsten 

sheaths with t~ngsten sensors. Tungst~n sheaths might be more 

desirable to use than Th0 2 sheaths due to their superior rugg~d­

ness at high temperatures. 3owever, with either Th0 2 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 

sheath~ ~rP planned for the near future. 

4. APPLICATIONS OF ULTRASONIC THERMOMETRY IN REACTOR EXPERIMENTS 

As mentioned earlier, the primary impetus for the develop­

ment 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 experim~ntal 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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retention materials at the actual temperatures of interest. The 

main goal of the in-core experiments is to measure fuel tempera-

tures and internal heat flows in molten fuel, molten steel, and 

solid fuel crusts surrounding fuel pools. 
I 

A series of three in-core experiments has been conducted to 

date. The first two contained only uo 2 particulate and the third 

had uo 2 ~articulate overlying a 304 ss disc. Each of these 

experiments was contained inside two nested pressure vessels as 

shown in F~gure 11. The assembled package was placed into the 

Annular Core Pulsed Reactor (ACPR) for the experiment. 

In each of the two fuel-only in-core experiments, MP-1, and 

MP-2, 834 g of fully enriched uo 2 was fission heated at an ACPR 

power level of 600 kW. The uo2 specific power was about 2.4 kW/kg 

resulting in a 2 kW experiment power level. The fuel was a par­

ticulafe with a particle size distributi~n of 0.1 to 1.0 mm and 

a stoichiometry of uo 1 • 99 • The uo 2 was contained in a 3-mm-thick 

Th0 2 crucible which was 64 mm in outside diameter· and· in height 

as shown in Figure 12. Also shown in Figure 12 is a·schematic 

of a 5-e~ement ultrasonic thermometer and Tho 2 sheath. In each 

experiment, two of these sensors were placed near the axia~ cen-·· 

terline of the fueled region. The elements were 9-10 mm long. 

The end of the sensor was initially about 4 mm above the ~rucible 

bottom to allow for thermal expansion effects during the experi-

ment. A 1~5 mm length.cylinder of tungsten or Th0 2 w~s used to 

plug the end o~ the sheath below the sensor. The thoriated tung-

sten rod was 0.5 mm in diameter while the Th0 2 sheath was 

0.7 mm ID x 1.4 mm OD. 
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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 particulate reached incipient melting-just prior to the 

termination of fission heating. The thermometer record for this 

case is shown in Figure 13. Here uo2 melting is suggested by 

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 actu~l 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 trartsfer calculations. 

Figure 14 shows a temperature profile near incipient melt, 
. . 

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

temperature data urtder similar conditions. 
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The data acquired during the first two in-core experiments 

were much less satisfactory than from the laboratory experiinents, 

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 hist~ries) 

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

while even larger errors are apparent following the reactor 

shutdown. T~e o~her.sensor in MP-1 and both sensors in MP-2 

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

the s~nsors were contained within 150-~m-long Tho 2 sheaths for 

prot~ction from contact.with the uo 2 bed. Because the sheaths 

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 betwe~n sensor and sheath which 

may have been accentuated during the experi~ent by the uneven 

thermal expansion of various parts of th~ exper'ime~t c~p~ule. 

Finally the large temperature gradients in the fuel bed during 

the in~cote experiment may have caused non-uniform fuel motion 

which could have fur.ther warped or even broken the Th0 2 sheaths 

during the later portions of the experiments. 

