The Klinkenberg Effect
Permeability measurements are also (sometimes strongly) affected by the fluid, e.g. used in laboratory tests, due to some interaction between the fluid and the porous medium. To avoid this effect, gases (helium, nitrogen, carbon-dioxide and air) are often used for permeability measurements. The use of gases introduce other problems, such as turbulent flow behaviour, increased uncertainty in gas rate measurements and at low pressure, the Klinkenberg effect.
It has been observed that at low average pressures, measurements of gas permeability give erroneously high results, as compared to the non-reactive liquid permeability measurements (absolute permeability). This effect is known as the gas slippage effect or as the Klinkenberg effect, investigated by Klinkenberg in 1941. Klinkenberg found that the gas permeability of a core sample varied with both the type of gas used in the measurements and the average pressure p, in the core.
One of the conditions for the validity of Darcy’s law is the requirement of laminar flow, i.e. that the fluid behaves "classically" with respect to intermolecular interactions in the gas. At low gas pressure, in combination with small (diameter) pore channels, this condition is broken. At low p, gas molecules are often so far apart, that they slip through the pore channels almost without interactions (no friction loss) and hence, yield a increased flow velocity or flow rate. At higher pressures, the gas molecules are closer together and interact more strongly as molecules in a liquid. Compared to laminar flow, at a constant pressure difference, the Klinkenberg dominated flow will yield a higher gas rate than laminar flow,
q Klinkenberg > q laminar
Experiments show that when gas permeability is plotted versus the reciprocal average pressure p, a straight line can be fitted through the data points. Extrapolation of this line to infinite mean pressure, i.e. when 1/p → 0, gives the absolute (liquid) permeability. The permeability value at 1/p → 0 is comparable to the permeability obtained if the core were saturated with a non-reactive liquid (meaning liquid).
In early core analysis the Klinkenberg permeability was estimated by using a steady-state technique for permeability measurements, at different mean pressures p, or by using the following correlation’s;

where Kg is the measured gas permeability, KL the equivalent liquid permeability or the Klinkenberg corrected liquid permeability, m the slope of the straight-line fit, and


It should be noted that in Equation 

the slope of the straight-line fit is a constant or a specific value valid for a given gas in a given medium, that is the straight-line fit cannot be generalized. However, the straight-line fit can be used for determining the equivalent liquid permeability when gas permeabilities are measured at other pressure conditions.
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Schematic representation of Klinkenberg effect for absolute permeability measurement using gases.
لوحظ مختبريا ان ظاهرة الانزلاق تختفي عندما يكون متوسط ضغط الفحص اكبر من 150 psi

	Qin=Qout    liquid state
	 QinQout    gas state
ولهذا فأننا نقوم مختبريا بحساب     Qm
Kg=
y=a+bx (straight line)
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Reservoir Pressure and Distribution of Fluid Phases
The migration and accumulation of petroleum in a reservoir leads to the replacement of the original pore water by gas and oil , even though the rock pores remain "water-wet" (i.e, their walls are covered with a thin film of water). The density difference makes the gas accumulate at the top of the reservoir, and the oil directly below. Water underlies the petroleum, as an aquifer.
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The following fluid interfaces in the reservoir are important:
· The Gas-Oil Contact (GOC) – a surface separating the gas cap from the underlying oil zone (also referred to as the oil "leg" or oil "column"). Below the GOC, gas can be present only as a dissolved phase in oil. 
· The Oil-Water Contact (OWC) – a surface separating the oil zone from the underlying water zone. Below the OWC, oil is generally absent. 
· The Free-Water Level (FWL) – an imaginary surface at which the pressure in the oil zone equals to that in the water zone, i.e. po = pw. In other words, FWL is the oil-water contact in the absence of the capillary forces associated with a porous medium, i.e. in a well.








Reservoir pressures can be divided into three types:
1. Overburden Pressure
The total pressure at any reservoir depth, due to the weight of the overlying fluid saturated rock column, is called the Overburden Pressure, pov.
The total pressure at any depth is the sum of the overlaying fluid-column pressure (pf) and the overlaying grain- or matrix-column pressure (pm), as sketched in figure below. 
[image: ]
and thus,

Because the overburden pressure pov is constant at any particular depth D, then the differential overburden pressure is zero, 

This means that any reduction of the fluid pressure, as it occurs during production, will lead to a corresponding increase in the grain pressure. Rock compressibility is therefore an important parameter to be considered when petroleum production is estimated.






In the majority of sedimentary basins the overburden pressure increases linearly with depth typically has a pressure gradient Press. Gradient =1 psi/ft
Overburden pressure


The lithostatic pressure is caused by the pressure of rock, which is transmitted through the subsurface by grain-to-grain contacts.
2- Pore (fluid) pressure
Fluid pressure is caused by the fluids within the pore spaces.
Hydrostatic gradient = 0.433 psi/ft for fresh water
         			     = 0.465 psi/ft for salt water
3- Grain pressure
The grain pressure which is the difference between both the overburden and fluid pressures.

Grain pressure = over burden pressure - pore (fluid) pressure











Pressure Distribution in Reservoirs
The hydrostatic water pressure at any depth D, can be calculated as follows:


D0 is an arbitrary depth with a known pressure (for instance, the pressure at the sea bottom or the pressure at the sea surface).
Then, = the pressure at the sea surface =14.7 psi (D0 is taken at the sea level Do=zero)  the equation becomes, 


Typical "normal" pressure gradients for the water, oil and gas phases are:
[image: ]
Abnormally high or low reservoir pressure can appear when the reservoir is "sealed" off from the surrounding aquifer, as a result of geological processes. 
The reservoir pressure can then be corrected, relative the hydrostatic pressure, by using a constant (C) in the above pressure equations. 
The constant C accounts for the fact that the reservoir pressure is not in hydrostatic equilibrium, where the pressure in the reservoir is somewhat higher or lower than otherwise expected.
The water pressure for a general reservoir is then as follows,







Pressure Potential & Pressure Gradient in Static Fluid Columns
In case of reservoir calculations, the hydrostatic pressure is therefore identical to the fluids pressure, at any reservoir depth, as long as there is a continous phases contact in the fluids, all the way up to the sea surface (or datum level).
Reservoir fluid gradient = Reservoir fluid specific gravity × Hydraulic gradient fresh water (or fluids)
Reservoir fluid gradient (water) = × 0.433 = psi/ft

P= Patm.+ (gradient) × Depth
P= Patm.+ Overburden gradient at sea bed OBG
Overburden gradient at sea bed =OBG
Then
OBG=[0.433 × ρsea-water(specific gravity of sea water) × h]
specific gravity of sea water  1.03 gm/cc
h= ft, 
[bookmark: _GoBack]Hydraulic gradients in reservoirs vary from a maximum near 0.500 psi/ft for brines to 0.433 psi/ft for fresh water at 60°F, depending on the pressure, temperature, and salinity of the water.
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