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Abstract

Characterization of flow regimes between
supercritical carbon dioxide and water in microfluidics,
comparing coated and mechanically modified
channels.                                                                                                            
                                                                                                            
Niklas Rogeman

Water and supercritical carbon dioxide have different wetting angles to a glass
surface, where water has a lower angle. In a microfluidic channel, the lower wetting
angle draws the water to surround the supercritical carbon dioxide and the
supercritical carbon dioxide therefore easily form droplets or segments if the flow
rate is low. In this study, the flow of supercritical carbon dioxide and water has been
studied in a microfluidic system with a double Y-channel. The micro channels have
been built in borofloat glass to withstand high mechanical and chemical forces, still
enabling in situ characterization. The aim has been to analyze flow changes in the
water and supercritical carbon dioxide in structured channels with and without
surface modification. 

The result shows that the flow regime of supercritical carbon dioxide and water can
be controlled by changing flow rates, adding walls, or coating a channel as well as any
combination of these three. If adding a large enough wall in a channel, the flow will be
segmented only in half the channel at moderate flow rates from both sources, and
parallel if the flow rate of supercritical carbon dioxide is high enough. A non-polar
coating of half a channel will make the supercritical carbon dioxide flow along the
coated side and supercritical carbon dioxide can by that way be forced to only take
one of the outlets. However, still water exit at both outlets. 
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Populärvetenskaplig sammanfattning 

Vid provtagning i till exempel ett sjukhus skulle mycket tid och plats kunna sparas om endast en 

droppe blod skulle behöva tas för att få ett provsvar inom några få minuter från en liten 

mätsticka. Detta kan möjliggöras genom att utnyttja mikrofluidala system. Två exempel på detta 

är människor som har diabetes som själva kan kontrollera sitt glykogenvärde i blodet med ett 

enkelt stick i fingret. Det andra är gravitetstester där ett urinprov tas på en liten sticka och man får 

ett positivt eller negativt resultat direkt. Dessa tillämpningar möjliggörs genom att manipulera 

små provvolymer vätska i mikrokanaler. I dessa system är yt-till-bulkförhållandet stort, vilket gör 

att ytegenskaper blir mer dominerande än bulkegenskaper.  

 Superkritiska vätskor uppstår när tryck och temperatur är så höga att vätskan hamnar i ett 

tillstånd som påminner om både en vätska och en gas. Generellt beter sig superkritiska vätskor 

som en gas med vätskelik densitet. Detta blandtillstånd kan utnyttjas genom att använda 

superkritiska vätskor som lösningsmedel. Superkritisk koldioxid kan användas som substitut av 

farliga organiska lösningsmedel som hexan eller toluen vid till exempel extraktionsprocesser. 

Genom att kombinera superkritisk koldioxid och vatten i en mikrofluidal miljö kan säkra och 

miljövänliga metoder användas för extraktion.  

 För att kunna utnyttja dessa effekter behövs det stabila system där flöden av superkritisk 

koldioxid och vatten kan kontrolleras och styras. I denna studie undersöks hur superkritisk 

koldioxid och vatten flödar bredvid varandra i en mikrofluidal kanal med dubbla in- och utlopp. 

De parametrar som undersöks är olika flödeshastigheter och om vallar eller en vattenavstötande 

ytbeläggning kan användas för att kontrollera när att de två flödena flödar segmenterat, parallellt 

eller någonting däremellan.  

Genom att öka flödet av superkritisk koldioxid, relativt det av vatten, gick flödena från 

segmenterat till parallellt. Genom att bygga en vall som delvis separerade kanalen i två kunde ett 

mer parallellt flöde erhållas. Då vattenflödet var lika stort som flödet av superkritisk koldioxid 

gav en medelstor vall stabilast parallellt flöde. En liten vall gav ett initialt parallellt flöde som 

sedan segmenterades medan en större vall gav ett parallellt vattenflöde i ena halvan av kanalen 

och ett segmenterat flöde i den andra halvan av kanalen. Med en vattenavstötande ytbeläggning 

längsmed halva kanalen erhölls parallella eller nästintill parallella flöden även vid höga 

vattenflöden och all superkritisk koldioxid tog den belagda delens utlopp. 



 

 

 

  

 Den här studien har visat att det går att belägga endast ena halvan av en kanal samt att det 

är möjligt att bygga en vall i mitten av en kanal som delvis separerar den i två delar. Med hjälp av 

en vattenavstötande ytbeläggning kan framförallt flödet av superkritiskt koldioxid styras och 

beroende på vallhöjd i kanalen kan flödet vatten och superkritisk koldioxid delvis styras.  
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Introduction 

Microfluidics and supercritical fluids  

Microfluidics is the concept of manipulating fluids at a small dimension in tubes or channels, 

where mainly surface forces dominate. Also, the small volume in micro channels makes it easier 

and faster to control pressure and temperature. This makes the microfluidic device a tool for 

screening and optimization of physical and chemical phenomena [1, 2]. Today, microfluidics is a 

key technology in glucometers for diabetics or urine based pregnancy tests [3, 4].  

A supercritical fluid is obtained by combining a pressure and a temperature above the 

critical point of the fluid. At this state, the substance behaves like a fluid with a liquid-like 

density and a gas-like viscosity. Using the supercritical state for fluids like water, H2O, or carbon 

dioxide, CO2, in extraction processes, more harmful organic solvents used today can be 

substituted, giving a more environmental friendly chemistry [2, 5].   

 Combining microfluidics with supercritical fluids enables a greener chemistry and safer 

lab environment from small sample size and less harmful solvents. The precise control of 

pressure and temperature due to small size and integrated systems ease continuous variations of 

the two parameters [2]. This has been a problem for experiments of supercritical fluid 

characterization on a macro scale [5]. 

 Carbon dioxide, CO2, has a critical point at 304.25 K and the pressure of 70 bar, and 

remains in the supercritical state above this temperature and pressure. The main benefit of using 

super critical carbon dioxide, scCO2, as a solvent is the low temperature at the critical point, 

which prevents degeneration of reactants. Also the low vaporization point, 216.55 K, at 

atmosphere pressure facilitates removal of the solvent after extraction or reaction [6, 7].  

In a previos study the system of scCO2 and H2O has been characterized when flowed 

through a double Y-channel shown in the top of figure 1 [8]. The flow varied from a segmented 

to parallel with wavy flow at low scCO2 and high H2O shown in figure 2.  The flow regime was 

shown to be dependent of the total flow rate and also of the independent flow rate of scCO2 with 

respect to H2O. A parallel flow was achieved at a high flow of scCO2 and less dependent on 

having a high flow of water. The three typical flow types are shown in figure 1.  
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Figure 1. (a) a typical double Y-channel at the top and the described flow regimes of (b) segmented, (c) wavy and (d) 

parallel observed by S.Ogden et al. [8]. 
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Figure 2. Different flow regimes depending on the flow rate in elliptic channels with half axes of 90 and 87.5 μm by 

S.Ogden et al. [8]. 

 

 

By using two parallel flows, reaction kinetics can be studied, where the reaction surface 

will be well defined and therefore mass transport can be calculated [9]. In previous studies it has 

been shown that a longer contact time between water and scCO2 has been shown to increase the 

diffusion of Cobalt(III)acetylacetonate from scCO2 to H2O in a parallel flow indicating that the 

lowest flow rate possible in a certain channel while still having a parallel flow would maximize 

the diffusion between the fluids [6]. In a previous study A. Ohashi et al. [6] used a channel that 

was half hydrophobic coated with dichlorodimethylsilane and had a wall that partly separated the 

channel in two to be able to lower the flow rate and still keep a parallel flow. However, the 

dimensions of the wall were not mentioned.  

