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Abstract

The increasing development of continuous-flow applications in the field of
microfluidics generates demand for in-line monitoring methods. The thermal
conductivity (k) of a liquid has been proven to be a valuable measurand for
quality control, process monitoring, and analytical testing. However, most
available methods for measuring x of microliter-sized samples are limited for
use on stagnant samples. In this work, a novel method and associated
prototype device for measuring x under flow conditions is presented. The
so-called Transient Thermal Offset (TTO) method requires only a single metal
resistive structure that is excitated with direct current (DC) pulses. To
demonstrate the working, proof-of-principle experiments are performed on
liquids with various x under different flow rates. The results show that, after
calibration, the presented microfluidic device can be used for accurately
measuring k of liquids under flow, as well as for determining the flow rate of
liquids with a known . Within the explored ranges, both parameters can be
determined with an average error of approximately 2.6%. The results confirm
that, also under flow conditions, uncertainties concerning probing depth are

eliminated with the TTO method.
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1. Introduction

An accurate reading of thermal conductivity (k) can reveal more about a
liquid sample than only its ability to conduct heat. Measurements of x can be
used for quality control, process monitoring, and analytical testing. For example
it is possible to use a value of k to estimate the ratio of two mixed liquids [IJ, 2],
the concentration of cell suspensions [3], and the presence or size of nanoparticles
in suspension [4, [5]. In applications where the sample liquid is costly or scarcely
available, it is often desired to perform such thermal measurements inside a
microfluidic device. Fortunately, literature offers various methods for measuring
the thermal conductivity of microliter-sized samples. However, most available
methods are limited for measurements on stagnant fluids.

Because of recent developments in continuous-flow microfluidics, it is
becoming more expedient to be able to measure x under flow conditions.
Possible applications are for in-line monitoring of mixing [6], for monitoring
the continuous-flow separation of cells and particles [7, [8, @], or for monitoring
cell cultivation and proliferation under flow conditions inside a microfluidic
device [10} 111 [12].

Most common methods for measuring x inside a microchannel require a
separate heating and temperature sensing element for measuring the
temperature drop between two positions inside the microchannel. Generally,
heating is achieved via a resistive heating element [I3, [14], whereas
temperature sensing is done with thermocouples [13] 14, [15]. Alternatively,
there are also methods available that only require a single metal resistive
element for determining x such as the hot strip method [I6] [I7] or the 3w
method [18]. Single-element methods offer a simple sensor construction.
However, they also have disadvantages. With the previously mentioned

single-element methods, uncertainties can arise concerning the thermal
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probing depth [19] 20, 2T]. If the probing depth exceeds the boundaries of the
sample, the measurement will be disturbed by the surrounding material. This
can be challenging when working with microliter-sized fluid samples. With
fluid samples under flow, it becomes even more difficult to estimate the
thermal probing depth. Furthermore, with alternating current (AC) based
single-element methods, such as the 3w method, the required read-out
hardware and the corresponding data analysis is more complex as compared to
direct current (DC) based single-element methods, such as the hot strip
method [16, 20].

For quantifying the flow inside a microchannel, many sensing options are
available. Various microelectromechanical system (MEMS) flow sensors exist,
which incorporate a moving structure such as a cantilever [22], spring [23] or
diaphragm [24]. However, most common methods for measuring flow rate are
thermal-based, whereby very similar sensors are used as described above for
measuring x. Using a separate heating and temperature sensing element, the
time-of-flight principle can be applied. Hereby the time required for a thermal
pulse to travel from heater to sensor is recorded and used as an indicator for
flow speed. With single-element thermal sensors, the additional cooling of the
heater caused by heat transfer due to mass transfer can be used to measure flow
rate [25] 26].

