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Abstract 

The hysteresis in two phase relative permeability occurs when the saturation history of the 

flow changes from drainage to imbibition or vice versa. The imbibition relative permeability 

is a strong function of initial non-wetting phase saturation from which the imbibition 

process starts. Hence, it is very time-consuming to conduct many experiments for 

measuring all possible imbibition relative permeability (kr) data. An alternative approach is 

to predict the imbibition relative permeability using the measured Land trapping coefficient 

and primary drainage relative permeability. Some predictive models, found in the literature, 

such as that of Land, Carlson and Killough are available in commercial simulators. For 

prediction of imbibition data, these models require the primary drainage kr data and one set 

of imbibition kr data to calculate the corrected Land trapping coefficient. However, the 

imbibition relative permeability is not always available and the inappropriate use of these 

models can introduce significant errors in the calculations. In this study, the limitations of 

the available models are discussed and a modified method is suggested, which only requires 

the primary drainage kr data and the measured Land trapping coefficient.  

The available models for prediction of imbibition kr data are based on the calculations of 

trapped non-wetting saturation (����). Therefore, in this study, a modified method was 

introduced which improved the estimations of trapped non-wetting phase saturation. The 

predicted values of imbibition relative permeability using this improved method were in 

good agreement with the experimental data. It was shown that this method can be used for 

both gas and oil as non-wetting phases in a water-wet medium. However, the trapped non-

wetting phase is a function of capillary number and the Land trapping coefficient changes as 

the capillary number changes. Hence, the measured Land trapping coefficient cannot be 

assumed as constant in cases where severe changes in pressure result in changing interfacial 

tension (IFT) and fluid viscosity. 

Keywords 

Relative permeability; hysteresis; trapped non-wetting saturation; imbibition; drainage; 

saturation history. 

Introduction 

The relative permeability of fluid in a porous medium is a function of its saturation history, 

as well as the fluid saturation. This fact was first mentioned by Geffen et al. and Osaba et al. 

[1, 2] for two-phase flow in porous media. The history dependence of relative permeability 

is called hysteresis and it has been reported for fluid relative permeabilities in three-phase 

systems [3, 4].  The observed hysteresis in relative permeability is a result of two 

phenomena: the contact angle hysteresis and the trapping of the non-wetting phase [5, 6].  

Relative permeability hysteresis is important in simulations of the water flooding process. In 

this process, the water phase is imbibed into different blocks in the reservoir which may 
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have different initial non-wetting (gas or oil) saturation. As shown in Figure 1, the initial non-

wetting phase saturation (Snwi) from which the imbibition process starts directly affects the 

imbibition kr values. The water advancement from the aquifer to the reservoir can be 

another good example. The grid blocks located at the oil-water contact have different initial 

non-wetting saturations which strongly affect the imbibition relative permeability data [7]. 

Thus, it is time-consuming to conduct many experiments at different initial non-wetting 

phase saturations to measure all possible imbibition kr data. As an alternative, several 

empirical models have been suggested to predict the imbibition kr data using measured 

values such as the Land trapping coefficient and primary drainage kr data.  

 

Figure 1: The Imbibition kr data are a function of the initial non-wetting saturation (Data from Land, 1971). 

Several papers have been published in order to relate the initial non-wetting saturation to 

the trapped non-wetting saturation left after the imbibition process [8-10]. In 1971, Land 

introduced a relationship between the initial and residual non-wetting phase saturation 

during an imbibition process [11]. The constant coefficient which relates the values of 

normalised initial non-wetting phase saturation (����∗ ) and normalised residual non-wetting 

phase saturation(���	∗ ) is known as the Land trapping coefficient (C): 1���	∗ − 1����∗ =  (1) 

Land discussed that the trapping coefficient can be determined by performing a water-flood 

experiment until reaching the residual non-wetting saturation. Since this value is calculated 

from the experimental values of initial and residual saturation, in this study it is called 

“measured/experimental trapping coefficient”. Later, Land pioneered a model for predicting 

the imbibition kr data [12]. He used the famous Brooks-Corey equations for calculation of 

imbibition relative permeabilities. However, he mentioned that the measured Land trapping 

coefficient was not able to predict the experimental imbibition data. The trapping 

coefficient was changed until a corrected trapping coefficient of 0.8 was able to fit the 

measured imbibition data. Hence, the author suggested that the trapping coefficient should 

be corrected in order to fit the imbibition data. However, he doesn’t provide a method for 

obtaining the corrected trapping coefficient. The initial and trapped non-wetting phase 
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saturations, as well as the corrected and measured trapping coefficient for Berea Sandstone 

are shown in Figure 2 [12]. 

