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Abstract 11 

A coupled reservoir/wellbore simulator is essential for solving relevant flow phenomena 12 

with dynamic interactions between reservoir and wellbore in two-phase flow systems. A 13 

reservoir simulator or wellbore simulator alone fails to solve these transient flow phenomena. 14 

This paper summarises a critical review of the coupled reservoir and wellbore simulation. 15 

First, a wide application of the drift-flux (DF) models to simulate gas-liquid flow in a 16 

wellbore model coupling to a reservoir model is discussed. Then, the mechanisms of the 17 

coupled reservoir/wellbore simulator in two-phase flow systems are discussed, including the 18 

reservoir modeling, wellbore modeling, and their coupling schemes. Various examples of 19 

representative coupled simulators are presented. Finally, some case studies are reported to 20 

reveal dynamic interactions between wellbore and reservoir by using the coupled 21 

reservoir/wellbore simulators. This study gives the most up-to-date and systematic sights on 22 

the relevant research topic of reservoir/wellbore coupling, allowing for a better 23 

understanding of the coupled reservoir and wellbore simulation and its application in the oil 24 

and gas industry.  25 
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flow phenomena 28 

1. Introduction 29 

The dynamic interaction between wellbore and reservoir research is essential to solve 30 

transient flow problems, such as wellbore storage, gas lift, coning, near-well cleanup, liquid 31 

loading, slugging, shut-in, start-up, smart wells, and reservoir management and forecast 32 

(Alberts et al., 2007; Da Silva and Jansen, 2015). In multi-phase (gas, water, and oil) flow, the 33 

pore saturation, and temperature and pressure propagation changes in a reservoir respond to 34 

propagation ranging timescales from hours to decades. Meanwhile, the wellbore’s multi-35 

phase flow, temperature, and pressure propagation have response times from seconds to 36 

hours. The dynamic dispatch between the wellbore and reservoir will lead to result in 37 

production instabilities, which can deteriorate the reservoir and wellbore production lifespan 38 

and ultimate recovery (Belfroid et al., 2005). Figure 1 provides a summary of common 39 

transient flow issues between reservoir and wellbore.  40 

 41 

Figure 1. Spatial and time scales for the reservoir (R) and wellbore (W) phenomena. This 42 

figure was modified from Figure 1 in ref  (Nennie et al., 2008). 43 

Most wellbore simulators are employed to solve the flow issues in the wellbore area, 44 

whereas the reservoir simulators are used to simulate the reservoir phenomena. These 45 
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simulations apply either a dynamic reservoir model coupled with a steady wellbore model 46 

(Hasan et al., 1997; Hasan et al., 1998; Izgec et al., 2006; Kabir et al., 1996) or a dynamic 47 

wellbore model coupled with an analytical reservoir model (Coats et al., 2003; Kosmala et al., 48 

2003; Zapata et al., 2001). Moreover, most commercial reservoir simulators (e.g., Eclipse and 49 

CMG) use steady-state values of bottom hole pressure (BHP) and tubing head pressure (THP). 50 

Similarly, most commercial wellbore flow simulators (e.g., PIPESM and Prosper) assume a 51 

given multi-phase fluid flow rate from a reservoir into a wellbore for a reservoir pressure and 52 

constant BHP (Holmes et al., 1998). These commercial simulators do not square up a 53 

significant separation in spatial and time scales between reservoir and wellbore simulations. 54 

These models disregard the dynamic interactions between the wellbore and reservoir, 55 

resulting in erroneous simulation predictions. 56 

In the past few years, some parties and scholars have realized the importance of the 57 

dynamic interactions between wellbore and reservoir and have been working on the 58 

development and application of wellbore-reservoir simulators. Millier (1980) might be the 59 

earliest scholar who studied transient interactions between wellbore and reservoir for well 60 

testing in geothermal wells (Miller, 1980). Other coupled reservoir/wellbore simulators were 61 

established to simulate dynamic flow problems between reservoirs and wellbores (Alberts et 62 

al., 2007; Almehaideb et al., 1989; Bahonar et al., 2011; Belfroid et al., 2005; Bhat et al., 2005; 63 

Cao et al., 2015; Holmes, 1983; Leemhuis et al., 2008; Livescu et al., 2010a; Nennie et al., 2008; 64 

Pan et al., 2014; Pourafshary, 2007; Sagen et al., 2011; Satti et al., 2019; Stone et al., 2002; Stone 65 

et al., 1989; Sturm et al., 2004; Tang et al., 2018; Twerda et al., 2011; Winterfeld, 1989; Korzani 66 

et al., 2019; Battistelli et al., 2020; Basirat et al., 2020; Galvao et al., 2020; Raad et al., 2021; Liao 67 

et al., 2021). Numerical wellbore simulation contains a mass equation, momentum equation, 68 

and energy equation (Hasan et al., 2002; Shoham, 2006). Darcy’s law is widely used to replace 69 

the classic momentum equation in reservoir simulation. In addition, most reservoir 70 

simulations suppose an iso-thermal condition, which implies that the energy equation is 71 

unnecessary (Aziz, 1979; Chen, 2007). Coupled reservoir/wellbore simulations combine the 72 

PIPESIM
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coupling of the reservoir’s partial differential equations (PDEs) and wellbore’s PDEs. Three 73 

different coupling schemes (explicit, implicit, and fully implicit) are widely applied to 74 

construct dynamic reservoir/wellbore simulators (Iemcholvilert, 2013). The researchers 75 

mentioned above suggested their coupling models resolve specific flow problems between 76 

the reservoir and wellbore.  77 

In this paper, we critically review numerical simulations of wellbore and reservoir 78 

models described in the open literature. While this review may not necessarily mention all 79 

the existing models, it has been ensured that a representative set of publications are covered. 80 

