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t 
2 squarely against the rock surface 

with a consistent and constant force. 
A full description and analysis of the 
MSP is given by Tidwell and 
Wilson [6]. 

Gas is directed into the rock 
sample via the tip seal. 
Measurements are made at different 
sample supports subject to 
consistent boundary conditions and 
flow geometry by simply varying 
the radius of the tip seal. Tip seals 
used in this study have inner radii 
(Ti) of 0.15, 0.31, 0.63, and 1.27 
cm, and an outer radii measuring 
twice the inner. The sample support 
varies as r? and hence increases by a 
power of 8 for each doubling of ri. 

3. RESULTS 
Permeability data were acquired 

from a 0.3 by 0.3 by 0.3 m block of 
Berea Sandstone obtained from 
Cleveland Quarries in Amherst, 
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Figure 1. Natural log permeability field 
measured with the 0.3 1 cm ri tip on the Berea 
Sands tone. 

Ohio. The Berea Sandstone was selected as the first sample tested with the MSP 
because of its common use in laboratory studies and its relatively simple physical 
features. According to visual inspection, the sample may be characterized as a very-fine 
grained, well sorted quartz sandstone. The sample is relatively featureless except for 
faint lamination oriented parallel to the upper and lower faces of the block. 

Measurements were collected from all six faces of the sandstone sample; however, 
the analyses reported here focus on data collected from a single face cut normal to the 
lamination. Measurements were made on the exact same grid using each of the four 
different-sized tip seals. A 24 by 24 square grid on 0.85 cm centers was adopted for 
sampling (Le., 576 measurements by each tip seal). A total grid size of 19.5 by 19.5 cm 
was adopted to avoid interference of block edges on measurements made with the 
largest tip seal. 

3.1. Spatial Permeability Measurements 
The natural log permeability field ln(k) measured with the 0.31 cm ri tip seal is given 

in Figure 1. The lamination faintly visible (to the eye) in the Berea Sandstone correlates 
with the anisotropy exhibited by the permeability field. Comparison of the permeability 
fields measured with the other three tip seals (not shown) reveal distinct smoothing with 
increasing sample support. The alternating bands of "high" and "low" permeability seen 
in Figure 1 are also reproduced in the permeability fields measured with other tip seals 
on this face. These alternating permeability bands can also be traced across the other 
three block faces oriented normal to lamination. 

The cumulative distribution functions (CDFs) for the permeability data measured 
with each of the four tip seals are given in Figure 2. The CDFs are characterized by a 
small range and correspondingly low variance. Data for the 0.15 cm tip seal are 
approximately log-normally distributed; however, as tip seal size increases asymmetry 
in the distribution becomes more apparent. Several distinct trends with changing sample 
support are evident. The ln(k) sample mean is seen to increase with increasing sample 
support (p=-28.84, -28.59, -28.41, and -28.34 where k is in units of m2) while the 
sample variance decreases (o~=0.a46,0.021,0.012,0.005). The trend in the sample 
mean could be interpreted as an increased tendency of larger tip seals to sample the well 
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made at larger supports interrogating 

more spatial variability than do 
measurements made at smaller sample 
supports. Inspection of the CDFs reveal 
that upscaling influences the distribution 
beyond the sample mean and variance as 
evidenced by the increasing asymmetry 

difference in the degree of upscaling 
exhibited by the upper and lower tails of 
the CDFs. 
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Figure 2. CDFs for the Berea Sandstone. 

Full 2-D semivariograms were calculated using Fourier analysis revealing strong 
anisotropy in the permeability field. Transects oriented along the major and minor 
permeability axes are plotted in Figure 3. The transects show strong spatial correlation 
parallel to the lamination as exhibited by the semivariogram range (if one exists) 
extending beyond the length of the semivariogram (Figure 3a) and very weak correlation 
in the orthogonal direction as indicated by the large nugget (Figure 3b). In fact, normal 
to lamination, the only structure appears to be a weak hole effect oscillating with a 
period of approximately 6 cm, which is consistent with the structure evident in Figure 1. 

