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 Continuous liquid-liquid two-phase separation is needed in microfluidic devices. Due 

to the small characteristic lengths of microreactors, phenomena such as mass transport via 
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within microchannels for high specific interfacial area to achieve intensified mass transfer. A 

challenge with microfluidic liquid-liquid extraction is the inability to continuously separate 

two phases by buoyant forces as performed in conventional systems. On small length scales, 

surface tension dominates; and through the design of a flow channel with a gradient in gaps 

between posts, a capillary pressure gradient orthogonal to the direction of flow can be 

created. The design and manufacture of a microfluidic liquid-liquid separator is achieved and 

performance under different operational conditions are investigated. The fluid flow behavior 

and its effect on two-phase separation are investigated with the goal of demonstrating that 

discrete slugs of two immiscible liquid solvents can be continuously separated. Findings are 

reported and recommendations for future designs are discussed.  
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Design of A Microstructured Liquid-Liquid Separator Utilizing a 
Capillary Pressure Gradient 

 

1. Introduction 

 Separation of chemical mixtures equate to 10-15 % of global energy consumption 

and cause difficulties for emerging alternative energies [2]. Improvements in LLE and two-

phase separation are needed to reduce costs of chemical production. The energy input per 

volume of pumped liquid can be greatly reduced with microfluidics from as high as 850-2600 

kJ/m3 for centrifugal extractors to 0.2-20 kJ/m3  for capillary microchannels [3]. Liquid-

Liquid Extraction (LLE) is a common method of separation for dilute chemicals within a 

solvent. LLE is the process of extracting a solute from a solution by contacting it with an 

immiscible solvent. Microfluidics have been studied for their applications in LLE to achieve 

process intensification and improved process control [4][5][6][7]. By reducing the diffusive 

length scales for mass transport, contacting time for LLE can be reduced from 15 minutes to 

a few seconds from conventional scaled systems to microscaled ones [8][9]. Subsequent and 

continuous separation of discrete slugs dispersed in an immiscible phase are needed to 

efficiently complete the extraction process [10]. At small length scales, surface tension forces 

dominate buoyant forces which requires new innovations for two-phase separation in 

microfluidic devices. The goal of this study is to design and test a continuous throughput 

two-phase separator through an array of micro posts which create a capillary pressure 

gradient. The array of posts creates a capillary pressure gradient by creating a gradient in 

capillary curvature of the non-wetting phase orthogonal to the fluid flow direction. A 

gradient in curvature is achieved by creating a non-uniform array of micro posts having 

varying post diameters. As capillaries form in the gaps between them, greater curvature will 

form between smaller post gaps resulting in greater capillary pressures. The design, 

fabrication, and testing of a microfluidic Liquid-Liquid Separator (LLS) is studied for 

continuous separation of two immiscible phases of discrete microscaled slugs.  

 At a small length scale, surface tension forces dominate buoyant forces. The Eötvös 

number is a dimensionless number that represents the ratio of buoyant to surface tension 

forces. At values < 0.84, a system can be considered surface tension dominated which 



2 

 

 

occurs in capillaries having diameters < 2mm [3]. Previous research studied the use of a 

capillary pressure gradient for gas-liquid separation in a microgravity environment [11][12]. 

This paper further expanded the application to a liquid-liquid system and identifies 

important design aspects, fluid behaviors, and performance for future designs and eventual 

scaling-up of the system. Many microcontactors have been developed for gas-liquid or 

liquid-liquid extraction, but few also have a simultaneous separation [3]. Amongst the 

contactors that also separate, few operate at higher flowrates and are scalable for higher 

throughput [6][13]. Methods of microscaled two-phase separation in other separators rely on 

differences in wettability of solid materials, or use solid guide structures to separator phases 

via capillaries [10]. Often, the two methods are combined to separate phases. 

 The LLS unit is part of an Advanced Research Projects Agency-Energy (ARPA-E) 

funded project at Oregon State University (OSU). Like many other alternative biofuel 

projects, there is a need for downstream separation of the fuel from an aqueous mixture. 

Liquid biofuel is produced through microbial consumption of methane and oxygen in a Bio 

Lamina Plate (BLP) microreactor. The goal is to immobilize the bacterial culture 

Methylomicrobium buryatense 5GB1 in a hydrogel inside a pressurized microreactor for 

intensified mass transfer. The BLP is designed to be linearly scaled-up by stacking plates to 

allow utilization of otherwise wasted sources of CH4 such as Wastewater Treatment Plants 

(WWTP) or depleted natural gas sources with the potential of industrial scaled biofuel 

production. Downstream LLE of the biofuel is needed to separate the dilute effluent of 0.1-

5 g/L of biofuel dissolved in an aqueous solution. With the LLS connected downstream of 

the BLP, inline separation of the product can be achieved after LLE by a microcontactor. 

With a reduced size, lower energy input, and no moving parts, the economic feasibility of the 

separator improves on capitol and energy costs [3]. 

 Background and theory for microreactors, liquid-liquid extraction, microfluidics and 

fluid flow regimes, two-phase mass transport, and fundamentals of microfluidic two-phase 

separation are discussed within Chapter 2. An experimental setup for slug measurement and 

for operation of the LLS are discussed in the Materials and methods in Chapter 3. Materials 

and methods used in the LLS assembly are discussed as well. Chapter 4 covers design and 

manufacturing of the LLS flow plate; and the design and materials used to make the LLS 
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components and housing. Chapter 4 also covers information on the ternary mixture 

isobutanol-cyclohexane-water as a representative LLE system as well as surface treatments 

used on the wetted surfaces of the LLS. Chapter 5 defines and characterizes fluid flow 

results for the droplet junction and capillary tubing used for slug formation and contacting 

period, respectively. Terminology is defined to describe and characterize the LLS fluid flow 

regimes; and their behaviors and performance are discussed. An ideal fluid flow regime of 

stratified stream flow is discussed in depth and modifications to the LLS unit were made to 

improve system performance. Chapter 6 covers the conclusions made about the design and 

manufacturing effectiveness of the LLS. Further, ideal flow conditions and key results are 

summarized to identify the ideal flow behaviors of the LLS. Future designs and 

recommendations are made based on the design and results of research findings. 

 

2. Background 

2.1 Microreactors 

 Microreactors are devices that take conventional industrial processes and intensify 

their heat and mass transport by operating on small length scales [8][14]. Physical 

phenomena such as molecular diffusion in LLE and conduction/convection of heat for heat 

exchangers have been intensified through microreactors [14][3]. A microreactor is a precisely 

engineered structure with characteristic dimension ranging from sub-micrometer to sub-

millimeter ranges [15]. A proposed hierarchy for the construction of microreactors begins 

with the creation of a microstructure [15]. A microstructure is the smallest feature of a 

microreactor and can be a single microchannel or flow feature such as a post. An array of 

microstructures is an element; and the combination of an element, headers, and fluid 

connections is a unit. A complete microreactor device contains a unit and has a housing 

and/or plates for support and fluidic connections.  

 Research has been performed on microsystems worldwide due to the potential for 

process optimization in separations and chemical synthesis [8]. The design approach to many 

microsystems has been “Lab on a Chip” technology which operate on 50-500 µm length 

scales and are typically for benchtop scaled operations [8]. Lab on a Chip technology has 

focused on chemical reactions, analytics, biotechnology, separation, mixing, and other 
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physical and chemical processes [8][10][16] [17][15]. Microreactors are able to control 

conditions where applications require specific reaction times and temperatures [8]. Examples 

of Lab on a Chip technology include, laboratory or analytic applications such as specialized 

chemical synthesis, flow cytometers, and micro gas chromatographs [8]. Lab on a chip 

technology are frequently designed to be modular so that they can be combined to 

accomplish multiple processes in series and scaled by numbering up the amount of flow 

units [18].  

 Unlike conventional equipment, microfluidics requires advanced fabrication to meet 

the low tolerances needed for microchannel design. Problems like corrosion, bubbles, and 

particles are significant issues in microfluidics that can completely obstruct flow channels [8]. 

Proper material selection and tolerances are needed to achieve uniform flow characteristics 

and resistance to fouling. In the case of liquid-liquid separators materials may be chosen for 

their difference in wettability such as the use of glass and Teflon for selectively wetting an 

aqueous and organic phase, respectively.  

 Fabrication complex micro-sized geometry is typically achieved with 

photolithography followed by anodic bonding of glass to either silicon or metals for fluidic 

sealing of the device [15]. Often, the manufacturing method needed to fabricate a 

microstructured device starts with the chosen material. For example, if a metal like 316 

stainless steel is used for a microreactor, then a process like micro Electronic Discharge 

Machining (µEDM) can be used since the process requires a conductive material. Some 

common materials used in microfluidics are silicon, stainless steel, glass, PDMS, PTFE, and 

other polymers [15][10]. Another method of fabricating complex geometry into metal is 

Photochemical Machining (PCM) as outlined in Figure 1. In the first step, the sheet metal 

surface is cleaned of any particles and organics that could create uneven etchings in the 

material. Both sides of the plate are placed between photoresist layers. A positive image of 

the regions to be etched are overlaid on the photoresist. Complex geometry can be easily 

machined by PCM because the geometry is applied by printing on a clear phototool of an 

image rather than having to physically mill or etch away material via a CNC. UV is exposed 

to the photoresist which passes through the clear regions of the phototool leaving the areas 

to be etched soft and the exposed photoresist hardened. Plates are then exposed to a 



5 

 

 

developer that removes the soft regions of the photoresist. Once the developer is removed, 

the plate is sprayed on both sides by the etchant an etchant such as FeCl3. Here the metal is 

gradually removed by the acidity until the target etch depth is reached. The remaining 

photoresist is removed and the part is then completed [19]. 

 

 

 

 Process flow diagram for Photochemical Machining (PCM). A DXF design file 
was sent to Great Lakes Engineering for PCM of 316 SS. 

 

 A challenge with microreactors has been the difficulty scaling them up for greater 

throughput applications. Once a single channel micro device is designed, internal scaling up 

can be achieved by replicating the channel in parallel on a single unit. Challenges that come 

from internal scaling up are even fluid flow distribution by a shared header, and maintenance 

of fluid flow characteristics for each channel [10]. Another method of scaling up 

microfluidics is external scaling up by taking a microchannel on a plate and stacking them to 

be feed from a single header. An example of both types of scaling was achieved by 

implementing six Y-shaped mixers all feeding from one pump into a contacting channel, but 

without subsequent separation of two-phases [6]. A regime for scaling up microtechnology is 

development of a microstructure, fabrication of a flow channel using the microstructure into 

a working flow unit. That unit can then be designed to fit into a housing with a fluid flow 

manifold which can then be connected inline to other microfluidic devices [15]. Many types 

of LLE microcontactors and separators have been previously researched through different 

approaches, but few attempted to scale up past a bench top application. Some scaled-up 

versions of microtechnology have been manufactured such as the DEMiSTM project in 

Germany for propene oxide formation where a 6 meter long and 2 story high pilot plant was 

made by stacking 1x1 meter microchannel plates [20]. 
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2.2 Liquid-Liquid Extraction 

 Downstream separations of chemical mixtures are an expensive and energy intensive 

process for purifying a chemical product [2]. One method of separation is liquid-liquid 

extraction which is used in applications where distillation has too high of energy and 

operational costs.  Distillation is costly in situations where a large amount of water needs to 

be heated to distill a dilute solute such as acetic acid concentrations below 30 weight percent 

[21]. LLE is also used over distillation when the vapor pressures of two chemical are at a 

close-boil or when a product will break down under higher temperatures [22]. Extraction 

functions by the partitioning of a solute between two solvents until a thermodynamic 

equilibrium is reached. A ternary mixture consists of two solvents (B and C) and a solute (S). 

Two immiscible phases are contacted to extract a solute from one phase (feed/B) to a 

second phase (extract/C). Extraction occurs by the mass transport of the solute from the 

feed into the extract as shown in Figure 2. 

   

 

 

 Droplet of solvent “C” (red) is introduced to a feed “B” (blue) containing a 
solute “S”. After equilibration, solute is distributed amongst phase “C” as the extract and 
phase “B” as the raffinate. 

 

 An adequate solvent for extraction will contain a greater concentration of solute than 

the concentration of solute in raffinate at equilibrium. Solvents used for LLE are selected 

based on their miscibility with the feed solvent, volatility, reactivity, safety, and distribution 
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coefficient. The distribution coefficient represents the ratio of the weight percent of solute in 

the extract to the weight percent of solute in the raffinate as shown in Equation 1. 

 

,

,Raffinate

S Extract

S

w
K

w
  [Eq. 1] 

 

Where K  is the distribution coefficient, 
,S Extractw  is the weight percent of solute in the 

extract phase, and 
,RaffinateSw  is the weight percent of solute in the raffinate. Equilibrium data 

can be determined through thermodynamic modeling using INIQAUC and UNIFAC 

estimates of phase equilibria using software such as Aspen Plus or through experimentation 

[1]. Ternary mixtures can be plotted on an equilateral triangular plot where concentrations 

increase extending orthogonally from a side towards a vertex as shown in Figure 3. The 

black curve in Figure 3 represents the two phase envelope and is determined by fitting 

experimental two phase compositions to an equation as shown in IUPAC-NIST studies [1]. 

A ternary mixture with a composition that falls within the envelope (Region Z) will partition 

into two phases; whereas, a mixture with a composition that lies outside of the envelope 

(Region K) will form a single phase. Both phases approach equal concentrations at the plait 

point as the concentration of 2-propanol is increased along the phase envelope [22]. A 

ternary mixture of 2-propanol, 1-heptene, and water are shown by point “M” in Figure 3. A 

mixture of composition “M” will partition into two phases having compositions determined 

by the ends of a tie-line. Tie-lines represent the equilibrium concentrations of the two phases 

for a mixture that falls anywhere along the tie-line. For a system with dilute levels of solute, 

the slope of the bottom tie-line is used to predict the partition of the solute amongst the two 

phases [22][23][24].  Having a greater distribution coefficient is desired for better extraction 

because as K  increases, the concentration of solute in the extract relative to the raffinate is 

increasing. In Figure 3, if a feed composed of water and 2-propanol were mixed with 1-

heptene, the solute 2-propanol would distribute at a greater concentration in the feed than 

the extract as shown by the tie-lines sloping up towards the water rich phase.  The 
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consequence of using 1-heptene as the extract would be the requirement of more solvent to 

extract 2-propanol from the feed [22]. 

 

 

 

 

 Ternary phase diagram of 2-propanol, 1-heptene, water mixture plotted from 
IUPAC-NIST data using MATLAB.  

 

Ternary mixtures are considered immiscible when either solvent constitutes a small 

mass fraction of the other phase [24]. For an immiscible mixture, solvent B will have little of 

solvent C within it and vise-versa. A mixture is considered partially miscible when each 

phase contains a non-negligible amount of the other solvent. Mole fractions of each 

constituent in either the B or C dominant phase can be converted to weight percent from 

mole fraction with Equation 2 [1]. 
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 [Eq. 2]  

 

Where c  is the number of components, i  is the component of interest, M  is the molecular 

weight, and x  is the mole fraction. Other factors are important in solvent selection beyond 

just the distribution coefficient. Miscibility of two solvents is important because further 

downstream separations will be needed for miscible solvents, adding to energy and 

operational costs. 

Industrial liquid-liquid extractors are designed with theoretical stages for extraction. 

Performance of each stage can be evaluated by extraction efficiency where 100% is an ideal 

stage. Extraction efficiency is the ratio of concentration of solute in extract leaving a 

contactor stage, to its maximum concentration limited by its thermodynamic equilibrium as 

shown in Equation 3. 

 

*

out in

E E

in

E E

C C
E

C C





  [Eq. 3] 

 

Where out

EC  is the concentration of solute in the extract leaving a contactor stage, in

EC  is the 

concentration of solute in the extract entering a contactor stage, and *

EC  is the maximum 

concentration of solute in extract that can be achieved for a mixture. The maximum 

concentration of solute in the extract is limited by its thermodynamic equilibrium as 

determined from the distribution coefficient and the composition of the ternary mixture that 

enters a contactor [3]. A high extraction efficiency means a contactor had sufficient mass 

transfer and contact time to reach equilibrium. 

 Conventional equipment for LLE operate off of gravitational forces where two-

phases separate out based on their density differences. Design of industrial LLE typically 

involves sparging feed or solvent into a tower containing perforated disks. Often, poor mass 

transfer results in low extraction efficiency for each stage so the addition of mechanical 
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energy is added to increase mixing such as with an agitated tower [22]. Figure 4 demonstrates 

a typical perforated-plate column used in industrial applications. Towers can be up to 50 feet 

high in biochemical, petroleum, and wastewater treatment applications. LLE can be 

configured for co-current, counter-current, and cross-current flow of solvent and feed. Co-

current flow is used for single stage applications whereas counter-current flow is more 

typical. Product to be extracted is transferred between the two phases as droplets of the 

discrete phase mix with the bulk phase. Conventional systems typically create a droplet size 

range of 100-2000 micrometers [25]. The range in droplet sizes are typically due to 

mechanical shearing of droplets by rotating blades which unevenly distribute shearing stress 

[25]. Mass transfer can be intensified using micro technology by producing a small 

distribution of micro-sized droplets. The mechanism for separation in microfluidics 

functions off of surface tension rather than buoyancy and because of it can reduce retention 

times from 15 minutes of conventional towers to <3 seconds as discussed further in Chapter 

2.3 [9]. 

 

EXTRACT
(Light Phase Out)FEED

(Dense Phase In)

SOLVENT
(Light Phase In)

RAFFINATE
(Dense Phase Out)
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 Tower for industrial LLE. Horizontal dashed lines represent perforated plates for 
equilibrium stages of the tower. Stages help to disperse droplets of solvent for counter-
current flow. Dense aqueous feed (blue) enters in through the top and is collected at the 
bottom. Buoyant forces cause lighter droplets of solvent (orange) to rise to the top of the 
tower as the extract. 

 

 

2.3 Characteristics of Microfluidics 

2.3.1 Dimensionless Parameters and Equations of Microscale Fluidics 

 The defining difference between microfluidics and conventional systems are the 

decreased size of characteristic lengths. A consequence of the small dimensional lengths in 

microfluidics is fluid flow is typically laminar. Laminar flow is characterized by normal fluid 

layers that flow smoothly over each other and mix on the molecular level only [26]. Flow is 

considered laminar at lower Reynold numbers below 2300 for pipe flow and proportionally 

decreases with the hydraulic diameter of the channel as seen in Equation 4 [26][27]. 

 

inertial force
Reynolds Number:    R e     

viscous force

HvD


  [Eq. 4] 

 

Where   is the fluid density, v  is the fluid flow velocity,   is the dynamic viscosity, and 

HD  is the hydraulic diameter of a microchannel. The hydraulic diameter is 4 times the cross-

sectional area over the wetted perimeter of a fluidic channel. The Reynolds number is the 

ratio of inertial to viscous forces for a flowing fluid. Analytical solutions for laminar pressure 

drop become useful for designing microfluidic Liquid-Liquid Separators (LLS) and is 

discussed further in Chapter 2.5 [7]. The Navier-Stokes equations for incompressible and 

laminar flow are shown in Equation 5 [5].  

 

2 2 2

2 2 2

x x x x x x x
x y z x

v v v v v v vP
v v v g

t x y z x x y z
  

        
         

       
  

2 2 2

2 2 2

y y y y y y y

x y z y

v v v v v v vP
v v v g

t x y z y x y z
  

         
                  

 



12 

 

 

2 2 2

2 2 2

z z z z z z z
x y z z

v v v v v v vP
v v v g

t x y z z x y z
  

        
         

       
     [Eq. 5] 

 

Where 
, ,x y zv  is the velocity in the x,y,z-direction, and x represents direction of fluid flow, y-

direction is perpendicular to x and represents width, and the z-direction is depth. P is the 

pressure, and   is the dynamic viscosity of the fluid. Assuming parallel plates and fluid 

flows in the x-direction only, the Navier-Stokes equations for x,y,z-directions can be reduced 

to an analytical solution to predict pressure drop for a rectangular cross-sectioned 

microchannel. The result is the Haggen-Poiselle equation shown below [5]. 

 

3

12
Haggen-Poiselle:    hyd

µLF
p

WH
   [Eq. 6] 

 

Where F  is volumetric flowrate, L  is the length of the channel, W is channel width, and 

H  is channel depth.  

A primary difference between two-phase separation in conventional systems to that 

in a microcontactor is the change from a buoyancy dominated system to a surface tension 

dominated system [8]. Conventional LLE towers separate two phases by settling them out by 

buoyant forces where a dense phase is collected at the bottom and a lighter phase at the top. 

Microfluidic separation is achieved by using differences in wettability and capillary pressures 

between the two phases [10]. A dimensionless parameter that compares the ratio of 

gravitational to surface forces is the Eötvös number (Eö) shown in Equation 7. 

 

  2
gravitational force

Eötvos Number:        
surface force

A B HD g
Eö

 




  [Eq. 7] 

 

Where A  is the density of phase “A”, B  is the density of phase “B”, HD  is the hydraulic 

diameter, g  is the acceleration due to gravity, and   is the interfacial surface tension 

between the two liquid phases. A value of Eö < 0.84 is a tipping point where an air-water 
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system becomes surface tension dominated [28]. This was found to be the point at which an 

air bubble would no longer rise in a vertical capillary tube due to buoyant forces alone [28]. 

 Equation 8 is the Capillary number (Ca) which is a dimensionless number that 

represents the ratio of viscous to surface tension forces for a droplet dispersed in another 

immiscible phase.  

 

Viscous force
Capillary Number:        

Surface tension force

v
Ca




  [Eq. 8] 

 

Values of the capillary number can be used in predicting fluid flow regime transitions in two-

phase microfluidics [29][16]. Fluid flow regimes are discussed further in section 2.3.2. 

Another dimensionless parameter that is useful in determining fluid flow regime transitions 

is the Weber number (We) shown in Equation 9 [30][31][32]. 

