ARTICLE INFO

Article ID: 03-16-07-0055
© 2023 The Authors
doi:10.4271/03-16-07-0055

Thin-Wire Thermocouple Design for
Exhaust Gas Temperature Pulse

Measurements in Internal
Combustion Engines

Varun Venkataraman,’ Ola Stenlaas,"? and Andreas Cronhjort’

'KTH Royal Institute of Technology, CCGEx, Department of Engineering Design, Sweden
2Scania CV AB, Sweden

Abstract

Accurate exhaust gas temperature (EGT) measurements are vital in the design and development
process of internal combustion engines (ICEs). The unsteady ICE exhaust flow and thermal inertia
of commonly used sheathed thermocouples and resistance thermometers require high bandwidth
EGT pulse measurements for accurate cycle-resolved and mean EGTs. The EGT pulse measurement
challenge is typically addressed using exposed thin-wire resistance thermometers or thermocouples.
The sensor robustness to response tradeoff limits ICE tests to short durations over a few exhaust
conditions. Larger diameter multiwire thermocouples using response compensation potentially
overcomes the tradeoff. However, the literature commonly adopts weaker slack wire designs despite
indications of coated weld taut wires being robust. This study experimentally evaluates the thin-wire
thermocouple design placed in the exhaust of a heavy-duty diesel engine over wide-ranging exhaust
conditions for improving both sensor robustness and accuracy of the measured EGT. The assessed
design parameters included the wire diameter (51 pm to 254 um), the exposed wire length, and the
wires placed slack or taut with coated weld faces. All taut wires with ceramic-coated weld faces
endured over 3 h of engine operation, while similar diameter slack wires (51 pm and 76 pm) were
sensitive to the exhaust condition and exposed wire length. Reducing the wire diameter from 76 pm
to 51 pm significantly impacted response improvements as evidenced at certain test conditions by
a peak-peak EGT increase of 92 °C, a mean EGT drop of 26 °C, and a doubling of the sensitivity of
mean EGT cycle-to-cycle variations to +12 °C. Increasing the exposed wire length showed less
significant response improvements. The Type-K thin-wire thermocouples showed negligible drift,
thereby indicating the possibility of using smaller and longer wires built taut with coated weld faces
for improved accuracy of EGT measurements in ICEs.
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Introduction

he exhaust gas temperature (EGT) is a crucial param-

eter for assessing the efficiency and optimization of

turbocharging and exhaust aftertreatment (EAT)
systems impacting both the performance and emissions in
internal combustion engines (ICEs). EGT measurements are
typically performed using sheathed invasive thermal sensors
such as thermocouples and resistance thermometers to repre-
sent the mean EGT. However, the measured mean temperature
differs from the true EGT due to the thermal inertia and heat
balance of the sensor, which needs to be addressed by sensor
design or compensated with additional measurements. When
considering measurement locations pre-turbine or in the
exhaust of single-cylinder (research) engines, the pulsating
flow is highly unsteady with large amplitude EGT fluctuations
over short timescales. Sheathed invasive thermal sensors do
not capture the high-frequency content in EGT pulses.

Conventionally, one-dimensional gas dynamic system
simulations are used to estimate the rapid EGT fluctuation in
ICEs. The model validation utilizes high bandwidth piezore-
sistive pressure sensors to compare the associated pressure-
based gas dynamics. However, EGT validation is limited to
invasive sheathed thermal sensors that only provide a mean
temperature reference [1]. EGT pulse measurements have been
used to assess the unsteady on-engine turbine efficiency [2],
estimate exhaust gas pulse energy [3], and validate models for
instantaneous heat transfer at the exhaust port [4] alongside
early solvers for gas exchange simulations [5]. Additionally,
flow unsteadiness with large amplitude fluctuations in the gas
temperature and heat transfer coefficient induces a displace-
ment in the mean temperature measured by invasive thermal
sensors [6], which may be overcome with high bandwidth EGT
measurements [2]. Therefore, resolving the EGT pulse is
important to obtain both accurate mean and cycle-resolved
EGTs in ICEs. Unlike the widely adopted piezoresistive
pressure sensors, the measurement challenges associated with
the EGT pulse typically limit its assessment to gas dynamic
system models.

A review by Childs et al. [7] on temperature measurement
techniques highlights the challenge of simultaneously satisfying
high-frequency response requirements over a reasonably high-
temperature range (~1000°C) with commercial availability at
a low relative cost. Measurement techniques based on laser
diagnostics and radiation thermometry are used for in-cylinder
gas temperature measurements [8] and can be utilized in the
exhaust system. However, significant modifications including
the need for optical access, high costs, and setup complexity
with limited robustness confine such measurement techniques
to purpose-built test facilities. Thin-wire thermal sensors such
as resistance wire thermometers (RWTs) and exposed thin-wire
thermocouples best satisfy the measurement technique require-
ments with the benefit of easy integration to test rigs while
remaining scalable within and across test setups.

As thin-wire welding limits the smallest thermocouple
junction size [9], wire diameters below 12.7 pm have been
pursued with RWTs. Benson [10] focused on the design and

development of RWTs for EGT pulse measurements with
10 mm long tungsten wires between 6.9 pm and 25.4 pm. The
wires were placed taut (supported and pretensioned) and used
nickel sleeves over the weld faces for weldability. Benson [10]
also indicated good robustness for 6.9 pm wires when engine
speeds were below 1000 rpm. However, Caton [11] estimated
only ~5 min of engine operation for RWTs below a diameter
of 10 pm. RWTs are also susceptible to significant drift of the
static calibration function by up to 50% from the baseline [4],
owing to oxidation in the exhaust environment, which limits
their test duration. Furthermore, dynamic error correction
through dynamic calibration [4] or multiwire-based response
compensation [10] remains necessary due to the small yet
finite thermal inertia.

Multiwire-based response compensation (signal recon-
struction) was predominantly pursued using Type-K thin-
wire thermocouples. Mollenhauer [3] tested multiple two- and
three-wire thermocouple sensors with wires over 5 mm long
and diameters between 40 pm and 120 pm. A high-tempera-
ture cement was applied at each end of the taut thermocouple
wires and indicated a maximum operational time of ~20 h.
Kee et al. [12] utilized Tagawa et al.’s [L3] reconstruction tech-
nique to estimate EGT transients (over seconds). Thermocouple
wires of diameters 500 pm and 800 pm (<1.5-2x diameter
ratio [13]) reconstructed a response similar to a 125 pm wire.
In contrast to previous thin-wire-based studies in the engine
context, the wires were slack (unsupported and without
pretension). This construction is mechanically weaker
compared to taut wires [14, 15] with Kee et al. [12] and Caton
[11], indicating robust slack wire diameters of 125 pm and
254 pm, respectively, within their tests. However, subsequent
studies [16, 17, 18, 19, 20] over the last 25 years utilizing thin-
wire on-engine thermocouples for EGT measurements have
predominantly adopted the slack wire design with signifi-
cantly thinner wires.

Multiwire thermocouple studies by Kee et al. [16] and Kar
et al. [17] developed reconstruction algorithms for the EGT
pulse using slack wires with diameters of 12.5-50 pm and
50-125 pm. The reconstructed signal in these studies [16, 17],
while successful in controlled environment tests, could not
be established on-engine and did not have a reference EGT
measurement. Morey et al. [19] (using a slack 25.4 pm wire
measured EGT) and Kar et al. [18] (using the reconstructed
EGT) established that the peak and mean EGT correlates with
the cycle-to-cycle variations of the combustion process repre-
sented by the net and gross indicated mean effective pressure
(IMEP), respectively. On the contrary, studies by Gardiner
et al. [21, 22] utilized the EGT signal derivative of robust
stepped sheathed thermocouples [23] to detect misfires and
cycle-to-cycle variations without relying on the absolute
instantaneous EGT value. Papaioannou et al. [20] extended
the sensor design by Kar et al. [17] and highlighted that the
measured mean EGT was observed to increase with the wire
diameter. The greatest difference (40-80 K) was observed
between the thin-wire thermocouples and the mineral insu-
lated metal sheathed (MIMS) thermocouple. This was attrib-
uted to the combined effects of lower thermal inertia and an



Venkataraman et al. / SAE Int. J. Engines / Volume 16, Issue 7, 2023 989

increased significance of conduction heat transfer in smaller
diameter wires [17].

