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In this study, a coaxial thermocouple subjected to impact through a junction
manufacturing process was investigated. The performance of the impact-type
coaxial thermocouple was analyzed through impact and thermal tests to evaluate
the resistance of the thermocouple to external forces and heat. In addition, shock
tunnel experimental tests were conducted to assess the durability of the
thermocouple in a hypersonic environment. The findings indicated that the

impact-type coaxial thermocouple exhibited satisfactory resistance to external

heat. Moreover, the results exhibited sufficient repeatability, and the performance

of the impact-type coaxial thermocouple was determined to be comparable to

that of the conventional coaxial thermocouple.
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1. Introduction

Shock tubes [1-4] and shock tunnels [5-11] are typical
high-speed ground test equipment, and they have the
advantage over other equipment in simulating various
types of flow. However, the disadvantage of using them is
that the test flow time is very short in milliseconds, and the
sensor may be destroyed because of direct impact owing to
debris from the diaphragm [12]. Therefore, the heat sensor
used in shock tubes or shock tunnels should show fast
response times, and it should resist harsh environmental
conditions within the test equipment. Coaxial surface
junction thermocouples are widely used in hypersonic
ground test experiments, such as shock tunnel [13,14].
Figure 1 shows a K-type coaxial thermocouple and its
measurement schematic. A coaxial thermocouple comprises
a combination of a central alumel alloy bar and a
central-pierced chromel alloy cylinder. Between the alumel
bar and the chromel cylinder, an insulator is placed to
prevent current from flowing. The outside part of the
thermocouple, except the contacts, is also covered with
insulators for mounting the model.

Typically, a coaxial thermocouple is manufactured by
hand, the junction generation process depends on
[15,16]. In the

thermocouple, a random junction that is generated by

experience and skill grind-type
scratching the surface using sandpaper causes a difference
in the way each sensor functions. In addition, araldite
adhesive and teflon tape, which are commonly used as
adhesives between metals, may have weak thermal and
shock drawbacks, so it is possible that the thermocouple
suddenly experiences sudden pressure and thermal
changes in the hypersonic test facility environment.

In this study, an impact-type coaxial thermocouple was
studied to address the junction imbalance that exists
between thermocouples. The impact and thermal
performance of the impact-type thermocouple were
investigated in a hypersonic environment in a shock tunnel.
The results of the shock tunnel test were compared with
the findings for a similar condition reported in Ref. [12].

The heat flux of the impact-type surface junction
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thermocouple compared favorably with that of the
conventional grind-type thermocouple, which verified the
study results and demonstrated the potential for the use of

impact-type surface junction thermocouple.

Alumel

|

Readout }
instrument |
|

|

Amplifier

Fig. 1. Schematic of a k-type coaxial surface junction

thermocouple.

2. Experimental Details

2.1 Thermocouple

Coaxial thermocouples are usually fabricated by hand.
Typically, the junction manufacturing process is achieved
using sandpaper [17-24] or by scratching the surface using
a scalpel [25,26] for random plastic deformation of the
thermocouple surface. A tapered rod is used to improve the
process further [25,27]. The application of the tapered
method involves using an outside tapered rod for
manufacturing the junction on the surface instead of using
the conventional straight rod. However, this method
usually requires a unique manufacturing technique in
which microscopic manufacture for the tapered rod is
necessary. Sandpapers are widely used for creating the

junction in hand-made coaxial thermocouples. The

5
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grind-type junction fabrication is generally used for
thermocouple production.

In this study, a thermocouple manufacturing process of
applying impact force was studied. A thermocouple that
is produced following the further manufacturing process
is called an impact-type coaxial surface junction
Unlike the
fabrication process that involves sandpaper grinding or

thermocouple. conventional  junction
the use of a sharp scalpel, the manufacturing process for
the impact-type coaxial surface junction thermocouple
requires a surface impact to make the surface junction
durable. The junction fabrication of the grind-type or
scalpel-type thermocouple includes the microscopic
distortion of the overall surface. However, the junction
fabrication process of the impact-type thermocouple is
focused on durable local distortion.

