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ABSTRACT 

The rheological characteristics of four Kuwaiti crude oil samples collected from four different collection points, 
namely, MG 23T, MG 29T, MG 34T, and MG 108T, were investigated. The investigations were conducted in the 
temperature range of 298–313 K using the Bingham, Ostwald–de Waele, Herschel–Bulkley, Casson, and modified 
Casson models. The experimental data of the shear stress were modeled as a function of the shear rate and 
temperature. Statistical estimations were used to determine the most accurate model and nonisothermal empirical 
relations. The Ostwald–de Waele and Herschel–Bulkley models yielded the most accurate predictions for MG 23T, 
MG 29T, MG 108T, and MG 34T, respectively. It is noted that all the crude oils follow shear thinning behavior. 
Arrhenius-Eyring equation has been used to estimate the activation energy and the preexponential factor of these 
crude oils at a shear rate of 10.3 s-1.  
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NOMENCLATURE 

Abbreviations Meaning 

MG 23T 

Crude oil sample at different collection points 
MG 29T 

MG 108T 

MG 34T 

𝜏𝜏 Shear stress (Pa) 

𝜏𝜏" Yield stress (Pa) 
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2015). A detailed review pertaining to the prediction of different parameters to determine the shear stress has been 
provided by Alomair, Elsharkawy, and Alkandari (2014). Moreover, the proposed correlations for nonisothermal 
conditions in these literatures are either complicated or have low accuracy. 

 
Furthermore, different models have been used to establish the relationship of the shear stress and the shear rate, 

with or without the consideration of the temperature as a variable to predict different parameters for vegetable oils 
(Abramovi & Klofutar 1998, Esteban et al., 2012, Stanciu 2013a, b), water/oil emulsions (Ariffin, Yahya, & Husin 
2016, Ronningsen 1995), activated sludge (Khalili-Garakani et al., 2011), oil-based muds (Fakoya & Ahmed 2018), 
and drilling fluids (Anawe & Folayan 2018).   

 
In this study, a simple procedure to use different models for determining the consistency factor, yield stress, and 

flow index of the rheological data of different crude oils was presented for nonisothermal conditions. The change in 
the rheological characteristics of different crude oils at different temperatures was investigated. Based on the findings 
of earlier investigations related to different fluid types, certain simple rheological models were used to fit the 
isothermal rheological data for four Kuwaiti crude oils. The most accurate model was modified to account for the 
temperature variations occurring during the rheological characterizations of crude oil. The modeling procedure was 
successful in obtaining a low level of error (~3.6%) for the predicted data. 

 

METHODOLOGY 

Experimental Work 

The rheological characterization was performed using a Bohlin-Gemini 200, UK, instrument by using a CP 180-
cylinder Peltier to measure the flow properties of the liquids. The measurements were conducted at temperatures 
ranging from 298 to 313 K with 5 K increment, controlled using a Julabo F 25 water bath. An inbuilt electronic 
encoder in the rheometer was used to estimate the rheological properties of the samples for an applied stress of 106 
impulses per rotation.  

 
The impulse helps in determining the information related to the applied stress, stress rate, or yield occurring in 

a sample. A constant gap of 0.15 mm at a cone angle of 4° was maintained. All the experiments were repeated three 
times to ensure the reproducibility of the results. 

 
 
 

Mathematical Modelling 

Several models have been proposed to estimate the flow properties of materials such as crude oils and polymer 
melt solutions (Barnes, Hutton, and Walters 1989, Darby 1976, Astarita, Marrucci, & Joseph 1975, Ronningsen 2012, 
Albusairi and Al-Mulla 2017, Ariffin, Yahya, and Husin 2016, Middleman 1977, Bird and Hassager 1987). In 
general, an equation expressing the relation between the shear stress and shear rate includes two to five parameters. 
In this study, four of the most widely used models, namely, the Bingham (B), Ostwald–de Waele (O), Herschel–
Bulkley (HB), and Casson (C) models, expressed in equations (1)–(4), respectively, were used to estimate the 
rheological constants. Moreover, a modified version of the C model was introduced, as given in equation (5). 