An. addi tiona!. problem encountered was a possible interac­

tion between the Tho 2 sheath and the surround.iri~ low density zro 2 

insulation (see Fig. 11). During assembly the fragile 2r02 

insulation pieces sometimes sloughed off.a powdery residue. If 

some of this powder fell inside the Tho 2 sheath, eutectic melting 
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·of the Tho2 and zro2 could occu~ above 2600°C causing interfer­

ehce 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-35, involved fission heat­

ing 628 g of fully enriched uo 2 at 1.9 kW/kg (475 kW ACPR power) 

to melt an underlying· 224 g sample of 304 stainless steel. The 

ste~l was in the form of.a solid di$k, 12.7 mm thick, and 53.2 mm 

in dia~eter. 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 

laiger reflection coefficient notches were also used (35%, vs. 20% 

for MP-1 and MP-2), to minimize .the effect of spurious reflections 

due to-p6ssible binding of sensor and sheath. Finally, care was 

taken to prevent any zro2 powder from entering the space between 

serisor and sheath~ 

. Fig~re 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 spurious data early in the experiment 

on one sensor element, the agreement between calculations and 

measurements of steel temperature and maximum fuel temperature 

is rea~onably good. A temperature arrest in the steel near 

1400°t 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 prQfiles. Here, the temperature profile~ 

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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5. 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 

thermocouples were unsuccessful above 2000°C. Optical pyrome-

try was not applicable due to the limited physical access of 

thP. P.xpP.riments, as well as the opaque na.t~re 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 

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.S,lO 
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Appendix A Signal Prot~ssing Electronics 

As previously indicated, multiple sensor/multiple element 

ultrasonic thermometers were to be used to suppoit the LMF~R 

experimental program. ~s a result of this requirement, the pro­

grammable signal processing system shown in Fig. Al ~as d~v~loped. 

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

either sensor can have from l 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 sirigle time intervcil 

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

intervals for all the elements, where the number of elements ~an 

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

data can be used to drive a data logger or as direct in~ut to a 

computer, as was done for these experiments. 

The most unique feature of this system is the manual aiqnal 

selection process. The desired signal is selected by aligriing a 

narrow ("-'0.5 to 1.0 lJS) 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

matically track the s~lected zero crossing. The required start/~ 

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

and gate signals. In previous systems, the gate was m~nually ·con­

trolled at all times, or it had a very limited r·ange, thus ·ma·king 

the multi-element sensor rather impractical. 

The major elements of Fig. Al are discussed in de.tail in 

the following sections of this App~ndix. 
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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 ~s 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 combination of. the sensor coil and the 

sync signal electronics, each nominally 100 P., provides a system 

well matched to the 50 n coaxial cable impedance. 

/ 

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 
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and applied to a low-level sense amplifier. ~he resultant outpu~_ 

is a TTL-compatible series of logic transitions;.where the trahsi­

tions cor~espond to the zero crossings of the input video sign~l~ 

As shown in Fig. A3, the video amplifier consists ot 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 low-level video output 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 furiction. 

wfth 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 ~esponse improves the overload· 

recovery of the amplifier, a necessary characteristic s1nce the 

amp~ifier sees both the transmitted and received pulses. 

The diff~rential amplifier also provides hard limiting of. an 

input signal without being driv~n. 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 diodei. The 

maximum reverse recovery time for the FD700 is approximately 

0.7 ns and thus it does not degrade amplifier performarice. 
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For a simple amplifier of the type shown in Fig. A3, the 

stage's differential voltage gain, Av' is given by 

with 

Av = 

Rc = 

RE = 

k = 

T = 

q = 

IE = 

13 = 

voltage gain 

collector load 

R 
R_ + kT + c 
-~ qiE S 

resistance 

emitter resistance 

Boltzmann constant 

absolute temperature 

electron charge 

emitter current 

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 2N5ll9 of this design. The current mirror also improves the 

~mplifier'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. 
i· 
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Finally, a second sense'amplifiet (U7) was included on this 

board to process the sync signal s9 that it is TTL-compatible. 

This amplifier also provides a var~able offset so that it c~n be 

adjusted to reject the reflected acoustic artd other nois~ pulses. 

Gate Control Servo and Zero Crossing Detector 

As previously indicated, the gate control servo producas 

a narrow (~0.5 to 1.0 ~s) 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 qn elec-

tronic timer. Six gate control servos are required_for each 

5-element sensor. 