The prospect of this review paper is to help researchers quickly understand the mechanisms 81 

of reservoir/wellbore coupling and further improve its application.  82 

We discuss the application of the drift-flux (DF) models for coupled reservoir-wellbore 83 

simulation in Section 2. Then, in Section 3, reservoir modeling, wellbore modeling,  and their 84 

coupling schemes are described. Following that, a number of significant complexities of 85 

coupled reservoir/wellbore simulators are discussed in Section 4. Finally, Section 5 provides a 86 

summary of the findings.  87 

2. The Drift-Flux Model 88 

2.1 Role of drift-flux models 89 

There are huge differences in the definitions of phase velocities between wellbore and 90 

reservoir simulations. As is often the case, the phase velocities in a reservoir are usually small, 91 

with negligible kinetic energy, for which Darcy’s law is applicable to calculate the phase 92 

velocities (Chen, 2007). However, the kinetic energy must be considered in a wellbore 93 

simulation. The phase velocities are determined by the gas-liquid two-phase momentum 94 

equations (Hasan et al., 2002). The earliest model applied an empirical mixture equation to 95 

describe the two-phase flow (Beggs and Brill, 1973; Hagedorn and Brown, 1965; Moissis and 96 

Griffith, 1962; Orkiszewski, 1967; Ros, 1961). More complex models considered homogeneous 97 

flow, separated flow, and DF flow to simulate the two-phase momentum conservation. In the 98 

early 1980s, separate flow models were used for coupled numerical reservoir/wellbore 99 
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systems (Almehaideb et al., 1989; Stone et al., 1989). Holmes et al. (Holmes et al., 1998) 100 

outlined a multisegment well model to simulate gas-liquid flow in advanced wells. Two case 101 

studies of a horizontal well and a dual-lateral well were implemented to evaluate the 102 

performance of their multisegment well model. It was one of the first attempts to use a DF 103 

model to simulate the gas-liquid flow in a wellbore, rather than using traditional separated 104 

models(Holmes et al., 1998). As early as 1977, Holmes (Holmes, 1977) proposed his research 105 

to use the DF model to simulate flow rates of individual liquid or gas phases. After Holme’s 106 

publication, most of the subsequent researchers implemented DF models for coupled 107 

reservoir/wellbore research (Forouzanfar et al., 2015; Livescu et al., 2010a; Livescu et al., 2008; 108 

Pan et al., 2015; Pan et al., 2014; Pourafshary, 2007; Shirdel, 2013; Stone et al., 2002; Tang et al., 109 

2017). Homogeneous (no-slip) models can also be used for coupled reservoir/wellbore 110 

simulations, but they fail to accurately calculate in-situ phase volume fractions and input 111 

volume fractions. Separate models need more computational requirements considering 112 

separate conservation equations for liquid and gas phases. Furthermore, the separate models 113 

will result in discontinuous flow rates or discontinuous derivatives of flow rates due to the 114 

existence of the discrete flow regimes (Da Silva and Jansen, 2015), which limits the application 115 

of these separate models for coupled reservoir/wellbore simulations. Conversely, DF models 116 

are considered accurate to predict gas volume fractions in gas-liquid flow (Woldesemayat and 117 

Ghajar, 2007). Tang et al. summarized two essential prerequisites for fully implicitly coupled 118 

reservoir/wellbore simulators (Tang et al., 2017). One is a mixture velocity for the gas or liquid 119 

phase, and the other is that the model must be continuous and differentiable. In general, a DF 120 

model is suitable for strongly coupling reservoir/wellbore simulators. More follow-up studies 121 

will apply DF models to simulate the gas-liquid flow in the wellbore coupling to the reservoir. 122 

2.2  Description of a basic DF model 123 

The DF models are widely applied in the nuclear industry for a while (Ishii and Mishima 124 

(Ishii et al., 1984), Bonizzi and Issa (Bonizzi and Issa, 2003), Hobiki and Ishii (Hibiki et al., 125 

2004), Hoeld (Hoeld, 2007)). As indicated above, since Holmes (Holmes et al., 1998) 126 
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extensively applied a DF model for reservoir simulation, the use of DF models to couple the 127 

wellbore flow to a reservoir has been a common practice. The DF models consider the slip 128 

between fluid and gas phases and they are continuous and differentiable, making them 129 

suitable for coupling reservoir/wellbore simulations.  130 

The basic DF model was first proposed by Zuber and Findlay (Zuber and Findlay, 1965). 131 

This one-dimensional DF model describes the slip effect between the gas and liquid phases. 132 

The general formulation is expressed in Eq. (1): 133 

Vg=CoVm+Vd                                                                                                         (1) 134 

where Vg is the flow velocity of the gas phase; Co is a profile parameter, which reveals the 135 

effect of a non-uniform flow profile over a pipe cross-section; Vm is an average velocity of the 136 

mixture; Vd is the drift velocity considering the slip between the gas and liquid phases. Vm can 137 

be defined: 138 

Vm=Vsg+Vsl=Vgαg+Vl(1-αg)                                                                                 (2) 139 

where Vsg is the gas superficial velocity; Vsl is the liquid superficial velocity; Vl is the flow 140 

velocity of liquid; αg is the in-situ gas volume fraction.  141 

Figure 2 summarizes the mechanism of the basic DF model. The gas velocity is illustrated 142 

by a combination of the differences in gas concentration across the pipe section and the 143 

tendency of the gas phase to rise in the tubing owing to buoyancy (Livescu et al., 2010a; Shi et 144 

al., 2005a; Shi et al., 2005b).  145 

 146 
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Figure 2. Schematic of DF models. This figure was modified from Figure 1 in ref (Shi et al., 147 

2005a). 148 

DF models require some empirical parameters. However, most of these parameters must 149 

be determined by experiments in vertical pipes with 2 inches or smaller diameters. These 150 

parameters can not be applicable in wellbore two-phase flow due to the huge differences in 151 

flow mechanisms between different large pipes and small pipes (Jepson and Taylor, 1993). 152 

Therefore, the overall goal is to form unified drift-flux models for coupled reservoir/wellbore 153 

simulators by adjusting these empirical parameters.  154 

Since first published in 1965, the basic DF model has been refined by many researchers.  155 

In an early application in thermal-hydraulic analysis, Coddington and Macian (Coddington et 156 

al., 2002) presented a good review of 13 DF correlations to accurately forecast rod bundle void 157 

fractions in a nuclear reactor core. They summarized all the expressions of these correlations, 158 

showing that they can perform well for a broad range of experimental conditions (Bestion 159 

and design, 1990; Chexal et al., 1992; Gardner, 1980; Inoue et al., 1993; Ishii, 1977; Liao et al., 160 