The tested engine operating points in the aforementioned
studies were typically in the low load range of 2-6 bar brake
mean effective pressure (BMEP)/IMEP. The sensor was located
downstream of a single-cylinder engine exhaust [16, 20] or
located at or close to the exhaust port of a serial engine [17,
19]. Only Morey et al. [19] reported slack wire failure at the
highest tested load point of 5.49 bar BMEP and recommend
changing the measurement location to improve sensor robust-
ness. However, the measurement location can be pertinent,
for instance, at the exhaust port, where Caton and Heywood
[4] reported a +5-8% temperature variation when depth
profiling the port exit.

Thus the limitations of existing thin-wire thermocouple
studies in the ICE context for EGT measurements indicate
the need for a robust sensor design. This includes deter-
mining the robustness limits of slack wire designs adopted
in the reported literature over a range of engine operating
points and measurement locations. Recent studies [24, 25]
indicate that taut wires (5-12.5 pm) with coated weld faces
using a silver-based paste [24] and a ceramic adhesive [25]
improved the thin-wire sensor robustness. Operational times
of over 80 h in a high-temperature flow rig (644 K and
455 m/s) [24] and around 1.5 h (from 7 min without a coating)
at low ICE loads [25] were observed. The coated weld face is
similar to Mollenhauer’s [3] sensor design and could support
the good robustness observed by Benson et al. [10] due to the
nickel sleeves over the welds. Unlike RWTs, thin-wire ther-
mocouple studies have predominantly overlooked static cali-
bration and drift quantification, which could be a constraint
for the test time. Furthermore, the efficacy of multiwire
reconstruction techniques remains to be established
on-engine. Papaioannou et al. [20] indicated that the
measured thermocouple signals (inputs for the reconstruc-
tion techniques) need to be assessed for response sensitivities
related to sensor design parameters.

This study evaluates the implications of thin-wire ther-
mocouple sensor design in multiwire configurations on sensor
robustness and response in the exhaust of a serial heavy-duty
diesel engine. The assessed sensor design parameters included
wire diameters between 51 pm and 254 pm and the wires
mounted either slack or taut with coated weld faces. The
exposed wire length was varied based on the protrusion length
and ceramic bore spacing. Sensor robustness was assessed
based on the time to wire failure, occurrences of wire defor-
mation, and drift in the static calibration function. The sensor
response was evaluated using the cycle-averaged temperature
signal and its mean value. Unlike previous studies, the devel-
oped sensors were exposed to wide-ranging exhaust gas
pulsating flow conditions by varying the measurement
location and the engine operating point. The study elucidates
the robustness limitations of commonly adopted slack wire
designs in contrast to the coated weld face taut wire design.
Furthermore, it motivates the need for utilizing and under-
standing improved accuracy cycle-resolved and mean EGT
measurements from reduced-diameter thin-wire thermo-
couples with longer exposed lengths.

Sensor Design and
Fabrication

This section briefly explains the relationship between thin-
wire thermal sensor design parameters and their robustness
and response. Subsequently, the sensor fabrication procedure
adopted in this study is described.

Thin-Wire Thermal Sensor
Design Theory

The thin-wire thermal sensor design is primarily defined by
the wire diameter, the exposed wire length, and the thermo-
physical material properties of the wire. The wire length and
diameter determine the length-to-diameter ratio (1/d), which
is an important design parameter. Additionally, the sensing
wire may be installed in the conventional taut design or the
slack design. From the robustness perspective for a given
material, a larger wire diameter and a shorter exposed length
(lower 1/d) reduces the stress induced in the wire by aerody-
namic drag forces [14]. The exposed length (and 1/d) may
be kept low by minimizing the slack wire junction protrusion
length and the spacing of wire leads between the ceramic
bores. Furthermore, when the wire is mounted taut, the
greater rigidity makes it resistant to flow-induced vibrations
[14] unlike slack wires that have limited resistance to lateral
loads [15].

From the response perspective governed by the heat
balance of the sensor, a lower wire diameter with lower
thermal inertia increases the frequency response for a given
flow condition [9]. It also minimizes the impact of conductive
and radiative heat losses due to a reduction in the cross-
sectional and surface area of the wire [26]. A longer exposed
wire improves convective heat transfer between the gas and
the wire while minimizing the conductive heat transfer with
the support wires. Contrary to the robustness requirement,
this is achieved by increasing the junction protrusion length
(slack wires) and the bore spacing (slack and taut wires). An
1/d > 200 is considered sufficient to neglect conduction heat
losses at a flow Reynolds number (~0.01) [26]. Mounting the
wires slack or taut could affect the nature of convective heat
transfer over the wire, although empirical formulations are
developed for flow normal to taut cylindrical wires [27].

Thin-Wire Thermocouple
Fabrication

Despite literature indicating a fabrication procedure for multi-
wire thermocouple sensors, the major challenge was to devise
a fabrication process that limits the exposed thin wire as the
weakest section of the entire sensor. Figure 1 illustrates the
sensor fabrication process adopted in this study and presents
the steps from the base materials used (1a) to the final fabri-
cated sensor (le).
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m Thin-wire thermocouple sensor (slack design)
fabrication steps with (a) base materials, (b) pre-weld sensor
assembly, (c) spot welding one leg of the thin wire, (d)
ceramic-coated spot weld, and (e) complete sensor with slack
sensing elements in the inset.

© The Authors

The base materials in Figure 1(a) include a metal sheath
of 6 mm outer diameter (stainless steel) enclosing a 6-bore
ceramic rod (Haldenwanger Pythagoras) with a 4.5 mm outer
diameter. The 1.1 mm diameter boreholes of the ceramic rod
houses and insulates the different thermocouple lead wires.
A high-temperature ceramic adhesive (Cotronics Resbond®
940HT) bonds the ceramic rod within the sheath over a curing
time of 24 h. The length of the sheath and rod can be varied
as per requirement and was typically between 80 mm and
120 mm. Figure 1(b) highlights the use of stripped and
stranded Type-K thermocouple extension wires (American
Wire Gauge [AWG] 24) that are inserted from the rear end of
the sensor body to twice the sensor body length with high-
temperature heat shrinks. The thin-wire thermocouple legs
are then welded to their matching polarity extensions. This
approach of interfacing the thin-wire thermocouple to an
extension wire was also adopted in a special aspirated probe
design [16] in contrast to [17] and derived studies [20] wherein
the thin-wire thermocouple leads were soldered onto
connector pins. The purpose of welding onto a Type-K exten-
sion wire was to avoid the low melting temperature of solder

over the prolonged operation. It also overcomes the uncer-
tainty of introducing an intermediate junction at the connector
interface. The adopted approach embeds the welded interface
within the sensor body and avoids the risk of buckling at the
connector end. The sensors were mounted onto male adapter
fittings and required a corresponding cap-ferrule assembly to
be swaged on the sensor body. The swaging location is adjusted
to match the desired insertion depth. The cap and ferrule
installation preceded welding the thin-wire thermocouples
onto the extension wires.

The thin-wire thermocouple legs corresponded to over
half the sensor body length and were spot welded onto the
extension wires [Figure 1(c)] with >15 mm overhang. This was
used to adjust the exposed thin-wire axial protrusion length.
The weld face was ceramic coated [Figure 1(d)] to improve
bond strength and avoid detachment when the extension wires
were retracted from the rear end of the sensor. The wires were
then retracted to achieve a comparable axial protrusion length
of the thermocouple junction (~3-4 mm) to the literature [17,
20]. Junction spacing is strongly determined in one plane by
the ceramic bore pitch (~1.3 mm in this study) and the wires
had to be manually positioned closer to achieve spacing
between ~0.5 mm and 1 mm. EGT signal reconstruction relies
on the thermocouple junctions being closely spaced (<0.5 mm)
to maintain a high correlation and a low mean offset between
the signals [16]. To fix the position of the thin wires in the
ceramic borehole, a ceramic adhesive is applied during the
wire pullback process and allowed to cure for 24 h.

