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Abstract. Because diesel combustion processes produce harmful detrimental nitrous oxides, the selective cat-
alytic reduction, an after-treatment method using diesel exhaust fluid (AdBlue) to reduce these emissions, is an
important part in the cycle of the combustion process. Therefore, it is crucial to continuously monitor the qual-
ity of the diesel exhaust fluid to secure the ideal selective catalytic reduction. This article presents a platinum
thin-film sensor using the 3w method which is able to characterize the diesel exhaust fluid. By means of the 3w
method, information about the concentration of urea in water can be extracted. In this investigation, a digital
lock-in amplification technique is used to execute the measurements. The results show that this sensor can de-
termine the urea content within 1 % by weight. Moreover, besides the analysis of the 3w signal, the 1w signal is
analyzed in depth to receive additional information about the temperature. Because the same structure can mea-
sure multiple parameters, such as concentration, temperature, and flow, the sensor might be a good alternative to

the state-of-the-art diesel exhaust fluid sensor.

1 Introduction

The reduction and the control of pollutants produced by
burning fossil fuels are a focus of governments and health
organizations (de Beeck et al., 2013; Weingarten et al., 2019;
Olabi et al., 2020). The selective catalytic reduction (SCR)
is an after-treatment method in diesel combustion processes
to convert harmful detrimental nitrous oxides (NOy) into ni-
trogen and water. Diesel exhaust fluid (DEF), also known by
the registered trademark “AdBlue”, is needed for the SCR
process and consists ideally of 32.5 % by weight of urea and
67.5 % by weight of deionized water (BASF — The Chemi-
cal Company, 2006). The correct concentration of the urea
is crucial for an optimal SCR. Inappropriate DEF brakes the
SCR or breaks it down and the emission reduction fails. Re-
ported DEF quality sensors are based on optical principles
(Kumawat et al., 2014) and electrical (Fendri et al., 2015),
ultrasonic (Gurusamy et al., 2017), and pulsed heating mea-

surements (Schmitt et al., 2014). These sensors can often
solely measure the concentration and sometimes the filling
level in the tank. In this article, a platinum thin-film sensor in
combination with the 3w method is used for the first time to
determine the concentration of urea in DEF. The 3w method
is a well-known thermal method to measure thermal conduc-
tivity and heat capacity (Cabhill, 1990; Lu et al., 2001). Some
basic physical parameters of water and AdBlue are shown
in Table 1. The thermal parameters differ and a possibility
exists to distinguish between water and AdBlue using the
3w method. The advantages and the benefits of this sensing
concept are the simple and cost-efficient sensor structure, no
moving parts, and the possibility of combining concentra-
tion, temperature, and flow measurement.

This article starts with a short introduction to the basic
principle of the 3w method. Then, the used sensor, the setup,
and the measurement protocol are discussed. The final part
shows and discusses the results regarding the sensitivity of
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the urea concentration in water, but also general deeper in-
vestigations related to the 3w method.

2 Basic principle

The principle of the 3w method is based on a metallic re-
sistor, which is driven by an AC current /(¢) with angular
frequency w, I(t) = Iy cos(wt), where Iy is the current am-
plitude and ¢ is the time. The resistor heats up due to Joule
heating and the temperature increases in response to this ex-
citation. The temperature rise AT can be expressed by

AT = ATpc + ATac = ATpe + | ATac| cosQat +¢). (1)

ATpc is the steady-state temperature increase at the re-
sistor’s location with respect to ambient temperature Tamp.
AT is the temperature oscillation, and the quantity ¢ in-
dicates the phase shift between the excitation signal and the
temperature oscillation. The phase shift occurs because of a
possible lag between heat flux and temperature, and it is nor-
mally non-zero with respect to the input signal (Moon et al.,
1996). The temperature oscillation with amplitude AT is
described by the heat diffusion equation and can be seen as
a thermal wave (Cahill, 1990). Thermal properties such as
thermal conductivity and heat capacity of the resistor’s sur-
roundings influence the propagation of this thermal wave. A
crucial concept is the concept of the penetration depth & to
understand the propagation of the thermal wave,

k o 1
§= = [—o,/—, (2)
2pcpw 2w w

where k is the thermal conductivity, p is the density, ¢, is the
specific heat capacity, and « is the diffusivity. The penetra-
tion depth indicates the ability of the thermal wave to pene-
trate the surroundings. Equation (2) points out that the pene-
tration depth is inversely proportional to the drive frequency.
The smaller the drive frequency, the larger the penetration
depth.

