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ABSTRACT 

The gravity degradation phenomenon at low speeds (less than 500 rpm when initiating 
centrifuge capillary pressure experiments) has been identified as one of the problems for 
high permeability and porosity sandstone core samples. For these samples, the grav- 
itational acceleration distorts the horizontal centrifugal force field distribution inside 
the core plug, thereby leading to inaccurate interpretation of capillary pressure infor- 
mation in  the high saturation zone (near the threshold pressure). On the basis of a 
thre? dimentional centrifuge theory characterizing such a n  effect, this paper investi- 
gates the numerical technique which allows the gravity acceleration at low speed to be 
included for traditional Beckman centrifuges. Several capillary pressure versus satu- 
ration relationships are used to conduct parameter estimation.9. Tested examples show 
that the implicit parameter estimation algorithm based on the three-dimensional model 
of centrifuge experiments can provide more accurate information in  the high saturation 
zone. 

INTRODUCTION 

The centrifuge method of determining capillary pressure curves and rock saturations was initially de- 
veloped by Hassler and Brunner in 1945. Since then it has found wide application in many aspects of 
core analysis. However, two major problems, associated with fundamental assumptions, still complicate 
the proper application of the centrifuge technique in obtaining accurate data. These problems af.e the 
radial effect, due to core width, and the gravity effect, due to low initial rampup speeds. .Christiansen 
and Cerise (1988) and Christiansen (1992) realized the possible errors of the one dimensional model 
and developed a two-dimensional model to account for the radial centrifugal field distribution. They 
found systematic errors due to this effect. Ayappa et al. (1989) also discussed models for arbitrary- 
shaped core samples and they derived the relevant governing equations. Recently, Forbes et a1 (1993, 
1994) re-evaluated this problem and provided a semi-analytical solution to quantitatively account for 
the radial effect in practical applications. 

The gravitation problem was recognized initially by Ruth and Chen (1992) for the traditional rotor 
design of Beckman centrifuges. Rotors that come with these centrifuges contail a horizontal head and 
the sample is exposed to a gravity effect at low speeds. Core plugs in the rotor are usually spun in a 



horizontal plane and the centrifugal force is also assumed to be acting horizontally (perpendicular to 
the vertical rotational axis). In reality, because of the gravitational acceleration of the earth, where the 
rotating centrifugal field and the earth's gravitational field are at right angles, the true force acting on 
a fluid particle inside a core plug will be "dragged down", creating an inclined acceleration field. Thus, 
gravitational acceleration leads to  a total acceleration field that is not purely centrifugal. This effect 
is referred to  as "gravity degradation " in the present study. It is generally postulated that gravity 
degradation occurs in high permeability and porosity core sample experiments where low angular speeds 
are used initially. Chen and Ruth (1993b) worked out a 3D theory to characterize this problem, and with 
synthesized data they found a huge discrepancy in production curves at high saturations for most brine- 
air, high-permeability sandstone experiments. However, they did not quantify how this effect is reflected 
in capillary pressure curves, which is the most important topic in centerifuge data interpretations. This 
paper discusses the effect of the gravity degradation on the interpreted capillary pressure curve given a 
set of production data (mean saturations versus rotational speeds). 

GRAVITY DEGRADATION THEORY 

Conventional Beckman centrifuges have fixed, horizontal rotors. When describing a rotating fluid in 
hydrostatic equilibrium (Figure I),  we can start from Newton's second law in a Cartesian coordinate 
system and derive the following equation 

where P denotes the pressure of a particle of a fluid at any location, d P  the differential pressure, w the 
angular speed, p the fluid density, g the gravational acceleration and z the vertical coordinate (positive 
upward). 