 
𝜏𝜏 = 𝜏𝜏" + 𝑘𝑘"	
  𝛾𝛾 	
   (1) 

𝑘𝑘" Consistency factor 

𝛾𝛾 Shear rate s-1 

𝑛𝑛& Flow index 

A1 

Model constants 
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B2 

C1 
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INTRODUCTION 

Predicting the rheological properties of crude oil is a key task in drilling, oil production, and storage applications. 
For instance, rheological data are required to accurately simulate and design many equipment used in petroleum 
refineries (Ding et al., 2006). In particular, to design pipelines, set the pump capacity, and establish production 
facilities, the shear stress is a key characteristic that must be predicted accurately. When refineries operate, the 
temperature of the crude oil changes constantly, and because the shear stress varies with temperature, the variation 
should be considered in the parameter estimation for various applications. 

 
Kuwait produces crude oil of varying compositions. Crude oil is a complex fluid containing varying amounts of 

hydrocarbon compounds ranging from low molecular weight hydrocarbons such as waxes to asphaltenes, which have 
an extremely high molecular weight. Owing to the variation in its composition, crude oil behaves as a non-Newtonian 
fluid. For instance, crude oil may exhibit solid-like characteristics owing to the changes in the wax crystal structure. 
The presence of gases and low and high molecular compounds considerably influences the viscoelastic characteristics 
of bulk crude oil (Darby., 1976). In particular, the low molecular weight compounds in the oil, such as gases, and 
low molecular hydrocarbon compounds, such as alkanes, alkenes, and alkynes, exhibit Newtonian behavior. In 
contrast, compounds with a large molecular weight, such as agglomerates of waxes and asphaltenes, exhibit non-
Newtonian characteristics. 

 
At a given temperature, the relationship between the shear stress and the shear rate, viscosity, molecular weight, 

and density of crude oil is normally nonlinear (Albusairi & Al-Mulla 2017, Ariffin, Yahya, and Husin 2016, 
Ronningsen 2012, 1995, 1992). When paraffin waxes, solid paraffin, or complex aromatic molecules exist in crude 
oil, changes in the temperature affect the viscosity, and non-Newtonian characteristics appear. All crude oils contain 
a certain amount of paraffin waxes, which begin to undergo deposition at low temperatures, thereby exhibiting non-
Newtonian behavior (Ding et al., 2006, Ronningsen 1992). Therefore, prediction models for any type of crude oil 
must take into account the temperature variation. 

 
Many empirical models have been used to predict the shear stress of crude oil as a function of temperature 

(Alomair, Elsharkawy, & Alkandari 2014, Anto et al., 2020, Kamel, Alomair, and Elsharkawy 2019, Mendes et al. 
2015, Ronningsen 2012). These models use up to eight parameters for shear stress determination (Mendes et al., 
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2015). A detailed review pertaining to the prediction of different parameters to determine the shear stress has been 
provided by Alomair, Elsharkawy, and Alkandari (2014). Moreover, the proposed correlations for nonisothermal 
conditions in these literatures are either complicated or have low accuracy. 

 
Furthermore, different models have been used to establish the relationship of the shear stress and the shear rate, 

with or without the consideration of the temperature as a variable to predict different parameters for vegetable oils 
(Abramovi & Klofutar 1998, Esteban et al., 2012, Stanciu 2013a, b), water/oil emulsions (Ariffin, Yahya, & Husin 
2016, Ronningsen 1995), activated sludge (Khalili-Garakani et al., 2011), oil-based muds (Fakoya & Ahmed 2018), 
and drilling fluids (Anawe & Folayan 2018).   

 
In this study, a simple procedure to use different models for determining the consistency factor, yield stress, and 

flow index of the rheological data of different crude oils was presented for nonisothermal conditions. The change in 
the rheological characteristics of different crude oils at different temperatures was investigated. Based on the findings 
of earlier investigations related to different fluid types, certain simple rheological models were used to fit the 
isothermal rheological data for four Kuwaiti crude oils. The most accurate model was modified to account for the 
temperature variations occurring during the rheological characterizations of crude oil. The modeling procedure was 
successful in obtaining a low level of error (~3.6%) for the predicted data. 

 

METHODOLOGY 

Experimental Work 

The rheological characterization was performed using a Bohlin-Gemini 200, UK, instrument by using a CP 180-
cylinder Peltier to measure the flow properties of the liquids. The measurements were conducted at temperatures 
ranging from 298 to 313 K with 5 K increment, controlled using a Julabo F 25 water bath. An inbuilt electronic 
encoder in the rheometer was used to estimate the rheological properties of the samples for an applied stress of 106 
impulses per rotation.  

