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Thermal Product of Fast Response Temperature Sensors for Transient
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Abstract: A dynamic calibration technique for evaluating the thermal product values of different scratched temperature
sensors is presented. These sensors have renewable junction, fast response time and it can be used for transient heat trans-
fer measurements in hypersonic vehicles. Two types of scratch were used, mainly abrasive papers with different grit sizes
and scalpel blades with different thicknesses to form the sensor junction. The effect of scratch technique on the sensor’s
thermal product is investigated. The sensors were tested in shock tube facility at different operating conditions. It was ob-
served that the thermal product of a particular sensor depends on the Mach number, surface junction scratch technique,
junction location as well as on the enthalpy conditions. It was also noticed that using scalpel blade technique with a par-
ticular blade size gives consistent thermal product values. Thus, it does not require an individual calibration. However, for
sensors whose junction created using abrasive paper technique with different grit sizes, a calibration for each sensor is
likely to be needed. The present results have provided useful and practical data for thermal product values for different
scratched temperature sensors. These data are beneficial to the experimentalists in the field and it can be used for accurate
transient heat transfer rate determination. Furthermore, the present calibration technique has shown that the response time
of these sensors is on the order of microseconds (less than 50 us) and it has a rise time less than 0.3 us. A numerical tech-
nique was used in the calculation of the heat transfer rate by developing a MATLAB routine to obtain the transient heat
flux history from the measured surface temperatures history.
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INTRODUCTION

The accurate measurement of heat transfer rates has long
been recognized as a key to improvements in unsteady en-
ergy conversion devices such as internal combustion engines
[1-6] and aerodynamics vehicles [7-9], gun barrels [10] and
in boiling experiments [11-13]. The heat flow in these de-
vices is usually quite high (hundreds of kilowatts per square
meter) and very unsteady. Thus, the requirement for a rugged
and fast response temperature sensor is necessary for these
applications. The coaxial temperature sensor was chosen in
this work as it offers distinctive advantages: (i) it is easy to
construct with low cost compared with the commercial one
[14]; (i1) its sensing surface can be maintained from time to
time if broken during the experiment; (iii) it has fast re-
sponse time (less than 50 us); (iv) it is stable and repeatable
in dynamic calibration experiments; (v) it is easy to be con-
toured to any model surface (cone, cylinder, sphere, etc) due
to its small size and sturdy design. The coaxial sensor design
is originally proposed by Bendersky [15], which was made
up of a small wire, consisting one thermoelement, which is
coated with very thin of 12 pm aluminum oxide insulation
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and securely inserted in a tube, consisting the second ther-
moelement. Other surface sensors have been fabricated using
scratches from abrasive paper or a sharp implement [16].
The surface sensors have also been manufactured using two
parallel wires [17] or ribbon elements [1-3] that are insulated
from each other except at the exposed surface.

The coaxial temperature sensor provides a measurement
of temperature close to the surface of interest because of the
low thermal inertia of its junction. In order to identify the
instantaneous heat flux history from the measured surface
temperature history, it is necessary to apply a suitable ex-
perimental technique to acquire the accurate and single value
of its thermal product () for each particular sensor under the
transient heat conduction process. All temperature sensors
used in this work were constructed in our laboratory, its
fabrication details is comprehensively reported in [18]. Fur-
thermore, the calibration of each temperature sensor is essen-
tial as there will be errors up to 23% or even higher [18] if
the thermophysical properties of the sensor materials are
obtained from the literature [19-21]. Many investigators have
measured the thermal product using different techniques.
Alkidas and Cole [2] calibrated heat flux probes using a wa-
ter-cooled, high intensity radiation source with 36 kW, and
with a reference heat flux sensor. A radiative technique with
laser pulse technique was used by Gatowski et al. [4] to
measure the value of (f) and to identify the response time for
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several types of surface temperature probes. However, this
technique requires a lump of calibrated intensity, a value for
the absorbtivity of the assembled probe surface, and a rela-
tively long exposure time (on the order of 100 millisecond)
to achieve useful surface temperature changes. The same
technique was employed by Buttsworth et al. [22] using
tungsten-halogen lamp to provide a step heat flux input to
eroding ribbon commercial probe type-K [14] for relatively
long time scales, from about 0.1 to 1 s. This may lead to an
inappropriate value of (f) if the time scales of interest are
much shorter than can be assessed with this calibration tech-
nique. Kovacs and Mesler [15] utilized a 200 J flash tube as
a high intensity transient heat source to observe the response
of a surface probe as a function of the size and the type of
junction. However, it is difficult to determine the appropriate
(P) at short time scales (around 50 ps) using this technique.
This is because this technique leads to erroneous values of
(P)due to two main factors: (i) the absorbtivity of the probe
surface cannot be accurately predicted. The absorbtivity un-
certainties cannot be overcome for short time scale calibra-
tions through the application of carbon black to the surface
because this additional layer thickness will alter the temporal
response of the probe. Furthermore, (ii) the exposure time is
much longer than the intended application of the probes. The
laser pulse technique was proposed by Heichal et al. [23] to
assess the dynamic performance of a surface probe by meas-
uring its Unit-Impulse Response-Function (UIRF). Sprinks
[24] presented a numerical technique to determine the ther-
mal capacitance of calorimeter gauge using plunging tech-
nique. However, this technique is not preferable as it needs
knowledge of the thermophysical properties of the fluid, and
measurements of both the initial bath temperature and the
gauge temperature during the plunging process. Furthermore,
this technique is only suitable for identifying the thermal
product values for millisecond time scales. Lyons and Gai
[25] described a method for determining the thermal product
(p) for thin film or surface probe at a given temperature rise
using an optical technique with a known laser power. Al-
though, this technique was shown to be quick, versatile and
can be used to calibrate either thin film or surface probe with
equal ease. However, this method is costly and it requires
special equipment, thus it is undesirable.

