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Abstract. The paper reports an experimental study to understand the effect of 
heat on an isolated liquid plug (methanol) of length L moving inside a long, dry, 
horizontal circular mini-channel (inside D = 1.5 mm). The plug (with specified 
range of L/D ratios) is pushed from rest by controlled injection of air from its 
one side, till a quasi-steady terminal plug velocity is achieved in the adiabatic 
section of the capillarity tube. It is then allowed to move through the heated 
section maintained at constant wall temperature. It is evident from the 
experiments that there is a significant increase of the plug velocity in the heated 
region, which can be attributed to the evaporation of liquid; this increases as the 
wall temperature increases. Also, it is observed that evaporation is not primarily 
from the bulk of liquid plug but from the thin film trailing behind it.  
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1 Introduction 

The fundamental understanding of two-phase micro-/mini-channel 
flows (systems with Bo < 2) is one of the critical issues for the 
development of many emerging technologies. For example, it has been 
highlighted that such phase-change process in mini/micro systems are 
effective in passive thermal energy management in pulsating heat pipes, 
electronic cooling, lab-on-chip, PEM fuel cells etc. [3]. However, 
comprehensive understanding of such processes is limited, largely due 
to the simultaneous involvement of several coupled and complex 
transport issues such as contact line dynamics and its hysteresis, 
wettability, capillary instabilities, etc. In this background, this 



experimental study makes an attempt to understand the behavior of a 
single liquid plug of methanol (chosen due to its good volatility and 
moderate boiling point at atmospheric conditions) in a micro-/mini-
channel when its motion is subjected to a constant wall temperature. 

2 Experimental details and procedure 

The experiment is conducted with a simple, horizontally placed 
transparent glass circular capillary tube of 1.5 mm I.D., shown in Fig. 
1. As the system is very sensitive to containments, a thorough cleaning 
and drying procedure (with deionised water, methanol, and dry air) is 
carried out before each run, to have good reproducibility. A methanol 
liquid plug of known volume is placed inside the tube at the starting 
(pre-conditioning) adiabatic section (Fig. 1 (b)) and is forced to move 
inside the capillary tube by injecting air at known mass flow rate (25 
mlph), pumped via a syringe pump, as shown in Fig. 1a. The pre-
conditioning section is long enough to ensure that all methanol plugs 
reach the heated section with a terminal velocity (Fig. 1 (b)). A large 
reservoir is connected to the outlet of syringe pump, so as to make the 
volume of mass injection significantly larger than the volume of 
circular tube. This is done so that a known mass flow rate of air can be 
pushed quasi-statically at near constant volume and temperature. 
Besides, all the experiments were done at controlled ambient 
conditions. The set up is very sensitive to any variation of temperature. 
A 0-100 Pa range differential pressure transducer (Huba Control®; 699 
series) is used to get pressure drop across the liquid plugs, while the 
high speed images (captured using Photoron® SA-3) are post-processed 
to estimate the change in plug length and its velocity during its passage 
through the capillary tube. To maintain constant wall temperature, a 
constant temperature water bath (Julabo® - F25) is used. 

  
Fig. 1. (a) Schematic of the experimental setup (b) Zoom-in view of the capillary tube 

highlighting the adiabatic (pre-conditioning) and the diabatic sections. 

(a) (b) 



3 Results and Discussions 

The experiments are carried out for two different boundary conditions 
viz., fully adiabatic and diabatic. For both the cases, the variation of 
pressure, velocity and L/D with time are obtained. 

(a) Adiabatic behaviour for different L/D 

As can be seen from Fig. 2(a), the pressure seems to oscillate 
throughout the movement of the plug through the capillary. These 
oscillations can be attributed to the irregularities/contact line pinning on 
the inner capillary wall. Local pinning of three-phase contact line 
cannot be completely eliminated. It can be clearly observed that the 
pressure is almost independent of the liquid plug length and is due to 
surface forces dominance; this is in accordance with the observations 
made by Srinivasan et al. [4] which highlight the dominance of surface 
tension forces in contributing towards overall friction, as compared to 
viscous wall friction. There is only very minor change in the pressure 
with L/D. This observation is in line with the pressure variation curve 
where there is some amount of lag between each curve towards the end 
of the recording.  

