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This paper introduces a novel technique for multi-level temperature measurement using a single
reconfigurable ultrasonic wire waveguide that is configured in the form of a helical spring. In this
embodiment, the multiple sensing levels located along the length of the helical waveguide wire can
be repositioned by stretching or collapsing the spring to provide measurements at different desired
spacing in a given area/volume. This method can measure over a wide range of temperatures. The
transduction is performed using Piezo-electric crystals that are attached to one end of the wave-
guide which act as transmitter as well as receiver. The wire will have multiple reflector embodi-
ments (notches was used here) that allow reflections of input L(0,1) mode guided ultrasonic wave,
in pulse echo mode, back to the crystal. Using the time of fight measurement at multiple predefined
reflector locations, the local average temperatures are measured and compared with co-located ther-
mocouples. The finite element modeling simulation was used to study the effect of excitation fre-
quency and the mean coil diameter of the “spring-like” waveguide. This technique improves on the

limitations of a straight waveguide technique earlier reported. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4945322]

I. INTRODUCTION

The development of an ultrasonic temperature sensor is
motivated by many temperature profile measurement require-
ments in industries, such as glass and metal melting plants,
process industries, and nuclear power plants, where tempera-
ture control is critical. In order to control the industrial proc-
esses, it is required to continuously or periodically monitor the
temperatures at multiple levels inside a high temperature envi-
ronment. Periyannan and Balasubramaniam' have reported a
multiple ultrasonic waveguide system, made of Chromel mate-
rial, for the temperature measurements at multi levels in a
Joule melter using L(0, 1) guided wave mode using a bank of
straight waveguides. Other efforts on the measurement of tem-
perature and rheological properties of molten glass have been
reported elsewhere, where the Time of Flight (TOF) and am-
plitude (A) of the reflected ultrasonic signal received at one
end of a waveguide were used in the measurement while the
other end was immersed in the molten material.>® Pandey
et al.’ demonstrated that, using the ultrasonic guided flexural
mode F(1, 1) in a long buffer rod, the rheological properties of
mould powder slags during the steel billet casting process
could be measured over a range of temperatures up to 1100 °C.
In a similar work using cladded waveguides, Jen er al.'® dem-
onstrated the on-line monitoring of curing of polymers inside
moulds at elevated temperatures.

Thermocouple and radiation pyrometers are common
temperature sensors used for temperature measurement in the
industry. However, these diagnostic tools have issues while
being used in the industry. The pyrometers require a line-of-
sight that is often not feasible in several enclosed industrial
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high temperature processes. The thermocouples and RTDs of-
ten suffer due to sensor drift during long term operation, as
reported elsewhere by Bentley.!" The footprint of a thermo-
couple (involving two wires and often ceramic coatings/
beads), flexibility of these wires, and its ability to measure
temperature only in one location, etc., are all considered as
limiting factors for industrial applications where temperatures
at different locations must be monitored. Additionally, the
failure of the junction in a thermocouple is of concern, partic-
ularly for high temperature operations. Hence, alternate multi-
level sensing technologies that are more robust and have
smaller footprint is desirable. Ultrasonic waveguide technique
has the potential to address some of these limitations.

Several waveguide based ultrasonic sensing of tempera-
ture, viscosity, corrosion, etc., have been recently reported in
the literature. Huang ef al.'* and Tsai et al.'® proposed an ul-
trasonic system for air temperature measurement using
changes in the speed of sound calculated from phase shift
records; a similar concept was used to measure temperature
by Zhan ez al.'* Using a bent waveguide that is surrounded by
a fluid, with known properties (such as air), the elastic moduli
of the waveguide was obtained at different temperatures by
Periyannan and Balasubramaniam.'>™!” Cawley and Cegla'®
have developed an ultrasonic instrument using a thin elon-
gated strip to separate the transducer from a potentially hostile
environment associated with the object under test for thick-
ness measurements. Other efforts include liquid level and tem-
perature monitoring using single torsional acoustic waveguide
(TAW) approach'® as well as liquid level in wine bottles.*”

Most of the previous approaches described measurements
in a single zone of interest. In order to measure at multiple
points of interest using a single waveguide, Visvanathan and
Balasubramaniam?' had described the monitoring of a moving

© 2016 AIP Publishing LLC
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air-to-fluid interface signal during a resin filling process inside
an opaque model and obtained the dynamics of the resin flow
front.

