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Abstract. Microreactors are widely applied, especially in heterogeneous reactions limited by mass and or heat transfer. In 

many chemical reactions, microreactors perform well in obtaining a high yield, selectivity, and conversion up to 100%, 

which is not easy to realize using conventional reactors. The excellent performance results from the high stability of the 

two-phase flow, namely slug flow pattern. A comprehensive study of slug flow characteristics inside the microchannel is 

needed to have a good performance. For that reason, the present work focused on the study of slug flow characteristics and 

its stability by using a circular microtube with 0.5, 0.8, and 1 mm inside diameter, and the 2-liquid phase consisted of 

aquades-kerosene and aquades-ethyl acetate with aquades as a dispersed phase and kerosene or ethyl acetate as a continuous 

phase. These liquids represent two liquid mixtures with different physical and chemical properties, significantly influencing 

the formation of 2-phase flow patterns in a microtube. Variables used in the experiment were temperature, channel diameter, 

and volumetric flow rate. Observation results show that the slug flow pattern was found at the ratio of the volumetric flow 

rate of disperse phase to the continuous phase (Qd/Qc) is 1; 1.4; 1.8; and 2.2. The slug flow formed at a flow rate of 70 ml/h 

for both the dispersed phase and the continuous phase (Qd/Qc = 1) had the most stable droplet length and the distance of 

consecutive droplets. Increasing Qd/Qc ratio increases the droplet length formed, and in the range of discharge used, the 

change in inside tube diameter from 0.5 to 1 mm does not change the flow pattern model, but it affects the slug length. 

INTRODUCTION 

A Microreactor is a novel chemical reactor technology that performs excellently in conducting a chemical reaction. 

This technology in many chemical synthesis applications, mainly for heterogeneous systems, has produced high yields 

and reaction conversions of up to 100%. One of the main requirements for heterogeneous reactions to take place 

optimally is the availability of a large contact surface area for mass/heat transfer between phases [1]. On the other 

hand, currently, the existing conventional reactors can only provide a contact surface area (expressed as specific 

surface = A/V) up to 400 m2/m3, far below the specific surface that can be generated by a microreactor which can reach 

40.000 m2/m3 in the range channel diameter of 10 μm – 1 mm. 

Another excellent performance is shown concerning the hazardous and toxic chemicals applications. In industrial 

chemical processes, the product of the chemical reaction that involves small volumes has prevented and avoided the 

risks posed by the use of hazardous and toxic materials in the process. The availability of a substantial specific surface 

in the miniaturization system of a reactor has facilitated a mass/heat transfer process; therefore, the risk of work 

accidents, such as explosions due to heat accumulation in a reactor, can be prevented, even the high reaction selectivity 

which is difficult to achieve with conventional reactors can be realized easily by using this technology. The large 

specific surface in a microreactor has made it very suitable for applications in highly exothermic or endothermic 

processes that are limited by mass and or heat transfer, such as the synthesis of organometal, bioethanol dehydration, 

the synthesis of ethyl methyl oxalate, and many biocatalytic reaction application.     

The performance of a two-phase (liquid-liquid) microreactor is principally determined by the flow pattern 

characteristic and the flow stability formed within a channel. Among the flow patterns type that may develop in a 
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microchannel, slug is the most stable flow; it has a regular velocity, uniform shape, and distribution. In addition, it has 

a large specific surface area (A/V). 

Several factors influenced the formation of flow patterns in a microchannel, including viscosity and density, liquid 

wettability on the inner wall of a channel, contact angle, surface tension, the flow rate of dispersed and continuous 

phases, the inner diameter of the channel, and material of the channel. Previous researchers have studied the effect of 

channel diameter on the flow pattern formed [2][3][4] using PTFE, PMMA, and glass channels [3][4][5]. The effect 

of liquid-liquid flow rate [5][6][7] with the different types of liquid used to represent the effect of different liquid 

viscosity [3][4][5][8]. The droplet length and distance between successive droplets on slug flow have been investigated 

[5]. The studies are still limited to using PTFE, PMMA, and glass tube channel materials and several liquid phases as 

dispersed/continuous phases. Profound observation using various types of liquid, tube diameter, tube material, and 

flow rates will enrich existing research results. Understanding the flow pattern characteristics within a microchannel 

is required to have an optimal result, and it will be a significant consideration in determining the proper microchannel 

design for a liquid-liquid reaction system. Therefore, this study aims to determine the effect of the flow rate of 

dispersed and continuous phases, the diameter of a microtube on the flow pattern, the droplet length, and the distance 

between successive droplets on the slug flow. This study has focused on observing the flow formation within a 

microchannel (without reaction) by using various channel diameters (silicone), which has yet to be done in previous 

studies [2][3][5][9,10].  

