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In this paper, infrared thermography is used to propose a simple quantitative
approach toward understanding the thermal behaviour of a liquid—liquid biphasic
millifluidic droplet flow under isoperibolic conditions. It is shown that due to the
isoperibolic boundary condition, the thermal behaviour at the established periodic
state can be managed according to different orders, i.e. either a continuous or
fluctuating contribution. A complete analytical solution is proposed for the complex
problem model, then a simplified model is proposed. Finally, a simple homogeneous
equivalent thin body model approximation with a characteristic coefficient function
of a biphasic flow mixing law is sufficient for describing the thermal behaviour of
the media under isoperibolic conditions. From this theoretical validation, the
experimental results concerning the behaviour of a biphasic oil and droplet flow are
presented. An analytical representation law is proposed to quantitatively estimate
and predict the thermal behaviour of the flow. Moreover, it is demonstrated that with
this new method, the thermophysical properties of the phase can be estimated with a
deviation less than 5% from that reported by the suppliers.

Keywords: biphasic flow; infrared thermography; millifluidics; thermophysical
property estimation; heat transfer

1. Introduction

Infrared thermography is a versatile technology that can be applied under a very wide
range of domains and scales, ranging from macroscopic applications, such as building
and agriculture diagnostics,[1,2] to the observation of miniaturised systems, such as elec-
tronic device characterisation or biological and chemical systems.[3,4] More precisely,
for quantitative studies, this technology offers the possibility to measure important exper-
imental parameters, such as the convective heat transfer,[5] as well as to monitor the tem-
perature distribution,[6] which can be one of the most important parameters in some
experimental studies. In this study, this versatile technology has been combined with
miniaturised fluidic systems that have proven to be novel and important tools for online
chemical analysis and process intensification. In such systems, the transport phenomena
are enhanced, allowing the study of chemical reactions or phase transitions under a wide
range of configurations.[7—9] Some micro-fluidic systems have already been combined
with infrared thermography to study different phenomena, such as the thermal analysis
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of nanofluids,[10] the temperature profiles in micro-reactors,[11] the monitoring of exo-
thermic reaction stability [12] and the measurement of the temperature of small amounts
of liquid in micro-fluidic chips.[13] Moreover, in the field of micro-fluidics, many react-
ing chemical flows are carried out for thermochemical analysis. The first theoretical and
numerical studies of chemical reactions [14,15] were performed in straight channels
within continuous flow systems. In this configuration, at the inlet of the channel, a simple
interdiffusional mixing zone is established; the length of this zone is mainly handled by
the inner diameter of the channel, as well as by the diffusion coefficient. Some tech-
niques have also been developed to quantify the heat released by a chemical reaction.
Wang et al. [16] measured the temperature in miniaturised systems using detached
sensors to estimate the reaction enthalpy. Other studies have shown the possibility to
carry out a well-adapted calorimetry analysis of the experimental micro-fluidics condi-
tions.[17,18] Some infrared thermography studies have been carried out under coflow
conditions, where the diffusion limitation due to species mixing is thoroughly demon-
strated.[19,20] Then, to overcome the problem of diffusion limitations and to intensify
reactant mixing, the flow analyses were performed using droplets. Based on this new
hydrodynamic configuration, many studies were dedicated to the characterisation of
physical behaviour.[21-23] Today, a wide range of physical and chemical phenomena
are studied based on the droplet configuration. The main advantage of such biphasic
flows (i.e. droplets) is a consideration of the droplet as an independent reactor. In this
case, homogenous mixing can be achieved faster by implementing chaotic advection,[24]
as well as by establishing hydrodynamic recirculation inside the droplet.[25] Some
numerical studies concerning the thermal effects of heat transport in a droplet-laden flow
[26] have also been studied. Moreover, many experimental and theoretical works
concerning the thermal effects and thermal characterisation of segmented liquid gas flows
have been presented.[27—29] Most of these studies concern the cooling systems of minia-
turised electronic devices, which are used to improve micro-heat exchangers.

Nevertheless, neither experimental nor analytical thermal characterisations of
liquid—liquid droplet flows in millifluidic systems have been studied to date. Here, we
paid particular interest to developing an understanding of the heat exchanges that occur
in isoperibolic biphasic flows under various imposed temperatures, total flow rates and
ratios. In this first study, no heat source is added to the droplets as a result of chemical
reaction or phase change. Nevertheless, it is relevant in such configurations to develop
a better understanding of the thermal heat transfer mechanism before studying any
chemical reactions, phase change transitions, species mixing or wetting processes,
which are generally strongly influenced by the effects of temperature.

In this paper, it will be shown that due to the very good hydrodynamics stability of
the flow, direct thermal analysis in the droplet space becomes possible (Lagrangian).
Based on this assumption, and starting from a complete analytical solution, it will be
demonstrated that the effects of thermal diffusion inside biphasic media under flow can
be well approximated by a convective two-temperature (2T) thin body model. Then, it
will be shown that this representative model can be decomposed into a sum of continu-
ous and fluctuating contributions. Further, due to the very weak influence of the fluctu-
ating contribution (less than 2%), it will be shown that from a thermal point of view,
the continuous temperature contribution is a very good approximation of the global
thermal behaviour of such biphasic systems under flow. From this model, and using an
inverse processing method applied to several experimentations, this approach is then
validated. This analysis can then lead to an estimation of the characteristic coefficient
(the inverse of time or length), which is due to convective effects. The relationship



between the total flow and the segmented flow rate ratio is discussed later. Moreover,
from these experimental measurements, an analytic thermal law is proposed. Finally, it
is interesting to note that this expression results from a biphasic mixing law that allows
for the estimation of thermal parameters, such as the characteristic coefficient and ther-
mal properties, like the specific heat of the fluids. Based on this calibration study, it is
shown that this non-intrusive, online technique is well adapted for monitoring and
quantifying the thermal behaviour of miniaturised biphasic flows.