 

 

2
Inertial force

Weber Number:        
Surface tension force

dropv d
We




  [Eq. 9] 

 

Where v  is the droplet velocity,   is the density of the droplet fluid,   is the surface 

tension between two immiscible fluids, and 
dropd  is the droplet diameter. Weber numbers 

become useful for describing two-phase microfluidics because typically inertia and surface 

tension forces dominate at higher and lower flowrates, respectively [30]. With these 

dimensionless parameters, estimates on slug formation and fluid flow behavior can be made. 

 

2.3.2 Two-Phase Fluid Flow Regimes 

 Fluid flow regimes are different flow patterns that are established in two-phase 

systems and influence effective separation and mass transport. Regimes have been 

established for two phase flow in conventional systems, but microscale fluidics differ in that 

surface forces dominate, systems are laminar, and the wetting properties of the channel 
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become important [28]. Different fluid flow regimes are desired depending on the 

application and required control of transport phenomena.  

 Development of fluid flow regimes begins with the introduction of two immiscible 

fluids at a droplet junction. Droplet junctions are carefully designed microchannels where 

two phases meet to form controlled fluid flow patterns. Junctions can be constructed in T, 

X, Y, or other configurations to generate droplets as shown in Figure 5. Flow regimes are a 

function of many factors including viscosity, velocities, channel geometry, and surface 

tension [29][28].  

 

 

 

 Common types of droplet junctions where blue (gray) and black represent two 
immiscible liquids. (a) Y-droplet junction. (b) T-droplet junction. (c) X-droplet junction.  

 

 Control over the fluid flow regimes are achieved by altering the flowrates of either 

fluid [30]. Figure 6 shows fluid flow regimes for a two-phase system between two immiscible 

liquids. In Figure 6, the bulk phase is the blue (gray) phase which preferentially wets the 

channel walls [30]. The black phase is the discrete phase that mixes at the droplet junction. 

Droplet flow is defined as droplets with a diameter smaller than the diameter of the channel 

containing it, and channel dimensions directly effect droplet size [3]. Droplet flow occurs 

when the inertia of the fluids dominates surface forces and the discrete phase is sheared off 
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at the droplet junction. Inertial dominance in droplet flow is indicated by greater Weber 

numbers (We > 1) and lower Capillary numbers (Ca < 0.1) [30]. 

 

 

 

 Fluid flow regimes for two immiscible liquids, wetting (blue/gray), and non-
wetting (black). 

 

 Taylor-Slug flow is defined by the formation of elongated parcels of the non-wetting 

phase restricted by the channel diameter [3]. Surface tension dominates this regime and is 

characterized by We < 1 and Ca < 0.01 where inertial and viscous forces are neglible 

[30][31][32]. Operation in the slug flow regime is desired for intensified mass tranport 

because only slug flow can allow control over residence time, slug length, and specific area 

by altering the ratio of the two feeds and adjusting the total flowrate [30]. For T-junctions, 

slug formation can be characterized as having a filling period where the non-wetting phase 

spreads out into the main channel until flow of the wetting phase is contricted. Filling is then 

followed by a squeezing period where the wetting phase pushes the forming slug 

downstream until the non-wetting phase pinches off [31]. Equation 10 is an expression for 

the normalized volume of a slug which can be used to predict slug lengths as a function of 

channel geometry and the flowrate ratio of the discrete to the bulk fluid [31][32]. 

 

2 2

fill d

b

V qV

hw hw q
    [Eq. 10] 
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Where V  is the slug volume, h  is the main channel height, w  is the main channel width, 

fillV  is the volume contribution from the filling period,   is a constant dependant on the 

channel geometry, 
dq  is the non-wetting phase flowrate, and 

bq  is the wetting phase 

flowrate. Parameters 
fillV  and   are typically used as fitting terms to empirically predict slug 

length as a function of flowrate ratios for a given droplet junction [32][30]. Alternatively, 

Steijn et. al. proposed a closed-form expression for determining 
fillV  and   based on the 

geometry for T-junctions. Control of the slug length is useful for altering the specific surface 

area which can be conservatively estimated with the area of the end caps of the slugs or can 

be asumed to be the entire surface area if a thin film forms around the slug [3]. 

 Annular flow occurs at higher flow velocities of both phases where the shear force 

of the bulk phase dominates and the discontinous phase flows in the the center for 

symmetric geometry such as capillaries [3]. The bulk phase preferentially wets the walls 

causing a annulus to form around a tubule of the discrete phase. Parallel flow occurs in 

asymmetric geometry at low to high velocities of both phases, especially if the wettability of 

either side of the channel is altered through surface modification [10]. 

 

2.4 Two-phase Mass Transport in Microfluidics 

 A distinct advantage of microsystems is the intensification of transport processes. 

Small dimensional lengths, high specific areas, and small diffusional path lengths contribute 

to increased mass transfer within microfluidics [8]. Liquid-liquid extraction functions by the 

diffusion of a solute from the feed (bulk phase) into the solvent (discrete phase) used for 

extraction. Random molecular motion causes solute within volumes of high concentration to 

transport to portions with lower concentrations as represented by Fick’s First Law shown in 

Equation 11 [26]. 

 

B,
B

x AB

dC
J D

dx
   [Eq. 11] 
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Where 
,B xJ  is the flux of solute within a bulk fluid “B” in the x-direction, 

ABD  is the 

diffusion coefficient of solute “A” within a bulk fluid “B”, and 
BC  is the concentration of a 

solute “A” in a bulk fluid “B”. Intensification of mass transport is represented by the 

characteristic time of diffusion which is a function of diffusional path length as equated in 

Equation 12. 

 

2

char

AB

R

D
    [Eq. 12] 

 

Where R  is the radius of a dispersed droplet in an immiscible bulk phase, and char  is the 

characteristic time of diffusion. The impact of droplet diameter on characteristic time of 

diffusion is shown in Figure 7. In a 1 second diffusion time, a molecule will normally travel 7 

mm in gases and 70 µm in liquids [8]. From Figure 7, the characteristic time of diffusion for 

a solute into a 100 µm droplet compared to a 2 mm droplet is an increase from 9 seconds to 

17 minutes; formation of controlled small droplets by micro features is paramount to 

intensified mass transfer. 
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 Droplet size ranges for microfluidics and a conventional LLE are shown. A 
common type of industrial LLE are static mixers which form droplets of 100-2000 µm in 
diameter [25]. Microfluidics typically encompass the 50-500 µm length scale [8]. For 
reference, characteristic times of diffusion are shown for isobutanol into spherical droplets 
of cyclohexane. 

 

 Liquid-liquid extraction is often performed in the slug flow regime for the ability to 

control volume fractions, specific surface area, and slug length [30]. Liquid-liquid slug flow 

can also offer advantages to mass transport from the formation of thin films of the bulk 

phase around the discrete slug phase due to surface fluid interactions and through internal 

laminar circulation that increases mixing [16][33][34]. Mass transfer of the solute from an 

aqueous carrier fluid to an organic solvent can be modeled by the two-film theory for 

diffusion over a two-phase interface [3]. Figure 8 represents the concentration profiles of a 

solute at an interface between an immiscible phase “C” and an immiscible phase “B” where 

the solute is diffusing from the higher concentrated phase “C” to a lower concentrated phase 

“B”. The two-film model proposed by (Whitman, 1923) assumes that two separate phases 
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have fluidic packets that permanently remain at the interface and exchange a solute via 

molecular diffusion [35].  

 

 

 

 Two-film interface between one immiscible phase “C” to another immiscible 
phase “B”. 

 

 Another two-resistant model, called the penetration model, assumes that the packets 

of fluid spend a uniform time at the interface but are able to exchange with packets of fluid 

from the bulk solution [35]. Determining which model applies to a system depends on the 

dimensionless ratio of the time a packet spends at the interface, to the characteristic time of 

diffusion through an interface as shown in Equation 13 by Toor and Marcello (1958) [35]. 

 

2

B

AB

t

D

 
 
 

  [Eq. 13] 

 

Where t  is the time a packet spends at the interface, B  is the film thickness of a bulk fluid 

“B”, and ABD  is the diffusion of a solute “A” within “B”. If the value of the ratio is less 

than 0.2, the mass transfer is analogous to a thick packet with a short duration at the 
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interface and Equation 14 can be used to model the flux. A value larger than 0.6 would be 

analogous to a thin packet with a long duration at the interface and the flux can be modeled 

with Equation 15 for the two-film model [3][35].  

 

 ,int ,
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D
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t
   [Eq. 14] 
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    [Eq. 15] 

 

Where BJ  is the flux through the interface of the bulk fluid B, 
,intBC  is the concentration of 

“A” within “B” at the interface, and 
,B bulkC  is the bulk fluid concentration of “A” within 

“B”. The direction of the mass flux of “A” will diffuse from the higher concentrated bulk 

fluid “C” into the fluid packet film and then to the interface. In the case of Equation 15, a 

linear concentration profile forms across the fluid packet as shown previously in Figure 8. 

Determining which model to use can also be confirmed experimentally for microfluidic mass 

transfer by determining which model better fits the results [3]. In both equations, the terms 

AB

B

D


 and ABD

t
 can be represented as 

,L Bk  for the liquid mass transfer coefficient of the 

liquid phase “B”. The average flux of solute “A” into “B” can be more generally written as 

Equation 16 [35][3]. 

 

 , ,intB L B B BJ a k a C C   [Eq. 16] 

 

Where a  is the specific interfacial area calculated as in the interfacial area of a slug divided 

by the volume of a slug. A component of intensified mass transfer in microfluidic LLE is the 

increased specific surface area which is proportional to 
3

R
 for spherical droplets. Kashid et. 

al. (2011) reports that agitated contactors have mass transfer coefficients ranging from 
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  -3 -1
48-83 ×10  s   , whereas their capillary microchannel achieved values of 

-1
0.88-1.67 s    

for tubing with Inner Diameters (ID) of 0.5-1.0 mm [3]. The specific surface area can be 

determined by direct measurement of the slug length and assuming spherical geometry for 

cap ends of the slug. A more conservative estimate only includes the cap ends as interfacial 

area which assumes no film is formed [3]. The interfacial film thickness for a well-mixed 

system compared to stagnant systems can range from a few micrometers to a few hundred 

micrometers [35]. Liquid-liquid slug flow can have measurable and calculable thin films with 

thickness on the same length scale as the interfacial film thickness [34][36]. Correlations have 

been proposed to predict film thickness which are a function of the slug velocity, tube 

radius, and Capillary number [36][37]. 

 The overall mass transfer coefficient, 
Lk a , for a liquid-liquid system can be 

represented by Equation 17 which expresses the ability of mass to transport across both 

films, C  and B [3][35]. Further, a substitution of 
,intBC  from the equation for equal flux 

through both films results in Equation 18. 
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L C L B
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L C L B
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 [Eq. 17] 

 

 *B
L L B B

dC
J a k a C C

dt
    [Eq. 18] 

 

Where K  is the distribution coefficient from Equation 1, 
,L Ck  is the liquid mass transfer 

coefficient of flux through the film of liquid “C”, *

BC  is the equilibrium concentration of 

solute in phase “B”, and Lk a  is the overall mass transfer coefficient of flux through both 

films. The overall mass transfer coefficient can be determined by integration of Equation 18 

to form Equation 19 [3][36][38]. 
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 [Eq. 19] 

 

Where   is the retention time of a slug, 0

BC  is the initial concentration of solute in the 

extract fluid “B”, and 
BC  is the bulk concentration of a solute “A” in liquid “B”. Figure 9 is 

a model for slug droplets with a mass flux of solute “A” from a bulk phase “C” to a discrete 

phase “B”. A conservative estimate of the specific interfacial area shows mass only 

transferring at the end caps of the slugs. The flow unit represents a repeating boundary of 

slugs surrounded by a bulk fluid.  Over the time t , a slug travelling at velocity v  will 

increase from the initial solute concentration, 0

BC  at 0t   , to a concentration, 
BC at t t  

over a distance l . Altering the retention time by changing the flowrate alters the value of 

Lk a  and can effect film thickness [34][39]. Alternatives to measuring concentrations over 

varying retention times can be achieved with online measurements or altering the channel 

length [30]. 

 

 

 

 A slug of an immiscible fluid “B” surrounded by a bulk fluid “C” exchanging 
mass of solute “A” through the end caps. Mass transfer of solute “A” between the two-
phase interface occurs over a retention time equal to the length traveled divided by the slug 

velocity 
l

v
 . 
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2.5 Microfluidic Two-Phase Separation 

 Fundamentals of Two-Phase Separation 

 The extraction process can reach equilibrium within seconds through process 

intensification. However, instantaneous separation of two phases are needed because a stable 

emulsion can take weeks to coalesce and separate by buoyant forces alone [10]. Slow 

separation by buoyant forces can be circumvented via two-phase separation through 

differences in wettability between two fluids and through capillary pressures 

[8][10][5][7][12][11]. A representation of two-phase separation for a Liquid-Liquid Separator 

(LLS) is visualized in Figure 10. 

 

 

 

 Photo of Liquid-Liquid Separator. Discrete organic droplets (red/dark gray) 
enter in from the left with a wetting aqueous phase (clear). Fluid passes through post 
features and is collected at two outlets. Upper and lower outlets are referred to as aqueous 
and organic outlets based on the expected behavior of the two fluids. 

 

 This paper defines two-phase liquid-liquid separation by two different metrics. The 

first metric is the percent two-phase separation shown in Equation 20 [11]. Where percent 

two-phase separation is the difference in flow of organic phase through the organic and 

aqueous outlets relative to the total organic flowrate. If a total of 1 mL organic phase was 
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pumped and 0.9 mL and 0.1 mL of organic phase were collected at the organic and aqueous 

outlet, respectively, an 80% two-phase separation would occur. 

 

 
 Two-Phase Separation 100%

Eorg Eaq

org org

total

org

V V

V


  [Eq. 20] 

 

Where 
Eorg

orgV  is the volume of organic phase collected at the organic outlet, 
Eaq

orgV  is the 

volume of organic phase collected at the aqueous outlet, and 
total

orgV  is the total volume of 

organic phase from both outlets. If half of the organic phase were leaving from both outlets, 

then zero percent separation occurs. A 100% separation occurs when all organic phase 

leaves through the organic outlet, and a -100% separation represents all organic phase exiting 

the aqueous outlet. Percent two-phase separation describes how well the organic phase was 

directed to one outlet, but not the composition of each outlet. A second metric of separator 

performance is the composition of organic phase in the organic outlet or the composition of 

water in the aqueous outlet. All organic phase could be directed towards one outlet for 100% 

separation, but water could still leave the same outlet along with the organic phase resulting 

in lower composition as shown in Equation 21. 
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 [Eq. 21] 

 
 % Composition aqueous outlet 100%
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Where 
Eorg

AqV  represents the volume of aqueous solution leaving the organic outlet. Equation 

20 describes how well organic phase separates to a different outlet, Equation 21 describes 

how effective the separator is at isolating a single phase for collection. 
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 Continuous two-phase separation is achievable in microfluidics through the use of 

capillary pressures [10]. Capillaries form at a three phase interface, where one phase is a solid 

and the other two are liquid-liquid or gas-liquid. Figure 11 represents a droplet of liquid 

phase “B” surrounded by a liquid phase “C”. A contact angle is formed between the 

interface of B-C and B-Solid at the Solid-B-C three-phase contact line [40]. Where 
BC  is the 

phases B-C interfacial surface tension,  
BS  is phases B-Solid interfacial surface tension, 

CS  

is phases C-Solid interfacial surface tension, and 
e  is the equilibrium contact angle. 

 

 

 

 Contact angle between interface B-C and B-Solid at the Solid-B-C three-phase 
contact line. 

 

 Molecules at a two-phase interface are less energetically favorable than molecules in 

the bulk which causes reduced interfacial area to minimize energy at the surface [41]. This 

phenomena can be described as surface energy with units ( 2J m )  or in a mechanical sense 

as surface tension with units ( 1N m ) [41]. The interfacial surface tensions and equilibrium 

contact angle are related to each other by Young’s Equation 22 [42].  

 

 cosBC e BS CS       [Eq. 22] 

 

Where BC  and e  are the only easily measurable quantities through drop shape techniques 

and contact angle measurements [40]. The minimization of overall free energy often leads to 

curvature at the B-C interface which causes a pressure difference over the interface known 
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as capillary pressure. Capillary pressures are directly proportional to the curvature of the B-C 

interface and the B-C interfacial surface tension. For capillaries with a spherical meniscus, 

the curvature can be represented by Equation 23. 

 

 cos
k

R


  [Eq. 23] 

 

Where   is the phenomenological contact angle [40], k  is the curvature, and R  is the radius 

of a capillary’s inner diameter. A physical representation of a capillary with spherical 

meniscus is shown in Figure 12.  

 

 

 

 Radius of curvature for a spherical meniscus within a capillary. 

 

 Capillary pressures can be predicted with the Young-Laplace capillary equation 

shown in Equation 24.  

 

 2 cosBC

cp
R

 
   [Eq. 24] 

 

Where cp is the capillary pressure across the two-phase interface of phases “B” and “C”. 

The Young-Laplace equation can be more generalized as Equation 25. 
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2c BCp k   [Eq. 25] 

 

Where k  is the average curvature and is equated as 
1 2

1 1 1

2
k

R R

 
  

 
 [41]. Where 

1R  and 

2R  are the principle radii of curvature. With the Young-Laplace equation, capillary pressure 

in microfluidics can be predicted for design of a LLS [7][33]. 

 A common method of microfluidic two-phase separation is by utilizing solid 

materials with different wettability. A solid surface that is wettable by a liquid will have a 

contact angle <90°, whereas a non-wetting liquid will have contact angle >90°. Separation 

can be achieved by capillary pressures resistance to flow if fluid “B” selectively wets a solid 

surface more than fluid “C” [5][7][33]. One group used a PTFE membrane with an average 

pore size of 0.1-1.0 µm to selectively wet an organic phase (n-hexane) [7]. The capillary 

pressures induced by water attempting to penetrate the pores were greater than the hydraulic 

pressure drop through the main channel, thus achieving separation. Another example of 

separation by differences in wettability include separation at 3-way slit where water 

preferentially flowed through a glass slit, and n-heptane through a Teflon slit [5]. A similar 

concept was used for separation at a Y-junction where discrete droplets approached a split in 

a channel where on channel was Teflon and another was steel of equal inner diameters [33]. 

Separation can also be achieved by controlling capillary pressures through geometry of a LLS 

[11][12]. Chapter 2.5.2 examines the creation of a capillary pressure gradient to achieve two-

phase separation by controlling capillary curvature. 

 

 Development of Capillary Pressure Gradient 

 Previous research groups investigated the two-phase separation of a gas-liquid 

system by the creation of a capillary pressure gradient in a Gas-Liquid Separator (GLS) 

[12][11]. A capillary pressure gradient was created by changing pin diameters orthogonal to 

the fluid flow direction. A gradient in post diameters thereby altered the spacing between 

posts creating a gradient in curvature end thereby the capillary pressures too. The capillary 
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pressure gradient can be represented by taking the derivative of the Young-Laplace capillary 

equation for a 2D system as shown in Equation 26 [11][12]. 
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 [Eq. 26] 

 

Where [ ]cd p  represents the capillary pressure gradient, and R  is the average radius of 

curvature. For a constant contact angle, two-phase interfacial surface tension, and a change 

in post diameter only in the y-direction, Equation 26 reduces to Equation 27 [11][12]. A 

general solution for curvature can also be derived using the same assumptions for Equation 

25 resulting in Equation 28. 
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Where the capillary pressure gradient occurs in the y-direction orthogonal to the direction of 

flow (x-direction) as demonstrated in Figure 13.  
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 Image post geometry of LLS. Fluid flows in x-direction and depth is in the z-
direction. Gradient in post spacing occurs in the y-direction causing a gradient in curvature 
and thus capillary pressure too. 

 

 In Equation 27, the left term shows that the capillary pressures change with respect 

to the y-direction, which is the capillary pressure gradient. The partial derivative on the 

rightmost side of Equation 27 shows that the changing average capillary radius with respect 

to the y-direction will drive the capillary pressure gradient. When applied orthogonal to the 

direction of flow, two-phase separation into an upper and lower effluent can occur . The 

LLS was designed to create a capillary pressure gradient orthogonal to the flow direction. A 

gradient is created by altering the diameters of the posts and thereby changing the spaces 

between them. Longer spaces will create less curvature and reduce capillary pressures, 

whereas shorter spaces will have greater curvature and greater capillary pressures. The posts 

are arranged in a triangular patter where three adjacent posts are evenly spaced by distance 

“n” from center to center as shown in Figure 14. 
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 Triangular pattern of post features within LLS flow plate. 

 

 The capillary pressures between posts can be calculated with the Young-Laplace 

capillary equation shown in Equation 29 [5]. 

 

2 2
c BCp

H W


 
   

 
 [Eq. 29] 

 

Where H  represents the flow depth, W  is the width between two posts, and 
cp  is the 

capillary pressure caused by a single spacing. This equation assumes a 0° contact angle as 

shown in Figure 15 which visualizes the capillaries that form between each post as phase “B” 

pushes through. Cyclohexane (red/gray) flows in the x-direction of bulk fluid flow. Average 

curvature between any two posts can be represented as 
1 2 2

2 H W

 
 

 
 by taking the radius of 

curvature in the z-direction 
2

H

 
 
 

 and between two posts in the y-direction 
2

W

 
 
 

. Since the 

depth, H , is constant along the whole LSS, the capillary gradient is a function of spacing 

between posts only. Smaller post spacing will create greater capillary pressures than the wider 
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spaces; which causes phase “B” to travel to the lower half of the LSS thus separating the 

phases. 

 

 

 

 Capillary curvature between two posts within a parallel plate LLS. Phase “C” 
wets the plates and post structures while phase “B” in non-wetting. 

 

3. Materials & Methods 

 Flow Characterization and Slug Measurement 

 Fluid flow regimes were characterized for a T-junction, and slug lengths were fitted 

to parameters 
fillV  and   for the filling and squeezing volumetric contributions to  

the slug volume, respectively. A schematic of the experimental setup is shown in Figure 16. 