1985; Maier and Coddington, 1996; Pearson et al., 1984; Sonnenburg, 1989; Sun et al., 1980; 161 

Takeuchi et al., 1992; Zuber and Findlay, 1965). For the oil and gas industry, since Holmes 162 

(Holmes et al., 1998) published his work on an application of a drift-flux model in advanced 163 

wells, Hasan and Kabir (Ansari et al., 1994; Hasan et al., 1999; Hasan and Kabir, 1988a, b) and 164 

Ansari et al. (Ansari et al., 1994) have improved their DF correlations and these models are 165 

widely used for gas-liquid flow modeling in pipes (Flores et al., 1998; Hasan et al., 2010; 166 

Hasan et al., 2002; Petalas and Aziz, 2000). However, only a very limited number of DF 167 

models have been proven to be suitable for coupled reservoir/wellbore systems (Holmes, 1977; 168 

Shi et al., 2005a; Shi et al., 2005b; Tang et al., 2019a; Tang et al., 2019b).  169 

2.3 Unified gas/liquid DF models for coupled reservoir/wellbore simulators 170 

One of the most widely applicable DF models for coupled reservoir/wellbore simulations 171 

was proposed by Shi et al. (Shi et al., 2005a; Shi et al., 2005b). Their model could simulate 172 

concurrent and countercurrent flows, as well as complex advanced wells. They covered and 173 
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improved the DF model first presented by Homes (Holmes, 1977). Oddie et al. (Oddie et al., 174 

2003) performed large-scale flow experiments for multi-phase flows at various inclinations to 175 

determine these empirical parameters in Shi et al.’s model. Livescu et al. (Livescu et al., 2010a; 176 

Livescu et al., 2008; Livescu et al., 2010b) and Semenova et al.(Semenova et al., 2010) 177 

implemented this DF model, which was applied to Stanford’s General Purpose Research 178 

Simulator, detailed in Cao (Cao, 2002) and Jiang (Jiang, 2007). Shi et al.’s model was also 179 

applied in other coupled reservoir/wellbore simulators and commercial simulators 180 

(Forouzanfar et al., 2015; Pan et al., 2015; Pan et al., 2014; Schlumberger, 2010). However, this 181 

model is suitable only for a pipe inclination from +2° (near horizontal) to +90°(vertical 182 

upward), which thereby limits its application. Figure 3 summarizes the use of multiplier m(θ) 183 

to compensate for gas/liquid deviation in Shi et al.’s model. It covered Hasan and Kabir’s 184 

(Hasan et al., 1999) multiplier m(θ) and refined a valid range for θ from [2°, 30°] to [2°, 90°]. A 185 

solution for the multiplier m(θ) for the gray region (θ ∈[0°, 2°]) has not been yet posed. As a 186 

DF model was developed from near-horizontal and vertical flow, it remained unsuited for 187 

horizontal or downward flow. 188 

 189 

Figure 3. Three forms of the expression for inclination multiplier m(θ). This figure was 190 

modified from Figure 2 in ref (Tang et al., 2019b). 191 

With an extensive application of horizontal wells and undulating horizontal wells, there 192 
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is a need to extend the inclination range of Shi et al.’s DF model (Luo et al., 2020; Piasecka et 193 

al., 2021; Wu et al., 2019). Li et al. (Li et al., 2011) presented a simple stratified equivalent 194 

model to extend Shi’s model from -5° (downward flow) to +90°, and their model is suitable for 195 

complex coupled systems. Choi et al. (Choi et al., 2012) raised an efficient DF model to 196 

forecast liquid holdups in a broad range of pipeline inclination angles. Choi et al.,2012’s 197 

model was verified using an experimental dataset from Tulsa University Fluid Flow Projects 198 

(TUFFP) and a synthetic dataset from OiL and GAs simulator (OLGA) by the SPT group with 199 

inclination ( [-30°, 90°]). A subsequent DF model proposed by Bhagwat and Ghajar (Bhagwat 200 

and Ghajar, 2014) represented the widest range of inclination (θ ∈[-90°, 90°]). The correlation 201 

of Bhagwat and Ghajar’s model had a significant performance on the entire range of void 202 

fractions. However, all these DF models have never been applied in wellbore two-phase flow 203 

for coupling to a reservoir model. Other representative DF models suitable for coupled 204 

reservoir/wellbore simulators were developed by Tang et al. (Tang et al., 2019a; Tang et al., 205 

2019b; Tang et al., 2017). First, Tang et al. (Tang et al., 2017) extended Shi et al.’s model to 206 

horizontal flow to simulate the liquid loading phenomenon in horizontal wells. Then, Tang et 207 

al. (Tang et al., 2019a; Tang et al., 2019b) developed a unified DF model for all wellbore 208 

inclinations (θ ∈[-90°, 90°]). Two datasets from TUFFP and OLGA-S were used to determine 209 

optimal parameters in Tang et al.’s model. Table 1 summarizes all the public sources from 210 

TUFFP (Choi, 2013), which can be worthy for subsequent new DF models. Tang et al. (Tang, 211 

2019; Tang et al., 2019a; Tang et al., 2019b; Tang et al., 2017; Tang et al., 2018; Tang et al., 2019c) 212 

implemented their DF model into the General Unstructured Reservoir Utility (GURU) at 213 

Texas A&M University, detailed in Yan (Yan, 2017) and Olivares (Valbuena Olivares, 2015).  214 

Table 1. Summary of datasets from TUFFP used for parameters optimization in Tang et al.’s 215 

model. 216 

Time Author 
Inclination, 

θ (degrees) 

Pipe 

diameter, 

D (cm) 

Gas superficial 

velocity, Vg

（m/s） 

Liquid 

superficial 

velocity, VL

（m/s） 

(2012)

(2011)

(2017)
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1967 Eaton et al. 0 10.20 [0.112, 21.901] [0.011, 2.108] 