The sample semivariograms measured with the four different-sized tip seals have 
been fitted with exponential ye and power-law models y,, 

respectively (Figure 3). Model coefficients, given in Table 1, are 
range (cm) in the principal direction i, C,  the nugget, c a constant, a the power 
coefficient, and S =(sl, s2, sg) the separation vector (cm) in the direction i. The 
coefficients for the exponential model oriented parallel to lamination should be viewed 
with caution as the length of the sample semivariogram is insufficient to uniquely 
estimate the range and sill parameters. Nevertheless, a number of consistent and distinct 
trends are evident among the semivariograms. First, the magnitude of the 
semivariogram is seen to decrease with increasing sample support, which is consistent 
with the decreasing variance, while the general shape of the semivariogram remains 
relatively consistent (except for dampening of the hole effect in Figure 3b). In the case 
of the exponential modeling, the fitted range values increase with sample support 
reflecting the increasing characteristic length of the measurement [2]. 

the semivariogram 

Upscaling trends are also evident in the coefficients for the fitted power-law models. 
Specifically, the constant c is found to decrease with increasing support while the power 
coefficient a increases. The strong power-law behavior exhibited by each of the 
semivariograrns may be an indication that the natural log permeability field possesses 
neither a fiiite correlation scale nor finite variance. If so, this would imply that the 
natural log permeability field can be characterized as a self-affine fractal with fractal 
dimension D=E+l-d2, where E is the topological dimension of relevance. D is noted to 
decrease with increasing support (Table 1) reflecting the reduced variance in the 
permeability fields as measured with the larger tip seals. 
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Figure 3. Sample semivariogram (symbols) transects measured on the Berea 
Sandstone. Orientation is a). parallel and b). normal to lamination. The fitted 
exponential and power-law models are given by the solid and dashed lines, respectively. 
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3.2. Model Comparison 
Although there are a number of interesting upscaling trends evident in the data, we 

limit our comparison to the sample mean. Likewise, a host of models could be used in 
the comparison; however, we focus our attention on three simple models that represent 
three common, but different, approaches to modeling permeability upscaling. Our intent 
is not to achieve an exact fit between the data and model but to explore general trends. 

In Figure 4 the sample mean for the Berea Sandstone measured with the four 
different-sized tip seals is given as a function of the characteristic length of the sample 
support (taken to be 4ri [7]). The geometric mean (i.e., exp[E(lnk)]) is plotted to 
facilitate model comparison. Inspection of Figure 4 reveals that the sample mean 
increases by a factor of 1.5 for a -2.5 order of magnitude increase in sample support. 
We also see that the mean upscaling follows an approximate power-law behavior. 

One of the simplest approaches to modeling permeability upscaling is to assume the 
upscaling process is completely independent of the spatial structure of the permeability 
field. In other words, the effective permeability &E simply depends on the volume 
fraction of the constituent small-scale permeabilities that comprise the larger-scale 
measurement. The permeability of such a medium would upscale according to an 
arithmetic averaging process characterized by a mean permeability that is invariant with 
sample support [2]. A quick review of Figure 4 confirms that this is not the case with 
the Berea Sandstone. 

It is apparent that some information on the spatial continuity of the permeability field 
is needed for predicting upscaling behavior. A number of upscaling models have been 
proposed that treat the porous media as an unbounded, statistically homogeneous 
correlated random field. Using perturbation-based spectral theory, Gelhar and Axness 
[ 11 developed a general expression for the effective permeability tensor. From 
information on the spatial structure of the Berea Sandstone and MSP flow geometry, 
this expression can be tailored to our needs. According to the semivariogram analysis 
presented above (and that conducted on the other sampled block faces but not shown) 



6 the spatial correlation of the permeability 
field can be characterized by k&>>h, (x 
and y are taken parallel to lamination, z 
normal). Given the orientation of MSP 
measurements, gas flow parallel to 
lamination dominates over flow normal 
to lamination. Thus, for the special case 

lamination (&,=Xp=h,) Gelhar and Axness 
define the effective permeability k, as 
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where ks = exp[E[ln(k,)]], o2 = var[ln(k,)], model (Equation 5). 
k, is the point support permeability, and 
g, is a constant accounting for the spatial correlation of the natural log permeability 
field. For this case we find g, + 0 from Figure 4 of Gelhar and Axness [ 11. 