As the plug moves through the capillary tube its velocity 
intermittently varies. As noted earlier, these velocity estimates were 
made with the help of video recordings and their subsequent image 
processing. The velocity plot (Fig. 2(b)) for a good extent, is inline with 
the pressure variation (Fig. 2(a)). As can be seen, the velocity decreases 
just before an irregularity/pinning sets in due to an increase in friction, 
at the same time the pushing pressure increases. 

 
Fig. 2. (a) Pressure variation with time for different length of methanol plug at adiabatic 

condition. (b) Velocity variation under adiabatic condition. The discontinuity in the graph is 
due to strong influence of pinning. 

(b) (a) 



Once, the plug has crossed the irregularity, there is a peak of 
velocity observed and correspondingly a sudden drop of pressure due to 
a sudden decrease in friction. The gap in the velocity plot around the 50 
sec time interval is due to the non-availability of the video recordings 
because of gasket present at the physical joint. Incidently, in this gap 
region, the first major irregularity occurs which can be attributed to the 
roughness of the tube wall, which matches with the first significant rise 
in pressure (~ between 45 sec to 55 sec) on the pressure plot (Fig. 2(a)). 
As also seen in the pressure plot, there is an effect of increasing friction 
on the last peak of velocity where there is a little lag between each 
curve.  

When liquid plugs moves through the capillary tube it can be seen 
that it leaves a thin layer of fluid on the surface, which leads to a 
decrease of length of the methanol cell (see Fig. 4). The classical papers 
of Taylor [5] and Bertherton [2] talk extensively on the thin film 
deposition. A more recent paper by Aussillous and Quere [1] provides 
new data on the quick deposition of fluid on the wall of a tube. Taylors 
formula is used by Bretherton [2] to calculate the thin film thickness 
(Eq. 2) depending of a dynamic Capillary number (Eq. 1), and thus, the 
theoretical decreasing of length shown in Fig. 3. For each L/D this 
decreasing of length seems to match well with the experimental data.  

 
Fig. 3. Change of length with time due to drainage in form of thin film for different initial L/D 

ratios at adiabatic condition 



Capillary number is defined as: 
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Once the Capillary number is known, the thickness of trailing thin film 
is calculated based on Taylor law [5] as: 
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(b) Behaviour of a single liquid plug at different temperatures 
The experiment was carried out with the application of constant 

wall temperature around the capillary tube. Under the effect of imposed 
boundary conditions there are interesting modifications of the pressure 
profile along the channel. The variation of pressure for L/D ratio = 6.7, 
at different wall temperature, is shown in Fig. 4(a). 

The region of the curve corresponding to around 10 sec to 40 sec 
represents the adiabatic region, where there is no heat applied and it can 
be seen that the curves are almost similar. The region where the 
pressure starts to rise (~45 sec), corresponds to the beginning of the 
heated section which also matches with region of first mean 
irregularity. In either cases, for ΔT = 0 (adiabatic case) and T = 55°C, 
two main peaks can be identified. However, the time interval between 
the two peaks is not the same for both cases. Indeed, the time interval 
between the two peaks is approximately 100 sec for the adiabatic case 
and around 40 sec for wall temperature of 55°C. 

 

 
Fig. 4. (a) Gauge pressure vs. time for L/D = 6.7 at different wall temperatures (b) Variation of 

velocity with time for L/D = 6.7 at different wall temperature 
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An important implication of this difference is that the velocity of 

the methanol plug increases as it travels through the heated section. It is 
observed that this increase in velocity is higher, as the wall temperature 
is increased, which is dicernable from the reducing time intervals 
between the pressure peaks. However, it is difficult to identify the 
second peak for higher temperatures of 65°C and 70°C for which the 
plug attains a very large velocity and hence overcomes the irregularities 
in its path, thereby reducing the pinning tendency.  