2. Experimental consideration
2.1. Description of the experimental set-up

The millifluidic reactor shown in Figure 1(A) was designed using a bulk piece of brass
for thermal control, whereas the flow set-up was realised inside of small-sized
commercial perfluoroalkoxy (PFA) tubing and junctions (from Jasco). The bulk brass
(Figure 1(A)) is thermally regulated (with a PID system) using a Peltier module with a

temperature range from —5 to 70 °C for the accurate cooling and heating of the tubes
inserted into the grooves of the bulk metal piece. Because PFA tubing is a good
thermal insulator (Kype = 0.10 W m™! K‘l) and bulk brass is a good thermal conductor
(kp =380 W m~K™), the boundary condition of the external diameter of the tubing is
assumed to work at the imposed temperature (i.e. isoperibolic). A heat sink paste was
added between the tube and the brass plate. Consequently, the temperature inside the
chemical reactor results from the heat transfer coefficient between the imposed tempera-
ture of the bulk brass and the inner diameter of the tube. Inside the tubing, the biphasic
flow is delivered by a high-precision syringe pump (NEMESYS from Cetoni), where
the oil (also called continuous phase) and droplets are generated by the injection of
both fluids at different ratios. This allows for control of the hydrodynamic parameters,
which include the total flow rate (i.e. the droplet velocity), the droplet size and the ratio
between the oil and droplets. At the inlet of the tube schematic (Figure 1(B)), droplet
generation is carried out using smaller tubes to deliver the reactants. The dimensions of
the PFA tubing are 3.17 mm for the outer diameter and 1.6 mm for the inner diameter.
The tubes used to supply the reactants have an outer diameter of 500 um and an inner
diameter of 350 pum.

IR camera
Visible camera

Temperature

regulation system

Miniaturized reactor
Syringe pump

C

Figure 1. (A) Schematic of the experimental set-up for bulk brass and isoperibolic chip, (B)
schematic of the injection system of the droplets and (C) assembly of the experimental set.



An infrared CEDIP camera (model JADE MWIR J550) is used for the temperature
field measurements (Figure 1(C)). The IR sensor is a 240 x 320 pixel InSb focal plane
array optimised for wavelengths ranging from 2 to 5.2 um and a pitch of 30 um. The IR
objective lens is a 25 mm MWIR. With this objective, the spatial resolution of the
temperature measured by each pixel of the sensor is approximately 250 pum in the object
plane. A visible camera is also used to measure the droplet flow to estimate the velocity.
This camera has a CCD sensor (Sony 1CX445) with a size of 1/3, an optimum wavelength
ranging from 400 to 700 nm and a pitch of 4 um. Finally, a 16 mm visible objective
(1/3 sensor size) is used, allowing for a spatial resolution of 60 pm.

2.2. Spectroscopy study of transparency and emissivity of the tubing

The degree of transparency of the PFA tubing at the IR wavelength used in the study
was characterised using infrared spectroscopy. The transmittance spectra of the tube in
the wavelength range from 2.5 to 15 um are illustrated in Figure 2(A). Figure 2(B)
shows only the results in the IR range of the camera. It should be noted that the
selected tube is semi-transparent at the camera wavelength, so it is important to analyse
the emissivity behaviour of the biphasic media.

In Figure 3, the principle of the experiment is sketched. A PFA tube was half filled
with oil and half with water (coloured blue); additionally, a second tube was placed in
the adjacent groove and filled with air, as depicted in the visible image presented in
Figure 3(A). The initial temperature of the brass chip at t % 0 s was equal to the room
temperature (20 °C). Then, the brass chip temperature was increased to T,= 30 °C. In
this transient study, three stationary phases (air, oil and water) were analysed. After
image analysis, the temperature profiles of the phases as functions of time were
extracted to identify the emissivity behaviour when a thermal constraint is applied.

Figure 4 shows these profiles as functions of time. The observed thermal responses
are expressed in terms of digital levels (DL). In this figure, due to the spatial thermal
gradient, the intensity levels of the brass chip, the air tube and the biphasic media at
t ¥4 0 s are not at the same initial level, even if the initial temperature is the same (see
also Figure 3(B)). Then, when the temperature is increased to T,=30 °C at t;:: 3 s, the
transient response of each medium is different and linked to the respective thermophys-
ical properties of the medium, as shown in Figure 3(C). Finally, when steady state is
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Figure 2. (A) Infrared spectra of the selected tubes. (B) Magnified presentation of the
wavelength range of the infrared camera.
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Figure 3. (A) Visible image of the experimental PFA tubing, half filled with oil and half with
water (coloured blue). A second piece of tube was filled with air. (B) An IR image of the
experiment at t %2 0's. (C) An IR image of the experiment at t ¥ 10 s. (D) An IR image of the
experiment at t %2 60s.
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Figure 4. (A) Temperature profiles variation according to the initial values (DT ) of the three sta-
tionary media (air, oil and water) when a thermal constraint is applied from T, =20-30 °C. (B)

Temperature difference between the oil and the water. Note that the initial emissivity was
subtracted.

reached at t ¥4 60 s, the three phases have reached the same imposed temperature, i.e.
the temperature of the brass is T, (see also Figure 3(D)). At this time, the biphasic
media reach the same temperature. It is assumed that the media have the same



emissivity values (see Figure 4(B)). In contrast, it can be observed that for the same
temperature, the tube full of air appears to be cooler than the biphasic media tubing.
Thus, it can be concluded that the water and oil phases are more opaque than air and
that both fluids have nearly the same values of emissivity.

It is important to note that for further experimental work, because the tubing is
semi-transparent, the measured temperature integrates a portion of the tubing volume;
however, the transient thermal response is representative of the thermal behaviour of
the biphasic media, which will be assumed to be an opaque body. Additionally, the IR
camera studies were carried out in the range of linearity according to the temperature
(experimental calibration not shown here).

3. Description of the proposed method
3.1. Velocity stability validation using visible wavelength data

It is important to highlight the benefits of such biphasic systems under flow. First, as
shown in Figure 5, when using the syringe pump, the flow rate ratio (R) between the
continuous phase (oil, Qo) and the droplets (water, Qp) is easily mastered. For example
(Figure 5(B)), for a given total flow (Qt), it can be observed that the length and the
shape of the droplets are significantly modified by changing the R ratio. From a thermal
point of view, this will significantly affect the thermal behaviour (i.e. the heat transfer)
between the droplet and the oil and, in particular, the heat exchange surface between
the fluid and the wall. Moreover, in Figure 5(A), for an imposed ratio R, the length and
the shape are independent of the total flow rate variation. From the thermal and chemi-
cal points of view, increasing the total flow only affects the residence time and the flow
velocity by increasing the temporal resolution. It is important to note that the droplets
are generated before entry into the isoperibolic chip to avoid droplet break-off due to
the fluid stream (the continuous phase).