Subsequently, the exposed extension wires at the rear end
were insulated with the installed high-temperature heat
shrinks and connected to independent screw on Type-K ther-
mocouple connectors. Figure 1(e) depicts the final sensor
assembly with a fluorinated ethylene propylene (FEP) insu-
lated extension cable enclosed by a thermal insulation sleeve
with 0.6-1 mlength. The inset in Figure 1(e) shows the exposed
thin-wire thermocouples left slack. The thin-wire thermo-
couples were procured pre-welded from Omega Engineering
Inc. in bead and butt weld configurations. A Labfacility L60+
fine-wire welder was used to weld thin wires to the extension
wires and also fabricate thermocouple junctions above 51 pm
when required.

While Figure 1 details the typical fabrication process
adopted in this study, taut design sensors differed in having
thicker support wires (prongs) with 0.81 mm diameter. The
prongs protruded ~3.5 mm from the sensor body as exposed
extension wires at the sensing end. At the cable connector
end, the prongs were either crimped with nickel splices or butt
welded onto Type-K extension wires and embedded in the
sensor body. Taut sensor designs are reusable as the failed thin
wire at the sensing end may be replaced and the sensor body
reused. In this study, a total of six independent multiwire
thermocouple sensors were developed and tested. These
included five sensors of the slack wire design derived from
thermocouple studies [11, 12, 17, 19, 20] and one sensor of the
taut wire design derived from RWT studies [3, 10, 24, 25].
Table 1 provides a summary of the geometric characteristics
of sensors which includes the sensor label (name) and the wire
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TABLE 1 Design specifications of the developed sensors.

Wire
diameters
[pm]

Design changes

Proto 51-127-76 butt  Baseline slack design target 4 mm
weld axial protrusion
Slack-1 51-127-51 Baseline + ceramic-coated exposed
wire base (upon testing)
Slack-2  51-127 Baseline + ceramic-coated exposed
wire base
Slack-3  51-254-76 butt Baseline + ceramic-coated exposed
weld wire base and extension wire weld +
lower axial protrusion 3 mm
Slack-5  127-51-254 Baseline + ceramic-coated exposed
wire base and extension wire weld +
lower axial protrusion 3.5 mm
Tautl-vl  51-76-76 Reusable 3.5 mm axial protrusion
prongs + coated exposed weld faces
(51-slack, 2x 76 taut)
Tautl-v2 76-76-76 Reusable 3.5 mm axial protrusion

prongs + coated exposed weld faces
(3% 76 taut)

diameter combination expressed in the format d,-d,-d;, where
d, indicates the wire located between d, and d;. Table 1 also
includes design feature changes related to the fabrication and
protrusion or exposed wire lengths that affect the wire 1/d.

Engine Experimental
Setup

Engine experiments were performed on a Scania D13 inline
six-cylinder heavy-duty diesel engine with a specially devel-
oped single-pipe exhaust. The specifications of the base engine
are presented in Table 2. The primary change from the default

TABLE 2 Engine specifications.

Engine Scania D13
Emission compliance Euro VI
Configuration Inline-6
Firing sequence 1-5-3-6-2-4
Displacement 12.7 liter
Bore 130 mm
Stroke 160 mm
Connecting rod length 255 mm
Nominal compression ratio 18:1
Turbocharger Holset VGT

125 CAD aTDCf
373 CAD aTDCf

Exhaust valve open
Exhaust valve close

Warm engine coolant temperature 80 °C
Warm engine oil temperature 90-100 °C
Fuel BO diesel

engine configuration pertained to the exhaust layout. The
runner of Cylinder-6 of the engine was replaced by a single-
pipe exhaust with a dedicated flow measurement section that
bypassed the turbocharger turbine stage. This setup implied
that the variable geometry turbine (VGT) turbocharger was
powered by five cylinders on the turbine side, while the
compressor provided boost pressure for all six cylinders after
passing through a water-cooled charge air cooler (CAC). The
single-pipe exhaust merged with the main exhaust line of the
remaining five cylinders after the EAT unit to a common
passage leading to the test cell exhaust vent. The mean pressure
at the exhaust vent was at the atmospheric level of ~1 bar
absolute (refer to Figure A.1 in Appendix A). Figure 2 (top)
provides a schematic representation of the engine setup and
sensor measurement locations with the real setup depicted in
Figure 2 (bottom). The exhaust manifold included two
measurement locations shown in Figure 2 labeled Eman-1
toward Cylinder-1 and Eman-2 at the turbine inlet toward the
Cylinder 1-2-3 bank. The Eman-1 location was used for an
initial assessment of the sensor design, while Eman-2 was the
primary test location in the exhaust manifold.

The single-pipe exhaust provided the possibility to isolate
the exhaust pulse of a single exhaust event from the interactive
effects of other cylinders. The single pipe had no backpressure
to evoke the highest intensity exhaust pulses for a given oper-
ating condition. A flow development length (Figure 2) was
provided to minimize spatial gradients in the exhaust gas
velocity and associated bulk temperature field along the pipe

m Schematic of the engine experimental setup
(top) and corresponding implementation in the test

cell (bottom).

Exhaust vent

-

Exhaust port

Intake manifold

Y

Development length

--ﬂu-‘

A Y

Measurement section

© The Authors




992

cross section at the measurement section. Additionally, invasive
sensor testing can be performed in the single-pipe setup
without the consequence of broken sensor parts entering the
turbocharger turbine at the early stages of sensor development.

Flow development guidelines for turbulent flows in
circular pipes with bends and contractions at the inlet typi-
cally indicate a hydrodynamic development length between
10 and 60 times the pipe diameter (L/D) [28, 29]. While these
guidelines do not translate to the pulsatile flows in the exhaust
of ICEs, practical setup limitations constrained the single-pipe
L/D ~10 times the pipe diameter (40 mm). This led to a flow
development length section of 400 mm preceding the measure-
ment section. The measurement section includes mating
flanges and some clearance that distances the measurement
plane to an L/D of ~11. The single pipe and the measurement
section were not thermally insulated or conditioned, owing
to accessibility requirements.

An AVL DynoDur 500 dynamometer regulated the
engine speed and load. Target test parameters were achieved
through accessible control variables like the fuel injection
timing and quantity, fuel rail pressure, and the VGT rack
position of a partially open electronic control unit (ECU).
Mean pressure and temperature levels were measured across
various engine locations to monitor the engine boundary
conditions. The measurement section included a 3 mm and
6 mm Type-K MIMS thermocouple to provide the reference
EGT. Bolt-on washer wall thermocouples (Type-K) were
mounted on either side of the measurement section to measure
the outer wall temperature. An infrared gun provided real-
time feedback on the wall temperature of the measurement
section or the exhaust manifold to monitor thermal stability.
Airflow to the engine intake was measured using an Annubar,
while an AVL 733s fuel scale measured the total fuel flow.
Table 3 lists the specifications of the slow logged sensors used
to monitor mean levels of different parameters in this study.

TABLE 3 Engine slow logged sensor specifications.

Parameter Sensor Range Specification
Gas pressure  GEMS 3500 +0.3 bar +0.25% FS
gauge (accuracy)
0-6 bar gauge
Gas Pentronic 3, -200 °C to Greater of
temperature 6 mm MIMS 1200 °C +2.5°Cor
Type-K +0.75% of
reading (IEC
60584)
Wall Pentronic bolt- <400 °C Greater of
temperature on washer +2.5°Cor
Type-K +0.75% of
reading (IEC
60584)
Wall Testo -30 °Cto +0.75% of
temperature Quicktemp 900 °C reading
(infrared 860-T3 (accuracy 75-
monitor) 900 °C)
Fuel flow AVL 733s 0-150 kg/h 0.12%

(uncertainty)

© The Authors
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TABLE 4 Engine crank angle-resolved (fast)
sensor specifications.

