C. Inclined (tilted) flow
The equation for calculating the absolute permeability is applicable to a horizontal flow.

However, in the case of an inclined flow, 
the vertical coordinate or the gradient should also be accounted for  calculating the absolute permeability. 
This type of flow system is shown in Figure below,
[image: ]
 for which the darcy flow rate is given by:
[
where 
Q is the flow rate (m3/s). 
k is the absolute permeability (m2 ) (can be converted into mD or D).
A is the cross-sectional area (m2 ). 
μ is the fluid viscosity (N s/m2 ). 
P1 − P2 is the flowing pressure drop (N/m2 ). 
L is the length (m). 
ρ is the fluid density (kg/m3 ). 
g is the acceleration due to gravity (9.81 m/s2 ). 
α is the angle of inclination or dip.
And the full equation, in field units, becomes:
[
Q is the flow rate (STB/day). 
k is the absolute permeability (can be converted into md ).
A is the cross-sectional area (ft2 ). 
μ is the fluid viscosity (cp ). 
P1 − P2 is the flowing pressure drop (psi ). 
L is the length (ft). 
Bo is oil formation volume factor bbl/STB.
 is expressed as a specific gravity.
α is the angle of inclination or dip (measured counter-clockwise from the horizontal). 
A rational unit of permeability in the English system of units would be foot squared, cgs (A metric system, centimeter, gram, second) system the centimeter squared
both were found to be too large a measure to use. Therefore, the petroleum industry adopted as the unit of permeability, the Darcy.


Conversion of Units in Darcy’s Law;
Example lists various unit conversion to change from the unit of the Darcy to other systems of units.


1 atm = 1013250 dyne/square centimeter

1 =1.45037738 × 10-5 psi
Note: 1 darcy= 1000 millidarcys;1 millidarcys= 0.001 darcy

The flow of reservoir fluids from a cylindrical drainage zone into a well bore is characterized by the radial flow system, which is shown in figure below
[image: ]
The Darcy equation for the radial flow system can be written in the flowing differential form:



where:
Q = volumetric flow rate, STB/Day.
k = absolute permeability of the rock, millidarcy (md).
h = pay thickness, ft.
pe= pressure at external radius, psig.
pw = pressure at wellbore, psig.
µ = fluid viscosity, cp.
L = length of the rock, ft.
Bo = oil formation volume factor, bbl/STB.
re = external drainage area, ft.
rw = wellbore radius, ft.
ln = natural logarithm



ملاحظة 
اذا فرضنا لدينا حالتان من الجريان 
1. Tube
2. Core (porous media)
نفس الطول ونفس مقطع الجريان و نفس معدل الجريان في اي النموذجين تكون السرعة اكبر.
, Q is same 
A pipe> A core (porous media)
اذن في حالة الانبوب السرعة الظاهرية تتساوى مع السرعة الحقيقية بينما في حالة الوسط المسامي فان السرعة التي في الوسط المسامي (الحقيقية) مختلفة عن السرعة ظاهرية. 
V interstitial (خلالي  actual ) =









Averaging Permeabilities
It has been shown that the most probable permeability behaviour of a heterogeneous porous medium made up of n randomly distributed regions of differing uniform permeabilities, K1 to Kn, is described by the geometric (Geometric-Average Permeability) mean of the individual permeabilities, which corresponds to the mode of a log-normal distribution:

The analysis is extremely complex. However, it is possible to analyze two simple systems of different permeabilities that occur within core analysis and reservoir systems. 
These are 
(i) flow through linear beds in series.
(ii) flow through linear beds in parallel.
Linear Beds in Series. The system is shown in figure below. The beds have a cross-sectional area A that is constant. Each bed has a thickness, Ti , and a uniform permeability Ki . The pressures at the contact between each of the beds, Pi . can be analysed thus:


[image: ]
Now using following Eq. 

