5 Fluid Flow in Petroleum Reservoir
5.1 Introduction
If the predicted production rates are low due to geologic barriers and/or rock and fluid properties, economic development of the hydrocarbon resource maybe delayed or in some cases abandoned if these factors that limit capacity to produce are not resolved in favor of the project. This requirement is especially important in high cost environments, such as deep-water reservoirs, where high production rates are generally required for economic viability of the project. The rate of fluid production at the wells is controlled by the rate of fluid flow in the reservoir.
The main factors that control fluid flow in petroleum reservoirs are the permeability of the formation, the viscosity of the fluid, and the pressure difference between the well and the reservoir (This pressure difference is called the drawdown). The relationship between these factors and fluid flow in reservoirs was established in 1856 by Henry Darcy in an equation that still bears his name. Most equations that represent fluid flow in petroleum reservoirs are based on the Darcy equation.
 In this lecture, the radial form of the Darcy flow equation is presented for single-phase flow (which is defined as only one fluid flowing in medium) of three main types of fluids.
The three main types of fluids that are considered are:
· incompressible fluids.
· slightly compressible fluids.
·  compressible fluids.
The simultaneous flow of more than one fluid phase through a porous medium. Most oil wells ultimately produce both oil and gas from the formation, and often produce water. Consequently, multiphase flow is common in oil wells. Most pressure-transient analysis techniques assume single-phase flow.
During fluid flow, the state of pressure distribution in the reservoir depends on duration of the flow (time) and distance from the well. Depending on flow time and size of the reservoir, 
three flow regimes can be distinguished. These are:
1. transient flow (or unsteady-state flow).
2. pseudosteady-state flow (or semi-steady state flow).
3. steady-state flow.
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The continuity equation that governs fluid flow in a porous medium such as petroleum reservoirs is derived. From the continuity equations, diffusivity equations for slightly compressible fluids and compressible fluids are derived. Mathematical solutions to the diffusivity equations for the two types of fluids are presented for transient and pseudosteady-state flow regimes. 












5.2 Fluid Types
The three types of fluids discussed in this lecture are incompressible fluids, slightly compressible fluids, and compressible fluids. These classifications are based on the response of the fluid types to pressure changes at constant temperature.
5.2.1 Incompressible Fluids
Incompressible fluids are described as fluids whose volume does not change with pressure at constant temperature. However, all fluids are compressible to some degree. Hence, incompressible fluids do not exist in practice. This class of fluids has been defined to simplify the derivation of certain forms of the Darcy equation for radial flow. These equations are widely used to represent fluid flow and are sufficiently accurate for most engineering applications.
5.2.2 Slightly Compressible Fluids
The coefficient of isothermal compressibility, c, of any fluid is expressed as:
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For slightly compressible fluids, it is assumed that the compressibility coefficient is small and constant over the range of pressures under consideration. Eq. (5.1) can be integrated between a low base pressure, Pb, where the volume is and the pressure of interest, p, at volume, V, to yield the expression:
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Integrating Eq. (5.2) gives:
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Re-arranging Eq. (5.3) gives:
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The exponential function, ex, can be defined by a power series as:
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Applying the expression in Eq. (5.5), for small values of, Eq. (5.4) can be written as:
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Equation (5.6) is applicable to slightly compressible fluids with small and constant compressibility coefficients. Most liquids can be classified as slightly compressible, especially undersaturated oils.
5.2.3 Compressible Fluids
Generally, all gases can be classified as compressible fluids. As shown in Eq. below, gas compressibility, cg, can be expressed as:
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Note that this equation is equivalent to Eq. (5.1) defined above for slightly compressible fluids. Applying real gas equation of state, 
PV=ZnRT
it was shown in equation below that gas compressibility for real gases can be expressed as:
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By comparing the above equation, gas compressibility to Eq. (5.3)
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for liquid compressibility, 
it is apparent that, gas compressibility is several times higher than liquid compressibility for the same pressure change of liquid compressibility for the same pressure change.
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Figure (5.2) Pressure-volume relationship.





