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ABSTRACT  
Core analysis using reservoir core plugs is a vital tool when evaluating the performance of 

production methods or to develop new, improved recovery methods. The size of standard core 

plugs is small compared with the reservoir, and it is therefore important to take scaling effects 

into account. Specifically, laboratory experiments are more prone to be influenced by capillary 

forces with capillary end-effects in both the inlet and outlet face as the most well-known. These 

effects have little or no effect on the reservoir scale. Capillary end-effects affect the recorded 

water breakthrough, leading to a time gap between when the waterfront reaches the outlet and 

water production from the core. Another important, and often ignored, effect is whether or not the 

waterflood is stable. In a stable waterflood the oil recovery at water breakthrough is independent 

of injection rate, fluid viscosities and length of the sample. This is particularly important to 

consider in the recent development in high spatial imaging techniques which have reduced the 

sample size to a few mm, and flow rates are often very low in order to image dynamic 

displacement.  

 

Waterflood stability was investigated for three rock types with variations in sample length, 

absolute permeability and wetting preference. Stability may be evaluated from the product of 

core plug length, water viscosity and injection rate; termed scaling coefficient. A waterflood is 

considered stable when there is no change in oil breakthrough with increasing scaling coefficient. 

The experimental results show significant capillary end-effects at the outlet end of the strongly 

water-wet cores below stable conditions. End-effects resulted in large time gaps between the 

arrival of the water front at the outlet face and the breakthrough of water from the core plug. With 

increasing scaling coefficient, capillary forces became negligible and the time delay between 

arrival of the front and oil breakthrough was reduced. The total oil recovery was not dependent 

on the scaling coefficient. In near neutral wetting systems, capillary end-effects were 

significantly reduced, however, the oil recovery at water breakthrough increased with increasing 

scaling coefficient until it reached a limiting value at stable conditions. The results show that the 

scaling coefficient  required  to  achieve  waterflood  stability  will  depend  on  the  absolute  

permeability  of  the rock, the rock type and the wetting preference. 

INTRODUCTION 
Experimental results from core analysis are important to building a good model of the reservoir, 

which in turn determines the production potential and the production strategy. Core analysis is 

also important when developing new production methods and evaluating existing methods. 

Because the cores are generally small in comparison with reservoirs it is important to take the 

scaling effects of the experiments into account. This means that laboratory experiments are more 

subject to certain forces than full-scale reservoirs, especially capillary end-effects and instabilities 

in the flow front.  
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Neglecting capillary end-effects in laboratory waterfloods can lead to erroneous production data, 

especially for cores with a strong wetting preference. Another important effect which must be 

taken into consideration is whether or not the flow front is stable. In this context a stable 

waterflood is characterized by the oil recovery at water breakthrough being independent of 

changes in flow rate, fluid viscosities and length of the sample. All oil reservoirs can be seen as 

stable due to their size, however, instabilities in laboratory core floods needs to be avoided in 

order to simulate field conditions. In laboratory waterfloods it is necessary to use high rates, long 

cores or high displacing fluid viscosity to achieve stable conditions [17], while at the same time 

ensure that the applied flow rate does not lead to instabilities in a system where the mobility ratio 

is high [16]. 

 

Waterflood stability has been investigated by several researchers, including [12, 13, 16-19, 22]. 

Most of this work focuses on the instability of fingering at high flow rates and high mobility 

ratio. We report an experimental study on standard sized core samples, which demonstrate how 

instabilities are present in laboratory waterfloods at low flow rates and favorable mobility ratio, 

and how the capillary end-effects disturb the flow at strongly wetting conditions.  

Theoretical Background 

Simplified mathematical development of the flooding equations when assuming two 

incompressible and immiscible fluids injected with constant rate leads to: 
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where   is the water saturation, t is time, F is a function of relative permeability and viscosity 

ratio,   is length, V is injection rate,    is viscosity of water,   is relative permeability for oil 

and Pc is capillary pressure. By simplification and substitution Eq. (1) can be developed into: 
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where X is dimensionless length, T is dimensionless time and L is the total length of the medium. 

