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Numerical Modeling of Non-Isothermal Two-Phase Flow of Impure CO₂ in Wellbores

[bookmark: bookmark=id.gjdgxs]Introduction
[bookmark: bookmark=id.3znysh7]CO2 capture and storage (CCS) is a critical strategy for mitigating greenhouse gas emissions and facilitating the transition to a net-zero global energy economy. Captured CO2 stream is usually transported from surface compression facilities through injection wellbores into deep geological storage formations, such as depleted hydrocarbon reservoirs or deep saline aquifers (Sacconi and Mahgerefteh, 2020).  The injected CO₂-rich streams are rarely chemically pure and often contain varying levels of non-condensable gases (e.g., N₂, O₂, CH₄), acid gases (e.g., H₂S), and traces of water (Aursand et al., 2013). These mixtures may experience substantial temperature and pressure fluctuations along the wellbore due to frictional pressure losses, phase transitions, heat exchange with the surrounding formation, and Joule-Thomson cooling or heating effects (Uilhoorn et al., 2025). An accurate numerical model that resolves the evolving flow dynamics, pressure-temperature transients, and phase behavior along the wellbore is therefore essential to ensure safe, reliable, and flexible CCS operations.
Standalone reservoir simulators commonly treat the wellbore as a simple source/sink term in the flow equations. While convenient, this abstraction neglects the coupled hydrodynamic and thermal processes that develop as an injected CO₂-rich mixture travels down the wellbore (Pan and Oldenburg, 2014). Although the general recommendation is to avoid multiphase CO₂ flow in pipelines/wellbore, this requirement is not always realistic. In fact, field observations and prior studies have reported two-phase behaviors in wellhead facilities and along the wellbore under certain operating envelopes (Aursand et al., 2013). Therefore, to accurately capture the multi-phase flow dynamics of CO2 with impurities in the wellbore, computational models must resolve the fundamental governing equations of mass, momentum, and energy conservation. For two-phase wellbore flow, the most general framework is the two-fluid model, which writes separate balance equations for each phase and couples them through interfacial exchange terms. However, it requires numerous flow-regime- and correlation-dependent closures (e.g., interfacial drag and heat transfer, wall shear partitioning), and can become numerically stiff and expensive in transient simulations with phase appearance/disappearance and strongly variable CO₂-mixture properties. To reduce complexity while retaining the dominant physics, here we adopt a drift-flux formulation, which solves mixture conservation equations and represents phase separation through a slip (drift) closure, enabling efficient prediction of pressure and temperature transients along the wellbore.

Methodology
We implement the drift-flux formulation proposed by Pan and Oldenburg (2014), and later used by Moslehi and Voskov (2025), to model the transient 1D wellbore flow of CO2 mixtures under non-isothermal conditions. The model is based on cross-sectional averaged variables and relates phase velocities to mixture velocity (vm) via an empirical profile parameter (C0) and a drift velocity (vd). The 1D wellbore momentum balance is written for the mixture as 

where A is the cross-sectional area, ᴦ the wetted perimeter, f the friction factor, ϴ the inclination (relative to vertical), and γ is a slip‑induced correction in the momentum flux arising from phase segregation, 

The mixture and profile-adjusted average density, and mass-average velocity are defined by,



with Sg being the gas saturation (or holdup), and ρβ, vβ the density and axial velocity for phase β ϵ {g,l}. 
The mass conservation is written for each component c (c = 1, …, Nc), 

where xcβ denotes the mass fraction of component c in the phase β, and qc represents the inflow or outflow sink/source terms. 
The energy conservation is written for the mixture with the kinetic and potential energy retained, 

where Uβ denotes the phase internal energy, and qE accounts for the heat exchange with the surrounding formation. Here, we assumed an overall heat transfer coefficient of 1.135 W/m2.C for the formation rock. 
The mass and energy conservation equations were discretized spatially using a finite-volume approach and temporally using a first order backward-Euler scheme, similar to Moslehi and Voskov (2025). These equations were solved numerically to obtain the pressure, temperature, and overall component mole fractions at the center of each control volume. The momentum equation was discretized semi-implicitly and was integrated to obtain the mixture and phase velocities at the interface between the grid cells (Pan and Oldenburg, 2014). The properties of the CO2-rich stream including phase density, phase saturation, and component mass fraction were evaluated using the GERG-2008 EoS (Kunz and Wagner, 2012), which provides accurate predictions when impurities are present in the injected stream.