 
The impulse helps in determining the information related to the applied stress, stress rate, or yield occurring in 

a sample. A constant gap of 0.15 mm at a cone angle of 4° was maintained. All the experiments were repeated three 
times to ensure the reproducibility of the results. 

 
 
 

Mathematical Modelling 

Several models have been proposed to estimate the flow properties of materials such as crude oils and polymer 
melt solutions (Barnes, Hutton, and Walters 1989, Darby 1976, Astarita, Marrucci, & Joseph 1975, Ronningsen 2012, 
Albusairi and Al-Mulla 2017, Ariffin, Yahya, and Husin 2016, Middleman 1977, Bird and Hassager 1987). In 
general, an equation expressing the relation between the shear stress and shear rate includes two to five parameters. 
In this study, four of the most widely used models, namely, the Bingham (B), Ostwald–de Waele (O), Herschel–
Bulkley (HB), and Casson (C) models, expressed in equations (1)–(4), respectively, were used to estimate the 
rheological constants. Moreover, a modified version of the C model was introduced, as given in equation (5). 

 
𝜏𝜏 = 𝜏𝜏" + 𝑘𝑘"	
  𝛾𝛾 	
   (1) 

𝑘𝑘" Consistency factor 

𝛾𝛾 Shear rate s-1 

𝑛𝑛& Flow index 

A1 

Model constants 

A2 

B1 

B2 

C1 

C2 

 

INTRODUCTION 

Predicting the rheological properties of crude oil is a key task in drilling, oil production, and storage applications. 
For instance, rheological data are required to accurately simulate and design many equipment used in petroleum 
refineries (Ding et al., 2006). In particular, to design pipelines, set the pump capacity, and establish production 
facilities, the shear stress is a key characteristic that must be predicted accurately. When refineries operate, the 
temperature of the crude oil changes constantly, and because the shear stress varies with temperature, the variation 
should be considered in the parameter estimation for various applications. 

 
Kuwait produces crude oil of varying compositions. Crude oil is a complex fluid containing varying amounts of 

hydrocarbon compounds ranging from low molecular weight hydrocarbons such as waxes to asphaltenes, which have 
an extremely high molecular weight. Owing to the variation in its composition, crude oil behaves as a non-Newtonian 
fluid. For instance, crude oil may exhibit solid-like characteristics owing to the changes in the wax crystal structure. 
The presence of gases and low and high molecular compounds considerably influences the viscoelastic characteristics 
of bulk crude oil (Darby., 1976). In particular, the low molecular weight compounds in the oil, such as gases, and 
low molecular hydrocarbon compounds, such as alkanes, alkenes, and alkynes, exhibit Newtonian behavior. In 
contrast, compounds with a large molecular weight, such as agglomerates of waxes and asphaltenes, exhibit non-
Newtonian characteristics. 

 
At a given temperature, the relationship between the shear stress and the shear rate, viscosity, molecular weight, 

and density of crude oil is normally nonlinear (Albusairi & Al-Mulla 2017, Ariffin, Yahya, and Husin 2016, 
Ronningsen 2012, 1995, 1992). When paraffin waxes, solid paraffin, or complex aromatic molecules exist in crude 
oil, changes in the temperature affect the viscosity, and non-Newtonian characteristics appear. All crude oils contain 
a certain amount of paraffin waxes, which begin to undergo deposition at low temperatures, thereby exhibiting non-
Newtonian behavior (Ding et al., 2006, Ronningsen 1992). Therefore, prediction models for any type of crude oil 
must take into account the temperature variation. 

 
Many empirical models have been used to predict the shear stress of crude oil as a function of temperature 

(Alomair, Elsharkawy, & Alkandari 2014, Anto et al., 2020, Kamel, Alomair, and Elsharkawy 2019, Mendes et al. 
2015, Ronningsen 2012). These models use up to eight parameters for shear stress determination (Mendes et al., 



104 Nonisothermal models to determine the rheological constants of different Kuwaiti crude oils

Shear Stress Data 

Crude oils can be classified as either Newtonian or non-Newtonian depending on their viscosity, which is related 
to the chemical nature of the crude oil. From Figure 1, which is a plot of the shear stress versus the shear rate, a non-
linear trend can be noted at high shear rates, which implies the non-Newtonian nature of the oil. The deviation from 
linearity decreases with an increase in the temperature, owing to the melting of the high molecular weight compounds 
or waxes present in the crude oil.  