The reason why scCO2 forms droplets in H2O in a glass tube is because of the surface 

tension, trying to minimize the interfacial area between the two mediums. H2O has a lower 

wetting angle towards glass compared to scCO2, which facilitate that H2O surrounds the scCO2. 
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However, viscous forces are driving the flow onward, acting as a force against droplet formation 

[1].     

Aim 

The following subjects were examined in this study: 

 Investigate hydrofluoric acid etching in borosilicate glass with focus on the ratio between 

horizontal and vertical etch rates and the dependence of mask thickness.  

 Investigate the flow behavior of scCO2 and H2O in a channel and the dependence of a: 

surface modification by building a wall in the middle of the channel that partly separate 

the two halves, and b: chemically modify the surface by a hydrophobic coating layer that 

covers half the channel.   

 Investigate the possibility to manipulate scCO2 to always take the same exit route in either 

a walled or a coated channel.   
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Theory  

Wetting properties of H2O and scCO2 towards glass 

Wetting and surface tension is of central importance in microfluidic systems. A high wettability 

makes the fluid spread out over the surface while a low wettability favors droplets on the surface, 

as shown in figure 3.   

 

Figure 3. The wettability of a fluid to a surface, the lower wetting angle to the left shows good wettability while the large 

angle to the right shows poor wettability.  

 

The contact angle can be calculated depending on the surface tension from 

𝑐𝑜𝑠𝜃 =  
𝜎𝑠𝑔−𝜎𝑠𝑙

𝜎𝑙𝑔
     (1) 

where 𝜃 is the wetting angle between the droplet and the surface, 𝜎𝑠𝑔 is the surface tension 

between solid and gas, 𝜎𝑠𝑙 is the surface tension between solid and liquid and 𝜎𝑙𝑔 is the surface 

tension of liquid and gas [10]. In figure 3 to the left 𝜎𝑠𝑣 > 𝜎𝑠𝑙 , which results in a low wetting 

angle and to the right 𝜎𝑠𝑣 < 𝜎𝑠𝑙 , which results in a high wetting angle. 𝜎𝑙𝑣 influence the magnitude 

of the wetting angle.  

 In the system H2O-scCO2 in glass channel eq 1 is written as 

𝑐𝑜𝑠𝜃𝐻2𝑂 =  
𝜎𝑔𝑙𝑎𝑠𝑠;𝑠𝑐𝐶𝑂2−𝜎𝑔𝑙𝑎𝑠𝑠;𝐻2𝑂

𝜎𝐻2𝑂;𝑠𝑐𝐶𝑂2

       (2) 

and 

𝑐𝑜𝑠𝜃𝑠𝑐𝐶𝑂2
=  

𝜎𝑔𝑙𝑎𝑠𝑠;𝐻2𝑂−𝜎𝑔𝑙𝑎𝑠𝑠;𝑠𝑐𝐶𝑂2

𝜎𝐻2𝑂;𝑠𝑐𝐶𝑂2

     (3) 

The wetting angle between H2O to the glass and scCO2 to the glass will then be determined by 

the difference of surface tension between the two fluids and the glass. The surface tension 

between H2O and scCO2 will influence the magnitude of the angle.   

 The bulk of a material has lower energy compared to the surface. For a liquid, it is the 

surface tension that gives the shape of a droplet on a surface, and the shape is the one where the 

energy is minimized. The surface tension is dependent on the material in contact with the 
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substance. Between materials with similar dipole moments, the surface tension will be low and 

the wettability high, while between materials with a large difference in dipole moment, the 

surface tension will be high and the wettability low. H2O has a high local and net dipole moment, 

while scCO2 has no net dipole moment although the molecule has a local dipole moment, as 

shown in figure 4. H2O is therefore very polar while scCO2 is somewhere the middle between 

polar and non-polar [11]. A clean glass surface has –OH groups attached to it which gives it 

similar dipole properties as H2O, thus the surface tension between H2O and glass will be low and 

the wettability of H2O towards glass is therefore high [12]. The dipole moment of glass is more 

unlike that of scCO2 and thus the surface tension is higher and the wettability lower.  

 

Figure 4. The dipole moment of H2O at the top and CO2 at the bottom. H2O has a net dipole moment where CO2 has none 

while both have a local dipole moment [11]. 

 

If the dipole moment of the surface is changed, the wettability of the fluids will change. Coating 

half of a channel with a non-polar molecule would increase the surface tension of H2O. The 

surface tension of scCO2 would also change but less because of the lower local dipole moment. 

There are several different coatings for such applications. Dichlorodimethylsilane that was used 

by A. Ohashi et al. [6] is one example and the molecule is also used for hydrophobic surface 

treatment of vessels used for cell culturing [13]. The surface will then have –CH3 groups attached 

instead of –OH groups, which have a lower dipole moment and therefore the surface tension of 

H2O towards the surface will rise and the wettability will be lower.   
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Microstructuring  

When building structures in sub-millimeter range, the tools generally used are different from 

creating larger products. The tools used are borrowed from the integrated circuit fabrication and 

semiconductor processing. That is, the manufacturing technique used to create structures on a 

thin substrate, mainly silicon or as in this study, glass, is a series of layered processes [14].  

For example, this is how a small cavity to be used in a pressure sensor is manufactured: 

Start with a silicon wafer, typically some hundreds μm thick, as shown in figure 5a. A thin layer 

of SiO2 are grown to the wafer by placing it in an oven to oxidize the surface silicon, as shown in 

figure 5b. A thin photosensitive layer, called photoresist, is spun or sprayed to the surface, as 

shown in figure 5c. A plate with selective transparent regions, called a mask, is placed close to 

the wafer. By lighting ultraviolet light through the mask towards the wafer only the transparent 

regions will be hit by light. Depending on sort, the photoresist hit by light will either be 

weakened (positive photoresist, the rest of the photoresist is hard) or hardened (negative 

photoresist, the rest of the photoresist is weak). The weak photoresist can then be washed away 

with a photo developer. In this case, if a positive photoresist was used, only where the cavity is 

wanted the mask is transparent, leaving that part of the SiO2 exposed, as shown in figure 5d. The 

exposed SiO2 is chemically etched with buffered hydrofluoric acid so that the silicon underneath 

is exposed, as shown in figure 5e. The photoresist is removed with acetone, as shown in figure 5f 

and the exposed regions of silicon is chemically etched with potassium hydroxide, as shown in 

figure 5g. Etching silicon with potassium hydroxide is anisotropic, which mean that the etch rate 

is not the same in every direction. The SiO2 layer at the side of the cavity can be removed with 

more buffered hydrofluoric, as shown in figure 5h.  [14]. In this study the same techniques are 

used but substrate has been glass instead of silicon.  
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Figure 5. A schematic process of how to make a cavity in a silicon wafer. A clean silicon wafer, a), get oxidized in an oven, 

b). A positive photoresist layer is spun on the wafer, c), and exposed through a chromium mask with transparent windows 

and developed, d). The exposed SiO2 is etched in hydrofluoric acid, e) and the photoresist is removed with acetone, f). 

Silicon is non-isotropically etched with potassium hydroxide, g), and the remaining SiO2 is removed with hydrofluoric 

acid.    
 

Borofloat glass and isotropic etching in glass 

When studying scCO2 the system must be pressurized above 70 bar, which requires the system to 

withstand the high pressure. Borofloat glass meets these conditions and is used in this study. The 

advantage of glass compared to other materials with high strength is the transparency and fluids 

can therefore be characterized by a light optic microscopy. Also, with borofloat it is possibility to 

fusion bond two wafers to each other, which gives the bond similar mechanical properties as the 

bulk material. Table 1 shows the mechanical properties of the borofloat used in this study and 

table 2 shows the chemical composition.  
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Table 1. The mechanical properties of borofloat 33 glass at 298 K [15]. 

