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Abstract of the Dissertation 

Dynamic Wetting, Self-assembly, and Coalescence of 

Droplets in Microchannels. 

by 

Bibin Mathew Jose 

Doctor of Philosophy 

in 

Mechanical Engineering 

Stony Brook University 

2015 

In this thesis, we experimentally examine the evolution of partially wetting drop-

lets in square microchannels, and the dynamic self-assembly and coalescence of droplets 

in a slit microchamber. In confined small-scale flows, variations and irregularities of the 

flow geometry introduce high degree of complexities for predicting and modeling the 

droplet interactions with each other and with walls during the multiphase transport. Con-

struction of robust microgeometries along with precise control of the fluid interfaces 

using microfluidic techniques are used in conjunction with high-speed imaging to study 

the temporal evolution of two-phase flows. Immiscible two-phase flows mainly show two 

types of interactions: (1) the liquid-liquid interface can interact with the solid walls and 

(2) the liquid-liquid interfaces can interact with each other. A variety of wetting transi-

tions are observed when the liquid-liquid interfaces are confined by the solid walls. Some 

of the dynamic wetting transitions in two-phase immiscible flows include dewetting of 

the lubricating film, stick-slip motion of contact line and the possibility of the dewetting 

line to align with the flow direction. We show that natural wetting properties of the fluid 

pair can be a useful parameter to classify the dynamic wetting transitions as well as the 

interfacial morphologies in microchannels. The relevant parameters to control the dynam-
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ic wetting transitions of the two-phase flow are presented with phase diagrams. To study 

the interactions of liquid-liquid interfaces, we examine the dynamic self-assembly of 

droplets in a diverging/converging slit microchamber. Focusing on the limit of dilute 

emulsions, formation and stability of self-assembled structures of droplets in the micro-

chamber is investigated. We demonstrate that hydrodynamic coupling and coalescence of 

droplets in a simple extensional geometry can be controlled by adjusting the injection ca-

pillary number as well as the aspect ratio of the incoming droplet train. 

 



 

 

 iv 

 

 

 

 

 

 

 

 

 

 

 

 

To my parents and my sister. 

 

 

 

 

 

 

 



 

 v 

Contents 

   List of Figures .............................................................................................................. viii 

   List of Tables ............................................................................................................... xvi 

   Acknowledgements .................................................................................................... xvii 

1. Introduction ................................................................................................................... 1	  

1.1. Microfluidics ............................................................................................................ 1	  

1.2. Droplets in microfluidics ......................................................................................... 1	  

1.3. Modeling porous media using microfluidics ........................................................... 4	  

1.4. Microfluidics and fluid mechanics ........................................................................... 5	  

1.5. Wetting: statics and dynamics ................................................................................. 5	  

1.6. Dynamic wetting transitions .................................................................................... 9	  

1.7. Coalescence of droplets ......................................................................................... 10	  

1.8. Two phase flow in microgeometries ...................................................................... 11	  

2. Droplet spreading and the dynamics of contact line................................................ 13	  

2.1. Experimental setup and fluid properties ................................................................ 15	  

2.1.1. Fluid Properties ............................................................................................... 16	  

2.2. Initial dynamics of droplet on glass slide .............................................................. 18	  

2.3. Contact angle and critical velocity ......................................................................... 27	  

2.3.1. On the effect of viscosity of single phase ....................................................... 27	  

2.3.2. On the effect of heat treatment on glass slide ................................................. 29	  

2.3.3. On the combined effect of droplet and external phase ................................... 30	  

2.4. Droplet spreading on nanopatterned surfaces ........................................................ 32	  

2.5. Conclusion ............................................................................................................. 33	  

3. Droplet formation and stability of thin film ............................................................. 35	  

3.1. Scaling law for film thickness in a circular capillary ............................................ 35	  

3.2. Numerical investigation of droplet formation. ....................................................... 37	  

3.3. Experimental setup and the microfluidic platform ................................................ 39	  

3.4. Fluid properties ...................................................................................................... 40	  

3.5. Evolution and stability of thin film ........................................................................ 42	  



Contents 

 vi 

3.6. Modes of droplet formation ................................................................................... 43	  

3.6.1. Dripping regime .............................................................................................. 44	  

3.6.2. Rivulet regime ................................................................................................. 46	  

3.7. Conclusion ............................................................................................................. 49	  

4. Partially wetting droplets in square microchannel .................................................. 50	  

4.1. Dynamic wetting transition .................................................................................... 50	  

4.2. Droplet velocity in square microchannel ............................................................... 54	  

4.3. Wetting effects in square microchannels ............................................................... 57	  

4.4. Corner droplets ....................................................................................................... 59	  

4.5. Conclusion ............................................................................................................. 62	  

5. Arrangement and coalescence of droplets in slit microchannel ............................. 63	  

5.1. Introduction ............................................................................................................ 63	  

5.2. Schematic of microchamber and fluid properties .................................................. 65	  

5.2.1. Fluid properties ............................................................................................... 66	  

5.3. Initial droplet spacing and size. ............................................................................. 67	  

5.4. Phase diagram for droplet arrangements ................................................................ 69	  

5.5. Distance between droplets ..................................................................................... 72	  

5.6. Envelope of droplet stream .................................................................................... 74	  

5.7. Velocity and residence time of droplets ................................................................. 77	  

5.8. Droplet coalescence ............................................................................................... 79	  

5.9. Wetting droplets in stagnation regime. .................................................................. 82	  

5.10. Conclusion ........................................................................................................... 83	  

5.11. Future development ............................................................................................. 85	  

6. Coalescence of droplets in a viscous medium ........................................................... 86	  

6.1. Experimental setup and fluid properties ................................................................ 86	  

6.2. Coalescence of droplets ......................................................................................... 88	  

6.3. Comparison of coalescence with spreading. .......................................................... 89	  

6.4. Conclusion ............................................................................................................. 90	  

7. Conclusion ................................................................................................................... 91	  

7.1. Future Directions ................................................................................................... 92	  



Contents 

 vii 

 

   Bibliography ................................................................................................................. 93	  

   APPENDIX A ............................................................................................................. 110	  

   APPENDIX B ............................................................................................................. 112	  



 

 viii 

List of Tables 
 

Figure 1.1 (a) Microfluidic device: A microfluidic chemostat to study the growth of 

microbial populations [11]. (b) Formation of double emulsion with four different types of 

inner drops [16]. (c) Chaotic advection of droplets moving through a microchannel [24]. 

(d) Free surface microfluidic chip for real time trace vapor detection [46] (e) 

Encapsulation of particles into droplets [21]. (f) Protein crystals obtained inside droplets 

on a microfluidic chip [29]. (g) Sorting droplets using electric field [42]. ......................... 3	  

Figure 1.2 (a) Photograph of microfluidic chip showing the microfluidic network on a 

glass chip mimicking the properties of the native porous media[50]. (b) Images obtained 

during the drainage of wetting phase (shown in dark color) from a non-wetting phase 

(light color) in a microfluidic chip[51]. (c) Steam assisted gravity drainage on a chip. Red 

arrow indicates flow of water into bitumen phase[48]. ...................................................... 4	  

Figure 1.3 Static configurations of a liquid on a solid substrate (a) (i) non-wetting (ii) 

partially non-wetting (iii) partially wetting and (iv) totally wetting. (b) Balance of forces 

for a partially wetting droplet at the contact line. ............................................................... 5	  

Figure 1.4  Dynamic contact angle: (a) Schematic of liquid wedge advancing on a solid 

with a moving contact line. (b) Schematic representation of the velocity dependence on 

contact angle θ showing advancing θA and receding limits θR. .......................................... 6	  

Figure 1.5 Changing morphologies of receding contact line. (a) A sawtooth-like wetting 

line is formed when a solid plate is withdrawn from a liquid [87]. (b) Inclined contact line 

on the rear of the droplet as it runs down a plane. Droplets show different regimes such as 

Oval, Corner, Cusp and Pearl as the velocity increases [88, 89]. ....................................... 9	  

Figure 2.1 Schematics representing early and final stages of droplet spreading. The length 

scale ζ determines the curvature and thus the driving force[141]. ................................... 13	  

Figure 2.2 Schematic of experimental setup. Inset: The capillary tip used for droplet 

deposition (advancing) and droplet retraction (receding). Blue arrow shows the direction 

of fluid flow. ..................................................................................................................... 15	  

Figure 2.3 (a) Superimposed contours of a spreading droplet on glass slide. D0 is the 

initial diameter of the droplet before spreading. (b) Evolution of droplet diameter D on 



   List of Figures 

 

 ix 

the glass slide as a function of time t. (c) Rate of change of spreading diameter dD/dt with 

time t. Fluid pair: G92-5cS. .............................................................................................. 18	  

Figure 2.4 Time series of short-term evolution of spreading diameter with Δt = 2.5 ×10−
3s 

for W-1cS and Δt = 5 ×10−
1s for W-1000cS. Scale bar is 1mm. ....................................... 18	  

Figure 2.5 Long term evolution of spreading diameter. Water droplet in PDMS oils. Scale 

bar is 1 mm. ....................................................................................................................... 19	  

Figure 2.6 (a) Superimposed contours of a retracting droplet on glass slide. D0 is the 

initial diameter of the droplet deposited on glass. (b) Evolution of droplet diameter D on 

the glass slide as a function of time t. (c) Derivative of the spreading diameter dD/dt with 

time t. Fluid pair: W-100cS. ............................................................................................. 19	  

Figure 2.7 Evolution of normalized spreading diameter with varying viscosities of droplet 

phase η1 in an external phase of 5cS PDMS oil. (a) Normalized spreading diameter Dn = 

D/D0 with time t and (b) with non-dimensionalized time tn = t/τ with τ = (ΔρD0
3/γ12)1/2. 

Solid line: Dn = Atn with A = 0.4. (c) Coefficient A is plotted with viscosity ratio χ. Solid 

Line: A = 0.35χ−
0.25. ........................................................................................................... 21	  

Figure 2.8 (a) Evolution of rate of change of normalized spreading diameter Vn with tn for 

varying viscosities of droplet phase η1 in an external phase of 5cS PDMS oil. Solid Line: 

Vn = 0.25tn−1/3. (b) Cross over velocity Vn,cross with viscosity ratio χ. Solid Line: Vn,cross = 

0.12χ−0.3. (c) Cross over time tn,cross with viscosity ratio χ. Solid Line: tn,cross = 3.7χ0.3. .... 22	  

Figure 2.9 Evolution of normalized spreading diameter for droplet phase η1 = 1cS in 

varying viscosities of external phase η2. (a) Normalized spreading diameter Dn = D/D0 

with time t and (b) with non-dimensionalized time tn = t/τ with τ = (ΔρD0
3/γ12)1/2. Solid 

line: Dn = Atn with A = 0.17. (c) Coefficient A is plotted with viscosity ratio χ. Solid Line: 

A = 0.75χ0.55. ..................................................................................................................... 23	  

Figure 2.10 (a) Evolution of rate of change of normalized spreading diameter Vn with tn 

for droplet phase η1 = 1cS in varying viscosities of external phase η2. Solid Line: Vn = 

0.0058tn−1/3 (b) Cross over velocity Vn,cross with viscosity ratio χ. Solid Line: Vn,cross = 

0.4χ0.85 (c) Cross over time tn,cross with viscosity ratio χ. Solid Line: tn,cross = χ-0.85 ........... 23	  

Figure 2.11 (a) Coefficient A with viscosity ratio χ. Solid Lines: A = aχ0.55 where a is a 

function of droplet phase viscosity η1. (b) Cross over velocity Vn,cross with viscosity ratio 



   List of Figures 

 

 x 

χ. Solid Lines: Vn,cross = bχ0.55 (c) Cross over time tn,cross with viscosity ratio χ. Solid Lines: 

tn,cross = cχ0.85. Values of a, b and c is given in Table 2-2. (d) Crossover velocity Vn,cross vs. 

Crossover time tn,cross. Solid Line: Vn,cross = 0.35tn,cross−
1. ................................................... 25	  

Figure 2.12 (a) Curve fitting procedure used on the experimental micrograph to locate the 

contact line and dynamic contact angle. (b) Contact angle θ as a function of contact line 

velocity V. Fluid Pair: W-1cS. Solid Line: θ = (θ0
3 ± ωV)1/3. (c) VC (Black) and VR (Gray) 

as a function of capillary velocity for fluid group WS. Solid line: VC = Cac2.V*2 with Cac2 

= 2.4 × 10−2 and V*2 = γ12/η2, Dash line: VR = 7 × 10−2.  (d) VC as a function of capillary 

velocity for fluid group A. Solid Line (Gray): VC = Cac1.V*1 with Cac1 = 3 × 10−1 and  V*1 

= γ12/η1. ............................................................................................................................. 27	  

Figure 2.13 (a) Comparison of θ vs. V curves for heat-treated and untreated glass. Fluid 

pair: G92-100cS. Orange color filled symbols indicates untreated glass while open 

symbols are for heat-treated glass. (b) Comparison of maximum critical velocity VC for 

treated and untreated glass. ............................................................................................... 29	  

Figure 2.14 (a) Advancing critical velocity VC as a function of viscosity ratio χ for 

varying viscosities of droplet and external phase. VC = dχ with value for d give in Table 

2-2. (b) Advancing critical velocity VC vs. capillary velocity V*. Solid line: VC = Cac.V* 

with Cac = 6.0 × 10−2
  and  V* = γ12/η12. ............................................................................. 30	  

Figure 2.15 Schematic representation of one unit cell (nanocrater) of the nanopatterned 

layer[162]. ......................................................................................................................... 32	  

Figure 2.16 Evolution of spreading diameter in Air and 100cS PDMS oil. D0 is the initial 

diameter before spreading and is kept around 1mm. Each symbol represents a different 

trial. (a) Fluid pair: W-Air (b) Fluid pair: Water-100cS ................................................... 33	  

Figure 3.1 Different droplet configurations with increasing capillary number ................ 35	  

Figure 3.2 Schematic of bubble motion through a circular capillary of radius r initially 

filled with a liquid. A liquid film of thickness δ is formed on the capillary walls. Dotted 

line indicates static meniscus [164]. ................................................................................. 35	  

Figure 3.3 (a) Schematic of the microfluidic platform with droplet formation in dripping 

regime. The experimental micrograph is shown below. α2 = 0.48. Fluid Pair: W-500cS. 

Droplet phase: L1 (Blue), External phase: L2 (Gray). Film thickness is given by δ and the 



   List of Figures 

 

 xi 

droplet diameter by d. (b) Numerical simulation of droplet break-up at the hydrodynamic 

focusing section. ............................................................................................................... 37	  

Figure 3.4 Comparison of experiment with numerical simulation. Droplet size d/h is 

plotted with capillary number Ca. .................................................................................... 37	  

Figure 3.5 Photograph of the experimental setup and the microfluidic platform. ............ 39	  

Figure 3.6 Evolution of film thickness with capillary number. (a) Film thickness 

normalized with the channel width δ/h as a function of capillary number Ca. Solid line: 

δ/h = ΩCa2/3, with a cut-off at δ/h = 0.11 and Ω = 0.11. (b) Droplet size decreases with 

capillary number in the wetting and thin film region where the film thickness is 

negligible, solid line: d/h = 1.1Ca−0.2. (c) Droplet length increases due to the increase of 

film thickness in the thick film region, solid line: d/h = 3.3Ca0.07. ϕ = Q1/Q2. ................... 42	  

Figure 3.7 Dripping regime. (a) Evolution of the multiphase flow linear aspect ratio d/L 

as a function of flow rate ratio ϕ, solid line: d/L = 1.75ϕ. (b) Concentrated regime (d/h > 

1.5), droplet length d/h vs. liquid fraction α2. Solid line: d/h = 1.2α2−1 (c) Droplet spacing 

L/h as a function of flow rate ratio ϕ in the dilute regime (d/h < 1.5), solid line: d/h = 

1.1ϕ−2/3. (d) Droplet length d/h plotted with the flow ratio ϕ for small droplets. Solid line: 

d/h = 1.9ϕ1/3. ....................................................................................................................... 44	  

Figure 3.8 Schematic of droplet formation in the rivulet regime. Droplets are emitted 

from the tip of a wetting tongue extending past the focusing section. α2 = 0.77. Fluid 

Pair: W-500cS. .................................................................................................................. 46	  

Figure 3.9 Rivulet regime. (a) Micrograph showing droplet generation from a rivulet for 

fixed Q1 = 30 µL/min, fluid pair: W-200cS. The spacing between the droplets L remains 

constant while Q2 increases. (b) Evolution of droplet spacing L/h as a function of Q1 for 

fluid pair: W-50cS. Solid line: L/h = aQ1−1/2. (c) Evolution of coefficient a with the 

viscosity ratio χ, solid line: a = bχ 
1/4. (d) Experimental droplet size d/h as a function of 

calculated droplet size d*/h, solid line: d/h =d*/h. Inset: example of rivulet-generated 

droplets .............................................................................................................................. 47	  

Figure 4.1 (a) Evolution of advancing contact angle as a function of velocity for fluid 

pair: W-100cS. Solid Line: θ = (θ0
3 + ωVi)1/3 with ω = 8.2 × 108 and θ0 = 98˚. Dashed 

Line: θ = 180˚. Dash-dot line: Advancing critical velocity Vi = VC at which contact angle 



   List of Figures 

 

 xii 

is expected to reach 180˚. (b) Advancing critical velocity VC as a function of capillary 

velocity V* = γ12/η2 for the fluids in Table 3-1. Solid line: VC = CacV*, with Cac = 2.4 × 

10−2. .................................................................................................................................... 50	  

Figure 4.2 (a) Experimental micrographs depicting the transition from the wetting to the 

non-wetting flow regime, contact lines accented (in blue) for visibility, fluid pair: W-5cS. 

(b) Normalized droplet length d/h vs. rescaled droplet velocity V/VC, solid line: d/h = 

β(V/VC) with β = 14, fluid pair: W-5cS. (d) Evolution of coefficient β with capillary 

velocity V*, solid line: β = ζ V*1/3. (d) Combined wetting phase diagram showing 

normalized droplet length d/h as a function of β(V/VC) for all fluid pairs in Table 3-1. 

Filled symbols: wetting droplets, open symbols: non-wetting droplets. .......................... 52	  

Figure 4.3 Droplet velocity. (a) Schematic of elongated droplet in a square channel. (i) 

Fitted piston. (ii) Leaky piston with contact line. Green shading shows the droplet wetted 

area. (b) Normalized droplet length d/h and capillary number Ca. Open symbols: Non-

wetting droplets. Filled Symbols: Wetting droplets. Solid line: V/J = 1 + (d/(hCa))c. 

Dotted line: V/J =1. ........................................................................................................... 54	  

Figure 4.4 Examples of wetting dynamics. (a) Time-series of growth of dewetting patch 

during droplet motion, Δt = 4×10−
3 s. (b) Micrographs showing influence of Ca for fixed 

d, contact line accented for visibility. (c) Stick and slip motion for V/J = 0.84. (i) Time 

series of wetting-influenced droplet motion, arrows show pinned and relaxing contact 

line, Δt = 4×10−3, fluid pair W-100cS, (ii) Temporal evolution of normalized contact line 

velocity for left VL/V and right wall VR/V and, (iii) superimposed contours of droplet back 

illustrating stick-slip motion, contours corresponding to (i) are accented in red. ............. 57	  

Figure 4.5 Schematic of the corner droplet with an inclined contact line on the rear. The 

dewetting line is shown in blue. Fluid pair: GW92-5cS. .................................................. 59	  

Figure 4.6 Oval, corner, cusp/pearl transition for fluid pair: G92-5cS (a) Changing 

morphology of the dewetting line with increasing velocity. (b) Oval to corner transition. 

Black line: DT/h = 0.7, Red line: V = 2.2  × 10−3 m/s. (c) Phase diagram for the droplet 

transitions. Advancing contact angle (£) and receding contact angle (r) as a function of 

contact line velocity. Red line: Oval to corner transition. Green line: Conner to cusp 

transition at the advancing critical velocity VC. ................................................................ 60	  



   List of Figures 

 

 xiii 

Figure 4.7 Ratio of droplet velocity and the superficial velocity (V/J) as a function of 

superficial velocity J. Solid line: Trend line to guide the eye. ......................................... 61	  

Figure 5.1 Schematic of the microfluidic module with hydrodynamic focusing section, 

inlet square channel, chamber and the outlet channel. ...................................................... 65	  

Figure 5.2 Characteristics of microfluidic emulsions in the inlet square channel. (a) d0/h 

as a function of Ca2α2. Solid line: d0/h = 0.5(Ca2α2)−
0.17. (b) Initial spacing between 

droplets L0 normalized with the droplet diameter d0 as a function of flow ratio ϕ. Solid 

Line: L0/d0 = 0.45ϕ−
1. (c) (i) Schematic of the droplet generation at the focusing section. 

