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ABSTRACT 
Simultaneous determination of relative permeability and capillary pressure curves by 
including more than one set of experimental data in the interpretation process is 
presented. A numerical simulator is introduced for history matching purposes to avoid 
the analytical assumptions traditionally used by the industry. Both synthetic as well as 
real experimental cases are utilised and analysed. The main contribution from this paper 
is that data from several types of experiments – such as centrifuge, unsteady state and 
steady state – may be utilized simultaneously in the history matching approach. 
Compared to traditional approaches, this have several potentially advantageous effects, 
including simplified and consistent handling of different type of experimental data, and 
accuracy improvement as different experiments carry information in different regions 
of the flow properties. 

INTRODUCTION 
Determination of relative permeability involves a multi-phase experiment on a core 
sample. During the experiment, data are gathered and subsequently analyzed to 
determine the relative permeability curves. Typical experiments include steady and 
unsteady state as well as centrifugation. Common for the data analyses techniques is 
that a series of assumptions (such as negligible capillary pressure) have been made in 
order to simplify the data analysis. This may lead to erroneous relative permeability 
curves, and potentially also make the relative permeability seem rate and/or process 
dependent [1, 2]. 

Frequently, numerical simulators have been introduced to avoid such assumptions [3-
9]. In this approach, a simulator has been used to history match the experimental data in 
an implicit methodology in order to determine the relative permeability and capillary 
pressure curves. This methodology has been developed, tested and reported in a series 
of papers [5-8]. Using this method, the relative permeability and capillary pressure 
curves can be determined simultaneously from one single experiment. However, the 
accuracy of the flow properties might not be sufficient in the entire saturation range. 
Figure 1 shows schematically for which saturation ranges the different experiments 
typically contain significant relative permeability information. Outside these ranges, the 
obtained curves should be regarded as inaccurate. By combining data from at least two 
experiments (e.g., unsteady or steady state and single speed centrifuge), accurate 
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relative permeability curves could be obtained in most of the saturation interval. By 
using additional data from an experiment mainly influenced by capillary forces (e.g., 
multi speed centrifuge), simultaneous information about both the relative permeability 
and the capillary pressure will be gained [9]. 

In order to determine one single set of flow 
functions based on data from several different 
experiments, the commercial core flow 
simulator Sendra [10] has been extended with a 
new feature. This new feature is further referred 
to as the multi-scenario feature. The multi-
scenario feature allows us to utilize data from 
different experiments simultaneously in the 
history matching process leading to one set of 
flow properties.  

Throughout this paper it is assumed that there 
exists one single set of flow properties, 
independent of the flow process under 
consideration and where the different scaling 
criteria are within standard limits [11-13]. It will  
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Figure 1: Relative permeability information 
from various experimental scenarios. 

be demonstrated that it is possible to obtain one set of flow properties that 
simultaneously reconcile more than one set of experimental data on neighbouring core 
samples. In addition, we show that the accuracy is improved using the multi-scenario 
feature compared to the individual interpretation. 

SYNTHETIC STUDY: RESULTS AND DISCUSSION 
To test and evaluate the multi-scenario feature, a synthetic simulation study has been 
designed. An initial synthetic study is preferable, as we then know the true flow 
properties, and the robustness and importance of the suggested approach more readily 
can be evaluated. The simulator is used to generate true data points (i.e., oil production 
and/or pressure drop). To mimic measured data points, noise (with zero mean and a 
given standard deviation) is added to these true or simulated values, creating 
”experimental” data points. We then attempt estimating the flow properties by changing 
parameters representing the functions (properties) in such a way that the discrepancy 
between the simulated data points and the ”experimental” data is minimized [5-8].  

Two cases are considered; (1) the different experimental scenarios have equal flow 
properties in order to test the methodology and assess the accuracy, and (2) the different 
experimental scenarios have unequal flow properties in order to further test the 
methodology and assess the influence of the amount of experimental data and their 
accuracy. 

Equal flow properties.  
Three different experimental scenarios are used to demonstrate the multi-scenario 
feature and that the accuracy will be improved using this feature compared to the 
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individual evaluation of the scenarios. To assess the accuracy with which the flow 
properties can be estimated, a linearized covariance analysis [14] is utilised together 
with B-spline representation [15] of the flow properties. 

The three experimental scenarios utilised are (1) a steady state flow experiment, (2) a 
single speed centrifuge experiment and (3) a multi speed centrifuge experiment. These 
scenarios have been selected to gain data sensitive to the relative permeability in most 
of the saturation range according to Figure 1, together with capillary pressure 
information. All are so-called imbibition cases where oil is displaced by water from 
initial low water saturation; see Table 1 for core and fluid properties. The generated 
data from the steady state flow experiment, the single rate centrifuge experiment and 
the multi speed centrifuge experiment are interpreted using the multi-scenario feature. 