Density (g/cm
3
) 2.2 

Young's modulus (GPa) 64 

Tensile trength (MPa) 25 

Knoop hardness 480 

Coefficient of linear thermal expansion (K
-1

) 3.25*10
-6

 

Specific heat capacity (kJ*(kg*K)
-1

) 0.83 

Thermal conductivity (W*(m*K)
-1

) 1.2 

 

Table 2. The chemical composition of borofloat 33 glass [15]. 

SiO2 81% 

B2O3 13% 

Na2O/K2O 4% 

Al2O3 2% 

 

Glass is often etched with hydrofluoric acid (HF) as etchant. HF etches glass isotropically and the 

etch rate depends on the type of glass as well as the concentration of the etchant [16].  

The etch process is isotropic but several factors can affect the rate in different directions. 

The main cause of non-isotropic etching of glass is poor adhesion of the protective layer. If the 

protective layer slowly releases from the wafer, the etchant will be able to etch further and further 

under the protective layer. A schematic sketch is shown in figure 6 showing ideal etching and 

etching where the protective layer with time slowly loose adhesion [17]. 

 

Figure 6. A schematic sketch of ideal isotropic etching to the left and etching where the adhesion between the protective 

layer and the glass is low. 
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Figure 7 shows the etch rate of glass for etching with different concentrations of HF in H2O [16]. 

It should be noted that the composition of the glass changes the etch rate dramatically. For 

example 18% B2O3 in SiO2 lowers the etch rate with roughly 50% in buffered HF (NH4F:HF 

usually 6:1-10:1) compared to the glass with 13% B2O3 that is used in this study.   

 

 

 

Figure 7. The etch rate of quartz glass depending of the concentration of HF in water [16].  

 

Supercritical carbon dioxide 

The physical properties of scCO2 vary with temperature and pressure. Figure 8 shows how the 

density changes at 320 K depending on the pressure and figure 9 shows how the viscosity 

changes in the intervals 313 to 523 K and from 77 to 811 bar [18, 19]. If variations would occur 

in pressure or temperature in a system with scCO2, for examples, the flow velocity and solubility 

in scCO2 would change. Table 3 shows physical properties of scCO2 close to 100 bar and 330 K.  
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Table 3. The viscosity, density and the diffusion constant of scCO2 at 100 bar and nearby 330 K. Also the interfacial force 

between scCO2 and H2O at 90 bar and 343 K in a quartz reactor.  

Viscosity (Pa*s) at 100 bar and 333 K 2*10-5 [18]  

Density (kg/m3) at 100 bar and 330 K 420 [17]  

Diffusion constant at 100 bar and 323 K 10*10-8 [21]  

Interfacial force between scCO2 and H2O (N/m) at 90 bar and 343 K in a quartz reactor 0.034 [22]  

 

Figure 8. The change of density with pressure for scCO2 at 320 K [18].  

 

 



12 

 

Figure 9. The variation of viscosity for scCO2 depending on pressure and temperature [19].  

 

Dimensionless numbers 

In microfluidics, a few dimensionless numbers expresses the character of the flow in a channel. 

The following section about these dimensionless numbers is referred from Squires et al. [1].  The 

most important ones are Reynolds number (𝑅𝑒) which determine whether a fluid in a channel is 

in the laminar or turbulent regime, the Péclet number (𝑃𝑒) which determine the diffusion in a 

laminar flow, and the Capillary number (𝐶𝑎) which relates the viscous forces against the surface 

tension between two fluids.  

 

The Reynolds number  

The 𝑅𝑒 number predicts whether a flow is laminar or turbulent in a channel and is defined as 

𝑅𝑒 =
𝜌𝑣𝐷𝐻

𝜂
      (4) 

where 𝜌 is the fluid density, 𝑣 is the mean fluid velocity, 𝐷𝐻 is the hydraulic diameter (= 
4𝑎

𝑝
 

where 𝑎 is the cross section area and 𝑝 is the wetted perimeter of the cross section (in a circular 

tube 𝐷𝐻  is the same as the diameter)) and 𝜂 is the dynamic viscosity of the fluid. Typically, when 

Re is below 2000 the flow its laminar [1]. This is an arbitrary number and a turbulent flow has 

been seen as low as 400 [2]. In a microfluidic system the flow is normally laminar due to the 

small dimensions. 

 

The Péclet number  

The 𝑃𝑒 number describes the relation between convection and diffusion. It is defined as  

𝑃𝑒 =  
𝑤𝑣

𝐷
      (5) 

where 𝑤 is the width of the channel, 𝑣 is the mean velocity of the fluid, and 𝐷 is the diffusion 

constant of the fluid [1]. When two fluids are in parallel in a channel, the 𝑃𝑒 number express how 

long a distance that it is required for a specimen to diffuse across the channel.  

A supercritical fluid has a more gas like viscosity and the diffusion constant is inversely 

proportional to the viscosity. A lower viscosity (as in gas) will increase the diffusion constant and 

therefore lower the 𝑃𝑒 number, giving shorter diffusion time.  
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The Capillary number 

The 𝐶𝑎 number compares the viscous forces with the flow rate and the interfacial tension and is 

defined as 

𝐶𝑎 =
𝑣𝜂

𝛾
      (6) 

where 𝛾 is the interfacial tension between the two fluids. It indicates if droplets will be formed or 

if the two fluids will flow in parallel [8]. A low 𝐶𝑎 number express the situation where the 

surface tension is the dominating factor, indicating that droplet formation will be favorable. In 

general, 𝐶𝑎 below 1 is needed for droplet formation [20]. As the Ca number is proportional to the 

velocity of the fluid this implies that a higher velocity of the fluids in the system go towards 

parallel flow.  

 

Pressure control  

The pressure drop of a channel is dependent on the length of the channel:  

∆𝑃 =  
8𝑄𝐿𝜂

𝜋𝑟4       (7) 

where 𝑄 is the flow rate of the fluid, 𝐿 is the length, 𝜂 is the viscosity and 𝑟 is the radius. This 

equation can be used to control the pressure by finding a corresponding capillary length to attach 

to the systems outlet [23].    
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Experiment 

Design 

To examine isotropic etching in glass, a mask was designed containing 1000 µm long channels 

with widths from 10 to 100 µm in steps of 10 µm. Each channel width was placed in different 

rows containing 60 channels of that size with altering distance between the channels, starting 

from 4 µm to 240 µm with shifting 4 µm for each new channel, as shown in figure 10.  

 

Figure 10. One of the test patterns of 60 channels for testing isotropic etching in glass. The channel width is 10 µm and the 

altering distance between the channels increase from 4 to 240 µm. 

 

Another mask was made to create four different double Y-channels, with different wall heights 

partly splitting the channels. The distance between the channels in the mask to create such walls 

were 0, 81, 108, 135 µm, as shown in light blue color in figure 11. Thus, when isotropically 

etched the resulting channel will have a wall as shown as a cross section in figure 12. The mask 

channels were 195 µm wide and had two different lengths, 5444 and 14890 µm. An inlets and 

outlets mask was designed as the blue color in figure 11, with a width of 20 µm and a length of 

3500 µm. The wider ending is to facilitate insertion of capillaries.  

 



15 

 

 

Figure 11. The light blue is a schematic sketch of the mask pattern for the channels having different distances in order to 

create the walls after etching. The dark blue pattern is the mask used for create inlets and outlets.     

