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Abstract 

Wall-slip in the high velocity flow regime has traditionally been accounted for by 
correcting the permeability and not the inertial resistance. A recent theory for 
gas flow includes a coupling between wall-slip velocity and high-velocity pressure 
loss. Flow experiments were done on a short sample of low permeability. Models 
for uncoupled and coupled wall-slip and high-velocity flow were compared to ex- 
perimental results. It was found that there is a significant coupling effect which is 
described by the new theory. 

Introduction 

Determination of the permeability of cores by low pressure and high-velocity flow 
of gas requires corrections to Darcy's law due to two physical effects: wall-slip and 
inertia. These effects are included by two separate corrections (Ham et al. 1972, 
Jones 1987, Goggin et al. 1988, Tiss and Evans 1989, Noman and Kalam 1990). 
The wall slip effect is taken into account by the Klinkenberg correction of the 
absolute permeability and the inertia by replacing Darcy's law by the Forchheimer 
equation (Firoozabadi and Katz 1979, Firoozabadi et al. 1995). A stringent model 
for uncoupled wall-slip and high-velocity flow, called Model A, was derived by 
Jones (1 995). 

Recently, combined wall-slip and inertial gas flow has been studied (Skjetne and 
Gudmundsson 1993, 1995). Models were derived from the Navier-Stokes equations 
in which there is a close relationship between local wall-slip velocity and the viscous 
force. The models show that wall-slip and inertial effects are coupled. The latter 
model, called Model B, is more stringent than the former and is derived in the 
framework of flow in spatially periodic porous media. In the work, Model 
A and Model B are tested against flow experiments on a tight sandstone. 

Klinkenberg (1941) modeled wall-slip, low-velocity flow in an idealized porous 
medium consisting of capillaries of the same radius and random orientation, and 
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found that the gas permeability ic, was related to the liquid permeability kr by 

where p is the pressure and b is the Klinkenberg coefficient which depends on gas 
properties and is inversely proportional to the radius of the capillaries. Klinken- 
berg (1941) proposed that wall-slip flow in natural porous media could be modeled 
by taking b as an undefined parameter. b is found from a Klinkenberg plot, which 
is a linear fit to the mean gas permeability k g ( p , )  versus inverse mean pressure 

l / p m .  

For high-velocity laminar flow in natural porous media, the irregular flow paths 
induce a strong coupling between inertial, viscous and pressure forces, resulting 
in a pressure loss that is larger than proportional to velocity. Inertial flow effects 
are usually accounted for by the Forchheimer equation (Forchheimer 1901) 

where p is viscosity, lc is permeability, P is inertial resistance, p is density, u is 
velocity and x is the coordinate in the flow direction. For ,8 = 0, the Forchheimer 
equation is reduced to Darcy's law. 

Uncoupled Wall- Slip and High-Velocity Flow 

Model A for uncoupled wall-slip and high-velocity flow was obtained by Jones 
(1995) by replacing k in Eq. (2) by k g ( p )  and then integrating over the core, 

where L is the length of the core, pl and pz are inlet and outlet pressures and q is 
the mass flux 

q = pu. 

To obtain Eq. (3), the real gas law was used 

where Z is the compressibility factor, R is the gas constant and T is the temper- 
ature. A Forchheimer number I% has been introduced in Eq. (3) as the ratio of 
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non-linear to linear pressure loss for liquid flow 

For large pressure losses, the pressure dependence in the physical properties should 
also be integrated. However, a good approximation is to use the physical properties 
at mean pressure, i.e. replacing Z and p by 2, and p,. 

Coupled Wall- Slip and High-Velocity Flow 

Skjetne and Gudrnundsson (1995) derived the following Model B for coupled wall- 
slip in the high-velocity flow 

where 

C is a second order wall-slip correction term and is usually small when compared 
to unity, as is indicated by the approximation. b was given as the product of a 
gas dependent part b, and a rock dependent part b, 

where RH is the average hydraulic radius defined by 

Total Pore Volume 
RH = 

Total Pore Surface' 

and W is a constant which is equal to unity for capillary tubes of uniform radius. 
RHW is an effective hydraulic radius, that is a weighted average of the hydraulic 
radius, where the weight is the local wall-slip velocity. 