Integrating this equation results in 

1 
P = -pd2(x2 + u2) - pgz + C 

2 (2) 

Defining a reference point will allow the determination of C in the above equation. According to 
Eq. 2, the rptating centrifuge force field with earth gravity effect can be visualized as a paraboloid 
of revolution. In order to link capillary pressure fields and saturhtions under different angular speeds 
for the core sample, it has been an effective tool to introduce the concept of equipotential surfaces 
to describe the iso-potential contour distribution of fluid pairs inside the core sample. Ayappa et al. 
(1989) were the first to use this concept to characteize centrifugal force field distributions. Let.A(ro) be 
an equipotential surface inside the core plug, where ro is the rotation distance from a reference point 
of an intersecting process of the rotating paraboloid with a cylinder-the core plug cylinder. For such 
equipotential surfaces, there should be S A(ro)dro = 7rR2(r2 - r l )  = V, where V represents the core 
plug volume, rl, r 2  and R are the geometric parameters of the core plug, and 

where rh,, and rh,, are the two limiting boundaries. 

An equipressufe surface always implies that d P  = 0, which from Eq. 1, expressed in cylindrical rather 
than Cartesian coordinates, leads to 

pw2rdr = pgdz (4) 

and 
1 
-w2(r2 - r:) = g(z - z0) 
2 



where (r ,z)  and (TO, a )  are any two points on the equipressure surface. Eq.5 describes clearly the 
three dimensional force field distribution: not only a radial centrifugal field, hut a vertical gravitational 
acceleration is acting. Because of the vertically acting gravitational acceleration, the centrifugal field 
is dragged down, leading to the creation of a net force with an inclined angle of a relative to the 
horizontal. As the rotation speed w increases, the effect of g becomes neglegible, that is a = 0, and the 
capillary pressure is counterbalanced by a pure, horizontal centrifugal force. When w = 0, a -+ 90°, 
and the capillary pressure is related only to the vertical gravitational acceleration field. When initiating 
an experiment with a centrifuge, there is always a combined distribution of both horizontal centrifugal 
and vertical gravitational fields, and the inclination of the distribution is strongly dependent on the 
rotation speeds used during the experiment. At low speed stages for an experimental run, gravitational 
acceleration plays a significant role in distorting the pressure distribution. 

(a) 1D H-B Linear Case 
(b) 2D Radial Case 
(c) 3D Radial and Gravity Case 

Figure 1. Gravity Degradation Effect Fgiure 2. Different Equipotential Surfaces 

Now let us define (r, z) as any point inside the core plug, and select (ro, a )  at the top line of the core 
sample plug. We then have zo = R. This condition is imposed because we assume that the initial 
pressure distribution in the cross-section of the core sample is hydrostatic. Accordingly; if we define 

29 Cg = >, Eq.5 is re-written as 

r2 = x2 + y2 =ri +Cg(z - R) (6)  

It follows that x = f (y, z) for the equipotential surface that passes through the point r = ro, z = a. 
Therefore we can write 

A(TO) = 1 J ~ ( x ,  y, 2) di. dy (8) 

dx a x  
where F ( r ,  y,z)  = J-, and fy = %, f, = - (Thomas, 1960). 

bz 

Equipotential Surfaces. If TO is used (for convenience, we use x instead of ro  in a Cartesian system) 
as the reference linear distance from the axis of rotation to locations on the top line of the core plug 
cylinder, then when performing the integration of Eq.3, one has to separate the integrand for different 
ranges of TO in order to account for the distribution of equipotential surfaces inside the core plug. Here 



r o  is equivalent to the r in Christiansen's case. The range of ro  is divided into several 7~nes ,  depending 
on different combinations of the parameters involved in the problem. Generally, when Cg 5 2R, there 
are five zones, with 

Tornin = Tinlet 

and 

where raid corresponds to the f i r s t  touch of the "paraboloid" with the core plug "cylinder", and routlet 

the last touch of the "paraboloid" with the "cylinder". When C, > 2R, only three zones are observed, 
and rornin = Tinlet and ro,, = Jrktlet + 2RCg for this situation. Figure 2 gives a comparison of equipo- 
tential surfaces for various cases with synthesized data: 1D Hassler-Brunner case, 2D Christiansen's 
radial concern, and 3D theory including both the radial and the gravity effects. The determination of 
the integral boundaries and the distinction of all those zones are discussed in detail elsewhere (Chen 
and Ruth, 1993b). 

