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Abstract: 9 

Formation water, found in oil deposits, is highly corrosive. By utilizing flow phenomena 10 

and surface tension forces in smaller channels (e.g., Eötvös number less than one), these fluids can 11 

be separated, thus altering corrosion and the pressure required for transport. This research 12 

investigates the effects of wall wettability on oil-water flow regimes and pressure drops. Oil-water 13 

flows were studied in 3.5-mm hydrophilic borosilicate glass and 4.0-mm hydrophobic fluorinated 14 

ethylene propylene (FEP) channels using Parol 100 mineral oil (i.e., density of 840 kg/m3 and 15 

viscosity of 0.0208 Pa·s) and tap water (i.e., 997 kg/m3 and a viscosity of 0.001 Pa·s). For these 16 

oil-water combinations, glass was water wetting (i.e., contact angle of 67o for a water droplet 17 

submerged in oil on glass) and FEP was water repelling (i.e., contact angle of 93o for a water 18 

droplet submerged in oil on FEP) under static conditions.  Flow regimes and pressure drops were 19 

recorded for a range of oil superficial velocities [i.e., 0.31–3.7 m/s (glass) and 0.23–2.7 m/s (FEP)] 20 

and water superficial velocities [i.e., 0.080m/s–5.5 m/s (glass) and 0.060–5.5 m/s (FEP)]. 21 

Stratified, intermittent, annular, and dispersed flow regimes were observed in both tubes. 22 

Additional inverted and dual flow regimes were observed in the hydrophobic FEP; oil wetted the 23 

wall in inverted flows, and flow regimes occurred inside of another flow regime in dual flows (e.g., 24 
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inverted-annular intermittent). The modified Weber number indicated whether the walls were 25 

wetted by oil, mixed oil and water, or water. Pressure drops were found to be correlated to the flow 26 

regime with increased pressure drops observed when oil fully or partially wetted the wall.  27 

Keywords:  multiphase flow; fluid dynamics; oil-water interface; capillarity 28 

GRAPHICAL ABSTRACT 29 

 30 

HIGHLIGHTS 31 

• Investigated oil-water flows in hydrophilic and hydrophobic 4-mm channels 32 

• Stratified, intermittent, annular, and dispersed flow regimes in both channels 33 

• Inverted (i.e., oil wetting) flow regimes observed in the hydrophobic channel 34 

• Pressure drops depended on flow regimes, tube material, and wetting fluid 35 

1. INTRODUCTION 36 

Oil-water flows are of great interest to industry, including water-lubricated transport (i.e., 37 

annular flow) of heavy crude [1], reducing corrosion due to water wetting the pipe wall [2], and 38 

separating oil-water mixtures [3]. However, there are competing priorities. Water wetting, or 39 
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hydrophilic/oleophobic walls, are desirable for reducing pressure drops [4], but the presence of 40 

water at the pipe wall accelerates corrosion [2], and thus hydrophobic/oleophilic walls are 41 

desirable for reducing corrosion. Oil-water pressure drops and corrosion rates rely heavily on the 42 

resulting oil-water flow regime. Different flow regimes appear in mini-channels (e.g., 200 µm < 43 

Dh < 3 mm [5]) compared to conventional-size channels (e.g., Dh > 3 mm [5]) due to the relative 44 

importance of surface tension to gravity forces in smaller channels [6]. Flow regime maps 45 

developed for air-water flows [7, 8], and liquid-vapor flows during condensation [9, 10] and 46 

boiling [11, 12] do not directly apply to oil-water flows due to comparable oil-water densities and 47 

large oil-water viscosity ratios [6, 13]. Additionally, wall wettability—i.e., whether oil or water is 48 

in contact with the wall—affects flow regimes and is therefore an important research topic for oil 49 

transport and reducing corrosion.  50 

For glass or stainless steel mini-channels, common oil-water flow regimes observed in 51 

mini-channels include intermittent (e.g., slug/plug flow), annular (e.g., water at the wall and oil at 52 

the core), and dispersed flows (e.g., oil-in-water or water-in-oil) [3, 4, 6, 14, 15]. As pipe diameters 53 

increase, gravitational effects are more apparent in forming stratified flows (e.g., water in contact 54 

