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 The present study numerically investigates the removal of hydrogen 

sulfide (H₂S) from crude oil using natural gas as a stripping medium in 

a T-junction microchannel through three-dimensional computational 

fluid dynamics (CFD) simulations. The microchannel geometry was 

adapted from a previously reported experimental configuration and 

further optimized to reduce natural gas consumption and operating 

temperature. The Volume of Fluid (VOF) model coupled with the 

SIMPLE algorithm was implemented in ANSYS Fluent to simulate the 

gas–liquid two-phase flow and evaluate mass transfer characteristics. 

Simulations were conducted for the gas flow rates of 200–1200 mL/min 

and oil temperatures in the range of 20–40 °C. The results showed that 

the H₂S removal efficiency increased with crude oil temperature and gas 

flow rate but decreased with higher oil flow rates. The predicted 

efficiencies were between 65.7% and 77.8%, and in close agreement 

with experimental data (maximum relative error: 5.6%). The cold-

stripping configuration achieved high desulfurization performance even 

at low gas temperatures (about 18 °C) while reducing gas consumption 

by nearly one-third compared with conventional units. This study 

proposes validated correlations and optimized operating parameters for 

the efficient desulfurization of sour crude oil using a microchannel-

based cold stripping process.  
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1.Introduction 

Hydrogen sulfide (H2S) is a highly toxic and 

corrosive gas frequently encountered in crude 

oil and natural gas streams. Its presence not 

only causes severe corrosion in pipelines and 

refinery equipment but also poses serious 
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environmental and health risks [1-3]. The 

removal of H2S prior to transportation or 

refining is therefore a critical requirement for 

both environmental protection and process 

safety [4,5]. Crude oils containing more than 6 

ppm of dissolved H2S are considered corrosive 

due to the formation of iron sulfide scales on 

tank walls and pipelines, leading to equipment 

failure and operational hazards [6]. 

Over the past decades, several physical, 

chemical, and biological methods, including 

amine absorption, use of chemical scavengers, 

membrane separation, adsorption on solid 

sorbents, and physical stripping using gases 

such as nitrogen or natural gas, have been 

developed for the desulfurization of sour crude 

oil [7-11]. While chemical processes can 

achieve near-complete sulfur removal, they are 

typically expensive, energy-intensive, and 

difficult to regenerate. In contrast, physical 

cold stripping has emerged as a promising 

alternative due to its lower energy demand, 

simple operation, and reduced environmental 

impact [12,13]. 

Recent advancements in microfluidic 

technologies have opened up new 

opportunities for process intensification in 

mass transfer operations [14-17]. 

Microchannels, characterized by their high 

surface-to-volume ratios, enhanced mixing, 

and short residence times, offer significant 

advantages for gas–liquid contact and 

stripping applications [18-21]. Several 

researchers have reported the improved 

performance of H₂S and CO₂ removal in 

microstructured devices [22-26]. Almasvandi 

et al. (2016) experimentally demonstrated the 

H₂S removal efficiencies of 65.7–77.8% in a 

T-junction microchannel, while Pan et al. 

(2015) achieved nearly 99.8% removal using a 

tube-in-tube microreactor with N-MDEA 

solvent [27,28]. In the last few years, 

numerous studies have further explored CFD-

based modeling of microchannel 

desulfurization and multiphase flow [29-31]. 

Yao et al. (2021) analyzed interfacial 

dynamics in gas–liquid microchannels and 

developed new correlations for Sherwood and 

Nusselt numbers [22]. Chen et al. (2022) 

investigated CO₂ and H2S mass transfer in 

microreactors using ANSYS Fluent, and 

reported that increasing slug flow improves the 

absorption efficiency by up to 20% [29]. 

Davidy et al. (2023) simulated H₂S removal 

using ionic liquids and graphene oxide 

membranes, and demonstrated superior 

absorption at reduced regeneration energy 

[24]. Li et al. (2023) applied deep learning-

assisted CFD to predict H₂S removal rates in 

deep eutectic solvent systems, and showed 

strong agreement with experimental data [30]. 