Slugs were formed with A.C.S. grade cyclohexane (J.T.Baker; City, State) and deionized 

water (AmeriWater; Dayton, OH) by pumping fluids with two PHD 2000 syringe pumps 

(Harvard Apparatus; San Diego, CA) from 10 mL Gastight (GT) PTFE/borosilicate syringes 

(Hamilton; Reno, NV). Both fluids feed into a 190x390 µm quartz T-junction (Dolomite; 

Norwell, MA) for slug formation. Measurement of slugs were taken 3 feet downstream of 

the T-junction in 1/16 OD and 0.02” ID transparent Tefzel© tubing (IDEX; Oak Harbor, 

WA) using an EOS Rebel 6Ti camera with a 100 mm lens (Canon; USA).  
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 Experimental setup for slug characterization. Experimental setup: two PHD 
2000 syringe pumps feed an organic and aqueous phase to a quartz T-junction; droplets feed 
through 3 feet of Tefzel tubing (0.02” ID) and are measured through photos using ImageJ 
software. 

 

 Pumps were run for 1.5 hydraulic retention times (  1.5 H ) for system equilibration 

and then stopped for photography of cyclohexane droplets dyed with 50 mg/L Oil Red O 

(Sigma-Aldrich; St. Lois, MO). Images were scaled to a ruler using ImageJ (1.50i); flow 

conditions were repeated 4 times with 5 organic and aqueous slugs measured per photo for 

20 total slug measurements per flow condition. A detailed Standard Operating Procedure 

(SOP) of LLS setup and droplet measurement is in Appendix H. 

 

 Liquid-Liquid Separator Materials & Methods 

 The separator flow plate was Photochemical Machined (PCM) (Great Lakes 

Engineering; Maple Grove, MN) out of a 0.030” thick 316 SS plate. PCM is ideal for 

complex geometry that CNC milling and Electric Discharge Machining (EDM) would have 



33 

 

 

difficulties with. Figure 17 shows an exploded diagram of the LLS. A more detailed 

description of design and manufacturing of the LLS is in Chapter 4.1. A 316 SS back plate 

(McMaster-Carr; Atlanta, GA) was used to support the flow plate and to provide clamping 

pressure with SS ¼ -28 bolts and nuts. The manifold is made from ¾” thick ultra-impact-

resistant Polycarbonate (PC) (McMaster-Carr; Atlanta, GA), and the top surface was tapped 

for ¼”-28 Tefzel fluidic connections (IDEX; Oak Harbor, WA). The bottom surface of the 

PC manifold was CNC milled (Katon Precision Machining; Albany, OR) for an O-ring 

groove for a Buna-N O-ring (-041) (McMaster-Carr; Atlanta, GA) to seal the LLS flow 

region.  

 

 

 

 Exploded diagram of Liquid-Liquid Separator. 

 

 The flow plate was flattened by relieving stresses by heating to 1040 °C for 12 

minutes in a high vacuum furnace (Camco; San Carlos, CA). Further details for the stress 

relief procedure are in Appendix E. Verification of reactor dimensions were measured by 3D 
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photolithography using a Zescope (Zemetrics; Tuscan, AZ) which is discussed further in 

Chapter 4.1.2. 

 

 Plasma Etching and Contact Angle Measurements 

 The PC manifold and 316 SS flow plate were plasma etched in the presence of 

oxygen to increase wettability of the solid surfaces by the aqueous phase. Increased 

wettability results in greater capillary pressures due to smaller contact angles (greater 

curvature) and prevents coalescing of organic phase to the PC surface. Plasma etch 

effectiveness was determined by etching 2x2 cm panes of 316 SS (Great Lakes Engineering; 

Maple Grove, MN) and PC (McMaster-Carr; Atlanta, GA) in a PlanarEtch II (Technics; 

Union City, CA) plasma etcher. Etching process was performed with conditions listed in 

Table 1. 

 

Table 1. Conditions for low pressure oxygen plasma etch of PC and 316 SS components. 

 

 

 

 A detailed SOP for plasma etching procedure is found in Appendix G. Longevity of 

plasma etch was determined by measuring contact angles of 10 µL droplets of deionized 

water on each surface using an FTA 135 (First Ten Angstroms; Portsmouth, VA) 

instrument. A detailed SOP on contact angle measurement is in Appendix F. 

 

 Two-Phase Separation Methods 

 The experimental setup for measuring percent separation and composition for the 

LLS is shown in Figure 18. Flowrates of organic and aqueous phases are varied from 0.133-

3.25 mL/minute and flowrate ratios of Organic to Aqueous (O/A) are varied from 0.111-1.0 

O/A. Video of LLS is taken during each run and both ports are sampled for 2 minutes after 

system reaches equilibrium (3 x retention time). Samples are taken with a T-valve (IDEX; 

Pressure 

Chamber (torr)

O2 Flowrate

(sccm)

Duration

(s)

Power

(Watts)

Cooling water

Flowrate (GPH)

0.45 5 60 500 15
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Oak Harbor, WA) feeding directly to 20 mL borosilicate/foil scintillation vials (Wheaton; 

Millville, NJ). Effluent flow ratios are controlled by altering the elevation of the tube ends to 

change their relative pressure drop. Percent separation was quantified gravimetrically by 

evaporating collected water/cyclohexane mixtures at ambient room temperature (20 °C) in a 

fume hood. End of cyclohexane evaporation was determined by a drastic change in rate of 

evaporation and at a rate below 0.002 g/minute. 

 

 

 

 Schematic of LLS experimental test loop. Experimental setup: two PHD 2000 
syringe pumps feed an organic and aqueous phase to a quartz T-junction; droplets feed 
through 5 feet of Tefzel tubing (0.02” ID) and enter the LLS. Mixtures of two phases are 
collected at an “aqueous port” and an “organic port” where they pass through a 5 psi Back 
Pressure Regulator (BPR) and are collected in 20 mL vials. Elevation of sample collections 
are altered to control effluent flow ratios. 
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4. Design & Manufacturing of the Liquid-Liquid Separator 

4.1 LLS Design & Fabrication 

 The design of the LLS derives from a combination of theoretical concepts for a 

capillary pressure gradient (Chapter 2.5) and practical aspects of making a functioning 

microstructured device. This chapter focuses on design, components, and fabrication of the 

LLS flow element and unit. 

 

4.1.1 Flow Plate Design 

 This chapter discusses design of LLS flow plate which is the flow element that 

separates the two phases. A schematic of the LLS flow plate is shown in Appendix C. The 

purpose of the LLS is to receive discrete parcels of the non-wetting phase surrounded by a 

wetting phase and continuously separate the two phases for collection at separate outlets. 

Separation occurs via the design of micro post features that cause the non-wetting phase to 

form capillaries between each post gap. The posts on the flow plate are spaced 2 mm from 

center to center in the triangular pattern shown previously in Figure 14 (Chapter 2.5.2). 

Three adjacent posts make up a junction. At each junction, a stream of the non-wetting 

phase “C” flowing parallel to the x-direction will experience two possible capillary pressures 

as shown in Figure 19. In the Figure, the gap iW  is narrower than gap 1iW   at junction “ i ”; 

the narrower gap produces a greater capillary pressure resisting flow resulting in flow 

through the wider gap, 1iW  , to be more favorable. The result is a net flow of phase “C” 

towards the wider gaps. Each junction in the LLS has a capillary pressure differential as a 

result of the different gaps and the capillary pressure gradient.  
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 Capillary formation at each post junction “i”. Phase “C” and “B” are the non-

wetting and wetting phases, respectively. Post gap widths 
iW  and 

1iW 
 are the narrower and 

wider gaps of junction “i”, respectively. 

 

 The capillary pressure difference at each junction can be determined using Equation 

29 and are plotted in Figure 20. The capillary pressure differences are calculated using the 

interfacial surface tension between water and cyclohexane (48 mN/m) and by taking the 

difference in capillary pressures at each labeled junction for the gaps as demonstrated in 

Figure 19. The difference in capillary pressures starts to approach an asymptote as the gaps 

become wider because the contribution of the depth to the curvature becomes much greater 

than the gap width or 
2 2 2

lim
W H H W H

   
    

   
 cause the curvature to be a function of only 

the depth which is constant. For design, this means there is a diminishing effect as the gaps 

become wider relative to the depth where if the pressure difference at the asymptote value is 

not sufficient for separation, then all junctions with wide gaps will not cause separation. 

Conversely, as the gaps become smaller, the capillary pressures will become a function of 

2

W

 
 
 

 and are inversely proportional to the gap width. 
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 Capillary Pressure difference at each junction. 

 

 Ideal separation behavior occurs when slugs coalesce at the inlet header forming a 

stratified stream of cyclohexane. The continuous stream of organic phase is able to separate 

via the capillary pressure gradient because the front of the stream follows the path of least 

resistance. Lower capillary pressures will resist flow less, therefore, any junction of gaps 

between posts will have a likely flow path. Figure 21 represents the path of least resistance 

for a stream of a discrete and non-wetting phase as represented by arrows for direction of 

flow. As an example, a continuous stream of organic phase first enters through the fifth 

greatest capillary pressure of the first column of posts (Figure 21). Upon flowing through the 

gap, the stream reaches a junction where it will flow either up or down; because flowing in 

the negative y-direction is a wider gap, a smaller capillary pressure will resist flow compared 

to flowing in the positive y-direction. A net flow path forms at a -30° angle from the positive 

x-direction. The organic phase then flows at the lower half of the flow region where the 
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widest post gaps are located. Here it maintains an alternating pattern shown by the arrows 

where it selectively follows the wider gaps at each junction. 

 

 

 

 Predictions for the flow path of a continuous stream of a non-wetting organic 
phase surrounded by a wetting phase. For clarity, upper and lower half are used to 
distinguish the smaller and wider gapped halves of the LLS, respectively. Columns of posts 
are defined as the line of posts aligned to the y-direction. 

 

 A quantitative comparison of the capillary pressures and the hydraulic pressure drop 

were performed to compare the capillary pressures to the hydraulic pressure drop across the 

LLS. A comparison of hydraulic pressure drops to the Haggen-Poiselle equation were 

performed by COMSOL modeling of the pressure drop at varying flowrates of water to 

determine the validity of Equation 6. The flow plate was recreated in COMSOL as shown in 

Figure 22. The results of the pressure drop across the contactor were determined by probing 

the model for the maximum and minimum pressure in the system and subtracting the 

difference of the two to determine a pressure drop.  
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 COMSOL model of flow plate with velocity profiles visualized. Two smaller 
circles at the right side represent the ID (508 µm) of the Tefzel tube that acts as a laminar 
exit. Entering fluid is treated as a laminar entrance from the Tefzel tube. 

 

 Figure 23 shows predicted pressure drops from the Haggen-Poiselle model for the 

LLS compared to COMSOL simulation for pressure drop. Due to the complexity of the 

post geometry, it is expected there will be error between the two models. For predicting the 

pressure drops in the separator, COMSOL modeling will be more reliable for accounting the 

geometry of the posts, but Haggen-Poiselle offers a close prediction more quickly. To input 

the width of the contactor into the Haggen-Poiselle model, the superficial contactor width 

was determined by first calculating the total surface area of the flow plate using Solidworks. 

The volume was then calculated by multiplying by the flow depth of 300 µm. Finally, the 

volume was divided by the flow path length and the depth to solve for the superficial 

contactor width of 10.6 mm versus the actual width of 19 mm from both edges of the upper 

and lower halves. Although not covered in this thesis, a two-phase model in 2D using Lattice 

Boltzmann modeling or other modeling software would be worth investigating for predicting 

two-phase flow behavior. 
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 Comparison of Haggen-Poiselle pressure drop and COMSOL predictions. 
Model is for flow plate geometry and for a single phase of water in 2D. 

 

 An important design consideration in determining the flow plate etch depth and 

maximum gap width comes from ensuring the LLS is surface tension dominated at the 

designed dimensions. This transition occurs from 1-2 mm for a gas-liquid system in a radial 

tube [28]. The maximum space between posts was fixed at 1.44 mm in the LLS flow plate. 

As discussed in in Chapter 2.3.1, the Eötvös number is useful in design by making sure the 

entire system is surface tension dominated. With a flow depth of 300 µm, the separator 

spacing is well below the condition Eö < 0.84 as seen in Figure 24 of the Eö vs. the range of 

hydraulic diameters for each post gap in the LLS. 
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 Plot of Eötvös number as a function of hydraulic diameters of post gaps within 
LLS. The Eö is calculated using the interfacial surface tension of cyclohexane and water and 
their respective densities. 

  

 A gradient in capillary pressures is created by altering the width of gaps between 

posts in the y-direction as shown previously in Figure 13. A gradient in gaps are created by 

altering the diameter of each post in the y-direction. Posts are spaced from center to center 

by 2 mm in a triangular patter as shown previously in Figure 14 (Chapter 2.5.2). An upper 

limit of post diameter exists at 2 mm when posts would be touching and no gaps exist. A 

minimum post diameter of 500 µm was selected due to the tolerances of the etching process 

and the potential for over-etching. Photochemical machining of 316 SS is limited by the 

aspect ratio of 1:1.2 for depth to width ratios as specified by Great Lakes Engineering. For 

an etch depth of 300 µm, the smallest gap had to be 360µm in width. The minimum gap is 

therefore dictated by the chosen depth, the manufacturing method, and the requirement that 

it is surface tension dominated. Discussed later, it was found a ratio of 1:2.3 depth to width 

is more accurate for the etching tolerances. 
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 The gradient is designed at a change in gap width in the y-direction of 
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. Where  

yW  is the change in gap width in the y-direction, and 
yl  

is the distance in the y-direction. Gaps are calculated using the with Equation 30. 

 

      , max max1 * *i y yW l R i Gr R i Gr          [Eq. 30] 

 

Where 
,i yW  is the ith gap in the y-direction. 

maxR  is the radius of the second largest post (820 

µm), and i  is the ith post from top to bottom. A table of key LLS parameters are tabulated in 

Table 2. Other LLS dimensions including post diameters, area of features, and post gaps are 

tabulated in Appendix K. 

 

Table 2. LLS flow plate key parameters. 

 

 

 

 A comparison of the range of capillary pressures possible for the range of post gaps 

in the LLS were compared to the hydraulic pressure drop across the LLS simulated by 

COMSOL as shown in Figure 25. From the plot, it is apparent that the capillary pressures 

are greater than the pressure drop over most testing flowrates. The relationship between 

hydraulic pressure drop and capillary pressure is hypothesized to be important due to studies 

that found when the hydraulic pressure drop across a barrier exceeded the capillary pressure, 

two-phase separation stopped [5][7]. At a total flowrate of ~4 mL/min., the minimum 

Variable Unit Value

Length post region mm 86.27

Width post region mm 19

# columns - 40

Gap Gradient µm/2 mm 120

Depth µm 300

Total Area flow mm^2 1113.863
Total Volume Flow mm^3 334.1588

LLS Flow Plate Key Values
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capillary pressure is approximately equal to the aqueous flowrate. From this comparison, it 

can be expected that at flowrates   4 mL/minute two-phase separation performance of the 

LLS may begin to drop. 

 

 

 

 Capillary pressures at different gap widths in the LLS compared to the hydraulic 
pressure drop across the LLS at different flowrates using COMSOL single phase 
simulations. 

 

 Additional design considerations of the LLS flow plate are discussed here. The 

effluent flow channels of the LLS flow plate, as shown in Figure 48 (Chapter 5.2), were 

designed with a width of 1.5 mm to ensure that the capillary pressure of the non-wetting 

phase pushing into it would not be greater than the capillary pressures caused by the post 

gaps. If the channels were too narrow, flow of the non-wetting phase would be unable to 

push through and would pool into the LLS until pressure built up to overcome the capillary 

pressures at the effluent flow channels. Stainless steel (316) was selected as the material of 
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the flow plate to prevent corrosion which can completely obstruct microchannels [8]. 

Additionally, contact of two different types of metal can cause anodic corrosion between the 

metal back plate with the flow plate. To prevent anodic corrosion both the flow plate and 

back plate were fabricated from 316 stainless steel. 

 

4.1.2 Flow Plate Fabrication 

 The LLS flow plate is the flow element that contains the micro post structures for 

creation of a capillary pressure gradient (Appendix C). Various manufacturing methods were 

investigated to create the flow plate design. Electrical Discharge Machining (EDM) and 

CNC milling were incompatible due to the complexity of the geometry. The range in post 

gaps make CNC milling difficult due the narrow 360 µm gaps and the wider gaps of 1.5 mm. 

Photochemical machining (Great Lakes Engineering; Maple Grove, MN) was selected for its 

ability to etch complex designs and to create a smooth finish. The process of PCM is 

outlined in Chapter 2.1.  

Quality of the etching process compared to specified dimensions was measured with 

photolithography by using a Zescope (Zemetrics; Tuscan, AZ) shown in Figure 26. The goal 

was to determine the accuracy, precision, and limits of the etching process. The stage and 

mount are capable of moving in the X, Y, Z, X tilt, and Y tilt directions. It functions by 

measuring the inference of white light reflected off a sample compared to an internal 

reference surface. Height resolution is precise to 0.1 nanometers and lateral resolution ranges 

from 0.3 µm to 4.2 µm [43]. Measurements were taken with the parameters shown in Table 

3. 
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 Zescope stage and hardware measuring flow plate features. 

 

Table 3. Zescope scan parameters. 

 

 

 

 Data was compared to the specified dimensions in the CAD drawings using digital 

analysis software SPIP v6.5.1 (Image Metrology; Horsholm, Denmark). The gaps and depths 

between each post were compared to the specified dimensions by measuring end to end of 

Variable Setting 

Light Threshold 2.0% 

Max Threshold 20.0% 

Stitch overlap 10% 

Magnification 5x 

Surface Rough Scan 

Scan type High speed 

Scan position Top scan (400 µm above surface) 
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each post as shown in Figure 27. The measured post gaps were compared to the specified 

post gaps as shown in Figure 28. The dashed line represents a perfect match between design 

specifications and the measured values. Since they are shifted up, most gaps were etched 

wider than specified by ~17%; and smaller gaps <0.5 mm quickly became narrower than 

specified.  

 

 

 

 Raw Zescope data where brighter areas represent higher elevations and darker 
regions represent low regions. Gaps were measured from end to end of each post. 

 

 

 

 Specified post gaps compared to measured post gaps. Dashed line represents a 
1:1 relation for a perfect match. 

 

 The depths between each post were measured for their accuracy as shown in Figure 

29. Measured depths were uniform at a value of 350 µm until measured post gaps reached 
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~800 µm at an aspect ratio of 2.3. Gaps smaller than 800 µm quickly became shallower to a 

lowest value of 184 µm. Tabulated measurements are located in Appendix K. Important 

findings were that the plate was over-etched to a depth of 350 µm rather than 300 µm; gaps 

were also over-etched by ~17% of the specified dimensions; and aspect ratios smaller than 

2.3 resulted in greater inaccuracies and less uniformity of depth. 

 

 

 

 Depth between posts (lowest region) compared to the measured gap between 
each post. Dashed line represents the specified etch depth of 300 µm. 

 

4.1.3 Liquid-liquid Separator Components and Housing 

 This chapter discusses design and components used to connect and seal the LLS. 

Three major components of the LLS are the manifold for fluid delivery and visualization, the 

flow plate fore two-phase separation, and the back plate for structural support. Figure 30 is 

an exploded diagram of the LLS unit and all components.
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 Exploded diagram of LLS plates and parts. The manifold is polycarbonate with an inlet for the solvent/feed mixture and two 
outlets for collection of separated phases. Sealing the flow region is an O-ring groove on the underside of the manifold. The flow plate is 
316 SS and photochemical machined 300 µm deep. The back plate is for providing a flat support to tighten the manifold and flow plate for 
sealing. Bolts with fluorosilicate washers help apply even pressure when tightening and align all 3 plates with each other.  
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 Designing a microcontactor has important considerations that aren’t always applied 

to conventional systems. Microcontactors must be designed leak tight due to their small 

volume; a leaked droplet could comprise ~1/3 of the contactor volume. Tolerances are 

important because a 0.1 mm tolerance would equate to 1/3 of the LLS flow depth. Metallic 

contactor materials must be made of corrosion resistant material because corrosive layers 

can be 100 µm thick and drastically change the contactor properties [8].  

 The LLS manifold serves as a manifold for fluid delivery/recovery, flow 

visualization, and for fluidic sealing. A polycarbonate sheet (McMaster-Carr; Atlanta, GA) 

was selected for the manifold and was machined with 3 taps for IDEX ¼”-28 nuts (IDEX; 

Oak Harbor, WA) by Katon Precision Machining (Albany, OR). Taps for the IDEX nut 

were selected to connect and seal the 1/16 OD Tefzel tubing to the inlet and outlets. This 

allows for continuous delivery of the discrete organic and aqueous droplets, and subsequent 

inline recovery of the separated phases. A detailed schematic of the polycarbonate manifold 

is attached in Appendix A and B. The O-ring groove is needed to seal the flow region. The 

groove was CNC milled 0.0511” deep for a 73% compression of the O-ring. Since the LLS 

is under pressure, the groove is designed to have the O-ring press against the outer perimeter 

by making the perimeter 9.800” long which is 99.82% of the nominal perimeter of the O-

ring causing it to sit against the outer wall of the groove. The groove width was machined 

13.4% wider than the cross section of the O-ring to allow room for it to compress into as it 

is pressed down. Key parameters of the O-ring type and groove are in Table 4. Additionally, 

the corners of the groove are machined with a ½” curvature to prevent pinching and to 

make seating the O-ring easy for assembly. 