This current study builds on our previous work, in which we have developed
a method and associated device for measuring « of microliter-sized samples with
a high accuracy of 0.5% [27]. With this transient, single-element method, issues
concerning probing depth were eliminated. So far, the research was limited to
measurements on stagnant liquids inside the microchannel. In this work, the
aim is to investigate the ability to measure x under continuous flow conditions to
demonstrate the possibility of in-line monitoring of . Also, the sensor’s ability

to measure flow rate of fluids with a known k is assessed.
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2. Working Principle

Fig. shows a schematic cross-section of the microfluidic device. The
bottom of the microchannel consists of a thin substrate on which a metal
meander structure is deposited. The top of the microchannel is made of
aluminium. The material choice for aluminium is made specifically for its high
thermal conductive properties, as discussed later.

During measurements, the metal structure is used as a Joule heating element
by applying a current pulse, similarly to the conventional hot strip method
[I'7, 28]. The temperature rise of the metal structure will cause an increase in
the electrical resistance of the metal structure itself, as determined by Eq. .
By simultaneously measuring voltage whilst applying the heating current, it
is possible to measure this change in electrical resistance. By doing so, the
metal structure can simultaneously be used as a heating element, as well as a

temperature sensor for measuring the sensor temperature response to a heating

step.
R = ReoslL+ (T — Trup)] 1)
where:
R = electrical resistance of structure [(2]
T = temperature of structure [K]

R,.; = electrical resistance at temperature 7.y

a = temperature coefficient of resistance [1/K]

The traditional hot strip principle prescribes that the probing depth of the
applied thermal pulse can not exceed the boundaries of the sample under
measurement [21, 28] 29]. On this condition, the principle states that the
sensor temperature response will approach linearity when plotted versus the

square root of time, with a slope that is inversely related to the thermal
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effusivity (e) of the sample [21] 28] [29]. In case of an excessive probing depth,
the measured slope will be disturbed by the surrounding material [16].

The novelty of the presented device is in the crucial role of the aluminium top
piece for the readout to eliminate uncertainties concerning the probing depth.
As illustrated by the red arrows in Fig. [Th, we intentionally apply thermal pulses
that probe beyond the physical boundaries of the liquid inside the microchannel.
The aluminium top is a good heat conductor which acts as a heat sink to absorb
heat dissipated by the sensor structure. For the principle to work, the aluminium
top piece must be significantly thicker than the height of the microchannel,
so that during a heating step the piece can be considered as a semi-infinite
medium [28]. In this case, the expected sensor temperature response can still
be described by the hot strip principle. When heating sufficiently long, the
sensor temperature response should approach linearity when plotted versus the
square root of time, with a slope that is determined by e of the aluminium top
piece [21], 28] 29]. This implies that the end of all sensor temperature responses
are expected to be parallel, regardless of the thermal properties of the fluid
inside the microchannel. This expected sensor response was confirmed in our
previous work [27]. More interestingly, in this earlier work, we found that the
offset on this linear part of the sensor response can be used to measure s of
the liquid, as illustrated in Fig.[Ip. Via a Cauer-type thermal equivalent circuit
of the sensor, numerical simulations, as well as with practical experiments, it
was demonstrated that only  of the liquid affects the offset, without influence
from the density or specific heat capacity of the liquid [27]. Thus, contrary
to the traditional hot strip method, k of the sample is not derived from the
slope measured inside the sample, but rather from the offset measured inside
a high thermal conductive reference material on top of the sample. Hence the
name Transient Thermal Offset (TTO) method. The constant measured slope
at the end of the sensor response acts as confirmation that the probing depth
is sufficient. Thus, all uncertainties concerning probing depth are removed.
However, so far, only measurements were performed on fluids that were stagnant

inside the microchannel.
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Figure 1: a) A schematic cross-section of the microfluidic device during measurements on
stagnant liquids with a different thermal conductivity (k). The heat generated by the metal
structure will propagate through the liquid inside the microchannel into the aluminium top
material. A liquid with a low s will act as a thermal barrier, impeding heat transfer towards
the aluminium top. b) Generic temperature response curves illustrated based on the Cauer-
type thermal equivalent circuit of the sensor device presented in our previous work [27]. In
this earlier work, it was demonstrated that the offset of a linear regression at the end of a

sensor response curve can be used to determine k of stagnant liquids inside the microchannel.