From the visible images, the length of each phase (the droplet and the oil) is calcu-
lated using an edge detection image processing algorithm. The velocities at different
total flow rates and ratios were estimated by the displacement of the edges. In Figure 6,
the oil length increases with increasing flow rate ratio, while the droplet length
decreases to a constant value. Figure 7 shows that the mean velocity U remains almost
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Figure 5. (A) Visible image of the droplet flows for three different total flow rates (Qr) with a
constant ratio R =2 (Qg/Qp = 2), from top to bottom Q; =10, 20 and 30 mL h™. (B) Visible

image of the droplet flows with a constant total flow rate (Qr=20 mL h™%), and various oil-water
ratios of R=1, 4 and 10 from top to bottom.
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Figure 6. The length ratio alpha (a = Lp=Lg) as function of the flow rate ratio R measured from

the visible images at Qr = 20 mL h™%. At the top right corner of the graph, the raw lengths for
the droplet Ly and for the oil Lo as functions of the flow rate ratio can be observed. The flow
rate ratio (R) ranges from 1 to 15. For R =1, the same flow rate was imposed on the oil and
droplets, whereas R = 15 means that the imposed oil flow rate was 15 times higher than that of
the droplets. The reported error bars correspond to the dispersion results obtained from repeated
experiments.

constant when the flow rate ratio R is varied. The calculated error bars correspond to
the dispersion results obtained in repeated experiments.

From these flow pattern measurements, it is clearly demonstrated that the hydrody-
namics in such systems are perfectly controlled, ensuring good stability and reproduc-
ibility of the droplet sizes and velocities. According to these observations, it is
proposed that the work be carried out within the space of the droplet (the local coordi-
nate system used to develop the thermal model). This can be accomplished when the
droplet flow velocity has been previously calculated to track the biphasic plug along
the chip.

3.2. IR validation of the thermal periodic established state

In Figure 8, different temperature fields are reported to demonstrate that the spatial evo-
lution of the temperature is periodic. In this validation, the initial values of the tempera-
tures of both the water and oil phases are equal to room temperature (20 °C) and the
bulk brass, imposed at 30 °C, but are expressed on DL units. The thermal phenomena
can be managed according to different orders. The observation of the IR raw tempera-
ture profile in Figure 8(A) demonstrates that the signal is composed of a continuous
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Figure 7. Measured mean velocity U (cms™?) of the biphasic flow as a function of the flow rate
ratio R, at different total flow rates Q.

contribution (of order 1, see Figure 8(B)) and a fluctuating contribution (of order 2, see
Figure 8(C)) according to the following expression:

Tz tp Y Tézb p Taz tib (1)

The fluctuating component highlights the presence of the biphasic flow, as shown in
Figure 8(C), but represents less than 2% of the average signal of the continuous flow
(T 8zb, Figure 8(B)). The continuous component (CC) resulting from the average value
over N periods of each pixel of the channel is a function of the volume ratio of each
phase. This is similar to achieving an overall space average in the local coordinate of
the droplet—oil space.

The different orders of the thermal behaviour of the biphasic flow are highlighted
in Figure 8. The raw profiles for a given ratio R at different positions of the channel
are shown in Figure 9(A). The profiles have periodic fluctuations given by the oil and
droplet flows. To enhance the biphasic thermal behaviour, the average value of the
established state can be subtracted (Figure 9(B)). At the end of the channel, where the
imposed temperature is reached, the phases of the droplets and the oil cannot be distin-
guished (Figure 9(A) and (B), the pixel 280 is plotted as - - - - - ).

Finally, from this validation, we can assume from a thermal point of view that a
model of two diffusive media in Lagrangian space is sufficient to represent the thermal
behaviour of such a system. From an experimental point of view, the periodicity of the
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Figure 8. Schematic of the thermal phenomena at different orders: (1) Visible image of the
droplet flow at time t. (2) Infrared images of the temperature field measured at time t. (3)
Averaged field over N periods. (4) Field of the fluctuating component. Right side: (A) Tempera-
ture profile along the channel at time t (T dz;t;)) from image 2, (B) temperature profile along the
channel, where the temperature field is averaged over N periods T dzp, (C) fluctuating profile
along the channel T dz; t;b, obtained when signal B is subtracted from the field on signal A.
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flow could be considered as an advantage with respect to signal averaging to
significantly increase the signal-to-noise ratio.

4. Thermal modelling
4.1. Analytical description of the isoperibolic condition

Figure 10 illustrates a cross-sectional representation of the isoperibolic system, from
which it can be noted that 3=4 of the tube is in contact with the brass plate, which
induces the conductive heat transfer.

The 1=4 of the tube (v) that is in contact with the ambient may have a heat
exchange coefficient of approximately h = 10 W m™ K™, Further, if we consider the
thickness eype ¥4 800 um and Kype = 0.10 W m K™, a steady-state energy balance with
a heat source (/, W) inside the tubing is proposed according to the following
expression:

/ Y4 hSa0Twpe — TaP P hpSpdTowpe — TP 2

Here, h (W m™2K™) is the coefficient of heat loss as a result of convection with
the surrounding atmosphere through 1=4 of the tubing perimeter, whereas h,
(W m™2K™) is the thermal conductance due to heat transfer by conduction through the
thickness of the tubing (i.e. the isoperibolic condition) in the 3=4 of the tubing perime-
ter, and S (m?) is the heat exchange surface. From this configuration, Equation (2) can
be rewritten as follows:

1 ktube3
/ Ya h4_de6Ttube -T.Pp . PALATipe — Tpb; (3)
where T, (K) is the temperature of the surrounding, T, (K) is the temperature of the
brass chip and d (m) is the diameter. The calculation of the ratio Ry between the ther-
mal resistances of conduction and convection are calculated as follows:
1heype ! 101 (4)

tube 4

vpdLhegpe .
~——————— Withv% 0:25 Ry %
81-vPpdikes M S Ko e 5
The estimated value Ry = 3.33 x 102 is smaller than unity; this fact allows us to
neglect the convective heat losses compared to the conduction losses (i.e. the
isoperibolic condition). In further development, the system is considered to be
completely isoperibolic with a value of 1 and not the alternative (1 - v).