Here, we explore the feasibility of using multiple “notch”
embodiments as reflectors that are positioned along the length
of the waveguide and their ability in making multiple meas-
urements using a single ultrasonic probe. Additionally, the
configuration is a helical “spring like” waveguide that allows
for the flexibility of making measurements at locations that
are very close to each other (by reducing the helix angle) or in
a relatively sparse spacing (by increasing the helix angle). In
this work, the temperature measurements at multi levels in a
furnace using such a reconfigurable waveguide is discussed
and demonstrated.

The ultrasonic waveguide-based temperature sensing
approaches have several advantages over the conventional
thermocouples. This includes the inherent property of higher
reliability since there is no junction that can fail, as well as
the ability to program several zones of measurements in one
waveguide. In this paper, the authors aim to measure the
temperatures at different depths of hot regions using multiple
embodiments in a single waveguide system. The finite ele-
ment modeling (FEM) simulations were employed in order
to select the wire diameter and the diameter of the helix.
Then, the sensor was evaluated in laboratory conditions by
placing the sensor inside a furnace with uniform and varying
temperature regions. The re-configurability of these sensors
was also demonstrated by using the same waveguide in two
different configurations by changing the pitch between the
sensor locations (consequently changing the helix angle).

Il. BACKGROUND
A. Waveguide temperature sensors

Waveguide temperature sensors measure changes in
time of flight of an ultrasonic wave mode due to the changes
in the material properties of the waveguide (/, o, E, G, and p)
as a function of temperature. Here, / is the gage length, o is
the coefficient of thermal expansion, E and G are the elastic
moduli, and p is the mass density. In order to localize the
measurement, embodiments such as notches, bends, and gra-
tings can be introduced in the waveguide that allow for the
signals to be reflected from these embodiments. The gage
length of measurement would be the region in-between any
two embodiments. The measurement of the relative time of
flight (TOF) between these reflections can be monitored and
used to obtain the average temperature of in-between the two
reflectors. For a reliable TOF measurement, the reflected sig-
nals must be time resolved and identified for which the spac-
ing between the embodiments must be optimized. For a
straight waveguide, the gage length is pre-determined and of-
ten will be of the order of 30—40 mm. Also, the measurement
will be an averaged TOF over this gage length. Figure 1
compares the straight waveguide with a comparable helical
“spring-like” waveguide. Periodically spaced notches are
introduced in the waveguides that provide reflected signals
from these locations. The difference in TOF between any
two reflections can be used to determine the average temper-
ature of the waveguide material, and consequently the
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FIG. 1. Illustration of temperature gradient measurement concept in (a)
straight waveguide, (b) and (c) Helical waveguides.

temperature of the surrounding medium, in the region in
between the notches. In Figures 1(b) and 1(c), the helical
waveguide is illustrated in two possible helix angle configura-
tions (achieved by changing the pitch between sensors). The
compressed position in Figure 1(b) allows for temperature
measurements that are relatively closely spaced compared to
the straight waveguide shown in Figure 1(a). Figure 1(c)
shows that the helical waveguide can be reconfigured to mea-
sure at points similar to the straight waveguide by stretching
the waveguide. The difference in the time of flight between
the received signals from the notches can be expressed as

(TOF)parea — (L> - (L) — (TOF), - (TOF), (1)
C, T Co T

Running length of the wire (L) = XL,
=Lo+Li+Ly+Ls+---(n=0,1,2,...) (2
Free length of helical waveguide (/) = Xi

=lhh+h+h+h+-(s=01,2.) (2)

I <L, for helical waveguide and /;=L, only for a straight
waveguide (Figs. 1(a) and 1(b)) where C,= Wave velocity in
the waveguide at room temperature (T,), C, = Wave velocity
in the waveguide section (L,) at instantaneous temperature
(T), Lo, Ly, L,...are wire lengths (in straight or helical wave-
guide) between two notches (Figs. 1-3), /,=Length of each
sensing portion.