EXPERIMENTAL METHODOLOGY 

The experiment was carried out with four variables: the flow rate of the dispersed and continuous phase, the type 

of liquid two-phase pair, temperature, and microchannel diameter. Variables flow rate and liquid used in the 

experiment are shown in Tables 1 and 2 below. 

 

TABLE 1. Aquades-kerosene flow rate 

Liquid Flow Rate (ml/h) 

Aquades 25 35 45 55 70 

Kerosene 25 25 25 25 70 

 

TABLE 2. Aquades-ethyl acetate flow rate 

Liquid Flow Rate (ml/h) 

Aquades 25 35 45 55 70 

Ethyl acetate 25 25 25 25 70 

 
The experiment was performed at various temperatures of 28, 35, 40, 45, and 50 ℃, with 0.5, 0.8 and 1 mm 

channel diameters and 4.5 m long. The channel used in the experiment is tube silicone (circular microchannel). 

Two low discharge syringe pumps delivered the immiscible liquid-liquid two-phase system, Yamamoto Giken 

YG-80 syringe pump that can deliver liquid phase in the range of 0.1 – 99 ml/h, and Infusia SP7s syringe pump that 

works with discharge in the range 0.010 – 999 ml/h. The syringe pumps in this observation perform well in dispensing 

liquids with uniform and stable discharge. The flow pattern was observed with a 12 W LED light and a digital camera 

(Sony A6000, 50 mm f1.8 lens, and macro tube extension) connected to a computer to easily observe the flow formed. 

Two computer programs applied are OBS and GIMP. The OBS program was used to observe the flow patterns, and 

the GIMP was used to measure the dimensions of droplet length and droplet distance. 

The principle of the experiment is to make contact with the two-phase liquid-liquid through a T-junction 

(transparent material) so that the formation of the flow pattern can be observed clearly by using a high-speed digital 

camera. The experimental setup is shown in Fig. 2. 
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TABLE 3. Liquid properties  

Liquid 
Temperature 

(℃) 

Density 

(kg/m3) 
Viscosity (kg/m.s) 

Surface Tension 

(kg/s2) 

Aquades 

28 996.24 0.836 ×10-3 0.02375 

35 993.97 0.723 ×10-3 - 

40 992.25 0.656 ×10-3 - 

45 995.16 0.599 ×10-3 - 

50 988.07 0.549 ×10-3 - 

Kerosene 

28 803.00 2.200 ×10-3 0.02000 

35 797.00 1.950 ×10-3 - 

40 794.00 1.750 ×10-3 - 

45 791.00 1.600 ×10-3 - 

50 787.00 1.500 ×10-3 - 

Ethyl acetate 

28 890.58 0.450 ×10-3 0.07280 

35 881.60 0.415×10-3 - 

40 875.50 0.390 ×10-3 - 

45 869.40 0.370 ×10-3 - 

50 863.20 0.350 ×10-3 - 

 

 
FIGURE 1. Experimental setup [10] 
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(b) 

FIGURE 2. (a) The flow pattern observation scheme, (b) The measuring method of droplet length and droplet distance 
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RESULTS AND DISCUSSION 

Liquid-liquid two-phase flow patterns in microtubes can be classified into slug, droplet, thread, jet, and annular 

flow [9]. From the observations, the slug shows stable flow characteristics with a uniform shape and regular velocity 

within a microchannel. Slug flow is described as a segmented flow of dispersed liquid in the continuous phase. In a 

liquid-liquid system, the continuous-phase wrapped slugs around it. High stability flow characteristic with a large 

surface area contact is a great potential for developing process applications involving mass and or heat transfer, 

especially highly exothermic and endothermic processes.  

Slug formation steps in the liquid-liquid system within a microchannel, i.e., blocking, squeezing, and lag steps, as 

shown in Fig. 3 [7]. In the blocking step, the continuous and dispersed phases meet at the T-junction; then, the 

dispersed phase penetrated the main channel, and the slug head grows to fulfill the cross-section of the tube. The 

squeezing step can be described as the dispersed phase successfully entering the main channel, and the slug tail 

decreases in size due to the inertial forces of the continuous phase. Lag is one of the steps when droplets have been 

formed. 

