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Abstract. Usually heavy oil reservoirs are exploited by heat addition in order to reduce oil viscosity and improve field 
performance. However, this is not an alternative for offshore reservoirs, especially in the Brazilian case, where many 
fields are found in deep and ultra-deep waters. The best available recovery method for such fields is water injection, 
which presents significant differences to the behavior observed for light oil reservoirs due to the characteristics of 
heavy oils. The objective of this work is to characterize the fluids and a porous media, which will be used to study 
water injection in a porous rectangular plate with horizontal well, containing viscous oil. Petrophysical characteristics 
for the rock were determined, namely the porosity, absolute permeability and water oil capillary pressure. An X-ray 
scanning system permitted the 2D mapping of the rock porosity and permeability. The most pertinent fluid properties 
measured with traditional methods are reported and pictures of the rock encapsulation process are also presented. 
Since an unstable displacement is expected due to the high oil viscosity, the water oil relative permeability was 
obtained for a stable and an unstable viscous oil displacement by water. A tracer test was performed, demonstrating 
that the rock has satisfactory flow characteristics and also, after calculating the Peclet number and linear dispersion 
coefficient, equivalent results were obtained with analytical, numerical and experimental methods. 
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1. Introduction 
 

With the more frequent use of horizontal wells and new offshore oil discoveries of viscous oil it is very important to 
correctly describe the behavior of viscous oil displacement (Santos et al., 1997) in porous media. This work aimed to 
develop a systematic procedure to assist in the study of such behavior; the methodology adopted involved the 
characterization of a porous media and a study of the flow process through such a rock when horizontal wells are used 
both for production and injection; the following petrophysical properties are described: absolute permeability, porosity, 
relative permeability for oil and water and the corresponding capillary pressure. The x-ray scanning technique 
employed permitted the generation of a porosity map in two dimensions. With a porosity/permeability correlation it was 
also possible to display a permeability map. 

Regarding the fluid, its kinematic viscosity and density were measured, whereas the flow behavior was inferred 
through a tracer test. Data gathered from experiments can be used in further stages to assist with the development of 
simulation models, which are very important during the whole production cycle of oil reservoirs. However, the 
transformation from laboratory units to field scale units is not straightforward. An initial step in this direction is the use 
of analytical correlations and/or numerical simulation in the laboratory scale to reproduce the experimental behavior. 
 
2. Characterization of the porous media 
 
2.1. Preparation of the porous media 
 

The porous media is an Eolian sandstone from Botucatu formation obtained from an outcrop in Ribeirão Claro, PR, 
Brazil. Its petrophysical and petrographic characteristics were described by Gomes et al. (1996). It was preliminarily cut 
in a parallelepiped form (0.88m x 0.33m x 0.032m), as shown in Fig. 1, and a groove was cut in the opposite faces, to 
operate as horizontal wells, as displayed in Fig. 2. 

Figure 3 shows the porous rock inside the encapsulating form and in Fig. 4 one can see the encapsulated porous 
media connected to the laboratory equipment where the absolute air permeability was measured. At this stage, the 
porous media had already its external faces covered with an epoxy resin to become impermeable. Figure 4 also shows 
the flowing terminals that were used as injection points (taps) to guarantee uniform saturation of the porous rock. After 



the plate was completely filled with oil, the production phase began; in this phase, only the flowing points (taps) located 
in the extremes of the plate worked, which is equivalent to horizontal wells producing only by their heels. 

 
 

 
 

 

Figure 1. Rock place (porous media) 
 

Figure 2. Groove operating as horizontal well 

 
 

 

Figure 3. Plate in encapsulating vessel 
 

Figure 4. Encapsulated rock plate and laboratory 
apparatus 

 
 
2.2. Petrophysical Tests 
 

Four contiguous samples from the plate were cut and analyzed, as indicated in Fig. 5. The porosity and permeability 
ranges measured can be seen in Tab. 1. 

 
 

2 X 

Y 

         Horizontal Wells 

1 

 
 

Figure 5. Samples from rock plate 
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Table 1. Measured values for samples of the porous media. 
 