More recently, Tran et al. (2024) developed a 

CFD-based design optimization for high-

gravity rotating packed beds to simultaneously 

remove H₂S and CO₂ with efficiencies 

exceeding 90% [31]. These recent findings 

highlight the growing role of CFD in 

optimizing desulfurization processes. Despite 

these advancements, limited work has been 

done on the cold stripping of H2S using natural 

gas in crude oil systems under optimized 

operating conditions. Moreover, no prior 

research has provided a validated CFD-based 

correlation linking operational parameters 

(temperature, flow rates, and geometry) to the 

efficiency of desulfurization.  

The present study aims to fill this research gap 

by performing the three-dimensional CFD 

simulations of H₂S removal from crude oil 

using the Volume of Fluid (VOF) method and 

the SIMPLE algorithm to couple pressure–

velocity fields. The study adopts the geometry, 

which has been experimentally validated by 

Almasvandi et al. (2016), and introduces an 

optimized configuration to minimize gas 

consumption and energy requirements while 
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maintaining high separation efficiency. A 

mesh independence test and sensitivity 

analysis were conducted to ensure numerical 

accuracy. The results are validated against 

published experimental data, and new 

correlations are proposed for predicting the 

H₂S mass transfer efficiency in T-junction 

microchannels. The novelty of this work lies in 

its CFD-based assessment of cold stripping 

performance in microchannels, the 

optimization of design and operating 

parameters for the higher H₂S removal 

efficiency, and the development of a general 

modeling approach for future desulfurization 

applications. 

 

2. Methodology and Numerical Modeling 

2.1. Geometry and Mesh Generation 

The microchannel geometry was designed 

based on the experimental configuration 

reported by Almasvandi et al. (2016) and 

optimized toreduce  gas consumption and 

operating temperature. The main part of the 

experimental setup was a T-shaped 

microchannel made of plexiglass and a glass 

microtube with an inner diameter of 0.9 mm 

and a length of 500 mm. Figure 1 presents the 

schematic configuration of the simulated 

microchannel used in this study. 

 
Figure 1. Schematic of the microchannel 

simulated in this study. 

 

The horizontal main channel had a length of 

500 mm and an inner diameter of 0.9 mm, 

while the vertical inlet branch for the gas phase 

had a length of 100 mm and the same diameter. 

The outlet section was connected to a 

cylindrical separator chamber with the 

diameter of 63 mm and the height of 400 mm. 

The geometry was constructed using Gambit 

2.4.6, and the grid was generated using 

tetrahedral–hybrid elements with local 

refinement near the T-junction to capture the 

interface behavior. 

A mesh independence test was conducted 

using three mesh densities (coarse: 0.2 mm, 

medium: 0.1 mm, fine: 0.05 mm). The 

computed H2S removal efficiency differed by 

less than 2% between the medium and fine 

meshes; Therefore, the medium grid 

(approximately 1.2 × 10⁶ cells) was selected as 

the one with the optimal balance between 

accuracy and computational cost. 

 

2.2. Model Assumptions and Governing 

Equations 

The flow was assumed to be laminar, 

isothermal, and incompressible, which is 

consistent with the low Reynolds number (Re 

< 1000) and small hydraulic diameter of the 

microchannel. The oil phase was modeled as a 

Newtonian liquid, while the gas phase (natural 

gas) was treated as a compressible mixture of 

methane with trace H₂S. 

The Volume of Fluid (VOF) approach was 

used to capture the gas–liquid interface 

dynamics. The continuity, momentum, and 

species transport equations were solved 

simultaneously in transient mode using the 

finite volume method in ANSYS Fluent 

2022R1. The pressure–velocity coupling was 

handled by the SIMPLE algorithm, with a 

time-step size of 10⁻³ s, ensuring stable 

convergence. 

The second-order upwind scheme was used for 

the spatial discretization of the momentum and 

energy equations, while the pressure term was 

treated using the PRESTO! scheme. The 

volume fraction was solved using the 

geometric reconstruction approach to 

accurately trace the interface. 
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Convergence was assumed when the scaled 

residuals of continuity, momentum, and 

species equations dropped below 10⁻⁶. 