 

The coating of a channel was designed to coat half the channel as shown schematically in 

figure 12 and 13. 
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Figure 12. A cross section of the designed channels with (bottom) and without (top) walls and coated (right) and non-

coated (left). 

 

Figure 13. A coated channel where the red part is coated hydrophobic and the white part is non-coated. 

 

Manufacturing and experiment 

A detailed description of the manufacturing process of the chips with channels can be found in 

appendix 1. Borofloat glass wafers were cleaned in Piranah, RCA 1, RCA 2 and megasonic wash 

in H2O. Chrome and gold were evaporated on one side of the wafers, as shown in figure 14a. 

Spin resist was spun on the wafers and exposed to a mask with several pass marks so that the 

masks used later could be matched to each other. The photoresist was developed and the exposed 

gold was etched leaving chrome exposed to make contrast for the pass marks. Remaining 

photoresist was stripped.  

 Spray photoresist was sprayed on the wafers and exposed to a mask with inlets and 

outlets, as shown in figure 14b. The photoresist was developed, the exposed gold was etched and 

the now exposed chrome was then etched. Blue tape (Nitto) was attached to the backside of the 

wafers for protection during the following glass etching step. Glass was etched for 12 minutes, 

giving 90 μm deep channels to attach capillaries later, as shown in figure 14c. The remaining 

photoresist was stripped.  

 For the flow channels, the same procedure was used but the photoresist was exposed 

through the mask with flow channels, as shown in figure 14d. The channels were etched for 8 

minutes giving 55 μm deep channels, as shown in figure 14e. The remaining photoresist was 

stripped. 
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 The remaining gold layer was etched followed by etching of the remaining chrome layer, 

as shown in figure 14f. A profilometer was used to measure the channels before bonding and the 

wafers were cleaned in Piranha, RCA 1, RCA 2 and megasonic. They were then manually pushed 

together, two and two to make complete channels, under a light microscope. The wafers were 

placed in a vertical oven at a temperature 100 K above the glass transition temperature but still 

below the melting point of the glass to be fusion bonded, as shown in figure 14g.   
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Figure 14. A schematic drawing of the manufacturing process of flow channel chips from above to the left and as a cross 

section to the right. After passmarks was done, a protective layer of chrome and gold was evaporated to the wafer (a). 

Spray photoresist was sprayed and exposed to the inlet and outlet mask (b). Inlet and outlet channels were etched (c). 

Spray photoresist was sprayed and exposed to the flow channel mask (d). Flow channels were etched (e). Remaining 

protective layers were stripped (f) and the wafers were manually aligned and dipole bonded. The wafers were put in an 

oven to be fusion bonded (g).  
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Glass etching 

The thickness of gold as a protective layer while etching for several different time spans was 

examined. Two different thicknesses were tested, 3*100 nm and 3*50 nm. The reason gold was 

evaporated three times was to reduce pin holes through the gold. The main focus was to 

determine what was the etch rate ratio between horizontal and vertical and if it would differ 

depending on the gold thickness to possibly minimize gold consumption. The result from this 

study was taken to calculate the distance between mask channels to create etched channels with 

walls. Also, because the preferred photo developer, AZ 400, was finished during the testing 

another developer, 351, was tried while waiting for more. The tested parameters are shown in 

table 4.  

 

Table 4 shows the different parameters tested for etch ratio.  

 

Test developer Au thickness (nm) Etch time (min) 

Wafer 1 1 AZ 400 3*100 2 

 

2 AZ 400 3*100 3.5 

 

3 AZ 400 3*100 5 

 

4 AZ 400 3*100 6.5 

 

5 AZ 400 3*100 8 

Wafer 2 6 351 3*50 9.5 

 

7 351 3*50 11 

 

8 351 3*50 8 

 

9 AZ 400 3*50 9.5 

 

10 AZ 400 3*50 11 

 

Channel coating 

The principle of the coating of half the channels is shown in figure 15 and how it actually looked 

in figure 16.  

Following the recipe received from W. D Noteboom et. al. [13] for siliconizing glassware 

for cell culture, concentrated potassium hydroxide (36% in H2O) and ethanol (96% in H2O) were 

prepared in 1:9 ratio more than two weeks before usage. A chip was then flushed with the 

solution for 10 minutes to be clean and then dried with air for minimum 30 minutes. To coat only 
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half the channel, pure toluene was to be flown parallel with the coating agent, 

dichlorodimethylsilane, solved in toluene. Flow rates had to be verified for finding the flow rate 

where toluene flowed parallel with the coating agent dissolved in toluene. A small amount of 

Sudan IV (a non-active red coloring agent) was solved into toluene and acted as a visible 

substitute for the coating agent. Non-colored toluene was pumped through the channel from one 

of the inlet capillaries. The other inlet capillary was placed in a small beaker containing colored 

toluene. The outlet at the same side as the colorless toluene was placed in an empty beaker while 

the other outlet capillary was attached to a 10 ml plastic syringe. The syringe was used to create 

an under pressure, making colored and non-colored toluene flowed parallel in the channel. 

Several inlet volumes/minutes from the non-colored toluene were tested for the system and 15 

μl/min was finally used. 

The colored toluene was replaced by dichlorodimethylsilane diluted into toluene 1:99 by 

volume. Toluene was pumped for at least one minute, then manually an under pressure was made 

with the syringe and hold for one minute. When the under pressure was released the toluene was 

kept flowing through the channel for one more minute. The system was then dried with air for a 

minimum of 30 minutes.  

 

Figure 15. The system used for coating a hydrophobic layer on half the channel. Toluene is pumped with constant flow 

rate and then a syringe on the other side creates an under pressure that makes the diluted dichlorodimethylsilane flow 

parallel with toluene.  
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Figure 16. The chip during coating process. The red part symbolizes the coated part and only take the right outlet. If 

closely examined the flow can be seen to be parallel in the in the channel part.   

Test structure 

As shown in figure 17, food grade CO2 (99,5% purity, AGA, Kolsyrepatron 425g) was filled into 

a high pressure pump (100 DM, Teledyne Isco, USA) and compressed to 100 bar. H2O was filled 

into an equal pump and also compressed to 100 bar. The chip was placed on a hot-plate and 

heated to 323 K. The inlets capillaries were drenched with thermal grease to ensure the right 

temperature of the fluids before reaching the chip. The pressure of the system was controlled with 

a fixed length capillary that both outlets were attached to. To image the fluids, a microscope 

(Nikon, TV Lens C-0.45x) with external light sources was used and a high speed camera (MIRO, 

M 310) was attached to the microscope. A heater at 360 K was placed at the outlet to prevent ice 

clogging due to CO2 freezing the water when expanding. While experimenting, the pressure was 

measured in the pump, but to control the accuracy a pressure device was also placed after the 

outlet and before the pressure drop capillary. However, the pressure devise did influence the flow 

from the chip so it was removed for the test series. The pressure after the chip compared to the 

pressure in the pump was approximately 3 bar lower. The goal was to keep 100 bar at the pump 

but pressures between 80 to 120 bar was accepted. Equation 7 was used for H2O as a baseline to 

know what flow rate to use for a certain length of a pressure drop capillary. This was also tested 

experimentally by using a constant pressure at 100 bar and flow only H2O and then only scCO2 

resulting in 110 μl/min if only H2O was flown and 450 μl/min if only scCO2 was flown. A flow 
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rate of 150 μl/min was chosen as a constant total flow to keep the pressure low enough with a 

high H2O flow and high enough with a high scCO2 flow. The flow rates were measured in the 

pump as volume per minute and the temperature in the pump was 283 K. The channel cross 

section was imaged in a light optical microscope (Olympus, AX70TRF).  