Model A and Model B can now be compared. The relative difference between the 
approximations of the pressure loss of Model A (Eq. (4)) and Model B (Eq. (9)) 
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for a given set of parameters kl, 6 and p can be expressed as 

(Model A), - (Model B), 1 + $ ( 1 + 2 ~ h )  b 
= (4+ ;.+I45 3-Fh. (14) (Model B). Pm 

The pressure loss is larger for Model A than for Model B. The models are identical 
in the limits of Darcy flow Eh + 0 and no-slip flow b l p ,  + 0. 

One way to distinguish between the two models is first to obtain b,. and kr from a 
Klinkenberg plot for experiments in the low velocity regime where the two models 
are almost identical. Then, to carry out an experiment where the relative difference 
term increases monotonically and check whether the parameters fitted for Model 
A and Model B are consistent with b, and kl obtained from the Klinkenberg plot. 

Experiments 

The core sample used was an Obernkirchner tight and well sorted sandstone of 
diameter 37.9 mm and length 9.55 mm. The sample was machined in a lath 
to obtain parallel end faces, cleaned in methanol, and dried. The porosity was 
measured with a helium porosimeter. 

The laboratory setup to measure pressure loss versus rate is shown in Figure 1. The 
measuring devices were one pressure meter for the range 0-20 barg, two differential 
pressure meters with variable ranges 0-0.064/0.64 bar and 0-3.0130.0 bar and three 
flow meters 0-2.0 ln/min, 0-16.1 ln/min, and 0-53.66 ln/min, where [In] is normal 
liter (at 273.15 K and 1.013 bar). Prior to the experiments, the flow meters were 
calibrated at the factory by a standard traceable to the national standard of the 
Dutch Weights & Measures and corrected by a third order polynomial. 

The gas was nitrogen. It flowed, via a regulator, into a copper coil, made of a 
3 m long copper pipe, placed in a temperature controlled water bath, kept at room 
temperature (x 294 K). The temperature was measured by a Pt 100 thermometer. 
The function of the coil was to obtain constant gas temperature, independent of 
rate and a possible cooling due to the Joule-Thomson effect. Then, the gas flowed 
through one of the flow meters and into a piston core holder and through the core. 
At last, the gas was regulated out to atmospheric pressure. 

Results and Discussion 

Two types of experiments were carried out: low-velocity flow experiments for a 
Klinkenberg plot and a combined wall-slip, high-velocity flow experiment. The 
resulting parameters are given in Table 1. For the Klinkenberg plot, 6 series at 
different constant p,, with 7 data points in each series, were carried out and 
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Figure 1: The main parts of the high-velocity flow setup. 

Darcy's law was fitted to each series of data. A linear fit to the resulting Klinken- 
berg plot gave ki = 6.914 10-l5 rn2 and b = 3.35 lo4 Pa (Figure 2). As p, and 
T were almost constant, b, = 5.147 lo6 1 / m  was calculated by using Eq. (12) and 
p, and T for low p,. The parameters obtained from the Klinkenberg plot were 
assumed to be the correct or "true" values of the core sample. 

The effective hydraulic radius was calculated to be RH W = 1.77 rn by using 
Eq. ( 1 2 )  with 4 = 0.2015 obtained from the helium porosimeter. Such a small 
RHW indicates that the pore network is dominated by a series coupling of small 
and large pores, which is consistent with the low kr and relatively large 4. 

Table 1: Parameters Obtained from Least Squares Fits 

A monotonic increase in Fhblp,, was obtained from one series with 64 data points 
starting at pl y2 lo6 Pa, and then reducing p2 down to about atmospheric 
pressure was carried out. Model A and Model R and the approximations of the 
models were fitted to the data using non-linear least squares with up to 5 depen- 

Model 

Klinkenberg 
Model A 
Model B 
Model A 
Model A ,  Approx. 
Model B 

k1 [low1' m2] 

6.914 
6.914 
6.914 
5.48 
5.81 
6.868 

b,.[106 l /m] 

5.147 
5.147 
5.147 
48.1 
36.3 
7.7 

,B [lo9 l lm]  

5.138 
6.151 
6.68 
6.4 
7.15 

Fixed Parameters 

kI and 13, 
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Figure 2: A Klinkenberg plot, i.e. kg vs. 1 .  The linear fit resulted in 
= a0 = 6.914 lo-'' m2 and b = al /ao  = 3.35 lo4 Pa. 

dent variables (q, p,, p l ,  pz ,  and p m )  The LHS of Eq. (3) (or Eq. (8)) was used 
as independent variable and as inverse weight. 