In measurements, where a stagnant fluid is inside the microchannel, heat
transfer only occurs via thermal conduction. Moreover, the heat transfer
occurring near the sensor can be approximated as being one-dimensional (1D)
due to the sensors geometry and device construction [I4] 27]. In the case of
measuring flowing liquids, however, additional heat transfer will occur via heat
transfer due to mass transfer. As illustrated in Fig. 2h, we expect that this
additional heat transfer will reduce the sensor temperature response. More
specifically, the expectation is that the measured offset will decrease as the
flow rate increases. This research investigates whether this effect can be

exploited for performing flow rate measurements of liquids with a known k.
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Demonstrating this possibility would also imply that measuring x of liquids at

a known flow rate is possible.
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Figure 2: a) A schematic cross-section of the microfluidic device during measurements on a
liquid under stagnant and flow conditions. In the case of a flowing liquid, additional heat
transfer will occur via heat transfer due to mass transfer. b) We expect that the additional
heat transfer will lower the sensor temperature response. In this work, we will investigate the
influence of mass flow on the sensor temperature response in an effort to measure flow rate as

well as to measure k of liquids in flow.

3. Materials and Methods

First, the build-up of the microfluidic device is discussed. Second, the overall
measurement setup is presented, including the used readout device and the
pump setup used for measuring liquids under flow. It should be noted, however,
that the build-up of the sensor device and the overall measurement setup are
identical as described in our earlier work on stagnant fluids [27]. Lastly, the

measurement procedure is explained.
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8.1. Microfluidic Device

The sensor structure was designed in-house and fabricated externally
(PCBWay, China) on a flexible Printed Circuit Board (PCB) as shown in
Fig. [Bp. The substrate is a 40 pm thick polyimide film. The meander-shaped
gold-coated copper structure, schematically illustrated in Fig. Bk, is 5 mm X
1.3 mm in scale. The meandering tracks have a width and spacing of 60 pum
and a height of 15 ym. To measure the initial electrical resistance of the
structures at room temperature (Rjpnit), a limited current of 10 mA is used to
prevent Joule heating. The Rjy;; of different sensors varies between 1.8 €2 and
2.3 Q. The temperature coefficient of resistance was determined
experimentally (o = 3.448 x 103 £ 0.033 x 102 K1),

The microfluidic channel, shown in Fig. [3p, is designed and fabricated
in-house. The channel has rounded outlines to counteract the accumulation of
air bubbles. The shape is cut out of a 130 pm thick sheet of Parafilm M®.
This sheet is then carefully aligned on top of the flexible PCB. The metal
structure must be facing down in order that the polyimide substrate is present
between the metal structure and the liquid inside the microchannel. This is
necessary to prevent electrical shorts due to direct contact between the liquid
and the metal. It should be noted that the rheological behavior of
non-Newtonian fluids was not considered during the design of this
microchannel. It is known that, as the shear rate increases, x of
non-Newtonian liquids increases [30]. However, the experimental part if this
study is limited to Newtonian fluids, of which the thermal conductivity is
independent of shear rate. Nevertheless, it is possible to implement the TTO
mesurement principle into differently shaped microchannels, optimized for
specific applications with non-Newtonian liquids.

The aluminium top piece, shown in Fig. [3p, is 10 mm thick, and is thus over
75 times thicker than the height of the microchannel. The piece is fabricated
externally (YouniQ, Belgium). The sensor and microchannel are placed on
this piece of aluminium. Next, the Parafilm M® is heat-sealed between the

aluminium and the sensor substrate, as suggested by Wang et al. [27], [31].
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Screw-type connectors for the inlet and outlet of the microchannel are machined
directly into the aluminium.

To provide a rigid back support, a polymethyl methacrylate (PMMA) plate
is added to the backside. As an extra precaution to prevent the flexible PCB
from bending, a piece of double-sided tape is added (Fig. ), which prevents
the flex PCB from moving. Finally, all components are screwed together. As
shown in Fig. [Bd, the transparent backplate allows for visual inspection of the
content of the microchannel.