 

 

Figure 17. The experimental setup. Two HPLC pumps pressure CO2 and H2O through capillaries into a channel chip that 

is heated by a hotplate. A camera is attached to a microscope that views the chip from above. At the end of the chip, two 

capillaries direct the fluid to a Y-junction where an optional pressure device is placed. The fluids is then directed to a long 

pressure drop capillary. The outlet of the pressure drop capillary is surrounded by a heater to minimize freezing of water 

by expanding CO2. 
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Results 

Glass etching and channel structure  

The rate difference between horizontal and vertical etch were identified and characterized for two 

different thickness of gold as protective layer and two different developers. The results are shown 

in table 5. The ratio of horizontal versus vertical etching is lower when a thicker gold layer is 

used and lowered when the developer 351 is used.  

 

Table 5. The variation of horizontal and vertical etch rate depending on the amount of masking material and the photo 

developer used. The result is presented as a minimum and maximum value of the ratio for each group.  

Setup Ratio horizontal/vertical etch 

100 nm Cr; 3*100nm Au; 12μm spray photo resist;  AZ400 

developer 

1.2-1.65 (5 tests) 

100 nm Cr; 3*50nm Au; 12μm spray photo resist; 351 developer 2.3-2.5 (3 tests) 

100 nm Cr; 3*50nm Au; 12μm spray photo resist; AZ400 

developer 

1.8-1.9 (2 tests) 

 

Because of relatively good repeatability and minimized material usage 100 nm Cr, 3*50 nm Au 

and 12 μm spray photo resist with AZ400 developer was used as protective layer for the etching 

of the fluid chips.  

The first batch of fluidic chips had a horizontal/vertical ratio of 1.8 while the second batch 

had a ratio of 1. The resulting parameters of the first batch are shown from a profilometer in table 

6 and from LOM in figure 18. As can be seen there is a misalignment up to 30 μm. Only the first 

batch was used for flow regime experiments with scCO2 and H2O. In the results the channels will 

be named after the percentage of the wall height to the whole channel height.  

 

Table 6. The measured dimensions for the four structures after manufacturing  

Distance between 

channels in mask (μm) 

Depth 

(μm) 

Wall 

(% of depth) 

Etch time 

(min) 

Total channel 

width (μm) 

0 114 0% 7 385 

81 111 26% 7 388 

108 110 47% 7 381 

135 108 65% 7 378 
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Figure 18. The cross section of the four channel types through a light optic microscope. Top left (a) shows the no wall 

channel, top right (b) shows the channel with 81 μm distance in the mask, bottom left (c) shows the channel with 108 μm 

distance in the mask and bottom right (d) shows the channel with 135 μm distance in the mask.  

 

Hydrophobic channel coating 

A glass surface was coated the same way as the channels, prepared with potassium hydroxide and 

half the glass was also coated with dichlorodimethylsilane. The result can be seen in figure 19 

where the coated part is to the right. H2O droplets were applied to the surface and the contact 

angle of H2O towards the glass surface was inspected. The coated part to the right has a higher 

angle. 
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Figure 19. The change in wetting angle of H2O after a hydrophobic surface coating to the right compared with non-coated 

to the left.  

 

In the investigated system H2O, scCO2 and glass the result is shown in figure 20. The contact 

angle for scCO2 is marked as red and is about 15-30
o
 before coating, as compared to 50-70

o
 after 

coating.  
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Figure 20 A coated channel to the right and non-coated channel to the left. The scCO2 is digitally colored in red and the 

contact angle in green.    

 

Flow regimes 

The dimensionless numbers were calculated and presented in table 7. The velocity in a channel is 

the flow rate divided by the cross section area. The result is taken as an interval of the channel 

with no wall and the channel with the biggest wall as this will affect the flow velocity and 

therefore the dimensionless numbers.  

The flow was laminar. The distance until the scCO2 is fully saturated in the H2O part was 

285-336 times the channel width, or 0.11-0.13 m, which is about 8 times longer than the long 

Non-coated Coated 
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type of the channels. The Capillary number was 5.9-7.0*10
-5

, which is indicating a possibility of 

segmented flow.  

 

Table 7. The dimensionless number for the channels shown as an interval between no wall and the highest wall partly 

separating the channel.  

Flow rate Re Pe Ca 

150 μl/min 161-180 285-336 5.9-7.0*10
-5 

 

Table 8 shows what channel types that where tested and all observations can be seen in 

appendix 2. Due to chip breakage during manufacturing some of the channel types were not 

tested.  

 

Table 8. The channel types that were experimented on with scCO2 and H2O marked with x for full or near full series, (x) 

had only one value obtained and --- where no experiment was performed.  

Wall height (% of 

total height) 

Short channel 

non-coated 

Short channel 

coated 

Long channel 

non-coated 

Long channel 

coated 

0 X X X X 

26 X X --- --- 

47 X --- --- --- 

65 X (X) X X 

 

During a constant flow rate of 75 μl/min of both H2O and scCO2 the dependency of walls in non-

coated channels is shown in figure 21. In the figure scCO2 is digitally colored red and the flow 

goes from the bottom to the top. At this flow rate and when there is no wall, the scCO2 flow is 

segmented and goes through both outlets. With a small wall in place, parallel flow was partially 

observed however, segmented flow was still present and the scCO2 flows through both outlets. 

With the 47% wall in place the flow is parallel and scCO2 only flow through the left outlet. With 

the largest wall, only water takes the right part of the channel but creates a segmented flow in the 

left part of the channel. The scCO2 only flows through the left outlet.  
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Figure 21. The flow regimes at 75 μl/min of both H2O and scCO2 for the four wall heights when non-coated. ScCO2 is 

digitally colored red and the flow goes from the bottom to the top.  

 

A comparison of flow rates in the different channels at a total flow of 150 μl/min can be seen in 

figure 22-25. When the channel had no wall, as shown in figure 22, the scCO2 had a segmented 

flow at 75 μl/min of both H2O and scCO2. While increasing the flow rate of scCO2 and 

decreasing the flow rate of H2O the flow had a tendency to go more and more parallel. However, 

when no wall was in place, the scCO2 did always exit through both outlets. The same trend could 

be seen for the 26% wall, as shown in figure 23. However, when the parallel flow was achieved 

all the scCO2 took the left exit. For the 47% wall, as shown in figure 24, a parallel flow was 

achieved for all flow rates tested and the scCO2 always took the left exit. For the 65% wall, as 

shown in figure 25, at 75 μl/min of both H2O and scCO2, the scCO2 only stayed in the left part of 

the channel. However, the flow was segmented in the left part and the scCO2 only took the left 

exit. While increasing the flow rate of scCO2 and decreasing the flow rate of H2O the flow was 

partially parallel. For high scCO2 flows, the scCO2 did flow in the left part of the channel and 

create a segmented flow with H2O in the right part of the channel. 

 

 

0% wall 26% wall 47% wall 65% wall 
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Figure 22. Three different flow rates for scCO2 and H2O in a channel with no wall, where scCO2 is colored red. The flow 

goes from segmented towards parallel when increasing the flow rate of scCO2 while decreasing the flow rate of H2O.  

 

75 μl/min H2O 

75 μl/min scCO2 

 

55 μl/min H2O 

95 μl/min scCO2 

 

45 μl/min H2O 

105 μl/min scCO2 
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Figure 23. Three different flow rates for scCO2 and H2O in a channel with 26% wall, where scCO2 is colored red. The flow 

goes from segmented towards parallel when increasing the flow rate of scCO2 while decreasing the flow rate of H2O. 

