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ABSTRACT 
In this work, formation water drops as a Newtonian fluid in 

different bulk fluids are investigated. A MATLAB code has been 

developed to process the images taken via a high speed camera 

in the lab to measure the contact angle of drop, as well as the 

drop’s diameter and volume at different stages of formation. It is 

found that the water drop shows similar behavior when they 

shaped in the liquid phase bulk fluid with different properties 

while the drop formation’s behavior is substantially different 

when water drops are formed in the gas bulk fluid. In addition, it 

is tried to predict the frequency of drop formation at different 

flow rates with regard to the inertial and surface tension forces 

applied to the dispread fluid.  

 

INTRODUCTION  
Drop formation has a huge number of applications in 

industry such as in-jet painting, combustion process, spray 

cooling, etc [1-10]. Optimization of these applications as well as 

the hope for designing new ones have been always very 

interesting field for researchers. Earlier studies in this field 

mostly intended to predict the drop volume at different flow rates 

in terms of fluid properties, flow rate, and nozzle geometry [11-

15]. In recent years, new technologies have brought so many 

tools for researchers to observe and analyze the drop formation 

mechanism much better than before. Hauser et al. [16] have 

shown the complexities of drop formation phenomenon. In 

addition, using the photographs, Peregrine et al. [17]  were able 

to conduct several experiments regarding droplet formation such 

as necking, bifurcation of the initial drop, vortex of the fluid due 

to capillary pressure and satellite drops. They, also, worked to 

demonstrate the effects of physical properties and flow rate on 

the satellite drops. Shi et al. [18] conducted experiments, 

revealing an increase in the fluid viscosity, liquid thread length 

would increase. The results also showed that one thread can 
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break down to several other threads. Later, Zhang and Basaran 

[19] examined experimentally the dynamics of drop formation in 

ambient air in low flow rate by an 80 fps camera. In a more recent 

work by Wang et al. [20] using a high speed camera, the 

formation of a drop in low flow rate is studied. They measured 

various drop formation factor, namely contact angle, drop height, 

length of the neck, and wetted diameter however they have 

studied the drop formation in only liquid phase bulk fluid. Since 

the phase of the bulk fluid play a crucial role in the behavior of 

the drop formation, in this work, it is intended to draw a 

comparison between drop formations in existence of different 

Newtonian bulk fluids, namely, toluene, n-hexane and air. Using 

the developed code though MATLAB software, the contact 

angle, drop’s diameter and the frequency of the formation are 

investigated.  

 

NOMENCLATURE 

Symbols Discretion 

Bo Bond number 

𝑑 diameter, m 

𝑑𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦  wetted diameter, m 

𝐹𝐵 buoyancy force, N 

𝐹𝐾 inertial force, N 

𝐹𝜎 Interfacial tension force, N 

𝑔 gravitational acceleration, ms-2 

𝑄 flow rate of the dispersed phase, m3s-1 

T temperature, ˚C 

u dispersed phase velocity,  ms-1 

𝜌𝑑 density of the dispersed phase, kgm-3 

  density difference,  kgm-3 

𝜃 contact angle, deg 
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  surface tension, Nm-1 

We Weber number 

 

 

EXPERIMENTAL METHOD 
A Plexiglas tank with the cross section of 40 × 20 cm2 and the 

height of 60 cm is filled with the bulk fluids. For the first part of 

the experiment air is the bulk fluid, still using the tank help the 

experimental setup to prevent the air flow in the lab environment 

to effect the formation of dispersed water drops. For the second 

and third part of the experiment, the tank is filled with toluene 

and n-hexane, respectively. A high speed camera which is 

capable of capturing 1000 images per second is utilized in this 

setup. A 1000 Watt projector is used for illumination. As shown 

in Fig. 1, the drops were released from a needle attached to a 

buret. Using a DIN 12700 buret, the flow rate of the falling drops 

are controlled and a hypodermic needle with inner and outer 

diameters of 1.8 and 2 mm, is tightly fitted to the end of the buret. 

The flow rate for measuring the contact angle remains constant. 

However the controlled flow rate for measuring drop formation’s 

frequency and diameter changes. Since the drops fall from the 

needle as the result of the hydrostatic pressure of a column of 

fluid in the buret, we can change the level of the column of the 

fluid to produce different flow rate. Also, the temperature of the 

lab during the experiments is tried to be kept constant at 20 

±2°C. 