Parameter Sensor Range Accuracy
Cylinder Kistler 7061B  0-250 bar < *0.5% FS
pressure (water cooled)

Intake gas Keller M5HB 0-10 barabs  +£0.1% FS
pressure

Exhaust gas Keller 0-10 barabs  +0.1% FS
pressure M8coolHB

(water cooled)

Crank angle-resolved (fast) pressure measurements
primarily focused on the intake, in-cylinder, and exhaust port
pressures of Cylinder-6 beside the static pressure at the
measurement section. Fast pressure measurements were also
performed at the exhaust manifold when required. Table 4
summarizes the fast pressure sensor specifications. While the
piezoresistive pressure sensors had an integrated amplifier unit,
the cylinder pressure sensor utilized a Kistler type 5011 charge
amplifier. The fast thermocouples utilized a custom-built six-
channel amplifier module based on the AD597 (Type-K) and
included cold junction compensation. The base scaling factor
of the amplifier is 10 mV/°C for the range —20 °C to 350 °C [30].
A passive low-pass filter with a cutoft frequency of 10 kHz was
applied to the amplified output signal comparable to the 13 kHz
cutoft set by Kar et al. [17]. Sensor mounting was typically at
an insertion depth of 15 mm at the measurement section (5 mm
above the pipe centerline) and at the pipe centerline at the
exhaust port and exhaust manifold, unless otherwise specified.
Insertion depth uncertainty was estimated to be within +2 mm
at the exhaust port and within +1 mm at the other locations.
The wires were always aligned to match the corresponding pipe
axis of the location.

Table 5 summarizes the specification of the instrumenta-
tion used for chain calibrating the pressure and temperature
sensors. The fast intake and exhaust gas pressure sensors were
calibrated by the manufacturer. The resulting calibration
functions were implemented as correction parameters in the
data acquisition (DAQ) software for the slow logged measure-
ments, while the fast measurements were postprocessed with
their respective calibration function. Crank angle-resolved
measurements were sampled at 0.1 crank angle degree (CAD)
resolution over 300 cycles using an 8-channel 12-bit
PowerDAQ analog-to-digital converter (ADC) card.
Simultaneous slow measurements were sampled at 1 Hz over
1 min using an in-house developed code. Unless otherwise
specified, the slow logged and crank angle-resolved engine
logs were performed on a warm engine (refer to Table 2 for
coolant and oil temperature levels) upon attaining thermal
equilibrium at each of the test points.

Experimental Method

This section begins by providing a theoretical basis and imple-
mentation of the engine experimental design. This is followed

© The Authors
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TABLE 5 List of sensor calibrators.

Parameter Calibrator
Gas pressure (GEMS 3500)
Thermocouples MIMS/bare wire
Cylinder pressure

Wall thermocouples

© The Authors

by highlighting the exhaust conditions representing the
temperature and pressure levels endured by the sensors over
different engine operating points and measurement locations.
Subsequently, details of the procedure adopted for static cali-
bration of the measurement chain of thin-wire thermocouples
and sensor drift tracking are discussed. The test sequence for
the sensors listed in Table 1 concerning engine operating
conditions and measurement locations ensues. The section
concludes with the adopted approach for sensor response
assessment and delineates the on-engine limitations.

Engine Experimental Design
and Implementation

The engine test matrix (Figure 3) was determined from an
exhaust valve discharge perspective that focused on isolating
engine speed and load effects on the resulting exhaust pressure
and temperature pulses in the single pipe. The objective was
to provide an idealized on-engine flow environment at the
measurement section for the tested sensors. Four load sweep
points (LS1-4) increased the pulse intensity with the load
(500-1000 Nm) for a given valve opening speed (at 1500 rpm).
Additionally, four speed sweep points (SS1-4) with a compa-
rable single-pipe exhaust mass flow (normalized by engine
speed) primarily varied the valve opening speed with engine
speed (700-1900 rpm). A common operating point (LS2 and
SS3) ensured repeatability checks across the sweeps. To ensure
comparable conditions across the test points, the single-pipe
EGT and exhaust mass flow (details shared in Appendix A)
were set as target variables. The single-pipe target EGT used
the 3 mm MIMS thermocouple at the measurement section.

m Engine operating points with labels (LS-load
sweep and SS-speed sweep) including the net IMEP of
Cylinder-6 (mean * 20).

oLS4:1210.3 bar

|OLoad sweep * Speed sweep |I
1000

Engine speed [rpm]

€
Z oL88:10.20.4 bar
T 800 J
o * %
Q §81:8+0.1bar  $52:8.6+0.3 bar
g’ 600 |.S2: 7.3+0.2 bar
w $83:7.5+0.2 bar
4 OLS1:6.5+0.2 bar
2 SS4:7:£0.4 bar
2 400 s : l w
o 700 1100 1500 1900
=
©

Druck DPI 705 manometer

Isotech Quick-Cal High Temperature
Ametek Hydralite Tester

VWR hotplate/stirrer

Range Accuracy

0-20 bar +0.1% FS

30-350 °C +0.1°Cto 0.4 °C
1-150 bar +0.05% of reading
30-400 °C +2% stability

Figure 3 also includes the mean and two standard deviations
(£20) of the net IMEP of Cylinder-6.

Tests commenced with a warm-up phase of the engine
that typically lasted for 30 min at 1100 rpm and load steps
between 200 Nm and 600 Nm. The rate of wall temperature
change at the measurement section or exhaust manifold
(depending on sensor location) was used as the criteria to
repeatedly determine thermal equilibrium and was set at
<1 °C/min. This corresponded to a minimum of 15 min of
steady operation at each of the test points. In most cases, the
sensors were mounted after the completion of the warm-up
phase, unless otherwise specified. Sensor checks were
performed for visual inspection with a handheld digital
microscope and/or repeat static calibrations intermittently
between test phases, for example, between the speed and load
sweeps. Microscope images were calibrated for estimating
junction spacing and the wire 1/d with respect to the wire
diameter even for bead-welded thin-wire thermocouples using
ImageJ software. An image resizing plugin [31] was used for
scaling the images.

Exhaust Conditions at
Different Sensor Locations

As the focus of this study pertains to the conditions faced by
the sensors, representative gas pressures and temperatures
over the engine test matrix at different measurement locations
are summarized. Figure 4 highlights the expected mean gas

m Static pressure at different measurement
locations and engine operating points. The whiskers denote
the maximum and minimum instantaneous pressure levels
experienced at these points while the marker “*” indicates the
mean pressure.
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m Mean temperature levels at different

measurement locations and engine operating points where
whiskers denote the +2¢ standard deviation experienced at
these points.

m Temperature deviation observed between the
calibrator reference temperature and thermocouple output
amplified at base scaling (10 mV/°C) over the calibrated
temperature range.
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pressure using the fast pressure sensors. Figure 5 showcases
the mean EGT using the 3 mm MIMS thermocouples. The
data used in these figures are from experiments performed
with the Slack-1 sensor. As the exhaust port did not have a
reference MIMS thermocouple, the mean value of the Slack-1
127 pm wire is used as a representative measure in Figure 5.

Figure 4 indicates a mean static pressure at the exhaust
port and measurement section ~1 bar abs. Higher mean
pressure levels are noticeable at the exhaust manifold due to
backpressure from the VGT and the EAT. The whiskers in
Figure 4 indicate the maximum and minimum pressure levels
at the different locations and highlight the unsteadiness and
pulse intensity experienced by the sensors. In Figure 5, the
EGT levels at the measurement section appear comparable by
experimental design at ~375 + 11 °C. The EGT observed at the
other measurement locations is representative of the engine
settings used to achieve the target metrics at the single pipe.
In Figure 5, the higher mean EGT variation at the exhaust
port (over 300 cycles) is due to the thinner 127 pm bare-wire
thermocouple in contrast to the 3 mm MIMS (sampled over
1 min steady operation) at the other measurement locations.