 

 

75 μl/min H2O 

75 μl/min scCO2 

 

45 μl/min H2O 

105 μl/min scCO2 

 

35 μl/min H2O 

115 μl/min scCO2 
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Figure 24. Three different flow rates for scCO2 and H2O in a channel with 47% wall, where scCO2 is colored red. For all 

flow rates tested the flow was parallel.  

 

 

 

75 μl/min H2O 

75 μl/min scCO2 

 

55 μl/min H2O 

95 μl/min scCO2 

 

35 μl/min H2O 

115 μl/min scCO2 
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Figure 25. Four different flow rates for scCO2 and H2O in a channel with 65% wall, where scCO2 is colored red. The flow 

goes from segmented only in the left part of the channel towards parallel when increasing the flow rate of scCO2 while 

decreasing the flow rate of H2O.  

 

Figure 26 and 27 shows coated channels and should be compared with corresponding non-coated 

channels in figure 22 and 23. The flow becomes parallel or segmented in the scCO2 part of the 

channel while the H2O part of the channel always was parallel. The scCO2 always take the left 

outlet for the flow rates tested. Although it can’t be seen in these figures, it is confirmed in a 

video a small amount of H2O also takes the scCO2 exit.  

75 μl/min H2O 

75 μl/min scCO2 

 

55 μl/min H2O 

95 μl/min scCO2 

 

35 μl/min H2O 

115 μl/min scCO2 

 

15 μl/min H2O 

135 μl/min scCO2 
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Figure 26. A coated channel with no wall, where scCO2 is colored red. The flow is parallel and the scCO2 only goes into the 

left outlet.  

 

 

 

 

 

75 μl/min H2O 

75 μl/min scCO2 

55 μl/min H2O 

95 μl/min scCO2 

45 μl/min H2O 

105 μl/min scCO2 
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Figure 27. A coated channel with 26% wall, scCO2 is colored red. The flow is parallel and the scCO2 only goes into the left 

outlet. 

 

 

 

  

75 μl/min H2O 

75 μl/min scCO2 

45 μl/min H2O 

105 μl/min scCO2 

35 μl/min H2O 

115 μl/min scCO2 
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Discussion  

By partly coating a channel, the wettability of H2O towards the coated part decreases, which 

facilitates a parallel flow.  The flow of scCO2 can be established to only take one of the outlets, 

however the same control of the H2O part was harder to establish. When scCO2 only took one 

exit the H2O did come into the same exit as small segments in a repeatable fashion. A parallel 

flow where the scCO2 took one exit while H2O took the other was achieved for a 47% walled 

non-coated channel at all tested flow rates and for a 26% walled non-coated chip for high flow 

rates of scCO2.  

Changing the flow rate, the viscous part of the Ca number changes and the flow regime 

can be controlled. That is a confirmation of S. Ogden et al. [8], scCO2 will flow parallel with H2O 

at higher flow rate of scCO2. By coating a hydrophobic layer in half the channel the flow is more 

parallel at lower scCO2 flow rates. This confirms the study of A. Ohashi et al. [6]. Here, different 

wall heights are also accounted for, with and without a coating. Depending on height and flow 

rate, a wall without coating can be sufficient to guide the flow of scCO2 and H2O. A. Ohashi et al. 

[6] did use a hydrophobic coating and a wall without describing the manufacturing process to 

make them or the height of the wall. These processes are described and verified in this work in 

detail.  

 S. Ogden et al. [8] did mention ice clogging in the outlet capillary when using high flow 

rates and solved the problem by using a wider and therefore longer pressure drop capillary. The 

ice clogging occurs when CO2 is free to expand at the outlet and freeze the H2O. The same 

problem arose in this study and was partly solved by using a heater at the end of the outlet 

capillary as well as a longer and wider outlet channel. Another solution to be tested would be to 

use a pressure drop capillary that widens over the length. For example a 3 meter long channel that 

in starts with a 50 μm inner diameter and in several steps widens to a millimeter in diameter. Also 

if smaller flow channels are used, a lower flow rate is needed for the same flow velocity and 

therefore the ice clogging would be minimized. Due to the ice clogging, higher flow rates then 

150 μl/min could not be tested. 

Depending on  what application is wanted, this study can be used as a start to what type of 

chip that should be manufactured and approximately in what flow rate they should be run. For 

example, if a parallel flow is wanted as an extraction tool, the contact area between the fluids 

should be as high as possible and the flow rate as slow as possible while still keeping the flow 
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parallel. In that case, a small wall and a hydrophobic coating would be a good starting point. For 

further studies, a three parallel flow channel could be made to increase the contact area twofold.  

 All the flow rates measured in the experiments was measured in the pump as volume per 

minute. The temperature in the pump was lower than in the chip and as the density of scCO2 at 

323 K is much lower than at 283 K.  The flow rate in the chip is therefore much higher than in the 

pump. At 100 bar pressure the density of CO2 at 283 K is 921 kg/m
3
 and at 232 K the density of 

scCO2 is 407 kg/m
3
. If the flow rate in the pump is 75 μl/min then it is 170 μl/min in the flow 

channel. This does not change the results but if this work is to be compared to previous or future 

studies, the flow in channel should be compared, not in the pump. It is not clear if previous 

studies referred to in this study have taken this into account. 

Theoretically, glass etching is isotropic but the etch rate in this study was faster 

horizontally then vertically. The ratio between horizontal and vertical etching seems to be 

dependent of the mask used as well as what developer that has been used. A likely scenario, 

which also corresponds to theory, is poor adhesion of the protective layer to the glass, thus 

enabling the hydrofluoric acid to start etching under the layer. "The first batch manufactured 

supported the results from the initiating etch rate study well. However, the second batch 

manufactured had almost the same etch rate horizontally and vertically even though it was made 

with the same process as the first batch. Thus, the adhesion of the protection layer of the second 

batch manufactured must have been superior. Since the channel mask was designed to make 

walls of a certain height depending the distance in the mask, the walls in the second batch 

became too high due to superior adhesion and the chips could not be used.  

 The misalignment of the wafers was estimated to differ up to 30 μm. Since the alignment 

was done manually under a microscope the result is considered a success. However, the manual 

alignment as a method is not good enough and causes variations in the wall structures. That leads 

to uncertainty in the results from the flow experiments. Hence, a nano-imprinter was tested for 

wafer alignment. Although being a promising technique, the two sample position cameras were 

misaligned. Thus, the technique was not prioritized in the scope of this work but for further 

studies, recalibrating the cameras would enable better alignment. Another way to work around 

the problem of alignment is to only have a flow channel in one of the wafers leaving the other 

one flat.  
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 The manufacturing did have two critical steps, bonding and dicing, that made the yield go 

from almost 100% to about 30%. The first step was that even after rigorous cleaning procedure, 

some small dirt particles were remaining during bonding. Several attempts was made to improve 

the bonding, for example by heating the wafers after cleaning in a clean oven at 363 K for 30 min 

and move the microscope used for bonding to the cleanest part of the clean room. However as the 

yield did not improve the method finally used was to first clean the microscope and then be as 

fast as possible after finishing the cleaning until bonding. This improved the yield to about 70%. 

The second step that drastically lowered the yield was the dicing saw. While dicing, a small crack 

would appear in the glass that then propagated over the wafer, destroying large amounts of chips. 

Some small adjustments of the settings were used with no visible change in the results. The 

consequence of the low yield was that not all chip types could be tested.   