As the height of the microchannel is equal to the thickness of the
Parafilm M®, we calculate that the elliptic cylindrical fluid column
surrounding the sensor, marked in Fig. ¢, has a volume of 2.76 ul. During
measurements on stagnant fluids, heat transfer within this region can be
approximated as being one-dimensional due to the microchannel aspect ratio
(height /width) [I4, 27]. Therefore, with stagnant measurements, we consider

this to be the volume of the liquid under test.

3.2. Experimental Setup

The overall measurement setup is depicted in Fig. [l To perform the 4-wire
measurement as described in Section [2} a 4-wire Source Measure Unit (SMU)
is used. More specifically, a PXIe-4139 Precision SMU (National Instruments)
is used in combination with the PXIe-1073 Chassis (National Instruments).
The SMU is controlled by a custom LabVIEW program in which the
properties of the thermal pulses can be configured. For all presented
experiments, identical constant current heating pulses are applied continuously
throughout the measurement. The pulses, measured at 100 Hz, have a power
of approximately 0.30 W and a duration of 16 s [27]. Each heating step is
followed by a cool-down period of 84 s. The cool-down period is more than
sufficiently long to allow the sensor to cool down back to ambient temperature
before each new thermal pulse. With the previously mentioned heating
duration and power, cool-down periods of 20 s are sufficient to cool down fully

to ambient temperature when water is inside the microchannel. However, the
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Figure 3: An overview of the build-up of the sensor device [27]. a) A picture of the flexible
PCB on which the sensor structure is present. The microchannel around the sensor structure
is fabricated out of Parafilm M. b) The flexible PCB and the microchannel are sandwiched
between the aluminium top and a rigid PMMA backplate. Before adding the backplate, the
Parafilm M is sealed between the PCB and the aluminium. ¢) A schematic illustration of the
sensor structure and the microchannel. The marked elliptic cylindrical fluid column, which we
consider to be the measurement volume in stagnant measurements, has a volume of 2.73 pl.
d) Close up pictures of the microchannel taken while a blue-colored liquid is flushed in. The
transparent PMMA backplate and transparent polyimide substrate allow for visual inspection

of the content of the microchannel.

time of 84 s is required to refill the syringe pump used to apply constant flow
rates, as discussed later. By letting the sensor cool down to ambient
temperature in between pulses, it is possible to use the sensor structure as a
Resistive Temperature Device (RTD) to monitor the temperature of the liquid.
Doing so can prevent misinterpretations of the data due to variations in the
liquid temperature.

The required current for applying the power of 0.30 W is dependent on the
Rinjt of the sensor. Therefore, before each measurement, Ri,i; is measured, and

the required heating current (I) for each individual sensor is calculated using

10
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the power equation, Eq. .

I-\/P/Rini (2)

where:
I = sensor specific heating current [A]
P = desired heating power [W]

Rjnit = initial resistance [Q)]

A programmable syringe pump (LSPone, Advanced Microfluidics) is used
for flushing in and replacing liquids inside the device as well as for creating a
constant flow rate for non-stagnant measurements. As shown in Fig.[4] the pump
is equipped with an 8-channel rotary valve. This allows us to automatically flush
fluids from different sample containers. The total volume of the glass syringe is
1 ml. Given that the maximum used flow rate during experiments is 20 ul/s,
the syringe is empty after 50 s of pumping. Therefore, the SMU control was
synchronized with the pump control to ensure that refills only occur during the
cool-down periods.

All  presented measurements have been  performed in @ a
temperature-controlled room (20 °C + 1 °C). The used liquid mixtures were
made in advance and stored inside the same room to ensure that all liquids

were at room temperature prior to measuring.