 
Figure 1. Experimental setup used to apply the air, 
toluene and n-hexane as bulk fluids 

 

The properties of the materials used in the experiments are 

shown in Table 1.  List of the effective force on droplet formation 

which is studied are provided in Table. 2.  

 
Table 1. Properties of fluids used in the tests (at 20 ± 0.5 ˚C). 

 Water Toluene n-Hexane 

𝝈 (mN/m) (in air) 72 28.5 18.4 

𝜸 (mN/m) (in water) – 35.0 51.0 

𝝆 (kg/m3) 998 862 660 

𝝁 (cP) 1 0.62 0.33 

 
 

Table 2. List of equations used for drop formation study. 

Force Equation 

Buoyancy force 𝐹𝐵 = ∆𝜌𝑔𝑉 

Interfacial tension force 𝐹𝜎 = 𝜋𝑑𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦𝜎 

Bond number 
𝐵𝑜 =

𝛥𝜌𝑔𝑑2

𝜎
 

Equivalent diameter 𝐷𝑒𝑞 = √(6 ×  𝑉/𝜋 )3  

 
Weber number 𝑊𝑒 =  𝜌𝑄𝑢/𝜋𝐷𝜎 

 

RESULTS AND DISCUSSION 
To investigate the behavior of water drop, contact angles of 

the drops during formation in different continuous phases of 

Newtonian fluids, i.e. n-hexane, toluene, and air, are recorded. 

Fig. 2 shows the contact angle associated with water drop in air 

during formation. As it is shown in Fig. 3 scattered data is 

observed at the beginning of drop formation for all three kinds 

of bulk fluids which is the result of oscillations during and after 

the bifurcation of previous detached drops. These oscillations 

have significant effect on contact angle and behavior of the drop 

formation. The frequencies of these oscillations at the moment 

of pinch off are very high which make it difficult for the lab 

camera to capture all the details. As it is obvious in Fig. 3, at the 

beginning of drop formation, the contact angle is obtuse which 

120° maximum contact angle is nearly the same for all cases. As 

the drop formation continues, its contact angle reduces very fast 

and changes to acute at middle of drop formation and remains 

roughly constant. Again, at the end of drop formation before 

detachment, the contact angle experiences a sharp increase 

which the angle becomes obtuse and the drop moves toward 

detachment. Water drops in n-hexane and water drops in toluene 

almost show the same behavior, however water drops in air show 

significantly different formation behavior which mainly caused 

by the different phase of bulk fluid. Also, the gravitational force 

and surface tension force are highly effective on duration of the 

drop formation which can be described in the shape of Bo 

number which is the ratio of gravitational force to surface tension 

force.  
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Figure 2. Contact angle associated with the water drop 
formation observed during the experiment. 

The Bo number for water drop in toluene, n-hexane and air are 

0.14, 0.23 and 0.49, respectively. In fact, it is shown that as the 

Bo number increases, the drops have more time to grow, as a 

result, at constant flow rate, the duration of the water drops 

formation in air is more than water drops in toluene and n-

hexane. 

 

 
Figure 3. Results obtained showing the contact angle of 
water drop during the drop formation for water drops in n-
hexane, toluene and air.  

 

In next part of the conducted experiments, the flow rate of the 

dispersed fluid is changed in range of 100 to 300 mL/h. The goal 

of this section is to draw a conclusion between the diameters of 

drops against the flow rate. The diameter of formed drops against 

flow are is shown in Fig. 4. As it is obvious the drops’ diameters 

in all three kind of bulk fluids increase with the flow rate. The 

drop diameter shown in Fig. 4 is the equivalent diameter (𝐸𝐷 =

√𝑣/𝜋 × 63 ). The behavior of the dispersed drops in air is 

significantly different from behavior of the dispersed drops in 

toluene and n-hexane. According to the observed results, at the 

flow rate more than 50 mL/h the water drops in toluene and n-

hexane have more time to grow before detachment. As a result, 

in the time interval between the start of drop formation and drop 

detachment, more fluid can be injected to the drops before 

detachment, leading to increase the drop diameter. This 

observation can be explained due to the fact that the bulk fluid 

viscosity plays a crucial role in the stability of the drops before 

pinch off. At the flow rate higher than 50 mL/h, as the viscosity 

of the bulk fluid increases, the water drops remain more stable 

and provide more time interval for the drops to form.  

Since the drop formation frequency plays a crucial role is several 

industrial application [21], in this section the frequency of the 

formed drop is studied. Chaurasia et al. [15] divided the drop 

formation to two different regime. 