with the bottom of the tube and oil in contact with the upper tube wall) [16-18]. There is an interest 55 

in exploring a range of materials to alter the wall wetting fluid. da Silva [19] investigated contact 56 

angles of PVC; glass; and stainless, enameled, and galvanized steels for water-lubricated pipeline 57 

transport. Glass surfaces had less oil wetting than steel. Oxidizing the materials created hydrophilic 58 

rather than oleophilic walls and they observed that both the surface properties and oil composition 59 

affected contact angles. Arney et al. [20] studied oil-water flows in 2.43- to 2.65-cm pipes coated 60 

with portland cement to make the walls oleophobic and hydrophilic; the cement coating reduced 61 

fouling during lengthy tests.  62 
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A combination of wall materials, oil composition, and flow conditions may affect whether 63 

oil or water wets the tube wall [2, 4, 18, 21-24]. For certain combinations, inverted annular flows 64 

occur in which oil is fully or partially in contact with the tube wall. The core flow can be all water 65 

or a mixture of oil and water. This inverted annular flow condition, combined with oil-selective 66 

membranes, may be used to separate oil from formation water after the wellhead. Andreini et al. 67 

[4] observed dispersed, annular, and intermittent flows in 3.1-mm and 6-mm mini-channels. 68 

However, at low velocities (i.e., water superficial velocities divided by oil superficial velocities < 69 

0.2–0.3) in the 6-mm tube, they observed inverted annular flows in which oil wetted the wall and 70 

oil flowed in the core.  71 

Oil wetting and inverted flows have been observed in conventional-size tubes, particularly 72 

at low superficial velocities. Cai et al. [2] studied wetting phenomena in a 0.1-m-diameter, 14-m-73 

long stainless steel pipe. Due to the large diameter of the pipe, wetting was primarily a function of 74 

flow regime, with oil wetting at low cuts (i.e., <10%), water wetting at higher water cuts (i.e., 75 

>15%) and low total superficial velocities (i.e., <1 m/s), and intermittent wetting (i.e., alternating 76 

water/oil wetting) at conditions in between. Ismail et al. [21] studied pressure drops and flow 77 

regimes of Malaysian light waxy crude and synthetic formation water in a 5.08-cm tube. Oil was 78 

in contact with the acrylic tube wall at low flow rates and over a range of water cuts. The authors 79 

noted that the multi-parameter composition of the Malaysian light waxy crude and oil-wetting 80 

acrylic surface likely contributed to this behavior. Wang et al. [22] studied crude oil-water flow 81 

regimes and pressure drops in a 25.4-mm, stainless steel tube. The study observed flow patterns 82 

that were combinations of water-in-oil emulsions with stratified, intermittent, annular, and 83 

dispersed flow regimes. In the oil-dominated regimes found (e.g., at water fractions <50%), the 84 

authors observed some water-in-oil dispersed flows in which oil partially wetted the tube wall. The 85 
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review by Xu [23] highlighted the phase inversion point, a sudden switch between oil-in-water 86 

dispersions to water-in-oil dispersions and vice versa and noted in linkage between wall-wetting 87 

fluid and corrosion. These phase inversions can also affect pressure drops [25]. 88 

Capillary, or surface tension forces, are of primary interest as diameter decreases. Tsaoulidis 89 

et al. [26] investigated ionic fluid-water flows in glass, FEP and Tefzel with tube diameters of 200 90 

μm, 220 μm, 270 μm respectively. Wettability was an important factor that affected flow regimes 91 

in glass (i.e., contact angle of water-in-air of 55o) and Teflon (i.e., contact angles of water-in-air 92 

of 102o) tubes. The authors observed that flows in the glass tube were highly affected by the fluid 93 

that first wetted the channel. In all flow regimes, water was the continuous phase and in full contact 94 

with the glass tube walls. Plug and intermittent flows were primarily observed in glass tubes, while 95 

annular flow was encountered in the Teflon tubes, with water flowing in the core, plug flow and 96 

drop flow, with water being the encapsulated liquid. Brauner et al. elaborated on this phenomena 97 

occurring in the hydrophobic tubes and named it inverted annular flow [27]. At the lower diameter 98 

