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Abstract  
 

We report on the motion of a buoyancy-driven bubble in a vertical micro-channel and the 

significant role of thermocapillarity. A series of experiments have been carried out using a 

circular micro-channel filled with pure liquids (pure water and pure 1-butanol) and a self-

rewetting fluid (water – 1-butanol 5% vol.) under isothermal and non-isothermal controlled 

conditions. In both cases, different mass fluxes and heat fluxes were applied on the micro-

channel within the same temperature gradient field (18 oC to 75 oC) which was increasing 

linearly in the same direction with the liquid flow. We have shown that the behaviour of the 

bubbles in a self-rewetting fluid departed considerably from that of pure liquids. The 

anomalous property of the alcohol mixture, i.e. the quasi-parabolic dependence of the surface 

tension with the temperature, drastically modified the movement (promoted or inhibited) and 

the shape (spherical or deformed) of the migrating bubbles. These phenomena were explained 

in terms of the location of the bubble associated with the well-defined surface tension 
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minimum, and as a function of dimensionless numbers. Heat transfer coefficient calculations 

in the single and two-phase flows were acquired for all the liquids used. We demonstrated that 

the presence of Marangoni stresses resulted in the enhancement of the heat transfer distribution 

in the self-rewetting fluid flows compared to the pure liquids.    

 
 

1. Introduction 

Bubbles and drops are relevant for a variety of engineering and materials process 

applications. In some cases, it is desirable to have a collection of bubbles within a material e.g. 

in polymer foams but in other situations, the aim is to produce a material free from inclusions 

such as a growing crystal. When gravity is present and the density of a dispersed liquid phase 

differs from that of a continuous phase, the dispersed phase material will shrink or expand if it 

is denser or less dense than the continuous phase e.g. bubbles in a fluid flow. Many 

experimental studies have been performed in space conditions where gravitational forces acting 

on bubbles or drops in a fluid phase are so small that can be neglected. There are a few 

mechanisms free of gravity that will cause a bubble or a drop in a liquid to move. For instance, 

an electric or magnetic field can be used to induce a motion to an object. The most common 

mechanism that has been used in many experimental works is the application of a temperature 

gradient field in a continuous phase. A temperature variation in a liquid phase can be achieved 

by heating or cooling the system.  

The paramount importance of bubble flows is evident in chemical, biochemical, 

petrochemical and metallurgical industries applications such as bubble column reactors, drug 

delivery or cardiovascular systems [1–4]. Particular interest has been paid to the behaviour and 

the control of the motion of bubbles and drops in microfluidics, with a wide range of potential 

applications ranging from chemical analysis processes [5] to data processing [4]. The first study 

that was focussed on thermocapillary movement of migrating bubbles within a bulk liquid by 



3 
 

a temperature gradient, can be found in the pioneering work of Young et al. [6]. They 

performed experiments on air bubbles in a column filled with viscous fluid, silicone oil, heated 

from below and it was revealed that under the effect of thermocapillary force, small bubbles 

were seen to move downwards, whereas larger bubbles migrated in the opposite direction as 

buoyancy overcomes the thermocapillary effect [6]. They also provided a theoretical 

description of the bubble motion under the combined influence of gravity and 

thermocapillarity, in a downward temperature gradient, leading the bubbles to almost come to 

a standstill position [6]. Following the work of Young et al., numerous theoretical and 

experimental studies have been devoted to further understanding these interesting and complex 

phenomena [7–12]. The main motivation of the aforementioned studies is the formation of 

surface tension gradients due to temperature variations of a liquid-gas interface which induce 

tangential stresses, known as Marangoni flow, and drives flows in the vicinity of the interface 

[13–18]. The thermocapillary migration of bubbles and drops due to the generation of 

interfacial flows in a non-isothermal system can be of a significant importance in a great variety 

of technological applications. 

It is well known that for ordinary fluids such as water, air and various oils, surface 

tension decreases almost linearly with increasing temperature. In contrast, for binary and 

generally multicomponent liquids, the physical behaviour poses many challenges, as it can be 

more complicated. Previous studies with liquids formed from binary mixtures of water with 

alcohols (methanol [19], ethanol [20–23] and 1-propanol [24]) showed a different behaviour 

compared to pure liquids. Vochten and Petre reported that for dilute aqueous solutions of high 

carbon alcohols (number of carbon atoms  4), the temperature dependence of the surface 

tension showed a minimum at certain temperatures (quasi-parabolic profile) [25]. This 

behaviour leads to a non-linear thermocapillary effect which was studied by Oron et al. [26] 

and later by Slavtchev and Miladinova [27]. Dilute aqueous solutions of alcohols such as 
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butanol, pentanol, hexanol etc. can be considered ‘‘self-rewetting” fluids because of the 

anomalous dependency of the surface tension on temperature with a well-defined minimum, in 

a range of concentrations [28,29]. Due to the presence of thermocapillary stresses (Marangoni 

effect) and the characteristic curvature of the surface tension-temperature, these alcohol 

mixtures ‘‘self-rewet” by moving rapidly towards the hot spots thus improve the wettability of 

the solid surfaces and consequentially enhance the rate of heat transfer. These binary alcohol 

fluids have recently been investigated and proposed as new operating fluids for advanced heat 

transfer applications, e.g. column reactors, heat pipes or heat spreaders for terrestrial and space 

devices [30–36]. In such non-azeotropic solutions for dilute concentrations, the alcohol-rich 

component preferentially evaporates in the course of liquid/vapour phase change, which results 

in a concentration gradient in the liquid/vapour interface. Liquid–vapour interface imbalances 

(concentration and/or temperature) lead to surface flows directed from the colder region to the 

hotter side, for temperatures beyond the minimum of the surface tension. In this case, the 

convection heat mechanism is driven by the reverse Marangoni effect. Thus, Marangoni effects 

may play an important role in energy heat transport phenomena [13–15,36–39].  

Flows of multiphase systems provide several mechanisms for enhancing and extending 

the performance of single-phase ones. Such flows form when two or more partially or not 

miscible fluids are brought in contact and are subjected to pressure and/or temperature 

gradients. Multiphase flows occur in many operations in chemical, petroleum and power 

generation industries. Furthermore, the rapid development of microfluidic industry requires 

more effective cooling or heating methods to control the heat transfer mechanisms. However, 

the presence of gas bubbles in microfluidic systems can create major problems by disturbing 

and eventually blocking the fluid flows. The boundary interactions between the gas-liquid-

solid phases introduce non-linearity and instabilities between the involved components. 

Previous studies have shown that different heat transfer profiles were reported depending on 
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various experimental conditions such as gravitational forces [6,32,34], channel geometry [40–

42], working liquid [36,38,39], applied heat flux [43,44] or mass flux [40,43], etc. 

Understanding how bubbles affect the flow resistance in micro-channels is a way of 

determining the pumping or energy requirement for microfluidic devices where two-phase flow 

is involved, and therefore it is of fundamental and practical significance.  