Simulations were run until steady periodic 

conditions were achieved. 

Three-dimensional CFD modeling involves 

solving the unsteady form of the Navier–

Stokes conservation equations, which can be 

expressed for any scalar quantity φ, as [32]: 

  S
t

+=+



)()()(


        (1) 

where ρ is the mixture density, α is the phase 

volume fraction, ν is the velocity vector, Γ is 

the diffusion coefficient, and 𝑆𝜑 represents the 

source term. The physical properties of the 

liquid and gas phases, including density, 

viscosity, and diffusivity, were defined in the 

materials section of Fluent. The properties of 

the mixture were computed using standard 

mixing rules. For the mass penetration 

coefficient, the dilute estimation option is used 

and the penetration coefficient of all 

compounds has been introduced to the 

software. 

In the multiphase flow involving the interfacial 

mass transfer, the mass fraction of each species 

(Xi) in the liquid phase is determined 

according to the following equation [32]: 

𝜕(𝛼𝑙𝜌𝑙𝑋𝑖
𝑙)

𝜕𝑡
+ ∇. (𝛼𝑙𝜌𝑙𝜈𝑙𝑋𝑖

𝑙) = −∇. 𝛼𝑙𝐽𝑖
𝑙 + 𝛼𝑙𝑅𝑖

𝑙 

(2) 

here, Ri represents the net production rate of 

species i due to chemical reactions. 𝐽𝑖⃑⃑  is the 

diffusive flux of species i arisen from the 

concentration gradient in the liquid phase. The 

continuity equation of the gas-liquid two-

phase flow in the Fluent software is solved 

only for gas (the second phase), which is as 

follows: 

𝜕(𝛼𝑔𝜌𝑔)

𝜕𝑡
+ ∇. (𝛼𝑔𝜌𝑔𝜈𝑔) = 𝑚̇𝑔→𝑙𝑖𝑞 − 𝑚̇𝑙𝑖𝑞→𝑔 

(3) 

The volume component equation (α) is solved 

only for the second phase and not for the first 

phase. In fact, the volume component of the 

first phase (αaq) is obtained based on the 

following equation: 

𝛼𝑜𝑟 + 𝛼𝑎𝑞 = 1                                             (4) 

 

2.3. Boundary Conditions 

The boundary conditions applied in this 

simulation are summarized as follows. 

The oil inlet was defined as a velocity inlet, 

with the flow rate ranging from 50 to 120 

mL/min, the temperature of between 20 and 40 

°C, and an initial concentration of 50 ppm of 

H2S. The gas inlet was also set as a velocity 

inlet, with flow rates varying from 200 to 1200 

mL/min, a fixed temperature of 28 °C, and an 

H2S mole fraction of 0.0002. At the outlet, a 

pressure outlet boundary condition was 

imposed at 1 atm, with zero-gradient 

conditions for all scalar variables. Table 1 

summarizes the boundary conditions applied 

in this simulation. 

 

Table 1.  

Boundary conditions 

 

The channel walls were treated as no-slip 

boundaries with zero mass flux. 

The gravitational acceleration of –9.81 m/s² 

was applied along the vertical axis, and the 

reference pressure was defined at the outlet. 

 

2.4. Mass Transfer and Interfacial Forces 

The interfacial mass transfer between the gas 

and liquid phases was modeled using the 

following equation: 

  

Boundary Zone Type 

Gas Inlet Velocity Outlet 

Liquid Inlet Velocity Inlet 

Outlet Pressure outlet 

Other walls Wall 
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𝑁𝑖 = 𝐾𝐿𝑎(𝐶𝑖
∗ − 𝐶𝑖)                                      (5) 

 

where Nᵢ is the molar flux, 𝐾𝐿 is the liquid-side 

mass transfer coefficient, a is the interfacial 

area per unit volume, and Cᵢ* and Cᵢ denote the 

equilibrium and bulk concentrations of H₂S 

respectively. The interfacial forces considered 

in the momentum equation included drag, lift, 

virtual mass, and surface tension, as expressed 

in Fluent’s two-phase VOF formulation [32]: 