The design of the helical waveguide can be modified by
(a) increasing the number of active coils, (b) adjusting the
mean coil diameter, and (c) altering the helix angle and
thereby changing the relative spacing between the embodi-
ments (i.e., pitch between the sensors). In this paper, notches
type of embodiments (0.5mm deep and 3 mm long) were
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machined along the length of the 1.18 mm diameter wave-
guide to provide reflected signals from each embodiment.
Hence, the sensing region and the spacing between the meas-
urements may be adjusted in the radial as well as the axial
directions (1D, 2D, or 3D) based on requirements and appro-
priate waveguide design.

B. Ultrasonic waves in “spring-like” helical wire
waveguide

The guided waves can be thought of as a superposition of
partial plane wave modes that constructively interfere within
waveguide boundaries.”> The propagation of ultrasonic waves
in waveguides is characterized by variables, namely, fre-
quency, phase velocity, and attenuation. In a cylindrical wave-
guide, there are three families of modes: longitudinal (L),
torsional (T), and flexural (F) that are propagating in the axial
direction (z) of cylindrical coordinate system (r, 0, and z).

While, many wave modes can be excited in cylindrical
rods, in this paper, we will concentrate on the fundamental
longitudinal mode, L(0, 1). This mode has smaller levels of
dispersion over a wide range of frequencies (0-500 kHz) for
the range of high temperature materials of interest here, as
listed in Table 1. The phase velocity dispersion curves for the
two fundamental axi-symmetric modes L(0,1) and T(0,1)
obtained using DISPERSE,* for a typical high temperature
material waveguide (Chromel) are shown in Figure 2(a). It is
desirable that, in the chosen frequency range, the waveguide
thickness must exhibit only a small degree of dispersion.
This ensures that the pulse width of the signals remains rela-
tively unchanged and thus improves the TOF measurements.
Here, an operational frequency range of 200-500 kHz was
chosen. Further, in order to ensure low dispersion, at an
appropriate thickness of the wire, the suitable mean coil di-
ameter (helix diameter) was selected using FEM simulations
as described later in Section III.

The studies on waves in helical waveguides have been
reported on electromagnetic waves® and elastic waves for
structural health monitoring® with applications in civil struc-
tures. The elastic wave dispersion effects were modeled using
a Semi-Analytical Finite Element (SAFE) method using a non-
orthonormal coordinate system that is aligned along an arbi-
trary cross-section of the helical waveguide. All three types of
wave modes, that is, L(n, m), T(n, m), and F(n, m) that are sup-
ported in a waveguide were considered and analyzed.*

lll. HELICAL WAVEGUIDE DESIGN USING FINITE
ELEMENT MODELING

The waveguide diameter (d) was chosen based on the
dispersion curve analysis and availability of Chromel wire.
Based on elasto-dynamic FEM model, using commercial
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software ABAQUS® 6.11 platform, simulation studies were
performed on the wave propagation in the rods and tubes in
order to obtain the predicted displacement response.”® The
wave propagation simulations were performed for a pulse-
echo mode measurement using Chromel helical waveguides.
The material properties, the FEM model details, etc., used in
the simulations are listed in Table I. The Elastic Moduli of the
waveguide material were obtained using two measurements of
velocities of the L(0,1) wave mode and the T(0,1) wave mode
as explained elsewhere'>*’ and the density of the material was
measured using the mass and volume measurements.