 While doing experiments on the chips, the internal pressure was between 80-120 bar and 

the temperature 323 K. Unfortunately the chips did break usually after a few hours and all the 

experiments that were planned could not be performed. For example, the extraordinary results of 

the 47% wall with only parallel flow could not be repeated due to only few of these chips being 

manufacturing and fast breakage of those who made it. Only one chip did manage a whole test 

series.  

 To get a good image from the high-speed camera the light settings for the microscope was 

a key factor. Several external light sources were used but the settings had to be rearranged for 

every new test chip and sometimes it was hard to get good light. If the light was bad the resulting 

image was hard to analyze. A more standardized light system, maybe integrated in the 

microscope would facilitate the visibility of the result.  
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Conclusions 

The possibility to coat half a glass channel to make it more hydrophobic was shown. By coating 

the channels all scCO2 in the system took the coated outlet for the flows and channels tested. 

Building high enough walls could also be used to guide a scCO2 flow into a certain exit. Using a 

hydrophobic coating or building high enough walls could be used to create parallel flows 

between scCO2 and H2O when the flow rate of both scCO2 and H2O were high enough.   
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Appendix 1 

1: Borofloat glass wafers (Schott borofloat 33, 700 μm thick) were cleaned in following order:  

- Piranha wash for 10 minutes (1:1 96% sulfuric acid n H2O: 36% hydrogen peroxide in H2O). 

- RCA 1 wash for 10 minutes at 333 K (5:1:1 Deionized H2O: 29% ammonium hydroxide in 

H2O: 36% hydrogen peroxide in H2O that is poured when last when the solution is hot). 

- RCA 2 wash for 10 minutes at 333 K (5:1:1 Deionized H2O: 39% Hydrochloric acid in H2O: 

36% hydrogen peroxide in H2O that is poured when last when the solution is hot). 

- Megasonic for 10 minutes at 333 K (a gentle acoustic cleaning method). 

 

2: The wafers were put in an evaporator (Evaporator - cryo, Lesker PVD 75).  

- 100 nm chrome, Kurt J Lesker, Chromium metal pieces) was evaporated. 

- 3*50 nm gold, Karana ädelmetall, Guld 24K Tråd, was evaporated with 10 minutes delay time 

between each 50 nm round.  

 

3: Etching passmarks. 

-  Positive photoresist, Shipley 1813, was spun at 6000 rpm for 30 seconds. Soft baked at 383 K 

for 1 minute, exposed to a standard passmark mask for 6 seconds with Al gap = 40 µm hard 

contact, developed in 351 for 50 seconds, rinsed in DI-water for 1 minute and dried with a 

spinner and nitrogen gas. Then hard baked for 1 minute at 383 K. 

- Gold was etched for 1 minute (100 g KI, 25 g I in 100 g water). 

- Remaining photoresist was stripped with acetone. 

 

4: Etching inlets and outlets.  

- Positive spray photoresist (AZ 9260) was sprayed on the wafers, 12 μm resist. Soft baked at 363 

K for 2 minutes and 20 seconds, exposed to flow channel mask for 4*30 seconds with 45 seconds 

hold time, Al gap = 70 μm and hard contact. Developed in AZ 400 for 3-5 minutes (checked in 

microscope after 3 minutes and if not fully developed further time was given) and dried in 

nitrogen gas.  

- Gold was etched for 1 minute. 

- Chrome was etched for 1 minute (ammonium cerium nitrate 10-15%, HCl 15-20% in H2O). 

- Inlets and outlets were etched for 12 minutes.  
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- Remaining photoresist was stripped with acetone. 

 

5: Etching flow channels.  

- Positive spray photoresist (AZ 9260) was sprayed on the wafers, 12 μm resist. Soft baked at 363 

K for 2 minutes and 20 seconds, exposed to inlets and outlets mask for 4*30 seconds with 45 

seconds hold time, Al gap = 70 μm and hard contact. Developed in AZ 400 for 3-5 minutes 

(checked in microscope after 3 minutes and if not fully developed further time was given) and 

dried in nitrogen gas.  

- Gold was etched for 1 minute. 

- Chrome was etched for 1 minute. 

- Flow channels were etched for 8 minutes. 

- Remaining photoresist was stripped with acetone. 

 

6: Cleaning, profiling and bonding. 

- Remaining gold was etched for 1-5 minutes. 

- Remaining chrome was etched for 1-5 minutes. 

- The wafers were profiled in a profilometer (VEECO, Dektak 150). 

- Piranha wash 10 minutes. 

- RCA 1 wash for 10 minutes. 

- RCA 2 was for 10 minutes. 

- Megasonic for 10 minutes. 

- Manually bonded under a microscope (Nikon, C-LEDS) and held under 1kg of pressure for 60 

minutes.  

- The bonded wafers where put onto a dummy wafer in a vertical (Koyo Lindberg, Micro TF-6) 

oven (not to bend while heated above Tg) and heated to 898K in 6 hours with 2 K/minute 

ramping temperature both up and down for fusion bonding. 

 

7: Dicing chips and gluing capillaries.  

- A dicing saw (Disco, DAD 361) was diced the bonded wafers into chips.  
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- Capillaries with inner diameter of 75 μm and outer diameter of 150 μm were glued with epoxy 

(Lotite Power Epoxy) to the inlets and outlets of the channels. The epoxy was cured in room 

temperature for 24h.  

Appendix 2 

Small chip, no wall, non-coated 

Q 
H2O 

Q 
CO2 

Pressure 
(bar) 

Flow regime CO2 outlet Comment 

95 55 97 Segmented  
Usually left 
(scCO2 side) 

CO2 wet only the water side in the first half 
of the channel 

85 65 97 Segmented  both 
Small CO2 segments compare to water, 

parallel first 5-10% 

75 75 110 Segmented  both Stable flow, same size segments 

65 85 105 Segmented  both 
CO2 segments leave water droplets in the 

channel 

55 95 106 Segmented  both 
CO2 segments leave water droplets in the 

channel 

45 105 100 
50% 

Segmented, 
50% parallel 

both 
Unstable flow. Only one CO2 segment at 

the time. Parallel flow in the first half that 
collapse. CO2 only wet the waterside. 

35 115 98 
70% 

Segmented, 
30% parallel 

both 
Parallel flow that collapse after the first 

half. Last third the water and CO2 wet both 
sides. 

25 125 85 
70% 

Segmented, 
30% parallel 

both 
Parallel flow that collapse after the first 

half. Last third the water and CO2 wet both 
sides. 

15 135 75 
90% 

Segmented, 
10% parallel 

both 
Parallel most of the time. The water does 
not intercept the CO2 except in the end. 
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Small chip, no wall, coated 

Q 
H2O 

Q 
CO2 

Pressure 
(bar) 

Flow regime CO2 outlet Comment 

75 75 111 Parallel Left 
The CO2 outlet is segmented and a bit 

instable. As a cross section water has 2/3 
and CO2 1/3. 

65 85 115 Parallel Left 
The CO2 outlet is segmented and a bit 

instable. As a cross section water has 2/3 
and CO2 1/3. 

55 95 108 Parallel Left 
The CO2 outlet is segmented and a bit 

instable. As a cross section water has 1/2 
and CO2 1/2. 

45 105 102 Parallel Left 
The CO2 outlet is segmented and a bit 

instable. As a cross section water has 1/2 
and CO2 1/2. 

 

Small chip, 26% wall, non-coated 

Q 
H2O 

Q 
CO2 

Pressure 
(bar) 

Flow regime CO2 outlet Comment 

75 75 110 Segmented Both 
The water collapse into the CO2 channel 

and the CO2 comes into the water channel 
as a segment after the collapse.  