Capil lary Pressure  Calculations. In order to obtain capillary pressure curves, we need to define a 
reference capillary pressure, which is usually chosen at a boundary. For the problem under study, it has 
been postulated that the reference maximum capillary pressure is expressed as 

if the zero-capillary pressure is assumed to take place at the two tangent points located at the edge of the 
C2 C 

outside endface (s = ratlet, y = f J R ~  - y ,  z = -f ). When Cg is exceptionally large (Cg > 2R), 
the zero PC boundary condition takes place at the bottom point of the outside endface of the core 
plug cylinder. Again in this problem, ro,,,, the maximum radius required for a zero-capillary pressure 

boundary, can be calculated as: when Cg 5 2R, ro,,, = and when Cg 2 2R, 

~ O ~ Q X  = Jrktlet + 2RCg. 

Thus, capillary pressure at any point inside the core sample plug can be calculated using the following 
equation 

For the purpose of performing the integration in Eq.3, the capillary pressure a t  any point on the top 
line of the core cylinder is 

A quantitative study on the potential effect of the gravity degradation on production performance has 
been reported elsewhere (Chen and Ruth, 199313). The results for synthesized data sets show that for 
r ampup  speeds of centrifuge experiments below 500 rpm, there is a major distortion on production 
curves caused by gravity degradation, especially for those high permeability/porosity sandstone runs 
that are usually initiated with an angular speed of 200 rpm. 

Physically, when we explain what the gravity effect is all about, we can combine this question with the 
radial effect. Traditionally, Hassler and Brunner's simplified one-dimension case considers a constant 
linear centrifugal field (Forbes, Chen and Ruth, 199413) with a straight line projection of the equipoten- 
tial surface into a horizontal plane, as shown in Figure 2. The radial effect is accounted for if core width 
is considered, and the equipotential surface is distorted by this effect. Phenomenologically, this distor- 
tion leads to a larger area of the equipotential surface than that of the non-distorted Hassler-Brunner 
equipotential surface, which looks like a vertical disk. In other words, Aradial(rO) > AHB(rO) in prac- 
tice due to the core width consideration. When we go to the three-dimension case with gravitational 



acceleration included, ths distortion of the equipotential surface becomes even worse, and the area of 
the 3D distorted surface is larger than that of the 2D radially distorted surface. Therefore, with the 
3D centrifuge theory which includes all of the effects of centrifuge experiment physics, we can conclude 
that A H ~ ( r o )  5 Aradzal(rO) 5 Aradial+gravity(~O). This observation can be supported by Figure 2, which 
shows the calculated result for the different cases under consideration. 

GRAVITY EFFECT ON CAPILLARY PRESSURE CURVES 

In this section, we will address how gravitational acceleration affects capillary pressure cuvres. This 
involves some details of data interpretation techniques for centrifuge capillary pressure curve reduction. 
The previous study (Chen and Ruth, 1993b) investigated the effect of gravity degradation on produc- 
tion performance of centrifuge runs. As discussed by many people (Ruth and Wong, 1990; Ruth and 
Chen, 1992; Chen and Ruth, 1993a; Forbes, Chen and Ruth, 1994b), generating a production history 
from a capillary pressure relationship is a direct process, which can usually give a unique solution, while 
interpreting a centrifuge capillary pressure curve from raw experimental data (production history) is an 
inverse process. This inverse process involves implicit methods. As suggested by Ayappa et al. (1989), 
Eq.3 is a Volterra integral equation of the first kind, and is known to be strongly numerically unstable. 
It is very difficult if not impossible to find its explicit analytical solution because of its three dimen- 
sional complexity. However, we can use implicit methods or parameter estimation techniques, assuming 
some explicit capillary pressure functional models, to quantify the error introduced in conventional one 
dimensional or two dimensional analyses (neglecting gravity effects). Basically, people follow two ma- 
jor ways in assuming capillary pressure functional models: simplistic model representations and spline 
functions (Nordtvedt and Kolltveit, 1991). Our purpose here is to test the gravity effect for parameter 
estimations, and we have chosen some simplistic models to characterize capillary pressure relationships. 