Figure 2 depicts the manufacturing process and

Alumel Chromel
rod cylinder
Adherence &
insulate

Surface insulate
& wiring

Smoothing

Vol. 1, No. 1, October 2020

schematic of the impact-type coaxial thermocouple. A
K-type thermocouple, which was composed of two
different metallic substances, was used in this study. The
first metallic material was chromel alloy, which consisted
of 90% nickel and 10% chrome. The other material was
alumel alloy, which consisted of 95% nickel, 2% aluminum,
2% manganese, and 1% silicon. The initial process was
similar to that of the conventional grind-type
thermocouple; an alumel alloy rod and a chromel alloy
cylinder were glued together using an insulation material
and araldite adhesive. A copper wire was then attached to
the sensor, and surface insulation was applied using a
teflon tape. Next, sandpaper with grit sizes of 800 to 1500
was used to smoothen the surface. Thereafter, the

thermocouple was fixed to the vise after surface treatment,

and contact was created by placing a sharp object about the

Sharp tip

Thermocouple

Illustration of ‘surface impact’

surface

""" —-=———r-- 'I Real-time resistance check |' 1

Surface impact

Resistance
between 1~20)

Thermocouple

Resistance
>20

Fig. 2. Logic scheme of impact type surface junction thermocouple manufacture.
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size of an M3 hexagonal wrench on the surface and
striking the object with a hammer. The thermocouple was
usable when the resistance was 1-2 . When the measured
resistance exceeded 2 Q, contact initiation was achieved
through impact junction application. However, when the
resistance was lower than 1 Q, then the thermocouple
could not be used in the hypersonic environment because
the sensitivity was unavailable in the hypersonic ground
test facility. The junction was removed by via surface
smoothing, and the thermocouple became reusable. The
processes of creating contact through impact and checking
the resistance were evaluated in real-time by connecting a
resistor to a wire that was attached to the thermocouple.
When the resistance was within the optimal range of 1-2 €,
the thermocouple could function effectively without

further processing.

2.2 Calibration

Calibration was performed to determine the sensitivity
of the heat flux before the thermocouple could be used. In
this study, a widely used method for thermocouple
calibration, known as the water plunging method, was used
[26]. Figure 3 shows the setup for the water plunging
method, i.e., the calibration technique and the schematic.
The thermocouple for calibration was connected to the
support and located on ice water. The reason for using ice
water is to protect thermocouples from the steam of hot
water. The wire attached to the thermocouple was
connected to an oscilloscope through the amplifier and
measured the voltage generated by the thermocouple.

The calibration method is described as follows. The
surface temperature of the thermocouple was measured,
and the thermocouple was suddenly dropped into a bowl of
ice water maintained at a temperature close to 273 K. At
this point, the sudden change in temperature was measured
using the oscilloscope. The measured temperature
difference can be related to the thermal product (T P) using
equation (1) [28]:

www.kspe.org

Study of Impact Type Surface Junction Thermocouple

Standx
/— Thin wire

Thermocouple

Fig. 3. Thermocouple calibration setup.

T—-T,  (TP), )
Ty,—T, (TP), +TP @

In equation (1), TP = (pCpk)l/2 is the thermal
product of the thermocouple, T is temperature, the
subscripts a, s and w denote ambient, surface of the
thermocouple, and water, respectively. The thermal
product of water is expressed as (TP)y = 1592 Ws1/2/
m?K at 273 K, based on the regression of Ref. [29]. The
thermal product of each thermocouple (TP)s can be
obtained through the calibration.

In this study, the experimental tests were conducted at
T, = 293K. The calibration was performed by securing
the thermocouple surface temperature with Ty, = 273 K
using ice water. Calibration was performed five times, and
the average thermal product was used. Figure 4 shows a
sample of the calibration results obtained using the water
plunging method. When the thermocouple was immersed
in the water, a sudden temperature change was detected
within approximately 1 msec, and the temperature
remained constant thereafter. The value of the thermal
product of the thermocouple obtained in this study was
6361 W - sec/?/[m? - K].