Thin-Wire Thermocouple
Calibration and Drift

Static calibration of the thin-wire thermocouple measurement
chain was performed in a dry-well calibrator oven between
50 °C and 350 °C at 50 °C intervals. The calibration protocol
involved preheating the calibrator to 30 °C as a common
starting point. A typical soak time at each temperature level
was 15 min, followed by data logs over 2 min at a sampling
rate of 10 kHz. Figure A.2 and Table A.2 (see Appendix A)
detail the pre-test linearity of all wires and the chain calibra-
tion functions for data analyzed in the study. All thin-wire
thermocouple signals utilize the listed calibration functions
with extrapolation where the measurement exceeds the cali-
brated temperature range. Drift tracking involved repeating
the static calibration procedure through test intervals or after
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completion of the engine test matrix with different sensors.
The number of post-test calibrations and the intermittent
duration varied across sensors, depending on the test sequence
and robustness of the sensor.

To highlight the significance of thermocouple tolerance,
Figure 6 depicts the temperature deviation when using the
base scaling of the amplifier (10 mV/°C) to the reference
temperature of the calibration oven. The dashed lines indicate
Class-2 thermocouple tolerance levels (ASTM E230/E230M-
12: > 2.2 °C or £0.75%).

Figure 6 shows a widening spread across the sensors and
even between multiple wires of the same sensor as the refer-
ence temperature increases. The deviation induced by the
entire measurement chain for all wires/sensors before experi-
ments fall within the thermocouple tolerance band except
between 200 °C and 300 °C. The thermocouple measurement
chain accuracy can be significantly reduced to < £0.4 °C with
static calibration using this calibrator. Calibration holds
increased significance when considering applications like
signal reconstruction that are sensitive to offsets [16, 17] and
utilize the measured signals and their time derivatives to
estimate the true EGT. The skew in the reference temperature
among the data points (x-axis) in Figure A.2 and Figure 6 is
due to differences in the insertion depth of the various sensors
in the calibration oven.

Thin-Wire Thermocouple
Sensor Test Sequence

Table 6 summarizes the sensor test sequence indicated with
Roman numerals while specifying the tested measurement
location and the engine operating points. Detailed test
summaries of the individual sensors are provided for all the
sensors in the Appendix under Tables A.3 and A.4. Repeated
instances of Roman numerals indicate a simultaneous test.
Table 6 shows that sensor tests commenced with the slack
design at the measurement section followed by tests at the
other locations with different wire diameter combinations.

© The Authors
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TABLE 6 Sensor test sequence.

Measurement Exhaust
section Exhaust port manifold
Proto I: LS2 IIl: Warm-up + Not tested
SS1-4 + LS3-4
(upper)
Slack-1 II: LS1-4, 1ll: SS1-  VIII: LS1-4 + 1V: LS1 (Eman-1)
4+ S3-4 SS1-4
(centerline)
Slack-3 V:LS1-4 + SS1-4  Not tested VI: LS1-2 (Eman-
2)
Taut1-v1 Not tested VII: SS1-2,4 +  Not tested
LS3-4
(centerline)
Tautl-v2  Not tested Not tested VIII: Warm-up +
LS1-4 + SS1-4
(Eman-2)
Slack-2 Not tested Not tested IX: Warm-up +
SS1 (Eman-2)
Slack-5 X:SS1-3 + LS3-4  XI: SS1-4 Not tested

(centerline)

Subsequently, taut design sensor tests focused on the exhaust
port and manifold locations, while slack design sensors were
tested for repeatability.

Sensor Response Assessment
and Limitations

The response of thin-wire thermocouples is assessed using
both the cycle averaged (ensemble averaged) and the mean
value (time average) of 300 complete engine cycles. The cycle-
averaged signals are processed using a polynomial smooth-
ening filter (2"-order Savitzky-Golay filter [32]) with a sample
length of 10 CAD, i.e., 101 samples. This filter type is prevalent
in temperature signal reconstruction studies [13, 17] for
computing signal derivatives. The +2¢ spread of the mean
temperature is used to indicate the wire response sensitivity
to cycle-to-cycle variations.

On-engine sensor response assessments have several limi-
tations owing to both the nature of the measurement tech-
nique and the complexity of the engine exhaust environment.
When comparing invasive sensors, it is physically impossible
for them to measure at the same location making the measure-
ments distinct in space. This applies even to multiwire sensors
in this study as the junction spacing achieved was between
~0.5mm and 1 mm for the slack sensors and ~1.3 mm for the
taut sensors. Factors such as nonhomogeneity in the flow and
temperature fields, variations in bead diameter for a given
wire diameter, support wire boundary layer-induced attenu-
ation for the taut sensors, and the instantaneous heat balance
of the sensor also influence the sensor response. Therefore,
thin-wire sensor response sensitivities may be clearly assessed
only when the design parameter changes are of greater signifi-
cance than the abovementioned interactive effects.

Results and Discussion

This section begins by providing an overview of the observed
sensor robustness of all sensors tested through their exposure
to respective engine operating points and measurement loca-
tions. The overview includes computing drift in the static
calibration function. Subsequently, the slack and taut sensor
designs are assessed at the different measurement locations
for the nature of observed wire failure and/or deformation.
The corresponding tradeoff in sensor response is highlighted
with variations in wire diameter and exposed wire length (1/d)
for a subset of the experiments performed.

Observed Sensor Robustness
and Drift

A condensed quantitative graphical summary of the opera-
tional time of all thin-wire thermocouple sensors based on
Tables A.3 and A.4 in Appendix A is illustrated in Figure 7.
The figure characterizes the sensors based on the thermo-
couple wire diameters and their cumulative operational time
on the engine. The wires are color coded according to their
respective sensor labels while hatched patterns denote the
measurement locations. Markers indicate the observation of
wire mechanical deformation (¥) and failure of the wire (x).

Figure 7 indicates a bias toward testing thinner wires (51
pm and 76 pm) as the motivation was primarily to obtain the
highest frequency response while determining the on-engine
robustness. Figure 7 shows an increasing cumulative opera-
tional time with wire diameter wherein the thicker slack wires
(127 pm and 254 pm) were typically limited by the test time
of the thinner wire pairs and did not deform or fail through
engine operation. All 51 pm and 76 pm slack wires were tested
to failure across all measurement locations. Only one 127 pm

m Operational summary of all sensors

characterized by wire diameter, time at each measurement
location, and cumulative operational time (total test time).
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slack wire (Proto sensor) deformed and failed when tested at
the exhaust port and located above the pipe centerline.
Additional wire deformations were noticeable only for the
Slack-1 and Slack-5 51 pm wires. It is noteworthy that the test
points before visual inspection for all the 51 pm wire deforma-
tion cases were the highest load points LS4 (refer to IT, ITI, and
Xin Table 6). LS4 had the highest peak-peak pressure variation
as seen in Figure 4 (measurement section and port).

Figure 7 also showcases the limited operational time of
51 pmand 76 pm slack wires at the exhaust port and manifold.
This was typically well within an hour of operation while
better enduring conditions at the measurement section (over
2.5 h). Some bias was inherent in the test method that priori-
tized measurement section tests before the exhaust manifold
(refer to Slack-1 and Slack-3 at the exhaust manifold in
Table 6). However, the Slack-2 sensor was tested at the exhaust
manifold with preloading only from the static calibration
process which showed a limited increase in 51 pm slack wire
operational time to ~0.5 h. Taut wires (Tautl-vl and Tautl-v2)
with thinner 76 pm wires indicated operational times compa-
rable to thicker (127 pm and 254 pm) slack wires within 3.5 h
and endured the entire test matrix without wire deformation
or failure.