Capillary Pressure Relationships. Numerous capillary pressure functional relationships have been 
proposed for numerical simulations. These relationships include: (1) Bentsen's log- and power- forms 

(Bentsen and Anli, 1977; Golaz and Bentsen, 1980), PC = Pd + a ln(  s w  - s w r  ) , and PC = Pd + 
1 - S,,," -. 

S w  - S w r  b ) , where Pd is the threshold pressure, Swr the irreducible connate water saturation, and "( 1 - swr 
1 * sw - swr -- 

a, and b are parameters to be estimated; (2) Corey's (1954), PC = I'd( ) A ; (3) Thomeer's 
1 - s,,,, -. 

s g  - s w  - s w r  - - 1 
(1960), - - Fg ); (4) Chen et al.'s (1992), 

(- log pc/pd 
(5 )  van Dom- 

Stm 1 -  l+a(P,-Pd)* '  
p d  

selaar's (1984), Sw = Sw, + (1 -Swr)-; (6) those suggested by Forbes (1993), 
s w  - s w r  p d  = ln(l+c-), 

P C  1 - s w r  P C  

and P C  , sw - swr = c a,(,) . 
1 - s w r  

t 

Hirasaki and Rohan (1993) also suggested the use of lognormal and bimodal lognormal relationships. 
All these functions can be used to test the effect of gravitational degradation on capillary pressure 
curves. It is difficult to determine the superiorty of any certain expression for particular applications 
in centrifuge capillary pressure interpretation techniques. However, as far as this particular problem is 
concerned, we recommend the use of expressions that give better flexibility in representing the whole - 
curve, including a possible reversal of curvature near Sw + 100%. 

Synthesized Dataset. In order to examine and quantify the effect of gravity degradation on capillary 
pressure curves, many synthesized datasets have been constructed. Two data examples are shown in 
this paper to illustrate the problem. Bentsen's log and Chen et al.'s expressions are used to reflect the 
effect of the gravity degradation factor in the interpreted capillary pressure. Concerning our particular 
physical problem, we assume that the threshold pressure Pd = 0, and for Bentsen's expression, a is 



0.50 psi. We are looking a t  typical values of high permeability (k > 700 md) and porosity (4 > 20%) 
sandstone sample experiments, including unconsolidated tar sand core samples. The density difference 
value is assumed to be 1.01 g/cm" representing a typical air-brine experiment. As used in Christiansen's 
paper (1992)) the irreducible connate water saturation S,, is selected as 0.2. The rotational speed (in 
rpm) dataset includes 50, 100, 150, 200, 300, 400, 500, 600, 800, and 1000 (for high permeability and 
porosity samples, the rpm schedule should include speeds from 150 to 500 rpm). The rotor and core 
plug system is assumed to be characterized by r,,let = 6.06 cm, rmtlet = 8.6 cm, and R = 1.27 cm. This 
corresponds to  a 1.0 inch long and 1.0 inch diameter core sample, mounted in a rotor with an outer 
rotation distance of 8.6 cm. These numbers are typical for a Beckman centrifuge. 

For capillary pressure calculations, we have used 

where roma+ is defined in the previous section. 

SCA Survey Data. We have also tried to include some real data to evaluate this problem. Two SCA 
survey datasets were selceted to test this effect. They are the core samples numbered EF3 and FA4. 
EF3 has a permeability of 627 md, and c+6 = 23.20%. The density difference of the fluid system is 1.011 

9 and the low rotational speed of the experiment ranges from 190 rpm to 600 rpm. The properties 
(11723 ' 
of FA4 include 754 md and 23.00% for permeability and porosity respectively. Again the fluid system 

9 had a density difference of 1.011 -, but the low speed range for this test was from 300 rpm to 680 
cm3 

rpm. The experiments for the samples were made with a Beckman L8-55 M/P centrifuge, with 
ratlet = 8.6 cm. The other details reported about the core samples and the experiments can be found 
in The Society of Core Analysts survey. 