 

Table 4. O-ring and groove information. 
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 The back plate is a 316 stainless steel precision ground block with dimensions 

6”x6”x1/2” (McMaster-Carr; Atlanta, GA), and provides a flat and solid support for the 

flow plate. Through holes were machined a half inch away from the edge in an evenly spaced 

perimeter along the back plate, flow shim, and manifold. Socket type stainless steel ¼”-28 

bolts were placed in each hole for alignment of each plate and for applying clamping 

pressure for even compression of the contactor O-ring. A complete listing of each 

component used in assembly is listed in Table 5. The Fluorosilicate washers help even the 

pressure applied along the plates and prevent scratching of the polycarbonate by the 316 SS 

washers. None of the through holes were tapped because compression comes from 

tightening the nuts to the bolts. A detailed assembly procedure is outlined in Appendix H. 

 

Table 5. LLS parts, distributors, and catalogue numbers used in assembly. 

 

 

 

4.1.4 Stress Relief of Flow Plate 

 Photochemical machining leaves built up stresses that cause deflection in the 316 SS 

flow plate. Flatness is required to ensure the flow plate sits flush against the PC manifold so 

Parameter Value 

Material Buna-N 

Nominal CS 1/16” 

Dash Number 041 

Nominal ID 3” 

Nominal OD 3-1/8” 

Actual ID 2.989” 

Actual OD 3.129” 

Actual CS 0.07” 

Groove Depth 0.0511” 

Groove Width 0.0794” 

Groove Outer Perimeter Length 9.800” 

 

Part Purpose Part distributor Cat. #

316 SS Reactor Bolts 1/4"-28, Length 2", Type 316 SS McMaster-Carr 92185A529

Fluorosilicate Sealing Washer 1/4" screw size, 0.230" ID, 0.625" OD McMaster-Carr 91367A915

316 SS Bolt Washer 1/4" screw size, 0.281" ID, 0.625" OD McMaster-Carr 90107A029

18-8 SS Hex Nut 1/4"-28 thread, 7/16" WD, 7/32" HT McMaster-Carr 97149A120

Buna-N O-Ring mil-P-5315, -041 McMaster-Carr 4464T151

316 SS Back Reactor Plate 1/2" Thick, 6"x6" McMaster-Carr 8896K183

Polycarbonate Top Reactor Plate Ultra-Impact-Resistant Clear PC, 3/4" Thick, 12"x12" McMaster-Carr 84805K31
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that short circuiting over the post features does not occur. Stress relief allows the flow plate 

to flatten and can be achieved by heating the plate close to its melting point. Metal plates 

made of 316 SS are heated to 1040 °C by a slow PID controlled temperature ramp. The peak 

temperature of 1040 °C is approximately 75% of its melting point and falls within the range 

of annealing temperatures for 316 SS [44]. Temperature is held at 1040 °C for 30 minutes 

and then slowly cooled all within a Camco Furnace Model: JVAC-12-1824 High Vacuum 

Chamber as shown in Figure 31. A detailed protocol for the operation of the Camco 

Furnace is shown in Appendix E. Before being annealed, plates were laid onto a flat surface 

and measured with digital calipers for their highest point of deflection. Before the stress 

relief procedure, plates had deflection up to 0.93 mm and afterwards had an unmeasurable 

deflection from the surface. Cycling the plates through the vacuum furnace also removed 

built up organics from the surface 

 

 

 

 Camco Furnace Model: JVAC-12-1824 High Vacuum Chamber used for stress 
relief of 316 stainless steel plates. On the left is the control box for programing cycles and 
data collection. A large vacuum chamber in right raises for placement of plates on a flat 
Magnesium stage 18” in diameter. 
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4.2 Solvent Selection 

 Important considerations in selecting a solvent for Liquid-Liquid Extraction (LLE) 

are material compatibility, distribution coefficient, reactivity, volatility, miscibility, and 

toxicity. Determining the correct solvent for LLE begins with knowing the properties of the 

feed which is composed of a solute and bulk solvent. The solute to be extracted from the 

feed is a liquid biofuel produced by the bacteria Methylomicrobium buryatense 5GB1 (M. 

buryatense 5GB1) as part of the ARPA-E funded BLP research project. Methane and oxygen 

entering the BLP bioreactor are converted into a liquid biofuel by the bacterial culture. As a 

result, dilute concentrations of the biofuel leave the reactor in an aqueous solution. In order 

for the process to be economical, separation of the biofuel from the aqueous effluent are 

needed without the use of distillation. Energy costs of heating water are too high for dilute 

concentrations of liquid biofuel for distillation to be feasible. 

 Genetic engineering of M. buryatense 5GB1 for production of longer carbon chained 

alcohols is a possibility. This is beneficial due to the difficulties extracting methanol which 

are produced by other methanotrophs such as Methylosinus trichosporium OB3b. Longer carbon 

chained alcohols increase in solubility into an organic solvent; whereas, methanol would have 

a strong affinity for the aqueous feed due to its polarity causing extraction to be difficult. As 

a prospective liquid biofuel produced by the engineered bacterium, isobutanol was selected 

for this study. A ternary mixture of isobutanol (Fisher Scientific; Waltham, MA), 

cyclohexane (J.T.Baker; City, State), and deionized water (AmeriWater; Dayton, OH) were 

selected as the solute, extract, and feed, respectively. The material compatibility of each 

chemical was checked with the LLS components as outlined in Table 6. The lower 

compatibility of the Buna-N O-ring was considered acceptable due to the short exposure 

times to chemicals during each test. For long term use, a Viton O-ring would be needed to 

prevent O-ring degradation.  

 

Table 6. Material compatibility for chemicals isobutanol, cyclohexane, and water with LLS 
component materials. Also shown, chemical compatibility with cleaning agents used. Where 
“A” is excellent, “B” is good, “C” is poor [45]. Where “E” is no damage after 30 days with 
constant exposure at 20 °C [46]. 
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 Cyclohexane was chosen as an extract for its compatibility with the other chemicals 

and LLS components; and it was selected for its lower toxicity compared to solvents such as 

phenol. Additionally, the higher vapor pressure (13.0 kPa) of cyclohexane is beneficial for 

the gravimetric evaporation method for measuring percent two-phase separation [47].  A 

critical factor in determining if cyclohexane would make a good extract is evaluating the 

phase equilibrium between the water dominant phase and the cyclohexane dominant phase. 

Phase equilibria alludes to the effectiveness of a solvent and the concentrations of a two-

phase mixture at equilibrium. Figure 32 is a plot of the ternary phase data processed in 

MATLAB using the “ternplot” function [1]. Important findings from the data were the 

miscibility of water into cyclohexane and cyclohexane into water, and the distribution 

coefficient of the mixture. From the two-phase envelope and the experimental tie-line data, 

cyclohexane is immiscible in water down to concentrations of 0.000 weight percent [1]. For 

the low isobutanol concentrations (<5 wt. %), water is immiscible in cyclohexane; but as the 

concentration of isobutanol increases, more water is soluble in the cyclohexane dominant 

phase. For experiments performed, water in the cyclohexane phase is predicted to be below 

0.020 wt. % and is considered immiscible for this study. The slope of the tie-lines all angle 

up towards higher isobutanol concentrations in the cyclohexane dominant phase. Tie-lines 

sloping towards the organic phase indicate a ternary mixture will equilibrate to a higher 

concentration in the organic phase than the aqueous phase. The distribution coefficient, K, 

can be assumed constant and equal to the slope of the lowest tie-line for dilute solute 

concentrations in a ternary mixture [23][24]. 

 

Material Purpose Alconox
Isobutyl 

Alcohol

Isopropyl 

Alcohol
cyclohexane

316 Stainless Steel Reactor Flow Plate good A A A

Polycarbonate Reactor Top Plate good E E E

Buna N (Nitrile) O-ring good B B C

Tefzel (ETFE) Tubing/fittings good E E E
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 Ternary phase diagram of isobutanol-cyclohexane-water mixture plotted from 
IUPAC-NIST data [1]. Black line is a plot of the two-phase envelope. Red lines represent 
experimental tie-lines for the partition amongst the two-phases [1]. 

 

 A material balance for a single stage LLE can be performed to make predictions on 

effluent concentrations. Figure 33 shows calculated predictions for effluent concentrations 

of isobutanol in either the raffinate or extract as calculated in MATLAB. Effluent weight 

percent of isobutanol in the raffinate and extract can be calculated as a function of varying 

solvent to feed ratios. Using this information, the equilibrium concentration of cyclohexane, 

*

EC , can be predicted for a given operational flowrate of the cyclohexane and water. It is 

assumed that equilibrium is achieved indicated by 100% extraction efficiency and 

cyclohexane and water are immiscible. A 100% extraction efficiency means the contacting 

period had sufficient mass transfer and contacting time to reach equilibrium. Reviews on the 

process intensification of microfluidic LLE can be found in Chapters 2.2 & 2.4 and read 

more in the following sources [3][8][10]. 
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 Example raffinate and extract wt. % concentrations of isobutanol for a single 
stage LLE. The X-axis is the solvent to feed ratio for cyclohexane to 2.45 wt. % isobutanol 
in water as feed. With a S/F ratio of 0, raffinate leaving is the same concentration as it enters 
because no extraction occurs. As the ratio is increased, more isobutanol is extracted from 
feed and the extract concentration slowly lowers due to dilution from increasing solvent 
flowrate. 

 

4.3 Plasma Etching 

 Two-phase separation in the LLS requires the wetting phase to wet the LLS walls 

and for the discrete phase to be non-wetting. If the discrete phase (cyclohexane) wets the 

manifold and flow plate, the capillaries will not form and separation will not occur. From 

Young’s Equation, if the liquid-solid surface tension of both fluids were equal, the contact 

angle would be 90° degrees. Both plates were plasma etched in the presence of low pressure 

oxygen to ensure that both the polycarbonate and stainless steel were wetting for water. This 

was verified with the measurement of contact angle of water droplets on the surface of both 

materials.  

 Plasma etching in a vacuum in with the presence of low pressure oxygen causes the 

formation of hydrophilic hydroxyl (-OH) and carboxylic (-COOH) groups and negative 
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charges [48]. Surface modification with hydrophilic, polar, groups increases the surface 

energy between water and the solid substrate. The surface treatment is impermanent due to 

thermodynamic favorability for reorientation of polar groups away from the surface, 

reactions of radicals with the polymer surface, and the resurfacing of low molecular weight 

molecules formed in the subsurface [48]. A series of tests were performed to determine how 

long the etching process lasted and if it remained during testing with exposure to water, 

cyclohexane, and IPA for rinsing. The first test was focused on how well the etching process 

made 316 SS and polycarbonate hydrophilic, and how long they lasted for. Testing was 

performed on 2”x2” panes cut from impact resistant polycarbonate measuring 0.040” thick 

(McMaster-Carr; Atlanta, GA). Each pane was inspected for scratches and pre-cleaned in a 

sonic bath for 15 minutes in a 1% Alconox solution in DI H2O. Pieces were handled with 

gloved hands and stored in a close container. Three pieces were plasma etched at a time for 

triplicate sampling following the detailed procedure outlined in Appendix F and as shown in 

Figure 34. 

 

 

 

 (Left) Three 2”x2” polycarbonate panes are plasma etched with low pressure 
oxygen for hydrophilicity testing. (Right) PlanarEtch II by Technics Model 750 plasma 
generator. Configured for oxygen feed at a range of 1-10 SCCM and at pressures <0.7 torr 
for up to 500 Watts. 

 

  The plasma treatment was performed at the operational conditions shown in Table 

7 for 1 minute. The most important factors in etching the polycarbonate surface are, what 

gas is being used, power, duration, and distance from the power source [48]. Previous 
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research by Subedi et al. found that a saturation of the PC surface occurred at a 1-minute 

treatment with O2 at 525 W with Direct Current (DC) glow discharge of plasma [48][49].  

 

Table 7. Plasma etch conditions for polycarbonate samples performed in triplicate. Stainless 
steel samples were also plasma etched in the same conditions in triplicate. 

 

 

 

 To determine the effect of the plasma treatment, 10 µL droplets of DI H2O were 

pipette onto the PC surface with a 1250 µL Distriman tip. Contact angles were recorded in 

triplicate droplets per each triplicate PC pane. Contact angles were measured as a function of 

duration after plasma etch using a First Ten Angstroms (FTA) 135. Figure 35 shows the 

experimental stage and camera for measuring contact angles. A detailed SOP for plasma 

etching is contained in Appendix F and G. The effect of the plasma etch caused a striking 

difference in wettability of water on the PC and SS 316 surface as seen in Figure 36. 

 

Pressure 

Chamber (torr)

O2 Flowrate

(sccm)

Duration

(s)

Power

(Watts)

Cooling water

Flowrate (GPH)

0.45 5 60 500 15
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 FTA 135 apparatus. Camera on left uses light reflected off of two mirrors just 
above sample stage. Pipetter fits into pipette holder above stage in the center. Sample is 
placed below on circular stage. 
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 Effect of oxygen plasma etch on PC wettability by water. Before the plasma 
etch, the contact angle of the water-air-PC interface was 81° (left), and after the plasma etch 
(middle) water fully wetted the surface of the PC (right). 

 

 Longevity of the etch was tested to determine if it lasted long enough to test the 

contactor within the same day of the etch. Previous research by [48] determined a ~50% 

reversibility of the contact angle change within 3 hours and ~100% return within 24 hours. 

Two types of test were performed with triplicate PC panes. One test included wiping the 

surface with a Kimwipe after contact angle measurement, the second without wiping the 

surface and letting it air dry in a closed container. The results are shown in Figure 37. Wiping 

the surface resulted in a 88% reversing of the treatment within 4.3 hours. This is likely due to 

the shearing of the functionalized surface by the Kimwipe because the treatment can be a 

few molecules thick. Letting the samples air dry resulted in a 37% reversibility in contact 

angle in an 18-hour duration. The stainless-steel panes were measured the same way and 

shared similar results but with an untreated contact angle of 51° rather than PC with a 

normal contact angle of 81°. 
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 Change in contact angle of 6 µL DI H2O droplets on the surface of oxygen 
plasma treated polycarbonate surfaces. Each time point was taken from three droplets on 
three different 2”x2” PC panes. Error bars represent a 95% confidence intervals. 

 

 A second test was performed to determine if assembling and operating the LLS 

affected the surface treatment. Changes in surface wettability were determined by measuring 

the contact angles of the wetted regions of the flow plate and manifold before etching, after 

etching, before testing, and after testing. Figure 38 shows the resulting contact angles of a 10 

µL droplet of DI H2O at each time point on the flow regions of both plates. Operation of 

the LLS was performed 5 hours after plasma treatment for the surface treatment to 

equilibrate to a near constant contact angle as found in Figure 37. The change in contact 

angle of both plates fell within error of test results when the PC and 316 SS were not 

exposed to testing fluids. Before operation their contact angles were both ~20° and 

afterwards were ~30° similar to the results found in Figure 37. The change in magnitude of 

the cosine function over this range is 7.8% and was considered acceptable for LLS testing. 
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 Contact angles of LLS manifold and flow plate before and after operation. 

 

5. Results & Discussion 

 The Liquid-Liquid Separator is a novel device and thusly requires thorough 

investigation and terminology to characterize it in a meaningful way. The results and 

discussion chapter is organized to first characterize the processes upstream of the LLS in 

Chapter 5.1. Upstream processes include the droplet junction which is used to create 

consistently sized slugs of solvent and feed. The purpose of the slugs is to intensify mass 

transfer during the contacting period of the two phases for LLE within a capillary tube. The 

droplet junction and contacting channel are well established and researched technology as 

discussed in the background (Chapter 2), and this thesis focuses on the novel technology of 

the Liquid-Liquid Separator. Chapter 5.2 establishes terminology and characterizes the 

different flow regimes within the LLS. It also defines the ideal flow behavior within the LLS 

for optimum performance. Chapter 5.3 defines and discusses the behavior and performance 

of the droplet and slug flow regimes within the LLS; and Chapter 5.4 addresses the stratified 

stream flow regime.  
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5.1 Droplet Junction and Contacting Capillary Characterization 

 The objective of the LLS is to demonstrate that discrete slugs of organic phase could 

be continuously separated from an aqueous phase on the microscale. Intensified mass 

transport of microfluidics reduces the needed contact time from minutes to seconds from 

conventional to microscaled LLE. However, it is not practical if subsequent separation 

occurs by buoyancy for microscaled droplets [10]. Operation in the slug flow regime is 

desired for the ability to control slug length, specific surface area, hold-up fraction, and for 

enhanced mass transfer [30]. Upstream of the LLS are a droplet junction and capillary 

tubing. The purpose of the droplet junction was to form regular discrete slugs of a solvent in 

a feed stream. The capillary tubing is for extraction of a solute by contacting the two phases 

for intensified mass transport on the microscale.  

 Droplet and slug lengths were measured in the capillary tubing downstream of the 

droplet junction. The capillary tubing simulates a serpentine contacting channel which could 

be etched into the flow plate prior to the LLS in future studies. Measurements of discrete 

cyclohexane droplets and slugs were used to map the fluid flow regimes in the capillary 

tubing as a function of the organic and aqueous pumping rates. Visualization of the different 

experimental fluid flow regimes are shown in Figure 39. Flowrates of 50 mg/L Oil Red O-

dyed cyclohexane and deionized water were varied to map out the fluid flow regimes (Figure 

40). Droplets are defined as having diameters < 508 µm; slugs are defined as having lengths 

  508 µm; and intermittent flow oscillated between these conditions, where 508 µm is the 

capillary tubing ID. Total flowrates were varied from 666 µL/minute to 2000 µL/minute 

and O/A ratios of 0.111-1.00. Slugs were formed at all total flowrates, but not all ratios of 

each total flowrate. Droplet flow occurred at higher O/A ratios, but no definitive borders of 

each regime at specific organic or aqueous flowrates were observed. Other research groups 

found droplet flow is expected to occur at higher bulk phase velocities  ( 1We  ) and lower 

discrete phase velocities which appears to be the opposite of the above map [30].  
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 Fluid flow regimes within capillary tubing of cyclohexane dyed with 50 mg/L 
Oil Red O dispersed in water. 

 

 

 

 Fluid flow regime map as a function of organic (cyclohexane) and aqueous 
(water) flowrates. Droplet flow occurs at a diameter < 508 µm (circle); Slug flow occurs at a 

diameter   508 µm (triangle); and intermittent flow alternates between both conditions 
(diamond). Enveloped data points represent tests carried out at a constant flowrate with 
varying flowrate ratios and tests with a constant flowrate ratio and varying total flowrate. 
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 Fluid flow regimes are established at the droplet junction but in this study were 

measured in the capillary tubing to characterize what type of mass transport will occur in the 

tubing. The regimes could easily be altered in the tubing by using larger or smaller tubing 

because the droplets form in the junction, not the tubing. A back calculation of the slug 

volumes in the capillary tubing were performed to determine the slug lengths in the droplet 

junction with Equation 31. 
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slug tube

slug

L d
l

hw


  [Eq. 31] 

 

Where 
slugl  is the length of a slug in the droplet junction, 

tubed  is the capillary tube ID, h  is 

the droplet junction depth (190 µm), w  is the droplet junction width (390 µm), and 
slugL  is 

the measured slug length in the capillary tubing. Slug flow in the droplet junction is defined 

as the discrete phase having a length > the droplet junction channel width [31]. The droplet 

junction fluid flow regimes are determined using Equation 31 from the capillary droplet 

measurements; and data is plotted as a function of the organic and aqueous Weber numbers 

(Figure 41). The Weber number (We) is a dimensionless parameter useful for determining 

fluid flow regime transitions in microfluidic droplet junctions as shown in Equation 32 

[30][31][32]. 

 

2
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dropv d
We




  [Eq. 32] 

 

Where v  is the droplet velocity,   is the density of the droplet fluid,   is the interfacial 

surface tension between two immiscible fluids, and 
dropd  is the droplet diameter. Weber 

numbers become useful for describing two-phase microfluidics because typically inertia and 

surface tension forces dominate at higher and lower flowrates, respectively [30]. Slug flow 

occurs in surface tension dominated flow, and studies have shown that liquid-liquid slug 
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flow occurs at aqueous and organic Weber numbers less than unity. All testing conditions 

were slug flow within the droplet junction and all occurred at aqueous and organic Weber 

numbers less than 1.  

 

 

 

 Fluid flow regime map for Dolomite droplet junction with 190  
µm etch depth plotted as organic vs. aqueous Weber numbers. Organic phase and aqueous 
phase are cyclohexane and deionized water, respectively. Measurements of slugs are made in 
capillary tubing and back calculated using Equation 31. 

 

 Slug lengths as a function of O/A ratios were fitted to Equation 33 for 

determination of parameters 
fillV  and  . Volume of slugs produced in the droplet junction 

as a function of O/A ratios were used to predict slug sizes within the capillary tubing. 

Equation 33 expresses the normalized slug volume as a function of droplet junction channel 

geometry and the flowrate ratio of the discrete (cyclohexane) to the bulk (aqueous) O/A 

ratio [31][32]. 
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Where V  is the slug volume, h  is the main channel height of the droplet junction, w  is the 

main channel width of the droplet junction, 
fillV  is the volume contribution of the filling 

period during slug formation,   is a constant dependant on the channel geometry, 
bq  is the 

discrete phase flowrate, and 
bq  is the bulk phase flowrate. Parameters 

fillV  and   are used 

as fitting terms to empirically predict slug length in the capillary tubing as a function of O/A 

ratios for a given droplet junction [30][32]. Figure 42 shows the measured slug lengths as a 

function of Aqueous to Organic ratios (A/O ratios) at a constant total flowrate of 1.0 

mL/minute and A/O ratios of 1.00-9.00. All testing conditions were in the slug flow regime 

of the capillary tubing and for the droplet junction. As the A/O ratio is increased, the slug 

length approaches the ID of the capillary tubing (508 µm). This is due to the slug volume 

approaching the value of 
fillV  as the term d

b

q

q
  decreases with increasing A/O ratios. As the 

A/O ratio approaches 0, the slug length approached   because organic phase composed 

the entire flow. The constants 
fillV  and  were fitted using the MATLAB script in Appendix 

F by inputting the droplet junction geometry and calculated slug volumes determined from 

the measured lengths.  
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 Measured slug lengths as a function of Aqueous to Organic ratios (A/O ratios). 