The observations in Figure 7 show that the robustness
limitations of thinner slack wires (below 76 pm) and the
greater robustness of thicker slack wires (127 pm and 254 pm)
are in agreement with both sensor design theory (refer to
thin-wire thermal sensor design theory) and the literature [11,
12]. It also shows that the ceramic-coated weld faces applied
to Tautl (v1 and v2) protect the welds and enhance sensor
operational time in harsh conditions. The three 76 pm wires
of Tautl-v2 endured the entire test matrix from the warm-up
phase at the exhaust manifold. This supports observations in
the literature [3, 10, 24, 25] and reaffirms that protecting the
stress-concentrated weld faces of thin wires with a (ceramic)
coating improves thin-wire sensor robustness.

Apart from considering sensor robustness from a purely
structural perspective, drift in the thin-wire thermocouple
static calibration trace was analyzed to determine its signifi-
cance under ICE exhaust conditions. Figure 8 consolidates

m Drift summary of all sensors computed between
first and final static calibrations. The accuracy range of the
calibrator oven is indicated by the dashed lines (x0.1 °C) and
the figure bounds (£0.4 °C).

Reference temperature [°C]

0.4 T T T T T -
OProto—120 min
0.3 [+Slack-1—160 min
15) Slack-3—160 min
. 0.2f OSlack-5—145 min
= Taut1-v2—160 min|
S L ——— 1 =]
o A + Pl
5 ot 6 % 8 8 8 + a8 A
] & > 8 8
i e g ----------- ; ----------- Dﬁ‘ ---------- B B N =1
= (%2
@ -02r § 8 8 8 o 1.
-0.3F 12
E
04 1 L | | 1 1 L 2
0 50 100 150 200 250 300 350 j2
=
©

the computed drift of all tested sensors lumped at the sensor
level between their first (Figure A.2 and Table A.2 in
Appendix A) and final (post-test) static calibrations. The
duration over which the sensor drift was computed is listed
beside the sensor labels in Figure 8.

Itis visible in Figure 8 that the drift in the static calibra-
tion trace in the 30-350 °C range is within the calibrator
oven accuracy range (refer to Table 5) and hence can
be considered insignificant in this study. This is a promising
indication for utilizing thin-wire thermocouples over longer
test durations with minimized periodic static calibrations.
However, generalizing the robustness of such sensors from
the perspective of thin-wire thermocouple drift requires
further tests with prolonged test times at higher exposed
and calibration temperatures.

Sensor Desigh Assessment
at the Measurement Section

Figure 9 illustrates limitations in Slack-1, Slack-3, and Slack-5
sensors by comparing each of the sensors before and after tests
in the measurement section. The Slack-1 (LS and SS) in
Figure 9 indicates wire failure and deformation (along the
pipe axis) of the 51 pm wires with 4 mm protrusion over the
load sweep (2.8 mm deformation of 51a) and the speed sweep
test points (1.5 mm deformation of 51a). The deformation
occurred despite ceramic coating the base and repositioning
the junction of the surviving 51a wire before the speed sweep
test. However, the Slack-3 sensor in Figure 9 with a lower
protrusion length (3 mm) showed no noticeable wire deforma-
tion. The reduction in junction protrusion by 1 mm reduced
the 51 pm wire 1/d of Slack-1 51a (160) and Slack-1 51b (175)
to 115 for the Slack-3 51 wire.

Similarly, the Slack-5 sensor in Figure 9 with an interme-
diate protrusion of 3.5 mm indicated a 0.6 mm wire deforma-
tion of the 51 pm wire. This is attributed to the greater spacing
between the wire leads when located in the middle of the
ceramic rod which resulted in a 1/d of 140. The deformation
and failure observations of these 51 pm wires in Figures 7 and

m Wire deformation and failures of slack sensors
observed at the measurement section.

Pre-test

Post-test
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9 indicate a greater propensity to wire deformation with an
increasing 1/d from 115 to 140-160 which is supported by the
literature (refer to thin-wire thermal sensor design theory).
Taut wire sensors were not tested at the measurement section
as the subsequent slack design sensors (Slack-3 and Slack-5)
indicated sufficient robustness.

The wire 1/d-related deformation is undesired during
operation as it introduces a thermocouple junction location
uncertainty in the measurement. This could also be detri-
mental to EGT signal reconstruction techniques. The impli-
cations of the wire length (I/d) on sensor response were
pursued for the Slack-1 51a and 51b wires over the LS test
points as shown in Figure 10. The mean value differences
(legend of Figure 10) over LS1-4 between the 51a and 51b
wires were consistent at 2 °C. The mean of 5la was higher
despite its lower 1/d of 160 indicating the significance of other
factors (exhaust flow). The difference in cycle-to-cycle varia-
tions in the mean temperature (+2c spread) was within +1 °C
with 51a showing a lower sensitivity. The cycle-resolved
traces show that the peak-peak differences in measured
temperatures between the 51a and 51b wires increased from
12 °C to 20 °C across LS1-4. The greater sensitivity of 51b
can be attributed to its higher 1/d which minimizes the
impact of conduction heat loss (refer to thin-wire thermal
sensor design theory).

While 1/d changes of the 51 pm slack wires of the Slack-1,
Slack-3, and Slack-5 sensors appear to have a significant impact
on the structural properties (deformation) of the sensor, the
implications on response seem insignificant when considering
the measured mean and cycle-to-cycle variations of Slack-1
51 pm wires. However, the measured peak-peak temperature
changed significantly when the 1/d increased from 160 to 175,
indicating a greater significance of exposed wire length on
cycle-resolved EGT measurements.

While Figure 9 elucidates the robustness limitations of
the thinner slack wires (51 pm), the implication of an increase
in wire diameter on the sensor response is evaluated with all
wires of the Slack-3 sensor and the Slack-1 127. Wire responses
are compared over two engine operating points which depicted
the maximum (LS4) and minimum (SS1) variation in mean
temperatures among the thin-wire thermocouples. Figure 11

m Mean * 26 and 300 cycle-averaged

temperatures of the Slack-151a and Slack-1 51b wires over
LS1-4.
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illustrates the cycle average and mean temperatures of the
different wires at LS4 along with the reference 3 mm MIMS
measured with Slack-3. The cycle-resolved traces present the
gains in frequency response with a decreasing wire diameter
(refer to thin-wire thermal sensor design theory). While the
254 pm wire only measures a peak-peak fluctuation of 12 °C,
the 51 pm wire measures 80 °C and better captures the
EGT waveform.

When considering the mean temperatures in Figure 11,
itincreased by 14 °C when increasing the wire diameter from
51 pm to 254 pm. The trend of an increasing mean tempera-
ture with an increase in wire diameter is consistent with
observations by Papaioannou et al. [20] (on-engine) and
Chomiak et al. [6] (analytical). The Slack-1 127, however,
measured the same mean as the Slack-3 254. The convergence
between the two mean temperatures despite doubling the wire
diameter could be attributed to two factors. First, the mean
reference temperature level for Slack-1 was 4 °C higher than
the Slack-3 3 mm MIMS. Additionally, the greater exposed
length of Slack-1 127 deduced by the increased scaling of 1/d
by a factor of three (20 to 60) explains the reduced significance
of heat conduction for the thermocouple junction of Slack-1
127 over Slack-3 254.

Itis also clear from Figure 11 that the sensitivity to cycle-
to-cycle mean temperature variations decreased with an
increase in wire diameter. The +2¢ spread of the measured
mean temperatures decreased from +10 °C (51 pm wire) to
+4 °C (254 pm wire). Interestingly, this aspect has not been
explicitly highlighted or quantified in literature even when
focusing on cycle-to-cycle temperature variations as they
make use of EGT reconstruction [18] or a single thin wire for
such estimates [19]. However, these studies [18, 19] acknowl-
edge that increasing the wire diameter and its thermal inertia
reduces the sensor sensitivity and signal-to-noise ratio. Thus,
the sensor response benefits when lowering the wire diameter
(at LS4) include a greater measured peak-peak temperature,
an increased sensitivity to cycle-to-cycle mean temperature
variations along with a better indication of the mean EGT.
These observations demonstrate the need for lowering the
wire diameter of thin-wire thermocouples for more accurate
EGT measurements.
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Figure 12, however, shows the sensor response sensitivi-
ties at the minimum mean temperature variation point (SS1).
Similar to observations in Figure 11 at LS4, a reduction in
wire diameter increased the measured peak-peak temperature
from 14 °C (254 pm) to 76 °C (51 pm). Similarities to LS4 were
also retained in the wire diameter sensitivity to the cycle-to-
cycle mean temperature variation which reduced from +7 °C
(51 pm wire) to +4 °C (254 pm wire). However, mean tempera-
ture differences were within 1 °C for the Slack-3 wires (51 to
254 pm). The 5 °C higher mean of Slack-1 127 could be attrib-
uted to a higher reference mean temperature from the 3 mm
MIMS thermocouple (by 1 °C) and the l/d scaling as discussed
in the LS4 case.