RESULTS AND DISCUSSION 

For the Hassler-Brunner one dimensional analysis, the capillary pressure at the whole inlet endface is 
assumed to have the same value, that is PC, is uniform everywhere on the inlet endface. Christiansen 
introduced a PC] which occurs at the vertical center line (from the top to the bottom) of the inlet 
endface. For the three dimensional consideration, the Pcl is located at the top point of the inlet 
endface. Therefore, we have chosen the PC] from Eq. 12 as the reference value which makes the 
most sense for the practical situations. As found by the previous study (Chen and Ruth, 1993b), the 
three dimensional values are always located above the one and two dimensional values, while Hassler- 
Brunner's one dimensional values are always less then the others. When the rotation speed exceeds 500 
rpm, the three dimensional values converge on Christiansen's two dimensional values, because above 
this speed the effect of Cg vanishes and the three dimensional model is identical to Christiansen's theory. 
Christiansen's model does not include the gravity effect and from the curves it can be seen that his 
lines are basically equivalent to  Hassler-Brunner's solutions at low speed. Neither Ayappa et a1 (1989) 
nor Christiansen (1992) studied data interpretation in the low speed zone in their studies. 

Eq.3 was used to test the significance of the gravitational acceleration. The Gauss-Legendre algorithm 
(Maron, 1982) was used to numerically evaluate the triple integral. Grid refining tests were carried 
out using 50 points in the Gauss-Legendre algorithm and sufficient precision was obtained (Stroud and 
Secrest, 1966). All computations were run using double precision on a SunFortran system. 

Figures 3 and 4 give the results for simulated datasets with the two models. Lines and filled circles 
are to distinguish the difference of the curves obtained with different theoreties. "Christiansen" means 
the curve obtained with the 2D theory developed by Christiansen (1992). Each example used 12 
points in data column covering primarily the low speed range. A systematic discrepancy is found in 
both interpretations. The trend for gravity degradation consideration is similar to that introduced by 
the radial effect to modify the traditional one-dimensional Hassler-Brunner case, that is, at  the high 



saturation zone of capillary pressures curves, the curve recovered with the gravity-included theory is 
always higher than the one with Christiansen's 2D model which considers the radial effect only. This 
result seems to be reasonable, because when generating the mean saturation history, the 3D theory gives 
lower values than the 2D model at low speeds. The mean saturations generaced with the 3D theory 
are recoverable using numerical simulation techniques, while when using Christiansen's 2D model to 
convert the generated mean into a capillary pressure, the recovered curve always seems to be lower 
than the original curve. This observation is basically similar to the radial effect problem. We have 
used several other models trying to quantity this discrepancy, and have found that the difference in the 
interpreted capillary pressures ranges from 1 to 5 saturation percent, depending on individual cases. 
The information provided in these two figures is that the capillary pressure curve obtained with the 
3D theory, which considers both the radial and the gravity effects, is different from the one interpreted 
from Christiansen's 2D theory, which considers the radial effect only. 

However, when interpreting these curves using implicit numerical simulation algorithms, we identified 
a new problem. Beacuse the gravity degradation occurs at low speeds, only the section of the curve at  
high saturation is affected. On the other hand, simplistic capillary pressure functions, which have to 
be pre-assumed, provide few model parameters to be estimated in order to achieve an optimized fitting 
of production performance (mean saturations). The outcome of this difficulty is that the recovered 
capillary pressure curves with implicit methods might have an overall shift. As an example in Figure 3, 
the recovered capillary pressure curve with Christiansen's 2D theory (dash-dotted-dotted) has moved 
generally downward, but this seems to include high rotational speeds. In other words, the spread of the 
gravity degradation effect can be out of the mentioned low speed range (5  500 rpm) with implicit data 
reduction algorithms. Sometimes, the interpreted capillary pressure curve can be actually "forced" to 
bend. This can be observed by the second example in Figure 4, where Chen et al.'s reversal cruvature 
model is used to test the effect. It can be seen that the 3D theory again recovers the original capillary 
pressure curve, while when converting the 3D generated mean saturation data with Christiansen's 2D 
model, we obtained a forced-to-bend curve: the high saturation section is below the original curve, 
while the medium-low saturation section ( between 20% to 40%) is above the original curve. We tried 
to use other models with only a few adjustable model parameters to recover capillary pressure curves, 
but the results were not very successful. 
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Figure 3. Bentsen's Log Model Figure 4. Chen et al.'s Reversal Curvature Model 