65 85 110 Segmented Both 
The water collapse into the CO2 channel 

and the CO2 comes into the water channel 
as a segment after the collapse.  

55 95 100 Segmented Both 
The water collapse into the CO2 channel 

and the CO2 comes into the water channel 
as a segment after the collapse.  

45 105 96 
Segmented/parallel 

(instable) 
Both 

The water collapse into the CO2 channel 
and the CO2 comes into the water channel 

as a segment after the collapse. Parallel 
flow between the collapses 

35 115 99 Parallel Left Stable parallel flow 

25 125 92 Parallel Left Stable parallel flow 

15 135 92 Parallel Left 
Stable parallel flow, only a few water 

droplets into the CO2 outlet 
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Small chip, 26% wall, coated 

Q 
H2O 

Q 
CO2 

Pressure 
(bar) 

Flow regime CO2 outlet Comment 

95 55 96 
Segmented in 

the CO2 channel 
Left The CO2  walks slowly towards the wall 

85 65 96 

Parallel (small 
water segments 

in the CO2 
channel) 

Left 
Mostly parallel, small water segment break 

into the CO2 flow 

75 75 96 

Parallel (small 
water segments 

in the CO2 
channel) 

Left 
Mostly parallel, small water segment break 

into the CO2 flow 

65 85 96 
Parallel (in the 
water channel 

wavy) 
Left 

The water are forced towards the wall, 
unstable water segment fill the water part 
of the channel. Small water segments also 

take the left outlet. 

55 95 96 
Parallel (in the 
water channel 

wavy) 
Left 

The water are forced towards the wall, 
unstable water segment fill the water part 
of the channel. Small water segments also 

take the left outlet. 

45 105 106 Parallel Left 
 

35 115 106 Parallel Left 
 

25 125 86 Parallel Left 
 

 

Small chip, 47% wall, non-coated 

Q 
H2O 

Q 
CO2 

Pressure 
(bar) 

Flow regime CO2 outlet Comment 

85 65 100 Parallel Left Stable 

75 75 114 Parallel Left Stable 

65 85 121 Parallel Left Stable 

55 95 118 Parallel Left Stable 

45 105 106 Parallel Left Stable 

35 115 100 Parallel Left Stable 

25 125 94 Parallel Left Stable 
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Small chip, 65% wall, non-coated 

Q 
H2O 

Q 
CO2 

Pressure 
(bar) 

Flow regime CO2 outlet Comment 

95 55 97 

Parallel in water 
part, 50% 

segmented in 
CO2 part 

Left 
Water goes into the CO2 part about half 

way into the chip as a segment 

85 65 97 

Parallel in water 
part, 50% 

segmented in 
CO2 part 

Left 
Water goes into the CO2 part about half 

way into the chip as a segment 

75 75 100 

Parallel in water 
part, 50% 

segmented in 
CO2 part 

Left 
Water goes into the CO2 part about half 

way into the chip as a segment 

65 85 107 

Parallel in water 
part, 40% 

segmented in 
CO2 part 

Left 
Water goes into the CO2 part about half 

way into the chip as a segment 

55 95 110 

Parallel in water 
part, 40% 

segmented in 
CO2 part 

Left 
Water goes into the CO2 part about half 

way into the chip as a segment 

45 105 106 Parallel Left Segmented at the CO2 outlet 

35 115 95 Parallel Left Segmented at the CO2 outlet 

25 125 95 Parallel Left Segmented at the CO2 outlet 

15 135 82 

Parallel in CO2 
part, segmented 

in the water 
part 

both 
CO2 goes into the water part directly after 

the inlet as a small segment. 

 

Small chip, 65% wall, coated 

Q 
H2O 

Q 
CO2 

Pressure 
(bar) 

Flow regime CO2 outlet Comment 

75 75 108 
Parallel, a bit 
segmented 

Left 
Instable flow, sometime parallel. Water 
sometime goes into the CO2 part but is 

pushed back. 
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Large chip, no wall, non-coated 

Q 
H2O 

Q 
CO2 

Pressure 
(bar) 

Flow regime CO2 outlet Comment 

75 75 97 Segmented Both 
Segments are created directly into the 

channel, stable flow 

65 85 97 Segmented Both 
Segments are created directly into the 

channel, stable flow. Slightly bigger 
segments then previous. 

55 95 97 Segmented Both 
Segments are created  5-10% into the 

channel 

45 105 97 Segmented Both 
Segments are created  10-20% into the 

channel 

35 115 97 Parallel Both Segmented water outlet 

25 125 97 Parallel Both Segmented water outlet 

 

Large chip, no wall, coated 

Q 
H2O 

Q 
CO2 

Pressure 
(bar) 

Flow regime CO2 outlet Comment 

75 75 82-94 Parallel/collapsing Left 

Parallel flow where water slowly goes into 
the CO2 side. The CO2 however does not 

get segmented but pressure back the 
water instead.  

65 85 104-106 Parallel wavy Left 
Segmented CO2 outlet that creates a ripple 

through the channel. 

55 95 103-105 Parallel Left Segmented CO2 outlet 
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Large chip, 65% wall, non-coated 

Q 
H2O 

Q 
CO2 

Pressure 
(bar) 

Flow regime CO2 outlet Comment 

85 65 92 

Parallel in 
water part, 60% 

segmented in 
CO2 part 

Left 
Only one segment at the time in the 

channel 

75 75 100 

Parallel in 
water part, 50% 

segmented in 
CO2 part 

Left 
Only one segment at the time in the 

channel 

65 85 106 

Parallel in 
water part, 40% 

segmented in 
CO2 part 

Left 
Only one segment at the time in the 

channel 

55 95 106 

Parallel in 
water part, 40% 

segmented in 
CO2 part 

Left 
Only one segment at the time in the 

channel 

45 105 96 

Parallel in 
water part, 40% 

segmented in 
CO2 part 

Left 
Only one segment at the time in the 

channel 

35 115 95 Parallel Left Segmented flow at the CO2 outlet 

25 125 92 Parallel Left 
Very seldom segmented flow in the CO2 

part 

15 135 84 

Parallel in CO2 
part, 30% 

segmented in 
the water part 

Both Some segments in the water part 
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Large chip, 65% wall, coated 

Q 
H2O 

Q 
CO2 

Pressure 
(bar) 

Flow regime CO2 outlet Comment 

75 75 111-112 

Parallel in the 
water part, 
segmented 

over 90% of the 
CO2 part. 

Left 
The water flow collapse the CO2 channel 
and the segment grow over the channel. 

CO2 only takes the left outlet. 

65 85 106-110 

Parallel in the 
water part, 
segmented 

over 90% of the 
CO2 part. 

Left 
The water flow collapse the CO2 channel 
and the segment grow over the channel. 

CO2 only takes the left outlet. 

55 95 98-100 

Parallel in the 
water part, 
segmented 

over 90% of the 
CO2 part. 

Left 
The water flow collapse the CO2 channel 
and the segment grow over the channel. 

CO2 only takes the left outlet. 

45 105 94 

Parallel in the 
water part, 
segmented 

over 90% of the 
CO2 part. 

Left 
The water flow collapse the CO2 channel 
and the segment grow over the channel. 

CO2 only takes the left outlet. 

35 115 92 

Parallel in the 
water part 
segmented 

over 90% of the 
CO2 part. 

Left 
The water flow collapse the CO2 channel 
and the segment grow over the channel. 

CO2 only takes the left outlet. 

25 125 85-88 

Parallel in the 
water part, 
segmented 

over 90% of the 
CO2 part. 

Left 
The water flow collapse the CO2 channel 
and the segment grow over the channel. 

CO2 only takes the left outlet. 

 