 

Figure 2: The difference between measured and corrected value of trapping coefficient for Berea Sandstone, 

reported by Land [12]. 

In 1981, Carlson proposed a model for predicting the imbibition relative permeability. He 

used Land’s initial-residual non-wetting phase saturation relationship [13]. However, the 

Brooks-Corey equations were not used for estimation of imbibition kr values and a novel 

equation was used to calculate the imbibition relative permeabilities. Moreover, he 

proposed a method which used the imbibition data to correct the trapping coefficient. His 

model was successful in prediction of the imbibition relative permeability data. 

In 1974, Killough suggested a method for simulation of the observed hysteresis in relative 

permeability and capillary pressure of the imbibition process [7]. In this work, the imbibition 

kr curves beginning at different values of Snwi were called “scanning curves” or 

“intermediate scanning curves”. The primary drainage curve and the imbibition curve 

beginning at the maximum non-wetting saturation were termed as “bounding curves”. The 

method interpolated between the bounding curves to estimate the values of the 

intermediate scanning curves. The scanning curves and the bounding curves are illustrated 

in Figure 3. Although the paper only provides qualitative discussion rather that verifications 

using the measured relative permeabilities, it has been used widely later in literature. 
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Figure 3: Schematic demonstration of Killough’s method. 

For many years, hysteresis models such as those in Carlson’s and Land’s models were used 

in simulations [6, 14-16]. However, a close examination of Land’s and Carlson’s paper shows 

that some important aspects of these papers have been misinterpreted. Spiteri and Juanes 

in 2006, discussed the two phase hysteresis models, however, they didn’t mention the fact 

that the Land trapping coefficient should be corrected prior to use in Land’s or Carlson’s 

models [14]. Moreover, they have calculated and reported the trapping coefficient using the 

two phase data measured by Oak [17]. However, they don’t discuss whether these values 

are obtained using the initial-residual saturations or using the imbibition data. Later Spiteri 

et al. in 2008 discussed the Land’s and Carlson’s models in order to introduce a new model 

for mixed-wet conditions [18]. However, they again didn’t mention this fact that the 

hysteresis model described by Land and Carlson uses the corrected trapping coefficient.  

Larsen and Skauge in 1998 studied the cycle-dependent relative permeability and used the 

Land trapping coefficient for calculation of scanning curves for paths with decreasing gas 

saturation (imbibition). Although they have used the famous Land initial-residual 

relationship to calculate the trapped saturation, they do not provide enough discussion 

whether this value should be corrected or not [19]. In 2012, Fatemi et al. used different 

predictive models to predict the imbibition relative permeability of their gas/oil 

experiments. Their study discusses the Carlson’s model, but they miss the difference 

between the measured and corrected trapping coefficients [20]. Later Shahrokhi et al. tried 

to use the WAG hysteresis model for simulation of the WAG experiments. They used the 

measured Land trapping coefficients and discussed that using the measured trapping 

coefficient in simulations doesn’t provide a good fit for the experimental data. Hence, they 

suggested that the trapping coefficient need to be updated for each cycle in order to obtain 

a good match [15]. In other words, they finally used the corrected Land trapping coefficient 

to fit the experimental data similar to Land and Carlson.  