The basic operating prinGiple of this system is illustrated 

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

and the voltage on the base of Ql are both zero. Thus, the cdl-

lector current of Al can be controlled by the gate position ~6t, 

Rl. This collector current then controls the puls~ iidth of SSl, 

over a range of approximately-50 to 1500 ~s. 

Operation of the gate servo system is iniiiated by the sync 

(transmit) pulse. This pulse starts the timing int~rval i6r SS1 

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

When SSl times out, the trailing edge of its output pul~e 

triggers SS2, whic~ produ6es a fixed duration (~10 ~s) outp~t 

pulse. This SS2 pulse provid~s two functions. First, it resets 

the integrator .(Al) through the FE~ switch 02A and, secondly, the 

leadin~ edge of it~ output puls~ triggers SS3. Thus, SS2 and SS3 
. . 

are on simultaneously but SS2 will always be turned on before SS3i 

since the leading edge of SS2 triggeis SS3 ~if SS2 is ~rigg~red 
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on 'first, a double gate pulse will be produced, causing very erratic , 

behavior). 

The outpu~ pulse duration from 883 can be varied from approxi­

mately·lO to 12.5 ~s. This output performs two functions. First, 

it turns on Q2B, connecting a summing junction (R 5 and R6 ) to the 

integratcir input (note that the integrator will not start inte-

grating until 882 .times out, since it is held in the reset mode 

by Q2A). The second output from 883 is combined with the 882 

output, through clamp transistor A3. After 882 times out, this 

produces a gate pulse whose width can be varied from approximately 

0 to 2.5 ~s, via the gate width control (R4). on 883. 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 (FFl)~ which was initially reset by the sync pulse. 

The FF~ output provides the required timer start/stop signal and 

it also provides·the second input to the integrator summing june-

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 8Sl on at zero 

tlm~. · When SSl times out, SS2 and SS3 are triggered on. The 

integrator i~ held in the rcct mode a~ long as SS2 is on. When 

882 tim~s 6ut (t1 ), ~he integrator begins integrating the current 

.which is being injected by R6 and it~ output voltage begins swing-

ing negative at the rate of 

'dV 
dt 
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The output will continue ramping negative at this rate until_ time 

t 2 , when the AND gate output goes high, due to the coincidence of 

the gate and the signal zero crossing. At t 2 , Q4 is turn~d on 

and R5 beg{ns conducting' a curtent of v2;R5 i~o~ the {ntegi~tor 

summing junction. 
. . . 

If lv1 1 = 1v2 1 and R~ = R6/2, the integrator 

output will begin ramping positive at t 2 , again at the rat~ 6f 

dV 
dt 

At T
1 

SS3 turns off, terminating the gate pulse and disconnecting 

the sum~ing jun~tion ~ro~ the jntegrator. The in~egrator t~en 

ho ld,s its 1 as t output V.Q.l tage _val qe until ;_the next tim ~_ng cycle. 

A~suming that the positive and negative r~mp rat~s are eq4~1, 

the integrator output wil be zero at t 3 if t 2 - t 1 = t 3 - _t 2 ,,, _ 

that '1s, if the signal zero crossing oc_cur s in the middle of. the 

gate pulse. If t 2 - ~l > t 3 - t 2 , the output will be_ negative 

and .if t 2 - t 1 <: t 3 - t 2 , the output wi~l1 positiv_e_. This time­

proper t ional bipolar _er_r or s i~nal fr~m the in teg_r at or is the 

driving function which controls the ~ervo loop. . . . . . . : 

I'he integrator output drives a low-phase f il_ter _(~0. Q6 .Hz) 
. : . 

and amplifier. Althou~h t~e amplifi~~_gain is only 6, the overall 

loop gain is adequate to provide ~,he required _servo action. A~sum­

ing that the integrator output _is zero (the signal _zero _qrossing 
. •, . 

is centered. in the ga_te_ .p_ulse )., J:he loop :gain can be increased 

without affectin~ the base voltag~- o~ Ql~ On6e t~e loop is closed, 

any motion of the signal relative to the gate pulse will change 

the base voltage and collector current of Ql. This current change 
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varies the pulse width from SSl, thus causing the gate signal 

. to shtft in time, which re-centers the:· zero crossing signal. 