In summary, although prior works have investigated the
insulation influence [16] but they did not clearly identify the
importance of the various sensor materials including the
thermophysical property difference between the positive and
negative sensor elements. Furthermore, they did not also
identify the thermal product values (f) for different sensors
with different sensing surfaces for microsecond time scales.
Gai and Joe [8] calibrated surface probes in a free piston
driven shock tunnel to measure the heat transfer rate on
spherically blunted cone of various bluntness ratios. The
same calibration technique was used by Sanderson and Stur-
tevant [9] to test surface probe to measure the stagnation
point heat transfer rate experienced by a circular cylinder in
hypervelocity flow. Although, they have calibrated their sur-
face probes in a free piston shock tunnel but they did not
identify the appropriate thermal product values. Thus, in this
article an experimental verification of evaluating the thermal
product values of miniature, reliable, fast response tempera-
ture sensors is presented. This paper also discusses the per-
formance of these sensors in hypersonic facility to demon-
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strate their capability to withstand the high enthalpy condi-
tions. The effect of using different scratch type, mainly abra-
sive paper and scalpel blade, on the sensors thermal product
values is also investigated. The transient heat flux history
was calculated from the measured surface temperatures his-
tory by developing a MATLAB routine. An example of the
transient heat flux history produced from one of the fabri-
cated temperature sensors is depicted and interpreted.

SENSORS CONSTRUCTION
A) Fabrication Technique

A short brief of the construction steps of the temperature
sensor is given below (see for more details Ref. [18]). Gen-
erally temperature sensor comprises a centre post or rod
composed of one of its materials which is coaxially set in
and attached to the closed end of a tube composed of the
second material. The current design and fabrication approach
depends mainly on the thermoelectric emf produced at a
junction of dissimilar metals. If these materials are deposited
on an insulating substrate, then the sensitivity of the sensor is
only function of the substrate and sensor material properties.
This work uses the sensor material itself as the substrate to
produce a particularly robust design and to tolerate a larger
transient heat flux. The temperature sensor were designed
and fabricated from type-K elements (alumel/chromel). They
consist of 1 mm inner wire of one element positive or nega-
tive and a hollow machined annulus with 2 mm from the
other element either positive or negative having a thickness
of 0.25 mm. The preparation of the inner wire and the outer
annulus was done by using a wire cutting machine and the
annulus was drilled using a drill bite with very fine thick-
ness. The inner wire was then disposed symmetrically and
coaxially into a hollow machined cylinder of the other ele-
ment.

The method adopted to form the sensor junction was by
abrasing its exposed surface to burr across the small gap. In
this case very fine tolerances are required to produce a small
gap between the sensor elements and the effective thickness
of the junction scales with the width of the gap. Thus, the
sensors junctions were formed by gently sanding its end sur-
face using two different scratch techniques, (i) abrasive pa-
per with different grit sizes; (ii) scalpel blade with different
thicknesses. The abrasive papers have the following grit
sizes 80#, 150#, 200#, 320#, 400#, 600#, 800#, 1000#,
1200#, 1500#, and 2000#. The scalpel blades have the fol-
lowing thicknesses 20 pm, 40 pm, and 60 pm. In addition,
the sensor two elements were insulated by a very thin layer
of epoxy ‘Araldite’ having a few micrometers thickness. The
schematic diagram of the final temperature sensor assembly
is shown in Fig. (1).

The electrical lead connection of the assembly was car-
ried out using a standard teflon wire (34 AWG) with an outer
diameter of 0.8 mm, which was welded, to serve as an exten-
sion wire to the reference junction, with the two probe ele-
ments. Then, application of an epoxy resin was deposited
right after the welding process. The assembly was then
placed inside a stainless steel cylinder with 0.1 mm thickness
to isolate it, both thermally and electrically, from the brass
bolt. The temperature sensors were carefully embedded in a
mounting bush before they were calibrated to make inter-
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changing sensors relatively easy. Super glue was then ap-
plied to the sides of the sensor before they were inserted into
the bush. A brass locking bolt with M6 external thread is
used to secure the mounting bush into the wall of the shock
tube. Another type of insulation was applied to fill in the gap
between the inside surface of the brass bolt and the tempera-
ture sensor elements to ensure that the measurement was not
affected by either materials dissimilarity or lateral heat con-
duction.
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Fig. (1). The schematic diagram of temperature sensor assembly.
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B) Sensors Thermophysical Properties

One of the objectives of this work is to accurately meas-
ure the time-varying surface heat flux using the fabricated
temperature sensor. Thus, there is a need to know the ther-
mophysical properties of the substrate or more precisely the
value of the thermal product (). Therefore, new correlation
equations to evaluate the thermophysical properties for tem-
perature sensor elements are developed in order to have an-
other way to determine the thermophysical properties consis-
tently with a high level of accuracy.

The thermophysical properties selection of temperature
sensor elements was taken from Caldwell [26] and Toulou-
kian [27, 28]. However, according to Caldwell [26], the ap-
proximate analysis of temperature sensor type-K elements
are: (i) the alumel constituents are: 94-96% Ni, 1-1.5% Si,
1.3-2.5% Al, 1.8-3.25% Mn, and iron and other constituents
in smaller quantities; (ii) the chromel constituents are: 89-
90% Ni, 9-9.5% Cr, up to 0.5% Si, 0.02-0.65% Fe, and 0.01
to 0.8% Mn. Although, the nickel is the major constituent of
type-K elements, there are significant differences in the
thermophysical properties of the chromel and alumel materi-
als. Furthermore, according to Touloukian [27] the alumel
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consists of 72% Ni, 25% Mn, 2% Al, 1% Si and the chromel
is the same as Caldwell’s one (i.e., 90% Ni, 10% Cr). As has
been highlighted by the same authors [18] that the values of
(B) for both alumel and chromel elements differ from each
other around 23% at 25 °C and it is also differed from the
mean value by around 15% at ambient temperature. Conclu-
sively, a dynamic calibration for each particular temperature
sensor is required for accurate results. Therefore, the data
were collated again from Caldwell [26] and Touloukian [27,
28]. New correlation equations were developed for the spe-
cific heat and thermal conductivity of both elements and
presented as functions of temperature in Figs. (2 and 3).
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Fig. (2). The specific heat variation with the temperature for
temperature sensor elements.