In this study, we investigate the motion of air bubbles travelling vertically in a 

temperature gradient field within a liquid continuous phase. We monitored the migration of 

induced air bubbles from the cold region (bottom of the channel) to the hotter region (upper 

side) along a circular glass micro-channel filled with different working fluids i.e. pure water, 

pure 1-butanol and water – 1-butanol 5% vol., and different mass fluxes in the same 

temperature gradient field. Furthermore, particular attention was paid to the thermocapillary 

migration of a deformable bubble within the micro-channel filled with a self-rewetting fluid 

that exhibits a non-linear (quasi-parabolic) dependence of the surface tension with the 

temperature. Our results indicate that in self-rewetting fluid flows, the bubble motion departs 

considerably from the pure liquids behaviour and the dynamics of the system becomes more 

complex. An experimental investigation on the local heat transfer coefficients, along the 

circular micro-channels was carried out, based on the high-speed visualization and infrared IR 

thermography. The results demonstrate that Marangoni stresses drastically influence the heat 

transfer profiles considering the buoyancy, inertia and viscous forces acting in the system.  
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Nomenclature 

𝐴 channel internal surface area 𝑺𝒖𝒃𝒔𝒄𝒓𝒊𝒑𝒕𝒔  

𝐴𝑐 cross sectional area 𝑎𝑣𝑔 average 

𝐶𝑝 specific heat capacity 𝑐𝑜𝑛𝑣 convective 

𝑑𝑐 channel diameter 𝑒𝑓𝑓 effective 

𝑑𝑖𝑛 channel internal diameter 𝑒𝑛𝑣 environmental  

𝑑𝑤𝑎𝑙𝑙 channel wall thickness 𝑖𝑛 inlet, internal  

ℎ heat transfer coefficient 𝑊 wall 

𝐼 current 𝑙 liquid  

𝑘 thermal conductivity 𝑜𝑢𝑡 outlet 

𝐿𝑐 channel length 𝑟𝑎𝑑 radiative 

ṁ mass flow rate 𝑥 distance to channel inlet 

𝜙 mass flux 𝑆. 𝑃. single phase  

𝑄 heat 𝑇. 𝑃. two phase  

𝑞 heat flux   

𝑇 temperature 𝑮𝒓𝒆𝒆𝒌 𝒔𝒚𝒎𝒃𝒐𝒍𝒔  

𝑇𝑊 channel wall temperature 𝜀 emissivity 

𝑈 voltage 𝜌 density 

𝜐 velocity 𝜔 Stefan-Boltzmann constant 

ῡ average velocity 𝛾 surface tension 

𝑟𝐵 bubble radius  𝜇 dynamic viscosity  

𝐷𝐵 bubble diameter (width) 𝑎 thermal diffusivity  

𝐿 channel’s characteristic length  𝜆𝑐 capillary length 

 

2. Experiments 

2.1. Experimental apparatus and procedure   

The first step in our experiments was to prepare aqueous solutions of pure alcohol: 1-butanol 

(Sigma-Aldrich 360465) with specific concentration: water – 1-butanol 5% vol. A circular 

channel with 145 mm length and 4 mm inner diameter was used, through which the requisite 

liquid was pumped in. The micro-channel was built from borosilicate glass and purchased by 
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VitroCom® Inc. The fluid delivery system was combined with a syringe pump to transfer the 

liquid through the flow loop at a controlled constant flow rate. The syringe pump device was 

provided by Cole-Palmer® Instrument Co, Ltd and the 100 mL borosilicate glass syringe was 

purchased from FORTUNA® Optima. The syringe was connected with the micro-channel by 

a plastic tube which was able to resist corrosion from the alcohol (butanol) phase and to operate 

at high temperatures up to 100 oC.  Liquid was injected through the microchannel where it was 

subjected in a controlled temperature gradient field (from ~18 to 75±1 oC) and collected at the 

exit of the microchannel in a glass tank. A transparent, conductive, metallic deposit of tantalum, 

Ta, was sputtered on the exterior of the micro-channel hence enabling simultaneous uniform 

heating and visualisation of the flow inside the micro-channel. The Ta coating was micro-

engineered in the Scottish Microelectronic Centre (SMC) with the use of an Oxford Plasmalab 

System® 400 magnetron sputtering system. More specifically, the thickness of the tantalum 

layer was optimized to ensure sufficient transparency for visualization while providing enough 

thermal energy for heating the micro-channel as desired. The film thickness was approximately 

50 Å with an electric resistance ranging from 3 kΩ to 10 kΩ providing a power range of 1 – 10 

W to the channel; using a high voltage (up to 300 V) and relatively low current (I ≤ ~0.05 A). 

The tantalum deposit was uniform both across and along the micro-channel and its thickness 

(a few nanometres) was negligible in comparison to the glass thickness of 1 mm. This allowed 

approximations to be made for the heat losses to the environment.  The channel was connected 

by its ends to a DC power supply, enabling heating of the channel by passing a controlled 

current through the resistive tantalum coating, thus controlling the wall temperature along the 

channel. A programmable syringe was placed at the cold side (inlet) with a needle of 0.1 mm 

diameter in order to induce small controlled air bubbles in the fluid flow, as presented in Fig. 

1 (a).  
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 National Instruments® systems were adopted for data acquisition, connected to a computer 

and a LabVIEW® user interface. Inlet and outlet temperatures and pressures were monitored 

using K-type thermocouples and a pair of Omega® PXM219 series pressure transducers, 

respectively. Temperature and pressure data were acquired via a NI SCXI 1303 32-channel 

isothermal terminal block with a 166 kS/s maximum sampling rate and a NI USB-6009 

Multifunction DAQ (up to 48 kS/s), respectively, connected to a data acquisition board on a 

PC. A CCD high-speed camera was set-up to visualise the flow formations. The high-speed 

camera employed was a NanoSense® MK III (IDT), with interchangeable macro and micro 

lenses, used as appropriate. The resolution of the camera allowed for either the entire heated 

micro-channel length to be captured or just a particular section of interest to be focussed upon. 

The rate of the camera was set from 500 fps to 2500 fps depending on different visualization 

requirements. The records extracted from the high-speed camera were analysed with the X-

Vision (acquisition and image processing) software from IDT (Integrated Design Tools, Inc.). 

A cold light source (Fiber-Lite® illuminator) and Fiber Optic back light were put in 

conjunction with the high-speed camera providing a steady and uniform light intensity without 

releasing heat to interfere the thermal field around the micro-channel. A ThermaCamTM 

infrared thermography system (SC3000 Series, FLIR® Systems, Inc.) was used to visualise 

and record the temperature profile at the micro-channel exterior wall. The IR camera offered 

ultra-high thermal sensitivity, broad dynamic range and long wave imaging. It is characterised 

by a measurement in the 8 – 9 µm band of the infrared spectrum with a high resolution of 320 

x 240 pixels, thermal sensitivity of 20 mK at 30 oC, an accuracy of ±1 oC or 1% for temperature 

up to 150 oC, and is Stirling cooled. The camera operates at 50 Hz, therefore 50 frames per 

second were recorded. The infrared system provides automatic transmission correction of 

temperature, based on fixed parameters; atmospheric temperature, relative humidity, input 

distance from the object and emissivity of the object. The IR camera was used with an 
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appropriate lens and a dedicated PC for acquisition, with specialised software (ThermaCAM 

Researcher Professional®) for image processing. All the circular micro-channels used, were 

fabricated from borosilicate glass, which is an opaque material to IR radiation. An FTÅ200 

Dynamic Contact Angle Analyzer (First Ten Ångstroms, Inc.) goniometer was also employed 

to measure the surface tension of the pure liquids as well as the 5% vol. butanol/water mixture 

by applying the pendant drop method analysis. This method involves the determination of the 

profile of a drop of one liquid suspended in another liquid or gaseous phase at equilibrium. The 

balance between gravity and the surface forces determines the profile of these drops. A 

minimum in surface tension as a function of temperature was measured at ca. 63 oC for the 

water-butanol 5% vol. mixture. Fig. 1 (b) and (c) shows the results obtained for the surface 

tension-temperature dependence for all the liquids used in this experimental work. Both pure 

liquids and binary alcohol mixture were kept at a controlled temperature of 18 ±1 oC, 

atmospheric pressure and relative humidity of RH = 40 ±10%. Fig. 1 depicts a schematic 

drawing of the experimental apparatus. 
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Fig. 1. (a) Schematic drawing of the experimental setup and the tested micro-channel. Surface tension 

measurements (mN/m) of the (b) pure liquids: pure water ( ) and pure 1-butanol ( ) and for the (c) self-

rewetting fluid: water – 1-butanol 5% vol. ( ), in the temperature range from around 10 to 90 oC, under 

controlled experimental conditions.    