Values of 
fillV  and   are fitted to data for use in Equation 33 (solid black line). Slugs are 

visualized in the photos with 50 mg/L Oil Red O-dyed cyclohexane. Error bars represent 
95% confidence intervals for the measurement of 20 slugs over 4 replicate runs. 

 

 Droplet junction dimensions and results are shown in Table 8. The Dolomite droplet 

junction geometry meets the testing validity of Equation 33 [31]. All droplet junction 

flowrates fell within the model validity for Capillary Numbers (Ca) 0.01  for surface 

tension dominating viscous forces [31][32]. Using the calculated parameters 
fillV  and  , slug 

volumes and lengths can be predicted for different O/A ratios of cyclohexane and water for 

the droplet junction within the slug flow regime. Predicting the slug volume is useful for 

controlling the formation of slugs in the capillary tubing and in the LLS. 

 

Table 8. Droplet junction channel geometry and fitted coefficients and constants for 
Equation 33. Dolomite droplet junction is in the T-configuration with a 190 µm etch depth. 
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Variable Units Value Source 

Droplet junction channel width, w  µm 390 Known 

Droplet junction channel depth, h  µm 190 Known 

Filling volume constant, 
fillV  m3 1.18E-10 Fitted 

Squeezing constant,   - 10.7 Fitted 

Total slug volume, V  µL 5.2-19 Measured 

 

5.2 Liquid-Liquid Separator Flow Regimes 

 This chapter defines fluid flow regimes within the LLS and the fluidic behavior of 

each regime. Three fluid flow regimes were defined to describe flow patterns inside the LLS, 

and each have similar definitions to the droplet junction and capillary tubing flow regimes. 

Stratified flow is the coalescing of the non-wetting phase to form a continuous stream inside 

the LLS (Figure 43). Stratified flow resulted in the best separation because the stream 

formed capillaries capable of following the capillary pressure gradient. Droplet and slug flow 

are both categorized as discrete flow where discrete parcels of the non-wetting phase flow 

through the LLS. Discrete parcels of the non-wetting phase needed to be large enough that 

they are forced to squeeze between post junctions for separation to occur. Slug flow is 

defined as discrete slugs of the non-wetting phase that have x-y-plane diameters greater than 

the LLS flow depth (350 µm), where the constriction of the walls in the Z-direction caused 

parcels of the non-wetting phase to flatten. Slug flow resulted in good separation if the slug 

x-y-plane diameters were wide enough to interact with the post geometry. Droplet flow 

within the LLS is defined as the non-wetting phase having diameters less than the LLS flow 

depth (350 µm). Figure 43 shows an example of each flow regime within the LLS flow plate.  
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 Image of stratified and discrete flows, slug and droplet regimes of the non-
wetting phase cyclohexane (red/darker) surround by the wetting phase deionized water 
(clear). Droplets have diameters less than the flow depth of the LLS (350 µm) and slugs have 

diameters   the LLS flow depth causing the droplets to spread in the X-Y-plane. Stratified 
flow regime is the continuous flow of cyclohexane formed from coalescing.  

 

 Fluid flow regimes within the LLS were mapped out as a function of organic and 

aqueous pumping rates (Figure 44). Droplet and slug flow were grouped together as discrete 

flow because the two regimes were not exclusive of each other. Droplet flow tended to 

coalesce into slugs during its retention time in the LLS. Figure 44 shows a map of the LLS 

fluid flow regimes for cyclohexane as the organic phase and deionized water as the aqueous 

phase. Stratified flow occurred over the range of total flowrates 1.0 – 5.0 mL/minute. 

Stratified flow occurred at all tested O/A ratios of 0.111-0.538 at total flowrates   2.0, but 

as the total flowrate reached   2.0 mL/minute, O/A ratios below 0.538 produced discrete 

flow in the LLS. Results are similar to fluid flow regime maps of other liquid-liquid 

microfluidic systems where droplet flow occurred at lower O/A ratios and higher velocities 

of the wetting phase [30]. 
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 LLS fluid flow regime map of stratified and discrete flow as a function of 
cyclohexane (organic) and water (aqueous) flowrates. Stratified flow is the coalescing of the 
non-wetting phase (cyclohexane) into a continuous stream. Discrete flow are droplet and 
slug flow regimes consisting of discrete parcels of the non-wetting phase. 

 

 Organic slugs entering the separator must have x-y-plane diameters wide enough that 

they are constrained by the post features for good separation to occur. The constriction of 

the non-wetting phase between posts increased the curvature of the capillaries and created 

capillary pressures resisting flow. Resistance of flow from the capillary pressure caused slugs 

to separate to the next widest gap, resulting in separation. Without constriction of the non-

wetting phase, discrete slugs and droplets passed freely through the post gaps and ignored 

the capillary pressure gradient resulting in poor separation. Control of slug lengths in the 

capillary tubing allowed prediction of slug diameters within the LLS flow plate. Slug volumes 

upstream of the LLS were predicted with Equation 33 and were used to predict the slug size 

in the separator. Figure 45 shows the relationship between slug length in the capillary tube to 

the equivalent diameter when they entered the LLS. Where the slug length in the capillary 

tubing and equivalent x-y-plane diameter of a slug squeezed into the LLS are related by 

Equation 34. 
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Where H  is the LLS flow depth, 
tubed  is the ID diameter of a capillary tubing (508 µm), and 

LLSW  is the critical post gap that a slug of length, 
slugL , will squeeze between posts to form a 

capillary if the LLS slug diameter is increased any more. Observations showed droplets and 

slugs smaller than any of the post gaps passed through the LLS without following the 

capillary pressure gradient. Ideal behavior of the LLS requires the formation of capillaries by 

the non-wetting phase squeezed into a gap smaller than its x-y-plane diameter.  

 

 

 

 Slug length in the capillary tubing and the equivalent x-y-plane diameter of the 
same slug within the LLS. The two dimensions are related by the fixed volume a discrete 

slug of length slugL . Length W represents the x-y-plane diameter of a slug inside the LLS of 

the same volume; where W  is related to the critical post gap at which a slug in the LLS will 
begin to form a capillary if it is any larger. 
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 Ideal separation behavior occurred when discrete slugs of cyclohexane coalesced to 

form a stratified stream. Lower curvature capillaries resist flow less, therefore, any junction 

of gaps between posts will have a likely flow path (Figure 46). Shown in Figure 46, the front 

of a stratified stream of the non-wetting phase (red) reaches a post junction “ i ” where two 

capillaries form in gap 
iW  and gap 

1iW 
. Gap 

1iW 
 is wider than 

iW  and therefore has less 

curvature and produces a smaller capillary pressure against flow. This resulted in the non-

wetting phase passing through gap 
1iW 
 which directs the stratified stream towards the 

organic outlet. Figure 47 represents the path of least resistance for a stratified stream of the 

non-wetting phase where arrows represent direction of flow at each junction. As an example, 

pictured is a continuous stream of organic phase that entered through the middle of the first 

column of posts. A net flow path formed at a -30° angle from the positive x-direction. Flow 

of the non-wetting phase migrated down to the wider gapped region. Once migrated to the 

widest gap, it maintained an alternating pattern shown by the arrows in Figure 47 where it 

selectively followed the widest gaps at each junction. The stream followed this path until it 

reached the organic outlet. 
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 Phase C and B are the non-wetting (cyclohexane) and wetting phase (water), 

respectively. Junction “ i ” represents a junction of posts in the LLS where 
iW  and 

1iW 
 

represent the smaller and wider gap of junction “ i  ”, respectively. The positive y-direction is 
the direction of increasing curvature and the positive x-direction is the direction of net fluid 
flow. 

 

 

 

 Predictions for the flow path of a continuous stream of a non-wetting organic 
phase surrounded by a wetting phase. For clarity, upper and lower half are used to 
distinguish the smaller and wider gapped halves of the LLS, respectively. Columns of posts 
are defined as the line of posts parallel to the y-direction. 

 

 Figure 48 shows the organic outlet in the lower half and the aqueous outlet at the 

upper half of the separator. The organic outlet is the predicted outlet that the organic phase 

flowed to as a result of the capillary pressure gradient and predicted flow path shown 

previously. Two metrics of separation performance are used to quantify the LLS. The Two 

metrics of separator performance are percent two-phase separation and the composition of 

each outlet. Where percent two-phase separation is the difference in volumetric flow of 

organic phase through the organic and aqueous outlets relative to the total organic flow 

(Equation 35). If a total of 1 mL of organic phase was pumped and 0.9 mL and 0.1 mL of 

organic phase were collected at the organic and aqueous outlet, respectively, an 80% two-

phase separation would occur. 
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  [Eq. 35] 

 

Where 
Eorg

orgV  is the volume of organic phase collected at the organic outlet, 
Eaq

orgV  is the 

volume of organic phase collected at the aqueous outlet, and 
total

orgV  is the total volume of 

organic phase from both outlets. If half of the total organic phase left from both outlets, 

then zero percent separation occurred. A 100% separation occurred when all organic phase 

leaves through the organic outlet, and a -100% separation represents if all organic phase 

exited the aqueous outlet. Percent two-phase separation describes how well the organic 

phase was directed to one outlet, but not the composition of each outlet. A second metric of 

separator performance is the composition of organic phase in the organic outlet or the 

composition of water in the aqueous outlet. All organic phase could be directed towards one 

outlet for 100% separation, but water could still leave the same outlet along with the organic 

phase resulting in lower composition as shown in Equation 36. 
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Where 
Eorg

AqV  represents the volume of aqueous solution leaving the organic outlet. In 

optimum separation performance, the organic phase fully filled the organic outlet and 

composed the entire flow leaving that outlet. The observed differences between this ideal 

and unideal flow behavior is shown in Figure 49. Where Figure 49(a) demonstrates the 

organic outlet filled with organic phase resulting in a composition of 100% organic phase 

leaving that port; and Figure 49(b) represents a mixture of the aqueous and organic phases 

leaving the organic outlet resulting in an impure stream. An analogous situation to the bulk 
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phase (aqueous) leaving through the discrete (organic) port is an operational condition called 

flooding velocities in conventional LLE towers [22]. During flooding conditions, one phase 

will coalesce and leave at the opposite effluent port if the flowrate is much greater relative 

the second phases flowrate. At flooding velocities the holdup fraction of the phase with a 

greater flowrate will increase until it exits out of the wrong outlet [22]. 

 

 

 

 Photo of liquid-liquid separator. Slugs of cyclohexane (red) entered from the 
capillary tubing at the droplet entrance and coalesced into stratified flow. The organic phase 
(cyclohexane) is the non-wetting phase and the aqueous phase (deionized water) is the 
wetting phase. The organic phase is expected to flow towards the organic outlet via the 
capillary pressure gradient while the aqueous phase flows towards the aqueous outlet. 

 

 

(a) (b) 
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 Organic non-wetting phase (red) and aqueous wetting phase (clear) in ideal (a) 
and unideal (b) flow behavior. (b) shows the organic and aqueous phases leaving the organic 
outlet together resulting in a lower composition of organic phase and unideal performance. 

 

5.3 Liquid-Liquid Separator Droplet & Slug Flow Regime Behavior & 

Performance 

 The three fluid flow regimes, droplet, slug, and stratified flow were observed in the 

LLS and tested for flow behaviors and separation performance. A total of 4 flow scenarios 

were identified. Each flow scenario describes a different type of flow behavior and 

separation performance. The first three scenarios occurred in discrete flow of the non-

wetting phase as parcels of droplets or slugs. A fourth flow scenario occurred in the 

stratified flow regime. Separator runs began with the LLS unit filled with deionized water. 

Two stages occurred during the LLS operation, the unsteady-state filling of the LLS with a 

cyclohexane/water mix, and the steady-state operation where little change in the hold-up 

fraction of either phase occurred. Unsteady-state filling began with discrete parcels of the 

organic phase formed in the droplet junction, which then passed through the capillary 

tubing, and entered the LLS. The occurrence of each flow scenario was dependent on their 

operational organic and aqueous flowrates. 

 The first scenario occurred in the discrete flow regime where droplets or slugs 

traveled from the capillary tubing into the LLS inlet header. Initially, small droplets or slugs 

flowed between posts indiscriminate of the capillary pressure gradient due to the diameters 

being smaller than the post gaps. A portion of the discrete parcels coalesced immediately 

upon entering the LLS (Figure 52, (2)) while the rest remained droplets and flowed through 

the separator. Droplets that coalesced in the inlet header plugged the first column of posts 

due to the formation of capillaries. As pressure built up in the inlet header, both phases 

pushed through the wider gaps of the first post column. Discrete parcels of the non-wetting 

phase formed meandering channels that flowed through the LLS and ignored the capillary 

pressure gradient (Figure 52, (1)). A portion of the discrete parcels coalesced into stratified 

streams that were able to separate via the capillary pressure gradient (Figure 52, (3)). Overall, 

two-phase separation in this flow scenario was poor due to low two-phase separation and 

composition. Discrete flow was observed at total flowrates ranging from 1-5 mL/minute 
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and O/A ratios ranging from 0.035-0.429. This trend is similar to other systems where 

droplet flow occurred at higher velocities of the wetting phase and at lower flowrate ratios of 

the non-wetting to the wetting phase [31][50]. In the discrete flow regimes, minimal 

separation occurred because droplets passed freely through the post gaps. Without capillary 

formation, separation by the capillary pressure gradient did not occur and resulted in near 

0% two-phase separation.  

 

 

 

 Discrete flow regime inside the LLS. Pictured, the discrete and non-wetting 
phase (cyclohexane) enters the LLS from the capillary tube and tap connected to the PC 
manifold. The wetting phase (water) carries discrete droplets and slugs through channels that 
meander around micro posts (1). A portion of the discrete parcels coalesce immediately upon 
entrance to the inlet header and form a plug (2). Some parcels flow straight through the LLS 
in the channels and others coalesce into stratified streams (3). 
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 The second flow scenario observed was discrete flow without the occurrence of 

coalescing. This was observed when Coomassie Brilliant Blue G was added to the aqueous 

phase. Discrete droplets or slugs of cyclohexane stopped coalescing within the LLS when 

Coomassie was added to the aqueous phase. The flow behavior inside the LLS shifted 

dramatically compared to operation without the Coomassie. Figure 51 shows a photo of 

cyclohexane droplets dispersed within the Coomassie dyed deionized water. At the 

conditions shown in Figure 51, droplets entered the LLS and did not coalesce through the 

entire length of the separator. Droplets indiscriminately exited through the organic and 

aqueous outlets at a 1:1 ratio resulting in 0% two-phase separation. Without the formation of 

capillaries, the capillary pressure gradient did not separate the two phases. The absence of 

coalescing between the discrete parcels of cyclohexane during the addition of Coomassie dye 

could be due to the dye acting as an emulsifier. An emulsifier such as an ionic surfactant can 

stabilize emulsions against flocculation and coalescing, increasing the longevity of an 

emulsion [51]. An important implication of this finding is that a reduction in interfacial 

surface tension can alter the performance of the separator. If the feed contains a surfactant, 

the interfacial surface tension could lower which will subsequently lower the capillary 

pressures. Lowered interfacial surface tension by the surfactant likely explains both the poor 

separation performance. Additionally, the fluid flow regime in the LLS switched from 

stratified flow to discrete flow with the addition of the surfactant at the total flowrate of 3.0 

mL/minute and a O/A ratio of 0.429.  
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 Flow scenario 2 occurred with the addition of Coomassie dye to the aqueous 
phase. Conditions were at a total flowrate of 3.0 mL/minute and a O/A ratio of 0.429. 
Discrete parcels of cyclohexane flowed through the LLS without coalescing and resulted in 
0% two-phase separation where equal amounts of the organic phase traveled to both 
effluent ports. 

 

 The third flow scenario occurred in the discrete fluid flow regimes at lower aqueous 

flowrates and low O/A ratios. This scenario is characterized as operating in the droplet/slug 

flow regimes followed by coalescence into stratified streams and subsequent separation via 

the capillary pressure gradient. At aqueous flowrates   2.0 mL/minute and O/A ratios 

0.125 , the coalescing of droplets and slugs were consistent and typically occurred before 

reaching the outlets of the LLS. Flow behavior was characterized as having three stages; the 

entrance of discrete droplets and slugs to the inlet header, coalescing, and separation of two 

stratified phases via the capillary pressure gradient as shown in Figure 52. Conditions of 

Figure 52 were operated at 140 µL/minute cyclohexane and 2000 µL/minute water and 

resulted in 100% two-phase separation from measurements taken at steady-state over a 2-

minute period. Good separation occurred at lower total flowrates because discrete parcels of 

cyclohexane coalesced and became large enough to interact with the post geometry to form 

capillaries. Higher total flowrates of discrete resulted in poor separation as seen in flow 
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scenario 1, but high percentages of two-phase separation were observed scenario 3 (Figure 

53). While this scenario had good separation, the range of aqueous and O/A ratios are 

limited and good separation is a result of discrete flow transitioning to stratified flow. 

 

 

 

 Fluidic behavior of flow scenario 3. Discrete droplets and slugs entered from 
the inlet and coalesced. Stratified flow of cyclohexane formed where cyclohexane was able to 
separate via the capillary pressure gradient. Syringe pumps were operated at 140 µL/minute 
cyclohexane and 2000 µL/minute water. 

 

 

 

 Two-phase separation of scenario 3. Flowrate O/A ratios are 0.125 and 
formed discrete droplets or slugs into the inlet header. Separation performance dropped at 
total flowrates above 2140 µL/minute. 
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 Flow scenario 1 and 2 have inadequate separation performance because discrete 

parcels of cyclohexane that were smaller than the post gaps did not form capillaries and 

because of this, indiscriminately flowed to both outlets. Separation for scenario 1 was 

typically greater than 0% and less than 50%, but partial separation is unacceptable for use in 

any practical application. An advantage to flow scenario 1 is that if mass transport is desired 

within the separator array, then it will occur faster in this regime due to the small droplet 

sizes, but downstream coalescence is needed for separation. A possibility to encourage 

coalescence within the LLS flow unit is discussed in Chapter 6.2. Flow scenario 3 was found 

to have good separation up to a maximum total flowrate of 2140 µL/minute, but the O/A 

ratio range was very low 0.125  and would likely need a recycle stream of the raffinate to 

be practical. There remains a chance for droplets to not coalesce and flow through the LLS 

indiscriminately which would make scenario 3 unreliable for good separation too. 

 

5.4 Liquid-Liquid Separator Stratified Flow Regime Behavior & 

Performance 

 The fourth fluid flow scenario occurred when slugs entered the LLS and coalesced to 

form a stratified stream. This flow scenario is the ideal operating condition of the LLS 

because stratified flow was found to follow the capillary pressure gradient consistently 

resulting in high percent two-phase separation. Operation in the fourth flow scenario had 

better separation performance than scenarios 1-3 because discrete flow had a chance for 

parcels of cyclohexane to pass through the post array without ever forming a capillary to 

separate via the gradient. In scenario 4, no discrete slugs or droplets are observed in the LLS 

despite the droplet junction and capillary tubing operating in slug the flow regime. Stratified 

streams were formed over the aqueous and organic flowrates shown in Figure 54. Stratified 

flow regime tests were performed on the LLS at constant O/A ratios of 0.429 and 0.667 

over varying total flowrates from 1.0-4.0 mL/minute. Tests were also performed at a 

constant total flowrate of 1.0 mL/minute over a range of O/A ratios of 0.111-0.429 (Figure 

55). Tests at a fixed total flowrate of 1.0 mL/minute consistently resulted in low negative 
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percent two-phase separation. A negative 100% separation means that all the organic phase 

left through the aqueous outlet rather than the predicted organic outlet which has wider post 

gaps and produced lower capillary pressures to resist flow. 

 

 

 

 LLS testing conditions in the stratified flow regime. The organic phase is 
cyclohexane and the aqueous phase is deionized water. 
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 Percent two-phase separation for tests with constant total flowrate of 1.0 
mL/minute and varying O/A ratios. Where percent two-phase separation is the difference in 
flow of organic phase through the organic and aqueous outlets relative to the total organic 
flowrate. 

 

 A review of video footage within the LLS elucidated the mechanism for poor 

separation performance. During the unsteady-state filling of the LLS with cyclohexane and 

water, the inlet header of the LLS pooled with cyclohexane. As the cyclohexane pooled into 

the inlet header, capillaries formed in-between the first column of posts (Figure 56). This 

initial wall of cyclohexane plugged flow of both phases from passing out of the inlet header. 

As pressure built up from the syringe pumps, both water and cyclohexane broke through the 

wider post gaps since capillaries with less curvature will resist flow less. As water and 

cyclohexane broke through, water preferentially wetted the wall of the LLS flow region due 

to the hydrophilicity of the plasma etched stainless-steel surface. The stratified stream of 

cyclohexane followed the capillary pressure gradient and reached the organic outlet first 

during the unsteady-state filling.  
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 Initial plug of cyclohexane (red/dark gray) surrounded by water (clear). 
Cyclohexane and water broke through the plug at the wider post gaps with water 
preferentially wetting the lower wall indicated by the arrow. 

 

 A transition in flow behavior occurred after the stratified steam reached across the 

separator during the unsteady-state filling period. The plugged inlet caused the aqueous 

phase to push the cyclohexane stream to the incorrect outlet (aqueous outlet). While the 

organic stream initially separated well, the plug formed in the inlet header remained at the 

first column of posts in the smaller gaps. The plugged inlet header prevented water from 

flowing out the upper half of the LLS as it was intended to. Once the plug is opened, both 

water and cyclohexane flowed through with water preferentially wetting the LLS wall. Water 

was unable to reach the aqueous outlet and pushed the stream of cyclohexane towards the 

aqueous outlet as shown in Figure 57. Water pushed against the cyclohexane stream and 

caused it to flow against the capillary pressure gradient. Evidence of the aqueous pushing the 

organic phase were observed from receded capillary curvature of the organic phase at the 

lower side of the stream. The receding curvature is a result of work being done by the 

pumped water pushing the capillaries into greater curvature in the upper half of the LLS. As 

the LLS approached steady-state, the stream of cyclohexane was pushed into the aqueous 

outlet. This process resulted in an inversion of the two streams where water emptied 

predominantly in the organic outlet and cyclohexane was constantly pushed into the aqueous 

outlet. The capillary pressure gradient showed little ability to reset this inversion because the 

pressure delivered by the syringe pumps are magnitudes greater than the capillary pressures. 