Rt Y4

Convection losses

Reaction
medium

Tubing

Figure 10. Cross-sectional representation of the isoperibolic system.



4.2. Statement of the problem

When a biphasic flow is performed in a millimetric isoperibolic device, the hydrody-
namic assumptions concerning the velocity approximation and periodic established state
can be considered. Thus, the complete thermal problem can be taken as a 2-D axisym-
metric two-layer periodic system (r, z, t), as represented in Figure 11.

Because the goal of our study is to perform data processing to quantify the thermal
behaviour of the system, the idea is to develop a simplified thermal model that allows
for a good representation of the complete system. First, due to the very large ratio
between the lengths of the biphasic plug versus that of the diameter of the tubing, it is
assumed that the temperature along the radial direction (r) is quasi-constant. Then, the
thermal problem can be approximated only in the z-direction. Consequently, the mea-
sured temperature over the channel is averaged in the r-direction to obtain the T dz; t;)
function of the space, z, and time, t.

4.3. Complete model of the biphasic plugs in Lagrangian space

The complete model is schematised in Figure 11. The model consists of a two-media
system that is believed to be in perfect contact for a half plug of water and a half plug
of oil. We assume that convective exchanges exist between each phase and the bulk
(described by the same heat exchange coefficient h, in W m?K™), and that thermal
diffusion occurs inside and between each medium. With this representation, the left and
right boundaries of the system are adiabatic (for symmetry reasons). Thus, the general
heat transfer equation of each medium can be expressed as follows:

@18z th 1@T;dz; tp 5)
@z p Udz; tb - HidTdz, tP- Typ %4 N @t
where
(A) 2l 2L, (B)

BRASS PLATE

TUBING WALL

Figure 11. (A) Visible and thermal images of the local coordinate system (Lagrangian) of one
droplet—oil period. (B) Schematic of the heat exchanged between the droplet (water), the
continuous phase (oil) and the wall (brass plate) through the tubing.
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where T (K) is the temperature along the z-direction, H (m) is the effective character-
istic coefficient between each medium and the bulk, and a (m?s™?) is the thermal diffu-
sivity of both fluids, where the index i can denote either the droplet (D) or the oil (O)
and /0z; tb represents the heat source (in W) in the droplet (in this study, the heat
source is limited to the chemical reaction, if any, occurs).
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The value of hy (W m~2K ™) is defined by the convective heat exchange coefficient,
the thermal conductivity k (W m~*K™) and the inner diameter d (m). The calculations
are presented directly in Laplace space using the following transformation:

H

z tvapl
Hidz;pp Y4 Tidz; theP'dt (8)
740
According to Equation (8), the integrated temperature in Laplace space for either

the droplet (Hp) or the oil (Ho) is represented. As well as the integrated source in
Laplace space.

— Z wip1

GApP ¥a o Gotbe™'dt with G ¥4 U or G ¥4/ (9)
V4l

Due to the isoperibolic condition, the temperature of the wall (Tp) is held constant.
Equation (5) is rewritten in the Laplace domain using Equations (8) and (9) as follows:

\
dZHiESz; pD P Ii60

—H. ‘b . 1 - . -
472 H; H'ba' Z a Kt p Gopbp (10)

Equation (10) is rewritten for each phase in the Laplace domain. First, the equation
for the droplet is presented as follows:

ﬂp_lp_

\
d2Hpdz; pb o Tpd0p  4h, Ty

- Hpdz;pb Hp b aP Y- — Gopp for z % O to Lp (11)

dz2 ap k®d p
Then, the equation for the oil plug is expressed as:
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The solution for the non-homogeneous ordinary differential equations (11) and (12)
is given by:

(14)

Spopb Sodpb
Hpdz; pb ¥4 Ae™®0? p BePo? — ‘%;p—; Hodz; pb Va Ale0? p Blebo? — ‘%;p— (15)
D [¢]

Thus, the boundary conditions schematised in Figure 11(A) are expressed in
Equations (16)—(19):

dH 4 Z; mooli_llp
- Y40 at z %0 and ‘d Yi0atzVly (16)

z z
Rewriting the general solution for the droplet and oil, the following equations are
obtained by applying the boundary conditions, expressed as follows:

Hod2; pb % Ho,3pb pA &7 1 gbod) for 2140 to Lp (17)

( b bodz-2Lrb
Hodz;pb YaHq dpP pB €™ p e for z% Lp to Ly (18)

The continuity (drop—oil interface) at Lp of the temperature and the heat flux is
taken as:

dHpdz; pp dHo0z; pb _ .
-kD Ya -ko dz and HDo LD ’Fb Y4 HOOLD ’ pp atz Y4 LD (19)

z

Applying the boundary conditions to develop a solution of the temperature profile
for each phase, the general solution for the droplet temperature profile from z %2 0 to
Lp is obtained:

Hodz, pb ¥ Ho, 80P b 575 F'E”‘Sgiaﬁfbomp 31 p e2ozp (20)

Applying the boundary conditions from z % Lp to Lt (where Lt ¥ Lp p Lo), the
general solution for the oil temperature profile is:

Motz pP ¥4 Ho,8pP b 57 F&EE%TSE%SbZLop 81 e o, (21)
where
Kpbp 81 — e2bolopg1 p e2bolop
F V4 — and E Y (22)

kobg 81 p e2Polopg] — e2bolop



Additionally, the offset terms are calculated according to the following expressions:

HpapT, /dpb HoaoT,
TDOb DpD quDCpD . H 6 D 1/ TOO OpO p 23
Ho, 3pP % ppHpap P ToOPR P b Hoao &)
Hodpb Y4 Ho,8pb - Hp,dpb (24)