 

2.2. Data reduction 

For the single phase flow, the effective heat, 𝑄𝑒𝑓𝑓, transferred to the liquid was estimated by 

using: 𝑄𝑒𝑓𝑓 = 𝐶𝑝,𝑙  ∙ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)ṁ where ṁ (𝑘𝑔 𝑠⁄ ) is the mass flow rate, 𝐶𝑝,𝑙 is the liquid 

specific heat capacity, 𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡 are the inlet and outlet liquid temperatures, respectively. 
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Then the heat flux was calculated as 𝑞 =  𝑄𝑒𝑓𝑓 𝐴⁄  , where 𝐴 is the channel’s internal surface 

area. For the two-phase flow, heat loss was estimated considering the convective loss 𝑄𝑐𝑜𝑛𝑣 

and the radiative loss  𝑄𝑟𝑎𝑑. The convective heat loss was calculated as follows:  𝑄𝑐𝑜𝑛𝑣 =

 ℎ𝑐𝑜𝑛𝑣 ∙ 𝐴𝑊,𝑜𝑢𝑡 ∙ (𝑇𝑊,𝑎𝑣𝑔 − 𝑇𝑒𝑛𝑣) where ℎ𝑐𝑜𝑛𝑣 is the convective heat transfer coefficient of air. 

ℎ𝑐𝑜𝑛𝑣 was estimated using the empirical correlations of natural convection external flow 

conditions at 20 oC: ℎ𝑐𝑜𝑛𝑣 ~ ℎ𝑎𝑖𝑟 =  𝑁𝑢 ∙ 𝑘 𝐿⁄ , where 𝑁𝑢 is the Nusselt number, 𝑘 is the 

thermal conductivity of air (~0.0257 W/m·K), 𝐿 is the characteristic length of the channel 

(around 0.01 m).  In addition, 𝑇𝑊,𝑎𝑣𝑔 is the average temperature of the channel wall, 𝑇𝑒𝑛𝑣 is the 

ambient temperature and 𝐴𝑊,𝑜𝑢𝑡 is the outer surface area of the tested circular micro-channel. 

The radiative loss was calculated by: 𝑄𝑟𝑎𝑑 =  𝜀 ∙ 𝜔 ∙ 𝐴𝑊,𝑜𝑢𝑡 ∙ (𝑇𝑊,𝑎𝑣𝑔
4 − 𝑇𝑒𝑛𝑣

4 ) where 𝜀 is the 

total emissivity of the micro-channel and its deposit, and 𝜔 is the Stefan–Boltzmann constant 

(5.6703 x 10-8 W/(m2·K4)). The emissivity of tantalum deposit on the borosilicate glass channel 

was found in literature (Malter and Langmuir [45], Allen et al. [46], Miloševic et al. [47]) 

mainly for high temperatures ranges. The emissivity 𝜀 is an increasing function of temperature 

and 𝜀 was reported to be 0.136 at 1000 K [45] and close to zero at around 20 oC [47]. Thus, in 

the present study, tantalum emissivity 𝜀 was approximated to be 0.05 (from ~35 oC to ~110 

oC). Actually, the calculated  𝑄𝑟𝑎𝑑 was very low ( 𝑄𝑟𝑎𝑑 < 1 W) compared with the total heat 

𝑄𝑒𝑓𝑓, thus the approximation of 𝜀 and  𝑄𝑟𝑎𝑑 resulted in negligible errors regarding the heat loss 

calculations. The settings of the IR camera within the software (ThermaCAM Researcher 

Professional®) allowed estimation of temperature profiles along the wall channel by using 

some fixed parameters. These parameters which are essential for temperature measurements 

include the object emissivity, the object distance from the IR camera lens and the atmospheric 

conditions (humidity and temperature of the atmosphere). The spectral emissivity of the used 

borosilicate glass micro-channel (opaque object to IR radiation) and its deposit was determined 

experimentally according to the method by Madding [48]. The emissivity of an object is 
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measured by rising the target into two different and known temperatures, hence the 𝜀 can be 

determined as: 𝜀 =  𝑇𝐼𝑅1 − 𝑇𝐼𝑅2 (𝑇1 ⁄ − 𝑇2), where 𝑇𝐼𝑅1 and 𝑇𝐼𝑅2 are the infrared camera 

temperature measurements and 𝑇1 and 𝑇2  are the known measured temperatures [48]. In all the 

tests, emissivity fell in the range of 0.76 – 0.80, therefore a value of 0.78 was set as the channel 

wall emissivity [49,50]. The effective heat transferred in the two-phase flow was given by: 

𝑄𝑒𝑓𝑓 = 𝑄 − 𝑄𝑐𝑜𝑛𝑣 −  𝑄𝑟𝑎𝑑, and the heat flux was applied on the test section was 𝑞 =  𝑄𝑒𝑓𝑓 𝐴⁄  

. Each test condition was repeated ~7 times and the characteristic heat transfer profiles were 

obtained.  

The calibration of the IR video was carried out by measuring the pixels of a known-

length within the same view field. The calculation of Biot number (𝐵𝑖) allowed to study the 

temperature uniformity within the channel body by comparing the heat conduction resistance 

to the heat convection resistance: 𝐵𝑖 =  
ℎ𝑐𝑑𝑤𝑎𝑙𝑙

𝑘𝑐ℎ𝑎𝑛𝑛𝑒𝑙
, where ℎ𝑐 is the convective heat transfer 

coefficient calculated as described by Shah and London [51], 𝑑𝑤𝑎𝑙𝑙 is the channel wall 

thickness and 𝑘𝑐ℎ𝑎𝑛𝑛𝑒𝑙 is the thermal conductivity of the channel body. Following the above 

mentioned, a Biot number at around ~0.06 was found in our system. Since 𝐵𝑖 ≪ 1, the 

difference between the inner and outer wall temperatures can be neglected [52]. Therefore, the 

channel outer surface temperature was used to calculate the local heat transfer coefficients. The 

thermally observed region of the channel was divided into 9 segments. Thus, the time-averaged 

temperatures at 9 locations (marked in Fig. 2) were calculated to study the local heat transfer 

coefficient, ℎ𝑇.𝑃., in the two-phase flow, along the channel axial direction, h: ℎ𝑇.𝑃. =

 
𝑞

𝑇𝑊,𝑙𝑜𝑐𝑎𝑙−𝑇𝑙,𝑙𝑜𝑐𝑎𝑙
, where 𝑇𝑊,𝑙𝑜𝑐𝑎𝑙 was the local wall temperature of the microchannel and 𝑇𝑙,𝑙𝑜𝑐𝑎𝑙  

was the local liquid temperature in the micro-channel. 𝑇𝑙,𝑙𝑜𝑐𝑎𝑙 was increased along with the 

flow direction. In the present study, inlet and outlet fluid temperatures were acquired by the 

inserted K-type thermocouples; accurate to ±0.5 oC. The local liquid temperatures in axial 
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direction across the channel were not experimentally measured due to the fragility of the 

channel and the consequent inconvenience of thermocouple installation, which would 

deteriorate the transparency and damage the tantalum coated surface of the channel. The local 

liquid temperature was calculated based on the assumption that all the effective heat flux was 

used to heat up the liquid. This leads to the following energy balance: 2𝑥 ∙ 𝑑𝑖𝑛 ∙ 𝑞 = 𝐶𝑝 ∙

𝜑 ∙ 𝐴𝑐 ∙ (𝑇𝑙,𝑥 − 𝑇𝑖𝑛) where 𝑇𝑙,𝑥  (or 𝑇𝑙,𝑙𝑜𝑐𝑎𝑙) was the local liquid temperature at a distance 𝑥 (mm) 

from the channel inlet, and 𝑇𝑖𝑛 was the inlet liquid temperature. So the liquid temperature can 

be written as:  𝑇𝑙,𝑥 =
2𝑞∙𝑑𝑖𝑛

𝐶𝑝∙𝜑∙𝐴𝑐
𝑥 + 𝑇𝑖𝑛. According to the standard uncertainty analysis of Taylor 

[53], the estimated maximum uncertainties are summarised in Table 1. Note that both mass 

fluxes and volume flow rates used are related to the liquid flow.  