 
Moreover, all the crude oil samples except those of MG 34T exhibit an intercept value close to the origin, which 

indicates the presence of an extremely low initial yield stress. In this regard, the use of models involving the initial 
yield stress may not be feasible. The apparent viscosity (slope of the shear stress vs. shear rate) of all the crude oils 
decreases with an increase in the shear rate, which indicates that all the crude oils are shear thinning fluids. 
Accordingly, the flow index (n) is expected to be less than one for all the samples.  

 

 

Figure 1. Experimental data of the four crude oil samples each at the four elected temperatures. 
(a) MG 23T, (b) MG 29T, (c) MG 34T, and (d) MG 108T. 
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In these equations, the two variables τ and γ correspond to the shear stress (in Pa) and shear rate (in s-1), 
respectively. 𝜏𝜏7, 𝑛𝑛7, and	
  𝑘𝑘7 in equations (1)–(5) denote the model parameters, specifically, the yield stress (in Pa), 
flow or behavior index (dimensionless), and consistency factor (in Pa.sn) for model i = B, O, HB, C, or MC. The yield 
stress is the stress required to initiate the flow of a fluid. The flow index is an indication of the non-Newtonian 
behavior of the fluid flow. Specifically, if ni = 1, ni > 1, or ni < 1, the fluid is a Newtonian fluid, shear-thickening 
fluid, or shear-thinning fluid, respectively. 

 
The dependency of the shear stress on temperature (K) was incorporated into the model parameters as expressed 

in equations (6)–(8), where A1, A2, B1, B2, C1, and C2 represent the model constants. These parameters were 
determined numerically by fitting the experimental data. 
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To validate the models and their parameter settings, a 95% parameter confidence interval was used, which is a 
statistical parameter used to measure the variation in a parameter that results in a change of less than 5% in the 
dependent variable. Moreover, if the possible parameter value including a zero value, i.e., the interval value, was 
larger than the value of the parameter itself, the specific parameter was omitted. This aspect has been explained in 
depth by Cutlip & Shacham (2008). Different statistical were used to determine the optimal model, specifically, the 
model with the R-squared value (R2) close to unity and the one with least variance (σ2). 

     

RESULTS AND DISCUSSION 

Crude Oil Analysis 

Albusairi and Al-Mulla (2017) have used four different types of crude oils from four different wells, which were 
more than 10 Km apart. They have analyzed the four different crude oils for their sulfur, refractive index, and density 
at 298 K. These four crude oils have been used in this work to develop the mathematical model for the shear stress 
as function of shear rate and temperature. 
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Furthermore, the shear stress varied with the shear rate. In this study, the crude oils were tested using five simple 
models relating the shear stress with shear rate, as described in equations (1)–(5). The regression parameters for the 
five models are listed in Table 1.  

 
The regression results for all the crude oils were compared in terms of the R2, variance, 95% confidence, and/or 

physical interpretation, to determine the optimal model. Figure 1 indicates that temperature influences the stress 
values. Moreover, with an increase in the temperature, the flow properties are improved owing to the minimal drag 
occurring because of the low chance of formation of the agglomerates containing waxes, asphaltenes, or other resins. 
Nearly all the ni values are less than 1, which confirms that the Kuwaiti crude oil samples are shear thinning fluids. 
 

Isothermal Data Model Regression and Selection 

According to Table 1, the B model corresponded to the lowest and highest R2 and variance values, respectively, 
except in the case of MG 23T at 313 K. This aspect was a statistical indication of the poor representation of the 
experimental data, as this model considers that a linear relationship exists between the shear stress and shear rate. 
Consequently, this model could not accurately represent the experimental data for the four crude oil samples, and it 
was not used in further analyses.  

 
The yield stress values for MG 23T, MG 29T, and MG 108T obtained using the HB and MC models were 

negative, and the 95% confidence interval values were higher than the corresponding parameters, except in the cases 
of MG 23T at 313 K and MG 29T at 298 K. The negative values of the yield stress were physically unacceptable, 
because they indicated that the fluid started flowing by itself. Because the 95% confidence interval values were 
considerably higher than the yield stress values, the yield stress could be neglected. Thus, both the HB and MC 
models reduced to the O model and were not considered in the further analyses of MG 23T, MG 29T, and MG 108T. 
The remaining models (O and C models) exhibited comparable variance and R2 values; however, on average, the 
values for the O model were slightly lower for variance and higher for R2. This is due to the extremely low yield 
stress for MG 23T, MG29T, and MG108T, as shown in Figure 1. Therefore, the C and O models were used to take 
into account the effect of the temperature on the properties of MG 23T, MG 29T, and MG 108T. 