1972 Beggs  [-10, 10] 2.54 [0.299, 25.323] [0.023, 5.203] 

1976 Schmidt  90 5.08 [0.042, 13.146] [0.070, 2.146] 

1977 Cheremisinoff  0 6.35 [2.582, 25.241] [0.017, 0.070] 

1980 Mukherjee  [-90, 90] 3.81 [0.037, 41.310] [0.015, 4.362] 

1980 Akpan  0 7.62 [0.199, 5.458] [0.137, 1.701] 

1982 Vongvuthipornchai  0 7.62 [0.061, 2.938] [0.070, 2.146] 

1983 Minami  0 7.79 [0.475, 16.590] [0.005, 0.951] 

1986 Caetano  90 6.34 [0.023, 22.859] [0.002, 3.579] 

1986 Kouba  0 7.62 [0.302, 7.361] [0.152, 2.137] 

1986 Rothe et al.  [-2, 0] 17.10 [0.610, 4.633] [0.061, 1.830] 

1992 Felizola  [0, 90] 5.10 [0.390, 3.360] [0.050, 1.490] 

1996 Roumazeilles et al. [-30, 0] 5.10 [0.914, 9.357] [0.884, 2.438] 

1996 Brill et al.  [-10, 10] 7.79 [3.629, 12.656] [0.004, 0.046] 

1999 Meng  [-2, 2] 5.08 [4.600, 26.600] [0.001, 0.054] 

2000 Abdul-Majeed  0 5.08 [0.196, 49.908] [0.002, 1.825] 

2005 Fan  [-2, 2] 5.08 [4.930, 25.700] [0.0003, 0.052] 

2005 Johnson  [0, 5] 10.00 [0.711, 4.523] [0.019, 0.605] 

2011 Yuan  [30, 90] 7.62 [9.900, 36.000] [0.005, 0.100] 

2012 Magrini et al. [0, 90] 7.62 [36.630, 82.320] [0.003, 0.040] 

2012 Guner  [0, 45] 7.62 [1.485, 39.388] [0.010, 0.100] 

2013 Alsaadi  [2, 30] 7.62 [1.829, 39.992] [0.010, 0.101] 

 217 

We reviewed several DF models for simulating gas-liquid flow in the wellbore at various 218 

inclinations. Shi et al.’s model was regarded as the DF model with the widest application for 219 

coupled reservoir/wellbore simulators. Tang et al. claimed that their model was unified and 220 

suitable for any coupled systems, whereas other DF models have the potential to be applied 221 

in coupled reservoir/wellbore simulators in future work. Table 2 presents the correlations of 222 

those advanced DF models discussed above.  223 

 224 

 225 
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Table 2. Several unified DF models for coupled reservoir/wellbore simulation. 226 

Author  
Inclination 

θ (degrees) 
Correlation 

Shi et al. 

(2005) 
[+2, +90] 

Co=
A

1+(A-1)γ2
 

Vd=
(1-αgCo)CoK(αg)Vc

αgCo√
ρ

g

ρ
l

+1-αgCo

 

Li et al.  

(2011) 
[-5, +90] 

αg=
Vgαg

Co(αg, Xp)Vm+Vd(αg, Xp)
 

αg(θ)=C1(θ)(αg)
SE

+[1-C1(θ)](αg)
DF

 

C1(θ)=

{
 
 

 
 1                                              for θ ϵ [θSE, 0°]

exp(-β
θ2

(θDF)
2
-θ2
)                   for θ ϵ [0°, θDF] 

       0                                             for θ ϵ [θDF, 90°]   

 

Choi et al. 

(2012) 
[-30, 90] 

Co=
2

1+(Re/1000)2
+

1.2-0.2√
ρ
𝑔

ρ
𝑙

(1-exp(-18αg))

1+(1000/Re)2
 

Vd=Acosθ+B(
gσΔρ

ρ
𝑙
2

)
1/4

sinθ 

Bhagwat 

and Ghajar  

(2014) 

[-90, 90] 

Co=
2-(ρg/ρl)

2

1+(Re/1000)2
+

[(√(1+ (
ρg

ρl
)

2

cosθ))/(1+cosθ))

(1-α)

]

2/5

+C0.1

1+(1000/Re)2
 

𝑉d=(0.35sinθ+0.45cosθ)×√
gD (ρ

l
-ρ

g
)

ρ
l

(1-αg)C2C3C4 

C0.1=

{
 
 

 
 0,    -50°≤θ≤0° and Frsg≤0.1

(C1-C1√
ρ

g

ρ
l

)[(2.6-β)
0.15

-√f
tp

](1-x)1.5,  otherwise
 

C2={
[

0.434

log(μ
l
/0.001)

]
0.15

,   (μ
l
/0.001)>10  

1                         ,   (μ
l
/0.001)≤10

 

C3= {（La/0.025）
0.9

, La>0.025  

1                      , La≤0.025
 

C4= {
-1,  -50°≤θ≤0° and Frsg≤0.1 

1,   otherwise
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Tang et al. 

(2017) 
[0, 90] 

Co=
A

1+(A-1)γ2
 

Vd=
(1-αgCo)ComV𝑐

αgCo√
ρ

g

ρ
l

+1-αgCo

,  0° ≤ 𝜃 ≤ 2° 

Vc=√
gD(ρ

l
-ρ

g
)

ρ
l

 

Vd=
(1-αgCo)CoK(αg)Vc

αgCo√
ρ

g

ρ
l

+1-αgCo

,  2° ≤ 𝜃 ≤ 90° 

𝑉𝑑𝑚 = 𝑉𝑑 ×𝑚 × 𝑓(𝜃) 

Tang et al. 