Over a period of time,_ large signal movements (10 ~s or 

greafer') may occur. These will require iarge error signals to 

shift the gate pulse and, consequently; the ~ero crossing signal 

will become ~omewhat offset from the center of the gate pulse. 

Howev~r, as long as it remains .withiti ·the gate pulse, time 

coincidence of these two signals still provides an accurate 

start/stop timing signal. 

As"previdusly 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 30~ ~s), the loop is stable with maximum 

loop gain. How~ver, 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 i~ set to zero, the gate 

pulse is align~d 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 ~ain is then reduced 

slightly to eliminate the jitter. The channel is now locked in. 
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By conn·~cting -a z.er·o.:..ce.nter meter to ,the integrator output, One· 

can observe gate ·centering during an ex'per iment. and, if required, 

the gate position pot can be readjusted without opening the serv6 

loop and losing data. This adjustmerit·is not generally required, 

as the servo~ 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 irr Fig. A6. 

The major shortcoming in this system is ~he CD4016 FET awitch. 

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 qpite ad~quate for any gate 

pulse longer than 0.5 us. 

Mul tipl,.exer 

The present multiplex system was de~igned such that one 

timer can be used to read s~quentially the outpu~s fiom eit~er· 

one or two sensors, where eith~i sensor may have from one. to five 

active elements. The system will automatic~lly seqUence thio~gh 

all elemen~s or it c~n be manu~lli stepped t~r6ugh ihe sequence 

at any desired rate. The required system iri~uts are: 

1) Selection of either one or two sensors~ 

2) Selection of the number of elements per sensor, 

3) Selec~iQn of auto or manual sequencing, 

4) Stop/start.signals from all sensors and, 

!? ) A_ "done" signal from the timer. 
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The system·outputs are: 

1) Orie "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·puls~ per sensor element. 

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

out directly o~ 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 circuit functions for a single sensor are as fol­

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

couriter. The decade counter drives a 7485 digital comparator and 

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

tor inputs ar.e 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 

sen~or system is used. The major difference is that the reset 

pulse from the 7485 comparator now sets a flip-f~op which enables 

a second counter, comparator, decoder system.· The:comparator 

for this R~~nn~ RAnsor then provides the system reset function. 
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Addition of a setond sensor also requires the use of a 74~51' :•'' 

2-line to 1-lin~·decoder to provide additional fan-in ·of •the: 

stop/start signals. 

If one of the servo loops should drop out o£ lock, the ti~er 

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 U~8 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 ne~t sensor ele~ent. Assuming the out-of-lock servo is 

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

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

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

will again increment th~ 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 ~nit-tp-unit delays will affect the data·. The 

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

laboratory calibration of the sensors. 
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Appendix B -- Evaluating the Effect of Overlapping 

Signals on the Accuracy of Ultrasonic Thermometry Data 

Arave and Buchenauer 11 ~ecently evalu~ted 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 Bl, 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

lappin9 secondary and higher-order reflections which will be more 

or less important, depending on their amplitude and phase rela­

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

are equaliy spaced, and the temperature uniform, we would expect 

that the primary signal from reflection 3 (R3 , in ~ig. ul.c) 

would be generated 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, R5 by six secondary reflections, 

and R6 by ten secondary reflections as tabulated in Table BII. 

Inspe~tion shows that R2 and R1 are not overlapped by any sec­

ondary reflections. 
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If the· secondary ~ignals are in phase with the primary sig-

nals, t-hen. only the magnitude of the s_ignals will be affected, 

and'n~ measurement errors in delay time will result. However, 

in an actual measurement si~uation, the temperaturs gradient along 

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

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

change the apparent phase of the primary signal and intr~du~e 
,_. 

temperature measurement errors. 

In order to treat the overlap effects 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 portions of the signals, this assumptio~ will 

not cause significant error. 