 

 

 
FIGURE 3. Slug flow formation steps 

(a) Blocking, (b) Squeezing, (c) Lag [7] 

 
Determination of dispersed and continuous phase rates is important to have the slug flow pattern. The trend 

observed, if the ratio of dispersed to continuous rate is much less than one, the two-phase flow pattern formed the 

bubbly flow, and furthermore, if the ratio of dispersed to continuous rate is much higher than one, the annular flow 

would be formed in the channel. From these observations, the slug was formed when the dispersed and continuous 

flow rate ratio attained 1; 1.4; 1.8, and 2.2 (Tables 1 and 2). 

Liquid-Liquid Two-Phase Flow Pattern-Regime Slug Flow 

The slug formation begins at the meeting point of the dispersed and the continuous phase at the T-junction. Fig. 4 

shows the slug flow pattern on a microtube with 0.8 mm inside diameter, tube length (Lt) of 4.5 m with a meander 

channel configuration so that the microtube appeared like to be divided into four rows, with the first channel being 

the closest to the inlet section. 

 

Flow direction 
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       FIGURE 4. Slug flow pattern in Aquades-Kerosene, Qaq = 25 ml/h, Qke = 25 ml/h, Dt = 0,8 mm, T= 28 °C 

 

The wetting property of liquid is a factor that determines the characteristics of the flow pattern formed. Interactions 

between the dispersed and the continuous phase with the inner surface of the tube wall determine the formation of a 

thin liquid film in a narrow space between the droplet and the inner tube wall.  

In some previous works on the two-phase liquid-liquid system [2][6], the thin liquid film appeared in the observed 

system, whereas other studies [3][5][6] cannot detect the appearance of the liquid film within a slug flow pattern. The 

formation of the thin film is shown in the schematic Fig.5 (b). 

 

 

 

 

 
FIGURE 5. (a) Droplet without film, (b) Droplet with film  

 

Experiments using aquades-ethyl acetate formed droplets with a film, whereas in the aquades-kerosene system, 

liquid droplets formed without a film (Fig. 5(a)). Ethyl acetate, as the continuous phase in the first liquid, pairs wetting 

the inner tube wall, while kerosene, in the second liquid, pairs wetting the inner tube walls. The aquades-kerosene 

system could form a thin film but is not observed due to visual limitations. In many cases, particularly those involving 

mass and heat transfer, the film formation is more advantageous than flow patterns without films because the 

appearance of these films increases the interfacial mass/heat transfer rates. “A” is the surface area of the droplet where 

the mass/heat transfer happens, and “V” is the enclosed droplet volume. In a flow pattern without film, the mass/heat 

transfer process occurs in the zone between two droplets, between the heads and tails of successive droplets. However, 

in the flow pattern with film, a mass transfer does not only occur in that zone but also in the thin liquid film. 

Effect of Inner Diameter of Microtube to Liquid-Liquid Flow Pattern 

Two-phase flow patterns in aquades-kerosene and aquades-ethyl acetate with both dispersed and continuous phase 

flow rates of 25 ml/h in different tube diameters are shown in Fig. 6. The left figure is the flow pattern for aquades-

kerosene, and the right one shows the flow pattern for aquades-ethyl acetate. Fig. 6 shows that a constant flow rate 

(25-25 ml/h) at various tube diameters formed the same flow pattern, slug flow. Thus, at a constant flow rate, the 

different tube diameter in this experiment does not affect the flow pattern type but rather the droplet length formed. 

At a specific flow rate, changes in tube diameter can cause changes in the type of flow pattern from slug flow to 

annular flow, mainly if a tube with a smaller diameter is used. From the droplets length measurement, in an aquades-

kerosene system with a constant flow rate of 25-25 ml/h, the average length of droplets formed within a 0.5 mm 

diameter tube is 10.074 mm, tube diameter of 0.8 mm is 4.523 mm, and a tube with a diameter of 1 mm is 3,129 mm. 

At a constant flow rate, the tube diameter gets larger the shorter the droplet length. Further, from the observation, a 

thin liquid film appeared in the narrow space between the slug and the channel wall for aquades-ethyl acetate and 

without film for aquades-kerosene. The appearance of a thin liquid film certainly plays an important role in increasing 

the specific surface that can be generated by two-phase flow for mass/heat transfer processes.   
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Aquades-Kerosene Aquades -Ethyl acetate 