3.8. Measurement Procedure

To check the influence of mass flow rate on TTO measurements, initially,
measurements on purified water (Sartorius) at various flow rates are
performed. Hereby each experiment exists out of three sequential stages, each
with a duration of approximately 25 min. First, stagnant water is present
inside the microchannel whilst the thermal pulses are applied. Secondly, water
is flushed at a constant flow rate. Thirdly, and finally, measurements are
performed under stagnant conditions again. This measurement protocol allows

us to compare the sensor temperature response curves under flow, with curves

11
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Figure 4: A picture of the overall measurement setup. The automated syringe pump is
used for flushing liquid samples through the sensor device. Meanwhile, thermal pulses are

simultaneously applied and measured using a source measure unit.

measured in the stagnant stages preceding and succeeding the flow stage. We
will investigate the percentage change in offset under flow relative to offset
measured on stagnant water [27]. This protocol is done using the following
flow rates for the second measurement stage: 0 (stagnant), 5, 10, 15, and
20 ul/s. For data processing, the time interval for the linear fit is chosen to
be [2.4, 4] s/, identical as in earlier work [27]. This corresponds with a time
interval between 5.76 s and 16 s.

To investigate the influence of k of the liquid on flow rate measurements
and to explore the possibility to measure x of liquids under flow, the
measurement procedure was altered. Instead of only using purified water, also
liquids with a different thermal conductivity are used. More specifically,
ethanol absolute (>99.8%) (VWR Chemicals, Belgium) and a 50 vol%
water /ethanol mixture are used for the second measurement stage. Ethanol is
chosen because of its significant difference in x as compared to water. The &
values of water and ethanol were taken from literature [32]. For the 50 vol%
water/ethanol mixture, x was calculated using the rule of mixtures [33, [34].
The r values of all used liquids are listed in Table [I For the stagnant
measurement stages, water was still used as a measurement liquid. This way,
stagnant water remains the reference condition to which other values of offset

will be compared. This protocol is done using identical flow rates for the

12
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second measurement stage as mentioned earlier: 0 (stagnant), 5, 10, 15, and

20 ul/s.

Liquid K
[vol% ethanol] [W/mK]
0 (pure water) 0.603
50 0.392

100 (pure ethanol) 0.180

Table 1: Values of thermal conductivity (k) of used liquids, as found in literature [32].

4. Results and Discussion

Experiments are performed as described in Section Initially,
measurements are performed on water in order to investigate the influence of
flow rate on TTO measurements. Next, the experiments are repeated with
pure ethanol and a 50 vol% water/ethanol mixture for the non-stagnant part
of the measurement procedure. This data is then used to investigate the
influence of x on flow rate measurements. Finally, the sensor’s ability to

measure £ of liquids in flow is discussed.

4.1. Influence of Flow Rate on TTO Measurements in Water

As mentioned in Section [3:3] the measurement procedure contains three
steps, each with a duration of 25 min. During the first and last step, stagnant
water is present inside the microchannel. In between the second step, different
flow rates are applied. All resulting changes in voltage, measured as a response
to the applied thermal pulses, are plotted over each other in Fig. [fh. The raw
data in this figure shows that that all measured sensors response curves are
parallel at the end. From this we conclude that, also under flow conditions, it
is possible to probe beyond the physical boundaries of the liquid inside the
microchannel, into the aluminium top. Therefore, we confirm that, also under

flow conditions, uncertainties concerning probing depth are eliminated with

13
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the TTO method. Furthermore, from Fig. [Bh, we can derive that the offset at
the end of the curve is influenced by the flow rate of the fluid inside the
microchannel.  This is clear because all voltage curves measured under
stagnant conditions are grouped, whereas the voltage curves measured under
flow conditions decrease as the flow rate increases. These voltage curves can
be converted to temperature using Eq. . After doing so, we find that the
temperature of the sensor structure increases with 1.5 K in stagnant water,
and only 1.0 K when the water flows at 20 ul/s.

To inspect the change in offset at the end of the transient curves more closely,
linear regression is performed on each individual voltage curve within the time
interval of 2.4 s'/2 to 4 s'/? (Fig. |5h). Next, the offsets of the regression lines
are plotted as a function of the start time of the applied heating curve. More
precisely, the percentage change in offset is plotted as compared to the offset
measured under stagnant conditions (Fig. ) This plot clearly shows the three
different measurement stages. The period between 30 min and 50 min is marked
as the flow interval.