5.3 Definition of Fluid Flow Regimes
The three types of fluid flow regimes mentioned in this lecture are transient flow, pseudosteady-state flow, and steady-state flow. The flow regimes depend on elapsed time and distance from the wellbore, and have characteristic pressure distributions in the reservoir. 
5.3.1 Transient Flow (Unsteady-state)
Suppose you are standing at the banks of a calm, motionless body of water such as a small lake. If you picked up a piece of rock and threw it into this body of water, a radial system of waves will radiate towards you from the point of entry of the rock. Before the waves reach the banks of this body of water, pressure distributions (or pressure transients) caused by your action are changing rapidly and are not constant. They depend only on distance from the point of entry of the rock and the elapsed time since the rock pierced the surface of the water. This is the transient phase of wave motion caused by the rock thrown into the body of water. This analogy can be extended to a circular reservoir with uniform thickness and homogeneous, isotropic properties (means constant rock and fluid properties in all directions). Suppose a single well exists at the center of this circular reservoir. The radius of the single wellbore is rw, and the radius of the outer boundary of the circular reservoir is re. A schematic diagram of this simple reservoir is represented as Figure 5.3. If fluid production at a constant rate, qw, is initiated at this well at time, t = 0, pressure transients will radiate from the well and travel towards the outer boundaries of the reservoir. These pressure transients are similar to the waves caused by the rock you threw travelling towards the banks of the lake. The rate of travel of the pressure transient is independent of the production rate at the well but is proportional to a property of the reservoir termed formation diffusivity. The formation diffusivity, Ƞ is defined as:
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Figure (5.3) Diagram of a circular reservoir with a well at center.
In Eq. (5.7), k = formation permeability; ϕ = formation porosity; µ = fluid viscosity; and, ct total compressibility of the system. As long as the leading front of the pressure transient has not reached the outer boundaries of the reservoir, fluid flow toward the well is in the transient state, and the reservoir acts as if it is infinite in size in response to the well. During the transient flow phase, pressure distribution in the reservoir is not constant and depends on elapsed time and distance from the well. This transient flow regime is illustrated in Figure 5.4 for the circular reservoir in Figure 5.3. Note in Figure 5.4 that reservoir pressure at the outer boundary is still at initial pressure pi. Also note that transient flow is also called unsteadystate flow.
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Figure (5.4) Transient flow diagram showing pressure distribution.

5.3.2 Pseudosteady-State (PSS) Flow
The pseudosteady-state (PSS) flow regime is sometimes called semi-steady-state flow. Using the illustration in Figure 5.3, PSS flow is achieved in the reservoir after the pressure transient has reached the outer boundaries of the reservoir and the pressure distribution is changing at a constant rate. This is illustrated in Figure 5.5. Note that as shown in Figure 5.5, pressure gradient at the outer boundary is zero. Hence, fluid flow across the outer boundary is also zero. The time, tpss for the start of PSS flow is given by:
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In Eq. (5.8), tpss = time, hours; ϕ = formation porosity, fraction; µ = fluid viscosity, cp; ct = total compressibility of system, psi-1 ; re = outer boundary radius, feet; and k = formation permeability, md. Note that there is a short time period under most flow conditions between the end of the transient flow regime and the establishment of the PSS flow regime. This time period has been called the Late Transient Flow (LTF) regime. The duration of the late transient flow regime is very short and is not considered in most flow systems. For these reasons, we are not covered it. 
Eqs. (5.8) apply to reservoirs containing slightly compressible fluids such as oil. 
For gas reservoirs, the start of PSS flow is given by:
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Figure (5.5) Pseudosteady-State flow diagram showing pressure distribution.

The average pressure, 𝑃̅ , in Eqs. (5.10) can be estimated as the arithmetic average of initial pressure and flowing well pressure. If the flowing well pressure is not available, average pressure can be assumed to be equal to initial reservoir pressure if the reservoir has not been depleted significantly. In Eqs. (5.10), µ = gas viscosity, cp; ϕ = formation porosity, fraction; re = outer boundary radius, feet; K = formation permeability, md; and 𝑃̅ = average reservoir pressure, psi.
the average pressure pavg as given by
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for applications when both pwf and p¯r are more than 3000 psi.
when the pressure < 2000 psi. The gas properties must be evaluated at the average pressure p as defined below.
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When the bottom-hole flowing pressure and average reservoir pressure are both between 2000 and 3000 psi, the pseudopressure gas pressure.
[bookmark: _GoBack]Ψ (psi) method must be used (exact solution method, i.e. real gas potential solution)
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                           Figure (5.5A)Semisteady-state flow regime
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Figure (5.5B) Pseudosteady-State flow diagram showing pressure distribution.






5.3.3 Steady-State (SS) Flow
When the circular reservoir in Figure 5.3 reaches steady-state flow conditions, the pressure distribution at any point in the reservoir will not change with time. This condition is illustrated in Figure 5.6. 
Note that is steadystate flow conditions, the reservoir pressure at the outer boundary is constant, and the rate of fluid flow into the reservoir at the outer boundary is equal to the flow rate at the well. The SS flow regime is best represented by aquifer influx cases where the rate of water influx into the reservoir is considered equal to the total rate of fluid withdrawal from the reservoir. 

[image: ]
Figure (5.6) Steady-state flow diagram showing pressure distribution.
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