 

From Eq. (2) Rapoport and Leas [17] introduced a scaling factor that was the product of length, 

injection rate and water viscosity (given as length in cm, injection rate as flow rate per unit cross 

sectional area in cm/min and viscosity as cP). For a standard sized core plug with a radius of 2 

cm, a length of 8 cm, porosity 20%, an injection rate of 2 ml/h and water viscosity of 1 cP this 

gives a scaling coefficient of 0.025            Eq. (2) demonstrates that when the scaling 

coefficient is small, the second order term, containing the capillary pressure, will dominate. This 

implies that influence of capillary forces during a viscous displacement is highly dependent on 

the scaling coefficient. Including the absolute permeability in the scaling coefficient implies that 

the threshold for reaching a stable flood, i.e. where the influence of the capillary forces may be 

ignored, will be higher in a medium with higher permeability. Because the contact angle, and 

thus the wettability of the sample, is a factor in the capillary pressure function, a dependency on 

wettability is also expected in waterfloods. Most oil fields can be considered stable due to their 

size and length; however, that is not the case for experiments at laboratory scale. 

  



SCA2014-001                                                                                                                                           3/12 

 

Peters and Flock [16] developed a different instability number: 

    
               

       
 (3) 

 

Where     is the instability number,   is the mobility ratio,   is constant superficial velocity,    

is characteristic velocity,    is water viscosity,    is diameter,    is wettability number,   is 

interfacial tension and      is effective permeability to water at residual oil saturation. 

 

They found that with an instability number lower than 13.56 the flood was stable, and unstable at 

higher instability numbers. In this work we have used the instability number from Eq. (2) and 

found instabilities which correlate to a lower instability number than 13.56 from Eq. (3). 

Nuclear Tracer Imaging (NTI) 

Nuclear techniques that use gamma rays are far less sensitive to the effects of the pressure vessel 

surrounding the core than other imaging techniques, and nuclear isotopes in the aqueous phase 

provide explicit fluid saturation values. The radiation intensity is directly proportional to the fluid 

saturation, and is detected with a moveable gamma detector outside the pressurized core holder. 

A 1D fluid saturation profile can be obtained by measuring along the core. The water saturation 

at a location, “i” in the core may be calculated by: 

 

(4) 

where ai is the intensity (disintegration per second) in location i and ai norm is the intensity during 

the normalization scan, i.e. when the core is fully saturated with water. Intensities at each location 

are corrected for background radiation. The uncertainty of these parameters is the inverse ratio of 

the square root of the number of counts detected, i.e. uncertainty is decreasing with increasing 

number of counts detected, expressed by : 

 
(5) 

where Δa is the uncertainty of disintegrations detected, and N is the number of counts. The 

uncertainty of the calculated water saturation at a point, “i” along the core may be found by 

solving: 

    

(6) 

 

where ΔSiw is the uncertainty in the calculated water saturation at location i, Δai is the uncertainty 

of the disintegrations detected at location i and Δainorm is the uncertainty in intensity during the 

normalization profile. Under typical experimental conditions, Δai is in the order of 2%, while 

Δainorm is generally smaller (about 1%) due to higher N, see eq. (5). A more detailed description 

of the NTI technique can be found in [6, 8]. 
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EXPERIMENTAL PROCEDURES 

Core preparation 

Core plugs were cut from larger slabs of rocks obtained at three outcrops. The core plugs were 

dried at 90°C for at least 3 days before they were vacuum saturated with brine. After saturation, 

standard core analysis was performed and the results are summarized in Table 1. 

Rørdal chalk  

The rock formation was of Maastrichtian age and consists mainly of coccolith deposits. The 

composition is calcite (99%) with some quartz (1%). Porosity and permeability ranges from 45-

47% and 3-8 mD, respectively. Further geological characterization may be found in [3, 9, 14, 21]. 

Edwards Limestone 

The rock material is composed of calcite minerals with pore space consisting mainly of moldic 

pores (derived from dissolution of fossils) and interparticle porosity. The original interparticle 

porosity was reduced significantly by recrystallization of calcite. BET surface area ranges from 

0.2-0.4m
2
/g. Porosities in core plugs drilled from the same block ranges from 0.18-0.26, whereas 

the absolute permeability to brine ranges from 5-20 mD. More details may be found in [4, 20, 23].  

Bentheim Sandstone 

The rock material is composed of almost pure quartz (95%) with some kaolinite and orthoclase 

[11]. Porosity and permeability ranges from 22-25% and 1-2 D, respectively. 

Fluids 

Brine compositions and fluid properties are listed in Table 2. 

Wettability alteration 

To change the wettability to near neutral-wet conditions, core samples P4 and P5 were aged using 

dynamic ageing [1, 5, 7]. The cores were drained with crude oil at constant pressure drop of 1.5 

bar/cm. After primary drainage, crude oil was injected at constant injection rate at elevated 

temperature. Core sample P5 was aged for 10 days, and P4 for 5 days, with the direction of flow 

being reversed after half the aging time. The established wettability preference after aging was 

measured by the Amott-Harvey wettability test. The cores not treated with crude oil are assumed 

to be strongly water-wet, based on previous experiments [10] and measurements on sister plugs. 