Rp = A sin wt 

Rsl = Bl sin (wt + 0 1). 

Rs2 = B sin(wt + 0 ) 2 n 

Here Rp is the- time-resolved pr-imary reflection amplitude, and Rsl' 

Rs 2 ' .•. , Rs~ are the teflection amplitudes of the firat to nth 

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

reflections by· o1 , o2 ..• 6n· The-maximum signal amplitude~ ar~ 

A, Bl, B2, ..• ,. Bn·· The resultant signal from the summa-tion of. 

overlapping primary and secondary reflections is 
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R = A sin t + B1 :sin(wt + o1 ) + B2 sin(wt + 02 ) 

+ .•. + Bn sin(wt +on) 

=.A sin wt ·+ B1 (sin wt cos o 1 +cos wt sin o1 ) + ... 

+ Bn(sin wt co~ on + cos wt sin on) 

=(A~ B1 cos o 1 + ... + Bn cos on) sin wt + (B1 sin o1 + ... 

+ Bn sin on)- cos cot w 

This can also be expressed as a single resultant sinusoidal wave 

which is phase-shifted fr6m th~ primary reflection by Y. 

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

Combining 1 and 2, 

3) C cosY= A+ B1 cos o 1 + .•. + Bn cos on 

4) c s'in'Y = s1 sin o1 + ••. + Bn sin on 

which togeth~r give 

5) cos 
sin 

Y = cot y = y 
A+ B1 cos 61 + •·• 

B
1 

sin o 1 + ••. + 
+ B cos 6 n n 
Bn sin on 

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 = A + B cos 6 
B sin 6 

= ~ esc o + cot o 
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let us find the phase shi~t 6 which produces the maximum change 

in Y, and hence, the maximum erior in. indicated temperature. For 

this, we need to find £r. = 0 d6 . 

7) d cot y 
d6 

= - csc2 y £r. 
d6 

A 2 = B (-cs c 6 cot 6 ) - cs c 6 

2 
dy = A esc 6 cot 6 + 

esc 6 
8) 

d6 B 2 2 
esc y esc y 

(~ 1) sin 2 
~ y 

= cos 6 + . 2 6 d6 s1n 

Setting 
dy =· 0 
d6 ' 

9) 6 
B 

cos = A 

9a) .r: (y ) = cos-
1 

(- ~A) u max 

Equation 6 may be rewritten using trigonometric identitie~ 

lO) cot y = A/B + cos 6 

V 1 - cos 2 6 

and substituting from Eq. 9 to find th~ maximum value of y; 

11) cot y = V(A/B) 2 - 1 

which is equivalent to 

12) Yrnax 
B = sin A 
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For values of K·which are small, o(Ymax) will be near 90°, and 

Ymax will be near 0°. 

Let us use these results to evaluate potential e~rors with 

ultrasonic thermometers similar to ·those described in this report. 

A maximum acceptable temperature error might be l5°C, or about the 

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

thoriated tungsten, a l5°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 

shifty. From Eq. 12, 1.8° is the maximum phase shift possible 

if the signal ratio 8 1 /A is 0.031. This phase shift in y will 

occur if 8 is 100°. Thus, a secondary reflection with about 3% 

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

cause a l5°C temperature error at 2500°C. Note that sihce the 

secondary reflections which we are considering always involve 

two reflections more than the primary reflection (see Fig. 81), 

then a ratio of 8 1/A of 0.031 implies a reflection coefficient 

of 10.031, 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 1/A = 0.031. 
' 

For comparison, reflection 

coefficients used in the present study were generally near 0.2. 

Tt should also be noted that the above calculations assume 

only one secondary reflection overlapping oniy one reflected pri-

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

primary reflections and several secondary reflections can be 

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

effects of the secondary signals were additive. However, now 



-48-

let us refer to the more gene~al case depicted-schematically irt 

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

possible with R1 and R2 , while R3 has one overlapping sec6ndary 

ieflection 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 temperatur~ 

profile in Figure 14. In Table BI we give the te~peratures, 

delay times in microseconds and delay times expressed in terms 

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

signal frequency). 

