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INTRODUCTION THE GRAIN SIZE/PORE SIZE RELATIONSHIPINTRODUCTION THE GRAIN SIZE/PORE SIZE RELATIONSHIPINTRODUCTION THE GRAIN SIZE/PORE SIZE RELATIONSHIP

M t bilit d l ff ti i i ff ti i i t The new effective grain size to effective pore size transformation is derived analytically from consiMost permeability models use effective grain size or effective pore size as an input The new effective grain size to effective pore size transformation is derived analytically from consip y g p p
the electro-kinetic coupling between fluid flow and electrical flow in a porous medium. It is not lin

parameter Until now an efficacious way of converting between the two has not been
p g p

geometrical considerations that would restrict its use to a given simplified geometry for examparameter. Until now, an efficacious way of converting between the two has not been geometrical considerations that would restrict its use to a given simplified geometry, for exam

available We propose a simple conversion method for effective grain diameter and effective packs. The derivation of the RGPZ model is given in Glover, P.W.J. & Walker, E., A grain size to efavailable. We propose a simple conversion method for effective grain diameter and effective packs. The derivation of the RGPZ model is given in Glover, P.W.J. & Walker, E., A grain size to ef
size transformation derived from an electro kinetic theory Geophysics 74(1) E17 E29 2009p p p g size transformation derived from an electro-kinetic theory, Geophysics, 74(1), E17-E29, 2009.

pore radius using a relationship derived by comparing two independent equations forpore radius using a relationship derived by comparing two independent equations for
The new transformation the effective grain diameter and effective pore radius is given by

permeability based on the electro kinetic properties of porous media The relationship which
The new transformation the effective grain diameter and effective pore radius is given by

permeability, based on the electro-kinetic properties of porous media. The relationship, which
ll th th t f ti i t d d t ti l t d i li itl ll 2 2 2Fwe call the theta function, is not dependent upon a particular geometry and implicitly allows 2 2 2am am F2Θd, p p p g y p y

Θ = =
am am F2= Θff ffd r

for the widely varying style of microstructures exhibited by porous media by using porosity 28 8
Θ = =mφ

2Θeff effd r
for the widely varying style of microstructures exhibited by porous media by using porosity, 8 8φff ff

cementation exponent formation factor and a packing constant The method is validated
φ

cementation exponent, formation factor, and a packing constant. The method is validatedp p g
where Θ is the transform (unitless) d ff is the effective grain diameter (in meters) r ff is the effectiveusing 22 glass bead packs for which the effective grain diameter is known accurately and a where Θ is the transform (unitless), deff is the effective grain diameter (in meters), reff is the effective

di (i t ) φ i th it i th t ti t F i th f ti f t dusing 22 glass bead packs, for which the effective grain diameter is known accurately, and a radius (in meters), φ is the porosity, m is the cementation exponent, F is the formation factor, and a
set of 188 samples from a sand shale sequence in the North Sea This validation uses parameter that is thought to be equal to 8/3 for three dimensional samples composed of quasi-sphset of 188 samples from a sand-shale sequence in the North Sea. This validation uses parameter that is thought to be equal to 8/3 for three dimensional samples composed of quasi sph

i Fi 2 h th b h i f Θ f ti f it j t
t f ff ti i i f i l i i f i j ti

grains. Figure 2 shows the behaviour of Θ as a function of its major parameters over ranges excee
measurements of effective grain size from image analysis, pore size from mercury injection

g g j p g
commonly encountered in reservoir rocksg g y , p y j commonly encountered in reservoir rocks. 

capillary pressure (MICP) measurements and effective pore radius calculated fromcapillary pressure (MICP) measurements, and effective pore radius calculated from Figure 2.   The theta transformation as a function of (a) porosity for various values of cementation expone

permeability experiments all of which are independent Validation tests agree that the
g ( ) p y p

formation factor for various values of porosity (c) porosity for various values of the packing parameter apermeability experiments, all of which are independent. Validation tests agree that the formation factor for various values of porosity, (c) porosity for various values of the packing parameter, a
cementation exponent for various values of porosityp y p p g cementation exponent for various values of porosity.