As kg and 02, which are associated with the point support, have not been measured a 
direct calculation of the effective permeability is not possible. However, considering 
both the measured and predicted (Equation 3) behavior for the sample mean we can 
expect that k1.27 (geometric mean measured with the 1.27 cm tip) will be less than or 
equal to the value for the infinite domain k,, and likewise kg%.,5. Thus, we can write 

Substituting values for k,,15 (2.98xlO-l3 m2) and k1.27 (4.92~10-13 m2) into Equation 4 
we find 02>1.3, which is 28 times larger than that measured with the smallest tip. Given 
the measured range in the sample variance, a point variance 02 of 1.3 is unlikely. 

From this analysis we see that the Gelhar and Axness model does predict the mean to 
increase with increasing sample support but to a much smaller extent than measured. 
Two possible reasons for the discrepancy stem from the violation of model 
assumptions. The model assumes uniform flow; however, the MSP flow field is highly 
divergent, imposing a nonuniform spatial weighting of the sample support (currently 
under investigation by the authors). Probably of more importance is the assumption of 
an unbounded sampling domain given the point variance 02 would increase simply if we 
increased the size of the sampling domain. 

An alternative approach to modeling upscaling is to treat the permeability field as 
possessing long-range spatial persistence or a fractal spatial structure. Neuman [3] 
proposed that a natural log permeability field having a power-law semivariogram with 
all can be viewed "as the superposition of an infinite hierarchy of similar (isotropic) 
fields having mutually uncorrelated increments and (exponential covariance functions 
with) variances that increase as a power of the correlation scale." The effective 
permeability for the case of uniform flow oriented parallel to lamination is 

k, ( L )  = k, ( L )  = kg exp cLa - - g, [ (1 11 ( 5 )  

where L is the characteristic length of the sample support (cm), and g, + 0 as 
discussed above. Again, direct solution of Equation 5 is not possible because kg, c, and 
a (associated with the point support) were not measured. However, we can investigate 
this model by fitting Equation 5 to the available data using non-linear optimization. We 



* used an ad hoc approach, first estimating kg, from a log-log linear regression of a 
power-law to the k,,(L) data, and then fitting the remaining parameters by log-linear 
regression. The resulting model is shown in Figure 4 with fitted parameters 
kg=1.75x10-13 m2, c=1.41 and a=0.254. 

Inspection of Figure 4 reveals that Neuman's model predicts the general upscaling 
trend in the sample mean; although the shape seems to be somewhat different (the 
experimental data appears to be approaching an asymptote). The fitted c and a values are 
considerably different than that measured with the smallest tip seal (Table 1). The a is 
much lower indicating a higher dimensional process (D=1.87) and the coefficient c is 
much higher. Hence, as in the Gelhar and Axness model a significantly higher variance 
process at the point support is required to predict the same magnitude in upscaling as 
was measured. Reasons for differences between the model and data include the 
divergent flow geometry associated with the permeability measurements and the 
significant anisotropy in the permeability field. Another argument might be that the 
media is not fractal at all, but rather there is insufficient data to fully characterize the 
spatial structure. 

Explanation of discrepancies between the measured and predicted behavior in the 
sample mean have relied thus far on the violation of modeling assumptions. An 
alternative explanation realizes that both models are formulated assuming that the 
difference between the measurement support and upscaled support are very large; so 
large that the local-spatial structure (on the order of the size of the instrument) has 
insignificant effect on upscaling. However, local-scale spatial structure may be the 
dominant factor influencing the trends measured here. To distinguish between these 
alternative explanations, additional sampling of different rocks and comparison with 
other upscaling models is required. It is our desire to extend the current analysis with 
such information at the time of the conference. 
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