These straight-line correlations were typically obtained
by identifying the slope from the data in Touloukian [27, 28]
and the intercept from the data reported in Caldwell [26].
This approach is most obvious from the alumel specific heat
correlation (Fig. 2) where the closest material composition
reported in Touloukian [27] (72% Ni, 1% Si, 2% Al, 25%
Mn) differs significantly from the alumel analysis reported
by Caldwell [26]. Thus, the following correlation equations
are developed:

For chromel and alumel elements:

Co = 0.178664 T + 375.053 1)
K¢ =0.0191199 T + 11.8513 )
Ca = 0.0751194 T + 452.678 3)
Ka = 0.0298301 T + 17.9676 4)

In addition, the values of $ for both alumel and chromel
elements, based on the developed correlation equations
Egs.1-4 and the reported densities, can easily be calculated
as a function of temperature. At 20 °C, B, = 8070 J/m?.K.s"2
and B =10442 J/m?.K.s¥? which amounts to a difference of
2372 J/Im?.K.s¥ or around 23%. Thus, a dynamic calibration
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for each temperature sensor is required as the effective value
of the thermal product for a particular temperature sensor
construction depends upon the junction location whether it is
on the chromel or alumel elements and its vicinity to the
electrical insulation as will be demonstrated in the results
and discussion section.
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Fig. (3). The thermal conductivity variation with the temperature
for temperature sensor elements.

EXPERIMENTAL CALIBRATION FACILITY

The dynamic calibrations of the fabricated temperature
sensors were performed in UNITEN shock tube facility to
determine its response time and to confirm its capability for
measuring the transient surface temperature and conse-
quently making the transient heat flux. A full description of
this facility is comprehensively reported in [18]. A brief de-
scription of the shock tube setup and its instrumentation is
given below.

The layout of UNITEN shock tube facility is illustrated
in Fig. (4). The facility consists of driver section; flange,
wherein the diaphragm is placed; driven section; connection
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piece; working section (test section); end cap wall. The
driver and driven sections are made of stainless steel, 304L
grade, and designed to withstand 20 MPa pressure. They
are 2.5 m and 4.25 m in long respectively with 0.09 m
outside diameter and 0.05 m inside diameter for each. The
diaphragm, a thin instantaneously removable diaphragm
aluminum sheet with 0.2 mm thick, is placed in the flange
between the driver and driven sections till the compression
process is initiated. These diaphragms will be burst if
subjected to a pressure difference of 2+0.07 MPa.

At the downstream end of the driven section, a 0.5 m
length, 0.05 m inner diameter and 0.09 m outer diameter
stainless steel tube is called ‘test section’ or ‘working sec-
tion’. It is interconnected with the driven section using a
connection piece, with 0.15 m length and 0.13 m diameter.
This test section is used to calibrate the measuring instru-
mentation including the constructed temperature sensor. The
successful temperature sensors with different forms of
scratched junctions were installed and glued into bushes at
different axial locations along the test section as shown in
Fig. (5), which were themselves located on a recessed shoul-
der and locked in place with a nut. The test section tempera-
ture sensors were aligned with the inner surface of the driven
section to within approximately 0.1 mm, so that their sensing
point approximately flash mounted with the inner surface of
the test section.

The driver and driven sections of the shock tube are
equipped with a pressure gauge with a maximum pressure
range up to 16 MPa with an accuracy of +70 kPa, to monitor
the filled pressure inside the driver or driven sections. A
vacuum pressure gauge with an accuracy of 0.2+0.07 MPa,
is also installed in the driver and driver sections together
with its vacuum pump to regulate the gas inside the driver or
driven section into different pressure values ranging from 0.1
MPa to 0.025+0.07 MPa. The vacuum pump was used when
the gas inside the driver or driven section is not air (eg. he-
lium or CO,) then the driver or driven section should be
evacuated and refilled with the required gas. There is also a
piezoresistive static pressure transducer with a maximum
pressure of 25 MPa with accuracy of +0.3% kPa. It is located
at the end of the driver section and near the diaphragm posi-
tion (flange) to monitor the exact diaphragm burst pressure
history when the shock wave is propagating throughout the
tube.
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Fig. (4). UNITEN shock tube facility configuration.
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Fig. (5). Shock tube test section showing the locations of the measuring instrumentation, all dimensions are in mm.

In this work, a test section with its end cap wall was de-
signed and manufactured with different axial and radial dis-
tances. This test section contains nine holes drilled with 20
mm diameter and 20 mm deep. Seven of them were located
in the upper part of the test section to capture and gather the
transient surface temperature rise within the test section’s
wall using the fabricated temperature sensors. Another two
holes were located in the lower part of the section, which
were used for capturing and gathering the pressure history
data from the two piezoelectric pressure transducers (PCB
Piezotronics Inc., Model 111A24) with 70 MPa maximum
pressure with an accuracy of +0.2%, which were flush-
mounted with the tube inner surface precisely with 360 mm
apart as shown in Fig. (5). The pressure transducers were
also used to measure the shock wave speed and to determine
the precise time of the shock wave passed over the tempera-
ture sensor.

THERMAL PRODUCT ESTIMATION METHOD

In this work, the method of determining g is performed
by calibrating all in-house fabricated temperature sensors
using shock tube facility under microsecond time scales.
This is done to assess the performance of the fabricated tem-
perature sensor using this transient facility and to demon-
strate their capability to withstand the high enthalpy condi-
tions. Therefore, the calibration equation, Eq.5, is employed
as suggested by Jessen et al. [7]. The one-dimensional heat
conduction theory serves as a basis for this equation. The
theory depends on the p ¢ k values and the initial tempera-
tures only and that it is independent of time.