1

KAIST | IP:143.%%%.103.66 | Accessed 2021/04/28 10:26(KST)



P |\ | E Journal of
Propulsion and Energy

af e rrar——————— L
£ r d
Koot
= B
I [
'_
2 2[
.t
N
5 5 10 15 20
t [msec]

Fig. 4. Typical variation of surface temperature against time.

2.3 Impact and Thermal Durabilities

Thermocouple impact durability tests were conducted to
observe the degree of resistance variation, which is a
measure of the junction generation for subsequent
thermocouple by directly impacting the thermocouple
surface. Figure 5 shows the appearance and describes the
aim of performing the impact durability test. The impact
durability test process involved fixing the thermocouple to
a vise and applying impact. A fixed thermocouple was
connected to a voltmeter, which facilitated the real-time
observation of the thermocouple resistance changes before
and after impact. The impact of the impact hammer (PCB
Piezotronics, Model 086CO1) on the thermocouple was
observed using the oscilloscope connected to the amplifier.
The impact was measured in volts and could be converted
to newtons using the calibration data provided. In this
study, the plastic tip of the impact hammer was used,
which resulted in a voltage versus impact variation of
10.36 mV/N. The impact force after each trial and the
thermocouple resistance were obtained to analyze the

changes in the thermocouple.
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Impact hammer

“Voltmeter

Fig. 5. Impact resistance test setup.

Thermocouple thermal durability tests were performed
to examine the degree of resistance variation. The tests
were designed to simulate thermocouple exposure to
temperature in a shock tube/ shock tunnel, and a sudden
increase in temperature occurred after the shock reached
that of the model.

Il

Heat-gun

Laser

thcrmomctc\

L

Hot-gas

N i/

>
Cable . /_
g

Fig. 6. Thermal resistance test setup.

Voltmeter:

Thermocouple
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An experiment was conducted to measure thermocouple
junction variations by applying heat to the surface of each
thermocouple model. The junction variations were
observed by measuring the junction resistance after the
application of the heat. Figure 6 shows the experimental
setup for the thermal durability test. A heat gun was used
to heat the thermocouple surface, and the temperature was
measured using a laser thermometer. After the heat was
applied for 5 sec successively at intervals, the change in
junction was measured through the change in resistance

based on the thermocouple surface temperature.

2.4 Shock Tunnel Experiment

Figure 7 shows the setup for the shock tunnel tests. The
experimental tests were conducted using a K1 shock tunnel
located at KAIST. This shock tunnel was composed of a

Mach 6 contour nozzle. Models and thermocouples

(a)

Study of Impact Type Surface Junction Thermocouple

mounted in the test section were connected to the amplifier
and the oscilloscope using a cable to measure the
temperature change in a hypersonic environment. After
each shock tunnel test was performed, the thermocouple
resistance was measured using a voltmeter to determine
the change in the thermocouple junction between each
experimental process.

The measured temperature change was calculated based
on the heat flux using the semi-infinite technique
expressed in equation (2) [30].

1
2(pCok)Ex0 T(t) = T(tio)

1 1 1
(M2 =1t — )2 + (6 — t-1)?

q(ty) = 2

In equation (2), t is time. The thermal product
(pCpk)l/2 was determined during the calibration process.

Figure 7-(b) and (c) show the pitot pressure and the heat

Driver tube

[P » |

Driven tube

Dump tank

l_ Transition section

>| |e—|

Nozzle P 2 Test section

i

| @

Pitot pressure
- ; model

Heat flux model

g@%

Fig. 7. Shock tunnel experiment. (a) Test facility; (b) Pitot pressure model; (c) Heat flux model.

www.kspe.org

79

KAIST | IP:143.%%%.103.66 | Accessed 2021/04/28 10:26(KST)



Journal of
Propulsion and Energy

JPN

flux models equipped. A hemisphere model having a
diameter of 30 mm was used to equip the coaxial
thermocouple. The thermocouple was equipped to match
the model surface. The model was equipped with a
L-shaped model anchorage and a test section, with the
thermocouple wires projecting outward through the inner
space of the anchorage.