range of mini-channels, oil-water flow regimes depend on whether oil or water first fills the 99 

channel, and stratified flows were not observed due to the increased importance of surface tension 100 

over gravity [28, 29]. At even smaller size micro-scales, capillary forces governed imbibition in 101 

fabricated, pore-scale geometries [30, 31].  102 

Few studies have examined the impacts of wall materials and flow conditions on flow 103 

regimes and wall wetting for mini-channel oil-water flows. The research objectives of this work 104 

are to investigate oil-water flow regimes in 3.5- and 4.0-mm glass and fluorinated ethylene 105 

propylene (FEP) tubes. For these oil-water combinations, glass is water wetting and FEP is oil 106 

wetting under static conditions. Additionally, both channels have an Eötvös number below one, 107 

selected because surface tension forces between the fluids will dominate over gravitaional forces; 108 
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the Eö numbers in the glass and FEP are 0.4 and 0.6, respectively. The focus of this research is to 109 

determine fundamental flow regimes in glass and FEP tubes in order to design systems to separate 110 

oil and water after the wellhead; future work will need to consider higher temperatures and 111 

pressures. 112 

2. MATERIALS AND METHODS 113 

2.1 Tube Materials and Fluid Properties 114 

 Oil-water flows were studied in 3.5-mm borosilicate glass and 4.0-mm fluorinated 115 

ethylene propylene (FEP) tubes. The borosilicate glass is hydrophilic (i.e., water contact angle of 116 

18°), whereas the FEP is hydrophobic (i.e., contact angle of 91°) under static conditions between 117 

water and air; goniometer images with water and air are shown in Figure 1a. Both materials are 118 

oleophilic with contacts angles of 36° and 44° on glass and FEP respectively as shown in Figure 119 

1b. Experiments were conducted using tap water (e.g., ρ=997 kg/m3, μ=0.001 Pa·s)—dyed green 120 

for visualization—and Parol 100TM mineral oil (e.g., ρ=840 kg/m3, μ=0.0208 Pa·s). Campus tap 121 

water properties were reported by Schmitz [32]. The electrical conductivity was 0.2 dS/m, pH 122 

was 8.7, and the concentrations of the following chemicals were reported: S, K, Na, Mg, Ca, 123 

Chloride, NO3-N and NH4-N were 19, 8, 31, 15, 14, 58, 0, and 1 mg/L respectively. Interfacial 124 

tensions between Parol 100 and tap water were 38.8 mN/m and were measured using the pendant 125 

drop method conducted by Augustine Scientific [33]. The contact angle of water submerged in 126 

oil was also measured by Augustine Scientific, resulting in water-oil contact angles of 67o on 127 

glass and 93o on FEP, as shown in Figure 2a and 2b, respectively. For this oil-water combination, 128 

glass is hydrophilic and FEP is hydrophobic. 129 
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 130 

Figure 1: Contact angles of water surrounded by air for (a) water on glass, (b) water on FEP, 131 

(c) oil on glass, and (d) oil on FEP. 132 

 133 

Figure 2: Contact angles of water submerged in oil for (a) glass and (b) FEP 134 

 135 

2.2 Experimental Apparatus and Test Section 136 

The experimental apparatus, shown in Figure 3, was an adiabatic, closed-loop system. Oil 137 

and water were stored in a 30-galUS tank and were transported independently by two pumps (GC-138 

M25.PS5S.E, Micropump) controlled via variable frequency drives. Water was sourced from the 139 

bottom of the tank and oil from the top; the measured densities confirmed that the two fluids were 140 
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not mixed. Each fluid passed through its respective Coriolis flowmeter (CMFS015M, Micro 141 

Motion) where the fluid’s mass flow rate, density, and temperature were measured before mixing 142 

in a y-junction. The oil-water mixture then flowed through a 680-mm-long channel, which allowed 143 

the flow to fully develop before entering the test section shown in Figure 4. The pressure 144 

differential across the test section was measured via a 50-psi pressure transducer (Setra) with 145 

±0.25% full scale accuracy. To measure the pressure drop, holes were drilled into the FEP channel 146 

at the T-junctions (Figure 4). For the glass channel, custom-made inserts were fit inside the T-147 

junction and allowed for the pressure measurements to be recorded. Both test section lengths were 148 