Noting that the thickness of the total unit L is equal to the sum of the individual beds L1 etc., we get:

Rearranging we find that the mean permeability is the harmonic average of the individual permeabilities:L= Total length


Linear Beds in Parallel. The system is shown in figure below. The beds have a thickness h that is constant. Each bed has a cross-sectional area to flow, Ai , and a uniform permeability, Ki . The pressures at the inlet P1 and outlet P2 of the complete unit will be the same for all layers, but each layer will transport a different fraction qi of the total flow rate qt thus:




[image: ]
Now using Eq. 

Noting that the total area A = A1+A2+A3, we get:




Rearranging we find that the mean permeability is the arithmetic average of the individual permeabilities:

Radial and horizontal flow through cylindrical layers.

[image: ] 
Permeability Terminology
1. Absolute permeability: 
Permeability of the porous medium, that is, when a reservoir rock is 100% saturated with a given fluid.
2. Effective permeability:
Effective permeability is a relative measure of conductance of the porous medium for one fluid phase in the presence of other fluid phases.
3. Relative permeability: 
Which is defined as the ratio of the effective permeability of a fluid to the absolute permeability of the rock.



Where, 
 Kro = relative permeability to oil 
 Krg = relative permeability to gas 
 Krw = relative permeability to water 
 Ka = absolute permeability 
 Keo = effective permeability to oil for a given oil saturation 
 Keg = effective permeability to gas for a given gas saturation 
 Kew = effective permeability to water for a given water saturation
Figure below presents a typical set of relative permeability curves for a water-oil system with the water being considered the wetting phase. 
Figure below shows the following three distinct and significant points: 

[image: ]
Point 1
On the wetting phase relative permeability shows that a small (0.2) saturation of the nonwetting phase will drastically reduce the relative permeability of the wetting phase. The reason for this is that the nonwetting phase occupies the larger pore spaces,( the nonwetting phase occupies the central or larger pore openings which contribute materially to fluid flow through the reservoir) and it is in these large pore spaces that flow occurs with the least difficulty.
Point 2 
On the nonwetting phase relative permeability curve shows that the nonwetting phase begins to flow at the relatively low saturation of the nonwetting phase. The saturation of the oil at this point is called critical oil saturation Soc.
Point 3 
On the wetting phase relative permeability curve shows that the wetting phase will cease to flow at a relatively large saturation. This is because the wetting phase preferentially occupies the smaller pore spaces, (Since the wetting phase occupies the smaller pore openings at small saturations, and these pore openings do not contribute materially to flow, it follows that the presence of a small wetting phase saturation will affect the nonwetting phase permeability only to a limited extent) where capillary forces are the greatest. The saturation of the water at this point is referred to as the irreducible water saturation Swir or connate water saturation Swi both terms are used interchangeably.
Note: At connate (or irreducible) water saturation (Swc), oil relative permeability is at its maximum (krom). As water saturation increases (imbibition), oil relative permeability decreases and water relative permeability increases until no more oil can be displaced by water, at which point oil saturation = Sor (irreducible oil saturation) and water saturation Sw = 1-Sor. At this point water relative permeability is at a maximum (krwm). 
when water displaces oil from a water-wet rock, the process is imbibition; when water displaces oil from an oil-wet rock, the process is drainage.
Ke = Ka   when S=100%

The broken lines outside this region from Sw = Swc to Sw = 1- Sor are not reached in the reservoir, but can correspond to some laboratory experiments.
The situation in the reservoir during production will normally be imbibition, as water from either an aquifer or water injection displaces oil, driving it toward the producing wells.
When water displaces oil from a water-wet rock, the process is imbibition; when water displaces oil from an oil-wet rock, the process is drainage.
[bookmark: _GoBack]The crossover point for the oil and water relative permeability curves is often indicative of the water wet or oil wet nature of the porous material.
Where the crossover occurs with Sw < 0.5 we will assume an oil wet system. When crossover occurs with Sw > 0.5 this would normally be considered a water wet system.
[image: ]
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