Table 1: Core and fluid properties for synthetic case. 
 

Steady-state 
Single-

speed (SS) 
centrifuge 

Multi-speed 
(MS) 

centrifuge 
L [cm] 25.0 5.0 5.0 
D [cm] 3.75 3.75 3.75 
ko(Swi) [mD] 250.0 250.0 250.0 
Swi [frac.] 0.15 0.15 0.15 
Sor [frac.]*) 0.20 0.20 0.20 
Φ [frac.] 0.212 0.212 0.212 
µw [cp] 0.36 0.36 0.36 
µo [cp] 1.2 1.2 1.2 

ρw  [g/cm3] 1.021 1.021 1.021 
ρo [g/cm3] 0.780 0.780 0.780 
Rotation axis [cm]**) - 13.715 13.715 

Flow rates [ml/min]/ 
Centrifugal speeds [rpm] 

Oil:        1.99; 1.88; 1.56; 1.0; 
0.44; 0.12; 0.016; 0.0 

Water:    0.01; 0.12; 0.44; 1.0; 
1.56; 1.88; 1.984; 12.0 

4000 700; 1000; 1400; 
2000; 3000; 4000 

*)    From simulations when kro=10-6  
**)   From the centre of the centrifuge to the centre of the core sample. 

Figures 2-4 show the history matching results for the multi-scenario feature. It is 
observed that all three experiments are very well reconciled by simulation. The 
obtained flow properties were consistent with the true curves initially selected.  

Figures 5-8 show the determined flow properties using the multi-scenario feature 
together with confidence intervals calculated from the linearized covariance analysis for 
both the multi-scenario feature and individual analysis. Both the relative permeability 
and the capillary pressure curves are accurately determined in the entire saturation 
range using the multi-scenario feature. Compared to the confidence interval for the 
individual analysis, the accuracy is improved for the relative permeability, but behaves 
almost equal for the capillary pressure. The data from the steady state experiment will 
contribute with information for the relative permeabilities in most of the saturation 
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range, except for high water saturation. For high water saturation, the data obtained 
from the single speed centrifuge will contain information for the oil relative 
permeability. For low water saturation, the data obtained from the multi speed 
centrifuge will contain information for the water relative permeability [7]. Finally, the 
data from the multi speed centrifuge experiment will contain information for the 
capillary pressure. As the capillary pressure is very sensitive to the multi-speed 
centrifuge data in general, the improvement by utilizing the multi-scenario feature is 
limited. However, some improvements are observed for low water saturation as the 
steady state experiment is somewhat influenced by the capillary pressure in this region. 
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Figure 2: Reconciliation of the steady state data. 
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Figure 3: Reconciliation of the single speed 
centrifuge data. 
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Figure 4: Reconciliation of the multi speed 
centrifuge data. 
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Figure 5: Water relative permeability from steady 
state data and multi-scenario estimation. 
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Figure 6: Oil relative permeability from steady state 
data, single speed centrifuge data. 
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Figure 7: Oil relative permeability at high 
water saturations, magnification of Figure 6. 

Unequal flow properties.  
Throughout this paper it is assumed that the 
flow properties are equal independent of the 
flow process and where the different scaling 
criteria are within standard limits [11-13]. 
However, we have studied the effect of using 
the multi-scenario feature on two core 
samples (Core 1 and Core 2) that experience 
true different relative permeabilities. Water 
displacing oil steady state flow experiments 
are utilised for both core samples to 
demonstrate the multi-scenario feature, and to 
assess the influence of the amount of 
experimental data and their accuracy. The 
core and fluid properties for each steady  state 
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Figure 8: Capillary pressure from multi speed 
centrifuge data and multi scenario estimation. 

experiment are equal to the steady state experiment given in Table 1. 

Equal amount of experimental data and equal experimental error  
Figure 9 shows the two true oil and water relative permeability curves and the estimated 
curves. Using the multi-scenario feature, an intermediate set of relative permeability 
curves are estimated. These intermediate relative permeabilities are the flow properties 
that best match both sets of the generated data. 

Different amount of experimental data and different experimental error. 
Two different cases are considered; (1) the amount of generated experimental data for 
Core 2 is around three times the amount of generated experimental data for Core 1, and 
(2) the experimental errors imposed on the generated experimental data for Core 1 is 
three times higher than the values imposed on the generated experimental data for Core 
2.  Lower  experimental  error  and  more generated experimental data favour one of the 
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experiments, in this case the 
experiment for Core 2. Both the 
amount of data and the standard 
deviation (experimental error) act as 
weighting of one of the experimental 
data set [8]. Figure 9 shows this effect. 
The curve represented by circles 
approach the relative permeability 
curve that is connected to the 
experiment with most generated data 
(Core 2). The curve represented by 
triangles approach the relative 
permeability curve that is connected 
with the less experimental errors (Core 
2). 
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Figure 9: True and estimated relative  
permeability curves. 