 
(a) Uc-Ud = 25-25 ml/h; D = 0,5 mm 

 
(b) Uc-Ud = 25-25 ml/h; D = 0,5 mm 

 
(c) Uc-Ud = 25-25 ml/h; D = 0,8 mm 

 
(d) Uc-Ud = 25-25 ml/h; D = 0,8 mm 

 
(e) Uc-Ud = 25-25 ml/h; D = 1 mm 

 
(f) Uc-Ud = 25-25 ml/h; D = 1 mm 

FIGURE 6. (a), (c), (e) Flow pattern in aquades-kerosene; (b), (d), (f) Flow pattern in aquades-ethyl acetate 

The Stability of Slug Flow Pattern 

The channel used in this observation was arranged into four rows. Fig. 7-9 shows the droplet profile within the 

microtube. The droplet length and distance were obtained by observing the flow pattern through an observation field 

with a 10 cm-long microtube. A computer program was used to measure the dimension of droplets. 

 
FIGURE 7. Droplet dimension profile in aquades-kerosene Ud-UC = 25-25 ml/h (stable flow) 
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FIGURE 8. Droplet dimension profile in aquades-kerosene Ud-UC = 35-25 ml/h (unstable flow)  
 

Fig. 7 and 9 show a characteristic of stable flow, whereas Fig. 8 indicates an unstable flow pattern. A stable flow 

is defined as the flow with constant linear velocity and it has a regular and uniform shape and dimension of slug length. 

The droplets length and the distance of successive droplets in Fig. 7 and 9 are relatively similar, with a small deviation 

of less than 1 mm in length. On the contrary, Fig. 8 shows the higher deviation of these dimensions. The flow pattern 

in this figure has an unstable flow characteristic. The droplet length changed over time during observation, whereas 

the droplet distance was relatively constant.  

 

 

FIGURE 9. Droplet dimension profile in aquades-ethyl acetate Ud-UC=70-70ml/h (stable flow) 

 
The difference in droplet length, which is quite prominent in the microtube, is difficult to explain. This 

phenomenon may be caused by the pump's performance, which is unstable while pumping the two liquid phases, and 

another one is the coalescence phenomenon, mainly for tubes with huge length dimensions.  

The stability of the slug flow formed in the microfluidic device is a goal that has always been realized. Due to the 

high flow stability in many heterogeneous systems applications, process behavior can be easily predicted and 

controlled. In heterogeneous systems involving mass/heat transfer, this mass/heat transfer process takes place through 

interfaces that appear around the slug, namely at the head, tail, and liquid film between the slug and the channel walls. 
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The Effect of the Linear Velocity Ratio of Dispersed to Continuous Phase (Ud/Uc) to 

Droplet Length (Lb) 

TABLE 4. Effect of Ud/Uc to Lb in aquades-kerosene 

Ud/Uc 
Droplet Length 

1st Channel 2nd Channel 3rd Channel 4th Channel 

1 9.9638 9.8234 10.1681 10.3404 

1.4 24.9872 19.1574 16.9298 16.4766 

1.8 15.1936 15.6255 16.0043 16.3915 

2.2 18.3106 18.1787 17.9872 18.9128 

 

TABLE 5. Effect of Ud/Uc to Lb in aquades-ethyl acetate 

Ud/Uc 
Droplet Length 

1st Channel 2nd Channel 3rd Channel 4th Channel 

1 10.2000 9.7766 9.8170 9.8766 

1.4 11.6957 11.6106 11.5447 12.0000 

1.8 13.5787 12.7511 13.3340 12.8915 

2.2 14.5957 13.5957 14.3617 14.3617 

 

The larger Ud/Uc ratio was obtained by increasing the flow rate of aquades to the same flow rate of continuous 

phase increases in the droplet length dimensions in each microchannel. Table 4 indicates that an increase in two folds 

of the Ud/Uc ratio can increase the droplet length (Lb) by two times. The droplets on each microchannel show this 

tendency. However, the effect of increasing the Ud/Uc ratio differs from the results shown in Table 5, i.e., increasing 

the ratio up to 2 times can only increase 1.5 times the droplet length. 

Bubble Length Follows Garstecky Model 

 
FIGURE 10. The comparison of the experimental droplets length and Garstecky model for  

the aquades-kerosene system, 1 mm inside diameter of the tube 

The droplet length at the inlet section of the main channel has the dimension as shown in Fig. 10 and 11, Each for 

pairs of 2 liquid-liquid phases from aquades-kerosene and aquades-ethyl acetate. Garstecky, in the previous study, had 
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formulated the correlation between the length of droplets (Lb) formed in the T-junction on the various ratio of dispersed 

phase to continuous phase (Qd/Qc) following the equation as below: with Qd = debit of the dispersed phase, Qc = debit 

of the continuous phase, Win = channel diameter in the inlet section of the dispersed phase (aquades), and W = diameter 

of the main channel. 