First, /3 was fitted, while kl and b, were assigned the "true" values (Figure 3). The 
total pressure loss is the sum of the Darcy (P = 0) and the non-Darcy pressure 
losses which are plotted as dashed lines. The mean pressure is plotted with a scale 
on the right axis. Model A does not fit the trend of high-velocity data well. ,d 
is systematically too small for medium q and too large for high q. Model B fits 
well. /3 is 16 % smaller for Model A than for Model B, but the pressure loss for 
the highest q is largest for Model A. Model A ignores wall-slip effects on P,  and 
compensates for this by reducing P. 

Then, k i ,  P ,  and b, were fitted. The results are shown in Figure 4. Both models 
fit the data well. Compared to the "true" values, Model A underestimated kI by 
21 % and overestimated b, by 935 %, whereas Model B underestimated kl with 
6.7 % and overestimated bT 50 %. Some of this discrepancy may be explained by 
that an increase in bT is partly compensated for by a decrease in kl and an increase 
in p, so that there is a large region in parameter space that fits the data well. 

This may explain the discrepancy of Model B, but the discrepancy of Model A 
is too large for both kl and b, to justify that Model A is still valid. Given that 
Model B is valid, we expect that Model A compensates for no wall-slip correction 
of j3 by using a b, that is larger than the "true" value and compensates for the too 
large 6, at small q by reducing k r .  Thus, the discrepancy of Model A is explained 
by the effects accounted for in Model B. 

The approximations of the models resulted in the same parameters as for the 
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Figure 3: Model A (a) and Model (b) with ,O fitted to the experimental data. kl 
and b, was taken from the fit in the Klinkenberg plot Figure 2. 
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Figure 4: Model A (a) and Model B (b) with k r ,  ,8, and b, fitted to experimental 
data. 
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models, except for the approximation of Model A fitting all parameters. Since 
our experiment had both high-velocity and significant wall-slip, it is likely that 
the approximation of Model B is generally very good. Summing up the discus- 
sion, Model A is less valid than Model B for wall-slip, high-velocity flow, and the 
approximation of Model' B gives the same results as the full Model B. 

Conclusions 

1. It has been shown experimentally that there is a significant coupling between 
wall-slip and high-velocity gas flow. This coupling can be described by the 
theory of Skjetne and Gudmundsson (1 995). 

2. Neglecting the wall-slip/high-velocity coupling resulted in a permeability 
underestimated by 20 % and a Klinkenberg factor overestimated by an order 
of magnitude. 

3. The use of Eq. (9) for analysis of wall-slip high-velocity flow is recommended. 
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Nornenclat ure 

Klinkenberg Coefficient [Pa].  
Gas Dependent Part of the Klinkenberg Coefficient [Pa  m]. 
Rock Dependent Part of the Klinkenberg Coefficient [llrn]. 
Second Order Wall-Slip Correction Term in Model B. 
Term in C. 
Forchheinler Number. 
Permeability [m2]. 
Gas Permeability at a Given Pressure [nt']. 
Liquid Permeability [m']. 
Core Length [m]. 
Pressure [ P a ] .  
Gas Constant [m2/(s'K)]. 
Total Hydraulic Radius [m]. 
Volun~e Averaged Velocity (Seepa,ge Velocity) [rials]. 
Te~nperature [li]. 
Coordinate Along the Core [m]. 
Weight Factor for Hydraulic Radius. 
Co~npressibili ty Fac,tor. 
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p = Inertial Resistance or High-Velocity Flow Coefficient [l lm] . 
p = Viscosity [Pa s]. 

p = Density [kg/m3] .  
4 = Porosity. 
m = Subscript for Arithmetic Mean. 
1, 2 = Subscripts for Inlet and Outlet. 
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