 

 

 
Figure 4. Experimental data for diameter of water drops in 
different bulk fluids against the flow rate. 

 

They showed the variation in the rate of drop formation 

frequency with Weber Number can be interpreted as a simple 

reliable criterion for predicting the transition from the dripping 

to jetting regime. Also, they find a correlation between the drop 

formation frequencies against weber number for three oils at 

different surfactant concentrations. In this work, the flow rates 

are tried to keep low enough to make certain that Weber number 

associated with each case is less than 0.1. Accordingly, the drop 

formation does not enter jetting phase and remains at dripping 

phase during the experiments. As it is shown in Fig. 5, for water 

drops in air (𝑓 ∝ 𝑊𝑒0.5 ) and for water drops in toluene and n-

hexane (𝑓 ∝ 𝑊𝑒0.7) the formation frequency is correlative with 

Weber number. 
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Figure 5. Drop formation frequency as a function of the 
Weber number for dispersion of water drop in air, toluene 
and n-hexane 

 

As the flow rate increases, the frequency of the formation 

increases, as well. In addition, as the viscosity of bulk fluid 

increases, the frequency of water drop formation decreases 

which has agreement with previous studies [22]. From the 

observation, it is obvious that the interaction between the surface 

tension and inertial forces determines the drop formation with a 

very good estimation (R2 ⩾ 0.95), shown in Fig. 5.   

 

CONCLUSIONS 
In this work, using experimental approach, the behavior of 

water drops as dispersed fluid in different bulk fluids namely, air, 

toluene and n-hexane is investigated. It is shown that for the 

contact angle and the drop’s diameter, the drop formation is 

highly dependent on the phase of bulk fluid in which the water 

drops in toluene and n-hexane showed nearly similar behavior 

however showed significant different behavior in air. Also 

investigation of the formation frequency reveals that the drop 

formation frequency is highly function of interaction between 

the surface tension and inertial forces which is explained and 

estimated through Weber number.  

  

ACKNOWLEDGEMENT 
The authors would like to acknowledge Virginia Polytechnic 

Institute and State University and Center for Tire Research’s 

(CenTiRe) financial supports for fundamental research on drop 

formation. 

 

REFERENCES  
 

[1] Hyun, Woo Jin, Bidoky, Fazel Zare, Walker, S Brett, Lewis, 

Jennifer A, Francis, Lorraine F, and Frisbie, C Daniel. "Printed, 

Self‐Aligned Side‐Gate Organic Transistors with a Sub‐5 µm 

Gate–Channel Distance on Imprinted Plastic Substrates." 

Advanced Electronic Materials Vol. 2 No. 12 (2016): pp.  

[2] Nazari, Ashkan, Esmaeeli, Roja , Hashemi, Seyed Reza, 

Aliniagerdroudbari, Haniph, and Farhad, Siamak. "The Effect of 

Temperature on Lithium-Ion Battery Energy Efficiency with 

Graphite/LiFePO4 Electrodes at Different Nominal Capacities." 

Proceedings of the ASME 2018 Power and Energy Conference 

Lake Buena Vista, FL, USA, June 24-28, 2018. 

[3] Nazari, Ashkan, and Farhad, Siamak. "Heat generation in 

lithium-ion batteries with different nominal capacities and 

chemistries." Applied Thermal Engineering Vol. 125 (2017): pp. 

1501-1517.  

[4] Nazari, Ashkan, "Heat Generation in Lithium-ion Batteries." 

Master thesis. University of Akron, 2016. 

[5] Zare Bidoky, Fazel, and Frisbie, C Daniel. "Parasitic 

Capacitance Effect on Dynamic Performance of Aerosol-Jet-

Printed Sub 2 V Poly (3-hexylthiophene) Electrolyte-Gated 

Transistors." ACS applied materials & interfaces Vol. 8 No. 40 

(2016): pp. 27012-27017.  

[6] Baniasadi, Fazel, Bahmannezhad, Behzad, Nikpoor, Nima, 

and Asgari, Sirous. "Thermal stability investigation of expanded 

martensite." Surface and Coatings Technology Vol. 300 No. 

(2016): pp. 87-94.  

[7] Nazari, Ashkan, Chen, Lu, Battaglia, Francine, and Taheri, 

Saied, 2018, "Developing an Advance Tire Hydroplaning Model 

Using Co-Simulation of Fully Coupled FEM and CFD Codes to 

Estimate Cornering Force," Proceedings of the ASME 2018 

International Mechanical Engineering Congress and 

ExpositionPittsburgh, PA, USA. 