The connection between thermal and electrical informa-
tion is in this case given by the temperature-to-resistance co-
efficient of the resistor’s material, 8, and the following rela-
tion between resistance R and temperature 7 holds:

R(T — Trer) = Ro(1 + B(T — Ther)), 3

where the subscript defines the point of reference; this point
of reference is often taken at 0 °C.
The relation between resistance R(¢) and temperature at
steady state can be expressed by
R(t) =
Ro(1 + BTamb + BATDC)(1 + B|ATac| cosQwt +¢)), (4)

where Ry is the resistance at 0 °C. The term Ro(1 + 8Tamb +
BATpc) describes the relation between resistance and the
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constant term of the temperature. The voltage drop across
the resistor can then be expressed by Ohm’s law:

V()= R®I()
= Rolo(1 + BTamb + BATpC)

1
(coswrt + 5/3|ATAC|cos(a)t +¢)

+ % BIATAc| cos(Bwt + )
~ Rolo(1 + BTamb + BATDC)
(coswr + % BIATAc|cosBot + ¢))
~ Vi, cos(wt) + V3, cos(Bwt + ¢). 5

The quantities Vi, @14, V3w, and ¢ are the direct measure-
ment quantities. At the second last equality in Eq. (5), the
approximation BATac <« 1 is used, which is normally the
case because 8 ~ 107> K~! (Giancoli, 1995). This approxi-
mation allows a direct decoupling of the temperature ATpc
and ATac. The aim of the 3w method is to measure the volt-
age signal at the frequency 3w because it is directly propor-
tional to the temperature oscillation ATac, which gives infor-
mation about the thermal characteristics of the surroundings,
being urea—water mixtures in this investigation.

3 Sensor

The sensor used in our study is shown in Fig. 1. The sensi-
tive element contains two resistive structures, namely a low-
resistance structure and a high-resistance structure. For the
measurements presented here, only the low-resistance struc-
ture is used in combination with the 3w method, which is
called the 3w resistor in Fig. 1a. However, the entire de-
sign is similar to an anemometric flow sensor where the
low-resistance structure also acts as a heater and the high-
resistance structure acts as a temperature sensor. Ideas for
further investigations with diesel exhaust fluid in combina-
tion with its flow are the reason for choosing this design.
The cross section of the sensor element is shown in Fig. 1b.
The sensor is based on platinum thin-film technology and
is manufactured by standard thin-film processes. Platinum is
chosen because of its reproducible temperature-to-resistance
coefficient. The platinum thin film is located on top of a
150 um thick zirconium oxide substrate. Zirconium oxide is
chosen because of its favorable mechanical properties, which
allows straightforward processing even for a 150 um thick
substrate. The platinum thin film is covered by a 30 um thick-
film glass passivation layer to protect the platinum structures.
The element is characterized between 0 and 100°C as
visible in Fig. 2. The low-resistance structure has a resis-
tance of Rp 45 =45.06(1)2 at 0°C with a temperature-to-
resistance coefficient of f45 = 3893(6) ppm/K. The high-
resistance structure has a resistance of Rp, 1200 = 1204.7(2)$2
at 0°C with a temperature-to-resistance coefficient of
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Table 1. Thermal characteristics of water and AdBlue at 25 °C (Care, 2009; BASF — The Chemical Company, 2006).

Material ~ Density  Thermal conductivity  Specific heat capacity ~ Thermal diffusivity
(g/em?) (W/(mK)) (JN(gK)) (mm?/s)

Water 0.997 0.61 4.18 0.146

AdBlue 1.090 0.57 3.51 0.149

3w-resistor

temperatur sensor

(a) Top view

wires

pad coverage

glas passivation (30 pm)
platinum (550 nm)
ZrO,-Substrate (150 ym)

(b) Cross section

Figure 1. (a) Top view of the sensor; two platinum thin-film struc-
tures are on the investigated chip. First, a low-resistance structure
which is called a 3w resistor in this investigation acting as the heater
and as the sensor if the 3w method is applied. Second, a high-
resistance structure is on the chip which can be used as an addi-
tional temperature sensor. (b) Cross section of the sensor consists
of a platinum thin-film layer with a thickness of 550 nm which is
applied on a 150 um zirconium oxide substrate. A 30 um thick glass
passivation is on top of the platinum layer to protect the platinum
structure.