(ii) Formation of satellite droplets and breakage of the capillary thread as the capillary 

number is increased. .......................................................................................................... 67	  

Figure 5.3 Experimental micrographs of the multiple layer droplet formation in the 

microfluidic chamber. (a) Ordered arrangements for the fluid pair G80-20cS. (i) One 

layer (ii) Two layers (iii) Three layers (iv) Six layers (b) Disordered arrangements for the 

fluid pair G92-20cS. (i) Stagnation. Red arrows show stagnant droplets attached to the 

walls (ii) Three to Six layer transition. (iii) Above six layers (iv) Jetting. ....................... 69	  

Figure 5.4 General phase diagram for all fluid pairs. The droplet arrangements shown in 

Figure 5.3 is indicated in the phase diagram. Shaded region: Stagnation of droplets at low 

capillary number. Dotted Line: (1) Ca = 1.4 × 10−
2 (2) L0/d0 = 10. .................................. 70	  

Figure 5.5 (a) Evolution of the distance between two consecutive droplets L(x) in the 

chamber as a function of the x-coordinate for one layer arrangement (very dilute 

emulsion). Fluid pair: G80-20cS. Q2 = 400, Q1 = 2, 4, 10 (top to bottom). (b) Droplet 

spacing L normalized by the initial spacing L0 as a function of dimensionless position x/h. 

(c) Evolution of the normalized minimum distance LM/d0 between the droplets as a 

function of the droplet train aspect ratio L0/d0 in the inlet channel for all the fluid pairs. 

LM/d0 = ω(L0/d0)1.6 with ω = 5 × 10−3. ................................................................................ 72	  

Figure 5.6 (a) Experimental micrograph is superimposed with the contour of the droplet 

envelope generated from the composite image. (b) Shows the calculation of amplitude A2 

associated with 2 rows of hexagonal close packing of spheres between two plates. (c) 

Spatial evolution of the envelope amplitude A/w for fluid pair G80-20cS and fixed Q2 = 

400 µL/min with Q1 = 180, 160, 140, 120, 100, 80, 40, 30, 13 µL/min (from top to 

bottom) (d) Maximum amplitude normalized with the diameter in the chamber Amax/d as a 



   List of Figures 

 

 xiv 

function of normalized initial spacing in the inlet L0/d0. Fluid Pair: G80-20cS. Q2 = 200 

µL/min with varying Q1. ................................................................................................... 74	  

Figure 5.7 (a) Examples of droplet arrangements: (i) hexagonal close packing (ii) 

centered rectangular packing (iii) hexagonal dilute packing (iv) random close packing (b) 

Evolution of normalized maximum amplitude Amax/w as a function of flow ratio ϕ with 

equivalent width ε of a continuous stream in the chamber for all the fluid pairs. Dotted 

line: Amax/w = 0.05. ........................................................................................................... 75	  

Figure 5.8 (a) Temporal evolution of trajectories of six successive droplets in a six-layer 

arrangement. Fluid Pair: G80-20cS. (i) Separation point for trajectories between upper 

and lower branch, (ii) Separation point for three droplets in upper branch, (iii) Separation 

point for two droplets at the edge of the upper branch. (b) Evolution of droplet velocity V 

normalized by inlet velocity V0 as a function of normalized spatial coordinate in the 

x−direction x/wL with model velocity, single layer velocity (Fluid pair: G80-20cS, flow 

rates Q1 = 6, Q2 = 200 µL/min) and multilayer velocities corresponding to each colored 

trajectories in (a). (c) Measured residence time τR,exp versus theoretical residence time 

τR,theo. Solid Line: τR,exp = τR,theo. ....................................................................................... 77	  

Figure 5.9 Onset of coalescence in the microfluidic chamber. From top to bottom: Time 

series of successive droplet coalescences for one row arrangement (n = 1). Fluid Pair: 

G80-5cS. (a) Low capillary number Ca ≈ 1.5 × 10−2, Δt = 48 ms. (b) Moderate capillary 

number Ca ≈ 3 × 10−2, Δt = 9 ms. Arrow shows next droplet coalescence and buckling of 

droplet chain. (c) Diagram of first coalescence observed as L0/d0 is progressively 

decreased for all fluid pairs. Solid Line: L0/d0 = 4.8Ca−0.32. (d) Comparison between 

measured draining time τD and calculated viscous capillary time scale τcap. Solid Line: τD 

= 103τcap. ........................................................................................................................... 79	  

Figure 5.10 Examples of droplet rearrangement processes due to coalescence. Fluid pair: 

G80-20cS. (a) Coalescence cascade in a two row arrangement (n = 2), Q1 = 25, Q2 = 400 

µL/min. (b) Droplet merging in a three-row arrangement (n = 3), Q1 = 50, Q2 = 400 

µL/min. (c) Coalescence avalanche in a six row arrangement (n = 6) Q1 = 41, Q2 = 200 

µL/min. ............................................................................................................................. 81	  



   List of Figures 

 

 xv 

Figure 5.11 (a) Experimental micrograph of wetting droplet in stagnation regime, Q1 = 3, 

Q2 = 60 µL/min. (b) Local capillary number Ca(x) as a function of the x-coordinate. 

Dotted Green line: Ca(x) = 1.5 × 10−3.  Shaded Region represents wetting droplets in the 

stagnation regime. ............................................................................................................. 82	  

Figure 5.12 Numerical simulation of droplet arrangement for L0/d0 = 6 (a) Numerical 

model predicting the three layered arrangement in diverging-converging chamber (b) 

Droplet arrangement for different channel geometries. Image courtesy: Danny Raj and 

Raghunathan Rengaswamy, IIT Madras, India [207]. ...................................................... 85	  

Figure 6.1 (a) Schematic of the cuvette where droplets coalesce. Droplet phase: Blue; 

External phase: Gray. (b) Time series of experimental micrographs of two droplets 

coalescing. Δt = 2 × 10-2s. Fluid Pair: W-10000cS ........................................................... 86	  

Figure 6.2	   (a) Superimposed contours of the droplets to show the evolution of the 

liquid bridge D in time. Fluid pair: W-10000cS. (b) Diameter of the liquid bridge D vs. 

time t. (c) Diameter D/D0 vs. time t/τ on a master curve after rescaling with the 

coefficient B. Solid Line: (D/D0)2/3 = (t/τ)ln(D/D0). (d) Coefficient B as a function of 

viscosity ratio χ for droplets of varying viscosities η1. Solid line: B = eχ2/3 with e = 9.0 

(grey), e = 1.2 (green), e = 2.6 ×10−
1 (blue) and e = 9 ×10−

2 (red). ................................... 88	  

Figure 6.3	   (a) Comparison of coalescence and spreading Fluid Pair: W-1000cS. (b) 

Coefficient for spreading A (open symbols) and coalescence B (filled symbols) is plotted 

together as a function of viscosity ratio χ. The bar represents a magnitude of 20. (c) Ratio 

of coefficients B/A vs. viscosity ratio χ. Dotted Line: B/A = 20. ...................................... 89	  

 



 

 xvi 

List of Tables 

 
Table 2-1 Fluid pairs, properties and codes used in the experiment. θAm = θ(V) is the 

measured advancing contact angle at velocity V = 10µm/s. * G92 means the liquid is 

made of 92% glycerol and 8% water by volume. PDMS oils are labeled based on the 

kinematic viscosity. Fluid pairs are labeled as a combination of droplet phase and the 

external phase. Droplet phase is denoted first followed by the external phase separated by 

a hyphen. For example the fluid pair G92-100cS means droplet phase is G92 and PDMS 

oil of ν = 100cS is the external phase. Symbol for each fluid pair is chosen based on the 

external phase while the color of the symbol is chosen based on the droplet phase: W 

(black), G80 (green), G92 (blue), G99 (red). † Spreading experiments in air (A) were 

performed on untreated glass. ........................................................................................... 17	  

Table 2-2 Non-dimensional curve fitting parameters for Figure 2.11(a-c) and Figure 

2.14(a). .............................................................................................................................. 25	  

Table 2-3 Table of properties of the patterned and smooth surfaces. Each glass slide 

baked in the oven has a smooth side as well as a nanopatterned side. The code for the 

samples is denoted by S1 − Sample 1, S2 – Sample 2, Pt – Patterned and Sm – smooth. 

Static contact angle θE is given in degrees. ....................................................................... 32	  

Table 3-1 Properties of the fluid pairs water and silicone oils, where γ12 (±1 mN/m) is the 

interfacial tension, χ = η1/η2 is the viscosity ratio, and θAm = θ (V) is the measured 

dynamic advancing contact angle for the velocity V = 250 µm/s. .................................... 40	  

Table 4-1 Fitting parameters for equation (4.2) ................................................................ 55	  

Table 5-1 Properties of fluids. γ12 is the interfacial tension and the viscosity ratio is given 

by χ = η1/η2. ..................................................................................................................... 66	  

Table 6-1	   Properties of fluids used in the experiment and their symbols. G80 denotes 

80% Glycerol by volume and W denotes Water. For example the fluid pair G80-1000cS 

indicates droplet phase is G80 and the external phase is ν2 = 1000cS PDMS oil. Symbols 

are color-coded based on the droplet phase, Black: Water, Green: G80, Blue: G92, Red: 

G99.   ....................................................................................................................... 87	  



 

 xvii 

Acknowledgments 
 

 

 

During the past five years in Stony Brook, I had the opportunity to meet and work 

with many interesting human beings. First and foremost, I express my sincere gratitude to 

my advisor, Professor Thomas Cubaud for his support, encouragement, and guidance dur-

ing the course of my PhD program. Furthermore, I thank Stony Brook University for 

providing me this opportunity. This work is supported by the grants from national science 

foundation and I acknowledge their continuing financial support for our research. I also 

acknowledge the members of my dissertation committee for their suggestions and the 

careful reading of manuscript. 

 

My family has been the biggest source of emotional comfort and I thank my par-

ents and my sister for their love and kindness. Again, I want to thank my friends Vishnu 

and Mark for their company. Lastly, but not the least, I thank Riya for the interesting 

conversations. 

 

The author hereby certifies that the use of any copyrighted material in the manu-

script beyond brief excerpts is with the permission of the copyright owner, and will save 

and hold harmless University Microfilms from any damage that may arise from such 

copyright violations. 

 

 



 

 1 

1.   Introduction 
 

 

 

1.1.  Microfluidics 
Microfluidics is a technology used to process and handle small volumes of fluids 

by manipulating flow at micrometric scale [1]. Microfluidic technology offers the poten-

tial to miniaturize and optimize complex laboratory procedures as well as the 

development of low cost practical devices [2]. The advantages include the ability to work 

with smaller reagent volumes, shorter reaction times, and the possibility of parallel opera-

tion [3]. Microfluidics also promises enormous potential for the advancement of chemical 

or biological research [4, 5]. Some of the applications of microfluidics in biotechnology 

include the development of point-of-care diagnostic devices, genomics, sequencing and 

high-throughput screening [6]. Although microfluidics is used to design and conduct 

complex biological and chemical experiments, the lack of high levels of integration re-

mains a major challenge [7-9]. Some of the bold attempts of integration include using a 

microfluidic network with valves and chambers to mimic the functionalities of an inte-

grated chip [10] and the use of a microchemostat for the long term monitoring of bacteria 

[11]. Nevertheless, microfluidic platforms can be used to test the well-established theo-

ries in fluid mechanics and also to uncover new phenomena at microscopic level [12, 13]. 

1.2.  Droplets in microfluidics 
In microfluidic platforms, droplets are a convenient way to transport liquids and 

particles in a controlled manner [14]. The main advantage of droplet microfluidics is the 

ability to generate monodisperse droplets with very high degree of precision. Monodis-

persity of the microfluidic droplets can be exploited to synthesize materials with tailored 

structural properties with narrow size distribution [15-18]. Typically, droplet volumes 

vary from 10-10 to 10-5 L with very low consumption of reagents [19]. In droplet microflu-

idics, droplets used to compartmentalize chemical reactions and apply to a large number 
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of experiments where each droplet contains the reagents necessary for the particular reac-

tion [20]. Such techniques are extended to encapsulate cells or living organisms where 

the local environment inside droplet can be modified and controlled efficiently [21, 22]. 

Indeed, droplets can also be used to mix two components. At small scale, mixing across 

laminar streams happen purely by diffusion [23] and chaotic advection inside droplets 

can be effectively employed to reduce mixing times [24]. Often fusion of droplets is also 

used for precise mixing of the components [25-28]. Recently, Zeng et al. [29] have 

demonstrated that small volume of droplets can be effectively used for screening hun-

dreds of protein crystallization conditions. One of the most promising applications of 

droplet microfluidics is the RainDrop™ Digital PCR System by Raindance Technologies 

[30].  

 

In typical droplets microfluidic platforms, residence times vary between seconds 

to minutes that might not be suitable for many lengthy experiments such as incubation of 

cells and in vitro expression of proteins [31-33]. For increased residence time, methods 

have been developed for the passive storage of droplets in a continuous stream [34, 35]. 

Droplet sorting is also widely employed in microfluidic devices to separate droplets en-

capsulated with ‘species of interest’ from the rest [31, 36-38]. Some of the detection and 

sorting techniques integrated into the microfluidic chips include the use of surface acous-

tic waves [39], temperature control [40, 41], and electric field [42]. There have been a 

multitude of applications that utilize the high surface to volume ratios of two-phase flow 

to enhance heat and mass transfer across liquid interfaces [43, 44]. Since droplet based 

microfluidics relies mainly on the control of fluid interfaces, stability of fluid interfaces 

and their interactions with solid walls are of great importance. Usually this is achieved by 

the addition of surfactants which facilitate the stability of interfaces by lowering interfa-

cial tension [45]. 
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Figure 1.1 (a) Microfluidic device: A microfluidic chemostat to study the growth of 
microbial populations [11]. (b) Formation of double emulsion with four different types of 
inner drops [16]. (c) Chaotic advection of droplets moving through a microchannel [24]. 
(d) Free surface microfluidic chip for real time trace vapor detection [46] (e) 
Encapsulation of particles into droplets [21]. (f) Protein crystals obtained inside droplets 
on a microfluidic chip [29]. (g) Sorting droplets using electric field [42]. 



   Introduction 

 

 4 

1.3.  Modeling porous media using microfluidics 
Understanding immiscible flow through highly opaque porous media is a chal-

lenging problem due to the lack of direct visualization of the fluid flow [47]. A major 

advantage of microfluidic micro-models include the possibility to directly examine flow 

through fluidic networks [48]. Several studies have employed microfluidic chips to study 

different physical models of porous media for energy applications [49], carbon sequestra-

tion in saline aquifers [50], and conventional oil recovery[51]. Typical porous medium 

consists of a complex solid matrix composed of a random network of interconnected 

pores through which fluid can flow [52]. A modeling strategy consists of approximating 

the pore geometry within two parallel plates and examining Hele-Shaw flows [53]. The 

connecting throats between the pores can be modeled with polygonal capillaries while the 

pores can be modeled using a two-dimensional slit-type microchannel. In such microflu-

idic models, drainage [54] and imbibition [55] process during fluid displacement in 

porous media, can be examined in detail and correlations can be made between fluid flow 

and wetting properties [56]. 

 
Figure 1.2 (a) Photograph of microfluidic chip showing the microfluidic network on a 
glass chip mimicking the properties of the native porous media [50]. (b) Images obtained 
during the drainage of wetting phase (shown in dark color) from a non-wetting phase 
(light color) in a microfluidic chip [51]. (c) Steam assisted gravity drainage on a chip. 
Red arrow indicates flow of water into bitumen phase [48]. 
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1.4.  Microfluidics and fluid mechanics 
Microscale multiphase flows in basic plane and compact geometries have recently 

been examined using microfluidic devices [57-65] especially for droplet flows [66]. From 

the perspective of fluid dynamics, the most important characteristic of microfluidics is 

the laminar flow given by low Reynolds number. The Reynolds number Re for a flow is 

given by the ratio of inertial to viscous forces. With low Reynolds number Re, fluid 

transport in micron-sized channels is dominated by viscous dissipation and the effects of 

inertia are weak [67]. Given the significance of viscous forces, precise handling of highly 

viscous fluids can be even more challenging. Another aspect of micro flows is the signif-

icance of surface phenomena such as wetting due to the prominence of surface forces at 

micro scale [68]. Applications have been developed to exploit this large surface to vol-

ume ratio for the detection of airborne molecules [46]. In short, control of the fluid flow 

at micro scale opens new avenues and requires a detailed understanding of the interaction 

between surface forces.  

1.5.  Wetting: statics and dynamics 

 
Figure 1.3 Static configurations of a liquid on a solid substrate (a) (i) non-wetting (ii) 
partially non-wetting (iii) partially wetting and (iv) totally wetting. (b) Balance of forces 
for a partially wetting droplet at the contact line. 
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Wetting properties of solids are essentially determined by the static contact angle 

θE made by the fluid interface at equilibrium [69-71]. A liquid droplet deposited on a flat 

solid surface shows three different equilibrium regimes as (i) non-wetting, (ii-iii) partial 

wetting, and (iv) total wetting. In the non-wetting regime (θE = π), the deposited droplet 

is spherical with negligible contact area [Figure 1.3(a)i]. For total wetting (θE = 0), the 

liquid completely spreads on the surface leading to the formation of a thin film [Figure 

1.3(a)iv]. In contrast, the liquid does not fully spread in the partial wetting regime result-

ing in a contact line. Two configurations can be found in the partial wetting regime 

namely “partially non-wetting or hydrophobic” (θE > π/2) and “partially wetting or hy-

drophilic” (θE < π/2). Balancing the forces in equilibrium on a rigid solid surface at the 

contact line gives the static contact angle θE [Figure 1.3(b)]. The relation describing the 

static contact angle is commonly known as Young’s relation [72]. 

 

 γ cos θE = γSG  −  γSL (1.1) 
 

where γ is the is the interfacial tension between the liquid and gas, γSG is the interfacial 

tension between solid and gas and γSL is the interfacial tension between solid and liquid. 

 

 
Figure 1.4  Dynamic contact angle: (a) Schematic of liquid wedge advancing on a solid 
with a moving contact line. (b) Schematic representation of the velocity dependence on 
contact angle θ showing advancing θA and receding limits θR. 
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For a moving contact line, the dynamic contact angle θ is different from the static 

contact angle θE [Figure 1.3(c)] [73]. To develop an expression for the dynamic contact 

angle θ as a function of velocity, Cox and Voinov considered the two-dimensional mo-

tion of a liquid wedge advancing on a solid [Figure 1.4(a)] where the profile of liquid 

wedge is given by [74, 75], 

 

 h = h(x). (1.2) 
 

For low Reynolds number Re, spreading of a viscous fluid forms a dynamic angle θ at the 

solid boundary. Making use of lubrication approximation, the liquid wedge can be treated 

as a nearly flat film, with a quadratic velocity profile is given by [70] 

 

 v = vx (z) =
3U
2h2

z 2h − z( )  (1.3) 

 

where U is average velocity in the wedge U = 1
h
vx (z)dz

0

h

∫ . 

Since Re « 1, the convective terms in the Navier Stokes equation can be neglected 

and the fluid motion is described by Stokes equation [74, 75] 

 

 ∇p =η∇2v ,   ∇.v = 0  (1.4) 

 where p is the pressure and v is velocity. Again, for length scales smaller than capillary 

length scale, gravity effects can be neglected and the pressure is expressed in terms of 

curvature κ according to Young-Laplace law [76, 77], 

 

 p = γκ = −γ ∂2h
∂x2 .

  (1.5) 

 

In the hydrodynamic model, viscous contribution is calculated by considering on-

ly the viscous dissipation of the contact line and is given by [77], 
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 η∇2v =η
∂2vx (z)
∂z2

= −3ηU
h2 .

 (1.6) 

 

Substituting (1.5) and (1.6) into (1.4) [77] 

 

 
∂3h
∂x3

= 3ηU
γ h2

 (1.7) 

 

After integration, an expression for the dynamic contact angle is given by [74, 75, 78] 

 

 θ 3 =θE
3 + 9ηU

γ
ln

h
hm

⎛

⎝⎜
⎞

⎠⎟
for θ < 3π

4
.
 (1.8) 

 

If the cut-off scale hm goes to zero, the term ln(h/hm) would diverge [79]. This 

singularity at the contact line is removed by defining a microscopic cut-off length hm 

above which it is possible to use the hydrodynamic description of the fluid. A detailed 

analysis of the integration of equation (1.7) is given by Cox and Voinov [74, 75]. Finally, 

an expression for the dynamic contact angle θ is obtained as a function of contact line 

velocity U [80]. In Eqn. (1.8), U is chosen as the absolute value of the velocity and the 

sign changes for the receding branch of the equation [81].  

 

Most real surfaces are hysteretic and the static contact angle can adopt any inter-

mediate value θE between the advancing and the receding limits given by θA ≥ θΕ ≥ θR 

[82, 83]. When the wetting line is made to advance, θ becomes greater than θA, and when 

the contact line is made to recede θ becomes less than θR [84, 85]. The contact angle hys-

teresis is usually attributed to surface heterogeneities causing the system to adopt 

different metastable configurations [86]. Now, consider two immiscible liquids L1 and L2 

in contact with a solid surface, where L1 is displacing L2. The immiscible displacement 

of two liquids is described by advancing of L1 and receding of L2. Although the validity 
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of the Eqn. (1.8) is limited to θ < 3π/4, the relationship of contact angle and contact line 

speed still holds for the entire range of 0 ~ π upon interchanging the role of liquids, i.e. U 

= −U and θ = (π – θ)  [74]. 

1.6.  Dynamic wetting transitions 

 
Figure 1.5 Changing morphologies of receding contact line. (a) A sawtooth-like wetting 
line is formed when a solid plate is withdrawn from a liquid [87]. (b) Inclined contact line 
on the rear of the droplet as it runs down a plane. Droplets show different regimes such as 
Oval, Corner, Cusp and Pearl as the velocity increases [88, 89]. 
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An intriguing phenomenon on approaching limiting values for velocities is the 

possibility of contact lines to align with the flow direction. Since the dynamic contact an-

gle varies between 0˚ and 180˚, we obtain two limiting velocities as VR and VC [Figure 

1.5(b)]. Advancing critical velocity VC represents the maximum velocity with which the 

contact line can advance as θ →180˚. Similarly, the maximum dewetting velocity VR rep-

resents the maximum velocity with which a liquid can recede from a solid as θ → 0. 