It is interesting to see the global evolution of velocity with time for 
the liquid plug corresponding to different temperatures. Fig. 4(b) shows 
the variation of velocity with time. At the beginning of the plug motion 
which corresponds to the adiabatic section, the velocity variation is 
same for different temperatures. But as the plug moves into the heater 
section, there is sudden increase in the velocity. Also, as identified in 
the pressure variation plot (Fig. 4(a)), the time interval between 
different velocity peaks for both the adiabatic and T = 55°C cases can 
be identified clearly. Besides, for all the readings corresponding to 
different temperatures, the last point on each curve corresponds to the 
same position in the channel. Thus, the variations of velocity lead to a 
delay at the end of the channel which is nearly 70 sec and 100 sec for 
T = 55°C and T = 70°C respectively.  

For the wall temperature of 70°C, which is above the boiling point 
of methanol (~65°C) the video recording could not be done at the same 
position as at this temperature the creation of bubbles in the liquid plug 
is observed (Fig. 5) because of vigourous nucleate boiling.  

 

 
Fig. 5. Development of nucleation and bubble breakup at wall temperature of 70°C (boiling 

point of methanol at room conditions = 64.7°C) 



The effect of increase of evaporation rate on increase of velocity 
can be clearly seen for higher wall temperature of T = 65°C. The 
velocity behaviour is totally different from lower wall temperatures. In 
fact the velocity does not drop after the irregularity but keeps on 
increasing further. For the wall temperature of 70°C, the beginning of 
the profile seems to be similar to the lower temperature readings, 
however as there is a rapid break-up of the plug so it does not allow the 
analysis to be carried at same location. 

As the liquid plug moves through the heated section, its length 
decreases, the rate of decrease being higher temperatures. This change 
in length is plotted as function of time in Fig. 6. Except for T = 70 °C, 
the experimental values are compared with the values obtained by the 
Taylor's Law [5]. To calculate the values from Taylor's law, thermo-
physical characteristics of methanol were taken at 33°C, 55°C and 
65°C, assuming that the liquid plug temperature reaches these values 
instantly.  

It can be seen that the experimental values match with the Taylor's 
Law values to a reasonable extent. It can be concluded that the decrease 
of plug length is because of evaporation via the film drainage route. In 
other words, evaporation rate from the bulk liquid plug is too small to 
affect the decrease of length of the liquid plug; the evaporation mainly 
occurs in the thin trailing film left behind the liquid plug. However, the 
wall temperature has an indirect significant effect on the reduced plug 
length as it affects the velocity, which in turn, affects the drainage. 

 
Fig. 6. Change in length of liquid plug (initial L/D = 6.7) with time for different wall 

temperatures. 



4 SUMMARY AND CONCLUSIONS 

Experiments were carried out to understand the hydrodynamics of a 
single liquid (methanol) plug inside a horizontal, dry, mini/micro 
circular tube. A single liquid plug of known L/D ratio is pushed from 
rest by controlled injection of air. The drainage of liquid film left 
behind was compared with the model of Aussillous and Quere [1]. It is 
demonstrated that under adiabatic conditions, the experimental data of 
change in length match with the theoretical predictions of Taylor. Also, 
it can be clearly observed that the pressure is almost independent of the 
liquid plug length, due to surface forces dominance which is in 
accordance with the observations made by Srinivasan. et al. [4].  

The experiments imposing a constant wall temperature highlight 
that there is no significant direct effect of the evaporation rate on the 
decreasing of plug length. Indeed the experimental data still match with 
the Taylor’s law which does not take into account evaporation rate. 
However, the velocity of the plug is markedly affected by the wall 
temperature, resulting in significant modification of the drainage rate 
visible in the Taylor’s law. Finally, results show a very important 
indirect influence of the evaporation on the decreasing plug length. 
Thus, this evaporation seems to occur mainly in the drained thin film. 
Future, work involves scrutinizing the current finding and to study the 
effect of heat for different lengths of liquid plug and using different 
liquid. 
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