From the solutions expressed in Equations (20) and (21), a numerical inverse
Laplace transform in the time domain (t) is performed using the Den lIseger algo-
rithm.[30] From the analytical solutions, the temperature profiles in Figure 12 are gen-
erated; in this case, no heat source was added (U=0). The respective heat exchange
coefficients h were estimated to be in the order of magnitude of h, =150 Wm 2K,

More precisely, Figure 12(A) shows the analytical solution of the temperature pro-
file of the droplet—oil length (Lt¥4 Lp b Lo); the solution is represented as function of
the space, corresponding to the period length. Due to heat transfer by convective diffu-
sion, each of the phases evolved differently according to the respective thermophysical
properties. Figure 12(B) represents the temperature of each phase shown in Figure 12(A)
as a function of time. It can be observed that at the initial time t ¥ 0 s, both phases
have the same initial temperature, whereas at the long timescale of t %2 50 s, both fluids
tend to approach the temperature of the plate T, = 40 °C. This complete thermal model
takes into account the diffusive heat exchanges inside each medium, as well as at the
interface in terms of the diffusion between the droplet—oil and, finally, the convective
heat exchanges between the liquid and the isoperibolic bulk. The assumed hypothesis
for simplifying the thermal model is shown to be well selected. It is demonstrated that

a 1 — Dt biphasic analytical model is sufficient for representing the heat transfer in such
a complex system.
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Figure 12. (A) Calculated temperature profiles along the z-axis as functions of time for
Tpo=20 °C and Tgo= 20 °C, where the imposed wall temperature is T,= 40 °C, for a given ratio
of R = 2 corresponding to the droplet oil length Lp =1 mm Lo = 2 mm. (B) The average
temperature profiles of (A) over the z-direction of each phase are represented as functions of
time.



4.4. Simplified 2T thin body model in Lagrangian space: the fluctuating component

The main idea here is to propose a simplified model with simple convective exchange
using an average temperature profile for each phase to model the diffusion in Lagrang-
ian. The Biot number is calculated as Bi ¥4 hL=k; for flow rate ratios at R ;:: 4, the Bi
values are 0.34. In this case, Bi is lower than 1, implying that the temperatures of both
phases are highly spatially homogenous.

By applying this thin body hypothesis, the convective—diffusive equations (11) and
(12) can be rewritten as a simple 2T thin body model:

dTpdth
Ys -HppBTpdtP - Teb - HpoBTpdth - Todthb p Usth (25)

dTodth
Ya -HopBToBtb - Tob - Hop8Todth - Todtbb (26)

The temperature profiles of the droplet (Tp) and of the oil (Tg) result from the
average over the space, according to Equation (27).

R
- ©Toentbdz Ry, Todz; thdz
Todth s+ Todtb¥a-to— (27)
Lo Lo
Both equations are composed of two characteristic coefficients, noted as H. These
coefficients are expanded into Equation (28), where the H coefficients are defined as
the inverse of a characteristic time (s™*) and are expressed as follow:

hpSpp hiSpo hpSop hiSob
— Hpo% ——=—— Hop % ——=—— Hop Ys—e—r— (28
aCoVo % " apCoVo T aoCpoVo 0 " qoCooVo =

The source is defined as

/atp
1
Uatp /AQDCpDVD

These expressions are functions of the thermophysical properties of each medium,
given by the index D for the droplet, O for the oil, i for the interface and P for the
wall. The H coefficients describe the convective heat transfer interaction between the
phases and/or the wall in accordance with the properties of each medium. This last
assumption is based on the isoperibolic condition given by the bulk brass. In fact, the
temperature inside the chemical reactor is a function of the heat transfer coefficient
between the imposed temperature of the bulk brass and the inner diameter of the tube.

This coefficient acts as thermal conductance hp ¥4 kp=ep, where kp is the thermal
conductivity (W m™' K™) of the PFA tube (given by the supplier), and ep is the
thickness of the tube (m). Moreover, h; is the heat exchange coefficient at the interface
(oil/droplet). It is assumed that the heat transfer coefficient h; from the droplet to the
oil is the same as that from the oil to the droplet and it was estimated to be of the order
of magnitude of 220 W m 2K ™.



By assuming that the geometric configuration of the flow can be considered as a
cylinder, the characteristic coefficients of H between the phase and the wall (convective
effects) is a function of the inner diameter of the tubing:

e v dhppdLi 1/, 4hp .

o Ya

v CHPY T

where i can be either the droplet or the oil or the H coefficient that describes the
exchanges between the phases are influenced by the length of each phase:

4hipd2 hi
Heh ]/44qDCPD pdzLD Ya qDCpGLD

and

4hipd2 hi
Hue ¥a 4quPo pd?Lo, doCphlo

Finally, Equations (25) and (26) are solved in the Laplace domain according to the
same Laplace transform (Equation (8)), and the solutions of each phase (oil and drop-
let) are obtained as:

Hpdpb ¥4 op b Hpopp HooPdp b Hop b HopP - HooHop =
8HopHp b T0800P8p b Hpe b HooP b 8U8pk bHpeHp b TpdobbHop 20
HodpP ¥4 op b Hpop b HooPdpp Hop b HooP - HpooHop (30)
with:
Tp
Hp3pb 1/4;

The analytical solutions are generated without any heat source (U ¥4 0) and are
summarised in Figure 13. The thermal behaviour of each phase in coflow (alone) dif-
fers in terms of the response time, as already observed by the solutions generated by
the complete model shown in Figure 12(B). Due to the several contributions of each
heat exchange (with the bulk or between the phases), the thermalisation (i.e. the
characteristic time to reach the imposed temperature) of each plug is affected.
Moreover, the analytical results shown in Figure 13 are calculated from Equations (29)
and (30), representing either the second order or fluctuating component shown in
Figure 8.