 

 

Fig. 2. Schematic drawing of the liquid temperature along the channel and the local heat transfer 

calculated areas.   
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Table 1 Experimental measurement uncertainties 

Parameter  Maximum uncertainty 

(%) 
Pump volumetric flow rate 0.5 

Voltage  0.2 

Current 0.5 

Channel depth and thickness 10 

Channel width and length  2 

Infrared IR camera measured 

temperature  

2 

Channel surface area  5.5 

Mass flux 10.5 

Heat flux 5.5 

Flow Velocity 12.5 

Bubble width (diameter) and length  8.5 

Bubble radius 8.5 

Heat transfer coefficient  20 

Local liquid temperature  17 

 

3. Results  

The use of transparent micro-channels allowed for visualization of the motion (movement and 

shape geometry) of the induced travelling air bubbles in a continuous liquid phase flow, before 

and after applying heat on a circular micro-channel. With the use of high-speed camera, 

different flowing patterns were observed within the micro-channel. Bubbly flow and in some 

specific cases slug flow were recorded depending on the applied experimental conditions and 

the working fluids. Different operating fluids i.e. pure water, pure 1-butanol and water – 1-

butanol 5% vol., at same controlled conditions, demonstrated different bubble activity. In Fig. 

3, we present a typical sequence of high speed images with bubbles flowing vertically in a 
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heated micro-channel containing two different working fluids: (a) pure water and (b) pure 1-

butanol, versus time, at volume flow rate of  𝑉 ̇ = 0.5 mL/min. In these cases, the induced 

bubbles were migrating from below (inlet) towards the upper part (outlet) of the channel and 

the temperature was increasing in the same direction. In Fig. 3(a), the migrating bubble in pure 

water was shown to follow steady shape geometry. In the case of the pure 1-butanol working 

fluid, Fig. 3(b), the bubble geometry appeared slightly to fluctuate, adopting a disk-like shape 

rather than spherical shape, at �̇�= 0.5 mL/min.  

 

 

Fig. 3. Typical image sequence of the induced travelling air bubbles along the (vertical) heated micro-

channel, against time. Images depict bubble travelling in (a) pure water; bubble diameter (width): ~2.2 

– 2.5 mm, and (b) pure 1-butanol; bubble diameter (width): ~2.0 – 3.1 mm, at volume flow rate of �̇� = 

= 0.5 mL/min, in a temperature gradient field from ~18 oC to ~75 oC, respectively.  

 

In Fig. 4, we present subsequent images of migrating bubbles in the water – 1-butanol 5% vol. 

mixture, versus time, at four different volume flow rates (�̇� = 0.2, 0.5, 1, 1.5 mL/min), in the 

same controlled temperature gradient field (~18 oC  to ~75 oC), respectively. It can be seen that 

different flow patterns were observed depending on the applied volume flow rates, in the binary 

alcohol mixture. Initially, at �̇� = 0.2 mL/min, Fig. 5(a), bubbly flow was observed, then it 
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changed to slug flow and within some seconds back again to bubbly flow just before the bubble 

reached the outlet side of the channel. Interestingly, at flow rate of 0.5 mL/min, Fig. 4(b), the 

migrating bubble was shown to behave differently and a characteristic increase in bubble size 

was clearly observed in the neighbourhood of the surface tension minimum and close to the 

outlet part of the heated channel. The same phenomenon but with a lower bubble growth can 

be seen at �̇� = 1 mL/min, Fig. 4(c). On the contrary, bubble size was not affected at flow rate 

of 1.5 mL/min in the alcohol mixture, Fig. 4(d); the bubble followed steady geometry without 

visible fluctuations in size. It is clear that at different volume flow rates in the mixture and in 

the same temperature gradient field, the induced travelling bubbles behaved differently; hence 

altering the heat transfer profile in the micro-channel.  
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Fig. 4. Visualisations of the induced travelling air bubbles (initial diameter: from ~1.9 to 2.1 mm) along 

the (vertical) heated micro-channel containing water – 1-butanol 5% vol. mixture, versus time. Bubbles 

are flowing vertically in the binary alcohol mixture following the fluid flow, at four different flow rates, 

�̇�: (a) 0.2, (b) 0.5, (c) 1 and (d) 1.5 mL/min, in the same temperature gradient field, from from ~18 to 

~75 oC, respectively. Note that in the image (a), the observed bubbly-slug-bubbly behaviour started at 

~73 mm from channel’s inlet side until locations close to the outlet where the change in the flow mode 

occurred.   

  

In Fig. 5, we present results of the bubbles position, 𝑥, travelling in pure water and in pure 1-

butanol along the circular micro-channel, versus time, at three different volumetric flow rates 

i.e. �̇�= 0.5, 1 and 1.5 mL/min, respectively. The data in Fig. 5 (a) and (b) show the migration 

of the manually induced air bubbles under isothermal conditions, at constant temperature of 

~18 oC, with the characteristic velocities, 𝜐, acquired from the experimental analysis of the 

bubbles motion. Graphs (c) and (d) depict the non-isothermal cases for the pure liquids, where 

the bubbles travelled from the cold side (bottom of the channel) to the hot side (top of the 

channel) in a controlled temperature gradient field from ~18 to ~75 oC. The characteristic 

velocities presented in Fig. 5 were obtained after a linear fitting for each case. It is clear from 

the obtained results for the pure liquids that the bubbles travelled for longer time-period in the 

non-isothermal cases compared to those in the isothermal ones.   
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Fig. 5. Examples of the air bubbles positon, 𝑥, along the circular channel in pure water and pure 1-

butanol, both in isothermal and temperature gradients cases, at �̇�: 0.5 ( ), 1 ( ), 1.5 ( ) mL/min, against 

time. More specifically, graphs (a) pure water and (b) pure 1-butanol depict calculations for the 

isothermal case, at temperature of ~18 oC, and with the characteristic velocities, 𝜐, for each flow rate. 

Graphs (c) and (d) present examples of migrating bubbles (initial 𝐷𝐵 = ~2.4 mm) in pure water and 1-

butanol, respectively, in temperature field, from ~18 to ~75 oC and the obtained bubble velocities, 𝜐, 

for each flow rate. Note that in all cases, the velocities were obtained after a linear fitting.    

 

In Fig. 6, we show results of the air bubbles position, 𝑥, travelling in the circular micro-channel 

containing water – 1-butanol 5% vol. mixture, against time, at three different volumetric flow 

rates, �̇�: 0.5, 1 and 1.5 mL/min. Fig. 6(a) depicts data for the isothermal case, at liquid 

temperature of ~18 oC, with the measured characteristic velocities of the vertically migrating 
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bubbles from the inlet to the outlet of the channel, for each flow rate. Additionally, in Fig. 6(b) 

we present results of the bubbles movement in the alcohol mixture, from the gold (inlet) to the 

hot side (outlet) in a temperature gradient field (~18 to ~75 oC), versus time, at the same three 

volume flow rates as discussed above. It is worth noting that in all cases bubble velocities, 𝜐, 

were estimated by using linear fitting with an exception of the two cases at �̇�: 0.5 and 1 

mL/min, Fig. 6(b). In these remarkable cases, the bubbles were seen to flow non-linearly 

(logarithmic behaviour) along the channel and the acquired bubbles velocities are the average 

speeds, ῡ. Another feature is that in the non-isothermal case the bubbles were travelling for 

longer time-period in the mixture compared with those in the isothermal case. This point out 

the importance of the thermocapillary forces acting at the interface of the bubbles. The 

complicated behaviour of the migrating bubbles along the heated micro-channel is clearly 

associated with the anomalous (non-linear) dependence of the surface tension with the 

temperature of this binary alcohol mixture and it will be explained in the discussion chapter. 
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Fig. 6. Examples of the induced air bubbles position, 𝑥, along the channel in water - 1-butanol 5% vol., 

versus time, both in isothermal and temperature gradient cases, for three different volumetric flow rates, 

�̇�: 0.5 ( ), 1 ( ), 1.5 ( ) mL/min. More specifically, graph (a) depicts results in the isothermal case, at 

liquid temperature of ~18 oC, and with the calculated velocities, 𝜐, for each flow rate. In graph (b) the 

data shows bubbles in the binary mixture, with temperature gradient, from ~18 oC to ~75 oC, versus 

time, for each volume flow rate, respectively. Note that in graph (b) at �̇�: 0.5 ( ) and 1 ( ) mL/min, the 

average velocities ῡ, for each case, were obtained as the behaviour is non-linear (logarithmic shape). 