Sample Property Measured values Sample Property Measured values 
Porosity (%) X1 e Y1 20.4-19.9 Permeability (mD) X1 e Y1 478-441 
Porosity (%) X2 e Y2 23.1-23.5 Permeability (mD) X2 e Y2 558-502 

 
The plate is a 0.883cm x 0.328cm x 0.032cm parallelepiped with a total volume of 9.268x10-3m3 and weighing 

19.224kg. A Boyle porosimeter and a nitrogen permeameter (Amyx et al., 1960) were used and the results for the entire 
plate were: pore volume of 2.047x10-3m3 and absolute permeability of 536mD. The heterogeneity index of Dykstra-
Parsons or Koval indicated the sample is greatly homogeneous. 

The oil/water relative permeability (Honarpour et al., 2000; Johnson et al., 1959; Jones. and Roszelle, 1978; Marle, 
1981) for this rock was obtained from an extensive project. The residual oil saturation (Sor) was found to be 24% of the 
pore volume. The final water relative permeability (Krw) at residual oil saturation varied with the absolute permeability, 
but for this plate it was 8.0% of the absolute permeability. With the measured values of irreducible water saturation 
(Swi) and the corresponding oil/water relative permeability (Kro) it is possible to calculate the normalized water 
saturation, as indicated in Eq. (1). Figure 6 shows the curves for stable displacement; the values are expressed in 
dimensionless saturation and the base for the relative permeability is the oil effective permeability at initial water 
saturation. The water oil relative permeability for unstable water/oil displacement (Chuoke et al., 1959; Gomes, 1997) 
is presented in Fig. 7. Straight lines are typical of unstable displacement; this can be observed in the Krw curve of 
Fig. 7, which is nearly straight for a great part of the saturation range, before the abrupt rise near the end. 
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where Sw* is the normalized water saturation and Sw is the water saturation. 
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Figure 6. Stable water oil relative permeability 
 

Figure 7. Unstable water oil relative permeability 
 

The oil/water capillary pressure was obtained from Amyx et al. (1960) and Gomes et al. (1996) and is presented in 
Fig. 8. The pore throat size distribution (Amyx et al., 1960; Gomes et al., 1996) is presented in Fig. 9. 
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Figure 8. Capillary pressure for Botucatu formation 
 

Figure 9. Pore throat sizes for Botucatu rock 

 
2.3. Water Saturation 
 

The plate was water saturated under vacuum, allowing for the determination of the porosity distribution, which is 
shown in Fig. 10. By using the correlation, shown in Eq. (2), between the measured porosity and the permeability of the 
samples adjacent to the plate, it is possible to plot a three-dimensional map of the plate absolute permeability, which is 
presented in Fig. 11. 
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Figure 10. Porosity distribution in rock plate 
 

Figure 11. Absolute permeability distribution in rock 
plate 

 
549.22)(5.2173)( +×= porositymDK  (2) 

 
where K is the absolute permeability. 
 
2.4. Well Characterization 
 

The wells were characterized by measuring the flow along each one; rate and pressure drop readings were 
performed, and Poiseuille law was applied; the equivalent radii were found to be 7.18x10-4m for the right well, and 
7.04x10-4m for the left well. 
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2.5. Fluid Characterization 
 

The fluids used in the experiment were water and oil; the oil was a viscous transformer mineral oil with a kinematic 
viscosity of 212cP and density of 750kg/m3; the oil/water interface tension is 4N/m2, measured by a DuNouy 
tensiometer. 

A tracer test was performed to observe the flow inside the porous plate; the porous media was saturated with a 
10,000ppm solution of NaCl, which was subsequently displaced by a 65,000ppm solution of NaI. The flow inside the 
plate was observed with the assistance of an X-ray monitoring system. The effluent concentration was monitored by a 
resistivity measuring system that permitted the calculation of the ion concentration at the outlet, as shown in Fig. 12. 