4.5. The 1T homogeneous equivalent media model

The first-order thermal behaviour, also called the CC, is introduced. From an analytical
point of view, and due to the periodicity of the flow, this CC can be expressed as a
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Figure 13. The temperature profiles are generated by the equation depicted in the legend. Good
agreement between the complete model and the simplified models is observed. The two edges of
the curve arrays are the single-phase fluids (oil (x) and water (*)). Applying the complete analyti-
cal solution, the droplet—oil plug is solved (as a flow ratio R = 4). In this case, the oil and water
profiles are generated; additionally, these profiles are fitted by the simplified 2T model. Thus, the
spatially weighted profiles were generated and fitted by the CC (1T model).

spatial weighted averaged, performed as function of time between the two plugs (the
oil and the droplet):

—  LyToploTs
Teooth %Mﬁﬁ (31)

According to Equation (31), the weighted average profiles from the second-order ther-
mal behaviour (Equations (20) and (21)) can be represented by a CC. Here, the idea is
to exhibit how this CC (resulting from the weighted averaged Equation (31)) can be
represented by an equivalent homogeneous medium expressed by a mixing law func-
tion of the volume fraction and the thermal property ratio of each phase. More pre-
cisely, in this approximation, only the parietal exchanges between this equivalent
homogenous medium and the bulk are taken into account. From this last assumption, a
one-temperature (1T) thin body equivalent homogenous medium model can be
expressed as follows:

, dTccotP ( \
8qCeVP Yo I8P - hpS Tecdtb-Tp

where /dtb represents the heat source (W), h, (W m 2 K™Y is the parietal heat
exchange coefficient between the tubing and the isoperibolic boundary and S is the heat
exchange surface (S ¥ pdLy, m?). qCpV *defines the mixing law between the droplet
and the oil phase, denoted by the suffixes D and O, as follows:

32)



6QCPV D* Ya qDCPDVD b qupoVo Ya 6qDCpDLD p qupoLopS; (33)

where g (kg m~3) is the density, Cp (J kg~*K™%) is the specific heat and V (m?) is the
volume of each phase. The volume is defined by S - L;, where S is the heat exchange
surface between the phases (i.e. the inner diameter) and L; is the length of each plug
(i = D for the droplet and i = O for the oil). Assuming that W %4 h,S, Equation (32) can
be rewritten as:

dTecdte, /80w CFeeotp-Tp\ (34)

Assuming that H ., _"__. Equation (34) can be rewritten as:

3qCpVP \
arow Hzae
IRZ (35)
dt W o H Tecotb -Tp
The variables are summarised as:
W H/6tb
W ¥ phpdLy and H % 3qCevh Uva (36)
Defined as:
L )
2 andK . -Gy (37)
ava Ya )
Lo qcy ©
The characteristic coefficient H can also be expressed as:
hpddl — ab
H 1/4—p—qupoL061bKaD y, B (38)
hpdL 51 — ab 0oCpod1 p Kab

From Equation (35), the temperature profile for a single flow can also be represented
as:

dreaw Hzoe N e cne . W
Y in this case H .
a —H Teedtb-Tp g eV (39)

W
Here, the suffix i represents the properties of the fluid (i.e. either the water or the oil).

e Time to space correspondence

Due to the absence of dispersion, the droplets are moving at a constant velocity
(see Section 3.1); from this point of view, the time to space correspondence is based on
the relation z ¥t - U, where z is the space, t is the time and U is the mean velocity.
By changing the variables in Equation (35), the temperature profiles as a function of
the space are described as:

iromw | Hrow € \
BEZ (40)
dz W -H Tccdzb -Tp
In this case, the effective heat exchange coefficient H (m™?) is defined as:
w Q
H Y4 —T; (41)

8qCpVP U Where U¥a S



where U is the mean velocity (ms™), expressed as the ratio between the total flow Qr,
(m*s™Y) and the inner section of the tube S (m?). The following analytical solution in
the Laplace domain is obtained as:

pH, = HTp p Udpp
pdp p HP

The analytical solution for Equation (42) without a chemical reaction (U % 0) is
represented in Figure 13 for a given ratio R =4 between each phase. This CC repre-
sents the first-order averaged behaviour resulting from a mixing law of the thermal
behaviour of either the pure water or oil flowing in the tubing. Moreover, the analytical
results (Figure 13) are calculated from Equation (42), which represents either the first
order or CC, also plotted in Figure 8.

H,8pb Y4 (42)

4.6. Analytical validation of the simplified model

The goal of this part is to validate the use of the simplified models proposed in the
analytical model development sections. In summary, it was first demonstrated that due
to the accurately known velocity and the periodicity of the flow, a complete model
(Equations (20) and (21)) expressed in the space of the droplet and oil plugs is suffi-
cient for representing the thermal behaviour in such complex biphasic flows. This
model takes into account both diffusive and convective heat transfers. Then, due to the
very low Bi number of the system, the diffusive behaviour inside each medium and at
the interface can be modelled by a 2T thin body approximation with only convective
heat exchanges between each phase and the bulk, as well as between the liquid phases
(Equations (29) and (30), as illustrated by Figure 11(A)).

According to the profiles represented in Figure 8, the 2T simplified model also rep-
resents the second-order thermal behaviour (fluctuating component) of the thermal peri-
odic established state. Finally, by using an additional temperature thin body
approximation (see Equation (42)) resulting from the application of a mixing law to
each phase, it was shown that the heat exchange at the interface of each phase can be
neglected and that the use of an effective characteristic coefficient between the equiva-
lent homogeneous media and the bulk is sufficient to represent the thermal behaviour.
This model also represents (Figure 8(B)) the first-order (CC) of the averaged tempera-
ture of the thermal periodic established state.

In Figure 13, the validity of all of the simplified models is represented. The idea is
to show that the complete problem (analytical solution 1T for the phases in Lagrangian
space, cf. Section 4.3) can be approximated by simplified models, based on the temper-
atures calculated using the 1T and 2T models (cf. Sections 4.4 and 4.5). The approach
used to accomplish this validation is to generate a pseudo-measurement of a tempera-
ture profile through the analytical solution. Thus, an inverse method is implemented for
each simplified model (see Equations (43) and (46)).

First, in Figure 13, the temperature evolution of the averaged value (in the z-direc-
tion) of the complete model (Equations (20) and (21)) is represented for the water (r)
and the oil (h). Second, the profile resulting from the spatially weighted behaviour
(Equation (31)) is also generated (°). Finally, in Figure 13, the thermal behaviours of
pure oil (x) and water (*) are represented, hence it is important to note that these 2T
profiles denote the edges of the biphasic flow behaviours. To generate the temperature
profiles, the thermophysical properties of the water and the oil are assumed to be
known.