Results and discussion
We performed two vertical wellbore injection simulations to quantify how impurity-driven phase behavior could shape the pressure-temperature profiles of CO₂-rich streams during downhole transport. Two mixtures were considered (Table 1): Stream A, an almost pure CO₂ mixture containing only 0.1 mol% H₂O, and Stream B, a CO₂ mixture with ~10 mol% light-gas impurities (CH₄ and N₂) with 0.1 mol% H₂O. As shown in Figure 1, adding light impurities (Stream B) introduces an expanded two-phase envelope relative to Stream A, thereby increasing the likelihood of entering two-phase conditions during injection. The injection conditions and tubing diameters are summarized in Table 2. Both cases were designed to maintain a constant mass flow rate, making both wellhead and bottomhole pressures and temperatures variable during injection. In each case, the wellbore was discretized into cylindrical segments of length 20 m and was assumed to be initially filled with fluid of the same composition as the injected stream. 
[bookmark: _Ref222912336]Table 1. Mole fractions of two CO2-rich streams with different levels of impurities 
	Mixture
	CO2
	CH4
	N2
	H2O

	Stream A
	0.999
	0
	0
	0.001

	Stream B
	0.9
	0.05
	0.049
	0.001
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[bookmark: _Ref222922518]Figure 1. Pressure-temperature phase envelopes of the two mixtures provided in Table 1
[bookmark: _Ref222922944]

Table 2. Simulation cases with different injection conditions and interval diameters
	Case
	Pinj(bar)
	Tinj(°C)
	minj(kg/s)
	Interval: diameter (m)

	C1
	20
	25
	25
	1000: 0.15

	C2
	20
	-10
	5
	1000: 0.15


In the first simulation case (C1), both Steam A and Stream B were injected through the tubing with the injection conditions selected to ensure single-phase flow throughout the wellbore. Figure 2 compares the pressure and temperature profiles along the wellbore after 200 s of injection. Relative to Stream A, the addition of light-gas impurities in Stream B alters the mixture thermophysical properties and, consequently, the hydrodynamic pressure losses. As a result, maintaining the same constant mass injection rate requires a higher wellhead pressure for Stream B (and a corresponding adjustment in the wellhead temperature), leading to discernible differences in both the P and T trajectories along the wellbore. The small break near the bottom of the wellbore, especially in the temperature profile, is a discretization-related numerical artifact and does not represent a physical discontinuity. 
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[bookmark: _Ref222925141]Figure 2. Comparison of the wellbore (A) temperature and (B) pressure profiles in simulation case C1 for the CO2-rich mixtures given in Table 1
In case C2, only Stream B was injected at injection pressure and temperature already within the two-phase envelope, so the flow enters the wellbore as a gas-liquid mixture. As pressure and temperature evolve with depth, the mixture crosses into a single-phase region. This transition is reflected in Figure 3 by a distinct change in the slopes of the pressure and temperature profiles, separating an upper two-phase interval from a lower single-phase interval. The transition does not appear as a sharp interface because our first-order flux approximation introduces numerical diffusion, which spreads the phase front over several grid cells.
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[bookmark: _Ref222941087]Figure 3. Effect of phase segregation on the wellbore (A) temperature and (B) pressure profiles for simulation case C2 during injection of Stream B through the tubing.
Conclusions
We developed a transient non-isothermal drift-flux wellbore flow simulator to investigate how impurities influence phase behavior and pressure-temperature evolution during injection of CO₂-rich streams. The simulations show that presence of light-gas impurities in the injected stream can substantially impact the phase behavior and alter the pressure and temperature profiles in the wellbore. In single-phase injection scenarios, these impurities change the mixture thermophysical properties and hence hydrodynamic losses, leading to different pressure and temperature trajectories along the wellbore. We also showed that only 10 mol% light-gas impurities, such as CH₄ and N₂, can substantially increase the likelihood of entering a two-phase flow regime during injection, thereby narrowing the feasible operating window for injection design. The occurrence of a two-phase region is reflected by distinct changes in the slopes of the pressure and temperature profiles. Although the model captures this transition, numerical diffusion associated with the first-order discretization smears the phase boundary over several grid cells and prevents resolution of a sharp interface.
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