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Abstract 

When two granular phases are brought into motion in a rotating drum, a competition of mixing 

and segregation occurs. Several image analysis methods have been used to quantify the 

mixing. In this work, a modification of the contact method, originally proposed by Van Puyvelde 

(1999), is suggested to allow evaluation of the mixing index for each separate image. A 

strength of this modified method lies in the removal of the case-dependent normalization of the 

mixing index, which has so far impaired a direct comparison to other studies. This modified 

method is tested on artificial and experimental images of a granular bed composed of spherical 

glass and polypropylene beads of equal size. The bed evolves in a rotating drum under the 

rolling regime. The temporal evolution of the mixing index is in excellent agreement with the 

commonly used variance method.  
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1. Introduction 

The mixing of granular species in a rotating system is found in many industrial applications, 

such as in the pharmaceutical, food, metallurgical, and plastic industries. In such processes, 

mixing is needed for coating [1], drying [2], heating [3, 4], or chemical reaction of granules [5]. 

The primary goal of mixing is to achieve a homogeneous granular mixture. Differences in 

granular properties, such as particle size, shape or density, result however in complex 

segregation dynamics [6–8]. In a rotating cylindrical drum without baffles, the simplest and 

most widely studied geometry, both radial and axial segregation occur. The radial segregation 

[8, 9], which is of primary interest here, occurs shortly after the drum is set into motion, typically 

within one to three rotations [10]. Axial segregation, on the other hand, develops over a much 

larger time scale [11, 12]. Experimental techniques used to investigate the temporal formation 

of segregation zones include high-speed cameras [10, 13], bed freezing, slicing and  

reconstruction [7], and magnetic resonance imaging [11]. In addition, the mixing can also be 

studied with computer simulations [13–16]. In all these methods, images taken either at the 

front end of the drum or across the granular bed are analyzed to characterize the mixing as a 

function of the time 𝑡. The quality of the mixture is normally quantified by a dimensionless 

parameter 𝑀(𝑡), known as the mixing index varying between zero and unity, with 𝑀 = 0 

indicating a perfectly segregated state and 𝑀 = 1 a perfectly mixed state [7, 17]. Various 

formulations of the mixing index have been suggested for experimentally sampled mixtures 

[18, 19], as well as for simulated mixtures [20–23]. With respect to image analysis, two methods 

have been proposed to estimate the temporal evolution of 𝑀(𝑡), namely the variance and the 

contact method. 

Lacey [17, 24] pioneered the field by suggesting a mathematical formulation of the mixing index 

for a binary granular mixture with a uniform particle size distribution. Originally, 𝑀 was 

calculated using the statistical variance (𝜎2) defined in a system at rest as 

 

 𝜎2 =
1

𝑁 − 1
∑(𝑐𝑘 − 𝑐̅)2

 𝑁

𝑘=1

, (1) 

 

where 𝑐𝑘 is the local concentration of the reference granular species in the 𝑘-th sample, 𝑁 the 

number of samples containing exactly 𝑛 manually extracted particles, and 𝑐̅ the overall 

concentration of the reference granular species. The mixing index was suggested as 

 

 𝑀 =
𝜎max

2 − 𝜎2

𝜎max
2 − 𝜎min

2 , (2) 

 

with 𝜎max
2 = 𝑐̅(1 − 𝑐̅) and 𝜎min

2 = 𝜎max
2 𝑛⁄ . The variance method was later extended to calculate 

the temporal evolution 𝑀(𝑡) out of an image sequence [10, 13]. In those studies, the samples 

were obtained by discretizing each image into squares or pie-like windows [7, 16]. A 

disadvantage of the variance method lies in the fact that the mixing image is strongly 

dependent on the window size. A small window gives the overall impression of a bad mixing, 

while a larger window that of a good mixing [19]. 

Van Puyvelde et al. [25] originally introduced the contact method to investigate the heat transfer 

across a granular bed being mixed in a rotary kiln. The mixing was quantified by converting the 

number of contacts between two adjacent pixels of different colors into an interfacial contact 

length (𝐿𝑐). A greater contact length means a better mixing. Chou et al. [26] developed a similar 

method by looping through all first-species particles and counting the number of neighboring 

second-species particles. In similar studies on binary mixing [27, 28], where the particles only 

differed in color, the number of contacts (𝐶) had been converted into a mixing index as 

 

 𝑀(𝑡) =
𝐶(𝑡) − 𝐶min

𝐶max − 𝐶min
, (3) 
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where 𝐶min was the number of contacts calculated in the initial segregated state at time 𝑡 = 0 

and 𝐶max the maximum number of contacts calculated from the entire image sequence. The 

contact method has disadvantages too. First, Eq. (3) can theoretically attain negative values if 

the initial state is not perfectly segregated. Second, comparison with other studies is made 

difficult by the fact, that each experimental image sequence has its own minimum and 

maximum numbers of contacts 𝐶min and 𝐶max. Both the variance method and the contact 

method have shown to provide quantitatively similar results in terms of mixing index. Yet a 

suitable normalization, often case-dependent, must be chosen for 𝐶min and 𝐶max [28], making 

in-turn the contact method rather unattractive. In this work, a modified contact method is 

proposed, thus enabling comparison between different granular systems, while keeping a 

reduced dependency on subjective parameters. 