Then, the droplet profile (Tp) generated by the complete model (from Equation
(20)) is used in the inverse processing method, based on the Gauss—Markov method
[31] (see Equation (43)), to estimate the characteristic coefficients (Hpp and Hpo).
More precisely, Equation (29) (with /0t % 0) is integrated and written in matrix form
(Equation (43)).

Then, a temperature profile using the 2T simplified model is generated and

illustrated in Figure 13 as - — — (droplet). The same is carried out for the oil and is
represented in Figure 13 as - (oil).
2TD61D3 2 R, Tpdt Ri Todt t; 32 Toso» 3
6 . 7 61 O o - 768Hpp p Hoob 7
4_. 5%4 o . 58 Z (43)
Toon 1, Todt o Todt ty |Z|'5|PD|0P

In Equation (43), t is the experiment time, k ¥4 %1 : N]. N is the time base of the
measurement. Equation (43) is written under the general linear form Y % X - P, where
P is the parameter vector used for the estimation, X represents the sensitivity matrix of
the experimental measurements and Y is the observable of the system, which indicates
the noisiest data. Thus, the Gauss—Markov is used to perform the parameter estimation
by solving the least square problem:

Pvao%X]"%X P - 1X]TY (44)

From the estimated vector P, various parameters, such as the characteristic coeffi-
cients (H), can be calculated, as well as the initial temperature of each medium (Tod0P
and TpA00P) and the imposed temperature of the wall (Tp).

The residual values are calculated between the temperature profiles generated by
the complete models (Equations (20) and (21)) and those estimated by the 2T simplified
model (Equations (29) and (30)). The residual values are calculated as:

Teomplete:i = Tsimplified:i

Res ¥ X 100 (45)

Tmax_ Tmin

where the indexes i depict either the droplet or the oil and are reported to be lower than
0:5% for both phases. In Figure 14, the residuals are illustrated by —— for the droplet
and + for the oil. The residual values are acceptable, hence it can be noted that the
behaviours predicted by the 2T simplified model are in good agreement with the behav-
iours described by the complete model.

The spatially weighted behaviour (Equation (31), depicted in Figure 13 as o), is
used in the inverse processing method. Equation (35) (with /&tP % 0) is integrated and
written under a matrix form (Equation (46)). Thus, is it possible to estimate the charac-
teristic coefficients, to generate the temperature profile by applying the 1T simplified
model, as illustrated in Figure 13 as — a solid blue line.

2 3 2 3

6TCC6FD61D . %ﬂ. '%tkTC@tpdt Y ? TecBtPy, i

4 : 5 1/4 4 : N : 54 I'hlp (46)
Tee 6tDaN b 1 0 ch otbdt tn
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Figure 14. The residuals between the temperature profiles of each phase are calculated from the
complete analytical model and simplified analytical models.

Equation (46) is written under the general linear form Y ¥4 X - P, as previously
described. From the estimated vector P, the parameters, such as the characteristic coeffi-
cients (H), can be calculated, as well as the initial temperature of each medium
(Tcc®0P) and the imposed temperature of the wall (Tp). The residual values are calcu-
lated between the profiles generated by the spatially weighted behaviour (Equation
(31)) from the complete model and that estimated by the 1T simplified model (Equation
(35)). The residual values are calculated as:

Tcomplete secondorder ~ Tfirstorder

Res Y X 100 47)

Tmax_ Tmin

In Figure 14, this residual value is illustrated by } and is reported to be an order
of magnitude lower than 2%.

The scope of this section is not to test the robustness of the inverse method.
Instead, the goal is to demonstrate that despite the simplifying assumptions that are
used to reduce the fin diffusion problem of two media in perfect contact (complete
model) into a thin body problem, the method involves an error due to this approxima-
tion that is lower than 2%.

To conclude this analytical part, it is important to note that from a thermal point of
view, diffusion can be totally neglected in this type of problem. Then, due to the very
weak contribution of the fluctuating component, it becomes possible in a first approxima-
tion to work only with the equivalent homogenous model, in which the global thermal
behaviour of the system can be identified by only one effective characteristic coefficient
H. This parameter is represented by a mixing law function of the specific heat, density,
volume fraction of each biphasic phase, inner diameter of the tube and total flow rate or
velocity of the biphasic flow. This section demonstrates two things: first, it is possible to



predict the behaviour of a biphasic flow based on a mixing law, and second, the diffusion
at the interface can be approximated by simple thermal resistance.

5. Experimental results

In this part, the analytical approach based on the equivalent homogeneous model
Equation (42) is experimentally validated. To do so, several flow set-ups were estab-
lished by using pure water droplets and three different oils, as summarised in Table 1.

5.1. Validation of the equivalent homogeneous thermal model

In this validation section, only an example of the experimental data fitted with the ana-
Iytical solution (Equation (42)) based on the inverse method (Equation (46)) is repre-
sented in Figure 15. This example was investigated for a combination of pure water
and fluorinated oil at a given total flow rate Qr = 20 mL h™ and for R = 0.5-9. In this
case, the initial values of the temperatures of both the water and oil phases are equal to
room temperature (20 °C) and the bulk brass, imposed at 30 °C. The temperature profile
of both the water and oil phases in coflow and for the same total flow rate are also
measured.

In Figure 15, the experimental temperature profiles of the droplet flow and the tem-
perature profiles for both the water and oil alone in coflow at the same total flow are
also plotted.