Experimental Study: Results and Discussion 
The multi-scenario feature is further tested on real experimental cases using core 
samples from two different formations in the North Sea. All experiments are water 
displacing oil processes. Two different cases are considered; (1) using one steady state 
flow experiment, one multi speed centrifuge experiment and one single speed 
centrifuge experiment from one formation, and (2) using one unsteady state flow 
experiment and one multi speed centrifuge experiment from another formation. 

All cores are properly selected prior to experimentation; CT-scans where utilized to 
ensure homogeneity and all samples within the same formation have been exposed to the 
same preparation procedure. 

Experimental Study: Case 1 
All core samples are restored-state and the steady state experiment has been performed 
at reservoir conditions while the centrifuge experiments have been performed at 
reservoir temperature and ambient pressure. The core samples used in the steady state 
flow experiment are a composite core of neighbouring plug samples. Another 
neighbouring core sample has been used for both the multi speed and single speed 
centrifuge experiments. The basic core and fluid properties are given in Table 2. 
Chierici correlation [16] has been used to represent the relative permeability curves and 
an extended Brooks and Corey correlation [17] has been used to represent the capillary 
pressure curve. See Appendix for details about the flow property representation. 

Figure 10 and 11 show the relative permeability and capillary pressure curves, which 
reconciles all three experiments simultaneously, respectively. Based on the synthetic 
study, the steady state and single speed centrifuge experiments contribute with 
information about the relative permeabilities and the multi speed centrifuge experiment 
contribute with information about the capillary pressure. Hence, using all these 
experimental data simultaneously in the interpretation process, accurate flow properties 
are obtained in the entire saturation range. 
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Table 2: Core and fluid properties for Case 1. 
 Steady-state SS cent. MS cent. 

L [cm] 27.58 4.95 4.95 
D [cm] 3.77 3.79 3.79 
ko(Swi) [mD] 41 26 20.6 
Swi [frac.] 0.32 0.334 0.334 
Sor [frac.] *) 0.10 0.10 0.10 
Φ [frac.] 0.221 0.23 0.23 
µw [cp] 0.352 0.526 0.526 
µo [cp] 1.178 3.709 3.709 

ρw  [g/cm3] n.m. (horizontal flow) 1.024 1.024 
ρo [g/cm3] n.m. (horizontal flow) 0.837 0.837 

Rotation axis [cm]**) - 13.74 13.74 

Flow rates [ml/min]/ 
Centrifugal speeds [rpm] 

Oil:     1.984; 0.47; 0.234; 0.15; 0.066; 
0.03, 0.008; 0.0 

Water: 0.016; 0.03; 0.066, 0.15; 0.234; 
0.47; 0.992; 1.667; 6.667 

3200 300; 700; 1000; 
1450; 2150; 3100; 

4550; 6500;  
 *)  From simulations when kro=10-6 
**)  From the centre of the centrifuge to the centre of the core sample. 
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Figure 10: Estimated relative permeabilities 
using the multi-scenario feature. 
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Figure 11: Estimated capillary pressure using 
the multi-scenario feature. 

Figures 12-14 show the reconciled 
experimental data by simulating the 
experiments with the estimated flow 
properties in Figures 10 and 11. All 
experimental data are well reconciled 
by using the single set of relative 
permeability and capillary pressure 
curves determined from the multi-
scenario feature. 0
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Figure 12: Reconciliation of the single-
speed centrifuge experiment. 
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Figure 13: Reconciliation of the steady state 
experiment. 
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Figure 14: Reconciliation of the multi speed 
centrifuge experiment. 

Experimental Study: Case 2 
One vertical unsteady state flow experiment (injection from the bottom) and one multi-
speed centrifuge experiment have been performed close to ambient conditions on one 
cleaned core sample. Note that the same core sample has been used for both the 
unsteady state and the centrifuge experiments. The basic core and fluid properties are 
given in Table 3. For this example, the Corey correlation [18] has been used for the 
relative permeability curve and an extended Brooks and Corey correlation [17] for the 
capillary pressure curve. 