As mentioned above, the Land’s and Carlson’s models have been misinterpreted over time 

in literature and many studies have used the measured Land trapping coefficient directly 

along with Land’s or Carlson’s model. In addition, Killough method has been used and 

discussed extensively in literature whereas it has been verified only qualitatively. Hence, in 

this work, a modified method has been introduced for calculation of non-wetting phase 

which does not require a set of imbibition relative permeability data for correction of 

trapping coefficient. The only input data is one set of primary drainage kr data and the 

experimental Land trapping coefficient. Furthermore, the drawbacks of these models are 
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discussed in the results and discussion section and the Killough method has been verified 

using the experimental relative permeabilities. Finally, the application of the predictive 

models for oil-water systems and other experimental conditions (different rates and 

pressures) will be discussed. 

Methodology  

The previous models suggested for prediction of imbibition relative permeability used the 

Land initial and residual relationship (Eq. 1) to calculate the residual non-wetting saturation. 

Based on this relationship, an equation was then derived to calculate the flowing and 

trapped non-wetting saturation for any saturation value. Finally, the relative permeability 

equations were used to relate the imbibition kr data to the primary drainage kr data. The 

aim of this work is to improve the available models in such a way that the measured 

trapping coefficient can be directly used and there is no need to correct the trapping 

coefficient.  It is possible that the inaccurate estimation of non-wetting phase trapped 

saturation could increase the errors in estimation. Hence, a modified formulation is 

suggested for precise estimation of trapped and flowing non-wetting saturations.  

The fluid saturation in porous media can be divided into three groups in terms of their 

contribution in fluid flow: flowing, dendritic and trapped saturation. The flowing saturation 

(also known as backbone saturation or effective saturation) is a continuous path of non-

wetting phase which spans from the inlet to the outlet. The relative permeability of a fluid is 

a direct function of flowing saturation. Dendritic saturation is the fluid which resides in 

dead-end paths and it is stationary. This part of non-wetting phase saturation is connected 

to the continuous path from the inlet to the outlet, but it does not contribute to flow. The 

trapped saturation (or isolated saturation) is a cluster of disconnected amounts of one fluid 

-usually non-wetting phase- which is surrounded by another fluid – usually wetting fluid 

[21].  

In the primary drainage stage, the saturation of the non-wetting phase in each step is equal 

to the summation of flowing saturation and dendritic saturation. However, in the imbibition 

process, it is the summation of dendritic saturation, flowing saturation and trapped 

saturation (see Figure 4). This concept can be summarized as follows: 

����� = ���������	���������� + ��� ��!	���������� (2) ���"#$ = ���������	���������� + ��� ��!	���������� + %��&&��	���������� (3) 

In which ����� is the non-wetting saturating during primary drainage stage and ���"#$	is the 

non-wetting saturating during imbibition stage. The dendritic saturation does not affect the 

fluid flow, hence its value in in the primary drainage stage is equal to imbibition processes. 

erauld and Salter in 1990 plotted the relative permeability vs. flowing saturation for the 

imbibition and primary drainage processes. The curves were matching and no hysteresis was 

observed between the two curves. Therefore, the value of flowing saturation in the primary 

drainage is also equal to imbibition processes. This observation was consistent with other 

studies in the literature, where the authors conclude that the relative permeability depends 

primarily on flowing saturation [22, 23].  

During the imbibition stage, as the water invades the system, gradually some of the flowing 

saturation becomes disconnected and forms the trapped saturation. Thus, the only 

difference between the primary drainage and imbibition stages is trapped saturation. 
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Hence, for calculation of imbibition relative permeability at any saturation, the trapped 

saturation should be determined. The imbibition relative permeability at any saturation is 

then equal to the relative permeability associated with the flowing saturation measured in 

the primary drainage stage. This behaviour is reflected in the relative permeability equation 

introduced and used by Carlson in his model. Hence in this work, the same equation is used 

for calculation of relative permeability: 

'	��"#$(���) = '	���� (���)* (4) 