The behavior observed in Fig. 12 was compared to the profile obtained by an analytical calculation; initially, the 
Peclet number was obtained from the experimental measurement in the position for concentrations 0.1 and 0.9 with 
Eq. (3). 
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where xD is the dimensionless distance, CD is the tracer concentration, tD is the dimensionless time and Npe is the Peclet 
number. A value of Npe = 15 was calculated; the longitudinal dispersion coefficient is given by Eq. (4). 
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where Kl is the longitudinal dispersion coefficient, u is the velocity, L is the length of the porous media and φ is the 
porosity. 
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Figure 12. Water and tracer concentration production 
 

 
The analytical tracer concentration, which is shown in Fig. 13, was calculated by Eq. (5) (Marle, 1981); the 

dimensionless distance and time used in Eq. (5) are expressed by Eq. (6). 
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where x is the linear distance, q is the injection rate, t is the time and Vp is the pore volume. 
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Figure 13. Tracer concentration in dimensionless distance and time 
 
The tracer distribution was further calculated with a commercial numerical simulator, using the data from the 

experimental test. The main properties are: dimensions, porosity and permeability distribution, longitudinal dispersion 
coefficient, injection rate. The grid was 88x32x3 blocks and the injection/production simulated consisted of a linear 
flow with uniform injection, as was observed in the experimental test. 

Different X-ray scanned profiles are shown in Figures 14, 16 and 18; the corresponding numerical simulation tracer 
distribution in the middle layer is presented in Figures 15, 17 and 19, for time = 90 minutes, 162 minutes and 234 
minutes, corresponding respectively to dimensionless times of 0.147, 0.396 and 0.572. 
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Figure 14. Experimental tracer concentration at 59-102 
minutes 

 

Figure 15. Numerical tracer concentration at 90 minutes 

 

1 3 5 7 9

11 13 15 17 19 21

1

7
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

C
o

n
ce

n
tr

at
io

n

Distance

TRACER 140-175 MINUTES

0.9-1

0.8-0.9

0.7-0.8

0.6-0.7

0.5-0.6

0.4-0.5

0.3-0.4

0.2-0.3

0.1-0.2

0-0.1

 
 

 

1 5 9

13 17 21 25 29 33 37 41

1

10

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

C
o

n
ce

n
tr

at
io

n

Distance

TRACER 162 MINUTES

0.9-1

0.8-0.9

0.7-0.8

0.6-0.7

0.5-0.6

0.4-0.5

0.3-0.4

0.2-0.3

0.1-0.2

0-0.1

 

Figure 16. Experimental tracer concentration at time 140-
175 minutes 

 

Figure 17. Numerical tracer concentration at 162 minutes 
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Figure 18. Experimental tracer concentration at time 193-
230 minutes 

 

Figure 19. Numerical tracer concentration at 234 minutes 

 
 



3. Concluding remarks 
 

An adequate rock plate was prepared and used for a displacement test of viscous oil; this plate presented 
petrographic, petrophysical and flow properties equivalent to those of oil reservoir rocks. The porous media 
characterization showed a very homogeneous rock regarding the porosity and permeability values, with small variation 
in properties and a good correlation between them. 

The relative permeability curves obtained for the same formation show a strongly water wet rock with adequate oil 
water relative permeability values. This was confirmed by the capillary pressure curve. 

The horizontal wells were characterized. Since they are tied with the absolute permeability in the 
production/injection along the well, it is very difficult to scale this model to a prototype with real field properties. 

A tracer test was performed and showed an appropriate flow performance to study oil displacement with water. The 
longitudinal tracer test permitted one to calculate the typical Peclet number for the system, which was then used for the 
analytical calculation of the tracer concentration. Three different times were compared for the experimental, analytical 
and numerical results of this tracer test. The results are equivalent, although it was not possible to set a fixed time for 
the experimental test due to the nature of the X-ray scanning process, which took about 40 minutes. 

Since the transformation from laboratory scale to field dimensions poses many problems, a decision was made to try 
to reproduce the behavior observed in the experiment using numerical simulation (and an analytical correlation) still in 
laboratory units. This was accomplished successfully and constituted an important step in the development of a field 
scale simulation model, which is the next stage of this project. 
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