The insignificance in mean temperature variation at SS1
highlights the influence of the exhaust flow condition on the
heat balance of sensors which requires further investigation.
It also limits the possibility to generalize mean measured EGT
trends with the wire diameter of thin-wire thermocouples in
ICEs. However, the observations in Figure 12 show that the
benefits of measuring greater peak-peak temperatures and
cycle-to-cycle mean temperature variations are retained when
lowering the wire diameter.

Sensor Desigh Assessment
at the Exhaust Port

Slack Sensors at the Exhaust Port (Upper and
Centerline) The exhaust port is expected to have a highly
nonhomogeneous flow and temperature field with the flow
concentrated toward the upper regions of the pipe at the port
exit due to bulk inertia effects. Figure 13 illustrates the limita-
tion of slack wires when placed 5 mm above the centerline at
the port exit with significant wire deformation and failure of
even the Proto sensor 127 pm wire. Unlike wire failures at the
measurement section, the Proto sensor 127 pm wire was
mechanically intact (Figure 13) and presumably failed due to
severe oxidation after 1.5 h of operation at the port.

With an anticipated reduction in pulse intensity at the
exhaust port centerline, Figure 14 shows the feasibility of slack
wire tests at this location through the Slack-1 (only 127 pm
wire) and Slack-5 sensors (all wires). While the larger 127 pm

L i 1 <
Pre-test Post-test: front view Post-test: top view g
m Slack-1and Slack-5 sensors pre/post exhaust
port test (centerline).
: E
Slack-1 post-test Slack-5 pre-test Slack-5 post-test g

and 254 pm slack wires endured their respective test cycles
without noticeable wire deformation, the pre-tested Slack-5
51 (refer to X and X1 in Table 6) failed after 35 min of opera-
tion at SS2. Observations in Figures 13 and 14 thus highlight
the conditional operability of slack wires at the exhaust port
pertaining to both wire diameter and protrusion depth in
the pipe.

Taut Sensors at the Exhaust Port (Centerline)
Figure 15 illustrates the Tautl-vl sensor before and after tests
at the exhaust port centerline. It is observable that the taut wires
(76a and 76b) endured the test conditions and retained their
junction positions until the 51 pm slack wire failed at SS4 after
1 h (refer to VIII in Table 6). Although physically robust at the
exhaust port, the taut wires in Tautl-v1 have a lower exposed
wire length and 1/d of 34 (76a) and 12 (76b). The slack 51 pm
wire had an 1/d estimated over 50. The considerably lower 1/d of
Tautl-vl wires compared to Slack-3 51 and Slack-3 76 wires
(Figure 12) favors sensor robustness over response (refer to the
thin-wire thermal sensor design theory).

The Tautl-v1 sensor response tradeoff related to the wire
diameter and 1/d is highlighted in Figure 16 by comparing the
cycle-averaged temperature signal and mean temperatures of
the wires at SS1. Similar to observations with Slack-3 at the
measurement section (Figures 11 and 12), the cycle-averaged
temperature signals in Figure 16 show a significantly higher
frequency response when decreasing the wire diameter from
76 pm to 51 pm. It is also evident in Figure 16 that a reduction
in the 1/d (exposed wire length) from 34 to 12 attenuates the
response of the 76b wire similar to observations with Slack-1
5la at the measurement section (Figure 10). The peak-peak
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measured temperature decreased from 173 °C for the 51 pm
wire to 81 °C (76a) and 56 °C (76b) for the 76 pm wires.

The mean temperatures for the Taut1-v1 wires in Figure 16
showed dependencies related to both the wire diameter and
wire 1/d. The 51 pm wire measured a mean that was 26 °C
lower than the 76a wire while the lower 1/d 76b wire recorded
amean that was 17 °C lower than 76a. The mean temperature
reduction when lowering the wire diameter was established
with the Slack-3 sensor at LS4 in the measurement section
(Figure 11). However, the expected reduction in mean temper-
ature with an 1/d reduction due to a greater significance of
conduction heat loss (refer to the section Thin-Wire Thermal
Sensor Design Theory) is now visible in the lower mean indi-
cated by the 76b wire in Figure 16. This is contrary to the 1/d
insensitivity and inverted trend to the mean temperature of
the Slack-1 51 wires at the measurement section (Figure 10).

When considering the cycle-to-cycle variations of the
mean temperatures (+20) in Figure 16, it decreased with an
increase in wire diameter from +12 °C (51) to +6 °C (76a). It
also decreased when reducing the wire 1/d from %6 °C (76a)
to +4 °C (76b). These observations indicate the detrimental
impact of increased thermal inertia (with wire diameter) and
a higher conduction heat loss (with lower 1/d) on the mean
and cycle-resolved measured temperatures of thin-wire
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thermocouples (refer to the section Thin-Wire Thermal Sensor
Design Theory). Therefore, the observations in Figure 16
indicate that smaller diameter wires and longer exposed
lengths for a given wire diameter (higher 1/d) are required for
more accurate EGT measurements.

Sensor Desigh Assessment
at the Exhaust Manifold

Figure 17 shows the failure of different slack wire sensors along
with the robust taut wire sensor (Tautl-v2) when tested at the
exhaust manifold. The limited resistance of the slack design
to lateral loads (refer to the section Thin-Wire Thermal Sensor
Design Theory) and the inherent nonhomogenous flow field
in the exhaust manifold could explain their limited opera-
tional time at this measurement location. Additionally, the
wires face increased loading from multiple pulses per cycle at
ahigher reference mean EGT and pressure level at the exhaust
manifold (refer to exhaust manifold in Figures 4 and 5)
compared to the other measurement locations.

The robust Tautl-v2 sensor comprised 76 pm wires with
different 1/d (exposed wire lengths) between 8 (76n in
Figure 17) and 34. Similar to observations at the exhaust port
(Figure 16), the reduction in wire 1/d was expected to detri-
mentally impact both the mean and cycle-resolved tempera-
ture measurements. This could be attributed to an increase in
conduction heat loss with a lower exposed wire length (refer
to the section Thin-Wire Thermal Sensor Design Theory).
Figure 18 illustrates the cycle-averaged signals and mean
temperatures at SS1 of the Taut1-v2 sensor located at Eman-2 in
the exhaust manifold.

The cycle-averaged temperature signals in Figure 18
appear comparable over the engine cycle contrary to the clear
differences in the cycle-resolved temperatures between the
76a and 76b wires at the exhaust port (Figure 16). Also notable
is the reduction in the peak-peak measured temperature fluc-
tuation of the 76 pm wires at the exhaust manifold (Figure 18)
when compared to the exhaust port (Figure 16) at SSI. In
Figure 18, the region between 180 CAD and 360 CAD shows

m Slack and taut sensors tested at the

exhaust manifold.
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the maximum instantaneous difference of 7-9 °C between the
longest 76a wire and the shorter 76b and 76n wires. The
temperature dip between 180 CAD and 360 CAD corresponds
to the missing exhaust pulse of Cylinder-6 in the exhaust
manifold. The mean temperature and the cycle-to-cycle mean
temperature variation (+26) among the Tautl-v2 wires are
also comparable and within 2-3 °C at SS1. While the mean
temperature does not show a trend with the wire1/d, the cycle-
to-cycle mean temperature variation is marginally higher for
the longest 76a wire.