B1200 = 3896(6) ppm/K. Therefore, both platinum structures
have a similar temperature-to-resistance coefficient, as ex-
pected because the two structures are on the same chip.

4 Setup and measurement protocol

Measuring the voltage V3, and the ATac can be a challenge
because this is usually 3 orders of magnitude smaller than the
lw signal. The reason is the resistance-to-temperature coef-
ficient being in the range of 10> K~!. However, the lock-
in amplification technique is well suited for measuring this
small signal. Moreover, the lock-in amplification technique
also allows phase-sensitive measurements which are required
to resolve the phases ¢. The setup in this investigation is de-
signed as a digital lock-in amplifier. The advantage of a dig-
ital lock-in amplifier is that no physical reference signal is
needed. The hardware (see Fig. 3a) consists of a data acqui-
sition card (DAQ) from National Instruments (NI USB 6225)
and a voltage-to-current converter based on two operational
amplifiers. The DAQ is the core part of this digital lock-in
amplifier because it generates the driving signal and mea-
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Figure 2. Resistance-to-temperature characteristics for the plat-
inum structures. The low-resistance structure has a resistance
R(,45 = 45.06(1)2 with a temperature-to-resistance coefficient of
Bas = 3893(6) ppm/K. The high-resistance structure has a resis-
tance Ry, 1200 = 1204.7(2)2 with a temperature-to-resistance coef-
ficient of B1200 = 3896(6) ppm/K.

sures synchronously the voltage across the resistor. The DAQ
is controlled by a computer via a LabView program.

To have a handy probe, the sensor element was installed
on a stainless steel rod (see Fig. 3b). This probe was used
to investigate the fluids of interest, which were mixtures of
different urea—water solutions in combination with the 3w
method. Because the solvability of urea in water is 1000 g/L
at 20 °C (Sigma-Aldrich, 2019), the urea concentration was
varied between 0 % and 50 % by weight to cover most of the
possible range. The measurements were done at room tem-
perature (25.0(3) °C) and at no-flow conditions. The mea-
surement sequence with respect to the urea concentration was
randomly taken such that external variables, e.g., the ambi-
ent temperature, do not distort the measurement result in a
systematic way.

When choosing the frequency range, the penetration depth

(x \/g ; see Eq. 2) must be larger than the distance between
platinum thin film and fluid of interest, otherwise the sensor
does not sense the fluid and no fluid dependence occurs. The
penetration depths for glass and zirconium oxide are given

in Table 2 for different frequencies. For this reason, the drive
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Table 2. Material characteristics at 25 °C: thermal diffusivity (Care, 2009), layer thickness, and penetration depth for frequencies 0.1, 1, 10,

100, and 1000 Hz.

Material  Diffusivity Thickness §(0.1Hz) &§(1Hz) 6(10Hz) §(100Hz) §(1000Hz)
(mm?/s) (um) (um)  (um) (um) (um) (um)
V410%) 1.25 150 1000 320 100 32 10
glass 0.83 30 810 260 80 30 10
3.8, 1
Computer
'Via LabView g 367 62r02"‘ 5> 6glass 8202 < 6 6glass 10.5
Data acquisition card| __ g ! —
NI USB 6225 '21 3.4+ | _
<
Vdrive \% g L - -ui -B% % %% %%‘ -8 %‘E =0 g
‘ © 32} I ' g
Voltage-current o ! | 5
converter E‘ 1
£ 1-0.5
Idriveeocvdrive . 3r _§_ATDC
— b,
Sensor (resistor) — 28 . . . 1
107 10° 10" 102 10°

(@)

Figure 3. (a) Electrical diagram of the measurement hardware. The
core part is a data acquisition card from National Instruments (NI
USB 6225) which generates the drive signal and measures the volt-
age across the resistor. The entire setup is controlled by a computer
via LabView. (b) The platinum thin-film sensor is mounted on a
stainless steel rod to form a suitable probe.

frequency was then varied between 0.1 and 1000 Hz for the
measurement.