(2019) 
[-90, 90] 

Co=
A

1+(A-1)×min

{
 
 

 
 

[

max (αg,
αg|Vm|

Vsgf
) -B

1-B ]

2

,1

}
 
 

 
 

 

Vd=(m1Vd
vsinθ+ {1-

2

1+exp[50×sin(θ+m2Vm)]
}Vd

hcosθ) × 

(1+
1000

Rel+1000
)
m3

 

where  Co  is the profile parameter;  Vd  is the drift velocity;  A  is the value of the profile 227 

parameter in the bubble and slug flow regimes; γ is the term involving to cause Co to reduce 228 

to 1.0; αg is the in-situ gas volume fraction; K(αg) is the critical Kutateladze number; Vc is the 229 

characteristic velocity.  Xp  is the DF model parameter vector;  C1(θ)  is the tunable weight 230 

function; Vg is the in-situ gas velocity; Vm is the mixture velocity. θ is the pipe inclination 231 

angle; Re is the Reynolds number; σ is the surface tension; A, B is the coefficient constant. 232 

Frsg  is the Froude number; C0.1,C2,  C3, C4 is the coefficient constant;  f
tp

 is the friction factor; 233 

μ
l
 is the liquid viscosity; La  is the Laplace variable.  𝑚  is the coefficient constant; 𝑓(𝜃) 234 

represents the influence of pipe inclination; 𝑉𝑑𝑚 is the modified Vd . Vsgf is the gas flooding 235 

velocity; m1,m2,m3 is the coefficient constant; Vd
v  is the vertical drift velocity; Vd

h  is the 236 

horizontal drift velocity. 237 
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3. Coupled reservoir/wellbore modeling 238 

3.1 Reservoir modeling 239 

The numerical simulation of reservoir flow is based on a series of conservation equations, 240 

where typical variables are pressure and phase saturations (Chen et al., 2006). Darcy’s law is 241 

selected to describe fluid velocities through porous media in the reservoirs. Hydrocarbons in 242 

a reservoir are described by using black oil or compositional models. Other auxiliary 243 

equations involve interfacial tensions and capillary effects. For example, we consider three-244 

phase Darcy flow in the porous media in compositional system. Eqs. (3) and (4) express the 245 

mass conservation equations for hydrocarbon components and the water phase (Livescu et al., 246 

2010a; Livescu et al., 2008; Tang, 2019; Tang et al., 2019c). Usually, hydrocarbon components 247 

are not present in the water phase.  Eqs. (5) is the total energy balance equation. 248 

∇ [kA(
kro

μ
o

xcρ̃o
∇ (Po-𝜌𝑜gz) +

krg

μ
g

y
c
ρ̃

g
∇ (Pg-𝜌𝑔gz) )] =Vb

∂

∂t
(ϕ (Soxcρ̃o

+Sgy
c
ρ̃

g
)) -nc,s              (3) 249 

∇ [kA(
krw

μ
w

ρ̃
w
∇ (Pw-𝜌𝑤gz) )] =Vb

∂

∂t
(ϕ(Swρ̃

w
)) -nw,s                             (4) 250 

∇ [kA∑ 𝐻𝛼𝛼
krα

μ
α

ρ̃
α
∇ (Pα-𝜌𝛼gz)] = Vb

∂

∂t
(ϕ∑ 𝑆𝛼𝜌̃𝛼𝑈𝛼𝛼 )+𝑄𝑙𝑜𝑠𝑠+𝑞𝐻                  (5) 251 

where k is the absolute permeability; Vb is the bulk rock volume; krα(α=o, g, w) is the phase 252 

relative permeability; uα(α=o, g, w)  is the phase viscosity; A is a cross-sectional area; 253 

Pα(α=o, g, w) is phase pressure; 𝜌̃α(α=o, g, w) is the molecular density; 𝜌𝛼(α=o, g, w) is the mass 254 

density; g is the gravitational acceleration; z is the depth; ϕ is the porosity; xc and yc are the 255 

mole fractions of hydrocarbon component c in the oil and gas phases, respectively; 256 

𝑆α(α=o, g, w) is a phase saturation; nc,s is a sink term; nw,s is a source term; 𝐻α(α=o, g, w) is the 257 

enthalpy of the phase; 𝑈α(α=o, g, w)  is the specific internal energy of the phase; 𝑄𝑙𝑜𝑠𝑠 258 

represents the heat exchange between the reservoir and wellbore; 𝑞𝐻 is the internal source 259 

terms for the total energy.  260 

These partial differential equations (PDEs) are usually resolved by a fully implicit time 261 

discretization and a finite-volume space discretization, although sometimes a finite element 262 

discretization is used in space (Da Silva and Jansen, 2015; Valbuena Olivares, 2015; Yoshida, 263 
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2016). An adaptive time-stepping scheme can also be applied for reservoir simulation. In a 264 

compositional simulation, the fluid properties of gas and oil phases are determined by vapor-265 

liquid flash calculations based on an equation of state (EOS).   266 

3.2 Wellbore modeling 267 

Numerical simulation of wellbore flow is based on a set of mass, momentum, and energy 268 

conservation equations. The mass conservations for hydrocarbons and water in wellbore flow 269 

are shown in Eqs. (5) and (6) (Livescu et al., 2010a; Livescu et al., 2008; Tang, 2019; Tang et al., 270 

2019c). The primary variables consist of hydrocarbon component molar fractions, pressure, 271 

volumetric holdups, and a mixture velocity. The superficial velocity phases in Eqs. (6) and (7) 272 

are determined by a DF model discussed in Section 2. Considering the case of two-phase flow, 273 

a momentum conservation equation for a pressure drop is obtained (Ishii and Hibiki, 2010). 274 

Eq. (8) represents the total pressure loss for the whole wellbore (Govier and Aziz, 1972; Hasan 275 

et al., 2010; Hasan et al., 2002; Livescu et al., 2010a). The pressure drop equation consists of 276 

the pressure losses due to gravity, acceleration, and frictional effects. Eq. (9) represents the 277 

total energy balance for the whole wellbore system. In thermal reservoir/wellbore simulators, 278 

the energy conservation equation is used to calculate temperature (Bahonar et al., 2011; Dong 279 

et al., 2011; Hasan et al., 2002; Ramey, 1962; Satter, 1965; Xiong et al., 2015). Also, the phase-280 

equilibrium equations are chosen to calculate each phase’s mole fractions and composition 281 

under specific pressure and temperature conditions.  282 

∇ [A(xcρ̃o𝑣𝑠𝑜 + y
c
ρ̃
g
𝑣𝑠𝑔)]=Vseg

∂

∂t
(𝛼oxcρ̃o+𝛼gycρ̃g) +nc,s                       (6) 283 

∇[Aρ̃
w
𝑣𝑠𝑤]=Vseg

∂

∂t
(𝛼wρ̃w)+nw,s                                           (7) 284 

∂P

∂z
+
∂ρmvm

2

∂z
+
ftpρmvm|vm|

2d
+ρmgcosθ=0                                                      (8) 285 

∂

∂z
∑ 𝜌̃𝑓𝛼𝑓(𝑈𝑓 +

1

2
𝑉𝑓
2)𝑓 +

∂

∂z
∑ 𝜌̃𝑓𝑉𝑠𝑓(𝐻𝑓 +

1

2
𝑉𝑓
2)𝑓 =∑ 𝜌̃𝑓𝑉𝑆𝑓𝑔𝑐𝑜𝑠𝜃 + 𝑄𝑙𝑜𝑠𝑠𝑓 + 𝑞𝐻          (9)  286 

where 𝛼f (f =o, g, w) is the volumetric holdup; 𝑣f (f =o, g, w) is the superficial velocity; ρ
m

 is the 287 

mixture density; vm is the average mixture velocity; d is the pipe inner diameter; f
tp

 is the 288 

friction factor; 𝐻f(f=o, g, w) is the phase enthalpy; 𝑈f(f=o, g, w) is the phase specific internal 289 
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energy. 290 