In which the	'	��"#$  term is the relative permeability of non-wetting phase during imbibition 

stage and the	'	����  term is the relative permeability of non-wetting phase during primary 

drainage stage. The hysteresis observed between the primary drainage and imbibition 

relative permeability curve is due to the trapping process in the system. With increasing 

wetting saturation, the trapped non-wetting phase in the system gradually increases until all 

of the remaining non-wetting phases becomes disconnected from the outlet. This procedure 

is visualised in Figure 4. The remaining non-wetting saturation in the final step of the 

imbibition process is called residual saturation and the non-wetting relative permeability is 

equal to zero at this saturation. In other words, the trapped saturation is zero when the 

imbibition process starts (Snwi) and it reaches its maximum value when the non-wetting 

phase stops flowing (Snwr). Hence, for prediction of the imbibition relative permeability, the 

trapped saturation at each saturation step and the residual saturation at the end of the 

process should be determined. 
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Figure 4: The development of imbibition stages in the system (a, b, c, d), showing the flowing non-wetting 

phase (yellow), dendritic non-wetting saturation (orange), flowing wetting phase (blue) and trapped non-

wetting saturation (grey). 

In Land’s and Carlson’s model, the Land initial- residual relationship (Eq. 1) is used to 

calculate the residual saturation. An equation based on this relationship is used to calculate 

the trapped saturation in each saturation step as well. In this work, Land initial- residual 

relationship is used to calculate the residual saturation similar to the Land’s and Carlson’s 

model. However, an improved equation is used to calculate the trapped saturation at each 

saturation step. The main assumption in the suggested formulation is that the trapped 

saturation increases linearly between the initial zero value (at Snwi) and the final maximum 

trapping saturation (at Snwr). This procedure is illustrated in Figure 5. Since the trapped 

saturation increases gradually in the system until it reaches the residual saturation, the 

suggested formulation can be a good representation of trapping process. By fitting a line to 

these two points, an equation is obtained which relates each saturation to the 

corresponding trapped saturation (Eq. 5). Then the flowing saturation can be calculated 

easily by finding the trapped non-wetting saturation. 

���� = ���	���	 − ���� (��� − ����) (5) 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

8 

 

 

Figure 5: The illustration of the basic assumption in this work. The trapped saturation is increasing linearly. 

The modified process of predicting imbibition relative permeability for Snwi can be 

summarized as follows: 

1) Performing a primary drainage test and measuring the primary drainage relative 

permeability data. 

2) Performing an imbibition test to measure the residual non-wetting phase saturation. 

3) Calculating the Land trapping coefficient experimentally from the measured initial 

and residual non-wetting saturations during the Imbibition (Eq. 1). 

4) Estimation of the residual trapped saturation (Snwr) for different non-wetting 

saturations at which the imbibition process begins (Snwi), using the Land trapping 

coefficient.  

5) Calculating the trapped saturation for Snwr <Snwt< Snwi with the assumption that there 

is a linear relationship between zero trapped saturation at the start and maximum 

trapped saturation at the end (Eq.5). 

6) Calculation of flowing non-wetting saturation. 

7) Using the primary drainage relative permeability curve and Carlson’s equation to 

calculate the imbibition relative permeability at flowing non-wetting saturation (Eq. 

4). 

This procedure should be performed on steady state relative permeability data. The steady 

state kr data can be measured using the conventional procedure by co injection of two 

phases. The fluid flow rates change in each step and the injection continues until the system 

pressure is stabilized. The kr data can be calculated using the pressure drop and the 

injection rates. The application of predictive models for unsteady state kr data is subject to 

question since the history matching process is not a unique process.   

It was mentioned above that Land used normalised saturations in the calculations. However, 

the formulations used in Carson’s model were not normalised. In this paper, we highly 

recommend using the normalised gas saturations for calculation of Land trapping 

coefficient. The reason is that, by using normalised saturations, the effect of the presence of 

the other phase for calculation of the Land trapping coefficient has been eliminated. The 

original saturations can then be used for the rest of the procedure. 

Results and Discussion: 

1) Validation of suggested method with experimental values 
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The experimental kr data of Berea samples, as reported by Land, were used in this work for 

verification of the suggested method. More information on the experimental procedure can 

be found in the paper published Land in 1971 [12]. However, when using the modified 

method suggested in this paper, the measured trapping coefficient of 1.27 was used for 

prediction of imbibition kr data and the results are shown in Figure 6, Figure 7 and Figure 8. 