 

In Fig. 7(a), we plot the distance, 𝑥, of the travelling bubble-slug shown in Fig. 4(a) against 

time and temperature. In contrast to all examples presented above (in pure liquids and in binary 

mixture), for this case (mixture flowing at  �̇� = 0.2 mL/min), a rather different picture was 

revealed regarding the migrating bubble behaviour. At the beginning, the bubble had a diameter 
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(width) of ~2.1 mm and was flowing upwards in the mixture. At around ~77 mm from the 

channel’s inlet the bubble increased significantly in size and reached a width of ~3.7 mm, 

which is close to the channel’s diameter, 4 mm; hence slug flow occurred. At the vicinity of 

the outlet part of channel, the fluid flow was changed back to bubbly. Fig. 7(b) presents the 

velocity profile of this characteristic case versus time. During the slug flow, we analysed 

individually the velocity profiles of the bottom (tail) and the upper part (tip) of the slug, as 

displayed in Fig. 7(b). It can be seen that the two sides of the slug were flowing with different 

velocities associated clearly with the position of the surface tension minimum along the heated 

channel. The velocity profile in this case was rather complex and some quantitative evaluation 

and comments on these results are necessary, and will be given below.    

  

  

 

Fig. 7. (a) Portrayed behaviour ( ) bottom side and ( ) upper side of the bubble, shown in Fig. 4(a), of 

the observed bubbly-slug-bubbly flow as distance, 𝑥, at ~73 mm from inlet (cold) to outlet (hot) side of 

the channel versus time and temperature, at 0.2 mL/min volume flow rate. Graph (b) shows the velocity 

profile versus time, along the channel where ( ) is velocity of the bottom (tail) and ( ) is velocity of 

the upper (tip) side of the slug.   
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In what follows, we focus on the bubble geometry evolution under different experimental 

conditions. The travelling bubbles aspect ratios (bubble width-diameter / length) were visually 

measured along the micro-channel containing the pure liquids and the binary alcohol mixture, 

both in isothermal and non-isothermal cases. In Fig. 8 and 9, we present the aspect ratio 

measurements of the induced travelling air bubbles along the micro-channel in pure water (Fig. 

8) and in pure 1-butanol (Fig. 9), versus time, and the position, 𝑥, at three different mass fluxes, 

𝜙, and average heat fluxes, 𝑞𝑎𝑣𝑔, respectively. More specifically, in Fig. 8 the graphs (a) – (c) 

depict the bubble aspect ratios in the isothermal case (~18 oC) for pure water, and graphs (d) – 

(e) show the temperature gradient cases (from ~18 to ~75 oC), with the obtained averages 

(green) curve, respectively. Similarly, in Fig. 9 (a) – (c) we present bubble aspect ratio 

measurements in the isothermal case of pure 1-butanol as working fluid and graphs (d) – (e) 

depict the non-isothermal cases (from ~18 to ~75 oC), at three different mass fluxes, 𝜙, and 

average heat fluxes, 𝑞𝑎𝑣𝑔, respectively. Note that in the cases of the bubbles travelling in pure 

water, in both isothermal and temperature gradient cases, the aspect ratio values showed slight 

size fluctuations. Interestingly, these fluctuations were a bit stronger for the highest mass fluxes 

applied for these cases (as displayed in graphs (c) and (f) in Fig. 8). This might be the point 

that the bubbles geometry was affected by the liquid flow combined with the buoyancy effects. 

Similar behaviour was revealed in all the temperature gradient cases in the pure 1-butanol fluid 

flow where the induced travelling bubbles were seen to strongly deform and thus to fluctuate 

the bubbles’ aspect ratios (Fig. 9, graphs (d), (e) and (f)). Note that the different physical 

properties (surface tension, viscosity etc.) of the operating fluids influenced the geometry of 

the travelling air bubbles and changed the heat transfer profile of the systems.  
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Fig. 8. Aspect ratio (bubble width / length) calculations of the migrating air bubbles along the circular 

microchannel in pure water (~7-fold repetitions for each case), over time, and the position, 𝑥, at three 

typical mass fluxes, 𝜙, and at three different average heat fluxes, 𝑞𝑎𝑣𝑔. Graphs (a) – (c) present 

characteristic bubble aspect ratios in the isothermal case of pure water fluid with the obtained averages 

(green curve), for each case. Similarly, graphs (d) – (e) show aspect ratio calculations in a temperature 

gradient field (~18 to ~75 oC) for three different mass fluxes, 𝜙, and (average) heat fluxes, 𝑞𝑎𝑣𝑔, 

respectively. 
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Fig. 9. Aspect ratio (bubble width / length) calculations of the migrating air bubbles along the circular 

micro-channel in pure 1-butanol (~7-fold repetitions for each case), against time, and the position, x, at 

three typical mass fluxes, 𝜙, and at three different average heat fluxes, 𝑞𝑎𝑣𝑔. More specifically, graphs 

(a) – (c) present characteristic bubble aspect ratios in the isothermal case of pure 1-butanol operating 

fluid with the obtained averages, for each case. Graphs (d) – (e) show aspect ratio values in a 

temperature gradient case, from ~18 to ~75 oC, at the three typical cases. 

 

In Fig.10, aspect ratio calculations of the induced travelling air bubbles in the water – 1-butanol 

5% vol. mixture, versus time, and position, 𝑥, in the isothermal case, at ~18 oC flowing liquid 

temperature, and in non-isothermal case from ~18 to ~75 oC, at three different mass fluxes, 𝜙, 

and average heat fluxes, 𝑞𝑎𝑣𝑔, are presented. The graphs (a) – (c) depict aspect ratios in the 

isothermal cases and graphs (d) – (e) refer to the temperature gradient cases in the mixture. 

Interestingly, it can be seen in Fig. 10 (d) and (e) that the aspect ratio (bubble width-diameter) 

/ length) showed a peculiar increase. A characteristic bubble ratio growth up to ~30% of the 

initial one was observed in graph (d), at �̇� = 0.5 mL/min. In the case of bubble migrating at 
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�̇� = 1 mL/min, an increase in bubble ratio of up to ~15% occurred. These observations are 

clearly associated with the anomalous (non-linear) dependence of the surface tension with the 

temperature for this binary alcohol mixture (self-rewetting fluid) as well as with the 

neighbourhood near the well-defined surface tension minimum. In contrast to the previous 

cases, bubbles travelling in the alcohol mixture at �̇� = 1.5 mL/min were not influenced by the 

temperature gradient field due to the high mass flux applied in this case.  

 

 

Fig. 10. Aspect ratio (bubble width / length) values of the migrating air bubbles along the circular micro-

channel containing water – 1-butanol 5% vol. mixture (~7-fold repetitions for each case), over time, 

and position, 𝑥, at three typical mass fluxes, 𝜙, and at three average heat fluxes (temperature gradient 

cases), 𝑞𝑎𝑣𝑔. More specifically, graphs (a) – (c) present typical bubble aspect ratio calculations in the 

isothermal case with the averages, for each case, respectively. Graphs (d) – (e) show aspect ratio 

calculations in a temperature gradient field, from ~18 to ~75 oC, at the three different cases. 
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Fig. 11 presents the size (width-diameter and length) of the bubble-slug-bubble case, visually 

presented in Fig. 4(a), against the position, 𝑥, and temperature, in the alcohol mixture, (from 

~18 oC (inlet) to ~75 oC (outlet)), at �̇� = 0.2 mL/min. At around ~73 mm from the channel’s 

inlet, the bubble showed a significant increase in length and the bubble width reached the size 

of the channel’s diameter (~3.7 mm); then we observed the characteristic slug flow to occur (at 

around 77 mm). Interestingly, the slug flow was changed back to bubbly flow at ~118 mm from 

channel’s inlet until the outlet side. The behaviour of the bubble in the alcohol mixture, at this 

(lowest) volume flow rate (�̇� = 0.2 mL/min), was strongly affected by the temperature gradient 

field (neighbourhood of surface tension minimum; from ~55 to ~70 oC) and the generated 

strong thermocapillary forces acting at the interface of the gas-liquid phases combined with the 

gravitational forces.        