Forcing velocities larger than the advancing and receding limits on the contact line would 

result in a variety of wetting transitions [80, 90-93]. For example, in the case of a solid 

withdrawing from a liquid with a velocity U > VR, the dewetting line inclines at an angle 

φ reducing the velocity component normal to the contact line so that U sin(φ) < VR [94]. 

With sawtooth-like configuration contact line aligns with flow direction [Figure 1.5(a)] 

ensuring the component of velocity normal to the contact line U sin(φ) do not exceed 

maximum dewetting velocity VR [94]. This was first demonstrated by Blake and Ruschak 

[95] when a solid plate is withdrawn from a liquid with U > VR. A similar transition oc-

curs when a droplet runs down an inclined plane [Figure 1.5(b)] where the receding 

contact line on the rear of droplet adopts different shapes such as oval, corner, cusp and 

pearl depending on the velocity [88, 89]. These transitions result from the minimization 

of the normal component of dewetting velocity. 

1.7.  Coalescence of droplets 
Drop coalescence occur at many different contexts such as emulsion stability[96, 

97], sintering process[98], food production [99, 100] and multiphase flows [101]. Coales-

cence is the process by which two droplets come together and merge by the action of 

capillary forces. Coalescence between two liquid drops starts by the thinning and break-

age of the thin film between the drops establishing a liquid bridge and its subsequent 

growth by displacing the outer fluid as it evolves. The most common approach to bring 

together coalescing droplets is to control the flow of the carrier fluid [102, 103]. Often, 

one instance of coalescence is followed by an avalanche as a result of locally induced ex-

tensional flow [103, 104]. Recent studies using microfluidic chips to study coalescence 

have demonstrated that coalescence of droplets happens as they separate rather than dur-

ing collision [103, 105, 106]. Other experimental investigations of coalescence involves 
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usage of high-speed photography in different configurations such as coalescing pendent 

and sessile droplets [107] and by merging of two droplets on a flat surface [108, 109]. 

 

Theoretical studies and simulations have shown that evolution of liquid bridge has 

two regimes namely a viscous regime [110] followed by an inviscid regime [111]. This 

regime characterization is based on a viscous length scale given by lv = η/γρ. Scaling 

laws show that the radius of liquid bridge grows as rb ~ t1/2 in inviscid regime while it 

grows at lower rate rb ~ tln(t) in viscous regime. For typical fluids like water (lv = 140Å) 

and mercury (lv = 4Å) these length scales are too small to observe the viscous regime 

[112]. The existence of viscous regime has been experimentally confirmed by decreasing 

the surface tension by orders of magnitude using a colloid polymer mixture [113] and al-

so by coalescing oil droplets in a carrier fluid [114, 115]. The inviscid scaling law for the 

inertial regime was verified by Wu et al. [116]. 

1.8.  Two phase flow in microgeometries 
Understanding the hydrodynamics of simple two-phase flows is fundamental to 

engineer multiphase flows in more complex microchannel networks. Such flows can be 

found in multifunctional microfluidic devices, ground water hydrology [117, 118], oil 

recovery [119-122], water-oil filtration [123-125], and fuel cells [126]. Typically, two-

phase flow in microchannels is generated by focusing a droplet phase in a stream of ex-

ternal phase[127]. Droplets are produced periodically in microchannels by the pinching 

action of external phase on droplet phase [128]. Unlike droplet pinch-off in the context of 

free surface flows where inertial forces are non-negligible [129], droplet formation in mi-

cro-channel involves the interplay between surface tension and viscosity [58]. In these 

conditions, key non-dimensional number to quantify the visco-capillary balance is  the 

capillary number Ca given by [70], 

 Ca = Viscous force
Capillary force

= ηU
γ

 (1.9) 

Usually, the viscosity η in the capillary number is taken to be the largest of the viscosities 

between two phases. Although this is the normal practice, the viscous effect has to be 

quantified as a combination of the two viscosities when two phases of comparable viscos-
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ities are used. After formation, droplets transverse through the microchannel lubricated 

by external phase. Often this lubricating thin film breaks down resulting in a three phase 

contact line highly altering flow morphology. 

 

In general, the flow combination of two immiscible fluids in microgeometries in-

troduces three different types of interactions which can be classified as (a) Either of the 

phases totally wet the microgeometry (total wetting) while the second phase is always 

lubricated (b) The fluid-fluid interface can form a contact line on the solid (partial wet-

ting) and (c) The fluid-fluid interfaces can come together and merge (coalescence). 

Although these interactions are straightforward, the confinement of capillary surfaces 

leads to non-trivial influence on flow dynamics. Added to the complexity are the hyster-

etic nature [130] and effect of viscosity on the contact line motion [131], the possibility 

of wetting lines to align with the flow direction to form saw-teeth like shapes [88], ma-

rangorni effects caused by surfactant [45] and dewetting of thin films on surface 

heterogeneities [132]. The aim of this thesis is to explore these interactions in detail un-

der different flow conditions and microgeometries in forced micro flows. Specially, we 

investigate the influence of the viscosity of the two immiscible phases on droplet dynam-

ics and coalescence in microchannels. To further our current understanding of confined 

multiphase flows, we make use of microfluidics and present a comprehensive study on 

the individual as well as the collective behavior of droplets in microchannels. 
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2.   Droplet spreading and the dynamics of contact 

line. 
 

 

 

Spreading of liquid droplets on solid surfaces are of key importance in many appli-

cations and can be observed in many instances such as oil recovery [133, 134], deposition 

of pesticides on plant leaves [135], drainage of water from highways [136] and inkjet 

printing [137-139]. Most of the experimental studies on droplet spreading are conducted 

in air neglecting the viscous contributions of external phase. These studies have shown 

that droplet spreading is governed by different physical mechanisms at various timescales 

[140]. The inertia-capillary balance (inertial regime) dominates the initial dynamics and 

the later stage of spreading (viscous regime) is the result of visco-capillary balance. 

While the earlier works have studied the influence of wettability on the time dynamics of 

the droplet spreading [141, 142], we focus on the viscous contributions in droplet spread-

ing. We show that viscous contributions cannot be neglected in the inertial regime when 

the spreading happens in an external phase. 

 
Figure 2.1 Schematics representing early and final stages of droplet spreading. The length 
scale ζ determines the curvature and thus the driving force[141]. 
 

During the initial stages of spreading, the system is far from equilibrium and the 

point at which droplet makes initial contact with solid represents a singularity. After the 

initial contact, the spreading diameter grows minimizing the total energy of the system 

until reaching a minimal energy equilibrium state. During the early times, dynamics of 

droplet spreading is dominated by inertia and driven by the curvature ζ in the narrow gap 
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between drop and solid substrate. In these studies, the kinetic energy is balanced by the 

interfacial stress ρ(dr/dt)2 ~ γR/r2 assuming that curvature ζ scales as ζ ~ R/r2 [143, 144]. 

Here, r is the spreading radius, γ is the interfacial tension and R is the initial drop radius. 

The final scaling resulting from the balance of inertia and capillary forces neglecting vis-

cous contributions of the outer fluid is given by r ~ t1/2 [142]. In all these formulations, 

the scaling of curvature ζ with the spreading radius r essentially determines the exponent 

for time t. Courbin et al. have proposed a more generalized scaling law [140, 145] as r ~ 

t2/(
β
 + 2) with the value of β given by the scaling for curvature ζ. For droplet spreading on 

various partially wetting surfaces, there is an additional dependency for the exponent α in 

the scaling r ~ tα based on the wettability of substrate and this has been modeled as α = 

(F(θE) + cos θE)1/2
 [142]. Briefly, the exponent α is determined by the curvature as well 

as the wettability of substrate. In the series of experiments presented here, we isolate the 

viscous contributions by considering droplets of similar size on an identical solid sub-

strate. 

 

During the later stage of spreading, drop assumes a nearly spherical cap and the 

balance of viscous and capillary forces dictates the evolution of spreading radius. This 

balance gives Cox-Voinov law, relating dynamic contact angle to capillary number θ3 ~ 

Ca [74, 75]. Over long term for perfectly wetting fluid, the spherical cap approximation 

combined with contact line dynamics leads to Tanner’s law as r/R ~ (γt/ηR)1/10 [146-148]. 

However, this law holds only when the droplet evolves slowly and can be approximated 

to a spherical cap [149, 150]. 

 

To better understand the natural spreading process and the influence of a viscous 

outer fluid, we design an immersed droplet spreading/retraction experiment with fluid 

pairs of similar interfacial tension. This allows us to experimentally classify the role of 

viscosity of both fluid phases on contact line dynamics. Droplet is deposited on to a solid 

substrate immersed in a bath of the external phase to generate a dynamic three-phase con-

tact line. The advancing contact line is studied when the droplet spreads on the glass slide 

while a deposited droplet is sucked up from the glass slide to examine the motion of the 

receding interface. Specifically, we are interested in the influence of viscosity of external 
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and droplet phase on contact line motion. In this chapter we describe the experimental 

setup followed by the analysis of the data from the experiments. 

2.1.  Experimental setup and fluid properties 

 
Figure 2.2 Schematic of experimental setup. Inset: The capillary tip used for droplet 
deposition (advancing) and droplet retraction (receding). Blue arrow shows the direction 
of fluid flow. 
 

To visualize the immersed droplet spreading/retraction experiments, a high-speed 

camera (AOS Technologies AG – XPRI) is mounted on a goniometer (Dataphysics − OCA 

15plus). The experimental images are acquired using the high-speed camera with a trig-

gering mechanism and a data acquisition program from the manufacturer (AOS imaging 

studio). The frame rate (from 50 to 4000 frames per second) for each acquisition is ad-

justed to suite the time scale of the recorded experiment and the spatial resolution is 
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about 10µm. Adjusting the focusing scope and translating stage the region of interest is 

brought to the field of view. A borosilicate glass slide (McMaster Carr) is placed inside 

the glass cell filled with external phase. Before transferring to the plastic cell, glass slide 

is baked at 400˚ C for one hour in the oven and brought back to room temperature inside 

the oven. The deposition and retraction of droplet phase is carefully regulated using a gas 

tight syringe (Hamilton) and a syringe pump (New era pump systems) connected to a ca-

pillary tube (Sutter instrument company) through polymer tubing (Upchurch scientific). 

For the suction of droplet phase, the tip of capillary tube is tapered to form a micro-tip 

using a flaming pipette puller (Sutter instrument company). To retract droplet phase from 

the glass slide, the capillary tube is carefully introduced inside droplet by slowly raising 

translating stage in positive y direction. The capillary penetrates droplet to form a contact 

line. By using a micro-tip, it is ensured that the contact angle θ of the fluid-fluid interface 

on the glass slide is unaffected by the contact line on the micro tip. 

 

2.1.1. Fluid Properties 
The droplet phase consists of water (Sigma-Aldrich), water-glycerol (Sigma-

Aldrich) mixtures and PDMS oils (Gelest), and the external phase is either air or PDMS 

oil. No surfactants were used in the system. Each fluid pair is given a name and fluid 

pairs are categorized into three namely 1) WS: droplet phase − water, external phase – 

PDMS oil, 2) GS: droplet phase – water-glycerol mixture, external phase – PDMS oil and 

3) A: droplet phase – PDMS oil, external phase – air. The ratio of the water-glycerol mix-

ture is adjusted to vary the viscosity of the droplet phase while the PDMS oils of varying 

viscosities and air is used for the external phase. The viscosity of the droplet phase is giv-

en as η1 and external phase as η2 with a viscosity ratio between them as χ = η1/η2. The 

interfacial tension between the fluids is given by γ12. The interfacial tension is measured 

by double capillary rise method [Appendix A] and verified with tensiometer measure-

ments (Attension Sigma 700). 
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Fluid pair 
Fluid 

group 

Droplet 

phase 

η1 

(cP) 

External 

phase 

η2 

(cP) 
Symbol 

γ12 

(mN/m) 

θAm 

(Deg) 

W-1cS WS Water 1 PDMS 0.8 �  40.7 65 

W-5cS  - - - 4.6 £  42.7 65 

W-20cS  - - - 19 r  42.7 88 

W-50cS  - - - 48 s  42.7 89 

W-100cS  - - - 96.6 v  42.7 98 

W-200cS  - - - 193.6 w  42.7 100 

W-500cS  - - - 485.5 ✧  42.7 113 

W-1000cS  - - - 971 ¸  42.7 121 

W-10000cS  - - - 9740 ¯  42.7 137 

G92-20cS GS G92 1275 PDMS 19 r  29.3 73 

G92-100cS*  - - - 96.6 v  29.3 81 

G92-5cS  - 36 - 4.6 £  29.3 53 

G80-5cS  G80 272 - - £  29.7 41 

G99-5cS  G99 1275 - - £  29.7 31 

G80-1000cS  G80 36 - 971 ¸  29.7 107 

G92-1000cS  G92 272 - - ¸  29.3 120 

G99-1000cS  G99 1275 - - ¸  27.7 131 

1cS-A A† 1cS 0.8 Air 0.02 �  17.4 0 

10cS-A  10cS 9.4 - - y  20.1 0 

100cS-A  100cS 96.6 - - t  20.9 1 

1000cS-A  1000cS 971 - - t  21.2 2 

IA  Isopropanol 2.9 - - À  20.5 11 

Table 2-1 Fluid pairs, properties and codes used in the experiment. θAm = θ(V) is the 
measured advancing contact angle at velocity V = 10µm/s. * G92 means the liquid is 
made of 92% glycerol and 8% water by volume. PDMS oils are labeled based on the 
kinematic viscosity. Fluid pairs are labeled as a combination of droplet phase and the 
external phase. Droplet phase is denoted first followed by the external phase separated by 
a hyphen. For example the fluid pair G92-100cS means droplet phase is G92 and PDMS 
oil of ν = 100cS is the external phase. Symbol for each fluid pair is chosen based on the 
external phase while the color of the symbol is chosen based on the droplet phase: W 
(black), G80 (green), G92 (blue), G99 (red). † Spreading experiments in air (A) were 
performed on untreated glass. 



Droplet spreading and the dynamics of contact line 

 18 

2.2.  Initial dynamics of droplet on glass slide 

 
Figure 2.3 (a) Superimposed contours of a spreading droplet on glass slide. D0 is the 
initial diameter of the droplet before spreading. (b) Evolution of droplet diameter D on 
the glass slide as a function of time t. (c) Rate of change of spreading diameter dD/dt with 
time t. Fluid pair: G92-5cS. 
 

 
Figure 2.4 Time series of short-term evolution of spreading diameter with Δt = 2.5 ×10−

3s 
for W-1cS and Δt = 5 ×10−

1s for W-1000cS. Scale bar is 1mm. 
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Figure 2.5 Long term evolution of spreading diameter. Water droplet in PDMS oils. Scale 
bar is 1 mm. Capillary tube is removed after deposition. 
 

 
Figure 2.6 (a) Superimposed contours of a retracting droplet on glass slide. D0 is the 
initial diameter of the droplet deposited on glass. (b) Evolution of droplet diameter D on 
the glass slide as a function of time t. (c) Derivative of the spreading diameter dD/dt with 
time t. Fluid pair: W-100cS. 
 

To determine the natural spreading dynamics, the droplet phase is deposited on a 

borosilicate glass when immersed in an external phase. The focusing scope is slightly tilt-

ed (< 5˚) with respect to the translating stage to obtain the reflection of the droplet image 
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on the glass. The elevation between light source and the translating stage is adjusted in 

such a way that light is internally reflected inside the glass. This technique allows a clear 

visualization of droplet and reflected image as the droplet approaches glass slide. Drop-

lets are slowly generated at the tip of the capillary tube by regulating the flow rate from 

the syringe pump. The shape of the droplet corresponds to a spherical cap of diameter D0 

which is below the capillary length [γ12/(Δρg)]1/2. The value of D0 is kept between 0.8 and 

2 mm and the influence of size of the droplet on droplet spreading is not explored in this 

set of experiments. Keeping the droplet attached to the tip of the capillary is beneficial in 

manipulating droplet in the viscous matrix while carefully regulating the curvature of 

spreading droplet. Droplet makes contact with the glass slide after the rupture of thin film 

of external phase between the glass slide and droplet. For highly viscous system, we ob-

served a longer time for the spreading to initiate. The time required for the initial contact 

with solid may vary between ~10−
4 to ~103 seconds depending on the viscosity of the ex-

ternal phase. As the droplet spreads on the glass slide, a circular contact line is formed, 

moving radially outward from the center of the droplet. 

 

The evolution of the contact line diameter D of the spreading droplet is extracted 

from the spatiotemporal diagram is used to generate the curves in Figure 2.3(b-c). As the 

droplet spreads, the contact line velocity decreases slowly reaching zero V → 0. Evolu-

tion of spreading diameter D showed two regimes namely a fast power law regime in the 

beginning followed by a slow relaxation regime. We name this regime “power law” re-

gime rather than “inertial” as the viscous contributions cannot be neglected and the 

spreading is no longer a simplified balance between inertial and capillary forces. In the 

fast power law regime, droplet diameter scales with time with a constant exponent as D ~ 

t2/3. The exponent continuously decreases on crossing over to slow relaxation regime. A 

similar crossover to a slow relaxation regime was observed for colloidal particles sus-

pending at fluid interfaces [151, 152]. The cross over is marked by sudden drop in power 

law scaling which is steadily observed when plotting the derivative dD/dt with time 

[Figure 2.3(c)]. At longer time scales in the slow logarithmic regime, the derivative dD/dt 

fluctuates indicating discreet jumps of contact line. The relaxation time can take up to 30 

days in the case of highly damped viscous system such as W-10000cS [Figure 2.6]. 
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The motion of the receding interface is studied by drawing the liquid out from a 

droplet deposited on a glass slide in a bath of PDMS oil. Since the receding contact angle 

θR of the fluid pair has to be large enough (> 30˚) to materialize the retraction of droplet 

only fluid group WS was used to conduct droplet retraction experiments. The contact line 

starts from rest with an initial contact line of diameter D0 and the diameter D decreases as 

the fluid inside the droplet drains out [Figure 2.6(b-c)]. The retraction of droplet is 

achieved by imposing a constant withdrawal rate on the syringe pumps, setting the ve-

locity for contact line. The velocity increases in time as the droplet shrinks and the 

contact line move radially inwards towards the tip of the capillary. The retraction of drop-

let on a solid surface is a forced wetting transition when compared to spreading of droplet 

determined by the natural properties of fluids. During droplet retraction, the balance of 

viscous and capillary forces dominates the initial dynamics. We noticed a 

 reduction in the initial velocity with increasing viscosity of the external phase. 

 
Figure 2.7 Evolution of normalized spreading diameter with varying viscosities of droplet 
phase η1 in an external phase of 5cS PDMS oil. (a) Normalized spreading diameter Dn = 
D/D0 with time t and (b) with non-dimensionalized time tn = t/τ with τ = (ΔρD0

3/γ12)1/2. 
Solid line: Dn = Atn with A = 0.4. (c) Coefficient A is plotted with viscosity ratio χ. Solid 
Line: A = 0.35χ−

0.25. 
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Figure 2.8 (a) Evolution of rate of change of normalized spreading diameter Vn with tn for 
varying viscosities of droplet phase η1 in an external phase of 5cS PDMS oil. Solid Line: 
Vn = 0.25tn−1/3. (b) Cross over velocity Vn,cross with viscosity ratio χ. Solid Line: Vn,cross = 
0.12χ−0.3. (c) Cross over time tn,cross with viscosity ratio χ. Solid Line: tn,cross = 3.7χ0.3. 
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Figure 2.9 Evolution of normalized spreading diameter for droplet phase η1 = 1cS in 
varying viscosities of external phase η2. (a) Normalized spreading diameter Dn = D/D0 
with time t and (b) with non-dimensionalized time tn = t/τ with τ = (ΔρD0

3/γ12)1/2. Solid 
line: Dn = Atn with A = 0.17. (c) Coefficient A is plotted with viscosity ratio χ. Solid Line: 
A = 0.75χ0.55. 

 
Figure 2.10 (a) Evolution of rate of change of normalized spreading diameter Vn with tn 
for droplet phase η1 = 1cS in varying viscosities of external phase η2. Solid Line: Vn = 
0.0058tn−1/3 (b) Cross over velocity Vn,cross with viscosity ratio χ. Solid Line: Vn,cross = 
0.4χ0.85 (c) Cross over time tn,cross with viscosity ratio χ. Solid Line: tn,cross = χ-0.85 
 

To quantify the viscous contributions of ambient fluid in the early time dynamics, 

we consider the power law regime where the exponent is constant. We choose fluid pairs 

of similar interfacial tension to isolate viscous contributions. At first, the viscosity of the 

droplet phase η1 is varied for over three decades while keeping external phase same 

[Figure 2.7]. The evolving diameter D is normalized by initial diameter D0 of the droplet 

as Dn = D/D0 and time t is normalized by the inertial time scale τ = (ΔρD0
3/γ12)1/2 to give 

the normalized time as tn = t/τ. Here 

Δρ  represents difference in density and γ12 is the interfacial tension. Since the early time 

dynamics is described by the power law regime, we curve fit this regime with a coeffi-
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cient A as Dn = Atn
2/3. The coefficient A plotted as a function of viscosity ratio χ. The rel-

ative magnitude of A is a measure of the relative speed of spreading in the power law 

regime. At first we change the viscosity of the droplet phase η1 while keeping the exter-

nal phase η2 constant. From the data we find that influence of coefficient A on the 

viscosity of droplet phase can be given by A = 0.35χ−
0.25 for 5cS external phase [Figure 

2.7(c)]. We also noticed that exponent of time in the interval regime is 2/3, slightly larger 

than the values reported for experiments in air[140]. Since the curvature ζ plays a major 

part in determining the exponent, we keep the droplet size distribution as narrow as pos-

sible assuming the influence of curvature ζ on the exponent to be minimal. The validity 

of this assumption is supported by similar values of exponent for different set of experi-

ments for various fluid pairs. To understand the influence of external phase, we keep the 

droplet phase as water and the external phase is varied from 1cS to 1000cS PDMS oils 

[Figure 2.9]. By varying the external phase, we found that the coefficient in the equation 

Dn = Atn scales with the viscosity ratio as A = 0.75χ0.55. 