A small spike in offset is present in the middle of the flow period of the 15 ul/s
measurement. This spike could be there due to the presence of a small air bubble
inside the microchannel during flow. Air has a very low x (0.025 W/mK) [32],
and therefore, a small air bubble can cause an increase in offeset [27]. Therefore
we suspect that unwanted air bubbles are the most common cause for deviations
in TTO measurements.

Finally, all data points within the flow period, as marked in Fig. [fp, are
plotted as a function of the applied flow rate, see Fig.[5k. This plot clearly shows
the significant changes in offset caused by variations in flow rate. Furthermore,
from this plot, we conclude that the relation between flow rate and the change
in offset is linear within the explored range of 0 pl/s to 20 ul/s.

With the currently used measurement configuration, heating steps of 16 s
were applied, followed by cooling periods of 84 s. Hence, the measurements in
Fig. contain one data point every 100 s. However, as mentioned in

Section [3:2] the cool-down duration can be reduced greatly. A visual

14
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inspection of Fig. suggests that also the heating duration can be shortened
by at least several seconds since a more narrow and earlier regression interval
would return similar offset values. By reducing the duration of the heating and
cooling period, the overall measurement speed can be increased significantly.
An even further reduction in the required heating time can be achieved by

reducing the height of the microchannel [27].
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Figure 5: a) Measurements were performed as explained in Section All voltage curves
measured as a response to a heating pulse are plotted over each other. The raw data suggests
the sensor temperature response indeed is influenced by the flow rate of the liquid. For closer
analysis, linear regression was performed on each individual voltage curve within the marked
time interval. b) The percentage change in the offset of the obtained linear regression is
plotted as a function of time. c¢) All offset values obtained during the flow interval, between
minute 30 and 50, are plotted as a function of the applied flow rate. We conclude that there
is a linear relationship between the measured offset and the flow rate of the liquid inside the

microchannel.
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4.2. Measuring Flow Rate of Liquids with Different Thermal Conductivity

The sensor’s ability to measure flow rate was confirmed in Section In
this subsection, we will discuss the influence of k of the liquid on flow rate
measurements.  Therefore, as mentioned in Section the experiments
presented in Fig. [b| were repeated with two liquids with a different x for the
flow part of the measurement. For the stagnant stages, again water was used.
As described in Section linear regression was performed at the end of the
voltage curves, and all measured changes in offset, relative to stagnant water,
are plotted as a function of the applied flow rate in Fig. [Bh. Note that the data
for 0 vol% ethanol (pure water) in this graph is the same exact data as plotted
in Fig. Bk.

The data shown in Fig. [fh shows that also the flow rate of liquids with a
lower k can be measured. Moreover, within the explored range of 0.180 W/mK
t0 0.603 W/mK, the relationship between offset and flow rate is linear. However,
it is important to point out that the linear regression lines visible in Fig. [Gh are
not parallel. More precisely, the slope of the regression line becomes less steep
with increasing x. Consequently, for a liquid with a low s, a given increase in
flow rate will have a more significant impact in reducing the sensor temperature
response as compared to a liquid with high x, for which the sensor temperature
response is already low under stagnant conditions.

Using the linear regressions in Fig. [Bh, all offset values are converted to a
value of flow rate. These converted values are called the measured flow rate from
now on. The configured flow rate of the pump is considered to be the actual
flow rate. In Fig. [6b, the measured flow rate values are plotted as a function
of the actual values of flow rate. This plot clearly shows the sensor’s ability to
measure the absolute flow rate of liquids with different x, provided that the two
following conditions are met. Firstly, x of the fluid under measurement should
be known. Secondly, the necessary regression lines to convert offset values to
flow rate need to be available for fluids with that particular s value.

An overview of the measured flow rates, the accuracy, and the precision is

given in Table 2] On average, the flow rate measurements have an accuracy of

17



3 2.6% and a standard deviation of 2.04 pl/s. As mentioned before in Section [4.1]

also for measurements on flowing liquids, uncertainties concerning probing depth

are eliminated via the TTO measurement principle.