    

 

Fig. 11. Typical example of the bubble-slug-bubble case (start at ~73 mm from the channel’s inlet) 

containing water – 1-butanol 5% vol. mixture versus the position, 𝑥, and temperature, along the heated 

micro-channel, at �̇� = 0.2 ml/min liquid flow rate.  

 

In Fig. 12, the dependency of the heat transfer coefficient, ℎ𝑆.𝑃., in the single phase flow, on 

the heat flux, at ten different mass fluxes, 𝜙, containing the ordinary liquids (pure water and 
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pure 1-butanol) and the water – 1-butanol 5% vol. mixture, in a temperature gradient field from 

~18 oC (inlet) to ~75 oC (outlet), was examined. As the higher flow rate strengthens the 

convective heat transfer, the corresponding channel wall temperature becomes lower. 

Therefore, higher heat flux was required to keep uniform the temperature gradient field along 

the channel. It can be seen in Fig. 12 that heat transfer coefficient values were found to increase 

as heat flux was increased (also mass flux was increased in the same temperature gradient field) 

leading to a better heat transfer performance, for all the cases examined in our system. 

 

 

Fig. 12. Heat transfer coefficients, ℎ𝑆.𝑃., in the single phase flow versus the heat flux, 𝑞, at ten different 

mass fluxes, 𝜙, in the same circular heated micro-channel, for all the working fluids were used in our 

experimental work.   

 

Additionally, local heat transfer coefficient calculations, ℎ𝑇.𝑃., in the two phase flow were 

performed along the channel filled with the pure liquids, in a controlled temperature gradient 

field, ~18 – ~75 oC. Fig. 13 shows the obtained local heat transfer coefficient values of the 

migrating bubble in pure water, versus the position, 𝑥, and temperature, along the heated 

channel, at three different mass fluxes, 𝜙, respectively. Moreover, Fig. 14 presents the 

dependency of local heat transfer coefficient, ℎ𝑇.𝑃.., in the two phase flow on the position, 𝑥, 
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and on temperature, containing pure 1-butanol, at three different 𝜙, in the same temperature 

gradient field (~18 to ~75 oC). The higher mass flux used, the better the heat transfer 

performance was in both pure working fluid cases. Another clear feature is that the bubbles 

were seen to follow the same (non-linear) trend in terms of the position, 𝑥, along the channel, 

in the same operating fluid, but the calculated heat transfer coefficient values were higher for 

the higher mass fluxes, as seen in Fig. 13 and 14. 

 

 

Fig. 13. Local heat transfer coefficients, ℎ𝑇.𝑃.., in the two phase flow versus the position, 𝑥, and 

temperature, at three different mass fluxes, 𝜙, in the same temperature gradient field, from ~18 to ~75 

oC, containing pure water. 
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Fig. 14. Local heat transfer coefficients, ℎ𝑇.𝑃., in the two phase flow versus the position, 𝑥, and 

temperature, at three different mass fluxes, 𝜙, in the same temperature gradient field (~18 – ~75 oC), 

containing pure 1-butanol as working fluid.   

 

Two phase flow curves of the local heat transfer coefficients, ℎ𝑇.𝑃., of the induced travelling 

bubbles in water–1-butanol 5% vol. mixture as a function of the position, 𝑥, and temperature, 

along the circular micro-channel, at four different mass fluxes were calculated, Fig. 15. In 

details, graph (a) presents local heat transfer coefficients obtained in the characteristic case 

where the flow mode was changed from bubbly to slug and back to bubbly flow just before the 

outlet part of the channel, at �̇� = 0.2 mL/min. It can be seen in graph (a) the local heat transfer 

coefficients increased significantly (highest ℎ𝑇.𝑃.) in the phase region where the slug occurred. 
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Fig. 15(b) reveals that the motion of the travelling bubble changed when the flow rate was 

increased in the system, at �̇� = 0.5 mL/min. The characteristic bubble growth, as it was visually 

seen in Fig. 4(b) and calculated in Fig. 10(d), was accompanied by an increase in the local heat 

transfer coefficient values, at the higher positions of the channel. Similarly, in Fig. 15(c) the 

local heat transfer distribution along the heated channel was seen to follow the same tendency 

but with higher ℎ𝑇.𝑃. than in the previous case. One characteristic sharp jump in the heat transfer 

coefficient values at temperatures around 40 oC occurred, at the highest volume flow rate at �̇� 

= 1.5 mL/min, in Fig. 15(d). Then the system was seen to follow same behaviour with the 

previous two cases but with higher ℎ𝑇.𝑃. values. Moreover, comparing the calculated ℎ𝑇.𝑃. 

values of the four cases in the alcohol mixture, it was seen that the highest ℎ𝑇.𝑃. values were 

achieved when the highest mass flux was applied in the two-phase flow system.  
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Fig. 15. Local heat transfer coefficient, ℎ𝑇.𝑃., calculations in the two phase flow containing water – 1-

butanol 5% vol. mixture versus the position, 𝑥, and temperature, at four different mass fluxes, 𝜙, in the 

same temperature gradient field (~18 – ~75 oC), respectively.   

 

4. Discussion  

From our experimental investigation and analytical calculations, we have shown that the 

motion of migrating spherical bubbles along the micro-channel depends strongly on the 

working fluids (pure liquids and binary alcohol mixture used) and the applied experimental 

conditions (isothermal and non-isothermal cases). More specifically, the rising bubbles in the 

pure liquids followed a relatively constant linear velocity profile for both the isothermal and 

the non-isothermal cases (Fig. 5). Another feature, for the bubbles flowing in pure liquids was 
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the presence of thermocapillarity (Marangoni convection) which was driving liquid flows 

towards the cold regions of the channel and therefore was enhancing the upward motion of the 

bubble. The induced thermocapillary stresses in the linear temperature gradient field caused 

the bubbles to reach a higher rise velocity than in the isothermal ones, for all the mass fluxes 

applied and this behaviour was also attributed to the physical properties (surface tension, 

viscosity etc.) of the pure liquids.  

 

Using the water – 1-butanol 5% vol. mixture as the continuous bulk liquid in a heated micro-

channel, we have observed that the behaviour of the induced travelling bubbles in the binary 

alcohol mixture (Fig. 4) departs considerably from those of the pure liquids. The anomalous 

surface tension behaviour of the self-rewetting fluids, Fig. 1 (c), and the position of surface 

tension minimum along the uniformly heated micro-channel (Fig. 16) drastically affected the 

induced thermocapillary stresses. Interestingly, bubbles flowing towards the warmer zone 

(upstream) in the alcohol mixture within the applied temperature gradient field, induced a non-

linear (logarithmic) velocity profile at �̇�: 0.5 and 1 mL/min (Fig. 6). However, the air bubbles 

travelling in the mixture at volume flow rate of 1.5 mL/min (highest in this work) followed a 

linear velocity profile as in the pure liquid cases. Remarkably, the migrating (air) bubbles in 

the mixture at �̇�: 0.2 mL/min (lowest used) resulted in a changing flow mode i.e. bubbly-slug-

bubbly flow, adopting a highly non-linear behaviour, Fig. 7.  Along the micro-channel, bubbles 

were influenced by three factors: the buoyancy effects, the liquid flow and the thermocapillary 

(Marangoni) stresses. The bubbles were clearly affected or even changed the flow mode (e.g. 