 
Nevertheless, the HB and MC models were used to examine the sample MG 34T, because of their low average 

variance, high average R2, and high degree of freedom (more parameters). Owing to the yield stress noted in Figure 
1, the O model cannot be used for the parameter estimation of this sample. 
 

Selection of Model for Analysis of Non-Isothermal Data 

The relation between the various model parameters and the temperature was examined. Equations (6)–(8) were 
used to determine the consistency factor, yield stress, and flow index for all the models, respectively. This selection 
was made on the basis of the variation trend of the different parameters listed in Error! Reference source not found.. 
A similar approach has been adopted in existing studies (Alomair, Elsharkawy, and Alkandari 2014, Anawe and 
Folayan 2018, Anto et al., 2020, Esteban et al. 2012, Stanciu 2013a, Fakoya & Ahmed 2018). 

Table 1. Regression parameters of the five proposed models for four crude oils. 



107Bader Albusairi and Adam Al-Mulla

Furthermore, the shear stress varied with the shear rate. In this study, the crude oils were tested using five simple 
models relating the shear stress with shear rate, as described in equations (1)–(5). The regression parameters for the 
five models are listed in Table 1.  

 
The regression results for all the crude oils were compared in terms of the R2, variance, 95% confidence, and/or 

physical interpretation, to determine the optimal model. Figure 1 indicates that temperature influences the stress 
values. Moreover, with an increase in the temperature, the flow properties are improved owing to the minimal drag 
occurring because of the low chance of formation of the agglomerates containing waxes, asphaltenes, or other resins. 
Nearly all the ni values are less than 1, which confirms that the Kuwaiti crude oil samples are shear thinning fluids. 
 

Isothermal Data Model Regression and Selection 

According to Table 1, the B model corresponded to the lowest and highest R2 and variance values, respectively, 
except in the case of MG 23T at 313 K. This aspect was a statistical indication of the poor representation of the 
experimental data, as this model considers that a linear relationship exists between the shear stress and shear rate. 
Consequently, this model could not accurately represent the experimental data for the four crude oil samples, and it 
was not used in further analyses.  

 
The yield stress values for MG 23T, MG 29T, and MG 108T obtained using the HB and MC models were 

negative, and the 95% confidence interval values were higher than the corresponding parameters, except in the cases 
of MG 23T at 313 K and MG 29T at 298 K. The negative values of the yield stress were physically unacceptable, 
because they indicated that the fluid started flowing by itself. Because the 95% confidence interval values were 
considerably higher than the yield stress values, the yield stress could be neglected. Thus, both the HB and MC 
models reduced to the O model and were not considered in the further analyses of MG 23T, MG 29T, and MG 108T. 
The remaining models (O and C models) exhibited comparable variance and R2 values; however, on average, the 
values for the O model were slightly lower for variance and higher for R2. This is due to the extremely low yield 
stress for MG 23T, MG29T, and MG108T, as shown in Figure 1. Therefore, the C and O models were used to take 
into account the effect of the temperature on the properties of MG 23T, MG 29T, and MG 108T. 

 
Nevertheless, the HB and MC models were used to examine the sample MG 34T, because of their low average 

variance, high average R2, and high degree of freedom (more parameters). Owing to the yield stress noted in Figure 
1, the O model cannot be used for the parameter estimation of this sample. 
 

Selection of Model for Analysis of Non-Isothermal Data 

The relation between the various model parameters and the temperature was examined. Equations (6)–(8) were 
used to determine the consistency factor, yield stress, and flow index for all the models, respectively. This selection 
was made on the basis of the variation trend of the different parameters listed in Error! Reference source not found.. 
A similar approach has been adopted in existing studies (Alomair, Elsharkawy, and Alkandari 2014, Anawe and 
Folayan 2018, Anto et al., 2020, Esteban et al. 2012, Stanciu 2013a, Fakoya & Ahmed 2018). 

Table 1. Regression parameters of the five proposed models for four crude oils. 



108 Nonisothermal models to determine the rheological constants of different Kuwaiti crude oils

 

 
Figure 2. Parity chart for all four crude oil samples. 