387 mm. The two-phase flow entered the tank and the oil-water flow was separated using gravity. 149 

Flow regimes were visualized through the channel wall of the test section using a high-speed 150 

camera (Fastec IL5) with a microscope (Leica S6 D). 151 

 152 

Figure 3: Experimental apparatus. 153 

 154 
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 155 

Figure 4: Test section for pressure drop measurement and flow visualization. 156 

2.3 Experimental Procedures 157 

The desired flow conditions were reached by independently controlling oil and water mass 158 

flow rates, and data are presented in terms of the superficial velocities, j, and the water input ratio, 159 

ε. The superficial velocity is the mass flow rate of the fluid, 𝑚̇𝑚, divided by its density, ρ, and the 160 

total cross-sectional area of the channel, A,  161 

𝑗𝑗𝑤𝑤 =
𝑚̇𝑚𝑤𝑤

𝜌𝜌𝑤𝑤𝐴𝐴
 (1) 𝑗𝑗𝑜𝑜 =

𝑚̇𝑚𝑜𝑜

𝜌𝜌𝑜𝑜𝐴𝐴
 (2) 

where subscripts w and o correspond to water and oil, respectively. The water input ratio is the 162 

water superficial velocity divided by the combined superficial velocity of both the oil and water, 163 

𝜀𝜀 =
𝑗𝑗𝑤𝑤

𝑗𝑗𝑜𝑜 + 𝑗𝑗𝑤𝑤
=

𝑚̇𝑚𝑤𝑤
𝜌𝜌𝑊𝑊𝑚̇𝑚𝑜𝑜
𝜌𝜌𝑜𝑜

+ 𝑚̇𝑚𝑤𝑤

 (3) 

and, therefore, the water-oil density ratio and relative mass flow rates impact the water input ratio. 164 

For two-phase experiments, the experimental data were collected using the following 165 

procedure: 166 

1. An oil mass flow rate was selected and water input ratios were specified in increments of 0.1. 167 
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2. The water mass flow rates required for the water input ratio range were calculated using equation 168 

(3). 169 

3. Water was introduced into the system and set approximately to the lowest flow rate being tested. 170 

4. Oil was introduced to the system and both oil and water flow rates were adjusted until desired 171 

values were reached with minimal fluctuations. 172 

5. After steady state occurred, pressure, temperature, mass flow rate, and density measurements 173 

were recorded. Still images and video of flow regime were taken. 174 

6. Water flow rate was increased to achieve next lowest water input ratio. 175 

7. Steps 5 and 6 were repeated until data for all water input ratios has been collected. 176 

8. Return to Step 1 with new oil mass flow rate and repeat the process. 177 

Data were collected and analyzed for a given oil flow rate at all water flow rates achievable 178 

in the experimental apparatus. In addition to the previously stated procedure, two to three data 179 

points per oil flow rate were repeated for verification of flow regime and pressure drop.  180 

 181 

3. RESULTS AND DISCUSSION 182 

3.1 Observed Flow Regimes in the Glass Tube 183 

Flow regimes observed in hydrophilic millimeter tubes, such as borosilicate glass, can be 184 

classified as stratified, intermittent, annular, and dispersed [3, 4, 15] (Figure 5). In stratified flows 185 

(Figure 5a), the oil and water are separated by gravity and the less dense fluid flows above the 186 

denser fluid. Stratified flow is an example of mixed wetting (i.e., wall wetted by both oil and water) 187 

and occupied a small fraction of flow conditions due to the low Eötvös number of these channels. 188 

Intermittent flows are similar to annular flows in which a water annulus surrounds an oil core and 189 

is periodically separated by periods of water flow only (Figure 5b). For annular flows in these 190 
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channels, water completely wetted the surface and an oil core flows through the water annulus 191 