when slug flow occurred) inside the channel, when thermocapillarity influenced the system 

strongly and drove flow in the vicinity of the liquid-gas interface, in the case of the non-

isothermal mixtures. The rising bubbles were subjected to (strong) interfacial forces depending 

on the immediate position of the bubbles in the parabolic curvature of the surface tension. 
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Therefore, at positions in the channel that corresponded to higher values of surface tension than 

its minimum, with positive gradient (𝑑𝛾 / 𝑑𝑇 >  0), Fig.16, the induced Marangoni stresses 

drove liquid upwards towards the hotter region of the channel, and inhibited the upward motion 

of the bubble. The reverse phenomenon occurred at positions corresponding to lower values of 

the surface tension minimum with a negative gradient (𝑑𝛾 / 𝑑𝑇 <  0, Fig. 16), hence 

promoting the upward movement of the bubbles. This was evident in the non-isothermal cases 

for the mixture, where it was shown that the rising velocity of the bubbles was lower than of 

those in the isothermal ones (for the three different mass fluxes). The generated strong net 

capillary force due to the temperature gradients (surface tension gradients) caused the bubbles 

migration to fluctuate and deformed their shape-geometry. This is the reason behind the non-

linear retardation of the bubbles until the outlet part of the channel for the two cases at volume 

flow rates of 0.5 and 1 mL/min, in the non-isothermal mixture systems. However, the bubbles 

migrating in the alcohol mixture, at �̇�: 1.5 mL/min, followed a linear behaviour along the 

heated channel as the increased liquid flow (combined with the buoyancy effect) dominated 

over thermocapillary stresses. Our results have demonstrated that the motion of the bubbles in 

a self-rewetting fluid can be more complex and deviations (from the usual behaviour in pure 

liquids) can be attributed to the generated thermocapillary flows, which oppose or promote the 

direction of the buoyancy-driven bubble rise and alter the bubble geometry. 
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Fig. 16. Schematic drawing of the presence of Marangoni stresses acting at the interface of the migrating 

bubbles system. Note that at positions corresponding to lower values of the surface tension minimum, 

interfacial flows enhance the upward movement of the bubbles and the reverse phenomenon occurs at 

higher positions from the well-defined minimum.   

 

Previous experimental and theoretical studies on the rising and deforming of a single bubble in 

a liquid flow have been reported in the literature [54–59]. The bubbles shape varies greatly in 

different flow regimes as a function of the non-dimensional parameters such as Reynolds (𝑅𝑒 =

 �̇� ∙ 𝑑𝑖𝑛 (𝜇𝑙⁄ ∙ 𝐴𝑐  )), Rayleigh (𝑅𝑎𝐿 = 𝐺𝑟𝐿 ∙ 𝑃𝑟𝑎𝑖𝑟, where 𝐺𝑟 is the Grashof number and 𝑃𝑟 is 

the Prandtl number), Nusselt (𝑁𝑢 ≈  0.54 (𝑅𝑎𝐿)1 4⁄ ), Marangoni (𝑀𝑎 =  − (
𝑑𝜎

𝑑𝑇
)  ∙

∆𝑇

𝜇𝑙∙𝛼
∙

𝐷𝐵
2

𝑑𝑖𝑛
), 

Capillary (𝐶𝑎 =  𝜇𝑙 ∙ 𝑢𝑙 𝛾𝑙⁄  ) and Bond (𝐵𝑜 =  ∆𝜌 ∙ 𝑔 ∙ 𝑑𝑖𝑛
2 𝛾𝑙⁄ ) numbers. Considering the 

importance and the competition between forces acting on our non-isothermal system, 

calculation of the dimensionless numbers for pure fluids and alcohol mixture was carried out, 

as seen in Table 3. Small bubbles (𝑟 = ~1.2 mm) travelling along the microchannel with 

relatively small Reynolds and Bond numbers (𝑅𝑒 < 1 and 𝐵𝑜 < 1), were seen to rise in a 

steady fashion, sustained the spherical shape and increased in size due to thermocapillary-
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driven flows (surface tension forces variations) along the heated channel. The shape of larger 

bubbles, with intermediate Reynolds and Bond numbers (1 <  𝑅𝑒 < 100 and 1 <  𝐵𝑜 < 100), 

were affected significantly by the flow conditions and the action of buoyancy effects. In our 

experiments the Reynolds number were characteristically low resulting in a smooth, constant 

fluid flow; laminar flow. Calculations of the Rayleigh and Nusselt numbers (channel’s inlet) 

demonstrated that the heat transfer was primarily in the form of heat (natural) convection (high 

𝑅𝑎 numbers and 𝑁𝑢 > 1), in all cases. For the pure water cases, the dimensionless numbers 

showed that the migration of the bubbles was mainly driven by gravity, the imposed liquid flow 

and the thermocapillarity. The presence of strong surface tension forces maintained the 

spherical shape of the bubbles; 𝐵𝑜 = 0.54 and 𝐶𝑎 <  10-5 i.e. capillary forces dominated in 

flow over viscous forces, and enhanced the upward movement along the heated channel. On 

the other hand, the rising bubbles in pure 1-butanol working fluid were influenced by strong 

body forces-buoyancy (𝐵𝑜 = 1.42 and 𝐶𝑎 < 10-5), the applied liquid flow and the weak 

thermocapillary stresses which was evidenced from the observations of bubble deformation 

and the adopted disk-like shape, Fig. 3. However, the findings presented in the self-rewetting 

liquid flows brought to light a new phenomenon which was first reported in the latest work of 

Shanahan and Sefiane [39] in which the rising bubbles migrated against the liquid flow 

(horizontal micro-channel) due to the strong action of thermocapillarity. In our study, air 

bubbles travelling in self-rewetting fluid (vertical micro-channel) were seen to be drastically 

influenced by the presence of strong surface tension forces (Marangoni stresses), the subjected 

buoyancy effects and the liquid flow. The bubbles kept a spherical shape, 𝐵𝑜 = 0.54, and 

affected by the capillary action over viscous ones; 𝐶𝑎 < 10-5. However, it is also clear that the 

bubbles motion within the channel was related significantly to the position-temperature and the 

surface tension minimum, along the channel where either promoted or retarded the bubble 

movement resulting in a non-linear velocity profile (logarithmic), as reported previously [39]. 
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The calculated Marangoni numbers (Table 3) showed that the (thermal) surface tension forces 

acting at the gas-liquid interface were enhanced as the bubbles were travelling in the increasing 

temperature gradient field, for all cases examined. Furthermore, the higher volume flow rate 

applied in the system the smaller the contribution of the surface tension forces (and lower 

Marangoni numbers) as the heat transfer rate was enhanced in the two-phase flow cases. 

However, it worthwhile noting that in the pure butanol liquid flows the calculated Marangoni 

numbers were very low (𝑀𝑎 ≪ 1) indicating the strong contribution of the viscous forces (and 

capillary motion) in the liquid flow over surface tension forces.  

The aforementioned observations about bubbles motion in the non-isothermal liquid 

flows were consistent with the single phase and two phase flows local heat transfer coefficients, 

as presented in Fig. 12-15. It was seen that for the pure liquids heat transfer coefficient curves 

were influenced by the mass flux in both single phase and two-phase regions. Moreover, heat 

transfer coefficients were sensitive to the applied heat flux in the single-phase flows and an 

enhancement in the heat transfer profile was calculated as the heat flux was increased, for all 

working fluids used. In the two-phase flows, the calculated local heat transfer coefficients were 

shown to follow a non-linear trend in terms of the position, and temperature, along the channel, 

in each flow rate, for all operating fluids. In our case, the laminar flow consists of a regular-

flow pattern with constant-flow velocity throughout the liquid fluid volume and it is 

characterised by the flow of a fluid in parallel layers. Each layer flows at a different velocity 

along the same direction and the speed tended to zero near the channel’s wall(s). Although, in 

pure water, initially the bubbles were spherical i.e. diameter-width (𝐷𝐵) ≤ capillary length 

(𝜆𝑐 = √𝛾 𝜌𝑔⁄ ) ca. ~1.9 – 2.4 mm, they were of dimensions comparable to the channel depth. 

Thus, (viscous) drag was greater than that expected, due to the proximity of the channel wall(s) 

and even more intensive as the bubble were flowing in hotter regions of the channel (surface 

tension decreased). The spikes appeared in the heat transfer coefficients calculations (Fig. 13) 
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were attributed to the possible bubble dragging on the channel wall(s) that affected the rate of 

heat transfer in the system. An alternative (or additional) explanation could be a potential dry-

out near the wall (induced by an enhanced shear) where the bubble is confined, resulting in a 

local contact line and hence high local evaporation.  However, in the pure butanol flows, the 

air bubbles were travelling relatively faster (Fig. 5) than those of the water ones due to its 

different physical properties. The bubbles adopted a disc-like fluctuated shape (𝐷𝐵 >  𝜆𝑐  ca. 