 

Focusing on the cross over from power law regime to slow relaxation regime, we 

noticed that the curve is smoother as the viscosity of either phase is increased. This 

crossover to the slow relaxation can be easily observed when the derivative of normalized 

spreading diameter Vn = dDn/dt is plotted as a function of time tn [Figure 2.8(a)]. From 

the scaling Dn ~ tn
2/3, the derivative Vn follows a scaling Vn ~ tn−

1/3. This crossover veloci-

ty Vn,cross and time tn,cross is determined when the derivative Vn departs from the −1/3 

scaling with time tn. Both cross over velocity Vn,cross and time tn,cross is found to vary with 

viscosity ratio and gives a quantitative estimation of the crossover to the slow relaxation 

regime. Similar trends are observed when the viscosity of the external phase η2 is varied 

but with different exponents for the power laws involving A, Vn,cross and tn,cross. In the case 

of varying external phase (Fluid group: WS), there is slight difference in the final equilib-

rium value of Dn and we attribute this to higher relaxation time for a viscous ambient 

fluid (> 20cS) [Figure 2.9(a)]. Our results clearly shows that highly viscous systems are 

damped and take longer time to reach the final state [Figure 2.5]. 
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Figure 2.11 (a) Coefficient A with viscosity ratio χ. Solid Lines: A = aχ0.55 where a is a 
function of droplet phase viscosity η1. (b) Cross over velocity Vn,cross with viscosity ratio 
χ. Solid Lines: Vn,cross = bχ0.55 (c) Cross over time tn,cross with viscosity ratio χ. Solid Lines: 
tn,cross = cχ0.85. Values of a, b and c is given in Table 2-2. (d) Crossover velocity Vn,cross vs. 
Crossover time tn,cross. Solid Line: Vn,cross = 0.35tn,cross−

1. 
 

Color η1 (cP) a b c d 

Black 1 7.5 × 10-1 4.0 × 10-1 1.0 7.5 × 10-1 

Green 36 5.4 × 10-2 1.3 × 10-2 3.0 × 101 5 × 10-3 

Blue 272 1.3 ×10-2 1.4 × 10-3 2.1 × 102 3 × 10-4 

Red 1275 3.5 × 10-3 2.0 × 10-4 1.7 × 103 4 × 10-5 

Table 2-2 Non-dimensional curve fitting parameters for Figure 2.11(a-c) and Figure 
2.14(a). 
 

To show the combined effect of the viscosity of both phases in the fast power law 

regime, phase diagrams are presented in Figure 2.11. The coefficient A scales with the 

viscosity ratio as A ~ χ0.55 for a given droplet phase η1. In general, the coefficient A can 

be given as A = aχ0.55 where a is a function of the droplet phase as a = f(η1) for all the 
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fluid pairs investigated. Along each solid line in Figure 2.11(a), the viscosity of the ex-

ternal phase η2 decreases with increasing χ and the viscosity of the droplet phase η1 

increases as we go from Black to Green to Blue to Red. The magnitude of coefficient A in 

the phase diagram [Figure 2.11(a)] signifies a relative slow down of spreading process 

with increasing viscosity of either phase. In the phase diagram, coefficient A varies over 

three decades in magnitude from 1 =to 10-2 when viscosity ratio equals unity χ = 1. Such 

wide variation in magnitude for a given viscosity ratio signifies a marked influence of the 

absolute viscosity. The phase diagram clearly demonstrates the influence of each phase 

and not simply the viscosity ratio in determining evolution of spreading curve. Similarly, 

the relative influence of both droplet and external phase can be observed for the crossover 

time tn,cross = cχ0.85 and crossover velocity Vn,cross = bχ0.55 with b and c varying as a function 

of droplet phase f(η1) [Figure 2.11(b-c)]. Although crossover velocity and time change 

with viscosity of either phase, the relation between two parameters remain constant 

Vn,cross = 0.35tn,cross−
1 irrespective of fluid pairs [Figure 2.11(d)]. 
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2.3.  Contact angle and critical velocity 

2.3.1. On the effect of viscosity of single phase 

 
Figure 2.12 (a) Curve fitting procedure used on the experimental micrograph to locate the 
contact line and dynamic contact angle. (b) Contact angle θ as a function of contact line 
velocity V. Fluid Pair: W-1cS. Solid Line: θ = (θ0

3 ± ωV)1/3. (c) VC (Black) and VR (Gray) 
as a function of capillary velocity for fluid group WS. Solid line: VC = Cac2.V*2 with Cac2 
= 2.4 × 10−2 and V*2 = γ12/η2, Dash line: VR = 7 × 10−2.  (d) VC as a function of capillary 
velocity for fluid group A. Solid Line (Gray): VC = Cac1.V*1 with Cac1 = 3 × 10−1 and  V*1 
= γ12/η1. 
 

For better characterizing the dynamics of contact line in relaxation regime, we 

plot the contact angle as a function of velocity. The contact line is located at the point 

joining the droplet image with its reflection. The apparent contact angle θ is defined as 

the angle included between the solid substrate and the tangent of the fluid-fluid interface 

at the contact line measured from inside the droplet phase. The contact angle θ on each 

image is determined by defining the liquid-liquid interface as a B-spline curve using the 
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“drop analysis” plugin combined with ImageJ [153]. The contact angle is measured on 

entering the viscous relaxation regime where the contact angle can be clearly defined 

with least ambiguity. We focus on the plane through the center of the droplet to avoid the 

misinterpretation of the contact angle. As the droplet spreads on glass, contact line ve-

locity V decreases with time and contact angle θ reduces from 180˚ to static equilibrium 

angle θE. In a viscous medium, the contact line velocity is considerably reduced and may 

take a few days to reach complete equilibrium and weak mass transfer can occur across 

the interface [154-156]. Figure 2.5 shows the slow spreading of water droplets on a glass 

slide. By increasing the viscosity of the external phase η2, the relaxation time required for 

complete spreading of the droplet is considerably increased. At low rates of movement, 

multiple low energy metastable states were observed where the contact line gets pinned at 

topographic and energetic irregularities on the solid surface leading to contact angle hys-

teresis. Since these metastable states do not capture the entire dynamics of the two-phase 

system, the contact angle should be described as a function of velocity θ(V). A minimum 

velocity of 10 µm/s is used to define the contact angle θAm and reported in Table 2-1.  

 

To correlate θ with velocity of contact line V, images are imported from camera 

and assigned an angle and a coordinate for the contact line. Taking two images that are Δt 

apart, we measure the displacement of Δx of the contact line and assign a velocity 

V=Δx/Δt. The mean contact angle is assigned as θ  = (θt + θt+Δt)/2 from the same pair of 

images used for calculating the velocity [Figure 2.12(a)]. The velocity of the receding 

interface is measured as the absolute value of the velocity. Cox-Voinov [74, 75] law 

gives a hydrodynamic description by balancing the viscous and capillary forces near con-

tact line. Although the static contact angle is very hard to determine in a highly damped 

viscous system, introducing two fitting parameters θ0 and ω in the Cox-Voinov relation 

can capture the evolution of the dynamic contact angle. We plot the contact angle as a 

function of velocity and use the Cox-Voinov relation θ 3 = θ0
3 + ωV, to extrapolate the 

data to find a critical velocity VC for the advancing interface when θ → 180°. Similarly a 

critical velocity for the receding interface VR is calculated for θ → 0° [Figure 2.12(b)]. 

Limiting values for velocities are named as advancing critical velocity VC (V at 180˚) and 
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receding critical velocity VR (V at 0˚). Although the relation describes the contact angle in 

the limit of low capillary number Ca << 1, the data suggest this trend for all the fluid 

pairs investigated. Due to the uncertainty, very low contact angles below θ < 7˚ are dis-

carded. The static contact angles θAm along with the critical velocities VC and VR 

summarize the θ vs. V curves for all the various fluid pairs. The critical velocities are 

based on the fluid properties of the system and can be considered as a natural spreading 

parameter. 

 

We proceed by examining the influence of one phase, while keeping the other 

phase constant. The capillary velocity is based on the viscosity of the changing phase as 

V∗ j = γ12/ηj. In both cases, a) water droplets spreading in oils of varying viscosities and b) 

PDMS oils of varying viscosities spreading in air, we observed that the advancing critical 

velocity VC scales with the capillary velocity as VC  ∼ V∗ [Figure 2.12(c-d)]. The ratio of 

these velocities is given by a critical capillary number Cacj = VC/V*j. The critical capillary 

number values for the fluid Group WS is Cac2 = 2.4 × 10−2 and for the fluid group A is 

Cac1 = 3 × 10−1. Surprisingly, the receding critical velocity remains constant around VR = 

7 × 10−2 m/s in the case of the fluid group WS. We were not able to extrapolate the reced-

ing critical velocities for other fluid groups due to low advancing static angle θR. In 

conclusion, variation of viscosity of one of the phases while keeping other constant gives 

an expression for critical velocity as VC = Cacj V*j. 

2.3.2. On the effect of heat treatment on glass slide 

 
Figure 2.13 (a) Comparison of θ vs. V curves for heat-treated and untreated glass. Fluid 
pair: G92-100cS. Orange color filled symbols indicates untreated glass while open 
symbols are for heat-treated glass. (b) Comparison of maximum critical velocity VC for 
treated and untreated glass. 
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To identify the effect of heat treatment, a direct comparison on the evolution of 

the contact angle with velocity is made for the heat-treated and untreated glass. Although 

the static contact angle θAm remained higher for various fluid pairs on the untreated glass, 

we only noticed minimal difference in the extrapolated advancing critical velocities 

[Figure 2.13(b)]. This confirms the choice of advancing critical velocity VC as a fitting 

parameter to characterize the relative influence of the fluid viscosities irrespective of the 

contact angle θA. 

2.3.3. On the combined effect of droplet and external phase 

 
Figure 2.14 (a) Advancing critical velocity VC as a function of viscosity ratio χ for 
varying viscosities of droplet and external phase. VC = dχ with value for d give in Table 
2-2. (b) Advancing critical velocity VC vs. capillary velocity V*. Solid line: VC = Cac.V* 
with Cac = 6.0 × 10−2

  and  V* = γ12/η12. 
 

To determine the combined effect of both droplet and external phase on the ad-

vancing critical velocity VC we extend our results to include all the fluid groups in Table 

2-1. The combined effect is observed when plotting critical velocity VC against viscosity 

ratio χ [Figure 2.14(a)]. For each droplet phase η1 considered, we found a decreasing 

trend for critical velocity scaling inversely with viscosity ratio as VC ~ χ-1, suggesting a 

reduction in VC as external phase η2 becomes more viscous. In general, the critical veloci-

ty for various droplet phase is given by VC = dχ−1 with d = f(η1) and corresponding values 

are given in Table 2-2. The coefficient d decreases with η1 capturing the effect of droplet 

phase. Irrespective of the droplet phase considered critical velocity VC followed the same 

trend as VC ~ χ-1. Plotting VC vs. χ is justified, since the interfacial tension of the fluid 



Droplet spreading and the dynamics of contact line 

 31 

pairs investigated are of similar in magnitude and hence follows VC ~ V* for each droplet 

phase η1. However, we noticed a marked difference in the critical velocities for experi-

ments performed in air (Fluid group: A). We partially attribute this to the difference in 

wettability of the viscous oils in air, which makes almost totally wetting systems. In 

short, our result shows critical velocity VC is a function of both phases since it differs 

highly for viscosity ratios close to unity χ = 1. 

 

We formulate an effective viscosity η12 for the two-phase system based on the vis-

cosity of both phases to redefine capillary velocity as V* = γ12/η12. The molecular kinetic 

theory on dynamic wetting suggests a contact line friction ratio λ, scaling linearly with 

liquid viscosity and exponentially with work of adhesion Wa as λ ~ ηeWa for an isother-

mal system [157-159]. For a two liquid system, Seveno etal. [160, 161] proposed a 

contact line friction factor as λ12 = λ1 + λ2+2(λ1λ2)1/2 to describe contact line motion. The 

work of adhesion Wa depends on the interfacial tension, which is relatively constant in 

our case givng a scaling for the effective viscosity η12 ~ λ12/eWa. We propose an effective 

viscosity for the two phase system as η12 = η1 + η2 + 2(η1η2)1/2. The advancing critical 

velocity VC is then plotted with capillary velocity V* based on effective viscosity η12  and 

their ratio gives a critical capillary number as Cac [Figure 2.14(b)]. Although there is 

general agreement in the scaling VC ~ V* for all fluid pairs, we noticed a difference with 

the fluid group A. This is attributed to the difference in interfacial tension values for this 

fluid group altering the work of adhesion. In short, a reasonable estimate on the advanc-

ing critical velocity VC for a two fluid system can be given as 

 

 VC = CacV* (2.1) 
with Cac  = 6.0 × 10−2 
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2.4.  Droplet spreading on nanopatterned surfaces 

 
Figure 2.15 Schematic representation of one unit cell (nanocrater) of the nanopatterned 
layer [162].  
 

Droplet spreading experiments were performed on nanopatterned surfaces to 

study the influence of nanopatterning in a viscous ambient fluid (100cS PDMS oil). In 

these set of experiments the water droplet is detached from the end of the capillary and 

slowly approach glass slide under the influence of gravity with negligible velocity 

through the external phase. Nanopatterned sample is prepared by dip coating an ultrathin 

layer of titanium tetraisopropoxide on microscope slide and curing at different tempera-

tures inside an oven. The temperature and the rate of heat treatment determine the size of 

nanocraters on the glass slide. A detailed account on the preparation of the samples can 

be found in Refs [162] and [163]. Here, we have classified the prepared samples based on 

the static contact angle θE given in Table 2-3. 

 

Sample θE (In Air) θE (In 100cS) Color of Symbol 

S1-Sm - 110 Yellow 

S1-Pt 45 75 Red 

S2-Sm 31 121 Green 

S2-Pt 25 60 Blue 

Table 2-3 Table of properties of the patterned and smooth surfaces. Each glass slide 
baked in the oven has a smooth side as well as a nanopatterned side. The code for the 
samples is denoted by S1 − Sample 1, S2 – Sample 2, Pt – Patterned and Sm – smooth. 
Static contact angle θE is given in degrees. 
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Figure 2.16 Evolution of spreading diameter in Air and 100cS PDMS oil. D0 is the initial 
diameter before spreading and is kept around 1mm. Each symbol represents a different 
trial. (a) Fluid pair: W-Air (b) Fluid pair: Water-100cS 
 

In air, curves of the evolution of spreading diameter are found to collapse together 

[Figure 2.16(a)]. On the contrary the evolution curves were found to be vastly different in 

a viscous medium of 100cS PDMS oil [Figure 2.16(b)]. Water droplets were found to 

spread faster on nanopatterned surface compared to smooth surface in an ambient fluid of 

100cS PDMS oil. The unexpected change in the timescale of spreading process is at-

tributed to the change in wettability of substrate on changing the ambient fluid, which 

sets the curvature ζ. Here we use nanopatterned surfaces to show the possibility of tuning 

the timescale of spreading process by changing the ambient fluid. 

2.5.  Conclusion 
Using an experimental model for spreading in liquid-liquid systems, we quantified 

the viscous contributions of either phase. Knowledge of such prototype systems is essen-

tial for understanding wetting in microfluidic systems that often involves transport of 

multiple fluids where one of the phases can get attached to the walls. The spreading pro-

cess showed two regimes namely, a power law regime and a slow relaxation regime. 

Prior literature on droplet spreading neglects the viscous contributions describing the ear-

ly time dynamics of the spreading as balance of inertial and capillary forces. Our results 

extend to include viscous influence of both phases. We show that in the fast power law 

regime, spreading diameter follows the scaling law Dn = Atn
2/3 and the increase in either 

of the phases contributes towards slowing down of spreading process. A phase diagram 

based on A is presented to quantify the influence of viscosity of either phase on spreading 
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process. We also noticed the viscous influence of external phase η2 to be more prominent 

in reducing the speed of spreading process. Overall, in a two-fluid case, the influence of 

one fluid could not be neglected in determining rate of spreading process. Although the 

exponent for time t remains fairly constant the coefficient A varies with change of either 

phase. We show that viscosity ratio does not fully describe spreading process and the ab-

solute viscosity of both phases is significant to entirely capture the spreading dynamics. 

We also examined the crossover from fast power law regime to slow relaxing regime by 

measuring the crossover velocity Vn,cross and crossover time tn,cross. The cross over is 

found to be smoother with increase of viscosity of either phase. 

 

We observed that as the viscosity of the medium increases, the relaxation time for 

the contact angle θ to reach complete equilibrium θE, increases taking up to 33 days to 

complete the process. Due to the slow evolution of the spreading process, the definition 

of conventional static contact angle does not seem to be a fitting parameter to describe 

this process. It is more appropriate to define the contact angle as a function of velocity 

and we propose a static contact angle θAm based on a cut-off velocity. For all the fluid 

pairs tested, Cox-Voinov law fits data well to describe the motion of the contact line. 

Two critical values of velocity VC and VR are extracted from θ vs. V curves summarizing 

the curves for each fluid pair. The advancing critical velocity VC was found to scale with 

the capillary velocity V* irrespective of the fluid pairs. 

 

We also studied the evolution of droplet spreading in nanopatterned surfaces by 

changing the ambient fluid. The results showed the presence of ambient fluid alters the 

wettability of substrate changing the timescale for spreading process. 

 

Increase of viscosity of either phase showed a decrease trend in the advancing crit-

ical velocity VC. Again, we show this variation follows the scaling VC ~ χ−1 by fixing the 

droplet phase. We also propose an effective viscosity η12 for the two-phase system to ob-

tain the critical velocity VC. To summarize, in this chapter, we showed the relative 

influence of the viscosity of both phases on the spreading process. 
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3.   Droplet formation and stability of thin film 
 

 

 

Microfluidic devices provide a useful platform for generation of monodisperse 

droplets by controlling the flow rates. The formation of high viscosity droplets in less 

viscous external phase has been experimentally studied for a range of viscosity ratios and 

interfacial tensions [58]. In this chapter, we focus on the influence of the carrier fluid vis-

cosity on the formation of the less viscous droplets. The droplet phase is chosen to be 

water while the viscosity of the external phase (PDMS oil) is varied over four decades. 

Combination of water and silicone oil makes a partially wetting system and the dynamics 

of contact line plays an important role in droplet generation. The hysteretic system shows 

two modes of formation namely dripping and rivulet. A scaling for droplet size d for each 

regime is developed based on the injection flow rates. We also discuss the stability and 

thickness of the thin film and how it affects the size of the droplet. 

 
Figure 3.1 Different droplet configurations with increasing capillary number 

3.1.  Scaling law for film thickness in a circular capillary 

 
Figure 3.2 Schematic of bubble motion through a circular capillary of radius r initially 
filled with a liquid. A liquid film of thickness δ is formed on the capillary walls. Dotted 
line indicates static meniscus [164]. 
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Here we briefly revisit the classical problem proposed by Bretherton [165] in 

which a circular capillary of radius r initially filled with a wetting liquid of viscosity η is 

displaced by a bubble of velocity V. The static meniscus indicated by dotted line in Fig-

ure 3.2 is hemispherical and it is deformed during motion opposed by surface tension γ. 

In the limit of low Reynolds number inertia is negligible and parameter to be considered 

is the capillary number Ca. The passing air bubble forms a thin film of thickness δ  ≪ r. 

and lubrication approximation can be used to calculate the viscous dissipation inside the 

film as ηV/δ2. Equating with capillary force given by the gradient of Laplace pressure 

(Δp/ℓ = γ/ℓr) within the meniscus of length ℓ [164, 165], 

 
    

ηV
δ 2 ~ γ

r
 (3.1) 

where ℓ is calculated by matching curvature of static and dynamic meniscus. The profile 

of the film where dynamic meniscus joins the static meniscus varies as δ(z) and the cur-

vature is given by second derivative as δ/ℓ2. The dynamic and static meniscus are 

matched by equating the Laplace pressures [164, 165], 

 
    
−
γ
r
−
γδ
2 ~ −

2γ
r

 (3.2) 

giving ℓ ~ (δr)1/2. From the above two equations the Bretherton’s law can be deduced as 

[164, 165], 

 
   
δ
r

~ Ca2 / 3  (3.3) 

With increasing capillary number Ca film thickness δ plateaus and r is replaced with (r 

− δ) in equations (3.1) and (3.2) to get the modified law as [164], 

 
   
δ
r

~ Ca2 / 3

1+ Ca2 / 3  (3.4) 
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3.2.  Numerical investigation of droplet formation. 