(Figure 5c).  In dispersed flows, the oil and water are mixed such that no clear boundary between 192 

the two fluids exists (Figure 5d). These flow regimes can be further classified based on the 193 

presence of waves at the oil-water interface and fluid wetting the tube wall; water wetted the wall 194 

in annular, intermittent, and dispersed flows. 195 

 196 

Figure 5: Hydrophilic flow regimes—(a) stratified, (b) intermittent, (c) annular, and (d) 197 

dispersed. 198 

 199 

3.2 Observed Flow Regimes in the FEP Tube 200 

Stratified, intermittent, annual, and dispersed flows were observed in the 4.0-mm FEP tube 201 

(Figure 6a, j, k, l) in addition to inverted or dual flow regimes [2, 4, 21, 22]. An additional eight 202 

distinct flow regimes were identified in the FEP mini-channel that are described as being either 203 

inverted (e.g., with oil wetting the wall and a water core flowing through it) [25, 34], flow with a 204 

rivulet [35], or a dual flow in which a flow regime occurring inside of another flow regime (e.g., 205 
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in an inverted-annular intermittent flow oil is wetting the wall and forms and annulus through 206 

which a water core flows with an intermittent oil core inside the water core).  207 

Due to the hydrophobicity of FEP, oil wets the tube wall in inverted flows. In Figure 6, all 208 

twelve flow regimes observed in the FEP are shown. Inverted flows are notated as “inverted-flow”, 209 

dual flows are listed as “inner flow-outer flow”, and flows with a rivulet are described as “flow 210 

with rivulet”. In inverted-intermittent (Figure 6b), inverted-annular flows (Figure 6c), and 211 

inverted-dispersed (Figure 6d), oil wets the tube wall and an intermittent or continuous water core 212 

flow is formed. Inverted-intermittent intermittent flow consists of an oil-wetting annulus through 213 

which a core of water will periodically flow through with an oil core intermittently flowing through 214 

the water core (Figure 6e). Inverted-annular annular and inverted-annular intermittent flows occur 215 

when the water core inside of the wetting oil annulus has either a continuous or intermittent core 216 

of oil flowing through it (Figure 6f and g). Annular with oil rivulet and intermittent with oil rivulet 217 

are similar to common annular and intermittent flow regimes but have a rivulet of oil that flows 218 

along the top of the channel, wetting a portion of the wall (Figure 6h-i). 219 
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 220 

Figure 6: Hydrophobic flow regimes—(a) stratified, (b) inverted-intermittent, (c) inverted-221 

annular, (d) inverted-dispersed, (e) inverted-intermittent intermittent, (f) inverted-annular 222 

intermittent, (g) inverted-annular annular, (h) annular with oil rivulet, (i) intermittent with oil 223 

rivulet, (j) annular, (k) intermittent, and (l) dispersed. 224 

3.3 Flow Regime Maps 225 

Flow regimes are mapped for the glass (Figure 7) and FEP (Figure 8) tubes. In both tube 226 

materials, stratified flows occurred when the total superficial velocity was low (i.e., jo<1.28 m/s, 227 

jw <0.20 m/s). In the glass mini-channel, annular flow was the dominant flow regime when the oil 228 

flow rate was greater than the water flow rate (i.e., 0.31 m/s<jo<3.7 m/s, 0.26 m/s<jw<2.5 m/s); 229 

conversely, intermittent flows dominated when the water flow rate was higher than that of the oil 230 

(i.e., 0.31 m/s<jo<3.7 m/s, 0.48 m/s<jw<3.7 m/s). For the largest water flow rates (i.e., 3.7 m/s<jw), 231 
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dispersed flows were observed. These flow regimes are commensurate with those observed in 232 

previous mini-channel oil-water flow research [3, 28, 36]; macro-scale channels exhibit stronger 233 

gravity impacts and stratified flow is typically the dominant flow regime [6, 37], whereas surface 234 

tension is a key driver in micro-channel flow regimes [30, 31]. 235 

For the FEP mini-channel, as the superficial velocity increased (i.e., jtot > 0.38 m/s), the 236 

flow regimes become inverted, oil wetting (Figure 8). As the oil flow rate progressed from lowest 237 