For the calculations, the reflection coefficients are assumed 

to be 0.2 except for the end refl~ction coefficien~ of 1.0. The 

decrease in amplitude of the incident signal due to losses at 

earlier reflection points is sm~lr and ignored in this calculati6n. 

For each reflection R1 , ••• ,R6 , we calculate the phase angle 6 for 

each secondary reflection which can overlap the particular primary 

reflection. Then, using Equation 5, we determirye y, the change of. 

phase of the resultant signal. 

As an example, for R4 , there are three overlapping secohdar~ 

reflections, R323 , R312 and R~ 13 • The last two are equivalent. 

using the data from Table sr, the phase angles oi are 

o(R - R ) = 360[8.311 -. (5.509 + 2.763)] = 14.0°. 
. 4" 323 

cS (R
4 

- R
2

.
13

) = o.(R
4 

- IJ
12

) = 360 [8. 311 ,.. (5.509 + 2.747)] = 19.8° 

From the phase angles oi' the phase angle of Y{R4 ) is calculated.·· 

as 
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= cot-l[A + B1 sin 14° + B2 sin 20° + B3 sin 20°] 

Bl cos 14° + B2 cos 20° + B3 cos 20° 

.. · -1 [ 1 + (.04) (.97 + (2) (.94))] 
= cot 

(.04)( .243 + (2) (.339)) 

Thu~. the effect of the three overlapping secondary reflections 

on R4 is to shift the signal forward in time by 1.9°, or 10 ns~ 

Table II lists the calculated values af 8 for each secondary 

reflection and of the resultant y for each primary reflection. 

Finally, for each sensor element Eij' we determine Yj - yi, and 

ftom this 6t. Using 6t and Figure 6 calibration data, we finally 

obtain 6T. These data are tabulated in Table III, and indicate 

temper~ture errors of -1.6 to -l4°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 the 

possibility of minimizing the temperature errors by appropriate 

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

(E 56 ) was about 15% longer than the other elements. AS a result, 

all of the secondary reflections overlapping R6 had a relatively 

large and constant phase angle 8 with the end reflection R6 . 

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

that the amplitude of R6 was five times ldrger than any of the 

other primary reflections, so that the relative importance of 



-50-

each secondary reflection was less. In fact, the phase angle 

Y(R6 ) ended up fortuitously close to (R5 ), resulting in a rela­

tively small error for E56 • Although this combination occurred 

accidentally, it 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,p~r 

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 ~t's between all sensor elements. 

This would then give in-phase or nearly in-phase s~condary reflec-

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

make corrections to the measured·tempeiatures by calculations 
I 

such as those described in this Appendix. 
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Table BI 

Raw Ultrasonic Thermometry Data··converted to Cycles 

of 500 kHz Signal 

Delay Time 
I: Sensor Delay Time in Cycles 

Element T ( °C) (~s) (500 kHz) Cycles 

E12 2515 5.493 2.747 2.747 

E23 2693 5.526 2.763 5.509 

E34 2770 5.603 2.801 8.311 

E4s 2715 5.580 2.790 11.101 

Es6 2561 6.305* 3.153 14.254 

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

' ., 
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Table·ari 

Pha~~ Shifts Y(Ri) Calculated f~t Each Pri~ary Reflection 

due to Secondary Refiection .Ov.er lap· 

Primary 
.Reflection 

\ 

Overlapping 
Secondary 
Reflection 

R212 

R323 

R312' R213 

R434 

R313 

R412' R214 

R423' R324 

R545 

R424 

R534' R435 

R512' R215 

R523' R325 

R413' R314 

Phase Shift oi 
of Secondary 
Reflection 
(degrees) 