The initial non-wetting saturation for the imbibition process is different in each figure. These 

figures show that the predicted values of imbibition kr data are in good agreement with the 

experimental kr values. These promising results indicate that this method was able to 

successfully predict the trapped non-wetting saturation which results in the calculation of 

more accurate imbibition relative permeabilities.  

Although a value of 1.27 was measured for trapping coefficient in Berea Sample, Land stated 

that his model was able to predict the other paths of imbibition kr data only using the 

corrected value of trapping coefficient which was 0.8 (Figure 2). The results show that the 

modified method was able to predict the imbibition relative permeability using the 

measured trapping coefficient. In other words, the method doesn’t need the imbibition 

relative permeability data to correct the trapping coefficient. 

 

Figure 6: Comparison of predicted data from this model and the experimental kr data of Berea sample 

(Snwi=0.25) reported by Land [12].  
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Figure 7: Comparison of predicted data from this model and the experimental kr data of Berea sample 

(Snwi=0.35) reported by Land [12].  

 

Figure 8: Comparison of predicted data from this model and the experimental kr data of Berea sample 

(Snwi=0.75) reported by Land [12].  

The experimental data of the San Andres sample and the Beaverhill sample reported by 

Carlson were used for further verifications. Figure 9 shows the experimental imbibition kr 
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data and the predicted results using the method suggested in this work. The results show 

that the predicted results are in good agreement with the experimental data. The trapping 

coefficient reported by Carlson for the San Andres sample is 0.92 and that for the Beaverhill 

sample is 0.71. The results indicate that the method was also able to successfully predict the 

imbibition kr data in these two samples. It should be noted that, despite its significant 

importance, the author does not mention whether these are the experimental values of 

trapping coefficient or the corrected values obtained from experimental imbibition kr data. 

Since Carlson has explained the procedure for correcting the trapping coefficient these 

values are probably the corrected trapping coefficients.  

  

    

Figure 9: Comparison of predicted data from the model with experimental data of San Andres sample (Left) 

and Beaverhill sample (Right) from Carlson [13]. 

2) Comparison of Suggested Method with the available models in commercial 

simulators 

I. Land’s Model 

For verification of this method, Land used the experimental data of Alundum and Berea 

samples. Although Land’s proposed model was successful in predicting the imbibition kr 

data, the corrected Land trapping coefficient is unknown at first. The main drawback of 

Land’s model is that it doesn’t suggest a clear procedure for obtaining the corrected 

trapping coefficient. Hence, the land trapping coefficient was changed until a good match 

for the experimental imbibition kr curve had been obtained. Land believed that the 

difference between the corrected and measured Land trapping coefficient was due to the 

compressibility of the residual gas. In other words, the residual gas saturation was measured 

as less than it should ideally be. Moreover, Land suggested that this model can be used to 

calculate the oil relative permeability in an oil-water system as well as gas- water systems. 

II. Carlson’s Model 

As with Land’s model, Carlson did not use the measured trapping coefficient. He suggested a 

procedure to calculate the appropriate Land trapping coefficient from one set of measured 
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imbibition kr data. Choosing several points on the imbibition curve resulted in the 

calculation of several values for trapped non-wetting saturation (Snwt). An average value of 

these calculated Snwt was used along with the Snwi in the Land initial-trapping relationship to 

determine the corrected trapping coefficient (Eq. 1). The only difference between Carlson’s 

model and Land’s model is the formulation for calculation of imbibition relative 

permeability. While Land’s model uses the Brooks-Corey relationship, Carlson suggested a 

new formulation (Eq 4). In Carlson’s model, the measured imbibition and primary drainage 

kr curves were used to calculate the imbibition relative permeability. A relationship based 

on Land’s initial-residual relationship was used to calculate the flowing and trapped non-

wetting phase saturation. 

As mentioned before, in many commercial simulators the calculation of the relative 

permeability hysteresis is based on the model developed by Carlson. Although both Land’s 

and Carlson’s models are used with a corrected value for the trapping coefficient the input 

data of commercial simulators are usually the experimental value. The experimental 

imbibition kr data of the Alundum sample reported by Land [12] were used to evaluate 

Carlson’s model. Moreover, the measured and corrected trapping coefficient for this sample 

was reported. Carlson derived a value of 1.75 for the corrected trapping coefficient of the 

Alundum sample, which was quite far from the measured trapping coefficient of 4.617 

obtained by Land. However, this value was close to Land’s corrected trapping coefficient, 

which was 1.8 for the Alundum sample.  