technique accurately converts an effective grain diameter into an effective pore radius.technique accurately converts an effective grain diameter into an effective pore radius.
Furthermore for the clastic data set there exists a power law relationship in porosityFurthermore, for the clastic data set, there exists a power law relationship in porosity
b t ff ti i i d ff ti i Th th t f ti l b d tbetween effective grain size and effective pore size. The theta function also can be used tog p
predict the fluid permeability of a sample based on effective pore radius The result ispredict the fluid permeability of a sample, based on effective pore radius. The result is
extremely good predictions over seven orders of magnitudeextremely good predictions over seven orders of magnitude.y g p g

MICROSTRUCTURAL PARAMETERSMICROSTRUCTURAL PARAMETERSMICROSTRUCTURAL PARAMETERS

In this thought experiment (which isg p (
described in more detailed in Glover &described in more detailed in Glover &
W lk G h i 2008) iWalker, Geophysics, 2008) we examine
whether there is a reduction in a number ofwhether there is a reduction in a number of
properties (grain size porosityproperties (grain size, porosity,
connectivity, grain shape) leads to ay, g p )
reduction in the pore size (while keepingreduction in the pore size (while keeping
th th t t t)the other parameters constant).

For grain size: if the grain size is reducedFor grain size: if the grain size is reduced
b t th it i t t thbut the porosity remains constant, the porep y p
size must also diminishsize must also diminish.

For porosity: if the porosity reduces withp y p y
the same grain size the pore size mustthe same grain size, the pore size must
di i i hdiminish. EXTENSION TO PERMEABILITYEXTENSION TO PERMEABILITY

C bi ti f th th t t f ti ith thIn the case of connectivity we alter the Combination of the theta transformation with theIn the case of connectivity, we alter the
equations of Glover et al (2006) and Schwartz etconnectivity by moving the grains that are equations of Glover et al. (2006) and Schwartz ety y g g

marked X Two scenarios are considered al. (1989).marked X. Two scenarios are considered.
Th fi t lt i l f ti it

( )
2ΛThe first results in a loss of connectivity d 2Λand pore size only in the horizontal Λ

d k Λ
≈and pore size only in the horizontal

direction (cf A and B) The second results Λ = k
F

≈direction (cf. A and B). The second results
i l f ti it d i i 2mF a Fin a loss of connectivity and pore size in 2mF a Fy p
both directions (cf C and D)both directions (cf. C and D).

We can obtainWe can obtain
For grain shape: if the grains are elongated

2
g p g g

while keeping the same mean size the 22 rΛwhile keeping the same mean size, the
ti it d i i di ti

2
effr

k Λconnectivity and pore sixe in one direction effk Λ
≈ =is reduced while it is augmented in the 8

k
F F

≈ =is reduced while it is augmented in the
other direction 8a F Fother direction.

I which is consistent with the results of Johnson etIn summary which is consistent with the results of Johnson et
al (1986) and Avellaneda and Torquato (1991)al. (1986) and Avellaneda and Torquato (1991).

(1) The mean physical pore width of a 2D(1) The mean physical pore width of a 2D 
di i f ti f i The permeability hence becomes Figure 3 The theta transformation as a funporous medium is a function of grain The permeability hence becomes Figure 3. The theta transformation as a fun

th ki t f i l

p g
size porosity and grain shape the packing parameter for various valusize, porosity, and grain shape.

2 φ porosity.2
ffr χφ p y

(2) The mean effective pore width of a 2D It can be seen that Θ is relatively insensitiveeffr
k

χφ
≈( ) p

porous medium is a function of grain
It can be seen that Θ is relatively insensitive

8
k ≈porous medium is a function of grain 

i it ti it d i in this parameter; Θ changes by a8size, porosity, connectivity, and grain p ; g y
approximately 3 over the range of packing

8
shape. approximately 3 over the range of packingshape.

between 2 and 12 (Fig. 3), whereas it chand f h between 2 and 12 (Fig. 3), whereas it chan
8 orders of magnitude as a function of poroand for spheres