Additionally, once a flow path was formed for the non-wetting cyclohexane stream during 

the unsteady-state filling, it continued to flow along that path because it was the path of least 

resistance to maintain it. 
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 Stratified stream of cyclohexane (red/gray) and water (clear) during unsteady-
state filling of LLS. Once filling began, a plug of cyclohexane formed at the first column of 
posts (t=00:00). Both phases broke through the plug at the lower half of the LLS first. 
Shown with arrows is water pushing the stream of cyclohexane which is evident from 
receding curvature on the lower half of the cyclohexane stream and greater curvature at the 
upper half (t=00:07). Initially, the cyclohexane left out the organic outlet, but still shows 
evidence of being push by water causing it to migrate up towards the aqueous outlet 
(t=01:26). As the LLS approached steady-state, the cyclohexane stream was fully pushed into 
the aqueous outlet, and evidence of receding capillaries can still be seen on the lower end of 
the cyclohexane stratified stream (02:23). 
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 Results of tests performed on the LLS at constant O/A ratios of 0.429 and 0.667 

over varying total flowrates from 1.0-4.0 mL/minute are shown in Figure 58. The results did 

not show expected or obvious trends for separation performance and was due to the flow 

inversion previously discussed. Key fluid flow behaviors were identified and t-tests were 

performed to determine which independent variables influenced the system. Figures 59-62 

below are images of different flow behaviors analyzed. Results from video analysis showed 

10/12 testing conditions initially formed a plug in the inlet header (Figure 59). It was 

predicted that the non-wetting phase (cyclohexane) would break through the wider gaps of 

the first column of posts before the smaller gaps due to the lesser curvature and thusly 

weaker capillary pressures resisting flow (Figure 60). In all tests, breakthrough of the non-

wetting phase occurred in the wider gaps first. Immediately after breakthrough, evidence of 

the non-wetting phase being pushed into smaller gaps against the gradient were observed 

(Figure 61). It was predicted that the pushing from the wetting phase was due to the 

plugging as discussed previously. Therefore, evidence of being pushed should occur when 

the smaller gaps are plugged at the inlet header and should not be present when the inlet 

header was not plugged. For 10/12 runs, the LLS inlet header was plugged initially, and 

during each of those runs there was evidence of the non-wetting phase being pushed. 

Conversely, in the remaining 2/12 runs, the inlet header did not plug and showed no 

evidence of the non-wetting phase being pushed against the capillary pressure gradient. 

Evidence that the stratified stream of cyclohexane followed the predicted flow path of the 

capillary pressure gradient was observed during the unsteady-state filling of LLS (Figure 62). 

During all 12 runs, there was evidence that the non-wetting stream followed the capillary 

pressure gradient and resulted in all 12 runs initially having 100% two-phase separation until 

the plugging effect caused the flow behavior and performance to change. 
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 Percent two-phase separation of cyclohexane and deionized water at fixed O/A 
ratios with varying total flowrate. Where percent two-phase separation is the difference in 
flow of organic phase through the organic and aqueous outlets relative to the total organic 
flowrate. Poor separation performance occurred due to the plugging effect at the inlet 
header. 

 

 

 

 Plugging of the LLS inlet header by the non-wetting phase, cyclohexane 
(red/dark gray). 
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 Non-wetting (red/dark gray) phase broke through lower half of inlet header 
during unsteady-state filling. Unsteady-state was inspected for where the “plug” of non-
wetting phase first breaks through. 

 

 

 

 Evidence of wetting phase (clear) pushing the non-wetting (red/dark gray) phase 
into smaller gaps against the capillary pressure gradient. Determined by receding capillary 
curvature and counter-intuitive flow of non-wetting stream. 
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 Evidence that the stratified cyclohexane (red/dark gray) followed the capillary 
pressure gradient. A predicted flow path for the non-wetting phase follows a path along a 

30   angle from the positive x-direction (a). Once the non-wetting phase reached the lower 
wall of the LLS, it was predicted to alternate through the two widest gaps indicated by the 
white arrows (b). 

 

 It was determined that the most impactful flow behaviors on two-phase separation 

was the plug remaining in the upper half of the LLS inlet header during steady-state flow 

(Figure 63). Table 9 tabulates the two-phase separation results and the impact of a plug in 

the upper half of the LLS inlet header during steady-state. Results showed plug formation in 

the inlet header during steady-state flow resulted in a decrease of average two-phase 

separation of 96% and had a p-value of 0.01, rejecting the null hypothesis that the difference 

in means is within normal variance. Since the plug resulted in flow inversion and poor 

separation, the control of different independent variables on plug formation were 

investigated. Independent variables, total flowrate, aqueous flowrate, organic flowrate, and 

flowrate ratio were sorted into low and high operational ranges and were tested against their 

effect on the steady-state plug formation. A p-value    0.15 is significant to reject the null 

hypothesis due to the smaller sample sizes used during testing. Both total and aqueous 

flowrates had the same results due to the total flowrate being more dependent on the 

aqueous flowrate because of the lower O/A ratios used during testing. Both total flowrate 

and aqueous flowrate significantly altered the chance for steady-state plug formation with 

lower total and aqueous flowrates being more likely to remain plugged. This is likely due to 
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the increased inertia of both phases which results in more unstable flow conditions and will 

more easily overcome the capillary pressures caused by the plugging. The organic flowrate 

was found to not significantly dictate steady-state plug formation and may be explained by 

observations of the two phase flow behavior. Once the non-wetting phase formed a 

complete and continuous stream from the inlet to the outlet, little change in the path 

occurred over time. Therefore, changing the organic flowrate will change the velocity of the 

stream but not the position of it. Conversely, changing the aqueous flowrate caused the 

organic stream to be pushed into the inlet header with greater inertia and will also push the 

continuous stream of the non-wetting phase against the gradient more aggressively resulting 

in the removal of the plug. The O/A ratio was found to significantly affect the chance of 

steady-state plug formation with a lower range of O/A ratios 0-0.333 being more likely to 

form a plug. This seems to contradict the previous statement that higher aqueous flowrates 

reduced the chance of a plug forming, but the lower range of flowrate ratios were all 

performed at low 1.0 mL/minute total flow which was found to favor plug formation 

because the inertia is lower and skews the results for the O/A ratio. 

 

 

 

 Plug remained in upper half of LLS during steady-state. White oval highlights 
region of plugging whereas the wetting phase (clear) flowed freely through the wider gapped 
region and plug of non-wetting phase (red/dark gray) flowed through smaller gaps. 

 

Table 9. Effect of different independent variables on steady-state plug formation. The 
binary variable of “steady-state plug formation” is assigned a value of 1 or 0 for occurrence 
or lack of occurrence during a test, and the “value” represents the average of 1’s or 0’s over 

“n” samples. P-values   0.15 are considered significant to reject the null hypothesis. 
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5.5 Liquid-Liquid Separator Performance with Modification 

 A modification was made to the LLS to address the performance issues caused by 

the non-wetting phase plugging the inlet header. The inlet header has equal resistance to 

flow in all x and y-directions allowing the cyclohexane to spread out until it reaches the first 

column of posts resulting in cyclohexane moving freely towards the smallest gaps which 

caused plugging. However, if both phases enter directly within the capillary pressure 

gradient, then the capillary pressures must be overcome if the non-wetting phase is to reach 

the smaller gaps. Since there is less resistance to flow in the wider post gaps, the non-wetting 

phase moved to the wider gaps preferentially and the plugging did not occur. 

 The polycarbonate manifold was machined with an extra ¼”-28 IDEX tap and 

through hole as shown in Appendix B. The hole was machined over a post gap wide enough 

that the posts wouldn’t obstruct fluid flow and was placed away from the lower half of the 

LLS so that evidence of separation behavior could still be observed. Results from the 

modified LLS revealed a significant improvement in separation performance due to the lack 

of plugging as seen before. Flow of the non-wetting phase would initially pour out in the 

negative and positive x-direction whilst following the capillary pressure gradient during 

unsteady-state filling. The non-wetting phase pooled in both directions because the post 

geometry is symmetrical in the negative and positive x-directions. Both fluids preferentially 

followed the net flow direction towards the outlets, but organic phase also pool into the inlet 

header and filled it until plugged similarly to before. However, this time the plugging was 

inconsequential to performance because the aqueous phase could flow directly from the inlet 

towards the smaller gaps in the positive y-direction without obstruction by the non-wetting 

Independent

Variable
Bin Values

Sample size,

n

Dependent

Variable
Value P-value

Yes 8 -45%

No 4 51%

Upper Range 4000-2000 5 0.40

Lower Range 2000-0 7 0.86

Upper Range 2800-1400 5 0.40

Lower Range 1400-0 7 0.86

Upper Range 2222-1111 4 0.50

Lower Range 1111-0 8 0.75

Upper Range 1-0.33 8 0.50

Lower Range 0.33-0 4 1.00

Steady state Plug 

Formation
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0.03
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0.15

Percent Two-Phase

Separation (%)

Steady state Plug 

Formation
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phase. Figure 64 demonstrates the flow of the organic phase in the negative and positive x-

directions along the gradient during unsteady-state filling. Cyclohexane migrated downwards 

along the -30° angle of the gradient indicated by the arrows in Figure 64. Simultaneously, the 

aqueous phase flowed in the positive y-direction working around any cyclohexane that 

initially pushed out in the positive y-direction as well. 

 

 

 

 Non-wetting cyclohexane (red/darker) dyed with 110 mg/L Oil Red O during 
unsteady-state filling of the modified separator. Operating at 100 µL/minute cyclohexane 
and 900 µL/minute water. 

 

 Unlike previously, the stratified stream of the non-wetting phase followed the 

capillary pressure gradient during unsteady-state filling and steady-state flow. Prior to the 

modification, water pushed the organic stream up towards the aqueous outlet and into 

smaller post gaps due to the effect of plugging as shown previously in Figure 63. With the 

modification, the aqueous phase did not push the organic stream to the incorrect outlet 

because it had an open flow path to reach both outlets as shown in Figure 65.  
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 Steady-state flow pattern of cyclohexane (red/darker) dyed with 110 mg/L Oil 
Red O and deionized water (clear) in the modified LLS. Flowrates were 100 µL/minute 
cyclohexane and 900 µL/minute water. 

 

 The modified LLS was tested over the range of O/A ratios and organic and aqueous 

flowrates shown in Figure 66. It was expected that a maximum O/A ratio would be reached 

where the fraction of organic flow would become too great and the stream would crossover 

from the organic outlet to the aqueous outlet. Additionally, a maximum total flowrate is 

expected where the system would transition from being surface tension dominated to inertia 

dominated. All conditions were in the slug flow regime for the capillary tubing and droplet 

junction. The operational conditions selected maintained stratified stream flow as this was 

identified previously as the optimum flow regime for two-phase separation.  

 

 

 

 Testing conditions for cyclohexane (organic) and water (aqueous) flowrates on 
modified LLS. A constant total flowrate of 1.0 mL/minute was maintained with varying 
flowrate ratios. A constant O/A ratio of 0.538 was maintained and total flowrate varied. 
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 Results of two-phase separation over the O/A ratio range of 0.111-0.538 at a fixed 

total flowrate of 1.0 mL/minute are shown in Figure 67. Samples were collected into 20 mL 

vials after the LLS reached steady-state, which was defined as 3 retention times of the entire 

test loop. Organic phase followed the capillary pressure gradient, and once it formed a 

continuous stream to the organic outlet, behavior remained constant. Two-phase separation 

remained near 100% up through values of 0.538 O/A ratios. It was expected that a 

maximum O/A ratio would match the effluent flowrate ratios which is defined by Equation 

37 and will be termed fractional flow hereon. 

 

    fractional flow ratio
Eaq

tot

Eorg

tot

F
r

F
  [Eq. 37] 

 

Where r  is the fractional flow ratio of total flow through the aqueous outlet to the organic 

outlet, Eaq

totF  is the total volumetric flowrate leaving the aqueous outlet, and Eorg

totF  is the 

total volumetric flowrate leaving the organic outlet. The maximum flowrate of organic phase 

that could leave the organic outlet would be equal to the total flow leaving organic outlet. 

Tested conditions had an average fractional flow of 0.860 and the maximum O/A ratio that 

would be expected is 1/ r  at a value of 1.16. Since the fractional flow is the ratio of the total 

flow from the aqueous outlet to the organic, the inverse represents the maximum O/A ratio 

that could be achieved. The maximum O/A ratio achieved was 0.538 which was less than 

the hypothetical maximum of 1.16 and suggests another factor is influencing the behavior. 
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 Two-phase separation of cyclohexane and water at a constant total flowrate of 
1.0 mL/minute. Where percent two-phase separation is the difference in flow of organic 
phase through the organic and aqueous outlets relative to the total organic flowrate. A 
positive 100% separation indicates all organic phase left through the organic outlet and a 
negative 100% means all organic phase left through the aqueous outlet. A 0% separation 
indicates equal percent of organic phase left through both effluent ports. 

 

 Observations of the video footage for the O/A ratio 0.667 revealed that the organic 

phase had an affinity for the inlet header and upper wall that had not been previously 

observed. The non-wetting organic phase had rapidly begun wetting the inlet header and 

smaller gapped region and is assumed to be due to residual IPA from the IPA and water 

rinses performed between runs. A failure to rinse all the IPA in the inlet header was 

determined to be due to the new placement of the inlet port having created a region of dead 

flow at the inlet header that had not previously been there. The rinsing procedure was 

adjusted to thoroughly rinse the system and testing of the O/A ratios should be continued in 

future work with the expected limit of 1.16 as the maximum value for the current 

experimental setup. 

 The second metric of separation performance is the percent composition. Where 

percent two-phase separation describes the separation of the non-wetting phase to a single 
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outlet, the percent composition describes the percent of a desired phase that composes a 

single outlets mixture. Figure 68 shows the composition of both effluent ports with respect 

to their desired phase. Ideal conditions would have the aqueous outlet composed of 100% 

water and the organic outlet 100% cyclohexane. From the results, it was expected that the 

aqueous outlet was composed of 100% water because if 100% two-phase separation 

occurred, then no organic phase entered the aqueous outlet. A drop in percent composition 

water in the aqueous outlet was observed when two-phase separation drops at the highest 

O/A ratio because organic phase entered the aqueous outlet. Composition of cyclohexane in 

the organic outlet approaches 100%, but drops after 70% at the O/A ratio of 0.538. A drop 

in composition was due to the two-phase separation dropping from near 100% to -40%. A 

plot of predicted composition of cyclohexane in the organic outlet as a function of flowrate 

ratio is determined from a mass balance on the system which incorporates the experimental 

fractional flow shown in Figure 68.  

 

 

 

 Percent volumetric composition of water collected from the aqueous outlet and 
percent volumetric composition of cyclohexane collected in the organic outlet. Results are 
for constant total flowrate of 1.0 mL/minute at varying O/A ratios. 
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 The fractional flow was not constant throughout each test despite maintaining a 

constant backpressure of 5 psi from both outlets (Figure 69). This could be due to the 

increasing cross-section of the organic stream as the O/A ratio increases. If the cross-section 

changes, the organic outlet could be more fully filled and alter the pressure drop through the 

outlet. This effect shows an ability of the LLS to naturally adjust to different flowrate ratios 

as the fractional flow adjusts with it. Better process control is needed to dial the fractional 

flow to match the A/O ratios being pumped. To implement control of the fractional flow, 

pressure gauges could be calibrated to valves at both outlets to control the pressure drop and 

therefore the total flow through both outlets. 

 

 

 

 Volumetric fraction of total flow collected at either effluent port over tested 
O/A ratios. 

 

 The capacity of the LLS to separate both phases as a function of increasing total 

flowrate was tested at a constant O/A ratio of 0.538 as shown in Figure 70. Good separation 

performance was found for total flowrates 1.0-4.0 mL/minute until separation stopped at 

5.0 mL/minute total flow. A review of the video footage showed normal and continuous 

stratified streams formed at 1.0 and 2.0 mL/minute total flow, but at total flowrates from 

3.0-5.0 mL/minute a mixture of slug and stratified streams occurred in the LLS. A 



99 

 

 

comparison of the two flow behaviors is shown in Figure 71. The bottom photo shows 

steady-state operation at 1 mL/minute total flow at a 0.538 O/A ratio. At this total flowrate, 

the stratified stream constantly remained the same shape and was operated continuously 

with little change in the holdup fraction. At a greater total flowrate of 4.0 mL/minute shown 

in the top photo, 100% separation occurred, but the flow behavior was more chaotic. A 

combination of stratified streams and large slugs entered the LLS at high velocities. While 

slugs traveled downstream, they were large enough to interact with the gap geometry to 

separate via the capillary pressure gradient as described previously in Figure 47 and chapter 

5.2.  

 

 

 

 Two-phase separation of cyclohexane and water at a constant O/A ratio of 
0.538 at varying total flowrates. Where percent two-phase separation is the difference in flow 
of organic phase through the organic and aqueous outlets relative to the total organic 
flowrate. A positive 100% separation indicates all organic phase left through the organic 
outlet and a negative 100% means all organic phase left through the aqueous outlet. A 0% 
separation indicates equal percent of organic phase left through both effluent ports. 
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 Visualization of high and low total flowrates at a constant O/A ratio of 0.538. 
(bottom) Stratified flow at flowrates at 350 µL/minute and 650 µL/minute of cyclohexane 
(red/ dark gray) and water, respectively. (top) Slug and stratified flow at flowrates at 1400 
µL/minute and 2600 µL/minute of cyclohexane and water, respectively.  

 

 The composition of each outlet was measured for the varying total flowrate tests at a 

fixed O/A ration of 0.538. Figure 72 shows the composition of the outlets for each total 

flowrate test. The composition of the aqueous outlet remained near 100% water until the 

maximum flowrate of 5.0 mL/minute where two-phase separation decreased. This decrease 

is associated with the cyclohexane transitioning from leaving just the organic outlet to both 

outlets. Composition of the organic outlet remained near constant as expected because the 

mass balance to predict the composition is a function of the fractional flow and the ratio of 

the organic flowrate to the total flowrate which remains constant at a fixed O/A ratio as 

shown in Equation 38. 

 

 

% Composition
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 [Eq. 38] 
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Where Eorg

orgF  is the volumetric flowrate of organic phase leaving the organic outlet, 
in

totF  is 

the total volumetric flowrate entering the LLS, and r  is the fractional flow ratio. Predicted 

compositions are adjusted to match the fractional flow leaving both ports. 

 

 

 

 Percent volumetric composition of water in the aqueous outlet and percent 
volumetric composition of cyclohexane in the organic outlet. Results are for constant O/A 
ratio of 0.538 and varying total flowrate. The drop in composition of the organic phase at 
4.0 mL/minute can be explained by a leak caused by a loose fitting upon review of the video 
footage. 

 

 For optimum performance, both 100% two-phase separation and 100% composition 

of the desired phase in their respective outlets is required. The organic phase needed to fully 

fill the organic outlet during operation to achieve a 100% composition. Being fully filled by 

cyclohexane indicates that water is not leaving with cyclohexane out the organic outlet which 

resulted in compositions less than 100%. As shown previously in Figure 68, the composition 

of the organic outlet increases in percent cyclohexane as the O/A ratio increases. A 100% 

composition would be achieved when the fraction of cyclohexane being pump relative to the 

total flow matches the fraction of total flow leaving the organic outlet. Typical applications 

of LLE will have a specified extract to feed ratio (O/A ratio) to achieve a desired percent 
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extraction. A more practical method of optimizing the composition of both ports to 100% 

of the desired phase is to implement process control on the fractional flow. Fractional flow 

of the two outlet ports can be controlled by implementing flow controlling valves calibrated 

to pressure gauges at both outlets. Control of the fractional flow by valves can allow the LLS 

to be dialed into ideal operation for 100% composition in both ports as shown in Figure 73. 

The plot in Figure 73 is derived from a mass balance on the system where all organic phase 

is only leaving through the organic outlet (100% two-phase separation). Fractional flow of 0 

indicates 100% of total flow leaves out the organic outlet only meaning the composition is 

equal to composition of the input stream of 35% cyclohexane for a 0.538 O/A ratio. 

Composition reaches 100% cyclohexane when the fractional flow is equal to the inverse of 

the O/A ratio. 

 

 

 

 Volumetric composition of organic outlet with varying fractional flow at a fixed 
O/A ratio of 0.538. 
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 With the optimal conditions understood, the LLS was reviewed for its best 

performance in key categories. The best performances of the LLS are highlighted in Table 

10. The greatest composition of cyclohexane achieved was 75%, but as discussed previously, 

composition was controlled by altering the O/A ratio whereas control with valves to adjust 

the fractional flow would make increasing the composition possible at fixed O/A ratios. 

Since 100% two-phase separation was achieved under many flow conditions with the 

modified LLS, a 100% composition of water in the aqueous outlet will also be achieved as 

defined by two-phase separation. A value of 0.538 for the O/A ratio was the greatest ratio 

achieved whilst maintaining 100% two-phase separation and stratified stream flow. 

Additionally, the greatest flowrate for reliable near 100% two-phase separation was 4 

mL/minute total flow at an O/A ratio of 0.538. 

 

Table 10. Best performance of key parameters during LLS testing. 

 

Best Performance 

Variable Unit Value 

Maximum Two-Phase Separation % 100% 

Composition Cyclohexane: Organic outlet % 75% 

Composition Water: Aqueous outlet % 100% 

Maximum Total Flowrate mL/min. 4 

Maximum Flowrate O/A Ratio 
/ min .