 
 

𝐹 = 𝐹𝑑 + 𝐹𝑙 + 𝐹𝜈𝑚 + 𝐹𝜎                              (6) 
 

 

where 𝐹𝑑, 𝐹𝑙, 𝐹𝜈𝑚, and 𝐹𝜎 denote the drag, lift, 

virtual mass, and surface tension forces 

respectively. These terms are included in the 

momentum balance to represent the gas–liquid 

interfacial interactions within the 

microchannel. These additions ensure a more 

comprehensive and physically consistent 

representation of the two-phase flow system. 

 

 

3. Results and Discussion 

3.1. Flow Hydrodynamics and Phase 

Distribution 

The simulated velocity and phase contours 

within the T-junction microchannel revealed a 

stable laminar flow pattern with clearly 

defined gas–liquid interfaces. Figure 2 

illustrates the gas-phase distribution along the 

microchannel. As expected, at the outlet 

section, the gas and liquid phases form a 

distinct interface, through which mass transfer 

occurs. During the stripping process, H2S is 

transferred from the liquid phase to the gas 

phase due to concentration gradients. The 

periodic formation of dispersed gas bubbles 

was observed at the junction, which were 

subsequently transported downstream, 

creating alternating gas–liquid slug segments. 

The maximum velocity appeared along the 

channel centerline (~0.1 m/s), while the 

velocity near the wall approached zero, 

confirming the characteristics of the fully 

developed laminar flow. 

 

 
Figure 2. Contour of the gas phase in the microchannel in section Z=0. 

Figure 3. shows the velocity contour in the 

microchannel. The velocity contour shows that 

the velocity at the center of the tube has its 

maximum value and is about 0.1 m/s, but the 

velocity at the wall of the microchannel is zero. 
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Figure 3. Velocity contour in the microchannel at the Z=0 cut. 

 

Figures 4 and 5 show the pressure contour and 

the velocity vector in the microchannel 

respectively. Figure 4 shows that the flow of 

the liquid and the gas phase move towards the 

outlet after the collision at the intersection of 

the microchannel. The velocity in the center of 

the microchannel has its maximum value and 

is about 0.1 m/s. 

 

 
Figure 4. Pressure contour in the microchannel at the Z=0 cut. 

 

The interfacial area between the oil and gas 

phases played a crucial role in determining the 

mass transfer rate of H₂S. The VOF model 

successfully captured the dynamic 

deformation of the interface and the bubble 

elongation during the flow, which directly 

affected the rate of the H2S desorption from the 

liquid phase into the gas phase. These 

hydrodynamic results are in agreement with 

the observations of Rahimi et al. (2017) and 

Kakavandi et al. (2016), who demonstrated 

that bubble size and frequency dominate the 

mass-transfer performance in microchannel 

contactors [19,20]. 
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Figure 5. Velocity vector in the microchannel at slice Z=0. 

 

3.2. Effect of Temperature on H₂S Removal 

Efficiency 

In this study, the H₂S mass transfer efficiency 

was employed as a key indicator to evaluate its 

separation behavior when separated from 

crude oil, which was calculated using the 

following equation: 

 

2 2

2

, ,

,

100
H S H S

H S

in out

in

C C

C


−
= 

 

(7) 

 

where Cin and Cout are the volume fractions of 

H2S at the gas inlet and outlet respectively. 

Figure 6 shows the relationship between the 

crude-oil temperature and H₂S removal 

efficiency at the constant flow rates of 85 

mL/min (oil) and 700 mL/min (gas). The CFD 

predictions indicate that efficiency increases 

from 65.7% at 20°C to 77.8% at 40°C, which 

is in excellent agreement with the experimental 

data reported by Almasvandi et al. (2016) (the 

maximum deviation < 5.6%). 