To set the current amplitude, a trade-off between height
of the signal and self-heating has to be managed. In previ-
ous investigations using a similar structure (Clausen et al.,
2017; Innovative Sensor Technology IST AG, 2014), the self-
heating of 30 mA was smaller than 1 % of the absolute tem-
perature at a frequency of 1 Hz. Based on these findings, the
current amplitude of 30 mA was also chosen for this investi-
gation.

5 Results and discussion

As described in the previous sections, both ATpc and ATac
can be determined by using the digital lock-in technique and
Eq. (5). The results of both quantities are shown and dis-
cussed in the following section.

The aim of analyzing the 1w signal is to receive informa-
tion about the ambient temperature, an additional parame-
ter which might be determined with the same measurement
method. The measurement result with respect to ATpc is
shown first and presented in Fig. 4 as a function of drive fre-
quency. Three observations can be made from these measure-
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drive frequency [Hz]

Figure 4. Temperature ATpc as a function of drive frequency (blue
dots). A decrease of 0.8 °C is visible which is most pronounced
if the drive frequency is smaller than 5Hz and the thermal wave
can penetrate the zirconium oxide substrate, indicated by &7,0,-
If the drive frequency is bigger than 100 Hz, the penetration depth
is smaller than the thickness of glass passivation Jg|ass and the in-
crease in temperature is saturated. The phase ¢;,, of the 1w signal
as a function of drive frequency is shown by red squares. This phase
is constantly 0 °© as expected.

ments. First, the phase is 0.0(1)° for all drive frequencies, as
expected because it is a DC signal and the phase is zero or
not defined, respectively. For drive frequencies larger than
10Hz, the measurement uncertainty of the phase becomes
larger: a reason could be the increasing uncertainty of the
3w signal due to the decrease in the sensitivity (see also next
section). Second, although ATpc contains the thermal infor-
mation about the different urea concentrations, the measure-
ment results can not resolve the different concentrations, and
the information about the concentration gets lost in the mea-
surement noise. Due to this finding, it is enough to plot the
average ATpc as a function of drive frequency and lead to the
third observation. The temperature increase ATpc is on the
order of 3 °C with respect to the ambient temperature Tymp.
Moreover, ATpc shows a frequency dependence, and it de-
creases by 0.8(1) °C between 0.1 and 1000 Hz. The reason
might be found in the interaction of the DC temperature field
and the AC temperature field. The theory of the 3w method
explains the amplitude of the thermal wave becoming larger
for lower frequencies, and the higher temporary heating may

https://doi.org/10.5194/jsss-10-5-2021
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Figure 5. Voltage amplitude V3, as a function of drive frequency.
(1) Voltage V3, monotonically decreases for increasing drive fre-
quency. Zoomed cutout: (2) the signal decreases if the urea concen-
tration decreases.
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Figure 6. Sensitivity (S[mK/%] =

0% as a function of drive
frequency (blue dots). The sensitivity decreases for increasing
drive frequency. The steepest decrease takes place if the frequency
is smaller than 5Hz. For higher frequencies, the thermal wave
does not penetrate the zirconium oxide and a low sensitivity is
expected. Estimated resolution (R = %, where §(ATac) is
the measurement uncertainty for a given frequency) as a function
of drive frequency (red triangle). The resolution is 1 % by weight if
the frequency is lower than 0.5 Hz.