The charging conditions of the shock tunnel were
similar to the flow conditions used in Ref. [12]. Helium
and nitrogen (at 3.2 +0.05 MPa) were pre-mixed and used
as the charging gases for the driver to increase the
experiment time through driver gas tailoring. At the
transition section, 1.66 +0.01 MPa of helium was used,
whereas 40 kPa of dry air was used in the driven tube. The
nitrogen inside the driver tube did not strongly affect the
flow condition in the test section [31]. The considered
shock tunnel condition at the nozzle exit was as follows:
the freestream pressure (Py,) was 1.73 kPa; the temperature
(Ts) was 200 K; and the density (p,,) was 0.03 kg/m3.
Detailed information regarding the calculation procedure
of flow condition can be found in Ref. [31].

The obtained heat flux and pitot pressure measurement
results were compared with the data presented in Ref. [12]
to ensure that the results obtained in this study could be
verified for similar conditions.

3. Results and Discussion

3.1 Impact and Thermal Durabilities

Table 1 shows the degree of resistance variation
measured from the impact durability tests and the
maximum impact at each time. The impact of the hammer
between each attempt was adjusted to approximately 70—
130 N. As inferred from the resistance change following
each attempt (Table 1), the impact-type thermocouple
showed a continuous increase in resistance to surface
impact. To the authors’ understanding, a plastic
transformation of surface occurs through the impact, and

hard junctions are formed between the materials. However,
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as the impact is applied, there seems to be some influence
on the amount of plastic transformation of the surface but
upto several trials, the survivability of the thermocoupole
seems fair at best.

Table 2 shows the resistance change between each
through thermal durability tests and the

thermocouple surface temperature measured using a laser

attempt
thermometer. The thermocouple surface temperature
values listed in the table are indicated by the maximum
measured temperature, considering the continuous heating
of the thermocouple surfaces for a duration of 5 sec. The
maximum temperatures of the surfaces ranged from 330-
340 K.

In contrast to the impact durability test results, the
thermocouple showed a steady difference of +0.4 Q for
each heating process. This result suggested that for the
impact-type thermocouple, the contact between the alumel
rod and the chromel cylinder through direct surface
deformation was likely to be less affected by the insulating

material.

Table 1. Variation of surface resistance against applied force.

Trial Frax (N) R ()
#0 - 1.5

#1 96.5 2.3

#2 772 22

#3 127.4 2.8

#4 100.4 2.6

#5 81.2 +0.4 3.6 +0.05
#6 123.6 3.3

#7 61.8% 42

#8 81.1 4.4

#9 92.7 4.5

#10 772 5

Copyright © 2020 The Korean Society of Propulsion Engineers
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Table 2. Variation of surface temperature and resistance

against applied heat.

Trial T, (K) R (Q)

#0 - 1.4

#1 338.5 1.1

#2 335.3 1.2

#3 3365 | 1 £0.05
#4 337.6 1.4

#5 334.2 1.6

3.2 Shock Tunnel Experiment

Figure 8 shows the heat flux and pitot pressure results of
the shock tunnel tests. From Figure 8-(a), the average value
of pitot pressure was 80+2.3 kPa, compared with the
theoretical value of 81 kPa. Thus, the obtained pitot
pressure results were in good agreement with the
theoretical value. The experimental condition of Ref. [12]
as similar to the flow condition used in this study, so data
were selected for comparing and verifying the results. In
Ref. [12], the pitot pressure was 85+1.7 kPa; the results
for pitot pressure obtained in the present study also
exhibited satisfactory agreement with the results in the
reference.

The results for the temperature and heat flux of the
impact-type thermocouple determined through shock
tunnel tests are shown in Figure 8-(b), Figure 8-(c), and
Table 3. From Figure 8-(b), in all the five trials, the
temperature changed with time and showed a similar trend.