Trs—Te __ Brs
Trs =Tw Brs+Prs (5)

Where Tgrs an and fgs are the temperature and the thermal
product of the working fluid behind the reflected shock
wave. Trs - T, is the surface temperature rise measured by
the fabricated temperature sensor and frs is the thermal
product for a particular temperature sensor which can be
determined from Eq.5.

In this work, the temperature sensors were flush mounted
in the downstream of the driven tube surface (test section) as
well as in the end cap wall surface. Thus, when the shock
wave reflects off from the end of wall of the shock tube, the

working fluid experiences a step change in temperature (as-
suming idealized one dimensional gas dynamic and heat
transfer processes) which its magnitude is ideally given by
Eq.5. This equation was used to evaluate the value of g for
each temperature sensor under consideration with sufficient
precision, departing from the recorded surface temperature
and the temperature step in the working fluid during the
shock reflection process at the end wall of the test section
tube.

The working fluid temperature change Tgs - T. was
evaluated from the incident shock wave speed (u) using a
calorically imperfect, ideal gas analysis. The density (Ps),
pressure (Ps) and the enthalpy (hs) of the working fluid be-
hind the reflected shock wave were also calculated from the
ideal gas equations as given by Anderson [29] and Zurcow
[30]. The thermal conductivity of the working fluid was es-
timated using Sutherland’s law given by White [31]:

x _(TRS)§ T,+5

Ko T,) Trs+S (6)
Where K, is the thermal conductivity of the working fluid

at reference condition, T, is the temperature of the working

fluid at reference condition, S is the Sunderland constant.

The constant pressure specific heat of the ideal gas was

calculated using the following equation given by Vargaftik
etal. [32]:

o (Z“ "’*i ”’f“’") @

Jj=0 =1

Where:a and S are constants, g = %, R is the gas con-

stant and Tgs is the temperature behind the reflected shock
wave.

RESULTS AND DISCUSSION

A total of 80 test runs were carried out using 16 fabri-
cated temperature sensors constructed using different scratch
techniques (its details is presented in Table 1, Appendix A).
The experiments were conducted using helium-CO, combi-
nation in the shock tube facility with different diaphragm
pressure ratio (P4/P;) ranging from 10-200. This is to dem-
onstrate the temperature sensor performance and to measure
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K Abrasive paper/ 80#, 150#,3204, .. A (Alumel)
Scalpel blade 20 um, 40 um,..... C (Chromel)
TS Scratch Grit size/scalpel Junction
Technique blade thickness Location

\\ S

Example: 150

C (refers to temperature sensor type-K

scratched using abraswe paper W|th 150# grit size and its junction is located on the

chromel element)

Fig. (6). Designation of the fabricated temperature sensor.

the transient surface temperature in order to eventually de-
duce the heat transfer rate. Fig. (6) shows the designation of
the fabricated temperature sensor used in this work. Some of
the temperature sensors were fabricated repeatedly to assess
the sensors for possible damage and its repeatability after
many experiments. Other temperature sensors were refur-
bished during the experiments due to the erosion of its sens-
ing surface (Table 1, Appendix A). The value of thermal
product for each individual temperature sensor is predicted
by measuring the true surface temperature. The temperature
sensor response and rise time are also investigated.

The accurate measurement of the driver pressure (Py) is
actually not necessary because the input pressure pulse can
be obtained from accurate measurements of shock wave
speed (u) or from Mach number (M), driven section pressure
(P1) and temperature (T;). The test run was initiated when
the aluminum diaphragm separating the driver and driven
sections was burst. The test conditions were based on meas-
uring of the initial shock tube fill pressure and temperature.
The remaining test section parameters, including the incident
shock speed prior to reflection, reflected shock wave speed,
the temperature and pressure of the reflected shock wave,
were directly determined from the measured quantities using
the ideal gas dynamics equations given by Anderson [29]
and Zurcow [30]. The ambient shock tube temperature, be-
fore test run, was taken as a nominal 295 K.

A) Surface Temperature Rise

Example of the output temperature sensor produced by
the current temperature sensor formed with different scratch
techniques is shown in Fig. (7) for selected test runs. This
figure obviously shows that there is a small change in the
surface temperature rise. This is due to the difference be-
tween the thermal product of the working fluid (CO, in this
case) compared with that of the temperature sensor, even
though there is a large change in CO, temperature due to
shock wave compression. Furthermore, there is ideally no
movement of the CO, in contact with the temperature sensor
immediately following the shock reflection. Thus, the CO,
remains stationary for only a short period of time following
shock reflection due to the boundary layer jetting effect
which affects the CO, at the end of the shock tube.

Ms =2.753 (He - CO2)
3
8 .
= Reflected shock wave ——|
0 KAL000AC
': M \M\/‘\
1 KS20A
0.9l Incident shock wave — KA150C
0.8 I I I I I I I
-30 -20 -10 0 10 20 30 40 50

Time (microsecond)

Fig. (7). The surface temperature rise history measured by different
temperature sensors at Mg= 2.753.

Fig. (7) also shows that there are two main peaks in the
surface temperature rise history. The first peak reveals to the
propagation of the incident shock wave which compresses
and heats the CO; to a higher temperature as indicated on the
figure. The second peak refers to the reflected shock wave
propagation which is again compressed and heated the CO,
to a higher temperature. Then, the surface temperature starts
eventually to be uniform after the strength of the incident
shock and reflected shock waves become weak. For exam-
ple, the surface temperature for temperature sensor KA150C
was increased in the first peak to 0.92 K whereas it was in-
creased to 1.02 K in the second peak. Furthermore, Fig. (7)
illustrates that the surface temperature rise value slightly
differs for each temperature sensor. This depends on the
way of forming the junction, the junction location on the
positive/negative element and its vicinity to the insulation
layer. This will be further investigated and interpreted in the
next sections.