Both Carlson’s and Land’s Model provide good results if a corrected trapping coefficient is 

used in the calculations. However, the problem is that for obtaining the corrected value, one 

set of measured imbibition kr data is needed. It is evident from Figure 10, that using 

experimental trapping coefficient in Carlson’s Model results in a poor prediction of relative 

permeability. It should be mentioned that most of the petroleum engineers use the 

experimental trapping coefficient in their simulations and the original concept of a 

corrected trapping coefficient is overlooked [14, 15]. These results also illustrate that the 

suggested method in this work has been successful in predicting the imbibition relative 

permeability using the experimental trapping coefficient. The importance of the suggested 

method in this work is that it uses the measured trapping coefficient directly without any 

correction and does not require the experimental imbibition kr data. 
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Figure 10: Comparison of this work with Carlson’s model used in commercial simulators, if the experimental 

trapping coefficient is used.  Snwi=0.6, Alundum Sample, from Land [12]. 

Table 1 compares the suggested method in this paper with Carlson’s model. The first 

difference between the method suggested in the present paper and Carlson’s model is that 

different values of trapping coefficient are used. The measured trapping coefficient was 

used in the suggested method while the corrected trapping coefficient was used in Carlson’s 

model. In the method suggested in this work, the gas saturations measured during the 

experiment were normalised for calculation of the trapping coefficient. The final difference 

is the equation used for calculation of trapped non-wetting saturation. The equation used 

by Carlson was based on Land’s initial-residual relationship, while the equation used in the 

suggested method was based on the assumption of a linear increase in the trapped non-

wetting saturation. 

Table 1: Comparison of formulations used in the suggested method with those in Carlson’s model. 

Carlson Model Suggested Method 

Carlson uses one set of imbibition data to calculate 

corrected trapping coefficient 

This method uses measured trapping coefficient 

(normalised saturations) 

 = 1���	(+,-)∗ − 1����(+,-)∗  

To calculate Snwr : 1���	 − 1���� =  

To calculate Snwr : 1���	 − 1���� =  
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To calculate the Snwf : 

���) = 0.5 1��� − ���	
+ 2(��� − ���	)3 + 4 (��� − ���	)5 

To calculate the Snwf : 

���� = ���	���	 − ���� (��� − ����) 
 

���) = ��� − ����  
To calculate imbibition krnw: 

'	��"#$(���) = '	���� (���)* 
To calculate imbibition krnw: 

'	��"#$(���) = '	���� (���)* 
 

 

III. Killough’s Method 

Many commercial simulators use Land’s, Carlson’s or Killough’s method for relative 

permeability hysteresis calculations. In Killough’s method, the bounding curves (primary 

drainage kr data and one set of imbibition kr data) are needed for calculation of scanning 

curves. The method suggested by Killough assumes that the intermediate scanning curve 

ranged between the bounding curves. The experimental values of bounding curves should 

be provided as input data for Killough’s method since the method interpolates between the 

bounding curves to estimate the values of the intermediate scanning curves. The same 

interpolation concept is then used to calculate the scanning curves of capillary pressure. The 

intermediate scanning curves of capillary pressure are calculated by interpolating between 

the capillary pressure curves of primary drainage and imbibition (capillary pressure 

bounding curves). Figure 11 shows the predicted scanning curve when the experimental 

values of primary drainage and imbibition kr data are used as input. This graph shows that if 

the experimental data of bounding curves are available, the Killough’s method is able to 

predict the scanning curves successfully. Killough only provided qualitative verifications in 

his paper, hence this is a good quantitative verification for this method. 
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Figure 11: Comparison of the method suggested in this work with Killough’s method. The experimental 

imbibition kr data were used as input (bounding curve). Snwi=0.6, Alundum Sample, from Land [12]. 