This shows the limitation of simplistic capillary pressure functions in implicit methods for centrifuge 
data reduction. We expect more complicated forms of such functions to provide better curve fits, 
especially the B-splines suggested by Nordtvedt and Kolltveit (1991). However, this method involves 
complicated numerical algorithms. It should be pointed out that this new problem arises due to the 
limitation of the implicit interpretation method itself, which does not really alter the de facto gravity 
degradation effect that we have identified above. Because of the numerical difficulty, we have suggested 
an alternate remedy to overcome the porblem, that is, adopting pivoted rotor heads in centrifuges to 
minimize the gravity effect inside core samples (Chen and Ruth, 1994). 

In reality, we do not expect gravity degradation to play a major role in most centrifuge experiments, 
unless high permeability and porosity core samples are tested. We have found in the SCA centrifuge 
capillary pressure survey that most experimental datasets were collected for angular speeds higher than 
500 rpm. Figures 5 and 6 provide two examples for these raw experimental data. Each example contains 
15 data points covering both low and high speeds. Again we have used the reversal-curvature function, 
and have recovered two capillary pressures curves for each sample, with the curves converted by the 3D 
theory providing a different interpretation. When we inspected many of the centrifuge capillary pressure 
curves (we assume that those curves were all obtained with conventional interpretation techniques 
without considering the gravity effect) from The SCA survey report (Yuan, 1993), there was either a 
shortage of high-saturation data, or much lower saturation values at low initial rotational speeds, as 
can be seen in Figure 5. Figure 6 gives another example, but the difference is not pronounced. Note 
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Figure 5. SCA Survey Data: EF3 Figure 6. SCA Survey Data: FA4 

that we are describing the gravity effect theoretically. Experimental verification of this phenomenon 
remains to be achieved. Other potential applications include similar centrifuge capillary pressure mea- 
surements in soil science, where high permeability and porosity values are expected and centrifuge runs 
are also subject to low rampup speeds (Klute, 1986). 

CONCLUSION 

A three dimensional theory is used to convert centrifuge experimental data into capillary pressure 
curves considering all major physical problems, especially gravity degradation considerations. NU- 
merical simulation techniques developed based on this theory show that the 3D model provides a 
better description of capillary pressure curves from centrifuge experiments in the high saturation 



zones (low initial angular speeds); 

There is a systematic discrepancy between capillary pressure curves obtained from the 3D the- 
ory and from Christiansen's 2D model, at the threshold zone of capillary curves, with the 3D 
curves generally higher than the traditional curves from either 1D Hassler-Brunner's or the 2D 
Christiansen's centrifuge theories. 

Implicit data interpretation techniques have to be used to recover the true capillary curve. C a p  
illary pressure functional relationships involved in parameter estimation, should include sufficient 
adjustable parameters to allow optimized production curve fitting. 
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Nomenclature 

the equipotential surface area, n2 
29 the characteristic factor, Cg = -, cm 

n w2 
gravity acceleration, - 

sec2 
capillary pressure 
maxmium capillary pressure at the reference point ri,l,t 
Threshold capillary pressure 
the radius of core cylinder plug, n 
rotation radius, n 
reference rotation radius, n 
the inner endface radius of rotation, cm 
the bottom endface radius of rotation, n 
the maxmium reference rotation radius, ern 
the minimum reference rotation radius, cm 
wetting phase saturation 
irreducible connate wetting phase saturation 
mean wetting phase saturation 
the volume of core sample plug, cm3 
variable 
variable 
variable 
variable corresponding to TO 

density difference of fluid pairs 
2?r 1 

angular rotation speed, ( ~ p m  x - 
60' G) 
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