Table 3: Core and fluid properties for Case 2. 
 Unsteady state Multi-speed centrifuge 

L [cm] 4.76 4.76 
D [cm] 3.79 3.79 
ko(Swi) [mD] 23.0 23.0 
Swi [frac.] 0.31 0.293 *) 
Sor [frac.] ** ) 28.0  28.0  
Φ [frac.] 0.171 0.171 
µw [cp] 1.212 1.212 
µo [cp] 1.274 1.274 
ρw [g/cm3] 1.103 1.103 
ρo [g/cm3] 0.762 0.762 
Rotation axis [cm] *** ) - 14.22 
Flow rates [ml/min]/ 
Centrifugal speeds [rpm] Water : 0.09 

500; 700; 1000; 1400; 
2200; 3500; 5400 

    *)  This value is before spontaneous imbibition, Sw=0.543 after spontaneous imbibition  
       **)  From simulations when kro=10-6 

***)   From the centre of the centrifuge to the centre of the core sample 

Figures 15 and 16 show the estimated relative permeability and capillary pressure 
curves using the multi-scenario feature in the interpretation process, respectively. The 
experimental data from the multi speed centrifuge experiment does not contain 
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information of the positive part of the capillary pressure curve. However, to reconcile 
the experimental data for the flow experiment the capillary pressure curve reveal 
positive values for low saturations. Nevertheless, this part of the capillary pressure 
curve, i.e. below Sw=0.543, cannot be regarded as accurate. 
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Figure 15: Estimated relative permeabilities 
using the multi-scenario feature, Corey 
representation. 

Figure 16: Estimated capillary pressure 
using the multi-scenario feature, Extended 
Corey and Brooks representation. 

 Figures 17 and 18 show the reconciled experimental data by simulating the unsteady 
state and multi speed centrifuge experiments with the estimated flow properties in 
Figures 15 and 16. All experimental data are well reconciled by using the single set of 
relative permeability and capillary pressure curves determined from the multi-scenario 
feature.  
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Figure 17: Reconciliation of the unsteady state 
experiment by the multi-scenario feature. 

Figure 18: Reconciliation of the multi speed 
centrifuge experiment. 
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CONCLUSIONS 
Following conclusions can be drawn from this work: 

1. It is possible to determine one set of relative permeability and capillary pressure 
curves which reconcile several experiments simultaneously using the multi-scenario 
feature, 

2. The accuracy of the determined flow properties using the multi-scenario feature is 
improved compared to the individual analyse as more information is available, 

3. If the flow properties are actually different for different experimental scenarios, the 
obtained relative permeability will take an intermediate value if properly used with 
respect to the amount of data and their accuracy. If not properly used, the estimated 
relative permeability approaches the curve with most experimental data and/or with 
lowest experimental errors, i.e. lowest standard deviation. 
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NOMENCLATURE 
Φ Porosity Sor  Residual oil saturation 
D  Diameter µo  Viscosity to oil 
L  Length of core µw  Viscosity to water 
kro  Relative permeability to oil ρo  Density to oil 
krw  Relative permeability to water ρw  Density to water 
Swi  Irreducible water saturation  
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  APPENDIX: FLOW FUNCTION REPRESENTATION 
A key aspect in estimating multi-phase flow properties from measured data is the 
representation of the unknown functions; relative permeability and capillary pressure. It 
is essential that the relative permeability and capillary pressure correlations have 
sufficient degree of freedom to represent the true (although unknown) properties, yet it 
is desirable that the degree of freedom be limited whenever there is insufficient 
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information content in the experimental data. It is also desirable that the representations 
of relative permeability and capillary pressure properties utilize the same residual 
saturations, Swi and Sor. The Corey correlation [18] is well known and will not be 
outlined here. B-spline correlation has also been widely used the last decade [2, 4, 5-8, 
15] and has also been left out in this Appendix. The correlation proposed by Chierici 
[16] for relative permeability and the relatively new correlation for capillary pressure 
proposed by Skjaeveland [17] is outline below. 

Relative permeability: To ensure a flexible function but still maintain a smooth 
characteristic it is possible to use the correlation proposed by Chierici [16] for the 
relative permeability curves: 
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Each of the relative permeabilities is represented by two parameters: D1 and D2 for the 
water relative permeability and D3 and D4 for the oil relative permeability. In addition, 
the saturation term, nR  is used. Only ( )orrworwi SkSS ,,  and ( )wiro Sk  have physical 

meaning. (A1) and (A2) are thus parameter equations where D1, D2, D3, D4 and Rn are 
empirical and used to ensure a flexible but smooth shape of the relative permeability 
curves. Note that the R term in (A3) is a correlation parameter quite different from 
normalized saturation. 

Capillary pressure: To ensure asymptotic behaviour toward Sor we have used the 
correlation proposed by Skjaeveland et. al [17]. They extended the Brooks and Corey 
correlation [19, 20] to exhibit both the positive part and the negative part of the 
capillary pressure curve: 
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This correlation is symmetrical with respect to the two fluids since neither of them 
dominates the wettability. wa  and wc  are the parameters for the positive part while oa  

and oc  are the parameters for the negative part. ow aa ,  and wc  are all positive number 

while oc  is negative. 