/ min .

org

aq

mL

mL
  0.538 

 

6. Conclusions & Recommendations 

 

6.1 Conclusions 

 Development of important parameters and fundamentals for design of the LLS have 

been described in this paper. A capillary pressure gradient was designed and fabricated into a 

microfluidic two-phase liquid-liquid separator through the design of post geometry to 

control capillary curvature. A microfluidic assembly was designed and manufactured to 

include a PC manifold for fluid delivery, flow visualization, and fluidic sealing. The separator 
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device maintained a fluidic seal and was used for sampling and flow visualization. A binary 

mixture of deionized water and cyclohexane was studied for two-phase flow patterns, and a 

ternary mixture of isobutanol-cyclohexane-water was used as a solute, extract, and feed 

solvent, respectively. Wetted LLS components were plasma etched under the presence of 

low pressure oxygen to increase the hydrophilicity of the stainless-steel and polycarbonate 

surfaces for increased wettability by water. Fluid flow regimes were defined and 

characterized under different organic and aqueous flowrates for the droplet junction, 

capillary tubing, and LLS. A description of the fluid flow regimes observed in the LLS were 

created to describe their behavior. Separation performance and fluid flow behavior were 

described under different flow conditions and fluid flow regimes. The LLS was able to 

demonstrate two-phase separation and flow patterns resembling the predicted flow pattern 

of the capillary pressure gradient. Separation performance was improved by the modification 

of the manifold to deliver both phases directly to the capillary pressure gradient. 

 Further development of the capillary pressure gradient was accomplished by applying 

the Laplace capillary equation as a conceptual tool for design of post geometry. Calculations 

on capillary pressures were used to predict flow patterns of a non-wetting phase through the 

LLS. Flow visualization revealed patterns of predicted fluid flow paths including, net flow in 

a -30° angle from the positive x-direction, alternating stream at the widest post gaps in the 

lower half of the LLS, and a tendency of the flow towards the wider post gaps. 

 The LLS device could maintain a fluidic seal for testing and allowed for visualization 

and measurement of the separation behavior. Photochemical machining was used to 

fabricated the complex geometry of the separator into 316 stainless-steel. Optical 

measurements of the fabrication method revealed a typical etch depth of 350 µm and a 

decrease in depth and consistency at aspect ratios < 2.3 width to etch depth. The binary 

mixture of cyclohexane and water proved effective at visualizing two-phase fluid flow and 

for gravimetric measurements through evaporating cyclohexane from test vials. Plasma 

etching the wetted faces of the PC manifold and 316 SS flow plate in the presence of low 

pressure oxygen effectively increased wettability of the aqueous phase for the duration of 

tests. Plasma etching was performed to decrease the contact angles of the capillaries and 

prevent the organic phase from adhering to the PC manifold. 
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 A Dolomite droplet junction was characterized for slug flow for delivery into 

capillary tubing. The capillary tubing was characterized under the same conditions for 

droplet, intermittent, and slug flow for the extraction stage. Parameters for correlating O/A 

ratios to slug length were determined in Table 8. Flow regimes were characterized within the 

LLS and the ideal regime was determined to be stratified stream flow. A continuous stream 

of the non-wetting phase was the most effective at two-phase separation by following the 

capillary pressure gradient to the organic outlet. Issues with two-phase flow were caused by 

the formation of a plug by the non-wetting phase in the inlet header. The issue was fixed by 

machining a new inlet to feed both phases directly to the capillary pressure gradient where 

separation could occur instantaneously. Two-phase separation reached values greater than 

95% for total flowrates up through 4.0 mL/minute at a fixed O/A ratio of 0.538. Flowrate 

O/A ratios of 0.111-0.538 achieved an average of 97% two-phase separation until a 

maximum O/A ratio of 0.667. It is predicted that the maximum O/A ratio is greater than 

achieved in this paper and should be investigated in future tests. 

 

6.2 Future Work and Recommendations 

 Based on the LLS tests, some improvements were identified that can be 

implemented into the capillary pressure gradient design. Figure 74 is a draft of an LLS 

redesign that includes design features to address performance issues as well as improvements 

that can change the possible operational flow regimes. The first design change includes the 

introduction of the two-phase mixtures of slugs directly into the capillary pressure gradient. 

This will prevent the plugging issue faced in the unmodified LLS; additionally, the entrance 

position should be placed near the middle of the flow channel width to allow for observation 

of the separation behavior. Another method to prevent plugging would be to feed the 

mixture into a portion of the post geometry that has a great difference in capillary pressure 

to force separation to occur quickly as discussed in Chapter 4.1.1. The mass transport in the 

capillary tubing would increase with smaller dimensions, but the ID was 508 µm to form 

slugs large enough to interact with the LLS post geometry. Future designs of the LLS should 

decrease the etch depth to 150 µm to allow smaller slugs upstream in the contactor. This will 

have the additional benefit of increasing curvature and making stronger capillary pressures, 
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but will also increase the velocities and may reduce the maximum total flowrate the LLS can 

handle. The current LLS design is built for the contacting to take place within the capillary 

tubing in the slug-flow regime. This simulates what a serpentine channel would achieve if 

etched into the flow plate and has been studied in depth by other groups [7]. Alternatively, a 

fibrous mesh that wets the discrete phase could be inserted as shown in Figure 74. Similar 

technology has been used in newer industrial liquid-liquid coalescers by coalescing droplets 

with metallic wires or glass wool [52]. This mesh could allow the LLS to operate in the 

discrete flow regimes allowing a wider range of operational flowrates not restricted to 

stratified stream flow. Additionally, the mass transfer rates could be fast enough with small 

droplets that the flow region prior to the fibrous insert could be used as a contacting period 

without the need for a serpentine channel operating in the slug flow regime. This concept is 

untested, but could offer more versatility to the LLS; otherwise, a serpentine channel would 

be needed prior to the capillary pressure gradient and after the droplet junction to ensure 

effective contacting time. The issue of the aqueous phase causing the discrete phase to 

migrate into the wrong outlet as discussed in Chapter 5.4 was corrected by moving the inlet 

directly to the capillary pressure gradient. An extra measure to prevent the stream migration 

is to implement drainage for the wetting phase on the sides of the LLS as shown in Figure 

74. The drains are designed in a way that allows the wetting phase to flow through, but has 

curvature great enough that the non-wetting phase is unable to push through. A similar 

design has been used for microfluidic gas-liquid separation at low flowrates of < 20 

µL/minute total flow [13]. A key design parameter to prevent the non-wetting phase from 

entering the drains is to make sure the difference in hydraulic pressure drop across either 

side does not equal or exceed the capillary pressure as shown in Equation 39 [7]. 

 

c drainP P     Eq. 39 

 

Where cP  is the interfacial capillary pressure that would occur if a capillary formed inside 

the drain channel. The pressure drop drainP  is the hydraulic pressure drop of water through 

the drain channel. The design in Figure 74 should be simulated in COMSOL for single phase 
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2-dimensional flow to ensure there is adequate drainage and to calculate the pressure drop of 

drainP , and the Haggen-Poiselle equation can be used to check the values. 

 

 

 

 LLS conceptual redesign. 

 

 Another possible separator design involves implementing the drainage features 

without the capillary pressure gradient. It would be a single microchannel that would need to 

operate in the slug flow regime. The advantage to this system is that it reduces the separation 

to a single point which would be the drain channels rather than a solid stream meandering 

towards one side as seen in the LLS. A conceptual design of this separator is shown in 

Figure 75. The process of LLE and separation would begin with slugs formed at a droplet 

junction. To provide sufficient contacting time, a serpentine channel would need to be 

etched downstream of the droplet junction. Discrete slugs would then enter the separator 

version 2 where the wetting phase would be able to drain out of the main channel on either 

side but prevent the non-wetting phase from leaving the main channel via capillary pressures. 

The mechanism for separation would be the same as the drains in Figure 74 and require the 

same design constraint shown in Equation 39. As the wetting fluid separates, only the non-

wetting phase is left in the main channel where it would be able to exit from a separate 

effluent port. 
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 Liquid-liquid separator version 2 conceptual design. Gray hatched regions 
represent etched portions. 

 

 It is expected that as a solute is extracted, the interfacial surface tension between the 

two phases will change and potentially reduce. From tests that added a surfactant, drastic 

fluid behavior changes were observed. Based on the Laplace capillary equation, a decrease in 

the magnitude of the interfacial surface tension will result in a reduced capillary pressure. 

Tests should be performed to investigate the effect of changing interfacial surface tension on 

separation performance. This can be done by measuring the interfacial surface tension as a 

function of solute concentration and then operating the LLS under each condition.  

 For ease of testing, methods of forming a more permanent surface coating on the 

PC should be investigated such as TiO2 and SiO2 coatings [53]. Certain groups have also 

created super hydrophilic surfaces through the use of laser ablating metallic surfaces. 

Preliminary tests may be worth investigating for designing a LLS off this concept and 

possibly collaborating with other research groups. 

 Future work may also investigate the separation behavior for gas-liquid systems, 

other liquid-liquid constituents, and for gas-liquid-liquid separation. Future redesigns should 

be geared toward addressing the issues mentioned. The terminal end of this research should 

move towards designing the separator as a stackable unit which includes internal scaling. For 

example, if the current LLS unit can operate up to 4 mL/minute and were to be stacked 1-
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meter-tall with 3 flow structures in parallel per plate, then the device could operate up to 

14.6 L/minute with a total of 1,220 plates including supporting clamps. With the 

combination of fast mass transport, low retention times, and low energy input per 

volumetric flow further studies into the LLS are worth investigating.  
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Appendix A  Schematic: Liquid-Liquid Separator Manifold 
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Appendix B  Schematic: Liquid-Liquid Separator Manifold, New Tap 
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Appendix C  Schematic: Liquid-Liquid Separator Flow Plate 
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Appendix D  Schematic: Liquid-Liquid Separator Back Plate 
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Appendix E  Camco Furnace 316 Stainless Steel stress relief protocol 

1. Purpose: 

Standard Operating Procedure (SOP) for relieving stress of thin stainless steel shims. This is 
for use with the Camco Furnace at ATAMI. Having weight to press the shims may be 
necessary if it is thick, but testing has showed shims 0.030” thick flatten under their own 
weight. 
 
2. Materials: 
 
 
 
 
 
 
 
3. Methods: 
1. PREPATORY NOTES 

1.1. Press PROG+RUN/HOLD to END PROGRAM and RESET it 
1.2. Emergency switch will rarely be used over reset function 
1.3. YOKOGAWA panel shows readings and to save hit START, and hit STOP to save to disk 
1.4. Check valve is red tube in back for VENT switch 
1.5. Internal thermal couples can be moved to sense temperature at specific places 
1.6. During VNT purge flowmeter should be active 
1.7. Check O-ring, can remove heat shield to vacuum 
1.8. Plate is Magnesium and sparks can start bad fires! 
1.9. WEAR GLOVES BEFORE HANDLING PART OR FURNACE INTERNALS 
1.10. Program 8 is for stainless steel stress relief 

 
2. STARTUP PROCEDURE 

2.1. Make sure Camco Furnace is OFF (“IN USE” light is off) 
2.2. Check system temperature and pressure to make sure they are ambient 
2.3. Open vessel with RAISE switch 

2.3.1. FIRST inspect any obstructions that may jam during razing  
2.3.2. Make certain it is cooled down and atmospheric before opening 
2.3.3. If you need to vent, hold vent button or run program 9, assuming that is still Neil’s 

vent program 
2.4. Clean vessel with Kimwipes, inspect O-ring and wipe with Kimwipe to remove 

particulates, sure heat shield is in place before closing chamber for operation 
2.5. Place metal shims inside after cleaning run, make sure surface is level and flat 
2.6. Lower vessel chamber until it clicks (latch arms will rotate) 
2.7. Pull out program plan sheet for Program 8 
2.8. Hit down on control panel to select program 8 
2.9. Hit disp lights on for SP, TM, and CH1 
2.10. Open program control panel, press PROG+FUNC at same time 
2.11. Use arrows to check each segment and their corresponding programs (EV1, EV2, etc.) 

Item # of item  Brand Catalogue # 

Kimwipes 1 Chemstores chemstores 

Machine wipes 1 KimTech chemstores 

Nitrile Gloves 1 Chemstores Chemstores 
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2.11.1. VERIFY values match program plan sheet (ATTACHED, part 3) 
2.11.2. 000 = on 

2.12. Check that set point on OVERTEMP is 1200 °C 
2.12.1. If it is flashing it was triggered, hit reset 

2.13. Check all red lights to make sure they are off 
2.14. Hit RUN/HOLD to start program 

2.14.1. Run this before using plates to clean it out chamber from previous use 
2.15. Fill out time sheet 

2.15.1. Log time through ATAMI computers 
3. PROGRAM 8 
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Appendix F  Plasma Etcher & FTA 135 Contact Angle Measurement SOP 

1 Purpose: 
Contact angle measurements on polycarbonate and stainless steel 316 surfaces before and after 
plasma etching. Using the hardware, First Ten Angstroms (FTA) 135, for Axisymmetric Drop Shape 
Analysis (ADSA). Includes Procedure for Plasma etching PC or SS316 samples. 
 
2 Materials: 

 

- 
 
 
 
 
 
 
 
 
 
 
 
 
 

3 Methods: 
4 PLASMA ETCHING 
4.1 Follow protocol “Plasma_Etcher_SOP” for plasma etcher operation and safety 
 

 
 

Figure: Plasma etcher setup located in Gleeson basement (ask Andy Brickman). SOP for 
plasma etcher is titled “Plasma_Etcher_SOP.” Gas feed is industrial grade oxygen. 

 
4.2 Run a prepatory clean run on the etcher for 5 minutes at 10 psig O2 feed pressure, <0.5 torr 

pressure vaccum, 5sccm O2 flowrate, 500 Watts, and cooling water at 13-15 GPH 

Item # of item  Brand Catalogue # 

Kimwipes 1 Chemstores chemstores 

Machine wipes 1 KimTech chemstores 

Iso-propyl aclcohol 500 mL - - 

DI H2O 500 mL - - 

Distriman 1250 µL tip 2 Distriman F164110 

PC 2”x2” cut sheets 24”x24” Mcmaster-Carr 8574K19 

Nitrile gloves - - - 

cyclohexane 100 mL - - 
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4.3 Place samples with labeled side facing upwards 
4.3.1 Place up to 3 samples on circle metal wafers and as close to the center as possible without 
cover the vacuum hole in the center of the etcher stage. 

 

 
 

Figure: place samples face up on the metal wafers. Make sure not to ever touch sample 
surfaces after plasma etch. Notice the wafers are not covering the vacuum hole located in the 
center of the etch stage. 

 
4.4 Record time of etching and all other information in excel files such as “Plasma_etch_10262016” 
4.5 Run samples for 1 minute starting once the power output reaches 470 Watts at 10 psig O2 feed 

pressure, <0.5 torr pressure vacuum, 5 sccm O2 flowrate, 500 Watts, and cooling water at 13-15 
GPH 

 
5 SAMPLE STORAGE 
5.1 Only handle samples by grabbing the side edges making sure to not touch the surface with 

anything 
5.2 Place samples into closed container on top of machine towels 
5.3 Make certain samples are always laid etched side facing upwards  
 

 
 
6 FTA 135 APPARATUS PREPARATION 
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6.1 Start software by clicking FTA32 Video 2.1 
6.2 Hit OK 
6.3 Check video box 
 

 
 

Figure: FTA135 apparatus. Camera on left uses light reflected off of two mirrors just above 
sample stage. Pipetter fits into pipette holder above stage in the center. Sample is place 
below on circular stage which can rotate, lower/raise, and slide forward and backwards. 

 
6.4 Wipe down sample stage with IPA dabbed Kimwipe 
6.5 Lay sample onto sample stage 

6.5.1 Grab sample only by the sides and lay flat down without sliding/scraping 
6.5.2 Place sample with carbon pick etched label, same side as plasma etch facing upwards 

6.6 Align sample piece to center hole where syringe will be inserted 
6.7 Insert Distriman Pipetter 

6.7.1 Set to 1250 µL range and set to 10 µL 
6.7.2 Attach Gilson Distritip to pipette 
6.7.3 Slide pipette tip into pipetter sheath, then press white end of plunger into pipette catch 
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Figure: Distritip 1250 µL pipette tip. Plunger end on the right snaps into pipette. Make sure 
pipette is set to match tip size. 

 
6.8 Dip attached tip into desired fluid and pull up black tab on back of pipette to withdraw fluid 
6.9 Slip flat side of pipette into pipette holder 
6.10 Carefully lower pipette into camera view and make sure tip does not hit sample piece 

6.10.1 Lower stage as necessary or adjust with pipette holder adjust knobs 
6.11 Lower pipette guard and tighten secure 
 
7 IMAGE CAPTURING 
7.1 Lightly press top of pipette to eject droplet 
7.2 Snap an image of droplet after spreading reaches equilibrium 

7.2.1 Run tests to determine equilibrium 
7.3 Left & right click left-side of 3 phase contact line of droplet in image 
7.4 Make 8-10 total left click points just on the outside of the droplet, making the last point the 

opposite corner. 
7.4.1 Right click right-side 3 phase contact point to define base 
7.4.2 10 points maximum data storage 

7.5 Place triplicate drops on surface making sure to avoid any particulates/fibers on the surface 
7.6 Record time and contact angles in excel sheet such as “Plasma_etch_10262016” 

Save image file and informational file for each droplet if time permits  



124 

 

 

 

Appendix G  Plasma Etcher SOP 

 

 PLASMA ETCHER PROTOCOL  
*** NOTE: Temperature & Timer control are not operational***  
Initial Start-up Check & Final Shutdown Check  
Before starting the plasma etcher, the following items should be verified:  
1. Turn on (off for final shutdown) switch for vacuum pump exhaust labeled “Pump Exhaust”  

2. The MAIN POWER switch is OFF  

3. The POWER ADJUST knob is turned fully counter-clockwise (OFF)  

4. The GENERATOR POWER switch is OFF  

5. The AUTO-MAN switch is set to MAN  

6. The GAS 1, GAS 2, and VENT switches are OFF  
a. GAS 1 is not connected, GAS 2 is connected with O2 gas  
7. The GAS 1 and GAS 2 flowmeter valves are fully clockwise (CLOSED)  
 
******DO NOT OVERTIGHTEN FLOWMETER VALVES*****  
8. The VACUUM VALVE is turned fully clockwise (CLOSED)  

9. The TORR METER POWER is ON  

10. OXYGEN CYLINDER REGULATOR is finger loose (most of the way counter-clockwise, 
CLOSED)  

11. OXYGEN CYLINDER MAIN VALVE is fully clockwise (CLOSED)  

12. COOLING WATER VALVE is OFF  

13. COOLING WATER ROTAMETER is OFF  
 
Initial Start-up  
Activate the plasma etcher as follows:  
1. OPEN the COOLING WATER supply and return VALVES located along the wall to the left of 
the etcher  
a. Set at 13-15 GPH  
2. TIGHTEN the VACUUM CONNECTION at the vacuum pump body  

3. PLUG IN the VACUUM PUMP to start the vacuum  

4. Turn the MAIN POWER switch ON  

5. Turn the TORR METER switch ON  

6. Turn the VACUUM VALVE counter-clockwise (OPEN), allowing the pump to reduce the 
chamber pressure. Allow pressure to reach low level (<0.2 Torr, or steady state) to ensure the 
chamber is leak tight  
a. Will have to pull and hold lid down to initiate seal  

b. Make sure VENT VALVE is CLOSED or pressure will not build  
7. OPEN OXYGEN CYLINDER MAIN VALVE (counter-clockwise)  

8. Set OXYGEN CYLINDER REGULATOR to 10 psi by turning t-valve clockwise  

9. Switch GAS 2 (OXYGEN) ON  

10. ADJUST the FLOWMETER of GAS 2 to provide appropriate gas flow or chamber pressure. 
Allow the chamber pressure to stabilize after adjusting flowrates  

11. Turn the GENERATOR POWER switch ON  
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12. SET the POWER ADJUST control to the required power setting. The power adjustment does 
not need to be reset until a new power level is desired  
 
Shutdown Procedure  
When all operations are completed, the system should be shut down completely. The following steps 
are to be performed:  
1. Turn GENERATOR POWER fully counter-clockwise (OFF)  

2. Switch the GENERATOR POWER OFF  

3. GAS 1 and GAS 2 switches OFF  
PLASMA ETCHER PROTOCOL 2-13-2015  

CBEE Oregon State University  
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Appendix H  Liquid-Liquid Separator Assembly & Operation 

Purpose: 
Assembly, cleaning, and purge procedure for the Liquid-Liquid Extractor and separator reactor. 
Protocol is tailored to assembling shortly after plasma etching the SS316 flow shim and the PC top 
plate. 