 
Figure 3.3 (a) Schematic of the microfluidic platform with droplet formation in dripping 
regime. The experimental micrograph is shown below. α2 = 0.48. Fluid Pair: W-500cS. 
Droplet phase: L1 (Blue), External phase: L2 (Gray). Film thickness is given by δ and the 
droplet diameter by d. (b) Numerical simulation of droplet break-up at the hydrodynamic 
focusing section. 
 

 
Figure 3.4 Comparison of experiment with numerical simulation. Droplet size d/h is 
plotted with capillary number Ca. 
 



   Droplet formation and stability of thin film 

 

 38 

A preliminary study is conducted on the formation of droplet at hydrodynamic fo-

cusing section with OpenFOAM[166], an open source CFD package using an 

incompressible isothermal model. Continuity and momentum equations are solved along 

with a species transport equation and interface of the two immiscible fluids is captured 

using volume of fluid (VOF) method [167]. In the VOF method, the relative phase frac-

tion is computed by solving the species transport equation and the movement of the 

interface is tracked based on the distribution of the relative phase fraction. 

 

We noticed a difference in the droplet size when experiments were compared with 

simulation. In the numerical simulation, the droplet phase is set to fully wet the central 

inlet channel while the external phase wets the rest of the channel. Droplet and external 

phase meet at the focusing section where the droplet is pinched-off. In the simulation, 

contact line is aligned parallel to the side inlets while in experiments, the contact line ex-

tends past the inlet into the focusing section. Since the evolution of the contact line 

follows the history of the system in an experimental system, it cannot be predicted be-

forehand. However, it is not clear that prior knowledge about the contact line and its lack 

of inclusion in the simulation is the reason for this difference. Overall, the preliminary 

study supports our conclusion on the relevance of contact line and its influence on the 

droplet formation. 
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3.3.  Experimental setup and the microfluidic platform 

 
Figure 3.5 Photograph of the experimental setup and the microfluidic platform. 
 

The microfluidic platform consists of a hard non-deformable microchannel used 

to continuously generate water droplets in silicone oil at externally imposed velocities. 

The microchannels are fabricated using double-side-polished silicon pieces that are 

etched through their entire thickness h = 250 µm using deep reactive ion etching and then 

sandwiched between two borosilicate glass slides using anodic bonding. The microfluidic 

platform comprises a fluid focusing section made of two channels intersecting at right 

angles to generate droplets and an outlet observation channel to examine multiphase 

flows morphology and dynamics [Figure 3.3]. To visualize the microflows, the microflu-

idic module is placed on top of an inverted microscope equipped with high-speed camera 

(Redlake, HG-100K) and a fiber optic bundle connected to a 150 W halogen bulb is lo-

cated about 10 cm above the microchannel to provide illumination [Figure 3.5]. Fluids 

are injected into the device using gas-tight syringes mounted into high-pressure syringe 

pumps to manipulate the flow rates of both phases. 
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The channel cross-section is chosen to be square with a width h, to reduce the in-

fluence of many length scales on droplet formation. The droplet phase L1, having 

viscosity η1, is introduced through the central inlet channel at flow rate Q1 and the con-

tinuous phase L2 of viscosity η2 is symmetrically injected from the side-channels with a 

total flow rate Q2. Flow rates for Q1 typically span between 1 and 200  µL/min and from 

1 to 400 µL/min for Q2. The flow rate ratio ϕ  = Q1/Q2 ranges between 10−2 and 101. For 

each fluid pair, this method allows us to produce droplets with a wide range of sizes d 

and velocities V. The film thickness δ around the droplet is measured at the point of min-

imum thickness. The length of the droplet is measured as d and the spacing between two 

successive droplets as L. 

3.4.  Fluid properties 

Fluid Pair 
γ12  

(mN m−1) 
χ 

θAm 

(Degrees) 
Symbol 

W-1cS 40.7 1.2 65 � 

W-5cS 42.7 2.2×10−
1 66 £ 

W-20cS 42.7 5.3×10−
2 89 r 

W-50cS 42.7 2.1×10−
2 91 s 

W-100cS 42.7 1.0×10−
2 105 v 

W-200cS 42.7 5.2×10−
3 113 w 

W-500cS 42.7 2.1×10−
3 137 ✧ 

W-1000cS 42.7 1.0×10−
3 158 ¸ 

W-10000cS 42.7 1.0×10−
4 180 ¯ 

Table 3-1 Properties of the fluid pairs water and silicone oils, where γ12 (±1 mN/m) is the 
interfacial tension, χ = η1/η2 is the viscosity ratio, and θAm = θ (V) is the measured 
dynamic advancing contact angle for the velocity V = 250 µm/s. 
 

The properties of the fluid pairs investigated in this study are displayed in Table 

3-1. The droplet phase L1 is composed of pure water (Sigma-Aldrich) and the external 

phase L2 is made of conventional polydimethylsiloxane oils, i.e., PDMS or silicone oil 

(Gelest), of different viscosities. Parameters of interest include the dynamic viscosity ra-
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tio χ = η1/η2  and  the fluid pair interfacial tension γ12. Typical values of interfacial tension 

γ12 are found to plateau around 42 mN/m. The kinematic viscosity of L2 is varied over 

four decades (from 1 to 104 cS) and the viscosity of the droplet phase L1 remains con-

stant. From low to high viscosity, the specific gravity of silicone oils slightly varies from 

0.812 to 0.974. Typical values of the minimum advancing contact angle θAm based on the 

slowest injection velocity of L1 into the microchannel V = Q1/h2 ~ 250 µm/s are meas-

ured using the goniometer apparatus and are reported in Table 3-1. Data show that θAm 

depends on the viscosity of the external phase with an effective dynamic transition from 

partially wetting droplets to partially non-wetting droplets that occurs for fluid pairs W-

20cS and W-50cS. 
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3.5.  Evolution and stability of thin film 

 
Figure 3.6 Evolution of film thickness with capillary number. (a) Film thickness 
normalized with the channel width δ/h as a function of capillary number Ca. Solid line: 
δ/h = ΩCa2/3, with a cut-off at δ/h = 0.11 and Ω = 0.11. (b) Droplet size decreases with 
capillary number in the wetting and thin film region where the film thickness is 
negligible, solid line: d/h = 1.1Ca−0.2. (c) Droplet length increases due to the increase of 
film thickness in the thick film region, solid line: d/h = 3.3Ca0.07. ϕ = Q1/Q2. 
 

A variety of multiphase flow regimes are observed as the capillary number Ca = 

η2V/γ12, where V is the droplet velocity, ranges from 10−4 to 101 due to the stability and 

shape of the lubricating film between droplets and the walls. The evolution of the thick-

ness of the wetting layer is denoted with δ and plotted as a function of the capillary 

number Ca. Film thickness permits the classification of the different regimes as (i) Wet-

ting (ii) Thin Film (iii) Thick Film and (iv) Constant Film [Figure 3.6(a)]. For very low 
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Ca, hydrodynamic forces are negligible compared to surface tension forces and the sys-

tem adopts a wetting state where droplets make direct contact with the confining walls, 

which is experimentally visible due to the presence of contact lines. When the capillary 

number Ca > 10−3, the film becomes thicker and dynamically more stable to the formation 

of dewetting patches. As a result, lubricated droplets are more steadily produced. In the 

thin film regime, the droplet size exhibits a relatively weak dependency on the capillary 

number Ca. This effect can be seen when fixing a constant flow rate ratio ϕ ~ Q1/Q2 

while increasing the absolute flow velocity J ~ (Q1+Q2). In this regime, measurements 

suggest that for fixed flow rate ratio ϕ, the droplet size d varies with the capillary number 

Ca according to d/h ~ Caa, with a = −0.2 [Figure 3.6(b)]. As viscous effects become more 

prominent when Ca increases, smaller droplets are produced in the thin film regime. We 

define the thick film regime when Ca > 10−1 as optical measurements of δ allow for di-

rectly examining its evolution [Figure 3.6(a)iii]. Although the film thickness is not 

uniform in a square microchannel, the minimum film thickness scales as δ/h ~ Ca2/3 until 

Ca reaches unity and a constant film thickness δ/h ~ 0.11 is observed [Figure 3.6(a)iv] 

beyond Ca ~ 1. In contrast to the thin film regime, in thick film regime, the film thickness 

δ is significant and the droplet size d slightly increases with Ca. Indeed, at fixed ϕ, the 

droplet size grows with the capillary number as d/h ~ Ca0.07 [Figure 3.6(c)]. This very 

minor variation in the droplet size can be attributed to the additional confinement of the 

droplets due to the lubricating continuous phase at the walls. The evolution of the thin 

film plays a significant role in controlling the droplet length in microchannels. 

3.6.  Modes of droplet formation 
Droplet size is determined at the focusing section where the droplet phase is 

pinched off by the external phase. An important feature of the partially wetting systems is 

their hysteretic nature and the existence of two modes of droplet production for similar 

injection conditions.  In the first mode, droplets are produced at the fluid junction which 

is referred to as dripping regime [Figure 3.3]. The second mode of droplet generation is 

called rivulet regime, where droplets are emitted from the tip of a wetting tongue that is 

aligned parallel to the flow direction [Figure 3.8]. 
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3.6.1. Dripping regime 

 
Figure 3.7 Dripping regime. (a) Evolution of the multiphase flow linear aspect ratio d/L 
as a function of flow rate ratio ϕ, solid line: d/L = 1.75ϕ. (b) Concentrated regime (d/h > 
1.5), droplet length d/h vs. liquid fraction α2. Solid line: d/h = 1.2α2−1 (c) Droplet spacing 
L/h as a function of flow rate ratio ϕ in the dilute regime (d/h < 1.5), solid line: d/h = 
1.1ϕ−2/3. (d) Droplet length d/h plotted with the flow ratio ϕ for small droplets. Solid line: 
d/h = 1.9ϕ1/3. 
 

An important feature of segmented microflows in dripping regime, is the conser-

vation of the linear aspect ratio d/L of the multiphase flow, which is found to be directly 

proportional to the flow rate ratio according to d/L = cϕ, with c = 1.75 for capillary num-

bers Ca ranging between 10−4 and 101 [Figure 3.7(a)]. This property results from mass 

conservation applied to a linear unit cell of the flow over a period of droplet emission 

since the scalings d ~ Q1/h2 and L ~ Q2/h2 suggest direct proportionality of d/L with ϕ in 

the limit of elongated droplets d/h > 1.5. Data show that this relationship can also be ex-



   Droplet formation and stability of thin film 

 

 45 

tended to the small droplets when d/h < 1.5. The influence of droplet size d with Ca does 

not significantly alter the value of the aspect ratio d/L since in the thin film regime, L de-

creases with d [Figure 3.6(b)], and in the thick film regime, L increases with d [Figure 

3.6(c)]. 

 

In the elongated droplet regime, the normalized droplet size d/h can also be rela-

tively well predicted independently of Ca. Indeed, similar to previous work on the 

generation of microbubbles [168], the droplet length can be approximated with d ~ J × T2 

where J = (Q1+Q2)/h2 is the superficial flow velocity and T2 = (h3/Q2) is the flow rate-

controlled pinching time for breakup. Hence, neglecting the apparent slip velocity be-

tween droplet and external phase as well as the weak influence of Ca, the droplet length 

is expected to be inversely proportional to the continuous phase liquid fraction α2 = 

Q2/(Q1+Q2), such as d/h ~  1/α2. The volumetric fraction α2 is also a useful parameter for 

quantifying the droplet concentration in segmented flows. Here, the concentrated regime 

corresponds to a low external phase liquid fraction, α2 < 0.8, and a wide range of elon-

gated droplet sizes can be produced while the droplet spacing remains nearly constant L ~ 

h. By contrast, in the dilute regime (α2 > 0.8), the droplet size remains almost constant d 

~ h while the spacing between droplets strongly varies. 

 

In the concentrated regime [Figure 3.7(b)], data shows that the measured droplet 

size is inversely proportional to the volumetric volume fraction according to, 

 

 d
h
=1.2α2

−1 for
d
h
>1.5  (3.5) 

 

The relative scatter in the data is attributed to the influence of the capillary number Ca on 

d. In particular, for viscosity ratio χ ~ 1, the previous scaling yields good agreement with 

experiments when Ca > 1.2 × 10−3, i.e., in the non-wetting regime. In the wetting regime 

at very low capillary number, Eq. 1. underestimates the droplet size d/h and previous ar-

guments based on a flow rate-controlled pinching time with no apparent slip between 
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phases do not apply due to the presence of wetting contact lines which alter droplet’s ve-

locity. Besides data scatter, the previous scaling appears consistent given the very wide 

range of external phase viscosity η2 explored and the large span of Ca between 10−3 and 

101. 

 

The dilute droplet regime is characterized with the emission of small droplets with 

a fairly narrow size distribution (0.6 < d/h < 1.5) while the droplet spacing L varies over a 

decade. Experimentally, most of our data are produced in the thick film regime. As the 

droplet spacing L shows a large variation, we measure the size of the liquid plugs of L2 

between droplets and empirically find a simple scaling such as L/h ~ ϕ −2/3 [Figure 3.7(c)]. 

Since the linear aspect ratio in the dripping regime is conserved and follows d/L ~ ϕ, we 

obtain the following scaling 

 

 d
h
=1.9ϕ1/3 for

d
h
<1.5  (3.6) 

for the droplet size in the dilute dripping regime, which is associated with small droplets 

sizes [Figure 3.7(d)]. 

3.6.2. Rivulet regime 

 
Figure 3.8 Schematic of droplet formation in the rivulet regime. Droplets are emitted 
from the tip of a wetting tongue extending past the focusing section. α2 = 0.77. Fluid 
Pair: W-500cS. 
 



   Droplet formation and stability of thin film 

 

 47 

The wetting condition of the droplets can lead to hysteretic behavior and, depend-

ing on the history of the system a second mode of droplet generation is observed namely 

rivulet. In the rivulet regime, a wetting tongue of liquid L1 can spread on the glass wall 

past the focusing section and form a rivulet that regularly emits droplets in the outlet 

channel [Figure 3.8]. Once established, the rivulet displays pinned contact lines that are 

aligned parallel to the flow direction with a static contact angle θ < π/2. In this interfacial 

arrangement, the flow velocity component normal to the contact line is null and the con-

tact angle θ along the rivulet is set independent of flow capillary number Ca. 

Progressively increasing the side flow rate Q2 typically causes the wetting tongue to grow 

further into the microchannel while imposing a sharp variation in Q2 can revert the sys-

tem back to the dripping regime. 

 
Figure 3.9 Rivulet regime. (a) Micrograph showing droplet generation from a rivulet for 
fixed Q1 = 30 µL/min, fluid pair: W-200cS. The spacing between the droplets L remains 
constant while Q2 increases. (b) Evolution of droplet spacing L/h as a function of Q1 for 
fluid pair: W-50cS. Solid line: L/h = aQ1−1/2. (c) Evolution of coefficient a with the 
viscosity ratio χ, solid line: a = bχ 

1/4. (d) Experimental droplet size d/h as a function of 
calculated droplet size d*/h, solid line: d/h =d*/h. Inset: example of rivulet-generated 
droplets 
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In the rivulet regime, the relationships for d and L significantly differ from the 

dripping regime. In particular, we experimentally find that the average distance between 

droplets L is directly set with the dispersed phase flow rate Q1. Figure 3.9a shows the ex-

amples of flows where Q1 is fixed and Q2 varies. Monodisperse droplets of various sizes 

d can be produced at a constant interval L. To better understand this phenomenon, the 

spacing L/h is measured from micrographs and found to scale with the flow rate of the 

droplet phase Q1 according to L/h = aQ1−1/2, where the coefficient a depends on the particu-

lar fluid pair used [Figure 3.9(b)]. We apply this method to all fluid pairs and empirically 

deduce the scaling for the coefficient a as a function of the viscosity ratio χ such as a = 

bχ 
1/4, with the constant b = 29.3 (µL/min)−1/2 [Figure 3.9(c)]. 

 

We make use of the constant droplet spacing L to express the scaling for the drop-

let size d in the rivulet regime. As the droplet size is smaller than the channel height h, it 

adopts a nearly spherical shape at low Ca and a bullet shape at high Ca. Modeling drop-

lets as spheres during a period of emission gives (π/6)d3 ~ Q1 and using L ~ Q2/h2 in 

conjunction with a mass conservation argument leads to πd3/(6Lh2) ~ ϕ. Substituting L 

with our previous scaling yields a semi-empirical expression for the droplet size d* in the 

rivulet regime, 

 

 d*
h

= b 6
π
χ1/4Q1

1/2Q2
−1⎛

⎝⎜
⎞
⎠⎟

1/3

.
 (3.7) 

 

The measured droplet size d/h is found to be in good agreement with the proposed scaling 

d*/h [Figure 3.9(d)]. The bistability observed between the dripping and rivulet production 

regime is strongly related to local wetting properties of the channel and regime transitions 

can be triggered with random sessile wetting patches of L1 left at the channel walls. 
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3.7.  Conclusion 
The evolution of the thin film in square capillaries can be seen as a function of the 

capillary number as Ca ~ δ2/3 for a wide range of Ca from 10−4 and 10−2.  The film thick-

ness allows the classification of different regimes as (i) Wetting (ii) Thin film (iii) Thick 

Film and (iv) Constant film. The film thickness plateaus around δ/h ≈ 0.11 for elongated 

droplets when Ca > 1 in the constant film region. We show that there is a contrasting de-

pendence on the droplet size d in different film thickness regimes. For a fixed flow ratio 

ϕ in the thin film region, the droplet size d decreases with the Ca while the droplet size 

increases in the thick film region due the additional confinement of the evolving film 

thickness. In spite of the change in the droplet size, the linear aspect ratio d/L of the mul-

tiphase flow remained constant and scales with the flow ratio d/L ~ ϕ. In the dripping 

regime, neglecting the contrasting trend of Ca, the droplet length d/h is inversely propor-

tional to the liquid fraction as d/h ~  1/α2. For small droplets (0.6 < d/h < 1.5) in the dilute 

regime, the spacing varies as L/h ~ ϕ −2/3 while the droplet size scales as d/h ~ ϕ1/3. We re-

port a second mode of droplet production called Rivulet in which monodisperse droplets 

periodically ejected from the tip of a pinned rivulet. Experiments show that spacing be-

tween droplets is set by the flow rate of the droplet phase Q1 and a semi-empirical 

relation for the droplet size is given in equation (3.7). 
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4.   Partially wetting droplets in square 

microchannel 
 

 

 

In this chapter we discuss the evolution of the partially wetting droplets in the 

square channel based on the natural spreading properties of the fluids. Downstream from 

the focusing section, the droplets translating in the square channel shows a variety of wet-

ting transitions. These wetting transitions are essentially controlled by the size of the 

droplet d, the velocity of the droplet V and natural spreading property of the fluid pair VC. 

Typical forced wetting transitions in the microchannel are characterized with phase dia-

grams and the influence of wetting/non-wetting regimes on the relative droplet velocity is 

examined as a function of a wetting parameter d/(hCa). We also discuss the formation of 

corner droplets where the droplet morphology adapts to minimize the dewetting velocity. 

4.1.  Dynamic wetting transition 

 
Figure 4.1 (a) Evolution of advancing contact angle as a function of velocity for fluid 
pair: W-100cS. Solid Line: θ = (θ0

3 + ωVi)1/3 with ω = 8.2 × 108 and θ0 = 98˚. Dashed 
Line: θ = 180˚. Dash-dot line: Advancing critical velocity Vi = VC at which contact angle 
is expected to reach 180˚. (b) Advancing critical velocity VC as a function of capillary 
velocity V* = γ12/η2 for the fluids in Table 3-1. Solid line: VC = CacV*, with Cac = 2.4 × 
10−2. 
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A short recap on the dynamic wetting properties mentioned in Chapter 2 shows 

that, dynamic contact angle θ for a two-fluid system increases with contact line velocity 

Vi to reach a limiting value at 180˚. This velocity is named the advancing critical velocity 

VC representing a wetting transition beyond this point [Figure 4.1(a)]. Advancing critical 

velocity VC is calculated for all the fluid pairs mentioned in Table 3-1 and compared with 

the capillary velocity V* = γ12/η2. Since all droplets are made of pure water, the capillary 

velocity is calculated based on the viscosity of the external phase η2. For over four dec-

ades of varying the viscosity for the external phase, data suggest a simple relationship VC 

= Cac.V* with the critical capillary number Cac = 2.4 × 10−2 [Figure 4.1(b)]. The constant 

is labeled as the critical capillary number Cac = VC/V*. Since the interfacial tension for 

the fluid pairs are of similar magnitude, the critical velocity VC scales with the viscosity 

of the external phase as VC ~ 1/η2. Using the critical velocity VC and capillary number 

Cac we classify the forced wetting transitions of droplet inside microchannel. 
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Figure 4.2 (a) Experimental micrographs depicting the transition from the wetting to the 
non-wetting flow regime, contact lines accented (in blue) for visibility, fluid pair: W-5cS. 
(b) Normalized droplet length d/h vs. rescaled droplet velocity V/VC, solid line: d/h = 
β(V/VC) with β = 14, fluid pair: W-5cS. (d) Evolution of coefficient β with capillary 
velocity V*, solid line: β = ζ V*1/3. (d) Combined wetting phase diagram showing 
normalized droplet length d/h as a function of β(V/VC) for all fluid pairs in Table 3-1. 
Filled symbols: wetting droplets, open symbols: non-wetting droplets. 
 