ATAc(®)]50 %byweight — ATAC(@)]0 %byweight )

also shift the thermal equilibrium to higher steady-state tem-
peratures. Further investigations have to be done to analyze
this behavior in more detail. Nevertheless, the shown result
of Tpc or Tymp + ATpc can give a good indication of the
ambient temperature, which could be a useful feature for ap-
plications without having an additional temperature sensor;
a single one-point calibration would be enough to determine
Toc.

https://doi.org/10.5194/jsss-10-5-2021

The main scope of this article is the investigation of the
3w signal regarding different urea—water mixtures. Figure 5
shows the measured amplitude ATac for different mixtures
between 0% and 50 % by weight urea as a function of the
drive frequency between 0.1 and 10 Hz. Because the thermal
response and the penetration depth decreases for increasing
frequency, the amplitude ATxc decreases as well, as indi-
cated by (1) in Fig. 5. For the presented frequency range, the
amplitude varies between around 2K at 0.1 Hz and 0.4K at
10 Hz. Furthermore, the different urea concentrations show
a resolvable signal difference (see zoomed cutout in Fig. 5),
and the amplitude ATac decreases for decreasing urea con-
centration. Moreover, the sensitivity defined as the approxi-
mately constant slope regarding amplitude and urea concen-
tration also decreases for increasing drive frequency, which is
shown in Fig. 6 as the blue dots. A steep decrease in sensitiv-
ity occurs in the frequency range between 0.1 and 5 Hz. For
higher frequencies, the sensitivity is lower than 0.3 mK/%
by weight, and the further decline is moderate. The decline
of the sensitivity has two main reasons. First, the thermal
response generally decreases if the frequency increases, as
already seen in Fig. 5. Moreover, because the heater struc-
ture is not in direct contact with the urea—water mixture, the
amount of the thermal wave reaching the urea—water mix-
ture is frequency dependent and in direct relation to the pen-
etration depth. If the frequency is smaller than 4.4 Hz, the
penetration depth (use Eq. 2) is larger than the zirconium ox-
ide substrate and the glass passivation, respectively, and the
thermal wave reaches the fluid of interest at the bottom and
the top of the sensor. If the frequency is between 4.4 Hz and
100 Hz, the penetration depth is smaller than the zirconium
oxide substrate but still larger than the passivation and the
thermal wave can only reach the fluid of interest from one
side, and the sensitivity is strongly reduced. No fluid sensi-
tivity is assumed for frequencies above 100 Hz. The resolu-
tion of the urea concentration can be estimated by using the
sensitivity and the measurement uncertainty. The measure-
ment uncertainty was experimentally determined by taking
multiple measurements. The estimated resolution is plotted
as the red triangles in Fig. 6. The resolution of 1 % by weight
can be achieved for the frequency range between 0.1 Hz and
0.4 Hz. For higher frequencies, the estimated resolution de-
creases. The error bar increases for increasing frequency: the
reason is the decrease in the sensitivity. A significant distinc-
tion between water and 50 % by weight urea—water mixture
is possible up to a drive frequency of 20 Hz.

Due to the digital lock-in amplifier, the corresponding
phase ¢ of the 3w signal can be determined, which is pre-
sented in Fig. 7. The phase as the function of the drive fre-
quency is not monotonic, as indicated by (A) in Fig. 7, and
a local minimum exists. The layered structure (see Fig. 1)
might be the reason for this non-monotony due to the heat
flux continuity at its interface of the two layers. Such signal
behavior of layered structures can be predicted by, e.g., the
matrix formalism of Feldman (Feldman, 1999; Kim et al.,

J. Sens. Sens. Syst., 10, 5-12, 2021
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Figure 7. Phase ¢ as a function of drive frequency. (a) Phase ¢3,,
does not monotonically behave. However, the measured phase has
a local minimum at 2 Hz. (b) A correlation between phase and urea
concentration can be found as indicated by the arrow. The phase
increase for increasing urea concentration.

1999). A direct correlation between the measured phase and
the urea concentration is observable in the frequency range
between 0.3 Hz and 20 Hz, where the phase increases for de-
creasing urea concentration, as indicated by (B) in Fig. 7.
The measurement results for frequencies of 0.1 and 0.2 Hz
do not give a clear correlation between measured phase and
urea concentration. A reason could be the layered structure as
well. The sensitivity (with respect to phase and urea concen-
tration) is also not monotonic in Fig. 7. The largest sensitivity
occurs at 2 Hz, where the local minimum is located. Theo-
retical investigations predict such a behavior of the phase if
a layered structure is present (Feldman, 1999). Because the
phase is independent of quantities like current and resistance,
the phase might be a more interesting measurement quantity
for application than the amplitude because it could simplify
tolerance and calibration procedures.