These PDEs of mass and momentum conservation equations can be one-dimensional, 291 

usually discretized in space by the finite-volume methods along the axial direction of a 292 

wellbore. Usually, a staggered grid arrangement is adopted for the discretization in space, 293 

which means that the variables of pressure, temperature, and holdup are calculated at the 294 

centre of each segment while the velocities are solved at the face of each segment (Livescu et 295 

al., 2010a; Tang et al., 2019c; Yoshida, 2016).  296 

3.3 Numerical implementation of coupling reservoir and wellbore models 297 

Implementing of the reservoir and wellbore models numerically requires the coupling of 298 

two sets of PDEs. The reservoir’s PDEs and wellbore’s PDEs are coupled through source and 299 

sink terms in mass balance equations. Meanwhile, the reservoir pressure at the reservoir/ 300 

wellbore surface must match the wellbore segment pressure. The reservoir models and 301 

wellbore models are concurrently solved at each time step. Important control parameters (e.g. 302 

phase flow rate, tubing head, and bottom hole pressure) are transferred between these two 303 

sets of PDEs. The primary reservoir variables include the moles of hydrocarbon components 304 

and water, pressure, temperature, and saturation. The primary wellbore variables contain the 305 

moles of hydrocarbon components and water, pressure, temperature, volumetric holdup, and 306 

mixture velocity. Once the primary variables in the reservoir and wellbore are resolved, the 307 

other variables will be updated in the whole coupled systems. 308 

There are three different types of coupling schemes used in a couped reservoir/wellbore 309 

simulation: explicit, implicit, and fully implicit  (Bahonar et al., 2011; Iemcholvilert, 2013; 310 

Stone et al., 1989; Tang, 2019).  311 

In an explicit coupling scheme, a reservoir and a wellbore are treated as different 312 

domains and resolved at different time steps (Gao, 2014; Redick, 2017). The explicit coupling 313 

scheme will balance the wellbore and reservoir at the same time step level. This scheme 314 

produces less computational burden and is highly flexible for a coupled system. A case in 315 

point is an explicit calculation of bottom hole pressure (BHP) as a controlling parameter. 316 
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Wellbore models will calculate the BHP at a specific time step n for a phase rate Q given by 317 

the reservoir model and THP. Then one uses the BHP as a well boundary datum to solve 318 

reservoir models to obtain a new phase rate Qnew. This new phase rate Qnew is then selected as 319 

a new input for wellbore simulation at the next synchronization time step n+1. Figure 4 320 

summarizes the schematic of the explicit coupling scheme discussed above. 321 

 322 

Figure 4. Schematic of the explicit coupling scheme. 323 

In an implicit coupling scheme, a reservoir and a wellbore are also treated as different 324 

domains but balanced at a Newton iteration level. This scheme demands more computational 325 

effort than the previous explicit coupling scheme due to the iterative calculation associated 326 

with the time step level (Gao, 2014; Trick, 1998). In the implicit case, a requirement for 327 

coupling actions must be determined at the beginning of each Newton iteration. The 328 

controlling parameter BHP calculated by wellbore models will pass to the reservoir models as 329 

a boundary constraint. In the same time step, one uses this converged BHP to solve reservoir 330 

models and check the convergence of the reservoir equations. If they converge, one proceeds 331 

to the next time step. If they diverge, the iterations are repeated to update Q and THP to 332 

calculate the reservoir model and wellbore model until the Newton solution of coupled 333 

processes converges. The schematic of the implicit coupling scheme is shown in Figure 5. 334 
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 335 

Figure 5. Schematic of the implicit coupling scheme. 336 

In a fully implicit coupling scheme, a reservoir and a wellbore are treated as one domain. 337 

Reservoir models and wellbore models are solved simultaneously at each Newton iteration 338 

level (Gao, 2014; Ghorayeb et al., 2003). The Jacobian matrix in the fully implicit scheme is 339 

significantly larger than that for independent wellbore or reservoir simulators. The fully 340 

implicit coupling scheme needs the most computational effort and produces the most stable 341 

solution for a coupled reservoir/wellbore simulation among these three schemes. For a fully 342 

implicit case, synchronization points need to be defined where information from the reservoir 343 

is synchronously passed to the wellbore. The primary variable parameters (i.e. BHP, reservoir 344 

pressure, saturation, moles of hydrocarbon component, and holdups) are solved 345 

simultaneously. The fully implicit scheme will check whether the Newton iteration is 346 

converged or not. If yes, one proceeds to the next time step. Otherwise, one repeats iteration 347 

loops until a Newton iteration converged. The schematic of the fully implicit coupling scheme 348 

is presented in Figure 6. 349 
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 350 

Figure 6. Schematic of the fully implicit coupling scheme. 351 

In the above discussed three coupling schemes, the explicit coupling method only 352 

balances the reservoir model and wellbore model at the beginning of each time step and fails 353 

to generate an accurate reservoir state or wellbore state at the end of each time step. The 354 

implicit coupling scheme achieves equilibrium between the reservoir model and wellbore 355 

model at Newton iteration level. However, the implicit solution’s correctness relies on the 356 

coupling frequency, and the time step convergence is simply based on the reservoir model. 357 