When steady state is reached, a sequence of IR images is taken. Image processing
is applied to extract the temperature intensity profiles (DL). In Figure 15, the tubing
temperature (Type) iS plotted versus the time (i.e. the residence time inside the tubing).
The profiles are normalised as follows:

A Ttube_Tmin
Normalised temperature Ya

max — Tmin
Figure 15 shows that the measured CC temperature profiles are functions of the
flow rate ratio between the droplet and the oil. When the volume fraction of the water
droplets is higher (at R = 0.5), the average behaviour of the system is similar to that of
pure water. In contrast, when the volume fraction of the oil increases (at R = 9), the
behaviour of the CC is similar to that of pure oil. Moreover, in Figure 15, the profiles
for the single flows estimated by Equation (39) are also represented. All of these ana-
Iytical profiles are represented by solid lines, which are fit with good agreement to the
experimental measurements. It should be noted that in Figure 15, the space and the
shape of the droplets are significantly modified when R is modified. From a thermal
point of view, this affects the heat transfer, and especially the heat exchange surface,
between the fluids and the bulk. Nevertheless, the global thermal behaviour released is

bounded by that of the water and oil.

Table 1. Selected oil.

Oil type Commercial name Kinematic viscosity ¢St at 25°C Supplier
Silicone oil PDMS oil 250 Sigma Aldrich
Fluorinated oil IKV 32 32 IKV tribologique

Fluorinated oil Fomblin YU700 700 Solexis
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Figure 15. CC profile for a given total flow (Q) at different water-oil flow rate ratios. In the
legend, the label exp concerns the experimental data, while the label est concerns the analytical
estimations

5.2. Experimental study of the characteristic coefficients (H)

The H coefficient represents the inverse of either the characteristic time or length due
the convective effects (s of m™). In Figure 16, the inverse of the estimated H is illus-
trated as a function of 1=1 p a, where a ¥4 Lp=Lo. Figure 16 shows that the inverse of
the characteristic coefficients decreases as the oil volume fraction increases (R = 9). The
values for the pure water (represented at the abscissa as 0) and the values for the pure
oil (represented at the abscissa as 1) are reported. For all of the experimental sets
(Figure 16), the inverse of the characteristic coefficient tends to decrease with decreas-
ing total flow.

In Figure 16, the effective heat exchange coefficients coming from Equation (40)
are represented according to the following formulation:

1 1-K K »
L ¥S-upOWith S % Kq P OYay (48)

with
_@p_ C Lp L (49)
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Figure 16. The inverse of the experimental H coefficients for several total flow rates and ratios
R. From top to bottom. The first graph concerns the experimental set using silicone oil (250 cSt
25 °C) as the continuous phase. The second graph concerns the experimental set, using
fluorinated oil (32 ¢St 25 °C) as the continuous phase. The third graph concerns the experimental
set, using fluorinated oil (700 cSt 25 °C) as the continuous phase. Pure water (abscissa 0) and oil
(abscissa 1) are plotted at the edges.

where

u %L l/4E Y, volume fraction of oil (50)
lpa Ly
Lo and Lp (supposed to be well-known) are extracted from the visible image analy-
sis measurements (see Section 3.1). From the estimated characteristic coefficients and
using the formulation in Equation (48), a linear regression is performed to estimate the
slope S (m™) and the ordinate at origin O (m™).
The water was set as the known fluid to deduce the thermophysical properties of
three different oils, as summarised in Table 1.

5.3. Estimation of the thermal properties

From Equation (48), and by assuming that a ¥% Lp=Lo is well known, the ratio K of
Equation (49) can be estimated according to the following relation:



Table 2. Results of the thermophysical property estimation.

Data from the Estimation
supplier acC, Absolute
Oil type K acC, @m?K™) K @m—K™ error (%)
Silicone oil 200 cSt 331 1.2628 x 10° 3.20 1.3062 x 10° 3
Fluorinated oil 32 ¢St 2.23 1.8744 x 10° 2.14 1.9533 x 10° 4
Fluorinated oil 700 2.11 1.9810 x 10° 2.14 1.9624 x 10° 1

cSt

Notes: K is the ratio between the properties of both media, which is estimated and compared with the data
given by the supplier. Because the droplet phase was fixed as a known (water), it is possible to estimate the
properties of the oil phase.

1
KYg——
1p s=0’ (51)
where K is defined as the ratio between the product of the mass density and the heat
capacity of the two fluids (water (D) and oil (O), Equation (49)). From Equation (51)
and by assuming that the thermal properties of the pure water are known and taken
equal to be 4.18 x 108 (J m 3K ™), the properties of the several types of oils are esti-
mated and compared with that given by the supplier and reported in Table 2.
The absolute error is also given in Table 2, where it should be noted that the abso-
lute error is calculated as

E%2100X Ksupplierdata_ Kestimated =Ksupplierdata

and it is found to be lower than 5%. Therefore, we are able to deduce the oil phase
properties (qC, oil) from the estimated K, when the water properties have been fixed
as known.

6. Conclusion

In the present work, the groundwork for a novel non-intrusive and online droplet calo-
rimetry technique based on infrared thermography was established. From the thermal
analysis, two heat exchange mechanisms were identified. The first-order behaviour is
the signature of the CC of the system, which was analytically modelled using an equiv-
alent homogeneous thin body model, where an effective characteristic coefficient is the
function of a mixing law of the biphasic plugs. Then, the second-order behaviour,
which is the signature of the fluctuated components, was analyzed by a complete ther-
mal model, which takes into account the diffusive exchanges. It was also demonstrated
that the diffusion process could be neglected and approximated by a 2T thin body
model using convective heat exchanges to represent the diffusive exchange.

From this analysis, we demonstrated by comparing the experimental results that this
approximation is sufficient to represent this complex heterogeneous system under flow.
From this first-order CC, effective characteristic coefficients were estimated as a
function of the mixing law (volume fraction). It was demonstrated that depending on
the oil and water ratio, the effective convective coefficient increases as the oil fraction
is increased and is always bounded by that of pure water and oil. Finally, this effective
coefficient tends to decrease when the total flow is increased. Moreover, the



thermophysical properties of the unknown phase have been estimated with an error
lower than 5%. Then, we have demonstrated that the millifluidic device is a convenient
and powerful tool for the development of a novel non-intrusive calorimetry for biphasic
flow. The conclusions of this work showed that there is no obstacle to estimating the
heat source in such biphasic flows, and previous thermal calibration. For perspective,
we will add a source term in the droplet (i.e. a chemical reaction or phase change) to
estimate the kinetics and enthalpy values of the chemical reactions. Additionally, this
technique will be used to characterise other original fluids in droplets.
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