The mean temperature observations in Figure 18 are
similar to those made with the Slack-1 51 pm wires at the
measurement section (Figure 10) which points to a greater
significance of exhaust flow-related effects at this exhaust
condition. However, the sensitivities of a 1/d reduction on the
instantaneous measured temperature and the cycle-to-cycle
mean temperature variation is noticeable and in agreement
with observations at the exhaust port (76a and 76b in Figure 16)
and Slack-1 51 wires at the measurement section (Figure 10).

Summary and Conclusions

Sensor design parameters of thin-wire thermocouples,
including the wire diameter, the wire length-to-diameter ratio
(1/d), and the mounting of wires as slack (unsupported and
without pretension) and taut (supported with pretension) are
consequential to both sensor robustness and response. These
sensor design parameters were experimentally evaluated in
the exhaust of a heavy-duty diesel engine to determine a
robust thin-wire thermocouple design and improved accuracy
for EGT measurements. Wide-ranging exhaust conditions
were tested by varying the engine operating points and
measurement locations.

From the perspective of sensor robustness, the 76 pm taut
wires with ceramic-coated weld faces endured over 3 h of
engine operation without wire deformation or failure. Similar
robustness was exhibited by slack design sensors with larger
wire diameters (127 pm and 254 pm) and reduced exposed
wire length (1/d) thinner wires (51 pm and 76 pm) only at a
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flow-conditioned measurement location. The experiments
show that

* The taut wire design with coated weld faces is insensitive
to the tested exhaust conditions and represents a robust
thin-wire thermocouple sensor design.

* The slack wire design is sensitive to both sensor design
parameters and the exhaust flow conditions that restrict
its application.

* Type-K thin-wire thermocouple drift is insignificant
under the tested conditions and durations irrespective of
the sensor design parameters and minimizes the
requirement for periodic calibrations.

From the perspective of sensor response, the accuracy
of both the cycle-resolved and mean-measured EGT can
be improved significantly by lowering the wire diameter
while also increasing the exposed wire length, i.e., increasing
the 1/d. These sensor design changes also improve the
measured sensitivity to cycle-to-cycle variations in the mean
EGT. The mean EGT sensitivity alone was not generalizable
with respect to the sensor design parameters in instances
where the significance of exhaust flow conditions is
considered dominant.

The results indicate that thin-wire thermocouples with
smaller wire diameters and longer exposed lengths (a higher
1/d), when placed taut with coated weld faces, improve their
robustness to response tradeoff, enabling more accurate EGT
measurements over longer test durations in ICEs.
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Abbreviations

ADC - Analog-to-digital converter
ASTM - American Society for Testing and Materials
ATDCf - After firing top dead center
AWG - American wire gauge

B0 - 0% biodiesel/neat diesel

BMEP - Brake mean effective pressure
CAC - Charge air cooler

CAD - Crank angle degree

DAQ - Data acquisition

EAT - Exhaust aftertreatment

ECU - Electronic control unit

EGT - Exhaust gas temperature

Eman-x - Sensor location in the exhaust manifold, x = 1-2

FEP - Fluorinated ethylene propylene

FS - Full scale

ICE - Internal combustion engine

IEC - International electrotechnical commission
IMEP - Indicated mean effective pressure

LSx - Load sweep test points, x = 1-4

MIMS - Mineral insulated metal sheathed

RWT - Resistance wire thermometers

SSx - Speed sweep test points, x = 1-4

VGT - Variable geometry turbine

Symbols

20 - Two standard deviations

d - Thin-wire thermocouple wire diameter
1/d - Wire length-to-diameter ratio

L/D - Pipe length-to-diameter ratio
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Appendix A

Controlled Engine Boundary
Conditions

m Single-pipe (Cylinder-6) backpressure (mean +

20) over the engine operating points.
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Single-Pipe (Cylinder-6)
Exhaust Gas Mass Flow
Estimation

The single-pipe exhaust of Cylinder-6 did not have a dedi-
cated exhaust flowmeter. Hence, an indirect estimation of
the exhaust gas mass flow was performed using readings from
the fuel flow measurements of the fuel scale in Table 3 and
lambda estimates from a Horiba MEXA-7100DEGR. Time-
averaged readings from the Horiba analyzer were obtained
at 2 Hz over 2 min in conjunction with the slow experimental
data logs in preparatory tests that were used to identify the
desired engine operating points shared in the study. The total
fuel flow was scaled down to one cylinder, assuming equal
fuel distribution across cylinders. The Horiba analyzer used
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TABLE A.1 Single-pipe exhaust mass flow estimates over the speed sweep points.

Single-pipe exhaust Single-pipe engine speed

Lambda Cylinder-6, Total fuel flow, AVL  gas mass flow normalized exhaust gas flow
Operating point  Speed [rpm] Horiba no O, [-] 733s [9/s] estimate [g/s] estimate [g/cyc]
SS-1 700 1.99 315 15.70 2.69
SS-2 100 2.05 4.65 23.81 2.60
SS-3 1500 227 5.62 31.74 2.54
SS-4 1900 2.50 6.70 41.59 2.63

the no O, method for single-pipe lambda estimation based Th in 'Wl re Thermo_cou ple
on raw emission readings. Lambda estimates from a Bosch  Ljnea r|ty and Static
LSU 4.9 lambda sensor in the single pipe were noticeably Calibration Functions

affected by the strong pressure fluctuations and hence

avoided. The estimated exhaust gas mass flow was normalized ~ Figure A.2 depicts the pre-test linearity of all thin-wire ther-
by the engine speed to determine a speed-normalized exhaust ~ mocouples. The Tautl-v2 sensor was the exception with two
mass flow to be indicative of the trapped mass in Cylinder-6 =~ wires that had test exposure before the 1 static calibration
with the intention of providing comparable in-cylinder ~ and were used as Tautl-vl (refer to sensor Tautl-vl and
pressure conditions at the exhaust valve opening. Tautl-v2 in Table A .4).

m Consolidated linearity check of all wires from all tested sensors wherein the data points are lumped at the sensor
level. The dashed line indicates the base scaling of the amplifier at 10 mV/°C.
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TABLE A.2 Static calibration linear fit functions for all thin-wire thermocouple sensor data analyzed in this study.

Sensor label Wire diameter [pm] Calibration function R?
Proto 127 T=100.77 V —0.81 >0.99
Slack-1 51a T=100.62 V -0.78 >0.99
51b T=100.41V -0.63 >0.99
127 T=100.70 V -0.75 >0.99
Slack-3 51 T=100.77 V -0.89 >0.99
76 T=100.94V -0.26 >0.99
254 T=10117 V —0.99 >0.99
Tautl-v2 76n T=100.82V -1.04 >0.99
76a T=100.72 V —0.01 >0.99

76b T=100.75V -0.78 >0.99
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TABLE A.4 Detailed test and operational summary of taut design sensors.

Sensor label/Wire

diameters [pm] Sensor test and calibration sequence Operational summary

Taut-1 (v1) Test/Calibration Measurement Duration [min] Functional The 51 pm slack welded wire failed

51-76a-76b location wires after 1 h at the exhaust port

Taut-1 (v2) Taut1 (v1): Port (centerline) 60 2,51 pm failed  (centerline) at SS4 and was

76n-76a-76b SS1-2 + LS3-4 + 554 replaced by a 76 pm bead welded

wire.

Poﬁgt?t r Not applicable Not applicable 3’7? ”md 51 The 76 pm wires survived all test
Sabidion [CRdCY (A points at the port (centerline) and
Tautl (v2): Warm-up  Exhaust manifold 30 +10 + 120 3 exhaust manifold (Eman-2) for a
cycle + LS+ full test  (Eman-2) total test duration of 3 h and
matrix 40 min [2 h 40 min for the new
Post-test Not applicable Not applicable 3 76 pm wire (76n) in Tautl (v2)].
calibration-2 Static calibration cycles for all

76 pm wires: 2

The Taut1 (v1) configuration was
not calibrated before the 15
experiment which was performed
at the exhaust port centerline
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