Figure 8 shows the ATac (blue solid line) and the phase
¢ (red dashed line) as the function of urea concentration at
the frequency of 0.3 Hz. On the one hand, the temperature
amplitude increases monotonically for increasing urea con-
centration. Pure deionized water has the smallest amplitude,
whereas the amplitude at 50 % by weight urea has the high-
est amplitude. The reason is the decrease in thermal diffu-
sivity if the urea concentration increases (see Table 1). The
concentration resolution is estimated to be 1 % by weight as
calculated above (see also Fig. 6). However, a tradeoff exists
between resolution and measurement time for a given setup.
If the resolution should be high, the drive frequency must be
low and the measurement time high. On the other hand, the
measured phase decreases for increasing urea concentration.
The resolution is 1 % by weight as well, using similar argu-
ments as for the amplitude. Figure 8 shows the fact that both
amplitude and phase can be used to distinguish the urea con-
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Figure 8. The oscillation amplitude ATsc as a function of urea
concentration (blue solid line) and phase ¢ as a function of urea
concentration (red dashed line). In both cases, a clear correlation
between urea concentration and the signal is shown with an esti-
mated resolution of 1 % by weight.

centration in water with similar resolution. Both measure-
ment quantities have advantages and disadvantages. On the
one hand, the advantage of the phase is the independence of
the measurement parameters as drive current and basic resis-
tance. The phase depends ideally only on the thermal char-
acteristics of the sensor’s surroundings. This fact could be
a big advantage with regard to the application; e.g., wider
production tolerance or less calibration are conceivable. The
disadvantage is the need for a phase-sensitive measurement
principle as a lock-in amplifier; the hardware and software
are often more complex. On the other hand, the advantage of
measuring the amplitude is that such a phase-sensitive mea-
surement technique is not needed. Generally, a Fourier trans-
form of the measured voltage is sufficient (Clausen et al.,
2017). The handling of timing issues is often simpler to re-
alize, and the hardware and software are not as complex as
a phase-sensitive measurement technique. However, the am-
plitude is strongly dependent on the measurement parameters
such as current and basic resistance (see Eq. 5). To realize a
sensor concept on the basis of the shown results to measure
the urea concentration in an application, the suitable choice
of sensor, hardware, and software depends strongly on the
application’s need.

6 Conclusions

In conclusion, this article presents a method using a plat-
inum thin-film sensor in combination with the 3w method to
resolve the urea concentration in water with a resolution of
1 % by weight. A detailed analysis of the 3w signal showed
that both the amplitude of the temperature oscillation and its
phase are suitable for determining the urea concentration in
water. Both quantities have their advantages and disadvan-
tages. On the one hand, the amplitude allows a more straight-
forward approach to measuring and interpreting the signal;

https://doi.org/10.5194/jsss-10-5-2021
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however, the sensor must be well characterized; e.g., drive
current, basic resistance, and temperature-to-resistance coef-
ficient must be known. On the other hand, the phase is mostly
independent of these quantities; however, the ability to mea-
sure the phase needs a phase-sensitive setup, e.g., a lock-in
amplifier.

Besides the analysis of the 3w signal, the lw signal is an-
alyzed as well: the results showed that the 1w, being approx-
imately proportional to the steady-state temperature, is fre-
quency dependent. The reason might be found in the inter-
action between steady-state temperature and thermal wave
leading to a frequency-dependent thermal equilibrium. Nev-
ertheless, a simple one-point calibration might be enough to
use this information for an indication of the temperature.

These findings may be used for future AdBlue analyzing
tools in diesel combustion monitoring. Moreover, the pre-
sented sensor structure is also suitable for flow measurement,
which leads to the next step, investigating the 3w signal for
different urea concentrations under varying flow conditions.
These steps are very specific for this diesel combustion mon-
itoring and, more generally, the ability and the advantages
of a digital lock-in amplifier have not yet been fully investi-
gated regarding the 3w method, especially the powerful fact
that no physical reference signal is needed. Further investiga-
tions regarding the abilities of digital lock-in amplifiers will
be carried out.
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