In this experiment the Chromel waveguide, in a straight
configuration, was employed and the velocities obtained
experimentally were V, for L(0,1) =4980m/s and V, for
T(0,1)=3080m/s at room temperature. The A-scan signals
were obtained by plotting the displacements at the receiver
nodes as a function of time. The receiver nodes coincide
with the transmitter nodes and the A-scan is the average of
the displacements over these nodes. In these studies, temper-
ature effects were not considered. Normal (to the axis) input
excitation was provided at one end of the helical waveguide
as shown in Figure 2(b), in the form of a six (n=6) cycle
Hanning pulse displacement amplitude (A), using the rela-
tionship in Equation (3)

Hanning pulse (A) = [1 — cos (2xnft/n)] - cos (2nft), (3)

Longitudinal velocity of waveguide (Vi)

WaveLength(7) = Input Frequency (f) ’
“)
Mean diameter of the helical waveguide (D) = a/; 5)
(a=0.78 to 3.12)
Total length of the wire (L) = aDN (N =1,2...)
for un-constrained ends (6a)

Total free length of the helical waveguide (/) = nDNtanys
= Ltany (6b)

where v is the pitch angle.”®

Pitch of the helical waveguide (P)

_ Free length of helical waveguide (/)
N Number of turns (N)

(M

The longitudinal L(0, 1) mode A-scan signals that repre-
sent the free far end reflections in waveguides without any
embodiments (notches) using pulse-echo mode were
observed for the different dimensions of the helical wave-
guides (with varying D and P values) as shown in Figure
2(b). The waveguide wire diameter was maintained at

TABLE I. Material properties and helical waveguide parameters for finite element simulation.

Mass Young’s Element
density, p modulus, Poisson size (mm) & L,din Mean dia, Free length, No. of cycle (n),
Material (Kg m) E (GPa) ratio, type (mm) D (mm) [ (mm) Freq (f, Hz)
Chromel 8650 214 0.3 2/28, 8-node brick 975, 1.18 0.78 /-3.12 2 12.5,50, 80 6,400 x 10
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TABLE II. TOF and group velocity (V,) obtained using FEM simulation for
different spring parameters.

D,P,/ Dimensions (mm) No. of turns TOF (us) Vg (m/s)
D4,Pl1,11 38.8, 1.56, 12.5 8 395.9 4929
DI1,PL, 12 9.7, 1.56, 50 32 433.6 4501
D2,P2,12 13.5,2.17,50 23 415.4 4698
D3, P3, 12 19.4,3.12, 50 16 406.1 4806
D4, P6, 2 38.8,6.25, 50 8 396.4 4919
D2,P4,13 13.5, 3.48, 80 23 416.4 4683
D3,P5,13 19.4, 5.00, 80 16 406.9 4793
D4,P7,13 38.8, 10.0, 80 8 397.2 4910

1.18 mm and total nominal wire length (L) of 975 mm.
However, the L depends on the pitch angle s and can be cal-
culated from Eq. 6(b). The corresponding TOF arrivals, and
dimensions are marked in the A-scan plots. Significant
change in L(0, 1) mode group velocity (V,) and different
levels of dispersion were observed due to a change in mean
coil diameters of the helical waveguide (ref: D1P1/2 and
D4P1I1 in Fig. 2(c)). It was observed that as the mean coil
diameter decreased, the group velocity decreased and the
signal were observed to be relatively more dispersive in na-
ture. For instance, when the D increased from 9.7 mm to
38.8 mm, the time of flight of the signal reflected from the
far end of the waveguide decreased by 37.7 us.

A very small change in velocity was observed with the
change in pitch P of the helical waveguide while keeping D
a constant (ref: D4P1/1 and D4P7/3 in Figure 2(c)). For
instance, for D =38.8 mm, a change in time of flight (¢TOF)
caused by the change in the group velocity in the waveguide