 

 

FIGURE 11. The comparison of the experimental droplets length and Garstecky model for  

the aquades-ethyl acetate system, 1 mm inside diameter of the tube 

 

When compared, the length of the experimental droplet characteristic is appropriate to the proposed model by 

Garstecky. At the same time, the increase in Qd/Qc will be followed by the increase in the droplet length (Lb) with a 

linear trend. However, the values of Lb experiment and Lb based on this model were different. There are some possible 

factors: i.e., the Garstecky model has yet to consider the type of material channel, the liquid wettability to the inner 

wall of a microchannel, and the physical property such as liquid density and viscosity of the liquid that is used in the 

experiments.  

Dimensionless Numbers 

Capillary number, Reynold number, and Weber number are dimensionless numbers explaining the effect of three 

dominants force in a microchannel system: inertial force, viscous force, and surface tension force. By comparing these 

dimensionless numbers, the influence of dominant force or less dominant will be known in a slug flow formation of a 

liquid-liquid system. The capillary number represents the ratio of the following forces [10,11]: 

 

𝐶𝑎 =
𝑣𝑖𝑠𝑐𝑜𝑢𝑠𝑓𝑜𝑟𝑐𝑒

𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑡𝑒𝑛𝑠𝑖𝑜𝑛𝑓𝑜𝑟𝑐𝑒
 

 

The capillary number in this experiment is 6.68×10-5 – 8.719×10-3 (Ca < 1). The value of capillary number below one 

indicates that surface tension force works more dominant than viscous force.  

Reynold number represents the ratio of inertial forces to viscous force as in the following equation [11]: 

 

𝑅𝑒 =
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒
 

 

Reynold’s number experiment is in the range of 3.2289 – 122.1798 (Re > 1). The value of Reynold’s number higher 

than one indicates that inertial force works more dominant than viscous force.  

Weber number represents the ratio of inertial force to surface tension force as in the following equation [11]: 
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𝑊𝑒 =
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒
 

 

Weber’s number in this experiment is 1.062×10-3 – 1.841×10-1(We < 1). Weber’s number below one indicates that 

surface tension is more dominant than inertial force. Based on the value of Capillary number, Reynold number, and 

Weber number, the influence of these forces on the liquid-liquid system of aquades-kerosene and aquades-ethyl acetate 

has the following order: surface tension force > inertial force > viscous force. The effect of inertial force increases 

with an increasing linear velocity of ρU2 (U = linear velocity of liquid). Specifically, at the higher linear velocity of 

the continuous phase on the constant velocity of the dispersed phase, the slugs that appeared in the channel have a 

smaller dimension, and vice versa at a constant velocity of the continuous phase on a higher velocity of the dispersed 

phase, the slugs in the channel have a longer dimension. If the ratio of the linear velocity of the dispersed to the 

continuous phase continuously increases, the flow pattern formed will transform into an annular type. Further, besides 

inertial forces, an increase in liquid velocity also increased the effect of viscous force on liquid-liquid systems with a 

linear correlation at a specific viscosity, µU/l (µ = viscosity, l = length). Knowing the dominant forces working on 

each phase will make it easier to determine the discharge ratio of the dispersed and continuous phases to produce the 

slug flow pattern of the liquid mixture used.  

CONCLUSION 

The slug flow hydrodynamic was investigated in a circular silicone microchannel with an inside diameter of less 

than 1 mm. The tube diameter in these experiments (0.5, 0.8, 1 mm) did not affect the flow pattern type; it affected 

the droplet length and the distance of successive droplets. The increased channel diameter has brought on the lower 

droplet length. The slug flow pattern formed when the flow velocity ratio of the dispersed to continuous phase (Ud/Uc) 

= 1; 1,4; 1,8; 2,2. The greater value of Ud/Uc has resulted in the length of droplets within the microchannel. The various 

flow velocity used in these experiments consist of Uc = 25; 70 ml/h, Ud = 25; 35; 45; 55; 70 ml/h, entirely formed slug 

flow pattern.  

The higher temperature may influence the droplet lengths and the distances of successive droplets. The temperature 

correlates with the viscosity of the liquid-liquid two-phase flow. Further, the droplet length showed the same trend as 

the length obtained by the Garstecky model. 

The dimensionless numbers consisting of the Capillary Number, Reynold Number, and Weber Number can explain 

the influence of three dominant forces in a microsystem, i.e., surface tension, inertial, and viscous force.  
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