 
Materials: 
 
 
 
 
 
 
 
 
 
 
 
 
 

Methods: 
** Handle reactor components with gloves at all times for safety and to prevent oils from 
attaching to surface ** 
 
1 REACTOR PRE-CLEANING 
1.1 Rinse all surfaces plus inlet/outlet holes of Polycarbonate and SS 316 shim with IPA and dab off 

with Kimwipe 
1.1.1 Cover entire flow region with IPA, let sit for 10 seconds then dab 
1.1.2 Spray flow region and at least 1 inch past each side with a continuous stream from a spray 
bottle up and down 3 times 

1.2 Rinse off with DI H2O over sink 
1.2.1 Spray flow region and at least 1 inch past each side with a continuous stream from a spray 
bottle up and down 3 times 

1.3 Place on Clean dry machine towels until sonication step 
1.4 Fill plastic tub with 4 L water and add 40 grams of dry Alconox to make a 1% solution 

1.4.1 Stir until all goes into solution 
1.5 Place tub in sonicator and run with flow plate, top plate, and o-ring for 5 minutes at room 

temperature 
1.6 Thoroughly rinse entire parts with DI H2O over sink in wet room 
1.7 Rinse off with DI H2O over sink 

Item # of item  Brand Catalogue # 

Kimwipes 1 - chemstores 

Machine wipes 1 KimTech chemstores 

Alconox Powder - Alconox chemstores 

Isopropyl alcohol 500 mL - chemstores 

DI H2O 4 L - - 

Nitrile gloves - - - 

cyclohexane 10 mL - - 

Traceable stopwatch 1 VWR Chemstores 

Rebel 6 camera (100 mm lens) 1 Canon - 

Wooden toothpicks - - - 
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1.7.1 Spray flow region and at least 1 inch past each side with a countinuous stream from a spray 
bottle up and down 3 times 

1.8 Let the parts air dry in fume hood while resting on machine towels 
1.9 Charge camera battery and setup tripod in fume hood 
1.10 ***Pre-Weigh all needed 20 mL glass scintillation vials with lids attached*** 
 
2 PLASMA ETCH TOP PLATE & FLOW PLATE 
2.1 Refer to Protocol “Plasma Etcher & FTA 135 contact angle measurement” 

 
3 REACTOR TUBING CLEANING 
3.1 From each Syringe pump, flush 5 mL IPA from 10 mL BD syringes through tubing 

3.1.1 Wet the connection to the luer lok adapter to avoid any air entering the system 
3.1.2 **Open the shutoff valves** 
3.1.3 Flush into waste reservoir 
3.1.4 Run each pump at 5 mL/min and set for the inner diameter 14.43 mm 

3.2 From each Syringe pump flush 5 mL DI H2O from 10 mL BD syringes through tubing 
3.2.1 Wet the connection to the luer lok adapter to avoid any air entering the system 
3.2.2 **Open the shutoff valves** 
3.2.3 Flush into waste reservoir 
3.2.4 Run each pump at 5 mL/min and set for the inner diameter 14.43 mm 
 

4 REACTOR ASSEMBLY & PURGE 
4.1 Setup Rebel 6 Canon camera with 100 mm macro lens on tripod, have it connected directly to 

laptop 
4.2 Reactor performance is greatly affected by presence of gas, therefore gas purging is critical 
4.3 Fill white PP tub 3.5” deep with DI H2O 
4.4 Sonicate on degas mode a 4L PP bottle of DI H2O for the syringe pump water 
4.5 Sonicate tub on degas mode for 5 minutes right before assembling 
4.6 Place bottom SS316 plate into tub 
4.7 Have the words “IN” and “OUT” aligned left to right and place components accordingly 
 

 
 

4.8 Place flow shim on top of bottom plate 
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4.9 Place top PC plate on top of flow shim 
4.9.1 Make certain the plate is aligned correctly 
4.9.2 Lower plate at angle so that any air bubbles get sheared off 
4.9.3 Do not touch PC surface or coating will be removed 
4.9.4 Lower and raise PC plate repeatedly until all bubble are gone 
4.9.5 Use toothpick to get all bubbles out of inlet/outlet holes 

4.10 Place O-ring into Polycarbonate reactor top 
4.10.1 Make sure not to spread any grease into flow region, try to not lube o-ring at all 

 

 
 

4.11 Place bolts with, from top to bottom, a SS316 washer, and a rubber washer on the top. 
4.12  Pinch together side of assembly so that air does not enter it. Rest the assembly (while pinching 

it) on its side so that the inlet/outlet holes are fully submerged. Continue to pinch the side of the 
reactor that is out of the water. 
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4.13 While still pinching it, place all 12 SS316 washers on the backside of the reactor. 
4.14 Place all 12 nuts in a star pattern to finger tight 
 

 
 
4.15 Tighten again finger tight in star pattern 
4.16 Tighten fittings in ¼ turns to fully tightened using hex wrench and normal wrench. Should feel 

flush and does not require much force. Tightens fully around ¾ of a turn. 
4.17 Fill two 10 mL BD syringes with 10 mL degasses DI H2O and run for 1 minute after water first 

leaves tubing 
4.17.1 Wet the connection to the luer lok adapter to avoid any air entering the system 
4.17.2 **Open the shutoff valves** 
4.17.3 Flush into waste reservoir 
4.17.4 Run each pump at 5 mL/min and set for the inner diameter 14.43 mm 
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4.18 Stop both pumps and close both shutoff valves 
4.19 Carefully take assembled reactor out of water bath and maintain excess water in inlet/outlets 

using degassed water from a spray bottle. 
 

 
 
4.20 Bleed just aqueous pump once more 
4.21 Tightly connect IDEX fittings to inlets/outlets of reactor making sure no air is in the lines 
4.22 Wipe water off top of reactor 
4.23 **loosen all vial caps** 
4.24 Set 3-waty junction valve to waste vial 
4.25 Testing can begin now 
 
5 EXPERIMENTAL RUN FOR PERCENT SEPARATION 
5.1 CLOSE both shutoff valves 
5.2 Set collection vials to desired height for flow ratio setting 
5.3 Withdraw 10 mL of degassed DI H2O into a 10 mL GT Hamilton syringe 
5.4 Wet the connection to the luer lok adapter to avoid any air entering the system, then twist onto 

aqueous line luer lok fitting 
5.5 Using Tefzel tubing extension, withdraw 10 mL of cyclohexane into GT Hamilton syringe 
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5.5.1 Eject any gas out into a waste reservoir 
5.6 Wet the connection to the luer lok adapter to avoid any air entering the system, then twist onto 

organic line luer lok fitting 
5.7 Have memory card in camera and attach camera tripod 

5.7.1 Have USB cable attached to laptop for visual feed and adjust LLE&S and camera position 
to visualize entire contactor 

5.8 Set pump infuse rates to correct setting 
5.9 Set pump ID to correct settings 

5.9.1 *** CAP SHOULD BE LOOSE FOR AIR DISPLACEMENT*** 
5.10 OPEN both shutoff valves 
5.11 Set 3-way valves to WASTE reservoirs 
5.12 Record video for entire run starting immediately before turning on pumps 
5.13 Start aqueous pump, then cyclohexane shortly after flow empties from separator 
5.14 Start timer 
5.15 At 3*RT, switch three-way valve to sample collection vials for 2 minutes 
5.16 After two minutes, switch three-way valves back to waste reservoir 
5.17 Unscrew both caps  

5.17.1 Screw on permanent caps tightly immediately after removing the tubing 
5.18 Turn both pumps off 
5.19 Close both shutoff valves 
5.20 Download video and photos to hard drive and name video with Oorganic Lflowrate, Dliquid 

flowrate, date example: O500L500D092816 and for photos O500L500D092816P# 
5.21 Turn off video to reserve battery 
5.22 Reset timer 
 
6 LLE&S SYSTEM RESET 
6.1 From each Syringe pump, flush 5 mL IPA from 60 mL BD syringes through tubing 

6.1.1 Wet the connection to the luer lok adapter to avoid any air entering the system 
6.1.2 **Open the shutoff valves** 
6.1.3 Flush into waste reservoir 
6.1.4 Run each pump at 5 mL/min and set for the inner diameter 26.59 mm 

6.2 From each Syringe pump flush 5 mL DI H2O from 10 mL BD syringes through tubing 
6.2.1 Wet the connection to the luer lok adapter to avoid any air entering the system 
6.2.2 **Open the shutoff valves** 
6.2.3 Flush into waste reservoir 
6.2.4 Run each pump at 5 mL/min and set for the inner diameter 26.59 mm 

6.3 Start again at the beginning of step 5 
 
7 SHUTDOWN 
7.1 Stop both pumps 
7.2 Close organic and aqueous pump shutoff valves 
7.3 Flush with DI H2O for 5 mL at 5 mL/min. from both pumps 
7.4 Stop pumps and then close shutoff valves 
7.5 Remove both syringes and attach rinse syringes filled with 6 mL IPA 
7.6 Open both shutoff valves  
7.7 Flush with IPA at 5 mL/min. for 5 mL. 
7.8 Stop both pumps 
7.9 Close organic and aqueous pump shutoff valves 
7.10 Flush with DI H2O for 5 mL at 5 mL/min. from both pumps 
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7.11 Disassemble connections to LLE&S, perform steps 1.1-1.3 of “REACTOR PRE-CLEAN”  
 
8 DROPLET MEASUREMENT 
8.1 Use a 50 mg/L of Oil Red O in cyclohexane solution to visualize flow 
8.2 Configure setup as shown in Figure 2 
8.3 Start droplet measurement 3’ down the tubing 
8.4 Set camera ~13” above ruler and measurements section of tubing 
8.5 Set camera at following settings 

8.5.1 Av mode 
8.5.2 F2.8 
8.5.3 ISO 100 
8.5.4 Auto White Balance (AWB) 
8.5.5 Shutter speed 1/16 

8.6 Perform Section 2, Reactor Tube Cleaning before testing and between each syringe refill 
8.7 Have memory card in camera and attach camera tripod 

8.7.1 Have USB cable attached to laptop for visual feed and adjust LLE&S and camera position 
to visualize entire contactor 

8.8 Save files according to previous format O500L500D092816P# 
8.9 Close both shutoff valves 
8.10 Check that collection vial is empty enough and **Cap is loose** 
8.11 Withdraw 10 mL of degassed DI H2O into a 10 mL GT Hamilton syringe 

8.11.1 Wet the connection to the luer lok adapter to avoid any air entering the system 
8.12 Using Tefzel tubing extension, withdraw 10 mL of cyclohexane into GT Hamilton syringe 

8.12.1 Eject any gas out into a waste reservoir 
8.12.2 Wet the connection to the luer lok adapter to avoid any air entering the system 

8.13 Set pump infuse rates to correct setting 
8.14 Set pump ID to correct settings 
8.15 Open both shutoff valves 
8.16 Start cyclohexane pump first until cyclohexane gets close to junction chip to prevent backflow of 

water into syringe 
8.17 Stop organic pump 
8.18 Start aqueous pump until fluid leaves effluent 
8.19 Start organic pump 
8.20 Wait 1.5*RT then take a 15 second video of flow for first of 4 replicates only 
8.21 Stop both syringe pumps at same time 
8.22 Close both shutoff valves 
8.23 Take a photo 
8.24 Name photo and video 
8.25 Repeat from step “8.9” skipping steps as applicable 
8.26 Perform Shutdown procedure when finnished 

 
 

 
 
 

 
 

  



133 

 

 

4. Attachments 
 

Table 1. Syringe inner diameters and achievable pressure from PHD 2000 syringe pumps 
with each syringe 

 

 
 

Hamilton GT Syringe Volume (mL) ID (mm) 

10 14.6 

 

BD Syringe 

Volume

(mL)

ID max

(inch)

ID min

(inch)

ID average

(mm)

Area min

(mm^2)

Area average

(mm^2)
Ratio Flowrates

1 0.188 0.182 4.70 17.91 17.34 0.968

3 0.341 0.335 8.59 58.92 57.89 0.982

5 0.475 0.469 11.99 114.33 112.89 0.987

10 0.571 0.565 14.43 165.21 163.48 0.990

20 0.753 0.747 19.05 287.31 285.02 0.992

30 0.854 0.846 21.59 369.55 366.10 0.991

60 1.052 1.042 26.59 560.78 555.46 0.991
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Figure 1. Schematic for LLE&S setup configured for T-junction at the droplet junction. 
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Figure 2. Droplet measurement experimental configuration. Dolomite droplet junction in T-
configuration with 5 feet of Tefzel tubing 0.02” ID after junction. 
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Appendix I  Gas Chromatography Operational Parameters 

 

 Standard curve for isobutanol concentrations in cyclohexane. Samples were 
performed in triplicate and have error bars for 95% confidence intervals. 

 

As previously mentioned, samples of extract were taken from the organic outlet until two 

phases formed. Once enough cyclohexane dominant phase was collected, 200 µL were 

transferred to the 300 µL glass vials. Before each sample injection, the GT syringe was rinsed 

3x with DI H2O then 3x with IPA and 3x with DI H2O again to eliminate any carryover 

along with standard quality control calibrations. Helium flows at a constant 1.68 mL/min. as 

the carrier gas with a split ration of 95. Hydrogen flows at a constant 45 mL/min. and air at 

a constant 450 mL/minute. 

 

Table 11. Table of GC parameters entered into Total Chrom Navigator software. 
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Variable/Parameter unit Value INFO

Injection source - Manual Disables menu

Variable/Parameter unit Value INFO

Oven Ramp °C/min. See Program Table 4

Inj A Ramp °C/min. See Program Table 5

Heated zone setpoints °C On

Program time - Oven min. 22.33

Program time - Inj. A PSSI min. 22.33

Cryo - Coolant On/Off Off

Oven - Max temp °C 235

Oven -Equil time min. 2

Variable/Parameter unit Value INFO

Carr. A Ramp - - See Program Table 6

Mode - Carrier A Control - Programmed Flow

Program time - A Pflow - He min. 22.33

Column - Length m 30

Column - Diameter µm 250

Column - Vacuum comp On/Off Off

Split Control - Ratio n:1 95

Split Control - Mode - Ratio

Variable/Parameter unit Value INFO

Detector A - FID - Temp °C 240

Detector A - FID - Range ? 1

Detector A - FID - Time Constant ? 200

Detector A - FID - Autozero On/Off On

Gases - H2 mL/min. 45

Gases - Air mL/min. 450

INT - Attenuation - 0

INT - Offset mV 5

Instrument Control - Carrier

Instrument Control - Detectors

Instrument Control - Oven/Inlets

GC PERKIN ELMER CALRUS 500 PROTOCOL - IBcxH2Ov1_CMZ_07072016

Instrument Control - Autosampler
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Oven Ramp Rate Temp Hold

Initial 0 35 1

1 30 225 1

2 0 0 0

3 0 0

Oven Ramp Rate Temp Hold

Initial 0 230 8.33

1 0 0 0

2 0 0 0

3 0 0

Oven Ramp Rate Temp Hold

Initial 0 1.68 999

1 0 0 0

2 0 0 0

3 0 0 0

Program Table 4

Program Table 5

Program Table 6
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Appendix J  Experimental Setup Images and Schematics 

Two Harvard Apparatus PHD 2000 syringe pumps were used to pump the aqueous feed 

(stream 1) and, cyclohexane (stream 2). Disposable BD syringes were used to pump either 

fluid, and Inner Diameters (ID) for the syringes were taken from BD’s hypodermic syringe 

product information [54]. Tefzel tubing and fittings were used for their transparency and 

material compatibility with cyclohexane. To reduce void volumes in the system, 1/16” OD 

and 0.02” ID Tefzel tubing was used to transport fluid in the system. Tubing and fittings 

used in the experimental setup are outlined in Table 1. 

 

Table 12. List of fittings, valves, and tubing used in connecting the LLE&S pumps, droplet 
junction, contactor, and collection vials. All parts were reviewed for material compatibility 
with cyclohexane, isobutanol, and water. 

 

 

 

Aqueous feed and cyclohexane were first pumped into a droplet junction. The droplet 

junction is a glass chip that was configured for an X-junction. X-junctions are useful for 

forming controlled diameters of droplets by varying the total and relative flowrates of the 

two streams. The chip fits into an H-interface that supports two polymer guides to directly 

connect 1/16” OD polymer tubing to the inlet/outlets as shown in Figure 9.  

 

Part Purpose Part distributor Cat. #

T-Junction Tee Assembly Tefzel® (ETFE), for 1/16" OD, .020 thru hole IDEX P-632

Nut for 1/16" Tubing P-200N - Flangeless Ferrule Tefzel® (ETFE), 1/4-28 Flat-Bottom, for 1/16" OD IDEX p-200N

Tubing Tefzel® (ETFE) Tubing Natural 1/16" OD x .020" ID x 5ft IDEX 1516

Connect Tube to Syringe Female LuerTight™ Fitting System for 1/16" OD IDEX P-835

Ferrule Flangeless Ferrule Tefzel® (ETFE), 1/4-28 Flat-Bottom, for 1/16" OD IDEX P-200NX

Nut Flangeless Nut Tefzel® (ETFE), 1/4-28 Flat-Bottom, for 1/16" OD IDEX P-215

Max Pressure Relief Valve Press Relief Valve Assembly 100 psi IDEX U-456

Luer adapter Male LuerTight™ Fitting System for 1/16" OD IDEX P-836

Back Pressure Regulator BPR Assembly 5 psi - Biocompatible IDEX P-790
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 Dolomite Microfluidics droplet junction in the X-configuration. Organic 
droplets of cyclohexane dyed with Oil Red O are pinched off by a feed of DI H2O 
represented by the blue arrows. Glass chip sits in metal H-interface which supports the 
direct connection of 1/16” OD tubing. 

 

The junction is normally hydrophilic where dispersed droplets of organic are formed in a 

bulk water flow. Optionally it can be manufactured with a hydrophobic coating if it becomes 

necessary to form water droplets dispersed in an organic bulk flow. After droplets formed, 

they passed through the Tefzel tubing into the inlet of the contactor as shown in Figure 10. 

 Each outlet is followed by further Tefzel tubing and a 5 psi BPR for ease of fluid 

flow control. Exiting fluid is then collected and measured for percent phase separation and 

extraction efficiency.
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Two things are important in accomplishing separation, getting the organic phase into the 

correct outlet, and having that outlet be composed of only organic. Volumetric compositions 

were determined by collecting effluent into two separate 20 mL borosilicate foil-lined 

scintillation vials. Two caps were drilled with 1/16” holes to allow sample collection with 

minimal evaporation of cyclohexane as shown in Figure 78. 

 

 

 

 Experimental setup for contactor runs of the LLE&S microcontactor. Syringe 
pumps feed cyclohexane and aqueous solution from two separate streams that meet at a 
droplet junction. Droplets pass through LLE&S are collected in two separate 20 mL 
borosilicate vials over a 2-minute period. 

 

All vials were weighed on a scientific scale (AL-104 ACCULAB) before and after sample 

collection. 

 The composition of the effluent was determined by evaporating the vials in a fume 

hood at room temperature and reweighing every 3 minutes, 5 times, and then every 10 

minutes until all cyclohexane had evaporated. Standards were run to check the effectiveness 

of the method as shown in Figure 77. 
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 Evaporation standard 1 mL H2O and 1 mL cyclohexane in a 20 mL borosilicate 
foil-lined scintillation vial. Vials weighed in scientific scale before and after opening lids and 
letting evaporate in fume hood at room temperature (20 °C). Blue line represents measure 
total mass with respect to duration evaporated. Red line represents the slope between two 
masses. Cyclohexane was considered completely evaporated once slope fell below 0.002 
g/minute. 

 

Four replicate standards of 1 mL of water and cyclohexane predicted the amount of mass of 

each actually added with 96% and 97% accuracy for cyclohexane and water, respectively.  
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The mass of cyclohexane was determined by the mass at which the evaporation rate 

suddenly shifts to <0.002 g/min. which is due to the much higher vapor pressure of 

cyclohexane as shown in Figure 13.  

 

 

 Vapor pressure of cyclohexane (red), water (yellow), and isobutanol (blue) 
compared at a selected range of temperatures. At room temperature (293.15 K), the vapor 
pressures are 77.5, 7.1, and 18.0 for cyclohexane, isobutanol, and water, respectively. Values 
calculated with Antoine’s equation using parameters from NIST databanks, MATLAB script 
shown in Chapter 14.3. 

 

This method was made as an alternative to much less accurate measurement with a 

graduated cylinder due to difficulties of two-phases and fast evaporation of cyclohexane. 

This method is able to detect volumes of cyclohexane less than 100 µg due to the high 

resolution of scientific scales.  
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Appendix K  Liquid-Liquid Separator Flow Plate Dimensions 

 

Table 13. Specified flow plate dimensions. 

 

 

 

Table 14. Measured flow plate dimensions. 

 

 

diameter 

main 

Posts 

(mm)

diameter 

mid Posts 

(mm)

space 

main 

Posts 

(mm)

Space mid 

Posts 

(mm)

Depth

(mm)

0.560 0.500 0.720 1.440 0.300

0.680 0.620 1.380 1.320 0.300

0.800 0.740 1.260 1.200 0.300

0.920 0.860 1.140 1.080 0.300

1.040 0.980 1.020 0.960 0.300

1.160 1.100 0.900 0.840 0.300

1.280 1.220 0.780 0.720 0.300

1.400 1.340 0.660 0.600 0.300

1.520 1.460 0.540 0.480 0.300

1.640 1.580 0.420 0.360 0.300

Flow Plate Specifications

diameter 

main 

Posts 

(mm)

diameter 

midPosts 

(mm)

space main 

Posts (mm)

Space mid 

Posts 

(mm)

Depth 

main 

(mm)

Depth 

Mid (mm)

0.336 - 0.868 1.651 0.347 0.36

0.477 0.405 1.603 1.528 0.36 0.357

0.619 0.550 1.458 1.4 0.358 0.357

0.747 0.690 1.323 1.262 0.358 0.356

0.881 0.819 1.195 1.136 0.353 0.356

1.014 0.950 1.055 0.99 0.354 0.351

1.143 1.073 0.921 0.867 0.346 0.339

1.284 1.216 0.797 0.707 0.338 0.323

1.420 1.356 0.665 0.622 0.311 0.301

- 1.523 0.456 0.266 0.277 0.184

Flow Plate Measurements
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Table 15. Area of various LLS regions 

 

 

 

Table 16. Key LLS Parameter 

 

 

Area Flow Inlet

Triangle (m^2)
0.00009025

Area Rectangular

portion (m^2)
0.00128345

Area Flow outlet

Funnels (m^2)
0.00003

Area flow outlet

Channels (m^2)
9.04957E-05

Area of Main

posts (m^2)
0.000187339

Area of Mid

posts (m^2)
0.000186595

Area of upper

offset (m^2)
2.30294E-06

Total Flow Area

(m^2)
0.001122564

Total Flow Area

(mm^2)
1122.564112

Area Flow region

minus posts (m^2)
0.000911818

Area Features

Variable Unit Value

Length post region mm 86.27

Width post region mm 19

# columns - 40

Gap Gradient µm/2 mm 120

Depth µm 300

Total Area flow mm^2 1113.863
Total Volume Flow mm^3 334.1588

LLS Flow Plate Key Values