The fully implicit scheme is regarded as the most stable and most accurate coupling method 358 

due to the reservoir model and wellbore model being solved simultaneously at Newton 359 

iteration level.  360 

We review the most representative examples of coupled reservoir/wellbore simulations 361 

in open publications. Table 3 summarizes the most relevant aspects of various coupling 362 

examples. 363 

Table 3. Overview of the most representative examples of coupled reservoir/wellbore 364 

simulators.  365 



  

 19 

 

Author (s) Coupled reservoir/wellbore simulation 
Coupling 

scheme 

Stone et al. (1989) M, T, B, SF, H F 

Almehaideb et al. (1989) M, N, B, SF,V F 

Winterfeld (1989) M, N, B, SM, V F 

Holmes et al. (1998) M, ?, B, DF, M F 

Stone et al. (2002) M, T, C, DF, M I 

 Coats et al. (2004) M, N, C,?, M F 

Bhat et al. (2005) S, T, B, ?, H I 

Nennie et al. (2007) M, T, B, SF, M E 

Sagen et al. (2007) M, T, B, ?, M F 

Pourafshary (2007) M, T, C, DF, V F 

Leemhuis et al. (2008) M, T, B, SF, M E 

Livescu et al. (2009) M, T, C, DF, M F 

Livescu et al. (2010)  M, T, B, DF, M F 

Semenova et al. (2010) M, T, C, DF, M F 

Twerda et al. (2011) M, T, B, SF, M F 

Bahonar et al. (2011) S, T, B, ?, V F 

Shirdel (2013) S, N, C, ?, H F 

Pan and Oldenburg (2014) M, T, C, DF, V F 

Gao (2014) M, N, B, SM, V&H I 

Forouzanfar et al. (2015) M, T, C, DF, V F 

Cao et al (2015) M, N, C, ?, M F 

Olivares (2015) M, N, C, SM, V  F 

Redick (2017) M, N, B, ?, V I 

Tang et al. (2018) M, N, C, DF, H F 

Galvao et al. (2019) S, T, C, ?, V E 

Galvao et al. (2020) S, T, C, ?, V E 

Basirat et al. (2020) M, T, C, DF, V  F 

Battistelli et al. (2020) M, T, C, DF, V  F 

Raad et al. (2021) M, T, B, ?, V E 

Liao et al. (2021) M, T, B, ?, H F 

 366 
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Legend: 367 

Coupled reservoir/wellbore simulation: M=multiphase; S=singlephase; T=thermal;  368 

N=non-thermal; B=black oil; C=compositional; SF-separated flow; SM-semi empirical model;  369 

DF-Drift-Flux; V-vertical well; H-horizontal well; M-multilateral well; ?-unknown.  370 

Coupling scheme: F-fully implicit; I-implicit; E-explicit.  371 

4. Applications of coupled reservoir/wellbore simulators 372 

4.1 Typical application 1- gas coning 373 

Gas coning is a common gas flow phenomenon where the reservoir’s gas-oil contact 374 

migrates slowly to the wellbore due to the drawdown of the oil production in the horizontal 375 

or deviated wells. The progress of the gas cone is a gradual transitional process. Once the gas-376 

oil contact reaches the wellbore, the gas-liquid mixture in the wellbore abruptly alters with a 377 

steep increase in the gas-oil ratio (GOR), resulting in a substantial decrease in bottom hole 378 

pressure. The reservoir simulation usually applies the lift curve to simulate gas coning, while 379 

varied GOR values will result in various bottom hole pressures. The variation of bottom hole 380 

pressure can reflect the occurrence of gas coning. However, reservoir simulation lacks 381 

effective simulation of the dynamic transient in the wellbore. Single reservoir simulation can 382 

hardly describe the gas breakthrough phenomenon due to a constant productivity index 383 

applied. A dynamic coupled wellbore-reservoir simulator was developed to simulate gas 384 

coning problems by Nennie et al. and Leemhuis et al. (Belfroid et al., 2005; Leemhuis et al., 385 

2008; Nennie et al., 2008). Figure 4 shows the BHP at different inflow control valves (ICVs) 386 

versus time during the gas breakthrough in a horizontal well with multizone completion by 387 

the coupled reservoir/wellbore simulator and simulator MoReS. MoRes is a reservoir 388 

simulator that can handle non-fractured and fractured reservoirs. It can be drawn from Figure 389 

4 that the simulation points between the coupled reservoir/wellbore simulator and simulator 390 

MoReS are slightly different. A smaller BHP in the coupled reservoir/wellbore simulator 391 

makes a larger mass flow to the wellbore than the simulator MoRes, which results in the gas 392 

breakthrough occurring 15 hours earlier in the coupled simulator. Moreover, the pressure 393 

Figure 7
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development after gas coning between the coupled reservoir/wellbore simulator and the 394 

simulator MoRes indicates a significant difference. The pressure derivative performs much 395 

steeper after the gas breakthrough than before. This case reveals how a dynamic 396 

reservoir/wellbore simulator influences the gas coning phenomenon more accurately than a 397 

single reservoir simulator.  398 

 399 

Figure 7. BHP at different ICVs versus time during gas breakthrough. This figure was 400 

modified from Figure 7 in ref (Nennie et al., 2008). 401 

4.2 Typical application 2-well storage effect  402 

Well storage effect is usually referred to as the well dynamics during start-up and shut-in. 403 

Both start-up and shut-in will imply a strong interaction between the wellbore and the 404 

reservoir. During the well testing, the pressure measurements are collected within the 405 

wellbore instead of the reservoir. The pressure recorder is employed to measure the reservoir 406 

responses, unfortunately, the wellbore responses are also gathered. Moreover, the wellbore 407 

responses are much faster than the reservoir responses. Consequently, the wellbore storage 408 

effect between the wellbore and reservoir must be considered during well testing. The 409 

researchers from Integrated System Approach Petroleum Production (ISAPP) simulated the 410 

dynamic well storage phenomenon to reveal the necessity of a coupled reservoir/wellbore 411 
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simulator (Alberts et al., 2007; Nennie et al., 2008). They stated that the coupled 412 

reservoir/wellbore model was a Matlab coupling between a single reservoir simulator MoRes 413 

and a single wellbore simulator OLGA. Figure 8 presents the BHP versus time for simulations 414 

during shut-in and start-up periods from the coupled simulator and OLGA. OLGA is a 415 

multiphase flow simulator that can simulate transient flow behavior in the wellbore. 416 