RIGHTSE LI MN iy

was 1.30 us for a change of pitch from 1.56 mm to 10 mm
and the corresponding change in the group velocity was
19 m/s. This change is due to two reasons, the first one is due
to the slight change in total length due to strain induced by
different helix angle (which is expected to be 0.1-0.2%) in
the range of angles used here, and the second one is due to
mild dispersion effects caused by the curvature changes.
Both effects were found to be relatively small when com-
pared to the relatively large 6TOF caused by a change in D.
Hence, it is observed that the wave propagation behaviour is
more significantly influenced by the selection of the mean
coil diameter and it is recommended that D must be carefully
selected. However, the pitch of the helix (effect of stretching)
is relatively less significant and hence the helix can be used as
a reconfigurable sensor and the spacing between two levels of
measurement can be configured by changing the P. The effect
of change in P on the sensitivity of the measurement will be
discussed in later in this section. From these results, the follow-
ing observations can be summarized as below:

(a) The dispersive nature of wave propagation in a helical
waveguide embodiment is dependent on mean coil di-
ameter (due to stiffness effect), excitation frequency
(wavelength-4), and velocity of the material.

(b) The modes are more dispersive in nature when the
mean coil diameter is <A/, and the change in group ve-
locity, due to change in the pitch of the helix, was rela-
tively small.

(c) Similar conclusions have been reported in the study
using SAFE method.” In this work, the influence of
pitch (defined as lay angle in the reference) was found
to be less significant compared to the mean helix
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FIG. 3. (a) Photograph of Chromel helical waveguide with notches. (b)
Schematic diagram of multiple notches (sensors) in a helical waveguide sys-
tem with melter. (c) Reflected signals as received from the 4 notches and the
end of the helical waveguide at different temperatures.

diameter. They also reported on some cut-off bands
where the mode becomes non-propagating.

(d) The optimal frequency-radius of wire has been chosen
based on the non-dispersive region of the modes of in-
terest as shown in Figure 2(a). The L(0, 1) mode wave-
length was chosen to be less than the mean coil
diameter of helical waveguide.

(¢) A more detailed FEM analysis of the helix parameters
is beyond the scope of this paper, since the key interest
here is to evaluate the feasibility of developing recon-
figurable sensor for temperature measurement.

IV. RESULTS AND DISCUSSION
A. Experimental apparatus description

The diagram in Figure 3(a) describes the apparatus used
in the experimental work reported here for temperature
measurements at multi-levels in a high temperature test fur-
nace. A similar experimental setup, procedure, apparatus,
and transducer holder was described earlier in the litera-
ture."'>71727"2 Some preliminary experimental results using
this spring-like sensing and comparison with a bank of
straight waveguides has been reported previously.29

Multiple notches were machined along the length of the
Chromel helical waveguide as shown in Figures 3(a) and
3(b). Here, the two key parameters are the mean helix diame-
ter D and coil pitch P as described earlier. The axial spacing
between the notches can be then adjusted by varying the
pitch (P), and consequently the helix angle is altered. In this
system (Figure 3(a)) multiple notches were positioned in a
helical spring in order to avoid the overlapping of signals
from each notch as shown in Figure 3(c).

The ultrasonic pulse-echo mode was used (pulse/
receiver, Olympus 5077) and the piezoelectric crystal based
broadband ultrasound longitudinal (Panametrics/Olympus

RIGHTSE LI MN iy
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NDT V101) transducers coupled the ultrasonic waves into
the waveguide using a very thin layer of viscous Silicone
based ultrasonic couplant. The longitudinal wave transducer
was acoustically coupled to one end of the waveguide as
shown in Figure 3(b) where the face of the transducer is nor-
mal to the axis of the waveguide during generation and
reception. An 8 bit, 100 MHz sampling rate analog to digital
converter was used to acquire and archive the A-scan signals
that was supplied by the ultrasonic pulser-receiver in a
Personal Computer (PC). Multiple reflected signals from
multiple notches were continuously monitored using that sig-
nal peak-tracking technique method that has been described
elsewhere.' The peak tracking approach ensured that the spe-
cific portion of the signals was tracked during the heating
and cooling cycle to ensure the reliability of the TOF meas-
urements, even though the signals shift during the heating
process as shown in Figure 3(c). Subsequently, the 6TOF
between each pair of notches (one sensor) was measured
using Equation (8).The TOF’s and the 6TOF’s of multiple
notches (gage lengths) in the waveguide were recorded at
different temperatures in furnace. The temperature was
measured using calibrated reference thermocouples TC
(K-type thermocouples), that were co-located in-between
each notch position, during this initial calibration procedure.
The surface temperatures of the transducers were both veri-
fied during each experiment to be the same as ambient tem-
perature and was measured using a pyrometer. This is
expected since the surface area of the waveguide is suffi-
ciently high and the heat transfer along the length of the
waveguide is negligible.