(3) Changes in connectivity and grain 8 orders of magnitude as a function of porop
( ) g y g
shape can impose anisotropy in the about 3 orders of magnitude as a func2 3 2φshape can impose anisotropy in the 

N t k th t lt i h t
about 3 orders of magnitude as a func
cementation exponent at a porosity of 0 2ffr 2 3 2r φporous Network that result in changes to cementation exponent at a porosity of 0.2Λ = effr

effr
k

φ
the mean physical and mean effective above) If the theta function is used subsΛ = effk ≈the mean physical and mean effective 
pore widths

above). If the theta function is used subs
di t bilit th bilit i i d3 8

k ≈
pore widths.

We hypothesize that these relationships are also valid for 3D porous predict permeability, the permeability is inde3 8We hypothesize that these relationships are also valid for 3D porous the packing constantmedia that consist of a range of grain sizes and shapes. the packing constant.g g p
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P di ti f i i f th N th S d t t 188 Th The relationships between measured and predicted effective The relationships between measured permeabilityPrediction of grain size for the North Sea data set 188 cores. The The relationships between measured and predicted effective
dii d th ff ti i di t f th N th S

The relationships between measured permeability,
bilit l l t d i th di t d ff tioriginal data contained formation factor, porosity and effective pore radii and the effective grain diameter for the North Sea permeability calculated using the predicted effective poreoriginal data contained formation factor, porosity and effective 

grain diameter data set 188 cores. radii, and permeability predicted using the geometric meangrain diameter. data set 188 cores.
(a) The geometric mean effective pore radius from MICP

radii, and permeability predicted using the geometric mean
effective pore radius from MICP measurements for the North(a) The calculated theta function as a function of porosity, a=8/3. (a) The geometric mean effective pore radius from MICP effective pore radius from MICP measurements for the North( ) p y,

(b) The effective pore radius calculated from the theta function measurements as a function of the measured mean Sea data set 188 cores.(b) The effective pore radius calculated from the theta function
d th ff ti i di t f ti f effective grain diameter (a) The permeability predicted using the effective pore radii asand the mean effective grain diameter as a function of effective grain diameter.

(b) Th l l t d ff ti di l l t d f th
(a) The permeability predicted using the effective pore radii as

f ti f th d bilitporosity, a=8/3. (b) The calculated effective pore radius calculated from the a function of the measured permeability.porosity, a 8/3.
(c) The fluid permeability predicted from the calculated effective theta function and the effective grain diameter as a (b) The geometric mean effective pore radius from MICP(c) The fluid permeability predicted from the calculated effective

di d th f ti f t
theta function and the effective grain diameter as a
function of the measured mean effective grain diameter

(b) The geometric mean effective pore radius from MICP
measurements as a function of the measured permeabilitypore radius and the formation factor. function of the measured mean effective grain diameter.

( ) Th ff ti di l l t d f th th t
measurements as a function of the measured permeability.

( ) Th bilit di t d i th ff ti dii
p

(c) The effective pore radius calculated from the theta (c) The permeability predicted using the effective pore radii as( ) p
function and the effective grain diameter as a function of

( ) p y p g p
a function of the permeability predicted using thefunction and the effective grain diameter as a function of

the geometric mean effective pore radius from MICP
a function of the permeability predicted using the
geometric mean effective pore radius from MICPthe geometric mean effective pore radius from MICP geometric mean effective pore radius from MICP

measurements. measurements.

COMPARISON WITH G ASS BEAD DATA CONC USIONSCOMPARISON WITH GLASS BEAD DATA CONCLUSIONSCOMPARISON WITH GLASS BEAD DATA CONCLUSIONS
1 We have proposed a function for the transformation of effective grain diameter to effective1. We have proposed a function for the transformation of effective grain diameter to effective 

di i ll di Th f ti h b d i d b i tiComparison of measured and predicted effective pore radius in all porous media. The function has been derived by comparing equations Comparison of measured and predicted effective
dii d d bilit f

p p y p g q
representing the permeability of porous media that arise from electro kinetic theorypore radii and measured permeability for a range representing the permeability of porous media that arise from electro-kinetic theory.of glass bead packs.