-5 •. 4 

-14.0· 

-19.8 

+4.0 

-15.5 

-29~9 

-7.9 

-130.7 

-136.4 

-126.4 

-146.2 

-140.8 

-156.2 

Resultant 
Phase Shift 

y(Ri) of PrimarY· 
Reflection Ri 

(degrees) 

-:0.2 

-1.9 

-2.3 

. -3.05 
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Tabl"e BI,II 

Temperature Errors Resulting from Secondary 

Reflection Overlap of Primary Reflections 

Sensor Element 
(E .. ) lJ 

E12 

E23 

. E34 

E45 

Es6 

6Y 
(Y·- Y·) 
(d~gree~) 

0 

-0.2 

-1.7 

-0.6 

-0.75 

6t 
]J s ) 

0 

-1.1 

-9.4 

-3.3 

-4.2 

0 

-1.6 

-14 

-5 

-6 
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Figure 1. Schematic of an ultrasonic thermometer, showing the 
exciting coil and de magnet u~ed to generate and 
reacquiie ~ signal in t~e magnet6strictive stub, the 

.transmission line, and.the sens6r 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 lb. 
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Figure 2. Ultrasonic thermometry signals from five 10-mm length 
sensor elements of 2% thoriated tungsten. The acoustic 
pulse length was chosen to minimize overlap of adjacent 
reflections while maximizing signal amplitude. 
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Figure 3. Pulse amplitude as a function of the length of the 
remendur stub, showing decreased coupling of signals 
as the remendur length becomes comparable to the length 
of exciting coil and DC magnet. 
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Figure 4. Signal ratio (step or notch signal amplitude to end 
reflection amplitude) as a function of the ratio of 
the step or notch depth to the wire diameter. Shown 
are calculated signal amplitudes from one and two-step 
diameter changes, (S 1 and s 2 ) and measured signal ampli­
tudes from a notch (S 3 ). 
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Figure 5. Calibration signals from five 10-mm length 2% thoriated 
tungsten sensor elements at various temperatures. 
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Figure 6. Temperature-delay time calibration curves for a 2%-
thoriated. tungst.P.n ultrasonic thermometer;. 
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ture zone of a f~rnace •. 
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(0. 5 mm DIAM) 
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(0. 7mm I D X 1. 4mm QD) 

T1 = 2060 oc\ 

Figure 8. Ultrasonic sensor geometry used in steady-state heat 
transfer model to define axial heat transfer in sensor 
wire and sheath and resulting temperature perturbation 
in uo2 bed. A volumetric energy deposition in the uo2 
of 6.5 W/cc gave a maximum uo2 temperature of 2730°C. 
Thermal conductivities assumed were 0.015 W/cmK (U02 ), 
0.024 W/cmK (Th02 ), and 1.0 W/cmK (Tungsten). 



2700 

2600 

2500 

2400 

2300 

2200 

2100 

0 

-64-

10 20 30 

SENSOR LENGTH (mml 

CORRECT TEMPERATURE 

SENSOR ltMPERATURE 

40 

Figure 9. Temperature gradients in· a volumetrically heated U02 
bed, with and without a Th0 2-sheathed ultrasonic 
thermometer present, caltulated using the steady­
state model and the geometry shown in Figure 8. 
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Figure 10.· Schematic of ultrasonic thermometer showing normal 
sensor element reflections (l-6), plus unwanted, 
potentially interfering reflections at vacuum 

· feedthrough (9), remendur-tungsten weld (8) and 
sheath-sensor contact points (7a, 7b). 
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Figure 11. Cross-sectional view of small capsule fuel-only 
experiment package. 
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Figure 14 •. Temperature profile data in MP-1 near end of 
powered portion of experiment. 
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experiment, MP-38, recorded by ultrasonic thermometry. 
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are steel temperature. Bold lines are caleulated, 
light lines experimentally measured temperatures. 
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Diagrammatic representation of a) five~~iement ultra­
sonic thermometer, b) primary retlect~d signals from. 
thermometer, c) path of primary reflec~ion R3 , and. d) 
path ~f secondary reflected signal R212 , which over-
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