Wetting preference for each core is listed in Table 1.  

Brine displacement 

After standard core analysis, the strongly water-wet cores were flushed with radioactive brine 

containing the radioactive isotope Na
22

 to do a miscible exchange of fluids. Na
22

 was selected 

because it is an isotope of sodium which is already present in the brine [2]. In the aged core 

sample water was injected at constant pressure to reach irreducible water saturation before the 

miscible displacement. The emitted γ-rays from the radioactive brine were detected by a movable 

Germanium detector mounted on rails and controlled by a step motor. This provided a 1D profile 

of γ-ray intensity, which is proportional to the saturation. A more detailed description of the NTI 

technique may be found elsewhere [6, 8]. 

Waterflooding 

Before each experiment the core samples were oil flooded to irreducible water saturation (Swi) 

before being waterflooded at a constant injection rate. After each waterflood, the core sample was 
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oil flooded back to Swi and waterflooded again with a different constant injection rate, 

corresponding to a different scaling coefficient. Special care was taken to ensure that the 

irreducible water saturation was identical before each waterflood. The maximum water injection 

rate was determined by the differential pressure to ensure the integrity of the cores, meaning that 

the maximum injection rate was higher in the sandstone compared to the chalk. Water saturation 

at water breakthrough was recorded by monitoring the produced fluids with a fraction collector, 

or visual inspection using a camera. The water arrival at the outlet end of the core was identified 

using the in-situ data from NTI.  

RESULTS AND DISCUSSION 
The first experiments were performed on strongly water-wet cores to replicate the results by [15] 

and [13]. The second part of this work seeks to investigate the effect of wettability on outlet 

capillary end-effects as well as waterflood stability. Note that these experiments were performed 

at a low oil-to-water viscosity ratio, which means viscous fingering is not expected to be 

significant. Note that all production curves are showing oil recovery as fraction of total pore 

volume, this is to directly compare to the work of Kyte and Rapoport [13]. 

Water-wet limestone  

Figure 1 shows oil production from material balance at different injection rates in strongly water-

wet limestone EDW2. Water breaks through at the outlet after about 0.35 PVs injected, with total 

oil recovery of 0.33 of total PV. The core sample exhibited strongly water-wet characteristics, 

with no transient production of oil and water. At high injection rates the production of oil at water 

breakthrough rises, this is most likely caused by capillary de-saturation. The water front arrivals 

are indicated as points on the recovery curve.  

Water-wet chalk  

Figure 2 shows the oil recovery as fraction of pore volume vs. pore volumes injected in strongly 

water-wet chalk core P6L using increasing water injection rates. Water was produced after 0.40 

PVs injected and the total oil recovery was 0.40 of total PV with no transient production of water 

and oil. Because of the brittle nature of the chalk, capillary de-saturation was not reached in this 

sample. The results demonstrate that the influence of the capillary end-effects was reduced as the 

injection rates, and the scaling coefficient, increased. That is because at low injection rates the 

water arrival at the outlet of the core sample was up to 0.2 PVs before water was produced. 

Without capillary end-effects, we would expect transient production after water arrival at the 

outlet of the core, especially at lower injection rates, i.e. at lower scaling coefficients.   

Water-wet sandstone 

Figure 3 shows the oil recovery vs. pore volumes injected in strongly water-wet sandstone core 

SN1 using increasing water injection rates from 3-3000 ml/h. No additional oil was produced 

after water breakthrough for all injection rates. At low injection rates water breakthrough 

occurred after 0.30 PVs injected, and total oil recovery was 0.29 of total PV. At higher injection 

rate the oil recovery at water breakthrough increased slightly. Capillary de-saturation was reached 

at a slightly higher scaling coefficient than in core plug EDW2, as demonstrated in Figure 4.  