According to Figure 8 (a), the BHP simulated by OLGA soon reached the original reservoir 417 

pressure within several minutes while the coupled simulator reached the reservoir pressure 418 

after six hours during the build-up period after the shut-in operation. Moreover, the reservoir 419 

pressure of the coupled simulator was smaller than the initial reservoir pressure owing to 420 

reservoir depletion. The wellbore storage effect also influences the start-up period, referred to 421 

Figure 8 (b). The OLGA simulator can simulate the well storage but overrate the BHP due to 422 

the missing reservoir depletion. Therefore, the interactions between wellbore and reservoir 423 

should be taken into consideration for dynamic procedures such as shut-in, start-up, 424 

depletion, and clean-up. 425 

 426 

Figure 8. Comparisons of BHP versus time (a) build-up period after shut-in and (b) start-up 427 

period from coupled simulator and OGLA. This figure was modified from Figures 9 and 14 428 

in ref (Nennie et al., 2008). 429 

4.3 Typical application 3- liquid loading 430 

Liquid loading is a serious issue when the gas rate fails to lift all the liquids to the surface 431 

in most mature gas fields. An accumulation of unproduced liquid in a wellbore causes 432 

OLGA



  

 23 

 

sudden decreases in gas production and drastic fluctuations in wellbore pressure (Lea and 433 

Nickens, 2004). Liquid loading can hardly be comprehensively simulated by a reservoir 434 

simulator or wellbore simulator due to the flow transience between reservoir and wellbore. 435 

Tang et al. (Tang, 2019) developed a fully implicitly coupled reservoir/wellbore simulator to 436 

describe the liquid loading phenomenon in horizontal wells. Figure 9 compares the gas-437 

producing rate and the pressure of a perforated well segment from Tang et al.’s coupled 438 

simulator and Eclipse 300 (E300). A relevant DF model used in E300 was detailed by Shi et al. 439 

(Shi et al., 2005b). The simulation results revealed a sharp drop in the gas rate and a steep 440 

increase in the pressure at the perforated segment at approximately the 60th day. Tang et al.’s 441 

simulator forecasted the onset of the liquid loading phenomenon around one day earlier than 442 

E300.  443 

 444 

Figure 9. Comparisons of (a) gas-producing rate and (b) the pressure of a perforated 445 

segment from Tang et al.’s coupled reservoir/wellbore simulator and E300. This figure was 446 

modified from Figures 4.7 and 86 in ref (Tang, 2019). 447 

4.4 Typical application 4- general scenarios 448 

A coupled reservoir/wellbore simulator containing black oil and compositional models 449 

proposed by Livescu et al. (Livescu et al., 2010a; Livescu et al., 2008) was used in some 450 

complex cases. Their case studies revealed various applications for simulating three-phase 451 

steady-state flow, gas condensate, thermal flow, phase changes, and compositional 452 

fluctuations. Various wellbore types including vertical wells, horizontal wells, and 453 
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multilateral wells are connected to the reservoir by different completion methods. As 454 

illustrated in Figure 10, the whole wellbore is split into multiple segments coupling the 455 

reservoir girds. The variable parameters in the coupled reservoir/wellbore systems include 456 

pressure, temperature, mole fractions, and in-situ phase fractions. All these variable 457 

parameters are captured at different time steps to accurately describe physical phenomena 458 

both in a wellbore and a reservoir. The underlying models are flexible to solve advanced 459 

completions and complex downhole networks. Livescu et al.’s coupled simulator has been 460 

proven with broad applicability and robustness. 461 

  462 

Figure 10. Schematic representation of multilateral wells: (a)dual-lateral well; (b) 463 

multilateral well with three branches. This figure was modified from Figure 2 in ref 464 

(Livescu et al., 2010a) and Figure 6 in ref (Livescu et al., 2008). 465 

5. Summary  466 

In this study, we conduct a literature assessment of the dynamic interactions between 467 

wellbores and reservoirs. We explain the wide application of the DF model in the wellbore 468 

model for coupling the reservoir models. We honor the fully implicit method for coupling the 469 

reservoir system and wellbore system due to its high stability and accuracy. It should be 470 

emphasized that dynamic coupled reservoir/wellbore simulators are necessary for resolving 471 

transient flow problems between reservoir and wellbore. 472 

Livescu et al., 2010a; Livescu et al., 2008; Pourafshary, 2007; Cao et al., 2015; Shirdel, 2013 473 
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developed their own coupled reservoir/reservoir models for general scenarios of different 474 

wellbore types with advanced completions. The findings of the numerical analysis of pressure, 475 

temperature, mole fractions, and in-situ phase fractions matched well with experimental data 476 

or analytical solutions.  477 

In horizontal or deviated wells, gas coning phenomenon reflected typical dynamic 478 

interactions between reservoir and wellbore. Belfroid et al., 2005; Leemhuis et al., 2008; 479 

Nennie et al., 2008 noticed a lower bottom hole pressure and an earlier simulated gas 480 

breakthrough time in their dynamically coupled simulator, which performed slightly 481 

different simulation results from a standalone reservoir simulator.  482 

During start-up and shut-down, the well exhibited robust dynamics. Alberts et al., 2007; 483 

Nennie et al., 2008 showed that the bottom hole pressure reached the reservoir pressure more 484 

slowly and is smaller than the initial reservoir pressure in the coupled model during the shut-485 

in period. Forouzanfar et al., 2015 captured the clear wellbore storage effect by demonstrating 486 

an unstable constant pressure derivative value during the radial flow in the draw-down test. 487 

Bahonar et al., 2011 reported that the coupled model performed better than the commercial 488 

well testing simulator in temperature impact and wellbore storage effect.  489 

Tang et al., 2019a; Tang et al., 2019b; Tang et al., 2017 accurately anticipated the gas rate 490 

production and pressure of the perforated segment during the liquid loading period. Their 491 

coupled model observed the concise flow-pattern transition and forecasted the onset of the 492 

liquid loading one day earlier than E300.  493 

We note, more coupled simulators will be utilized to address other transient flow 494 

phenomena to further define the necessity of coupling reservoir/wellbore modeling. 495 
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