Inside the microchannel, the dynamic wetting characteristics of multiphase flow 

depend on the droplet velocity V and size d of droplets for a given fluid pair [Figure 

4.2(a)]. The criterion for the wetting transition of translating droplets can be determined 

by comparing the droplet convective timescale τ ~ d/V with the typical dewetting time-

scale of the local film based on fluid properties and channel geometry τD ~ h/VD, where 

VD is the dewetting velocity. Incidentally, the droplet convective timescale also corre-

sponds to the lifetime of the quasi-static thin film produced by the passage of the droplet 

at a specific location in the channel. A simple hypothesis for the stability of the thin film 



  Partially wetting droplets in a square microchannel 

 

 53 

associated with a fast lubricated droplet is τ « τD. By contrast, unstable thin films are ob-

tained for slow moving droplets with large convective timescales such as τ » τD. 

Balancing timescales and rearranging terms yield an estimate for the wetting transition of 

microfluidic droplets such as d/h ~ V/VD. For liquid-air system, Redon et al [169] showed 

that the dewetting velocity VD of a metastable thin film deposited on a substrate is inde-

pendent of the film thickness δ and scales as VD = V*kθE
3, where k depends on the nature 

and on the molecular weight of the liquid.  

 

To test our hypothesis for the droplet wetting transition in microchannels, we in-

spect flow morphology and map regions of wetting and lubricated droplets on a phase-

diagram where d/h is plotted against V/VC = Ca/Cac, for a given fluid pair [Figure 4.2(b)]. 

The previous argument yields good agreement with experimental observations as the 

function d/h = β(V/VC), where the coefficient β  = 14 (for W-5cS), delineates the two re-

gimes. Given the range of fluid properties and flow parameters investigated, the 

wetting/non-wetting transition is observed for the five fluid pairs ranging between W-5cS 

and W-200cS. Since the coefficient β ~ (Cac/kθE
3) is expected to depend on fluid proper-

ties, we plot β as a function of the capillary velocity V* which is the only variable across 

the different fluid pairs in Table 3-1. From the experimental data obtained for the differ-

ent fluid pairs with wetting/non-wetting transition, we found that β  = ζV*1/3 with ζ  = 

6.98 (m/s)−1/3 [Figure 4.2(c)]. This functional relationship is used to extrapolate the values 

of β for other fluid pairs and produce a master phase-diagram [Figure 4.2(d)] where the 

line d/h = β(V/VC) clearly separates wetting and non-wetting regimes for all fluid pairs 

given in Table 3-1. Hence, the functional relationship 

 d
h
= ζV*1/3 V

VC

⎛

⎝⎜
⎞

⎠⎟
 (4.1) 

 

describes the transition between wetting and non-wetting regimes for all cases examined. 

This equation suggests a critical value for the ratio d/(hCa) based on the fluid properties 

of each fluid pair according to dcritical/(hCa) = (ζV*1/3)/Cac. In the diagram, a droplet  with 

the ratio d/(hCa) > (ζV*1/3)/Cac belongs to wetting regime. This shows in particular that, 
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similar to the detachment of wetting bubbles between two parallel plates [170], the drop-

let wetting transition inside the square capillary can be adjusted with the parameter 

d/(hCa). 

 

4.2.  Droplet velocity in square microchannel 

 
Figure 4.3 Droplet velocity. (a) Schematic of elongated droplet in a square channel. (i) 
Fitted piston. (ii) Leaky piston with contact line. Green shading shows the droplet wetted 
area. (b) Normalized droplet length d/h and capillary number Ca. Open symbols: Non-
wetting droplets. Filled Symbols: Wetting droplets. Solid line: V/J = 1 + (d/(hCa))c. 
Dotted line: V/J =1. 
 

The microfluidic system allows the examination of the droplet velocity V as func-

tion of size d and capillary number Ca in wetting and lubricating flow regimes. The 

lubricating thin film has different effects on velocity in circular and square microchan-

nels. In circular capillaries, an elongated droplet typically behaves as a tight-fitted piston 

and move at about the same speed as the superficial velocity J and is referred to as ‘plug 

flow’. A major difference in a square channel is the presence of sharp corners and non-

uniform film thickness [171]. In square channel, a typical droplet does not fill the whole 
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channel cross-section and the droplet behaves as a leaky piston with the presence of a 

‘corner flow’[172, 173]. The extent of the flow of the continuous phase through the cor-

ners determines the relative droplet velocity V/J [174, 175]. As the capillary number Ca 

increases, the droplet behavior changes from a leaky piston in the wetting regime to a 

tight fitted piston in the large film thickness δ regimes [Figure 4.3(a)]. 

 

As the wetting transition is essentially controlled with d/(hCa), this parameter is 

used to rescale the droplet velocity ratio V/J for all regimes [Figure 4.3(b)]. The relative 

velocity V/J depends on the flux of the continuous phase L20 through the four corners in 

the square channel. The corner flux QC is proportional to the difference between droplet 

velocity V and the superficial velocity J as QC ~ (V − J)S, where S is the cross-sectional 

area of the corners excluding the droplet. In the analysis of long bubbles in polygonal ca-

pillaries, Wong et al. [176, 177] calculated the bubble profile with negligible viscosity 

and developed an expression for the dependency of corner flux on the capillary number 

and the bubble length as QC ~ (hCa 
−
1/3/d). In our case with droplets of non-negligible vis-

cosity, we find that expressing the corner flux as QC ~ (d/hCa)c would allow the rescaling 

of all data points to a single curve for the range of capillary numbers explored [Figure 

4.3(b)]. Equating the expressions for QC, the ratio of droplet velocity to the superficial 

velocity can be written as, 

 V
J
=1+ξ d

hCa
⎛
⎝⎜

⎞
⎠⎟

c

 (4.2) 

where the coefficients ξ and c depend on the droplet wetting condition and are given in 

Table 4-1. 

 

Regime  ξ c 

Non-wetting Droplet +9.0×10−1 −1/3 

Wetting Droplet  −8.5×10−5 +3/4 

Table 4-1 Fitting parameters for equation (4.2) 
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For a given capillary number Ca, Equation (4.2) suggests that, the relative veloci-

ty V/J is inversely correlated with the droplet length d, i.e. long droplets move slower. 

Similarly, when the droplet length d is fixed, the relative velocity increases with the ca-

pillary number Ca. For wetting droplets, the direct contact between droplets and the 

channel walls introduces viscous friction and translating droplets adopt a stick-and-slip 

behavior and appear as ‘reluctant’ to move while amounts of the continuous phase by-

passes them through corner flows. This behavior is more pronounced in the limit of large 

d/(hCa) » 1, where the relative droplet velocity V/J < 1. There is a transition region for 

d/(hCa) in the range of 102 ~ 103 where wetting and non-wetting droplets co-exist and the 

relative velocity is close to unity, V/J ≈ 1. The coexistence of these two regimes is due to 

the difference in the wetting criterion given by critical ratio dcritical/(hCa) for different flu-

id pairs. 
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4.3.  Wetting effects in square microchannels 

 
Figure 4.4 Examples of wetting dynamics. (a) Time-series of growth of dewetting patch 
during droplet motion, Δt = 4×10−

3 s. (b) Micrographs showing influence of Ca for fixed 
d, contact line accented for visibility. (c) Stick and slip motion for V/J = 0.84. (i) Time 
series of wetting-influenced droplet motion, arrows show pinned and relaxing contact 
line, Δt = 4×10−3, fluid pair W-100cS, (ii) Temporal evolution of normalized contact line 
velocity for left VL/V and right wall VR/V and, (iii) superimposed contours of droplet back 
illustrating stick-slip motion, contours corresponding to (i) are accented in red. 
 

Dynamical wetting effects are closely connected to the evolution of the metasta-

ble thin film between droplets and channel walls. In our experimental data sets, wetting 

droplets are observed for a capillary number Ca ranging between 10−4 and 10−2  [Figure 

3.6(a)]. At such low Ca, wetting/dewetting patches of L1 have a tendency to adhere to 

surfaces and can provide nucleation site for film breakage and growth of a dewetting 

patch. The temporal evolution of a dewetting patch is shown in Figure 4.4(a). The rela-

tive growth of patches with respect to droplet size and velocity is given in equation (4.1). 
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For very low capillary numbers, a droplet can completely wet the walls, while for moder-

ate Ca near the wetting/thin film transition, partially grown patches are observed at the 

rear of droplets [Figure 4.4(b)]. 

 

Given the droplet production method where laminar side flows of the continuous 

phase are injected near the sidewalls, wetting effects are more likely to occur at the top 

and bottom glass surface. At very low Ca, however, wetting effects can be important at 

the sidewalls. As the silicon surface of the side microchannel is produced during various 

etching cycles, it is less smooth than the top and bottom glass walls and stick-and-slip 

motion can result from surface heterogeneities. An example of such motion is shown in 

Figure 4.4(c)i. Although the average droplet velocity V measured at the centerline re-

mains fairly constant, contact line velocities on the left VL and right VR sidewalls (with 

respect to the flow direction) show irregular jumps and dips as a moving contact line that 

encounters a strong surface heterogeneity can pin and relax. This movement consists in 

intermittent spikes in the normalized velocity of the contact line at both walls [Figure 

4.4(c)ii]. Extraction and superimposition of the contours of a droplet back from high-

speed imaging reveal the influence of stick-slip motion on droplet position at fixed time 

intervals [Figure 4.4(c)iii]. 
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4.4.  Corner droplets 

 
Figure 4.5 Schematic of the corner droplet with an inclined contact line on the rear. The 
dewetting line is shown in blue. Fluid pair: GW92-5cS. 
 

In contrast to water droplets in PDMS oils, a different type of wetting transition 

was observed when high viscosity droplets made of water/glycerol mixtures are used. 

Particularly, we discuss the wetting effects shown by the fluid pair GW92-5cS. Due to 

the asymmetry between the advancing and receding branch of the dynamic contact an-

gle[81], the droplet phase stretches and adopts different configurations such as, oval, 

corner, cusp and pearling at various velocities. As the wetting-droplets translate in the 

microchannel, the rear of the droplet constantly dewets the microchannel walls. The max-

imum dewetting velocity for the contact line is given by the receding critical velocity VR. 

When a velocity V > VR is imposed, the dewetting line has a tendency to align with the 

flow direction minimizing the normal component of the velocity [89]. The dewetting line 

inclines at an angle φ to reduce the effective velocity normal to contact line to V.ñ = V sin 

(φ) [Figure 4.5]. 
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Figure 4.6 Oval, corner, cusp/pearl transition for fluid pair: G92-5cS (a) Changing 
morphology of the dewetting line with increasing velocity. (b) Oval to corner transition. 
Black line: DT/h = 0.7, Red line: V = 2.2  × 10−3 m/s. (c) Phase diagram for the droplet 
transitions. Advancing contact angle (£) and receding contact angle (r) as a function of 
contact line velocity. Red line: Oval to corner transition. Green line: Conner to cusp 
transition at the advancing critical velocity VC. 
 

At very low velocities (V < VO), the dewetting contact line assumes an oval shape 

with a diameter of curvature DT [Figure 4.6(a)]. On increasing the velocity, DT reduces to 

form a corner with an opening angle of 2φ  at the tip. Corner droplets are characterized by 

the sudden decrease of the diameter of curvature (DT) at the rear of droplet. The transition 

from oval to corner is defined at DT/h = 0.7 [Figure 4.6(b)]. Although very small, the di-

ameter of curvature of the tip DT remains finite in the corner regime. On further 

increasing the velocity, the shape of the dewetting line changes to form an inflection 

point at the rear and this regime is named as ‘cusp’ [Figure 4.6(d)iii]. In cusp regime, the 
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dewetting line at the tip is almost perpendicular to the direction of velocity (φ g 90) there 

by decreasing the normal component of the velocity V sin (φ) g 0. The transition velocity 

for corner to cusp is found to be around the advancing critical velocity VC. For even high-

er velocities Pearl regime is observed when the droplet leaves behind small sessile 

droplet patches on the microchannel walls [Figure 4.6(d)iv]. The transition velocity from 

cusp to pearl is not clearly defined as the droplet velocity fluctuates in the pearl regime. 

 

 
Figure 4.7 Ratio of droplet velocity and the superficial velocity (V/J) as a function of 
superficial velocity J. Solid line: Trend line to guide the eye. 
 

To measure the droplet velocity V we track the front of the droplet and the super-

ficial velocity J is calculated from the injection rates of the fluids J = (Q1+Q2)/h2. 

Contrary to the less viscous droplets mentioned in section 4.2, the droplet velocity reduc-

es with increasing superficial velocity. With increasing superficial velocity, the relaxation 

time for the dewetting line is reduced and sessile droplets are deposited on the micro-

channel walls inhibiting the droplet velocity. This shows that the changing contact line 

morphologies can affect the overall dynamics of the multiphase flow. 
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4.5.  Conclusion 
A classification of forced dynamic wetting transitions inside a square microchan-

nel is made in conjunction with information gained on the natural spreading properties of 

each fluid pair measured using high-speed goniometry. The extrapolated critical wetting 

velocity VC for each fluid pair is found proportional to the capillary velocity based on ex-

ternal phase viscosity η2 and interfacial tension γ12 according to VC = CacV*. Comparing 

droplet dewetting and convective timescales permit categorization of dynamic wetting 

phenomena in microchannels based on the parameter d/(hCa). The relative droplet veloci-

ty V/J is measured and shown to depend also on the parameter d/(hCa). Simple model fits 

are developed to predict droplet velocity in both wetting and non-wetting regimes. A va-

riety of wetting phenomena inside square microchannels, including growth of dewetting 

patch, droplet morphology, and ‘stick-slip’ movement of the contact line are also report-

ed. For the fluid pair GW92-5cS, the rear of the droplet showed an inclined dewetting 

line. The dewetting lines incline with respect to the droplet velocity to keep the normal 

velocity component below the maximum receding velocity to avoid the dewetting transi-

tion. Overall, the study shows the relevance of the dynamic advancing angle as a useful 

parameter to predict and control wetting transitions of segmented flows in microfluidic 

platforms. 
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5.   Arrangement and coalescence of droplets in 

slit microchannel 
 

 

 

5.1.  Introduction 
Liquid/liquid dispersions have a broad range of applications in material synthesis 

and petroleum engineering [101, 178, 179]. In the context of immiscible two-fluid flows 

in porous media, recombination processes between droplets can significantly alter flow 

behavior. Although droplet coalescence in air is relatively well understood [180-182], 

less is known about droplet merging in flowing emulsions [183]. For instance, two drop-

lets in air coalesce upon contact but this process is delayed in viscous environments due 

to the presence of a thin liquid film between droplets [184, 185]. As a result, two droplets, 

which appear to make contact with one another in an external liquid phase, do not neces-

sarily coalesce even in the absence of surfactant. In confined systems, variations and 

irregularities in the flow geometry introduce additional complexities for predicting and 

modeling droplet interactions and coalescence phenomena during multiphase transport at 

the small-scale. 

 

Microfluidic devices are useful for generating and manipulating arrays of mono-

disperse droplets. The flow combination of two immiscible fluids in microgeometries 

produces many flow patterns [45, 66, 186-188]. Microfluidic droplets facilitate a variety 

of controlled operations and can be used as microreactors for encapsulating cells and 

chemicals [31, 189-191]. Numerous methods based on channel designs have been devel-

oped to produce, transport, break, merge, and store droplets in microsystems [34, 192-

195]. An important microfluidic component consists of a chamber made of a planar mi-

crochannel connected to multiple ports. A recent theoretical study has shown the 

possibility to assemble complex structures in a chamber using elaborated time-dependent 
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flows [196, 197]. The formation of compact three-dimensional droplet arrays was 

achieved by controlling the ratio of the chamber height to the droplet diameters in con-

junction with several small inlet channels [198]. At the transition between a single inlet 

channel and a wide two-dimensional cell, droplets having a very low interfacial tension 

with the continuous phase can stretch normal to the main flow direction and breakup into 

complex arrays [187]. Overall, chambers are useful for manipulating microfluidic drop-

lets and provide insights for displacing immiscible fluids in porous media. 

 

In this chapter, we study the flow behavior of droplets as they traverse a mi-

crofluidic chamber designed as a diverging/converging slit microchannel. The flow 

geometry represents a simplified model system of a two-dimensional pore with practical-

ly ‘‘stagnant pockets’’. This type of interconnected pore is often encountered in natural 

porous matrices [199]. The extensional geometry also offers new functionalities for prob-

ing multiphase flows. For instance, dispersed flows of droplets can form an effective jet 

or ‘‘spray’’ of droplets [12]. The hydrodynamic coupling and the relationship between 

dispersed and separated flows with high-viscosity fluids are also examined. 

 

The chapter is organized as follows. First, we characterize the microfluidic de-

sign, apparatus, and physical properties of fluids used in the study. Continuously focusing 

immiscible fluid streams into a square channel generates regular trains of monodisperse 

droplets upstream from the chamber. As this method sets the initial flow conditions prior 

to the pore, we determine the relationships between droplet size, distance, and velocity in 

the square channel as a function of flow rates of injection and fluid properties. Down-

stream, droplets enter the chamber and form a variety of compact lattices. The central 

part of this chapter is devoted to examining the morphology and dynamics of these ar-

rangements. The morphological study includes discussions of the evolution of the droplet 

distance and the spread of the effective droplet spray in the chamber. Then, we investi-

gate the dynamics of droplet assembly by recording and comparing droplet velocities and 

residence times in the cell with theoretical predictions. The final part of this chapter deals 

with the interplay of wetting and recombination processes occurring in various droplet 

lattices. We measure the critical droplet concentration for the onset of coalescence as a 
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function of the capillary number and demonstrate that the time required for the intercalat-

ing film between two nearby droplets to drain and permit coalescence is proportional to 

the viscous-capillary time-scale based on the viscosity of the external fluid. 

5.2.  Schematic of microchamber and fluid properties 

 
Figure 5.1 Schematic of the microfluidic module with hydrodynamic focusing section, 
inlet square channel, chamber and the outlet channel. 
 

Except the change in the microfluidic platform, the experimental setup used to 

visualize the flow in the microchannel is described in section 3.2. The microfluidic plat-

form is made from etched through silicon wafer (h = 250 µm) sandwiched between two 

borosilicate glass pieces and the glass pieces are sealed on each side of silicon using an-

odic bonding. The microchannel consists of four consecutive elements: (1) a right angle 

hydrodynamic focusing section for droplet generation (2) an inlet square channel of width 

h and length 20h (3) a diverging/converging slit microchamber of width 20h (4) an outlet 

square channel [Figure 5.1]. The depth of the microchannel along the entire length is h. 

The large chamber aspect ratio w/h = 20, gives a two-dimensional flow approximation. 

Droplet phase L1 having viscosity η1, is injected into the central channel with a volumet-

ric flow rate of Q1 and the external phase L2 with viscosity η2 is injected with a flow rate 
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of Q2 from the side channels. The flow rate for each phase is controlled independently 

using syringe pumps. The long square inlet channel is used to decorrelate the droplet pro-

duction at the focusing section from droplet arrangement in the chamber. The reference 

point (x, y) = (0, 0) is set at the transition between the inlet channel square channel and 

the microchamber. In the chamber, single phase flows at low Reynolds numbers can be 

described as a combination of virtual point source and sink separated by w = 20h. How-

ever, given the finite length of the inlet and outlet square channels of width h, the 

effective length of the microfluidic chamber is wL=19h. 

5.2.1. Fluid properties 

Fluid Pair 
Droplet  

Phase (L1) 

External 

Phase (L2) 

η1 

(cP) 

η2 

(cP) 

χ 
Symbol 

G80-1cS Glycerol 80% PDMS 36 0.82 44 ¯ 

G80-5cS - - 36 4.59 7.8 r 
G80-20cS - - 36 19 1.9 � 

G92-20cS Glycerol 92% - 272 19 14.3 £ 

Table 5-1 Properties of fluids. γ12 is the interfacial tension and the viscosity ratio is given 
by χ = η1/η2.  
 

The droplet phase L1 is made of water/glycerol mixtures (WG) and the continu-

ous phase L2 is silicone oils (PDMS) of various viscosities. Four fluid pairs with different 

viscosity ratios χ = η1/η2 and similar interfacial tensions γ12 are examined in the absence 

of surfactant. The viscosity of L1 is chosen to be large compared to the external phase L2. 

Droplets are generated at the focusing section beyond the advancing critical velocity VC 

(θD →180) for all the fluid pairs and the droplets do not wet the inlet square channel 

walls. The inlet channel capillary number Ca = η2J0/γ12 varies between ~ 10−
3 and ~ 10−

1 

where J0 is the multiphase flow superficial velocity given by J0 = (Q1+Q2)/h2. The Reyn-

olds number based on the viscosity of the external phase (η2) varies between 8 × 10−
3 and 

4. 
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5.3.  Initial droplet spacing and size. 

 
Figure 5.2 Characteristics of microfluidic emulsions in the inlet square channel. (a) d0/h 
as a function of Ca2α2. Solid line: d0/h = 0.5(Ca2α2)−

0.17. (b) Initial spacing between 
droplets L0 normalized with the droplet diameter d0 as a function of flow ratio ϕ. Solid 
Line: L0/d0 = 0.45ϕ−

1. (c) (i) Schematic of the droplet generation at the focusing section. 
(ii) Formation of satellite droplets and breakage of the capillary thread as the capillary 
number is increased. 
 