[8] Taherzadeh, M, Baghani, M, Baniassadi, M, Abrinia, K, and 

Safdari, M. "Modeling and homogenization of shape memory 

polymer nanocomposites." Composites Part B: Engineering Vol. 

91 (2016): pp. 36-43.  

[9] Karimi, Mahdi, Solati, Navid, Ghasemi, et al."Carbon 

nanotubes part II: a remarkable carrier for drug and gene 

delivery." Expert opinion on drug delivery Vol. 12 No. 7 (2015): 

pp. 1089-1105.  

[10] Malekzad, Hedieh, Mirshekari, Hamed, Sahandi Zangabad, 

Parham, Moosavi Basri, SM, Baniasadi, Fazel, Sharifi Aghdam, 

Maryam, Karimi, Mahdi, and Hamblin, Michael R. "Plant 

protein-based hydrophobic fine and ultrafine carrier particles in 

drug delivery systems." Critical reviews in biotechnology Vol. 

38 No. 1 (2018): pp. 47-67.  

[11] Hayworth, Curtis B, and Treybal, Robert E. "Drop 

formation in two-liquid-phase systems." Industrial & 

Engineering Chemistry Vol. 42 No. 6 (1950): pp. 1174-1181.  

[12] Tirtaatmadja, Viyada, McKinley, Gareth H, and Cooper-

White, Justin J. "Drop formation and breakup of low viscosity 

elastic fluids: Effects of molecular weight and concentration." 

Physics of Fluids Vol. 18 No. 4 (2006): pp. 043101.  

[13] Soleymani, A, Laari, A, and Turunen, I. "Simulation of drop 

formation in a single hole in solvent extraction using the volume-



 5 Copyright © 2018 by ASME 

of-fluid method." Chemical Engineering Research and Design 

Vol. 86 No. 7 (2008): pp. 731-738.  

[14] Utada, AS, Lorenceau, El, Link, DR, Kaplan, PD, Stone, 

HA, and Weitz, DA. "Monodisperse double emulsions generated 

from a microcapillary device." Science Vol. 308 No. 5721 

(2005): pp. 537-541.  

[15] Chaurasia, Ankur S, Josephides, Dimitris N, and Sajjadi, 

Shahriar. "Buoyancy-driven drop generation via microchannel 

revisited." Microfluidics and Nanofluidics Vol. 18 No. 5-6 

(2015): pp. 943-953.  

[16] Hauser, EA, Edgerton, HE, Holt, BM, and Cox Jr, JT. "The 

Application of the High-speed Motion Picture Camera to 

Research on the Surface Tension of Liquids." The Journal of 

Physical Chemistry Vol. 40 No. 8 (1936): pp. 973-988.  

[17] Peregrine, DH, Shoker, G, and Symon, A. "The bifurcation 

of liquid bridges." Journal of Fluid Mechanics Vol. 212 No. 

(1990): pp. 25-39.  

[18] Shi, XD, Brenner, Michael P, and Nagel, Sidney R. "A 

cascade of structure in a drop falling from a faucet." SCIENCE-

NEW YORK THEN WASHINGTON- Vol. 265 No. (1994): pp. 

219-219.  

[19] Zhang, Xiaoguang, and Basaran, Osman A. "An 

experimental study of dynamics of drop formation." Physics of 

Fluids (1994-present) Vol. 7 No. 6 (1995): pp. 1184-1203.  

[20] Wang, Wei, Ngan, Kwun Ho, Gong, Jing, and Angeli, 

Panagiota. "Observations on single drop formation from a 

capillary tube at low flow rates." Colloids and Surfaces A: 

Physicochemical and Engineering Aspects Vol. 334 No. 1 

(2009): pp. 197-202.  

[21] Schmid, Lothar, and Franke, Thomas. "Real-time size 

modulation and synchronization of a microfluidic dropmaker 

with pulsed surface acoustic waves (SAW)." Scientific reports 

Vol. 8 No. 1 (2018): pp. 4541.  

[22] Nazari, Ashkan, Derakhshi, Amin Zadkazemi, Nazari, 

Arash, and Firoozabadi, Bahar. "Drop Formation from a 

Capillary Tube: Comparison of Different Bulk Fluid on 

Newtonian Drops and Formation of Newtonian and Non-

Newtonian Drops in Air Using Image Processing." International 

Journal of Heat and Mass Transfer Vol. 124 (2018): pp. 912-

919. 10.1016/j.ijheatmasstransfer.2018.04.024 

 