Instantaneous time of flight difference (6TOF) of a
waveguide is defined as below

— TOFy;)
| — TOF, )] (8)

(3TOFy1); = [((TOF) .
— ((TOF),

n+1
where TOF,;, TOF, — are defined as the instantaneous (i)
TOF at various temperature and (ii) TOF at room tempera-
ture from each notch location n, (8TOF,.;), — are defined
as the instantaneous change in TOF between the reflections
from each sensor location n

(5T0Fn+l)i _
STOF,., &u, )]

where ¢, = Instantaneous ultrasonic TOF ratio.

B. Case study 1, multiple sensors calibration and
measurement in a uniform temperature region

Three Case studies using the helical waveguide system
will be used for the calibration of waveguide followed by dem-
onstration of multi-level temperature measurements. A special
adjustment fixture apparatus was used to control the pitch of
the waveguide. In case study 1, a free length 1=80mm of
Chromel (1.18 mm diameter) helical waveguide with 4 sensor
embodiments was used (made of 4 notches); each sensing
region was kept at 20 mm spacing by adjusting (using adjuster)
the pitch between notches as shown in Figure 4(a). In this case,
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the entire helical waveguide system was positioned in the uni-
form temperature region inside the furnace.

For each sensor, 0TOF was measured using Equation (8),
from a helical waveguide as in Figure 4(a) at uniform hot zone,
and the corresponding temperature was monitored using co-
located thermocouples. The JTOF vs temperature curves from
each sensor followed a different slope from two separate heat-
ing experiments (E1 and E2) as shown in Figure 4(b). In this
paper, our scope was to achieve single calibration curve for
measuring the temperature for all the temperature zones. When
all the TOF ratio (g,) from all the notches were plotted as a

= D | PZT | i 1100 4
( ) W‘ \II Tnp;l:’ﬁm
% gm E? o 825
Zliwk- 07 AP
ZE ZIl
‘* & 275

Sectional View of Cnau—l!
Temp Gradient Zone

function of temperature, it is observed that a single calibration
curve was obtained as shown in Figure 4(c). This calibration
curve relates measured TOF ratio g, as defined by Eq. (9) for
any sensor to the surrounding temperature. If the temperature
(T) is in Celsius and g, is dimensionless, the 2nd order polyno-
mial expression for this curve was found to be as given below

T = —13472 (g4)” + 7592(£u) + 33.94. (10)

Using this expression in Equation (10), the temperatures
were computed at each sensor location using &, The
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temperatures thus obtained were compared with the thermo-
couple measurements and plotted in the same graph for a typi-
cal 4 hr heating cycle of the furnace as shown in Figure 4(d).
As expected, the two methods were found to compare well,
with a maximum average error of 1-3 °C. The result in Figure
4(d) shows that the polynomial fit calibration curve in Equation
(10) is acceptable to be used for the waveguide based measure-
ment of temperature.

This helical sensor waveguide system was then used to
measure the temperature at different time instances in zones
in the furnace with temperature gradients as discussed in
cases 2 and 3 explained below.

C. Case studies 2 and 3, multi-level temperature
measurement in non-uniform temperature region

In case studies 2 and 3, the Chromel helical waveguides
were positioned in the insulated region of the furnace as
shown in Figure 5(a) where the temperature varied from the
uniform temperature zone to the external wall of the furnace.
Like before, K type thermocouples were co-located in
between each notch position. Two length configurations of
the helix waveguide were demonstrated with D =28 mm, but
with different pitch and consequently different free length (/)
of the helix.