Change in
Offset (%) Ethanol Volume
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Figure 6: a) The measurement procedure is performed with pure water, pure ethanol, and a

50 vol% dilution. The percentage changes in offset for each liquid are plotted as a function

of the applied flow rate. Linear regressions made for each liquid suggest that offset decreases

linearly as the flow rate increases. However, the relation between both is steeper for liquids

with a low . b) Using the linear regressions, the values for the percentage change in offset

are converted to a measured flow rate value. The measured flow rates are compared with the

actual flow rate to which the pump is configured. This plot confirms the sensor’s ability to

measure the flow rate of liquids with different s

4.8. Measuring Thermal Conductivity in Flow

In the Section we discussed the sensor’s ability to measure the flow

340

rate of liquids with various k. The data presented in that section will now be

processed in an alternative manner in order to investigate the sensor’s ability

to measure k of liquids under flow.
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Acutal Flow Mean Measured Accuracy Standard

Rate [ul/s] Flow Rate [ul/s] [%] Deviation [ul/s]
0 -0.35 - 1.10
) 5.10 2.0 3.57
10 10.35 3.5 2.88
15 15.39 2.6 1.81
20 19.56 2.2 0.84
Average 2.6 2.04

Table 2: Accuracy and precision of flow rate measurements on liquids with different thermal

conductivity (k).

In Fig. [Th, the offset data of experiments presented earlier, in Fig. [6h, is
plotted as function of the k of the used liquid (Table . In a previous study,
in which only measurements on stagnant liquids were performed, we found that
the relation between the percentage change in offset and the x of the liquid can
be approximated with an exponential equation of the form y = a + b - e™“".
For the specific design of the sensor used in this work, a = —29.8,0 = 240,
and ¢ = 3.43 [27]. This specific exponential equation represents the original
calibration curve, shown in Fig. [7h.

As expected, all data points measured under stagnant conditions can be
found on or near this calibration curve (Fig. Ea) However, changes measured
in offset during flow significantly deviate from the original calibration curve. As
shown in Fig. [7h, under flow, the measured offsets are lower than expected from
the stagnant calibration curve. The relationship between k and changes in offset
measured under flow can be approximated by shifting the original calibration
curve. For doing this, two new coefficients are added to the original calibration
curve: y = (a —v) +b-e ®=")_ By using a, b, and ¢ mentioned earlier, only
the two new coefficients v and h needed to be found for each flow rate using
regression analysis. The obtained calibration curves, corrected for flow rate, are
shown in Fig. [fh. An overview of the obtained v and h coefficients are listed in

Table B
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Using the regression lines presented in Fig. [7h, all measured changes in offset
are converted to a value of x. In Fig. [Tp, the measured s values are plotted
as a function of the actual x of the fluid (Table . From this plot it is clear
that accurate measurements of x under flow are possible. The average accuracy
within the demonstrated range of 0 ul/s to 20 pl/s, is 2.50 %, and the standard
deviation is 0.018 W/mK. A detailed overview of the accuracy and precision of

Kk measurements is given in Table

Flow rate [ul/s] Coefficient v Coefficient h

0 0 0

5 1.625802 -0.04786253
10 2.928464 -0.0759601
15 9.699794 -0.07152078
20 7.805258 -0.1156289

Table 3: Value for coefficients v and h for exponential fit.

It has been demonstrated that measuring flow rate of liquids with known
k, as well as measuring k of liquids under a known continuous flow rate is
possible with the presented device. This implies that it is possible to achieve
both functions simultaneously by incorporating two identical sensing
structures into a two-branch microchannel. Additionally it is required that the
flow in one channel can be stopped by a controllable valve. This way, a
stagnant measurement of x can be performed in one channel. This measured s
value can simultaneously be used for the deriving the flow rate from the
measurement in the channel with flow. By periodically opening and closing
the valve, the liquid inside the stagnant channel can be refreshed. A similar
approach was suggested by Offenzeller et al. for their implementation of a

sensor, and time-of-flight based flow sensor inside a microchannel [35].