The morphology of the microfluidic emulsion in the chamber is set by the up-

stream initial conditions in the inlet square channel. Two important parameters deciding 

the different arrangements in the chamber is the spacing between two droplets L0 and the 

droplet length d0 in the inlet channel. Both parameters are adjusted by controlling the 

flow rates Q1 and Q2. Other important non-dimensional quantities include the flow ratio 

ϕ = Q1/Q2 and the droplet concentration α1 = Q1/(Q1 + Q2). For the dilute emulsion (α1 ≤ 

0.5) in the dripping regime droplet size is remains almost constant d0 ~ h with large varia-

tion in the spacing L0. In contrast, the concentrated emulsions (α1 ≥ 0.5) show a wide 

variation in the droplet size d0 with the spacing reaming almost constant L0 ~ h. Previous 

studies on the formation of viscous droplets with χ  ≥ 22, showed that the droplet size 

scales with Ca2α2 where α2 is the volume fraction of the continuous phase and the capil-

lary number Ca2 = η2Q2/(γ12h2) is associated with the superficial velocity of the 
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continuous phase[200]. The relationship d/h = 0.5(Ca2α2)−
0.17 shows agreement with the 

experimental data for dilute emulsion α1 ≤ 0.5 [Figure 5.2(a)]. We note that there is a de-

parture from the scaling law when χ  → 0. Although the size distribution of the droplet is 

relatively small 0.7 < d/h < 1.8, the change in droplet size can influence flow arrange-

ments downstream in the chamber. 

 

In the dilute regime (α1 ≤ 0.5) the initial spacing between the droplets L0 can be 

varied over several orders of magnitude. The ratio of the droplet spacing to the droplet 

diameter L0/d0 serves as the most important parameter in deciding the flow patterns 

downstream in the microchamber. Mass conservation in the segmented flow suggests a 

scaling for the droplet size and the droplet spacing as d0 ~ Q1/h2 and L0 ~ Q2/h2 resulting 

in a scaling for their ratio as L0/d0 ~ ϕ−
1. The experimental data is fitted with the scaling to 

get the expression L0/d0 = 0.45ϕ−
1 [Figure 5.2(b)]. 

 

For high capillary numbers (Ca ~ 10-1), satellite droplets are formed during 

breakup. The size of the satellite droplets is negligible compared to the droplet size. On 

further increasing the capillary number the system switches to jetting regime. The charac-

teristic feature of the jetting regime is the formation of a capillary thread extending into 

the inlet channel. The perturbations on the surface of the capillary thread grow and even-

tually break into droplets [Figure 5.2(c)ii]. Droplets produced in the jetting regime are 

found to be polydisperse and the spacing between two consecutive droplets varies con-

siderably. 
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5.4.  Phase diagram for droplet arrangements 

 
Figure 5.3 Experimental micrographs of the multiple layer droplet formation in the 
microfluidic chamber. (a) Ordered arrangements for the fluid pair G80-20cS. (i) One 
layer (ii) Two layers (iii) Three layers (iv) Six layers (b) Disordered arrangements for the 
fluid pair G92-20cS. (i) Stagnation. Red arrows show stagnant droplets attached to the 
walls (ii) Three to Six layer transition. (iii) Above six layers (iv) Jetting. 
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Figure 5.4 General phase diagram for all fluid pairs. The droplet arrangements shown in 
Figure 5.3 is indicated in the phase diagram. Shaded region: Stagnation of droplets at low 
capillary number. Dotted Line: (1) Ca = 1.4 × 10−

2 (2) L0/d0 = 10. 
 

In the diverging–converging chamber, droplets can form compact multilayer ar-

rangements based on the injection capillary number and the initial spacing between the 

droplets. A summary of different ordered and disordered arrangements are illustrated in 

Figure 5.3 [201]. Droplets previously elongated in the square channel (d0 > h) adopt a 

more symmetric circular shape as they enter the chamber. On average, the number of 

droplets in the chamber remains constant for ordered arrangements since the time average 

number of incoming droplets is identical to the number of droplets exiting the chamber. 

In contrast, disordered arrangements show fluctuation in the number of droplets due to 

the coalescence of droplets as well as the difference in the droplets entering and exiting 

the chamber. The formation of the regular and irregular packing structures depends on the 

initial droplet concentration in the square channel. For large initial spacing (L0/d0 > 10), 

droplets formed one layer [Figure 5.3(a)i]. As L0/d0 is progressively reduced, the ordered 

arrangements of two, three and six layers of droplets are observed [Figure 5.3(a)ii-iv]. 
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Four or five layered arrangements were not observed, but a complex transition from 

three- to six-layered arrangements [Figure 5.3(b)ii]. Not more than six layers are ob-

served, since the chamber size and the aspect ratio (w/h = 20) appear to prevent the 

formation of regular structures with more than six layers. On further decreasing L0/d0 be-

yond the six layered arrangement, the close packing structure disappear to form ‘above 

six layer’ transition [Figure 5.3(b)iii].  In this transition regime, the droplets migrate lat-

erally to the both corners of the chamber before the beginning of the converging section 

(x ~ 10h). The lateral migration of the droplets serves to accommodate the additional in-

coming droplets due to the discrepancy in the number of the droplets entering and exiting 

the chamber. At very high capillary number (Ca ~ 10−1), the droplets generation switch to 

jetting regime where polydisperse droplets considerably smaller than the channel depth 

(d0 < h) are produced. On entering the chamber, the smaller size of the droplets permits 

the formation of a complex three-dimensional arrangement [Figure 5.3(b)iv]. 

 

A combined phase diagram for all the fluid pairs is displayed in Figure 5.4 sum-

marizing the occurrence of the arrangements as a function of the control parameters L0/d0 

and Ca. For low inlet capillary number (Ca < 1.4 × 10−2), we observed a stagnation re-

gime, when a few droplets attach to the top and bottom walls in the diverging channel 

[Figure 5.3(b)i]. A detailed analysis of this regime is given in section 5.9. The viscosity 

of the external phase η2 plays a major role in the formation of droplet assemblies. Over 

the range of parameters investigated ordered layered arrangements are observed for fluid 

pairs G80-20cS and G80-20cS with a relatively viscous continuous phase. In contrast, 

other fluid pairs G80-1cS and G80-5cS yielded only one layer arrangements since the 

droplets at close proximity are found to rapidly coalesce, significantly altering the flow 

morphologies. 
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5.5.  Distance between droplets  

 
Figure 5.5 (a) Evolution of the distance between two consecutive droplets L(x) in the 
chamber as a function of the x-coordinate for one layer arrangement (very dilute 
emulsion). Fluid pair: G80-20cS. Q2 = 400, Q1 = 2, 4, 10 (top to bottom). (b) Droplet 
spacing L normalized by the initial spacing L0 as a function of dimensionless position x/h. 
(c) Evolution of the normalized minimum distance LM/d0 between the droplets as a 
function of the droplet train aspect ratio L0/d0 in the inlet channel for all the fluid pairs. 
LM/d0 = ω(L0/d0)1.6 with ω = 5 × 10−3. 
 

The distance between to successive droplets L is an important factor governing 

the droplet assembly. In the chamber, L is a function of the spatial coordinate x. One-row 

arrangement (n = 1) is characterized by a droplet trajectory following a straight line 

through the center of the chamber with y = 0. The spatiotemporal diagrams extracted 

from high-speed movies are used for the continuous measurement of L(x) and plotted as a 

function of position x. Custom made MATLAB and FORTRAN codes along with the 

“reslice” function in ImageJ is used to generate the curve in Figure 5.5(b). For two suc-
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cessive droplets at an instant t, the rear position of the first droplet xR(t) and the front po-

sition of the second droplet are used to compute L(t) = [xR(t) −  xF(t)]/2. The x−coordinate 

associated with L corresponds to x = [xR(t) + xF(t)]/2. The evolution of the distance nor-

malized by the initial distance in the square channel L/L0 is shown as a function of the 

non-dimensionalized x-coordinate x/h [Figure 5.5b]. The spacing decrease as the droplets 

enters the diverging section of the chamber to a minimum of LM and increases on entering 

the converging section. The minimal distance occurs at center of the channel correspond-

ing to the transition between the diverging and converging section at LM = L (x = wL/2). 

In very dilute regime, the normalized distance decrease in the inlet channel since the first 

droplet decelerates in the chamber, while the succeeding droplet has a constant velocity 

in the inlet channel. The constant velocity property in the inlet channel is used to calcu-

late very large initial distance L0 by extrapolating spatiotemporal diagrams for dilute 

case. For all the fluid pairs listed in Table 5-1 the minimal distance LM/L0 is between the 

droplets is measured as a function of the initial droplet train morphology factor L0/d0 and 

data fits well to the curve LM/d0 = ω(L0/d0)1.6 with ω = 5 × 10−3 [Figure 5.5(c)]. 

The minimum distance is negligible for L0/d0 <10. In this case, the droplets are in apparen

t contact with one another to form multilayer arrangements. Above this critical value, 

L0/d0  > 10, LM increases monotonically and the droplets behave independent of one an-

other. The critical behavior of the droplets at L0/d0 ~ 10 is imposed by the aspect ratio of 

the chamber w/h = 20 since d0 ~ h and xM = wL/2. 
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5.6.  Envelope of droplet stream 

 
Figure 5.6 (a) Experimental micrograph is superimposed with the contour of the droplet 
envelope generated from the composite image. (b) Shows the calculation of amplitude A2 
associated with 2 rows of hexagonal close packing of spheres between two plates. (c) 
Spatial evolution of the envelope amplitude A/w for fluid pair G80-20cS and fixed Q2 = 
400 µL/min with Q1 = 180, 160, 140, 120, 100, 80, 40, 30, 13 µL/min (from top to 
bottom) (d) Maximum amplitude normalized with the diameter in the chamber Amax/d as a 
function of normalized initial spacing in the inlet L0/d0. Fluid Pair: G80-20cS. Q2 = 200 
µL/min with varying Q1. 
 

The microfluidic chamber allows us to study the formation of compact arrays of 

droplets confined by the flow of external phase L2. The dense stream of droplets is con-

fined within an envelope of amplitude A towards the center of the chamber that typically 

increases with the dispersed phase concentration α1. The evolution of the amplitude A(x) 

along the chamber is calculated by generating a composite image by superimposing the 

micrographs from the high-speed movie [Figure 5.6(a)]. The amplitude from the compo-

site image captures the average flow field of droplets along the chamber. The droplet 

amplitude is widest in the center of the channel Amax = A(x = wL/2) [Figure 5.6(c)], simi-

lar to the a stream made of continuous fluid [202]. This property is a result of mass 
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conservation since the minimal distance LM is also found at this location. The shape of 

amplitude is determined by the shape of the chamber geometry. Typically for a fixed 

flow rate of the external phase Q2, the maximum amplitude Amax of the envelope increase 

with Q1 as the droplet concentration inside the chamber increases. Amax is almost constant 

for the one layer arrangement since Amax ~ d where d is the diameter of the droplet in the 

chamber. Amax increases in steps corresponding to different layered patterns. Different 

two-dimensional lattices are observed in the chamber namely, hexagonal close packing, 

centered regular packing, hexagonal dilute packing and random close packing. For hex-

agonal close packing, the most compact lattice, a maximum amplitude An can be 

calculated based on the diameter of the droplet as An = d [1+ (n − 1)(3/4)1/2] where n is 

the number of droplet layers [Figure 5.6(b)]. The calculated amplitude An shows good 

agreement with the experimental values of maximum amplitude Amax associated with the 

corresponding rows. [Figure 5.6(d)]. 

 

 
Figure 5.7 (a) Examples of droplet arrangements: (i) hexagonal close packing (ii) 
centered rectangular packing (iii) hexagonal dilute packing (iv) random close packing (b) 
Evolution of normalized maximum amplitude Amax/w as a function of flow ratio ϕ with 
equivalent width ε of a continuous stream in the chamber for all the fluid pairs. Dotted 
line: Amax/w = 0.05. 
 

Using the maximum amplitude a comparative study is made between the closely 

packed discrete droplet stream and a continuous fluid. For two miscible fluids of similar 
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viscosity in a plane channel of width w, the thickness ε  of the hydrodynamically focused 

streams is given by ε/w=(1+ϕ−1) −1. 

This relationship is plotted along with the maximum amplitude of the droplet stream  

Amax/w as a function of the flow ratio ϕ to show the increase in the maximum amplitude 

due to the external phase in the spacing between the droplets [Figure 5.7(b)]. One of the 

key differences between the two cases occurs at low flow ratio ϕ when the Amax remains 

constant for one layered arrangement and is equal to d ~ h = w/20 given by the chamber 

aspect ratio. For higher flow ratios, a direct comparison can be drawn between the Amax 

and ε by using the packing factor a. The packing factor a is defined as the volume of 

droplet phase occupied in a unit lattice structure. For a two dimensional hexagonal close 

packing arrangement of spheres, a = (πd3/12)/[ √3d3/4] ≈ 0.6. Balancing the volume flow 

rate of a continuous stream Q = Vhε with the effective flow rate of a droplet stream Qd = 

VhAmax as Q = aQd, yields Amax = ε/a ≈ (w/0.6)(1 + ϕ−1)−1. This relationship is plotted in 

Figure 5.7(b) shows good agreement with the smallest measures values of the maximum 

amplitude Amax/w. The upper value for the Amax/w appears to correspond to a lower pack-

ing factor a = 0.4 and is associated with random close packing. 
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5.7.  Velocity and residence time of droplets 

 
Figure 5.8 (a) Temporal evolution of trajectories of six successive droplets in a six-layer 
arrangement. Fluid Pair: G80-20cS. (i) Separation point for trajectories between upper 
and lower branch, (ii) Separation point for three droplets in upper branch, (iii) Separation 
point for two droplets at the edge of the upper branch. (b) Evolution of droplet velocity V 
normalized by inlet velocity V0 as a function of normalized spatial coordinate in the 
x−direction x/wL with model velocity, single layer velocity (Fluid pair: G80-20cS, flow 
rates Q1 = 6, Q2 = 200 µL/min) and multilayer velocities corresponding to each colored 
trajectories in (a). (c) Measured residence time τR,exp versus theoretical residence time 
τR,theo. Solid Line: τR,exp = τR,theo. 
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The multiphase superficial velocity J is modified in the microfluidic chamber. 

The creeping flow situation with low Reynolds number Re permits a simple expression 

for the velocity J(x) using a source and sink flow approximation. In the diverging channel 

(x ≤ wL/2), the velocity decreases as J = J0/(2x/h) until reaching J = J0/20 for x = wL/2 = 

10h at the transition between diverging and the converging channel. In the converging 

section (x ≥ wL/2), the flow experiences a similar convective acceleration until J = J0 for x 

= wL. To examine the temporal evolution, of droplet velocity in the chamber V(x) is nor-

malized by the initial droplet velocity V0 in the square channel. For one row arrangement, 

the droplet velocity is calculated by processing the spatiotemporal diagrams as V(x,t) = 

dx/dt where x = (xF+xR)/2 with xF as the front and xR as the back of the droplet. In multi-

layer formation, the velocity and trajectory of each droplet is calculated using the 

“Manual Tracking” plug-in for ImageJ. Droplets are periodically deposited into upper 

and lower branch similar to thread folding[203, 204]. The trajectories resemble the con-

tinuous phase streamlines and can be roughly modeled as circular arcs between source 

and sink located inside the chamber at x ≈ h (i) and x = wL − h, respectively. In the exam-

ple shown in Figure 5.8a, the separation point for trajectories of the three droplets in the 

upper branch (ii) is located further downstream. A similar behavior is observed for the 

two droplets near the edge (iii). In the ordered arrangements as shown in Figure 5.8a, the 

trajectories of the droplets repeat in cyclic manner. The normalized velocity of each drop-

let V/V0 computed from the experimental movies show good agreement with the model 

velocity J and the velocity extracted for n = 1 [Figure 5.8(b)]. In the region where J 

changes significantly, the droplets tend to adopt a smother velocity than our simple pre-

diction. An interesting aspect of the droplet assembly is that the velocity of droplets near 

envelope edge is similar to the one associated with droplets in the center of the envelope 

with V/V0 ≈ J/J0.  The distance traveled by droplets near edge only slightly surpasses the 

distance in the center of the chamber at y = 0. As a result of this property the droplet lat-

tices flow as a solid crystal of droplets having a velocity equivalent to one row 

arrangement. Droplets exit the channel in the same order of entry. 

 

Using the symmetry between the diverging and converging channels, the resi-

dence time τR,theo is calculated by integrating dτR = [2/J(x)]dx for varying x from 0 to wL/2 
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and yields τR,theo = wLwh/(Q1+Q2). For a variety of droplet arrangements, the residence 

time τR,exp is experimentally measured from the movies and found to be in good agree-

ment with τR,theo. Small residence time is typically associated with large capillary number 

Ca and τR,exp are lower than the calculated values indicating that lubricated droplet travel 

faster than J. In general this system allows for controlling the residence time in the cham-

ber with flow rates of injection regardless of the flow morphology. 

5.8.  Droplet coalescence 

 
Figure 5.9 Onset of coalescence in the microfluidic chamber. From top to bottom: Time 
series of successive droplet coalescences for one row arrangement (n = 1). Fluid Pair: 
G80-5cS. (a) Low capillary number Ca ≈ 1.5 × 10−2, Δt = 48 ms. (b) Moderate capillary 
number Ca ≈ 3 × 10−2, Δt = 9 ms. Arrow shows next droplet coalescence and buckling of 
droplet chain. (c) Diagram of first coalescence observed as L0/d0 is progressively 
decreased for all fluid pairs. Solid Line: L0/d0 = 4.8Ca−0.32. (d) Comparison between 
measured draining time τD and calculated viscous capillary time scale τcap. Solid Line: τD 
= 103τcap. 
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Microfluidic chambers are used in many applications and provide a convenient 

platform for merging two consecutive droplets [205, 206]. When two droplets come to-

gether, the capillary forces join them over a short period of time defining a coalescence 

time scale as τc < 10−3 s. Although this mechanism is spontaneous in air, the droplets in 

apparent contact need not coalesce in a viscous environment, even in the absence of sur-

factant. In an external phase, coalescing of two droplets require the draining of the thin 

film between the two droplets in apparent contact. Confinement by the microchannel 

walls might also play a role in determining the draining time. Measurement of the drain-

ing time is relatively scarce due to the difficulty in manipulating individual droplets in a 

viscous matrix. Here, we conduct experiments by fixing Q2 and progressively increasing 

Q1 for each fluid pair. For large initial spacing L0/d0 > 30, the minimum distance between 

droplets is always LM > 0 and no coalescence is observed. As L0/d0 is decreased, various 

coalescence regimes are observed. The fusion of droplets produces a larger droplet, 

which reduces the speed due to its increased drag. For low capillary numbers and n = 1, 

incoming droplets merge with larger front droplets and steady regimes where fused drop-

lets made of three or four initial droplets are observed [Figure 5.9(a)]. Over the range of 

parameters investigated, droplets made of more than five initial droplets become stagnant 

and produce the ‘‘stagnation regime’’ for very low Ca. For moderate capillary numbers, 

steady binary droplet coalescence regimes characterized by leading droplets made of two 

initial droplets are also observed [Figure 5.9(b)]. The slow motion of a leading droplet in 

one-row arrangement can lead to the buckling of the droplet chain, as indicated by the 

arrows in Figure 5.9b. For large capillary numbers, although coalescence events do occur, 

they remain relatively rare. Using our experimental protocol, we progressively decrease 

L0/d0 and note the critical value where the first droplet coalescence is observed as a func-

tion of the capillary number Ca = η2J0/γ12 [Figure 5.9c]. Experimental data show that the 

critical L0/d0 decreases with Ca according to L0/d0 = 4.8Ca−0.32. This gives a critical concen-

tration for the onset of droplet coalescence as α1C ≈ (1 + 10.7Ca−0.32)−1. In other words, the 

stability of the emulsions in microgeometries improves with speed of injection. The 

draining time τD required for two droplets to coalesce is measured by counting the num-

ber of frames in a movie between the first contact and coalescence [Figure 5.9d]. The 

data suggest draining time τD is proportional to the capillary time scale τcap = η2h/γ12 as τd 
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~ 103τcap. This shows the importance of the absolute viscosity of the external phase η2 in 

triggering coalescence. In short, the coalescence processes can be predicted by comparing 

the draining time τd with the residence time τR : τd > τR for coalescence and τd > τR for 

the absence of coalescence. 

 

 
Figure 5.10 Examples of droplet rearrangement processes due to coalescence. Fluid pair: 
G80-20cS. (a) Coalescence cascade in a two row arrangement (n = 2), Q1 = 25, Q2 = 400 
µL/min. (b) Droplet merging in a three-row arrangement (n = 3), Q1 = 50, Q2 = 400 
µL/min. (c) Coalescence avalanche in a six row arrangement (n = 6) Q1 = 41, Q2 = 200 
µL/min. 
 