(i.e., jo=0.23 m/s) to highest (i.e., jo=2.7 m/s) in the inverted region, the flow regimes trended from 238 

inverted-annular to inverted-intermittent to inverted-dispersed. Further increasing the water flow 239 

rate (i.e., 0.33 m/s<jw<1.2 m/s) lead to the dual flows, which, with an increasing oil flow rate, tend 240 

from inverted-annular intermittent to inverted-annular annular. Inverted-intermittent intermittent 241 

flows occurred in the region between inverted-intermittent and inverted-annular intermittent flows. 242 

After the water flow rate was further increased (i.e., 1.4 m/s<jw<2.1 m/s), the flow regimes 243 

developed oil rivulets in conjunction with either an intermittent flow, mixed wetting, for lower oil 244 

flow rates (i.e., jo=0.91 m/s), or an annular flow, for higher oil flow rates (i.e., 1.4 m/s<jo<2.7 m/s). 245 

The oil rivulets disappeared as the water flow rate was further increased (i.e., 1.8 m/s<jw<3.4 m/s) 246 

and the flow regimes were either intermittent or annular, water wetting, depending on the oil flow 247 

rate. As with the glass, for the highest total superficial velocities, the flow regime was dispersed.  248 

 249 
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 250 

Figure 7: Flow regimes in the glass tube—mixed oil-water wetting in stratified flows and water 251 

wall wetting in annular, intermittent, and dispersed flows. 252 

 253 

 254 

Figure 8: Flow regimes in the FEP tube. 255 
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 To better understand the presence of oil wetted flow regimes (e.g., inverted-intermittent), 256 

an analysis using the modified Weber number (We*) was conducted. We* is the ratio between 257 

inertial and surface tension forces between fluids, which Kim and Mudawar [38, 39] used to 258 

determine transition regions between flow regimes in two phase condensers. For the purpose of 259 

adapting these equations to liquid-liquid flows, oil was approximated as the liquid, water as the 260 

gas, and the quality as jw/jtot, 261 

𝑊𝑊𝑊𝑊∗ = 2.45
𝑅𝑅𝑅𝑅𝑤𝑤0.64

𝑆𝑆𝑆𝑆𝑤𝑤0.3(1 + 1.09𝑋𝑋𝑡𝑡𝑡𝑡0.039)0.4  for 𝑅𝑅𝑅𝑅𝑜𝑜  ≤ 1250 
(4) 

𝑊𝑊𝑊𝑊∗ = 0.85
𝑅𝑅𝑅𝑅𝑤𝑤0.79𝑋𝑋𝑡𝑡𝑡𝑡0.157

𝑆𝑆𝑆𝑆𝑤𝑤0.3(1 + 1.09𝑋𝑋𝑡𝑡𝑡𝑡0.039)0.4 ��
𝜇𝜇𝑤𝑤
𝜇𝜇𝑜𝑜
�
2
�
𝜈𝜈𝑤𝑤
𝜈𝜈𝑜𝑜
��
0.084

 for 𝑅𝑅𝑅𝑅𝑜𝑜  > 1250 
(5) 

𝑆𝑆𝑆𝑆𝑤𝑤 =  
𝜌𝜌𝑤𝑤𝜎𝜎𝜎𝜎
𝜇𝜇𝑤𝑤2

 (6) 

𝑋𝑋𝑡𝑡𝑡𝑡 = �
𝜇𝜇𝑜𝑜
𝜇𝜇𝑤𝑤
�
0.1
�

1 − 𝑗𝑗𝑤𝑤/𝑗𝑗𝑡𝑡𝑡𝑡𝑡𝑡
𝑗𝑗𝑤𝑤/𝑗𝑗𝑡𝑡𝑡𝑡𝑡𝑡

�
0.9

�
𝜈𝜈𝑜𝑜
𝜈𝜈𝑤𝑤
�
0.5

  
(7) 

 262 

Kim and Mudawar determined that when We* was greater than 7Xtt0.2, the flow regime would be 263 

annular, but when We* was less than 7Xtt0.2, slug flow would be present. In Figure 9, 7Xtt0.2 is 264 

shown verses We* in the FEP channel. Flow regimes in which oil was the primary wetting fluid 265 

(e.g., stratified, inverted-annular) occur where We* was greater than 7Xtt0.2 and We* was less than 266 

7Xtt when water was the primary wetting fluid (e.g. annular with oil rivulet, intermittent).  267 