20



Change in

Offset (%) Flow Rate
Original (ul/s)
calibration 0

100 curve
/ °
50 ® 10
0 15
=20 20
T T T T T T T
a2 01 02 03 04 05 06 07
Actual k (W/mK)
Measured x
(W/mK) Flow Rate
0.7 i (nl/s)
0.6 /,/:'/ °(
0.5 . /_,‘—”/ ®5
8.4 _ e 10
.3 .
0.2 A 15
014 20

I
b) 01 02 03 04 05 06 07
Actual k (W/mK)

Figure 7: a) Offset values are plotted as a function of the thermal conductivity of the fluid
as found in literature. As demonstrated earlier for stagnant fluids, the relationship between
changes in offset and k can be approximated with an exponential equation: the original
calibration curve [27]. With increasing flow rate, the original calibration curve can be shifted
down and left to approximate the relation between changes in offset and . b) The offset values
are converted to measured values of k using the exponential equations. When comparing the
measured k values with the actual k values, it is clear that measurements of x are possible on

liquids under flow.

Mean Standard
Liquid Actual k Measured Kk Accuracy Deviation
[vol% ethanol] [W/mK] [W/mK] (%] [W/mK]
0 (pure water) 0.603 0.596 1.2 0.015
50 0.392 0.406 3.6 0.027
100 (pure ethanol) 0.180 0.185 2.8 0.011
Average 2.5 0.018

Table 4: Accuracy and precision of thermal conductivity (k) measurements of liquids under

flow.
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5. Conclusion

The in-house developed microfluidic device used in this study was
originally designed to measure thermal conductivity (k) of stagnant liquids
inside a microchannel with the Transient Thermal Offset (TTO) method. The
purpose of this research was to investigate the influence of flow rate on TTO
measurements. Firstly, this was done to explore the possibility of measuring
flow rate with the TTO method. Secondly, to investigate the accuracy of
measurements on flowing liquids inside a microchannel.

The results of this investigation show that both new suggested applications
are possible. Measuring flow rate is possible, provided that x of the liquid is
known, and the specific linear calibration curve for a liquid with this x value is
available. This calibration curve is used for converting measured offset values to
flow rate for liquids with that particular x value. Within the demonstrated flow
range of 0 pl/s to 20 ul/s, and for fluids with x ranging between 0.180 W/mK
and 0.603 W/mK, the measured flow rates have an average standard deviation
of 2.04 pl/s and accuracy of 2.6%.

Measuring absolute values of k of liquids under continuous flow can be
done, given that the flow rate is known and the specific exponential calibration
curve is available. The data showed that, also under flow conditions,
uncertainties concerning the thermal probing depth are eliminated with the
TTO method. Within the explored ranges, the x measurements have an
average standard deviation of 0.018 W/mK and accuracy of 2.5%. This
measurement principle can be of value for in-line monitoring of
continuous-flow microfluidic applications. = Examples of such applications
include the mixing of fluids, continuous-flow separation of cells and particles,
and cell proliferation in flow conditions. The current research, however, is
limited by the use of Newtonian fluids. When exploring applications with
non-Newtonian fluids, such as cell suspensions, it is important to take into
account the influence of shear rate on thermal conductivity. For this reason, it

can be opportune to integrate the sensing principle in a differently shaped
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microchannel that is optimized for a specific application.

Suggestions were made to improve the measurement speed of the presented
device specifically, by shortening the heating and cooling periods. Since the
measurement principle can also be integrated into smaller microchannels, even
further improvements in measurement speed are possible. The before-mentioned
applications of measuring flow rate and k can also be incorporated in one single
device for simultaneous monitoring of both measurands. To do so, a two-branch
microchannel needs to be developed that contains an identical sensing element
in each of the two branching channels. Additionally, a controllable valve needs
to be integrated in one of the two channels to allow for a stagnant measurement

of k.
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