In case study 2, a free length /=80 mm with 4 notches
at 20 mm spacing (along the free length positioned at 20, 40,
60, 80 mm from the bottom of the insulation) and in case
study 3, a free length / =160 mm with 40 mm notch spacing
(at 40, 80, 120, 160 mm from the bottom of the insulation)
were used. In both the case studies, the same waveguide was
used and the free length was adjusted to the required length
by adjusting the pitch between notches using the fixture
introduced earlier in Figure 4(a). The bottom most notch was
positioned closer to the bottom of the insulation, in proxim-
ity to the uniform temperature region. Figure 5(a) illustrates
the positions and approximate notch configurations of these
two case studies.

Steady state of heating experiments were conducted for
both the case studies and the STOF data (using Eq. (8)) were
collected from all sensor locations (notches) at a time inter-
val of 60s. The g, values as well as the temperature at the
co-located thermocouples, from the 4 sensor locations were
measured at different temperatures inside the furnace.

In Figure 5(b), the g, vs temperature measured using the
thermocouples are plotted for all the 3 case studies, that is,
including the earlier case where the entire waveguide was
inside the uniform gradient region. This plot shows that the
calibration curve obtained earlier is applicable to the temper-
ature gradient cases also and Equation (10) obtained earlier
may be used for this data set. In Figures 5(c) and 5(d), the
temperatures measured using the ultrasonic waveguide (U) is
compared with the thermocouple reading (T) for the 4 loca-
tions at different time instances of measurements. It may be
observed from these results that the ultrasonic waveguide
technique can be used for measuring the temperature in a
region with varying temperature and the relative differences
between the two reading is relatively small. The maximum
difference between the ultrasonic and the thermocouple was
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9°C and the average error was less than 1.6 °C with a stand-
ard deviation of 0.5 °C. These two case studies also demon-
strated the re-configurable nature of the helix waveguide.

As previously mentioned, change in P will affect the V,
of the ultrasonic guided wave, albeit to a small extent. For
the two extreme P’s considered in Table II, the change in g,
due to the change in the pitch (at room temperature) was of
the order of 0.0038. This effect will result in an error of the
order of 0.38% in the measurements. Since V, can be pre-
dicted for different helix lengths®® using the FEM model, a
correction factor may be introduced for compensation of this
effect. However, as can be concluded from Figures 5(c) and
5(d), the effect of the change in group velocity due change in
P, within the range considered, can be assumed to be
negligible.

V. CONCLUSIONS

A novel ultrasonic reconfigurable temperature sensor
mechanism and sensing principle is described here which
provides a more robust and cost effective solution for mea-
surement of temperature gradients, in applications involving
elevated temperature processes, when compared to junction
based thermocouples. This novel technique uses multiple
notches that define the gage lengths for the sensors that can
be re-positioned by varying the free length (consequently the
pitch) of the helical waveguide. This ultrasonic waveguide
sensor employs the guided L(0, 1) mode that can be reliably
generated and received by using a conventional longitudinal
transducer. Using a 3D FEM simulation study, it was deter-
mined that the mean helix diameter has significant effect on
the wave propagation while the pitch of the helix is relatively
negligible. Hence, using a helical waveguide and by adjust-
ing the pitch, the gage lengths of the sensing regions can be
varied. Using the TOF ratio g, and using a calibration curve
obtained experimentally, it was demonstrated here that tem-
peratures could be measured reliably at multiple levels in
temperature gradient regions inside a furnace using a single
waveguide.

In this paper, the material used was Chromel, due to its
availability and high temperature properties. However, other
materials such as Kanthal, Stainless Steel, and Platinum may
also be used. In this work, only 4 notches were used. It must
be feasible to increase the number of sensors, but may
depend on the material and its ability to sustain the guided
ultrasonic waves. The experimental calibration curve was
critical for the calculation of the local temperature.
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