17 
 

 268 

Figure 9: Modified Weber number analysis regarding wall wetting in the FEP tube. 269 

3.4 Pressure Drops 270 

 In borosilicate glass, measured pressure drops were primarily a function of the water input 271 

ratio and oil flow rate. In general, pressure drop followed a parabolic trend as the water input ratio 272 

increased for a particular oil flow rate; this corresponded to a higher total superficial velocity. Flow 273 

regimes affected pressure drops for the lowest superficial velocities where the stratified flow 274 

occurs. In stratified flow, both oil and water are wetting the surface. 275 
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 276 

Figure 10: Pressure drops in the borosilicate glass tube. 277 

 In the FEP mini-channel, the effects of flow regime on the pressure drop were much more 278 

significant. A comparison between the pressure drops and flow regimes in glass and FEP is shown 279 

in Figure 12 for an oil superficial velocity of 1.8 m/s. The pressure drop is initial as high as 250 280 

kPa/m when the flow is inverted and oil wets the wall. As the flow regime transitions from inverted 281 

to dual flow, a significant pressure drop occurs as the water annulus is acting as a lubricant for the 282 

oil core. This flow regime change typically occurs when ε is between 0.2 and 0.4. A smaller 283 

pressure decrease then occurs with a dual flow (e.g., inverted-annular intermittent) transitions to a 284 

flow with rivulet (e.g., intermittent with oil rivulet). At this point, the pressure drop changes in a 285 

way consistent with what has been observed in hydrophilic materials such as borosilicate glass 286 

(i.e., increasing with increasing water input ratio).  287 

   288 



19 
 

 289 

Figure 11: Pressure drops in FEP are a strong function of flow regime. 290 

 291 

Figure 12: Pressure drops and flow regimes at jo = 1.8 m/s for both the glass and FEP tubes. 292 



20 
 

4. CONCLUSIONS 293 

Flow regimes and pressure drops were observed and measured in hydrophilic glass and 294 

hydrophobic FEP channels with Eötvös numbers less than one. Flow regimes and pressure drops 295 

varied over a range of oil and water flow rates. The conclusions drawn from the study are as 296 

follows: 297 

• Stratified, annular, intermittent, and dispersed flow were observed in both channels.  298 

• Additional flow regimes, including inverted-intermittent, inverted-annular, inverted-299 

dispersed, inverted-intermittent intermittent, inverted-annular intermittent, inverted-300 

annular annular, annular with oil rivulet, and intermittent with oil rivulet, were observed in 301 

the hydrophobic channel. 302 

• Oil and water wetting flow regimes in FEP were found to relate to the relative values of 303 

7Xtt0.2 and We* for each set of flow rates. 304 

• Pressure drops in both channels were dependent on the flow regime and wetting fluid and 305 

especially apparent in the FEP. 306 

The ideal oil-water flow regime depends on the desired transport or separation requirements. While 307 

water-wetting annular flows offered the lowest pressure drop, the corrosive nature of salt water 308 

means that an oil-wetting flow may be preferable during transportation in conditions where 309 

corrosion is very costly. Of the oil-wetting flow regimes, the inverted-annular intermittent and 310 

inverted-annular annular flows offer the lowest pressure drop. In inverted-annular flow regimes, 311 

oil wets the fluid wall and may be removed from the water using oil-selective membranes. Due to 312 

material limitations, this study does not account for the effects of extreme temperature and pressure 313 

on fluid properties and flow regimes, as encountered in reservoirs. It is recommended that the 314 

effects of these parameters should be examined in future studies. 315 
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NOMENCLATURE 316 

A Area (m2) 

D Diameter (m) 

Eö Eötvös number (-) 

Re Reynolds number (-) 

Su Suratman number (-) 

We* Modified Weber number (-) 

X Martinelli parameter (-) 

j Superficial velocity (m/s) 

ṁ Mass flow rate (kg/s) 

ε Water input ratio 

μ Dynamic viscosity (Pa·s) 

ν Kinematic viscosity (m2/s) 

ρ Density (kg/m3) 

Subscripts:  

tot Total, both oil and water 

o Oil  

tt Turbulent-turbulent 

w Water 
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