The operating experimental conditions are presented in
Table 2 (Appendix A) and the experimental results are tabu-
lated in Table 3 (Appendix A) using shock tube facility for
helium-CO, combination. This is to predict the appropriate
thermal product for each particular temperature sensor that
could consequently be used for accurate transient heat flux
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determination. Six test runs from low enthalpy to high en-
thalpy were carried out to assess the temperature sensor per-
formance. It was observed from the testing in shock tube
facility that there was a noisy response from the following
sensors KA400A, KA1200AC, KS20C and KS40C as they
are short circuited. This is probably happened due to the im-
perfect contact between the sensor elements and also due to
the lack of the electrical insulation amount between those
two elements. Thus, their results are shielded as they need to
be re-fabricated.

B) Thermal Product Values

The thermal product values produced from the experi-
mental dynamic calibration results are plotted and depicted
in Figs. (8 and 9). It can be seen that the thermal product
(frs) for each particular temperature sensor is a function of
the calibration conditions (temperature of the working fluid
and the enthalpy). Thus, it is revealed that the variability
(standard deviation of the mean values) of the fabricated
temperature sensor differs from one to another as it depends
on the scratch technique used and on the junction location. It
is also noticed from helium-CO, experiments that there is
variability in the fabricated temperature sensors. However,
the scratched temperature sensors using abrasive paper and
scalpel blade show close variability except KA60OAC and
KS20A whose variability are 10.02% and 10.26% respec-
tively. The variability for KA8OA is 4.54%, for KA150C is
2.31%, for KA320AC is 9.61%, for KAL1000AC is 8.92%,
for KA1500AC is 8.39%, for KS40C is 4.19%, for KS60A is
1.02% and for KS60C is 1.41%.

In the analysis of each test run, the recorded step surface
temperatures using helium-CO, combination were then com-
bined with the thermal product for CO, (frs) to deduce the
thermal product for the fabricated temperature sensor. For
the experiments where the sensor junction was formed by
scalpel blade scratch technique, the thermal product values
for each run are plotted in Fig. (8). It was observed that when
the junction was formed on the alumel element, the mean
values of the thermal product for the test runs produced from
KS20A and KS60A varied between 11009.26 and 11190.01
Jim? K s¥2. These thermal product values correspond closely
to that of alumel identified from the correlation equations
developed earlier. However, when the junction was formed
on the chromel element, the mean values of the thermal
product for the test runs produced from KS40C and KS60C
varied between 9264.02 and 9270.11 J/m? K s*2. Both of
these values are closer to each other and are higher than the
correlated value for chromel identified from the correlation
equations. It is worth mentioning that the derivation of the
thermal product from the measured data is slightly sensitive
to the temperature difference (T+s - T,.) than it is to the ther-
mal product for CO,. Thus, the uncertainty in (Tts - T,,) is
estimated to be +1.2% and the estimated uncertainty in the
sensor thermal product is approximately +2.8% with the
strongest contribution from the uncertainty in the thermal
product of CO,. This level of uncertainty may consequently
contribute to the differences in the measured and correlated
chromel values. Furthermore, another factor need to be con-
sidered which is that the temperature sensor is actually com-
posed of three different materials that contribute to the ther-
mal product value as has been approved by the same authors
in [21]. Furthermore, it seems that some of the junctions are
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located into the area close to the alumel element and other
are located in the proximity of the electrical insulation area.
Therefore, the difference between the thermal product value
for the junctions formed using scalpel blade scratch tech-
nique onto alumel and chromel elements remains consistent
for all of the scalpel scratched junctions tested. These results
may suggest that it could not be necessary to calibrate each
temperature sensor to determine its thermal product value.
Therefore, based on the present results, the thermal product
for sensor whose junction formed on the alumel element can
be taken as 11099.64 J/m® K s2 with 95% confidence limits
of +4.18%. The thermal product can be taken as 9267.06
Jim? K s*2 with 95% confidence limits of +1.82% for sensor
whose junction formed on the chromel element.
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Fig. (8). Thermal product variation versus enthalpy for different
temperature sensors scratched using scalpel blade.

The situation is somewhat different when the temperature
sensor junctions are created using abrasive paper scratch
technique. For sensors scratched using coarser grit size of
abrasive paper (e.g. KA80A) from chromel element onto the
alumel element. In this case, multiple junctions were created
by carefully drawing a small area of grit size of abrasive
paper from chromel element onto the alumel element and all
localized junctions were created on the alumel element.
Thus, the average value of the thermal product is 10561.56
Jim? K s¥2 which is obviously lower than the value of ther-
mal product of the sensor scratched using scalpel blade (i.e.
KS20A and KS60A). When the sensor junction was formed
using much finer grit size scratch such as KAG600AC,
KA1000AC and KA1500AC, the effective locations of the
sensor junctions are much closer to the insulation layer than
when the scalpel blade was used to create the junctions. In
this case a relatively large area of abrasive paper is drawn
across the entire face of the temperature sensor; therefore,
the junctions are likely to be created on both alumel and
chromel elements. The number of junctions on each element
of the temperature sensor may not be equal, so it is possible
that the thermal product of one of the element materials may
dominate. In addition, the thermophysical properties of the
insulation layer have a stronger influence on the effective
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values of the thermal product when finer junctions are cre-
ated with abrasive papers. Thus, the mean values of thermal
product of the above three sensors can be taken as 11289.02
J/m* K s"? with 95% confidence limits of +6.32% even there
is small variations in their values as shown in Fig. (9). The
observed variations in the thermal product values for tem-
perature sensor junctions is due to: (i) the difference of the
thermophysical properties of the sensor two elements mate-
rials coupled with the uncertain weighting for each; and (ii)
the differences in the proximity of the junction to the insula-
tion layer due to construction variability.
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Fig. (9). Thermal product variation versus enthalpy for different
temperature sensors scratched using abrasive paper.

