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Abstract

This article reports the thermal behavior analysis of droplet flow for a scenario in which the hydrodynamic and thermal effects are
coupled in a cylindrical miniaturized channel; this analysis was performed by comparing numerical, analytical and experimental
results. The 3D numerical modeling of the droplet flow was performed using THETIS, a multi-fluid Navier−Stokes solver. A
1D analytical model in Lagrangian space based on a thin-fin thermal approximation was developed. Infrared thermography mea-
surements of droplet flows were used to experimentally determine the temperature fields inside droplets, and these results were
compared with those obtained from the simulations and the analytical approach. The originality of this work is the choice of a par-
ticular thermal scene to mimic a chemical situation in order to improve understanding and to illustrate the predominant exchanges
by model simplification. Furthermore, the results of this study are important for understanding the heat transfer occurring inside
droplets for lab-on-chip applications.
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High lights

• Modeling of droplet flow when thermal and hydrodynamic
effects are coupled

• 3D numerical simulation

• Droplet-based Lagrangian analytical modeling

• Experimental measurements of local temperature fields

• Model simplification: understanding the predominant ex-
change phenomena

1. Introduction

Miniaturized multiphase flows are used in a wide range of
applications in fields such as biology, chemistry, and energy
production, among many others. In particular, for reaction en-
gineering purposes, the use of segmented flows has increased
in popularity in recent years [1, 2, 3]. In addition, the fluid
mechanics and hydrodynamics of such miniaturized flows have
been studied for both gas−liquid applications [4, 5, 6] and
liquid−liquid applications [7, 8]. Several experimental stud-
ies have reported coupled thermal and hydrodynamic effects in
gas−liquid flows. These studies have primarily reported the in-
fluence of the segmentation ratio (i.e., the ratio between the
lengths of each segment) on enhancing the heat transfer in-
side microchannels [9, 10]. Moreover, other studies have ap-
plied non-dimensional analysis to describe the observed ex-
perimental behavior of such systems [11, 12, 13, 14]. For
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gas−liquid flows, several studies using numerical and analyt-
ical approaches have also been reported [15, 16, 17, 18].

Considering liquid−liquid flows, several studies have con-
sidered coupled thermal and hydrodynamic effects. Pradere et
al. [19] reported experimental and theoretical results regarding
such effects inside a microfluidic chip and have concluded that
the characterization of these thermal and hydrodynamic effects
is difficult to achieve because of the many parameters neces-
sary for a complete thermal description of the flow. Chen et
al. [20] proposed empirical correlations for liquid-liquid flows
through numerical and experimental studies. Moreover, numer-
ical studies have been reported [21, 22], where these works have
demonstrated that the effective rate of heat transfer in droplet
flow is higher than that in a single-phase flow. Extremely valu-
able works were published by Eian et al. [23] and by Ghobadi et
al. [24], which concerned experimental and numerical analyses
of heat transfer inside liquid-liquid flow. Furthermore, when a
chemical reaction occurs inside a liquid−liquid flow, the model-
ing becomes more complex in terms of the number of coupled
effects that occur (hydrodynamic, thermal, mass diffusion ef-
fects and heat source)[25].

From an experimental point of view, several publications
have reported original techniques to measure coupled phe-
nomena by simultaneous thermal and optical measurements in
miniaturized applications [26]. Other promising tools based on
micro-electro-mechanical systems (MEMS) have been devel-
oped to control, investigate and characterize phenomena occur-
ring in two-phase flows [27]. However, optical imaging tools
combined with miniaturized systems have generally proven to
be a powerful combination for such analysis [7, 28] due to their
good resolution (10 µm), fast acquisition (10 kHz) and high sen-
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