 

Figure 4 shows a summary from all strongly water-wet core plugs P6L (blue), EDW2 (black) and 

SN2 (red). Water arrival (dashed) and water breakthrough (drawn) is plotted on the y-axis with 

the scaling coefficient on a logarithmic x-axis. Every data point represents one waterflood. The 

results in Figure 4 correlates with earlier results from [13], and demonstrates that the scaling 
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coefficient required to generate a stable flood and reduce capillary end-effects, i.e. eliminate the 

gap between water arrival and water breakthrough, were different for the three cores. The 

required scaling coefficient systematically increased with increasing absolute permeability:  for 

chalk (K=4.6 mD) a scaling coefficient above 0.6 was needed; for limestone (K=11.8 mD) a 

scaling coefficient above 0.8; for sandstone (K=1000mD) a scaling coefficient above 1.5 was 

required. With increasing scaling coefficient the injection rates increased significantely, 

increasing the capillary de-saturation. Results suggest that capillary desaturation may occur at a 

lower scaling coefficient in limestone (EDW2) compared with sandstone (SN2), probably due to 

the lower permeability of limestone with more pronounced viscous forces. Above this scaling 

factor the waterflood seems to be stable until the scaling coefficient exceeds 10 and capillary de-

saturation occurs. A scaling coefficient of 10 correlates to an injection rate of nearly 800 ml/hr, or 

165 ft/day, which is far higher than any field injection rate. That means that capillary de-

saturation will not be a problem in most laboratory waterfloods, unlike capillary end-effects. 

 

Near neutral-wet chalk cores 

The change in the required scaling coefficient for stable waterfloods at less water-wet wettability 

conditions was investigated using aged chalk cores. Figure 5 shows the time lag (in fraction pore 

volumes injected) between the waterfront arrival at the outlet (dashed) and the observed water 

breakthrough from the outlet (drawn) as a function of scaling coefficient for chalk cores of 

different wettability. Each data point in Figure 5 represents one waterflooding experiment. 

Strongly water-wet core P6L (black) demonstrated a time lag between arrival and water 

production up to a scaling coefficient of 0.6. The corresponding results for less water-wet 

conditions demonstrate that no time lag was observed for core plug P5 (green), whereas a small 

difference was observed for core plug P4 (blue). The results from Figure 5 also indicate that 

having a near neutral-wet core would lower the scaling coefficient needed for a stable flood. This 

can be seen from P5 as it seems to stabilize somewhat earlier than P6L. However, it is not very 

visible in P4, which means that more experiments in cores with different wettability is needed to 

determine the effect. 

CONCLUSIONS 

The experimental results clearly show that scaling and stabilization properties should be taken 

into account when reporting oil recovery vs pore volumes injected based on laboratory 

waterfloods. It demonstrates how capillary end-effects are prominent in strongly water-wet 

samples, and less so in near neutral-wet samples. It also shows that it is necessary to take the 

permeability of the sample into consideration when trying to establish stable conditions. A higher 

scaling coefficient was needed for a stable flood at higher permeability. The experiments also 

show that while the capillary end-effects were less significant at near neutral-wet conditions, the 

flood still exhibited stabilization properties. The scaling coefficient needed for a stable 

waterflood in the near neutral-wet samples appears to be slightly lower than in the corresponding 

strongly water-wet samples, however this effect was not visible in all the samples studied. 
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Table 1: Core properties 

Core ID P4 P5 P6L EDW2 SN1 

Type Rørdal chalk Rørdal chalk Rørdal chalk Edwards limestone  Bentheim 

sandstone 

Length [cm] 8.00 7.97 13.92 14.94 15.22 

Radius [cm] 2.54 2.53 2.77 2.40 2.59 

Porosity [%] 46 48 46 21 25 

Permeability [mD] 6.2 14.0 4.6 11.8 N/A 

Amott index for 

water 

0.1 0* 1* 1* 1* 

*Not experimentally measured, measured on sister plugs 

 
 

 

 

Table 2: Fluid properties 

Name Description / Contents Density 

[g/cm
3
] 

Viscosity 

20
0
 C [cP] 

Brine Distilled water 

5 Wt-% NaCl 

0.0005 Wt-% NaN3 

 

1.03 1.07 

Filtered mineral oil Mineral oil 0.74 1.47 

 



SCA2014-001                                                                                                                                           9/12 

 

 
Figure 1: Oil recovery vs. pore volumes injected for limestone core plug EDW2 using different injection rates 

from 1-70ml/h. The arrival of the waterfront at the outlet is indicated for each rate.   
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Figure 2: Oil recovery vs. pore volumes injected for chalk core plug P6L using different injection rates from 2.4-

125ml/h. The arrival of the waterfront at the outlet is indicated for each rate. 

 

 
Figure 3: Oil recovery vs. pore volumes injected for sandstone core plug SN1using different injection rates from 

3-3000ml/h. The arrival of the waterfront at the outlet is indicated for each rate. 
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Figure 4: Correlation of waterflood test data, strongly water-wet cores, P6L, SN1 and EDW2 at different scaling 

coefficients 
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Figure 5: Correlation of waterflood test data, strongly water-wet core P6L and near neutral wet cores P4 and P5 

at different scaling coefficients. 

 