C) Sensors Rise Time

Recalling the surface temperature rise behavior illus-
trated in Fig. (7) for selected temperature sensor scratched
using different techniques. The results have indicated that a
small change of the temperature level has occurred by 5 ps
after shock reflection, so a more conservative approach was
adopted in the analysis of the present results. In order to
identify the step in the surface temperature for each result,
the recorded signal from a particular temperature sensor was
averaged over the period from 0 to 2 us after shock reflec-
tion. Examples of the signals obtained during the time period
to 2 ps from shock reflection are depicted in Figs. (10 and
11) for selected temperature sensors to identify the rise time
of the fabricated temperature sensor.

It was noticed that the rise time for temperature sensor
with junctions formed using abrasive paper was consistently
less than 0.3 ps as illustrated in Fig. (10). This figure pre-
sents the rise time for temperature sensor scratched using
abrasive paper from coarser grit size with 150#. However,
some of the temperature sensor exhibited a rise time a bit
greater than 0.3 ps such as KA320AC scratched with 320#
grit size of abrasive paper due to the poorness signal-to-noise
ratio. Thus, the apparent value of thermal product for this
temperature sensor is much larger, and there is greater varia-
tion in thermal product values for KA320AC (variability
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9.61%) relative to that for KA8OA (variability 4.54%). The
shock tube experiments have revealed that some of the fabri-
cated temperature sensors using scalpel blades produced rise
time less than 0.3 ps as presented in Fig. (11). However, oth-
ers temperature sensors produced rise time approximately
0.3 ps such as KS20A due to the poorness signal-to-noise
ratio produced from this temperature sensor. Thus, the
apparent value of thermal product is much larger, and there
is greater variation in thermal product values for KS20A
(variability 10.26%) relative to that for KS60A (variability
1.02%). Furthermore, this is happened by the fact that those
temperature sensors were created by hand and there was
probably considerable variability in the effective depth of the
junction which has a direct impact on the rise time of the
temperature sensor.
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Fig. (10). The rise time for temperature sensor scratched using
abrasive paper.
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Fig. (11). The rise time for temperature sensor scratched using
scalpel blade.

D) Numerical Determination of Surface Heat Flux
History

In short duration flow (hypersonic facilities) usually the
surface temperatures of the models do not reach the high
levels that occur with the real vehicle during flight, so that
the temperature itself is of a minor interest. The heat flux is a
more meaningful quantity which can easily be simulated and
remains constant during the test time in shock tube facility.
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In order to relate the measured surface temperature to the
actual heat transfer rate, it is useful to use the following as-
sumption: (i) the sensing surface of the temperature sensor
has negligible effects on the surface thermal behavior; (ii)
the thermal penetration depth is less than the thickness of the
substrate; (iii) the temperature sensor may be considered as a
uniform semi-infinite solid. The technique used to derive the
heat flux involves the measurement of the surface tempera-
ture history and the subsequent calculation of the surface
heat flux history by means of unsteady one-dimensional heat
conduction theory. The following expression can be solved
for the surface heat flux determination in terms of the surface
temperature [33]:
ar(o,t) p ['dT, 1

q(t) = —KT

_\TT b odt Jit—1

(®)
From the above equation it is apparent that in order to
perform heat flux calculations, it is necessary to determine
the thermal product values of the temperature sensor. These
values were determined from dynamic calibration of the fab-
ricated temperature sensor as presented in the previous sec-
tions. If the heat flux is not constant, the numerical technique
must be used in the calculation of the heat transfer rate be-
cause of the temperature derivative, the integral in Eq.8 is
not suitable for numerical evaluation. Therefore, to reduce
the error introduced by the uncertainty in the integral term in
Eq.8. It is more customary to use the following equivalent
expression for the evaluation of the surface heat flux.

s ~t =
A e T
©)

s \'E( Vi 2/ (t—1)0%

Where B is the thermal product of the fabricated tem-
perature sensor which describes the influence of the thermo-
physical properties of the temperature sensor materials on
the unsteady heat transfer. The numerical algorithm used to
solve Eq.9 was done by developing a MATLAB® routine to
obtain the transient heat flux history from the measured sur-
face temperatures history according to Cook and Flederman
[34, 35]. A sample of the transient heat flux history produced
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from the surface temperature history, measured using one of
the fabricated temperature sensor KA60OAC whose junction
was formed using abrasive paper of 600# grit size is shown
in Fig. (12).

A large spike in the deduced heat flux history can be seen
from this figure for times in the range of 0.3 to 0.6 ps. This
spike is attributed to shock wave transient that are known to
occur during the starting of the test run in shock tube facility.
The shape of the heat flux reflects the form of the surface
temperature rise. It can also be seen that the first peak in the
surface heat flux was obviously around 0.78 MW/m’
whereas the second peak was around 3.2 MW/m’.

RESULTS REPEATABILITY AND UNCERTAINTY
ANALYSIS

The repeatability of the experimental results was per-
formed into two categories; (i) repeating a particular experi-
ment under the same operating conditions; (ii) repeating a
particular temperature sensor design and fabrication using
the same materials and using same scratch technique such as
KABOA/R*, KA150C/R* (Table 1, Appendix A) to check
their repeated response. Furthermore, it was demonstrated
that the sensitivity of the temperature sensor depends on the
thermophysical properties of its elements. All temperature
sensor used in this work were manufactured from the same
piece of raw materials. The repeatability of the measurement
for each type of temperature sensor was within +5%. In addi-
tion, the repeatability of the shock tube calibration technique
was also assessed using data from test runs 1 to 6 (Table 2,
Appendix A) which were essentially repeated experiments
with the same configuration. Considering the data for
KA80A/R*, these runs produced a mean value of S =
11748.63 J/m® K s'* with a standard deviation of 5.02%.
This level of variability is significantly higher than the un-
certainty estimates which indicate that the strongest contri-
butions to the calculated values of (Tts - T.) are from the
measured shock speed (uncertainty of +£0.5%) and the ther-
mal conductivity of CO, (uncertainty of +2%), yielding a
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Fig. (12). The surface heat flux history produced from the temperature measured by temperature sensor KA600AC.
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total uncertainty of +2.5%. The difference between the
duplicated experimental test runs was within £2%.