Based on the thermocouple resistance variations presented

Study of Impact Type Surface Junction Thermocouple

in Table 3, at a resistance variation of approximately 0.3 (),
the sensitivity of thermocouple barely changed. In Figure
8-(c), the impact-type thermocouple showed a steady time
of 2 msec for all the trials. Compared with Figure 8-(a),
the measured heat flux followed a steady time range for
pitot pressure, and the steady time ended similarly to that
of the pitot pressure approximately 2.5 msec after the
shock wave arrived. The steady time for heat flux also
followed a steady time for pitot pressure, i.e.,
approximately 2 msec of steady time start and end, similar
to that of pitot pressure. The heat flux measured at each
trial had an average value of 1.37 £ 0.02 MW/m?. As
can be seen from Figure 8 and Table 3, the heat fluxes
measured in all the trials exhibited similar shapes and
values. In Ref. [12], a conical nozzle with a designed Mach
number of 6.08 were used. In this study, a contour nozzle
having a Mach number of 6 was used, and the driver gas
tailoring technique was adapted to increase the test time.
The measured test time reported in Ref. [12] was shorter
(steady time of approximately 0.5 msec) than the test time
of this study (steady time of 2-2.5 msec). For shock tunnel
tests, both a 5% increase in pitot pressure and a 12.7%
increase in heat flux were obtained then that of Ref. [12].
A possibility for the differences may be the difference
between the conical nozzle and contour nozzle used. The
designed Mach number of the contour nozzle was slightly
lower than that of the conical nozzle used. The differences
in the Mach number and freestream conditions between
the conical and contour nozzles may have caused the
higher pressure and heat flux obtained in this study.

Another possible reason for the difference in the surface

(b) ©

#5
= Ref.(12]

#7 Confsidered as "steady

(@)
200 16
14} o
#3
150 # I 20
- - Refq12 | || T “
— — - Calculation — 10 S
_ =3
g , "
100 g ) w ®
o S . i B — - ]
E W= TAARR 2 =Y n 6F 7
o b W =1 /
50 H b 4 /4
J Considered as 'Steady’ 2
7
o o
-1 -2>1

t [msec]

2
t [msec]

L | ~ L
0.5 =
t [msec]

wh

Fig. 8. Measured shock tunnel data. (a) Pitot pressure; (b) Temperature; (c) Surface heat flux.
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heat flux may be the roughness variance between the
models. In this study, a hemisphere model similar to that
of Ref. [12] was used. However, unlike the factory release
smooth model used in the reference, the model used in this
study had a rather rough surface. Based on previous
studies, heat flux tends to be higher for a rough surface. In
Ref. [4] and Ref. [32], it was shown that the surface heat
flux for rough surfaces was up to 20% higher than those of
smooth surfaces.

Table 3 shows the thermocouple resistance variation and
the measured average heat flux value for each trial. The
results, which showed different results for the impact and
thermal durability tests, suggested that it had a steady
performance in the experimental condition. Characteristically,
during the impact durability tests, the thermocouple
resistance showed a steady rise after each trial. However,
the shock tunnel test results showed a similar trend with
the thermal durability test results, and the steady resistance
variation was up to +0.3 Q. In this regard, the impact-type
surface junction thermocouple performed quite well.

Table 3. Surface heat flux data comparison.

q (MW/m?)
. (Ref. [12],
Trial q (MW/m?) R () .
Conventional
type)
#0 - 1.3
#1 1.40 1.5
#2 1.38 14
+0.02 +0.05 | 1.26 | +£0.03
#3 1.40 14
#4 1.32 1.5
#5 1.36 1.6

4. Conclusions

In this study, the impact-type thermocouple was
experimentally investigated. The performance of the
impact-type thermocouple was evaluated by determining
the impact and thermal durabilities of the thermocouple as
well as its durability in the shock tunnel tests. Based on the

82
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impact and thermal durability results, the impact-type
coaxial thermocouple showed good thermal resistance but
a rather low impact resistance. From the shock tunnel
experimental tests, the results suggested that the
impact-type thermocouple exhibited steady performance in
terms of repeatability. The resistance variations for the
shock tunnel tests were measured, and the maximum
difference observed was 0.3 Q, which indicated steady
repeatability, with reasonable heat flux measurement
capability indicating the efficacy for use in short-duration

test facilities such as shock tunnels.
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