Coalescence process can introduce significant rearrangements in the layered ar-

rangements. In the one layer arrangement, coalesced droplet can form larger droplets in 

the converging section and exit the chamber. For multilayer arrangements, various situa-

tions are observed as a result of coalescence. The actual merging of two droplets 

introduces local transient flows around the droplets that alter interstitial spaces between 

the neighboring droplets, which may trigger their fusion similar to a chain reaction. Fig-

ure 5.10a shows the time series of a coalescence cascade in two row arrangements. Two 

droplets in close proximity fuse and create a larger, slow moving droplet that collects 
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new incoming droplets. For larger n, the position of surrounding droplets is directly af-

fected by single coalescence event. For n = 3, the merging of two droplets in the center 

can produce a larger droplet with eight neighboring droplets circularly arranged [Figure 

5.10(b)]. Coalescence avalanches are more likely to occur in compact arrangements with 

n = 6. As shown in Figure 5.10(c), the fusing of two droplets induces the coalescence of 

two other droplets in the vicinity of the first coalescence. The second coalescence, event 

displaces nearby droplets and generates a third coalescence. Overall, the coalescence 

event may appear as random but can be controlled by the convective time scale, (i.e. the 

residence time τd) in micro geometries. 

5.9.  Wetting droplets in stagnation regime. 

 
Figure 5.11 (a) Experimental micrograph of wetting droplet in stagnation regime, Q1 = 3, 
Q2 = 60 µL/min. (b) Local capillary number Ca(x) as a function of the x-coordinate. 
Dotted Green line: Ca(x) = 1.5 × 10−3.  Shaded Region represents wetting droplets in the 
stagnation regime. 
 

Droplet wetting in the microchamber significantly affect the formation of layered 

arrangements. In the stagnation regime, partially wetting droplets remain attached to the 
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channel walls in microchamber at very low capillary number [Figure 5.11(a)]. Although 

non-wetting droplets are produced in the inlet channel, the superficial velocity is reduced 

by a factor w/h = 20 compared to the inlet square channel velocity J0. The modified su-

perficial velocity J(x) at a given cross-section of the chamber is used to calculate the local 

capillary number as Ca(x) = η2J(x)/γ12. The local capillary number Ca(x) is plotted with 

the x-position in the chamber shows the high relative occurrence of droplet wetting to-

wards the middle of the chamber (0.2 < x/wL < 0.8). The droplets partially wet the 

microchannel walls in the chamber below a local capillary number value of Ca(x) ≈1.5 × 

10−3 [Figure 5.11(b)] compares well with the previous work on bubble adhesion [170] and 

the wetting transition in Figure 3.6(a). 

 

For a wetting droplet, the contact angle hysteresis yields a droplet adhesion force 

on the solid that is larger than the drag force exerted by the external phase L2. The at-

tached droplet obstructs the continuous path of the succeeding droplets resulting in 

coalescence on a few occasions. Coalescing augments the droplet size, increasing the 

drag imparted by the continuous phase and detach from the walls. A coalesced droplet in 

the chamber adopts a pancake-like shape, sandwiched between the microchannel walls. 

As the coalesced droplet moves towards the center of the chamber, the velocity of the co-

alesced droplet is further reduced. The reduction in the velocity of the coalesced droplet 

can lead to re-attachment to the walls and additional coalescence with the succeeding 

droplets. Hence the stagnation regime is characterized by the complex interaction of 

droplet coalescence and wetting. At the end of converging flow field (x/wL > 0.8), the 

droplets are swept by the external phase into the outlet channel without any occurrence of 

coalescence. 

5.10.  Conclusion 
In this chapter the flow of a stream of droplets in a microfluidic chamber is dis-

cussed quantitatively using four different fluid pairs of varying viscosities and similar 

interfacial tensions. Controlling the droplet train aspect ratio L0/d0 along with the injec-

tion flow rates permits the manipulation of the flow patterns downstream in a 

microfluidic chamber. The initial droplet train aspect ratio L0/d0 is inversely proportional 
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to the flow ratio ϕ. One-row arrangements are formed for a droplet spacing above L0/d0 > 

10. On decreasing the initial distance between droplets, compact droplet lattices with dif-

ferent rows n are observed. For dilute emulsions the minimal distance between the 

droplets LM is observed at the middle of the chamber and can be given by LM/d0 = 5 × 

10−3(L0/d0)1.6. The spatial evolution of the amplitude of the droplet stream is studied and 

found that the maximum amplitude Amax occurs at the center of the chamber. An expres-

sion for the amplitude An is calculated with the hexagonal close packing arrangement and 

compared with the experimental amplitude Amax. The maximal amplitude Amax is also 

compared with a continuous fluid focused by a sheath fluid taking into account the pack-

ing factor a according to Amax ≈ (1/a)(1 + ϕ−1)−1. Τhe maximal amplitude Amax varies 

between a packing factor a = 0.6 corresponding to two dimensional hexagonal close 

packing and a = 0.4 for random close packing. The evolution of the droplet velocity in 

the chamber is compared to the local multiphase velocity. All the droplets in the droplet 

stream is displaced at the same velocity as the superficial velocity. The measured droplet 

residence times in the cell are found to follow the theoretical relationship τR,theo = 

wLwh/(Q1+Q2). Finally an expression for droplet concentration and capillary number for 

the onset of coalescence in a pore is established. The relevant factor for the onset of drop-

let coalescence is found to be the viscosity of the external phase η2 and the data suggest a 

maximal droplet concentration of α1C ≈ (1+10.7Ca−0.32)−1 before the onset of coalescence. 

The film draining time τD between the droplets in apparent contact is proportional with 

the capillary time scale, τD ~ 103 τcap. Stagnation regime is observed below an injection 

capillary number of Ca < 1.4 × 10−2. Stagnation regime is the result of complex interaction 

between droplet wetting and coalescence. This regime is further examined using a local 

capillary number to find a critical value Ca(x) > 1.5 × 10−3 for the smooth passage of lu-

bricated droplets without wetting the microchannel walls. 

 

We show the possibility to control the coalescence process in the absence of sur-

factant. In the absence of coalescence droplets can be modeled as spheres and transported 

with the same velocity as the local multiphase flow velocity. The study highlights the in-

terplay between hydrodynamic coupling and the coalescence phenomena. In the absence 
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of surfactants, coalescence can be controlled in a dynamic system by increasing the vis-

cosity of the external phase in conjunction with large injection flow rates. 

5.11.  Future development 

 
Figure 5.12 Numerical simulation of droplet arrangement for L0/d0 = 6 (a) Numerical 
model predicting the three layered arrangement in diverging-converging chamber (b) 
Droplet arrangement for different channel geometries. Image courtesy: Danny Raj and 
Raghunathan Rengaswamy, IIT Madras, India [207]. 
 

Our paper published in 2012 [208], motivated a research group to conduct numeri-

cal simulations [207] and proposed a modeling strategy to predict the dynamic pattern 

formation. The proposed model uses the forces experienced by the drops inside the mi-

crochannel through interacting drop-traffic model. Incorporating these models into a 

multi-agent simulation, the dynamic two-dimensional arrangements in the diverg-

ing/converging channel are simulated. The droplet arrangement is explored in four 

different geometries and they found that the low flat velocity at the midsection is an es-

sential feature that aids the pattern formation.  
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6.   Coalescence of droplets in a viscous medium 
 

 

 

Understanding droplet coalescence is essential to describe the stability of emul-

sions and the dynamics of multiphase flow. This chapter focuses on the coalescence 

process at the individual level when two droplets merge in an external phase in the ab-

sence of surfactants. We experimentally examine the effect of viscosity of both droplet 

and external phases on the coalescence of droplets. 

6.1.  Experimental setup and fluid properties 

 
Figure 6.1 (a) Schematic of the cuvette where droplets coalesce. Droplet phase: Blue; 
External phase: Gray. (b) Time series of experimental micrographs of two droplets 
coalescing. Δt = 2 × 10-2s. Fluid Pair: W-10000cS 
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The experimental setup to visualize the droplet coalescence is given in Figure 2.2. 

The plastic cell in the experimental setup is replaced with a cuvette filled with external 

phase. Droplet phase is introduced into the external phase through two capillaries. By 

controlling the flow rates in small increments, a small droplet is suspended from the end 

of both capillaries. Droplets are then aligned to the same axis by adjusting the translating 

stage until the droplets starts to coalesce. As the droplets coalesce, a trigger is switched 

on to acquire the movie. The initial droplet diameter is kept between 0.8 and 2 mm, well 

below the capillary length. 

Fluid Pair  Droplet Phase 
η1 

(cP) 

External 

Phase 

η2 

(cP) 

γ12 

(mN/m)  
B  Symbol  

W-100cS Water 1 PDMS 96.6 42.7 5.0 ×10-1 t  

W-1000cS - - - 971 42.7 6.5 ×10-2 t  

W-10000cS - - - 9740 42.7 2.0 ×10-2 u  

G80-100cS Glycerol-80% 36 - 96.6 29.7 1.2 ×100 t  

G80-1000cS - - - 971 29.7 2.0 ×10-1 t  

G80-10000cS - - - 9740 29.7 1.8 ×10-2 u  

G80-30000cS - - - 29280 29.7 1.0 ×10-2 y  

G92-100cS Glycerol-92% 272 - 96.6 29.3 3.5 ×10-1 t  

G92-1000cS - - - 971 29.3 1.2 ×10-1 t  

G92-10000cS - - - 9740 29.3 1.8 ×10-2 u  

G92-30000cS - - - 29280 29.3 1.2 ×10-2 y  

G99-100cS Glycerol-99% 1275 - 96.6 27.7 2.5 ×10-1 t  

G99-1000cS - - - 971 27.7 9.0 ×10-2 t  

G99-10000cS - - - 9740 27.7 3.5 ×10-2 u  

G99-30000cS - - - 29280 27.7 6.5 ×10-3 y  

Table 6-1 Properties of fluids used in the experiment and their symbols. G80 denotes 
80% Glycerol by volume and W denotes Water. For example the fluid pair G80-1000cS 
indicates droplet phase is G80 and the external phase is ν2 = 1000cS PDMS oil. Symbols 
are color-coded based on the droplet phase, Black: Water, Green: G80, Blue: G92, Red: 
G99. 
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6.2.  Coalescence of droplets 

 
Figure 6.2 (a) Superimposed contours of the droplets to show the evolution of the 
liquid bridge D in time. Fluid pair: W-10000cS. (b) Diameter of the liquid bridge D vs. 
time t. (c) Diameter D/D0 vs. time t/τ on a master curve after rescaling with the 
coefficient B. Solid Line: (D/D0)2/3 = (t/τ)ln(D/D0). (d) Coefficient B as a function of 
viscosity ratio χ for droplets of varying viscosities η1. Solid line: B = eχ2/3 with e = 9.0 
(grey), e = 1.2 (green), e = 2.6 ×10−

1 (blue) and e = 9 ×10−
2 (red). 

 

When the two droplets come together, the thin film between them rupture and a 

liquid bridge is formed. The liquid bridge between the droplets grows by displacing the 

external phase radially outwards [Figure 6.2(a)]. The growth of the liquid bridge is ex-

tracted from the spatiotemporal diagrams and we plot the evolution of the diameter of the 

liquid bridge D as a function of time t. The liquid bridge grows with time as D ~ tα with α 

progressively decreasing in time [Figure 6.2(b)]. Eddi et al. [141] have investigated the 
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influence of α to give a functional form for the evolution of spreading diameter in droplet 

spreading experiments. We found that a modified version of this function can describe 

evolution of liquid bridge of the coalescing droplets and is given in equation (6.1). The 

diameter D is normalized by initial mean diameter of the droplet as D0 = (D1+D2)/2 and 

time t by inertial timescale τ = (ΔρD0
3/γ12)1/2. All the evolution curves can be collapsed 

on a master curve after rescaling with a coefficient B and can be described by [Figure 

6.2(c)], 

 

 D
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 (6.1) 

 

The coefficient B in the equation (6.1) carries the dependency on the viscosity and scales 

with viscosity ratio as B = eχ2/3  [Figure 6.2(d)] with e = f(η1). The magnitude of the coef-

ficient B is a relative measure of the time scale of coalescence. A higher value for B 

represents faster coalescence and a smaller timescale. 

 

6.3.  Comparison of coalescence with spreading. 

 
Figure 6.3 (a) Comparison of coalescence and spreading Fluid Pair: W-1000cS. (b) 
Coefficient for spreading A (open symbols) and coalescence B (filled symbols) is plotted 
together as a function of viscosity ratio χ. The bar represents a magnitude of 20. (c) Ratio 
of coefficients B/A vs. viscosity ratio χ. Dotted Line: B/A = 20. 
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The spreading process can be seen as the coalescence of a droplet on solid wall and 

a direct comparison can be drawn with droplet coalescence. As expected the droplets coa-

lesce at shorter timescales with the absence of contact line. To draw a direct comparison, 

evolution of liquid bridge is plotted alongside the evolution of spreading diameter as a 

function of time [Figure 6.3(a)]. The two curves have similar shape showed fast power 

law regime followed by a slow relaxation regime. The relaxation regime of the drop coa-

lescence is shortened by the distance between the end of capillaries from where droplets 

are suspended. By plotting together the coefficient for spreading A and coalescence B, we 

can draw a direct comparison of two processes. Since both coefficients indicate the mag-

nitude of speed of coalescence, their ratio B/A will give a comparison of spreading and 

coalescence. Our data suggest the coalescence coefficient B is 20 times larger than 

spreading coefficient A with B/A ≈ 20. For all the combinations of fluid pairs with differ-

ent viscosities investigated, coalescence is found to be around 20 times faster than 

spreading process [Figure 6.3(c)]. We attribute the difference to the absence of a contact 

line in coalescence process. 

 

6.4.  Conclusion 
We found that the evolution of the liquid bridge followed a similar trend across 

different fluid pairs similar to droplet spreading and can be described by a functional 

form. All the evolution curves are collapsed to a single master curve using a coefficient 

B. The viscous effects of both droplet and external phase are captured in this coefficient 

B. A direct comparison between droplet spreading and coalescence is drawn by taking the 

ratio of two coefficient A and B. Our results suggest that droplets coalesce on a shorter 

timescale in the absence of contact line and is almost 20 times faster than the spreading 

process. 
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7.   Conclusion 
 

 

 

The principal contribution of this thesis is the identification of  control parameters 

for various flow regimes and classification of the rich dynamics of droplets in microge-

ometries. We have shown that the dynamic and physical properties of fluids can be used 

as useful parameter to characterize flows in microchannels. To determine these properties 

we designed an immersed droplet spreading experiment. The spreading process showed 

two regimes: fast power law regime and a slow relaxation regime. In a highly damped 

viscous medium, we showed that the time to reach complete equilibrium can be quite 

long (up to 33 days) with very large relaxation times. Although inertia capillary balance 

describes the short-term dynamics of spreading process, we noticed an additional de-

pendency on the viscosity of the droplet and external phase. Defining a coefficient A, 

which is essentially a magnitude of the speed of spreading process, captures this depend-

ency. A key observation is that viscosity ratio alone cannot fully describe the spreading 

process as the absolute viscosity significantly influence the spreading curves. We also 

found that the crossover from fast exponential to slow relaxation regimes depends on the 

viscosity of the droplet and external phase. Again, this crossover is much smoother with 

increasing viscosity of either phase. For slow relaxation regimes the evolution of the con-

tact angle should be seen as a function of contact line velocity. Advancing critical 

velocities scale with capillary velocity and summarize all the evolution of the curves for 

contact angle. We also propose an effective viscosity for the two-phase system based on 

MKT theory. Overall in a two-fluid case, we showed that the influence of either fluid 

could not be neglected in determining rate of spreading process. We also compared the 

spreading process with droplet coalescence and found that the droplets coalesce at much 

shorter timescale in the absence of a contact line. 

 

Dynamic spreading properties of fluids can be used to classify the different re-

gimes of forced wetting transitions in microchannels. Especially we show that the 
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dynamic advancing angle is a useful parameter to predict and control wetting transitions 

of segmented flows. An array of different wetting transitions for a partially wetting sys-

tem in microchannel has been discussed such as the dewetting of the thin film, stick-slip 

movement of droplets encountering the surface heterogeneities and the inclination of the 

dewetting line to form saw tooth–like configurations near the rear of the droplet. We 

identified two modes of droplet formation in the hysteretic partially wetting systems for 

similar injection parameters, namely dripping and rivulet. Although the droplet size in the 

dripping regime is given by the emulsion concentration, there is a contrasting influence of 

capillary number at different regimes based on thin film. Despite the variation in droplet 

size, the linear aspect ratio of the multiphase flow remains independent of the capillary 

number and is fixed by the flow rate ratio. 

 

Viscous droplets dynamically self-assemble in a diverging/converging slit micro-

chamber to form closely packed crystal-like structures. The collective dynamics of 

hydrodynamically coupled droplets is determined by the aspect ratio of the inlet droplet 

train and the geometry of the microchannel. We compared the close packing arrange-

ments with a continuous fluid stream using the maximal amplitude at the middle of the 

chamber. The viscosity of the external phase and the droplet concentration determines the 

stability of the self-assembled structures. In another experiment, we show that coales-

cence time scales with the capillary time scale. Overall, our study of droplets highlights 

the interplay between hydrodynamics, coalescence and wetting and we have successfully 

quantified the behavior of capillary interfaces under confinement. 

 

7.1.  Future Directions 
We have presented a comprehensive study on the behavior of jammed fluid inter-

faces in micro geometries. A large number of studies in microfluidics try to avoid contact 

line formation and the coalescence is studied at individual level on microfluidic plat-

forms. Often, the hysteretic nature of micro flows is an area of concern for reliability of 

microfluidics platforms. We have addressed these complex problems at most fundamen-

tal level and shown how microfluidics can be used to understand wetting transitions and 
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coalescence in emulsions. We expect our studies will open new avenues for interdiscipli-

nary research and creation of new applications, which can leverage the knowledge 

generated through this study. 
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APPENDIX A: Extraction of spatiotemporal  

diagrams. 

 

 
Figure A-1 Spatiotemporal diagram. (a) (i-iii) Experimental micrographs: Time series of 

droplet spreading. (b) Time-space diagram is extracted from the video (b) before pro-

cessing and (c) after processing. Red line corresponds to the images in (a). 
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We locate the solid surface along the line of reflection. After defining a line of 

one-pixel width along the line of reflection, all the events which take place along this line 

is summarized using spatiotemporal or time-space diagram. Time space diagram in Fig-

ure A-1(b) depicts the temporal evolution of the wetting diameter. The dark grey shading 

in Figure A-1(b) shows the growth of the spreading diameter in time. After applying 

threshold, a binary image is generated [Figure A-1(b)] and used to calculate the spreading 

diameter as a function of time [Figure A-2]. 

 
Figure A-2 Spreading diameter vs. time graph extracted from the spatiotemporal diagram 
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APPENDIX B: Measurement of interfacial tension 

 
Figure B-1 Schematic of the double capillary rise method with index matching fluid to 

visualize the meniscus. Inset: Magnified view of meniscus. 

 

The interfacial tension between the two immiscible fluids is measured using the 

double capillary rise method proposed by Rashidnia et al. [209]. Their experimental setup 

is slightly modified by the use of an index matching fluid around the capillary. The re-

fractive index of the glass capillary and the fluid in the cuvette is matched (glycerol is 

used as the index matching liquid) to avoid reflection inside the capillary walls and accu-

rately visualize the capillary meniscus. Initially, the capillary tube attached to the cuvette 

is plunged into liquid 1 drawing Liquid 1 into the capillary. The capillary is pushed down 

further to penetrate the Liquid 2 drawing Liquid 2 into the capillary. Inside the capillary, 

the Liquid 1− Liquid 2 interface forms a curved meniscus with a contact angle of θ12 on 

the capillary wall. Assuming the meniscus to be spherical, the following equation for in-

terfacial tension is obtained [209], 
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γ 12 = −γ 1a

Cosθ1a

Cosθ12

+
gr

2Cosθ12

ρ1h1 + ρ2h2 − ρ1L( )  (B-1) 

where γ12 − interfacial tension between Liquid 1 and Liquid 2, γ1a − surface tension of 

Liquid 1, θ1a − Contact angle at Air-Liquid 1 interface, θ12 − Contact angle at Liquid 1-

Liquid 2 interface, g − acceleration due to gravity, ρ1 − density of Liquid 1 and ρ2 

− density of Liquid 2. Other variables such as h1, h2, and L are denoted in the Figure (B-

1). Both h1 and h2 are measured from the bottom of the meniscus. In all our systems, Liq-

uid 1 (oil) totally wets the capillary with θ1a ≈ 0 and the equation (B-1) can be reduced to, 

 
  
γ 12 = −γ 1a

R
r
+

gR
2

ρ1h1 + ρ2h2 − ρ1L( )  (B-2) 

where r is the radius of the capillary tube and R is the radius of curvature of the meniscus. 

The radius of curvature R is calculated as [209], 

 
  
R =

y2 + r 2

2y
 (B-3) 

 
Figure B-2 Experimental micrographs showing the measurement of the curvature and the 

height h1. 



Appendix B 

 

 115 

 

The interfacial tension values for water with PDMS oils plateaus as the viscosity 

of the oil increases above10cS and can be fitted using an exponential curve of the form γ 

= γ0 + Aeυ
2/

τ. All the values for the parameters are reported in Table B-1. 

 

 
Figure B-3 Values of interfacial tension for water and water glycerol mixtures with 

PDMS oils of varying viscosities. Solid Line: γ12= γ0 + Aeυ
2/

τ with the fit parameters given 

in Table B-1. 

 

η1 (cP) Color γ0 A τ 

1 Black (Water) 42.7 -1323 7.9 

36 Green (G80) 29.7 -2344 10.5 

272 Blue (G92) 29.3 -3227 11.2 

1275 Red (G99) 27.7 -1379 9.5 

Table B-1 Fitting parameters for the curves in Figure B-3. 