Therefore, the overall uncertainty were estimated for all
test runs and for all values of driver pressure (P,), driven
pressure (P;), shock wave speed (u), reflected wave speed
(Ur) and surface temperature (Tts - T,) using the method
outlined in [36, 37]. It was found, from the experiments con-
ducted in this work, that the overall uncertainty for the static
and dynamic pressure measurements arises from calibration
uncertainty is around +2%, scatter due to run to run varia-
tions is about +2%, amplifier and sampling accuracy (both
+1%), and errors in the base line pressure (2% for static
pressure, negligible for dynamic pressure), giving an overall
uncertainties of approximately +5% for static pressure and
+3% for dynamic pressure. The uncertainty in the heat flux
arises from the uncertainty in thermophysical properties of
the temperature sensor elements (+4%), in the thermo-
resistive properties of the elements (£2%), scatter due to run
to run variations (£2%), and amplifier and sampling accu-
racy (both £1%), giving an overall uncertainty of approxi-
mately +5%.

It can be inferred that the temperature sensor perform-
ance was obtained repeatedly and without difficulty after
initial development of the sensor [18]. Noise levels in the
measured surface temperature were acceptably very low due
to the feasible design of the amplifier. The temperature sen-
sor set was used for a minimum of 80 test runs of the shock
tube facility. At the end of the test runs sequence, no gauge
failures or performance degradation had been observed.

CONCLUSIONS

An experimental calibration technique using shock tube
transient facility with different operating conditions was
conducted to evaluate the thermal product value for tempera-
ture sensor with different scratched techniques. The per-
formance, rise time and the surface heat flux produced from
these sensors were also discussed in this paper. The conclu-
sions worth noting in this work are further summarized in the
following points:

* This paper has provided a useful and practical data for
thermal product values for different scratched tempera-
ture sensors. These data are helpful to the experimental-
ists in the field and it can be used for accurate transient
heat transfer rate.

* The temperature sensor performance is significantly in-
fluenced by the way of forming the surface junction
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which in turn affect the thermal product value. Thus, the
effects of the thermophysical properties of different sub-
strates on the temperature sensor thermal product have
been examined. New correlation equations for evaluating
the thermophysical properties of the temperature sensor
have been derived.

* The practical implementation of calibrating the tempera-
ture sensors in shock tube facility has provided that there
is a tendency for the thermal product of the temperature
sensor to be different when it is formed using different
scratch technique. It was inferred that the accurate ther-
mal product value of a particular temperature sensor de-
pends upon whether the junction was actually located on
the positive or negative element or on both and on its
proximity to the thin insulating layer between the two
elements.

* The dynamic calibration results have shown that the
thermal product of a particular temperature sensor de-
pends on the Mach number, surface junction scratch
technique, junction location as well as on the enthalpy
conditions. It was also noticed based on the present re-
sults that the fabricated temperature sensor using scalpel
blade technique with a particular blade size gives consis-
tent thermal product values (to within +4.97%). Thus, it
does not require an individual calibration. However, a
calibration for each temperature sensor whose junction
created using abrasive paper with different grit sizes, is
likely to be needed.

* It was demonstrated that there are significant differences
between the thermal product for junctions formed on the
chromel element and those formed on alumel element us-
ing scalpel blade technique. It was observed that the
thermal product for alumel is larger than that of chromel
in approximately 17.33%.

* The rise time for temperature sensor whose junction cre-
ated with abrasive paper was consistently less than 0.3 ps
for most of the fabricated temperature sensors. However,
some of the temperature sensors scratched using scalpel
blades have a rise time approximately 0.3 ps.

*  When the heat flux was not constant, the numerical tech-
nique was used in the calculation of the heat transfer rate.
The numerical algorithm used to solve the expression for
the surface heat flux was done by developing a MAT-
LAB routine to obtain the transient heat flux history from
the measured surface temperatures history.

APPENDIX A
Table 1. Details of the Fabricated Temperature Sensors Using Abrasive Paper and Scalpel Blade Scratch Techniques
Temperature Scratch Grit Size No./Scalpel The Way of Forming The Junction Location Insulation
Sensor No. Technique Blade Thickness the Junction Thickness
KAS80A Abrasive paper 80# chromel to alumel alumel (A) 20 pm
KA80A/R* Abrasive paper 80# chromel to alumel alumel (A) 18 um
KA150C Abrasive paper 150# alumel to chromel chromel (C) 16.4 pm
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Temperature Scratch Grit Size No./Scalpel The Way of Forming The Junction Location Insulation
Sensor No. Technique Blade Thickness the Junction Thickness
KAIS0C/R* Abrasive paper 150# alumel to chromel chromel (C) 15 pm
KA320AC/K** Abrasive paper 320# chromel to alumel alumel and chromel (AC) 15 pm
KA400A Abrasive paper 400# chromel to alumel alumel (A) 17 pm
KAG600AC/K** Abrasive paper 600# chromel to alumel alumel and chromel (AC) 16 pm
KA1000AC/K** Abrasive paper 1000# chromel to alumel alumel and chromel (AC) 19.4 pm
KA1200AC Abrasive paper 1200# chromel to alumel alumel and chromel (AC) 14 pm
KAIS00AC/K** Abrasive paper 1500# chromel to alumel alumel and chromel (AC) 18 pm
KS20A scalpel blade 20 pm chromel to alumel alumel (A) 18.8 um
KS20C scalpel blade 20 pm alumel to chromel chromel (C) 18 pm
KS40C scalpel blade 40 pm alumel to chromel chromel (C) 17.4 pm
KS40C scalpel blade 40 pm alumel to chromel chromel (C) 16.6 um
KS60A scalpel blade 60 pm chromel to alumel alumel (A) 16.9 um
KS60C scalpel blade 60 pm alumel to chromel chromel (C) 18.8 um

A stands for Abrasive paper, A stands for Alumel element, C stands for Chromel element, AC stands for both Alumel and Chromel elements, K stands for temperature sensor type-K,
R* means the fabrication of a particular temperature sensor is repeated, ** means that this particular temperature sensor is re-refurbished, S stands for Scalpel blade.