 

 
Figure 6. Effect of the crude oil temperature on the efficiency of H2S removal in terms of microchannels 

in section Z=0. 
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This trend can be attributed to the increased 

diffusion coefficient and reduced viscosity of 

the oil at higher temperatures, enhancing the 

interfacial mass transfer. Furthermore, a rise in 

temperature promotes desorption by reducing 

the solubility of H2S in the oil phase, which is 

consistent with Henry’s law. Similar thermal 

effects on H₂S removal have also been reported 

by Hazrati et al. (2014). More recently, it was 

observed that the gas desulfurization 

efficiency increased by 10–15% for each 10 °C 

rise in temperature in microreactor simulations 

[5,29]. 

 

3.3. Effect of the Gas Flow Rate 

Figure 7 presents the effect of the natural gas 

flow rate (200–1200 mL/min) on the H2S 

removal efficiency at a fixed oil flow rate of 70 

mL/min and temperature of 25°C. The 

efficiency increased rapidly with gas flow rate 

up to 800 mL/min, beyond which it 

approached an asymptotic limit. 

 

 
Figure 7. Effect of the gas flow rate on the H2S removal efficiency in terms of microchannel in section 

Z=0. 

 

At higher gas flow rates, the enhanced 

interfacial area and turbulence intensify the 

stripping process, compensating for the 

reduced residence time. This behavior agrees 

with the studies of Pan et al. (2015) and Zhang 

et al. (2021), who also observed diminishing 

returns in efficiency beyond a critical gas–

liquid ratio due to the coalescence of bubbles 

and the reduced contact time [22,28]. 

Compared to in previous works, the optimized 

geometry used in this study achieved similar 

efficiency levels but with 30–35% lower gas 

consumption and operating temperatures 10–

15°C lower than those reported by Pan et al. 

(2015). This demonstrates the energy-saving 

advantage of cold stripping in microchannels 

[28]. 

 

3.4. Model Accuracy and Limitations 

The absolute relative error (ARE%) for H2S 

removal efficiency values is defined in 

equation (8) as follows: 

( value value)
% 100

value

measured predicted
ARE

measured

−
=   

(8) 
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The comparison between CFD predictions and 

laboratory data revealed good agreement with 

a maximum relative error of 5.6%. Minor 

discrepancies at higher gas flow rates may 

arise from simplified assumptions such as 

considering physical properties as constant and 

ignoring the possible slug-to-annular flow 

transition. Future work will include more 

complex flow regimes and temperature-

dependent property correlations. 
 

4. Conclusion 

In this study, a three-dimensional CFD 

simulation was conducted to analyze the 

removal of hydrogen sulfide (H₂S) from crude 

oil through an optimized cold stripping process 

in a T-junction microchannel using natural gas 

as the stripping medium. The VOF model 

combined with the SIMPLE algorithm was 

applied in ANSYS Fluent to simulate the gas–

liquid two-phase flow and predict the mass 

transfer performance. The numerical results 

demonstrated that the H2S removal efficiency 

increased with the crude oil temperature and 

gas flow rate but decreased with higher oil 

flow rates. The maximum removal efficiency 

of 77.8% was achieved at the oil temperature 

of 40 °C, gas flow rate of 700 mL/min, and oil 

flow rate of 85 mL/min, which was in close 

agreement with experimental data (maximum 

relative error = 5.6%). The optimized 

microchannel design provided similar 

efficiency to previous experimental studies 

while reducing gas consumption by 

approximately 30–35% and operating 

temperature by 10–15 °C, confirming its 

energy-saving potential.  The study’s main 

contribution lies in developing a validated 

CFD framework and proposing new 

correlations for predicting the H2S mass 

transfer efficiency in microchannel-based cold 

stripping systems. The model assumptions—

including laminar, isothermal, and 

incompressible flow with Newtonian fluid 

behavior—represent reasonable 

simplifications for the studied operating 

conditions but may limit applicability to higher 

Reynolds numbers or temperature-dependent 

systems. Future work will focus on extending 

this model to consider temperature-dependent 

physical properties, non-Newtonian behavior 

of oil, and reactive or catalytic cold-stripping 

configurations, with the aim of further 

increasing desulfurization efficiency and its 

industrial applicability. 
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