Since sometimes, the imbibition data is not available, Killough’s method is paired with 

Land’s or Carlson’s model to calculate the imbibition bounding curve. In this case, the errors 

in Land’s and Carlson’s models affect the accuracy of Killough’s method. In the present 

study, it was shown that the inaccurate use of these models in simulations of multiphase 

flow, which are highly affected by relative permeability hysteresis, introduces a huge error 

in the results. In Figure 12 the Killough method has been used to predict the scanning 

curves. The imbibition kr data obtained using Carlson’s model were used as input data for 

bounding curve.  The results show that when the values predicted by Carlson’s model are 

used as input data (imbibition bounding curve), the errors in prediction of the bounding 

curve affect the results of Killough’s method. Based on these results it is strongly 

recommended to use to use the measured imbibition data or the kr data obtained using a 

valid procedure as an input for Killough’s method.  
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Figure 12: Comparison of method suggested in this work with Killough’s method. The imbibition kr data 

predicted by Carlson were used as input (bounding curve). Snwi=0.6, Alundum Sample, from Land [12]. 

3) Application for the oil-water systems and different experimental conditions 

Land’s initial-residual non-wetting saturation relationship was originally derived for gas as a 

non-wetting phase. In this section, the reliability of the method if the non-wetting phase is a 

liquid phase is discussed. An example of this application is when the oil phase is flowing in a 

strongly water-wet porous medium. Some authors have reported the primary drainage and 

imbibition relative permeability of oil phase in a water-wet medium [17, 24, 25]. As shown 

in Figure 13, this method was successfully used in this study for predicting imbibition 

relative permeability in an oil-water system. The experimental data were obtained by Wang 

in 1988, but this author had not measured the Land trapping coefficient [25]. This value was 

calculated from the graph, with the assumption that the imbibition process had been 

continued until oil saturation reached 0.47 and the fluid flow had stopped at this point. 

Hence, the residual oil saturation was assumed to be 0.47 and the Land trapping coefficient 

was calculated as C=0.43. The results show that the experimental data are in good 

agreement with predicted values, and thus this method can be used if the non-wetting 

phase is liquid.  
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Figure 13: Comparison of predicted data from this model and the experimental kr data of oil flow in a water-

wet rock reported by Wang [25]. 

Although this method predicts the oil imbibition relative permeability successfully, one 

important question arises. The question is whether a Land trapping coefficient measured for 

gas phase can be used to predict the relative permeability of oil phase. To find the answer, 

the data reported in the literature by different authors for the same rock sample (Berea 

Sandstone) was used. Braun and Holland (1995) and Wang (1988) published the 

experimental kr data of the primary drainage and imbibition processes for an oil-water 

system in Berea sandstone [25, 26]. The trapping coefficient for Wang’s experiments was 

calculated to be 0.43, which is close to the value of 0.52 estimated by Braun and Holland. 

The values of the trapping coefficient are close and the predicted imbibition kr data using 

these values are close to the measured imbibition kr values. 

However, Land also published the data for the same rock sample (Berea Sandstone) with a 

gas-oil system. The trapping coefficient measured by Land for gas trapping was 1.273. In the 

present study, when the trapping coefficient measured for gas as a non-wetting phase was 

used to predict the oil relative permeability, the predicted imbibition kr data were quite far 

from the experimental kr data, especially at lower saturations (Figure 14). Therefore, it 

seems that the Land trapping coefficient measured for gas cannot be used to calculate the 

trapped oil saturation. This behaviour can be explained by the fact that residual saturation 

in porous media is a strong function of capillary number [27, 28]. By changing the non-

wetting fluid, the fluid viscosity and interfacial tension are no longer constant,  so the 

capillary pressure changes and, in these new circumstances, some of the pores might be 

invaded which could not be invaded previously. 
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Figure 14: Comparison of experimental data and predicted values of oil relative permeability with different 

Land trapping coefficients, data reported by Wang [25]. 