Table 2. The Operating Experimental Conditions Used in Shock Tube Facility with Helium-CO, Combinations
Run No. Incident Mach Number (M) Enthalpy (kJ/kg) T rs (K) B rs (IIM?.K.s %)
1 2211 244945282 703.7657 9.7029331
2 2.753 398.384242 959.9344 14.265216
3 3.371 604.063687 1317.035 19.952868
4 4.057 870.781971 1796.055 26.564816
5 4.289 970.154467 1977.857 28.819012
6 5.035 1321.18592 2630.497 39.456455
Table3. The Experimental Results from Shock Tube Facility with Helium-CO, Combinations
Run no. Temperature Sensor No. Scratch Technique Trs— T (K) B 1s (IIM*.K.s %)
1 KAS80A Abrasive paper 80# 0.351 11309.493
KA150C Abrasive paper 150# 0.41 9683.426
KA320AC Abrasive paper 320# 0.422 9408.35
KA600AC Abrasive paper 600# 0.395 10050.79
KA1000AC Abrasive paper 1000# 0.367 10816.859
KA1500AC Abrasive paper 1500# 0.358 11088.55
KS20A Scalpel blade 20 pm 0.382 10392.50
KS40C Scalpel blade 40 pm 0.448 8862.89
2 KAS80A Abrasive paper 80# 0.941 10094.43
KA150C Abrasive paper 150# 0.978 9713.08
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Table 3. cont....
Run no. Temperature Sensor No. Scratch Technique Trs— T (K) B 1s (IIM*.K.s %)
KA320AC Abrasive paper 320# 0.91 10437.818
KAB00AC Abrasive paper 600# 0.821 11567.777
KA1000AC Abrasive paper 1000# 0.872 10892.06
KA1500AC Abrasive paper 1500# 0.894 10624.37
KS20A Scalpel blade 20 um 0.933 10180.86
KS40C Scalpel blade 40 um 1.02 9313.71
3 KA80A Abrasive paper 80# 1.971 10366.34
KA150C Abrasive paper 150# 2.245 9103.485
KA320AC Abrasive paper 320# 1.59 12845.444
KAB00AC Abrasive paper 600# 1.692 12072.28
KA1000AC Abrasive paper 1000# 1.626 12561.49
KA1500AC Abrasive paper 1500# 1.64 12454.43
KS20A Scalpel blade 20 um 2.376 8602.68
KS40C Scalpel blade 40 um 1.85 11042.95
4 KA80A Abrasive paper 80# 3.816 10476.05
KA150C Abrasive paper 150# 4.194 9534.26
KA320AC Abrasive paper 320# 3.357 11904.8
KAB00AC Abrasive paper 600# 3.127 12778.48
KA1000AC Abrasive paper 1000# 3.964 10085.91
KA1500AC Abrasive paper 1500# 4271 9362.85
KS60A Scalpel blade 60 um 3.551 11255.87
KS60C Scalpel blade 60 um 4.381 9128.425
5 KA150C Abrasive paper 150# 5.231 9300.140
KA320AC Abrasive paper 320# 4572 10636.50
KAB00AC Abrasive paper 600# 4716 10312.593
KA1000AC Abrasive paper 1000# 4.787 10160.066
KA1500AC Abrasive paper 1500# 4813 10105.34
KS40C Scalpel blade 40 um 4951 9824.48
KS60A Scalpel blade 60 um 4.36 11152.277
KS60C Scalpel blade 60 um 5.276 9221.063
6 KA150C Abrasive paper 150# 9.532 9706.94
KA320AC Abrasive paper 320# 7.641 12099.46
KAB00AC Abrasive paper 600# 7.561 12227.055
KA1000AC Abrasive paper 1000# 7.741 11943.660
KA1500AC Abrasive paper 1500# 8.283 11164.71
KS40C Scalpel blade 40 um 9.621 9617.51
KS60A Scalpel blade 60 um 8.177 11308.93
KS60C Scalpel blade 60 pm 9.781 9460.83
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NOMENCLATURE
c = Specific heat at constant pressure (J/kg.K)
Y/ = Shock Mach number
Qs = Surface heat flux (W/m?)
t = Time from start of heating or cooling (s)
K = Thermal conductivity (W/m.K)
Ko = Thermal conductivity at reference condi-
tions (W/m.K)
= Gas constant (J/kg.K)
S = Sunderland constant, Eq. (6)
T = Surface temperature measured by the sen-
sor (K)
T = Initial temperature (K)
To = Temperature at reference conditions (K)
Ts = Surface temperature (K)
T. = Ambient temperature (K)
= Shock wave speed (m/s)
Ug = Reflected shock wave speed (m/s)
X = Axial distance (m)
GREEK
a = Thermal diffusivity (k/pc) (m?/s)
i = Thermal product (vA¢K) (J/m* K s*?)
o = Standard deviation (%)
P = Density (kg/m?)
T = Dummy variable for integration wrt time
()
SUBSCRIPT
1 = Conditions at driven section
4 Conditions at driver section
5 = Conditions for reflected shock wave
al = Alumel
cr = Chromel
i = Inlet
R = Reflected shock wave
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