 

 
Figure 3. Tan δ Vs Frequency for MG 23T crude oil at different temperatures. 

 
Tan δ is a ratio of loss modulus to storage modulus and represents the mechanism in which a material absorbs 
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Table 3. Arrhenius –Eyring parameters for different  Kuwaiti crude oils. 
 

  A (Pa.s) Ea (J/mol.K) R2 
23T 0.000184106 21809.80944 0.9417 
29T 7.78599E-05 24448.73652 0.9899 

108T 0.00063588 17978.62608 0.9773 
34T 0.00032506 18183.98682 0.9516 

 

CONCLUSION 

Four Kuwaiti crude oil samples were collected, and their shear stress was evaluated as a function of the shear 
rate in the temperature range of 298–313 K in steps of 5 K. The following conclusions were derived: The crude oil 
samples exhibit non-Newtonian (shear thinning) characteristics. The shear stress increases as the shear rate increases, 
and the temperature decreases. The non-Newtonian behavior is mostly observed at an elevated shear rate (above 80 
s-1). This observation was confirmed by the flow index values obtained from the isothermal and nonisothermal 
models.  

 
Crude oils MG 23T, MG 29T, and MG 108T can be modeled as a function of the shear rate and temperature by 

using the O model. In contrast, MG 34T can be modeled using the HB model. 
The yield stress for samples MG 23T, MG 29T, and MG 108T is negligible, and based on the statistical 

parameters, the most representative model is the O model, while MG 34T has a certain yield stress, and this aspect is 
best represented by the HB model. 

 
Based on the Arrhenius-Eyring equation, the activation energy values for the temperature range 25 to 400C at 

shear rate of 10.3 s-1 varies in the range 17.9 kJ/mol.K to 2.4 kJ/mol.K, and at the same shear rate, the preexponential 
value varied between 7.8 x10-5 and 0.63 x 10 -3 Pas. 
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The activation energy value and the preexponential factor at a constant shear rate of 10.3 s-1 for the temperature 
range 298 to 313 K are shown in Table 3. The R2 values of these plots shown in Figure 5 are greater than 0.94. 

 

 
Figure 5. Plot indicating variation of  in viscosity as a function of  1/T.  
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ABSTRACT 

Digital watermarking provides copyright protection and proof of ownership by inserting watermark metadata as 
owner’s identity in digital documents to prevent authenticity and copyright violations. The paper introduces a new 
hybrid image watermarking scheme by attaching multiple copies of watermarks in carrier image. The new scheme 
utilizes the advantages of DWT, DFT, DCT, and SVD transformations to offer stable resistance in protecting 
watermark contents from various external attacks. The proposed scheme uses Haar wavelet, Fourier, Onion Peel 
Decomposition, DCT, zigzag ordering, and SVD transformations to decompose the carrier image into four levels to 
maintain imperceptibility in the watermarked images. The algorithm attaches replicas of watermark frequency blocks 
in all frequency components of host image to provide better robustness against external deprivations in watermarked 
images. The proposed algorithm also provides the increased probability of extracting at least one undamaged replica 
of watermark even when other frequencies are damaged by external attacks. The improved experimental results of 
the proposed scheme in terms of visual analysis and quantitative metrics on different images with different 
experimental setup demarcate that the proposed watermarking scheme provides stable performance in generating 
better watermarked images. It is experimentally found that the new scheme produces high quality watermarked 
images with an average of 7.62% lesser Mean Absolute Error (MAE) and increased Peak Signal to Noise Ratio 
(PSNR), Mean Structural Similarity Index Measure (MSSIM), and Feature Similarity Index Measure (FSIM) of 5.02 
%, 4.37 %, and 2.37 %, respectively, than the next best algorithms when simulated with 20 sets of watermark and 
cover images. The watermark images extracted by the proposed algorithm from extremely distorted watermarked 
images are with better visual and objective values than other methods used in the comparative study. Simulation 
analysis on 20 sets of watermark and cover images with 30 types of potential attacks reveals that the extracted 
watermark images through the proposed scheme produces an average of 5.62%, 6.37%, and 5.75% improved Pearson 
Correlation Coefficients (PCC), Number of Changing Pixel Rate (NPCR), and the Unified Averaged Changed 
Intensity (UACI) values, respectively, than the next best algorithms used in the comparative study.  
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