~3 mm) and they were drastically affected by the liquid flow. Moreover, the anomalous 

property of the alcohol mixture, which essentially influenced the motion of the rising bubbles, 

was also revealed in the local heat transfer coefficient values in the two-phase flows regions. 

In the mixture cases, at low flow rate of 0.2 mL/min, bubble motion was apparently governed 

by strong thermocapillary stresses coupled with local evaporation and slug flow occurred, at 

the neighbourhood of the minimum of the surface tension i.e. from around ~55  to  ~70 oC, Fig. 

1 (c), enhancing drastically the heat transfer profile of the system, as seen in Fig.15. The 

elongation of the bubble around the minimum of surface tension followed by shrinkage seems 

to indicate a reversal in thermocapillary stresses as the minimum location is crossed. The 

observations shown in Figure 4 clearly indicate a peculiar behaviour at the lowest of flow rates 

investigated, Figure 4(a). Whilst bubbles at higher flow rates remain relatively unconfined (size 

of bubbles smaller than channel diameter), Figure 4 (b), (c) and (d), at the lowest flow rate, 

Figure 4(a), the bubble grew to reach the diameter of the channel forming a slug which 

expanded and then shrank to its original size. It is worth noting that the timescale for residence 

time of bubble varies for different flow rates. This is of the order of 0.4 sec, 0.6 sec and 0.7 sec 

for higher flow rates. Whereas it is of the order of 2.3 sec for the lowest flow rate. The increased 

residence time of the bubble within the channel for the lowest flow rate could have led to a 

pronounced evaporation which could be negligible in the case of shorter residence times at 

higher flow rates. At the lowest flow rate in Figure 4(a), the bubble grew to be confined by the 
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channel wall, this amplified evaporation even further as there is a formation of a thin liquid 

layer on the wall. This amplified evaporation and growth of the bubble becomes more 

pronounced as it reached the minimum in surface tension where thermocapillary stresses pull 

on the bubble in opposite directions and tend to elongate the bubble further. This peculiar 

behaviour is believed to be a combination of enhanced evaporation because of confinement 

which has been caused by higher residence time, coupled with thermocapillary stress. The 

bubble seems to shrink after passing the minimum in surface tension point, which is probably 

caused by a condensation. The growth of an elongation of the bubble is thought to be a local 

phenomenon caused by enhanced evaporation coupled with a minimum in thermocapillary 

stress. Once the coupling between the two phenomena is passed, the bubble undergoes 

condensation and shrinks. However, at 0.5 mL/min, the local heat transfer coefficient values 

started to increase (again) in the proximity of the surface tension minimum until the outlet of 

the channel, consistent with the observed bubble ratio growth (up to ~30%). Thus, the 

enhancement of the heat transfer mechanism occurred at the higher position of the channel 

where the bubble motion was affected strongly by thermocapillarity. The same feature but less 

intensive (bubble ratio growth up to ~15%) was revealed at 1 mL/min, where the calculated 

local heat transfer coefficients increased as the bubble was flowing in the neighbourhood of 

the surface tension minimum (~63 oC) until the outlet of the channel. In this case, the 

competition between the liquid flow and buoyancy against the Marangoni stresses was more 

balanced and the bubbles followed an intermediate behaviour. At 1.5 mL/min flow rate, the 

highest local heat transfer coefficient values obtained, were associated with the highest mass 

flux (heat flux) applied and without bubble deformation to occur. It is worth noting that in all 

cases containing the alcohol mixture, different bubble motions were observed when the mass 

flux (and so the heat flux) in the same temperature field was altered, resulting in a different 

heat transfer profile. It is clear from all the above mentioned that the thermocapillarity played 
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an important role as an energy transport mechanism and had a major impact in the heat transfer 

performance of the self-rewetting systems.  

 

Table 3 Calculated dimensionless groups for the pure liquids and water – 1-butanol 5% vol. mixture. 

 

 

Liquid 

Mass 

flux  

(
𝑘𝑔

𝑚2𝑠
) 

Reynolds 

number 

(𝑅𝑒)  

(inlet – 

outlet) 

Dimensionless numbers 

Rayleigh 

(𝑅𝑎) 

(inlet) 

Nusselt 

(𝑁𝑢) 

(inlet) 

Marangoni 

(𝑀𝑎) 

(inlet – 

outlet) 

Capillary 

(𝐶𝑎) 

(inlet) 

Bond 

(𝐵𝑜) 

(inlet) 

Pure 

water 

0.67  2.3 – 6.4 2.23  

x 105  

12.8 11.2 – 104  9.07  

x 10-6   
0.54  

(bubble flow, 

𝑟𝐵 = 1.2 mm) 1.33 4.6 – 12.8  2.61  

x 105 

12.2 9.1 – 70  1.81 

x 10-5  

1.99 6.9 – 19.2  2.25  

x 105 

11.8 5.6 – 30  2.71  

x 10-5    

Pure 

1-

butanol 

0.54 0.7 – 2.4  3.67  

x 104 

8.2  0.1 – 0.5  

 

8.98  

x 10-7   

1.45  

(bubble flow,  

𝑟𝐵 = 1.2 mm) 1.07 1.4 – 4.8  3.3  

x 104 

7.9 

 

0.07 – 0.45  1.79  

x 10-6   

1.61 2.1 – 7.2  2.75  

 x 104 

7.6  0.05 – 0.42 2.71  

x 10-6  

 

 

Water – 

1-

butanol 

5% vol. 

 

 

0.26 

 

 

0.7 – 1.9  

 

 

2.5  

x 105 

 

 

 

12.1 

 

 

12 – 76  

(bubble 

flow) 

 

 

 

 

1.10 

 x 10-5   

 

0.45  

(initial 

bubble flow, 

𝑟𝐵 = 1.2 mm) 

1.11 

(slug flow, 𝑟𝐵 

= 3.7 mm ≈

 𝑑𝑖𝑛) 

0.65 1.8 – 4.8  1.56  

x 105 

11.5 10 – 25 2.75  

x 10-5  

0.45  

 (bubble case,  

𝑟𝐵 =  1.2 

mm) 

 

1.30 3.7 – 9.6  1.21  

x 105 

10.5 7.5 – 17  5.50  

x 10-5 

1.95 5.5 – 14.4  1.13  

x 105 

10.8 5.5 – 12  

 

8.24  

x 10-5  
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5. Conclusions 

We have carried out an experimental investigation of an air bubble rising in a non-isothermal 

liquid flow in a circular micro-channel whose walls have a linearly increasing temperature 

gradient. Particular interest was paid to the development of thermocapillary stresses due to 

surface gradients in pure liquids flows (pure water and 1-butanol) and in self-rewetting fluid 

flows (water – 1-butanol 5% vol.), and in turn, the bubble dynamics. Our results indicate that 

the motion of the bubble in the binary alcohol solution can be drastically affected by the 

presence of strong surface tension forces (Marangoni effect) and its parabolic dependence on 

temperature with a well-defined minimum. The presence of thermocapillarity found to promote 

or retard the upward movement of the buoyancy-driven bubble depending on the channel 

location associated with the surface tension minimum. We have also shown that in some 

remarkable cases of the self-rewetting fluid that the bubble experienced considerable 

elongation and the flow changed from bubbly to slug. This phenomenon is due to the interfacial 

flows acting on the travelling bubble (strong Marangoni convection), and the characteristic 

slow liquid flow used in this case. These motions were absent in the case of pure liquids whose 

surface tension decreases linearly with increasing temperature. The anomalous property of the 

self-rewetting fluids and the action of thermocapillary driven flows were also the key factors 

of the enhanced heat transfer rates compared with that of the linear liquids. The present findings 

highlight the importance of the Marangoni effect in two-phase flows systems linked with other 

phenomena such as gravitational or capillary forces.  
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