2 Th f ti h b lid t d i l b d d t 22 diff t di t f d i
of glass bead packs.
(a) Predicted effective pore radius r as a 2. The function has been validated using glass bead data 22 different diameters found in (a) Predicted effective pore radius reff as a

f f
g g

several published papers supplemented by tests conducted in our laboratory as well asfunction of the pore radius associated with the several published papers, supplemented by tests conducted in our laboratory as well as 
d t f it f 188 l ti d t l

p
measured permeability data from a suite of 188 clastic sandstone core plugs.measured permeability.

(b) Predicted effecti e pore radi s as a f nction of p g(b) Predicted effective pore radius as a function of
3 The validation compared (1) the predicted effective grain size with independentthe geometric mean pore radius from MICP 3. The validation compared (1) the predicted effective grain size with independent 

t f i i b i l i t d (2) th di t d
t e geo et c ea po e ad us o C
measurements measurements of grain size by image analysis measurements and (2) the predicted measurements.

( ) P di t d bilit i th di t d effective pore size with the independent measurement of pore access radius from MICP(c) Predicted permeability, using the predicted effective pore size with the independent measurement of pore access radius from MICP 
t

( ) y g
effective pore radius as a function of the measurements.effective pore radius as a function of the
measured Klinkenberg permeabilitymeasured Klinkenberg permeability.

4 In all cases the theta function describes the transformation between effective grain size4. In all cases, the theta function describes the transformation between effective grain size 
d ff i di llnction of and effective pore radius very well..nction of 

f p yes of 

5 W lid t d th d ith l b d d l ti d t Alth h th i5. We validated our method with glass beads and clastic sandstones. Although there is no e to changes fundamental reason why our method should not be valid for carbonate rocks it has note to changes fundamental reason why our method should not be valid for carbonate rocks, it has not 
b t t d th t f kfactor of been tested on these types of rocks.g constants ypg constants

6 The method is not valid for tight fractured rocks because of the limitation that F>1ges by over 6. The method is not valid for tight fractured rocks because of the limitation that F>1.ges by over
osity and byosity and by

7. All of the samples used to validate the model had well-developed unimodal grain-size ction of the o e sa p es used o a da e e ode ad e de e oped u oda g a s e
distributions The derivation of the transformation is not based on geometric

ction of the
2 (Figure 2a distributions. The derivation of the transformation is not based on geometric 2 (Figure 2a

considerations, so the method should apply equally well to rocks with bimodal or moresequently to considerations, so the method should apply equally well to rocks with bimodal or more 
complex grain and pore size distributions and even for anisotopic rocks

sequently to
d t f complex grain- and pore-size distributions and even for anisotopic rocks.ependent of

8 We also found that the effective pore radius calculated by the transformation is ideal for8. We also found that the effective pore radius calculated by the transformation is ideal for 
di ti bilit i l ti hi d b J h t l d A ll dpredicting permeability using relationships proposed by Johnson et al. and Avellaneda g y g y

and Torquato and by definition by using the relationship proposed by Glover et al The
l t t

and Torquato and, by definition, by using the relationship proposed by Glover et al. The 
th d h b d t di t th bilit f f di t k f, please contact: method has been used to predict the permeability of a range of sedimentary rocks for , please contact: 

é i U i ité L l S i t F Q éb CANADA G1K 7P4
p p y g y

which values of porosity grain size and cementation exponent were available frome génie, Université Laval, Sainte-Foy, Québec, CANADA, G1K 7P4 which values of porosity, grain size, and cementation exponent were available from 
i bli ti C i ith th l t d biliti h th te génie, Université Laval, Sainte Foy, Québec, CANADA, G1K 7P4 previous publications. Comparison with the relevant measured permeabilities shows that 

Homepage: http://www ggl ulaval ca/personnel/paglover/Home htm)
p p p p
this approach to predicting permeability of reservoir rocks is highly accurateHomepage: http://www.ggl.ulaval.ca/personnel/paglover/Home.htm)                       this approach to predicting permeability of reservoir rocks is highly accurate.