In addition, even if the same liquid and the same rock sample is used in different 

experiments, the use of one value of trapping coefficient in different pressures and flow 

rates is subject to question. The residual non-wetting saturation is a function of the capillary 

number, as shown in Figure 15 [29]. This curve, widely known as the capillary desaturation 

curve, clearly shows that Snwr and Swr are constant below a critical capillary number.  

Therefore, even if the porous media and fluid samples are the same, the capillary number 

should be checked before using the Land trapping coefficient, since the flow rate and 

interfacial tension will impact the capillary number and, consequently, the residual 

saturation. Of course, it is hard to obtain the CDC curve for all systems, but the aim of this 

paper is to mention the possible errors in the prediction of imbibition kr data. 

The other important property is the interfacial tension (IFT) between the fluids. According to 

the literature, the directional hysteresis effect decreases as the interfacial tension of the 

fluids decreases. It has been experimentally observed that low IFT fluids can flow 

simultaneously in the same pore or throat [30]. Hence, the droplets of one phase can be 

produced along with the main stream of the other fluid and do not get trapped.  By reducing 

the trapped saturation, the directional hysteresis decreases. Where there are very low IFTs 

and in miscible conditions, the primary drainage and imbibition kr data are approximately 

equal [31].  This behaviour can also be explained using a CDC curve. By decreasing the IFT, 

the capillary number is reduced and the residual non-wetting saturation decreases. 

The method suggested in this paper, like those used before by Land, Carlson and others, has 

been suggested for use with water-wet porous media. The use of this method for mixed-wet 

rocks is subject to question since the imbibition curve lies above the primary drainage curve 

for the non-wetting phase [25, 32]. Using these methods introduces a large number of 

errors in the calculations for mixed-wet rocks. Some formulations have been developed to 

extend the Land’s formulation to be able to match the observed trapped gas saturations in 

mixed-wet rock samples [33].  
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Figure 15: Capillary desaturation curve, from Lake [29]. 

Summary and Conclusions: 

The accurate determination of relative permeability hysteresis is important in multiphase 

flow simulations. In this study, some of the frequently used models have been studied and 

their limitations discussed. It was shown that the inappropriate use of these models 

introduces a huge amount of error in the simulation. Therefore, a modified method was 

suggested to calculate the trapped non-wetting phase and it was used for estimation of the 

imbibition kr data. The results were promising and a good match with experimental data 

was obtained. The important topics discussed in this study are highlighted as follows: 

1) Careful study of the papers revealed that Land’s and Carlson’s models were used with a 

corrected trapping coefficient. However, it has been shown that if the experimental 

trapping coefficient is used in Land’s and Carlson’s models, the errors in the predicted 

results are not negligible.   

2) Killough’s method lacked a good set of experimental data for verification when 

published. In this study, it was used for prediction of the imbibition kr values and it was 

shown that the model predicted the scanning curves accurately. However, if the 

imbibition bounding curve was not available, the errors associated with predicting this 

curve (using Land’s or Carlson’s model) affect the predicted results for scanning curves. 

3) A modified method was suggested to estimate the imbibition relative permeability 

using the experimental Land trapping coefficient. The modified method successfully 

predicted the imbibition relative permeability data. The input parameters for this 

method were the experimental trapping coefficient and the primary drainage relative 

permeability data. 

4) The suggested method can be used in other systems (oil-gas and oil-water); however, it 

was pointed out that the trapping coefficient depends on the fluids and experimental 

conditions. 
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Nomenclature 

C: Land’s trapping Coefficient.  

Krnw: Non-wetting phase relative permeability. 

Snw: Non-wetting phase saturation. 

Sw: Wetting phase saturation. 

Snwi: Initial non-wetting phase saturation. 

Snwr: Residual non-wetting phase saturation. 

Snwt: Trapped non-wetting phase saturation. 

Snwf: Flowing non-wetting phase saturation. 

Superscripts: 

Imb: Imbibition. 

PD: Primary Drainage. 

*: Normalised. 
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Highlights: 

 The available predictive methods for imbibition relative permeability are compared. 

 The limitations of using these predictive methods are addressed. 

 It is tried to suggest an improved method which decreases the simulation error. 

 The application of the method for other systems (gas/oil) is discussed. 