 

2. Materials and methods 

2.1. Experimental setup 

The experimental setup consists of a horizontal cylindrical PMMA drum with a length of 1 m 

and an inner diameter of 144 mm. The particle bed evolved in the front 30 centimeters of the 

inner cylinder delimited by a back PVC wall and a front PMMA cap. The back end of the cylinder 

was mounted on a motor. The inner cylindrical and the back delimiting surfaces of the drum 

were coated with aluminum spray and grounded to evacuate the static charge, while the inner 

front cap was sprayed with a transparent antistatic spray. Initially, equal bulk volumes of white 

glass spherical beads (diameter: 4±0.3 mm, density: 2.5 g/cm3) and red polypropylene 

spherical beads (diameter: 3.97±0.13 mm, density: 0.9 g/cm3) were placed in the drum in a 

side-by-side arrangement with a granular filling set to 35% of the drum volume. The white 

particles occupied the left half and the right particles the right half. The drum rotated 

counterclockwise with a speed of 30 rpm for 40 seconds. A Mega Speed HHC X7 High Speed 

Camera captured the particles from the transparent front cap with 25 frames per second.  

 

2.2. Image pre-processing 

Hereafter, red, white, and black are respectively associated with polypropylene, glass, and the 

background of the image. The pre-processing part is necessary to turn each image into a 

ternary two-dimensional field, where only red, white and black areas co-exist. To this end, a 

field 𝐅(𝑥, 𝑦) taking the value 0 in the background, 1 in the red constituent, and 2 in the white 

constituent is introduced. The field 𝐅 can be precisely defined using simulation data, for 

instance with the discrete element method [29]. In the case of experimental images, 𝐅 is 

approximated by a two-dimensional matrix 𝐏 = {𝑃𝑖,𝑗}. In each image, every pixel is classified 

as black, red or white as follows. First, two intermediate matrices for the red, 𝐊 = {𝐾𝑖,𝑗}, and 

white colors, 𝐐 = {𝑄𝑖,𝑗}, with 𝐾𝑖,𝑗 and 𝑄𝑖,𝑗 equaled to either zero or unity, are created using 

appropriate thresholds as 

 

 𝐾𝑖,𝑗 = {
1 if 𝛨𝑖,𝑗 ≥ 𝑇𝐻1 and 𝐻𝑖,𝑗 ≤ 𝑇𝐻2 and 𝑅𝑖,𝑗 ≥ 𝑇𝑅 red

0 elsewhere not red
 (4) 

 

and 

 

 𝑄𝑖,𝑗 = {
1 if 𝑆𝑖,𝑗 ≤ 𝑇𝑆 and 𝑉𝑖,𝑗 ≥ 𝑇𝑉 white

0 elsewhere not white
 (5) 

 

where 𝑅𝑖,𝑗 is the RGB value of the red channel of the (𝑖, 𝑗)-th pixel, 𝐻𝑖,𝑗,  𝑆𝑖,𝑗, 𝑉𝑖,𝑗 the HSV values 

of the (𝑖, 𝑗)-th pixel, and 𝑇𝐻1, 𝑇𝐻2, 𝑇𝑅, 𝑇𝑆 , 𝑇𝑉 the thresholds. The exact threshold values depend 

on the lighting conditions of the experiment and were determined using the Color Thresholder 

implemented in Matlab. Next, the noise present in the matrices 𝐊 and 𝐐 originating from the 

lighting effects is eliminated. This is achieved by applying a series of three erosions followed 
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by three dilations using a square 3 × 3 matrix containing 1 everywhere as a structuring element 

[30]. The resulting noise-free matrices 𝐊′ and 𝐐′ are then combined into a new matrix 𝐏′ =

{𝑃𝑖,𝑗
′ } defined as 𝐏′ = 𝐊′ + 2𝐐′. For each pixel, 𝑃𝑖,𝑗

′  takes the values 0, 1, 2, or 3. For the spurious 

case, 𝑃𝑖,𝑗
′ = 3, the pixel is considered both red and white by the algorithm. The value is 

therefore corrected by automatically replacing it with the color index, 1 or 2, depending on the 

most frequent color observed in the neighboring pixels. This concludes the construction of the 

matrix 𝐏. The pre-processed image sequence can be seen in the supplementary material. An 

extracted image separated manually by the authors into red and white and black is later 

considered in the result section for comparison purposes. 

The red species is hereafter taken as the reference species. The overall time-dependent and 

space-averaged concentration of red color (𝑐̅) is a necessary quantity needed in both the 

variance method and modified contact method. It is defined for each image as 

 

 𝑐̅(𝑡) =
𝐴𝑅

𝐴𝑅 + 𝐴𝑊
, (6) 

 

where 𝐴𝑅 and 𝐴𝑊 are the areas colored in red and that in white, respectively. If simulation data 

are used, 𝑐̅ can be calculated directly from the original field 𝐅. With experimental images, as is 

the case here, 𝑐̅ is calculated as 𝑐̅ ≈ 𝑁𝑅 (𝑁𝑅 + 𝑁𝑊)⁄ , where 𝑁𝑅 and 𝑁𝑊 are the total number of 

red and white pixels in the image, respectively. 

 

2.3. Variance method 

The present method is a modification of that reported by References [13, 28]. The modification 

is in essence similar to that used by Qi et al. [31]. Each image is divided into a number (𝑁𝑠) of 

square windows with length (𝐿). Figure Fig. 1 shows an artificial image representing the initial 

segregated state, that is at time 𝑡 = 0 s. 

 

 

Fig. 1 Arbitrary discretization of an artificial image into a number (𝑁𝑆) of square windows with given 

size (𝐿). The filling height (ℎ) is also shown 
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Within the 𝑘-th window, a local concentration (𝑐𝑘), representing the ratio of the reference area 

to the granular area is first calculated as 

 

 𝑐𝑘 =
(𝐴𝑅)𝑘

(𝐴𝑅)𝑘 + (𝐴𝑊)𝑘
, (7) 

 

where (𝐴𝑅)𝑘 and (𝐴𝑊)𝑘 are respectively the red and white areas in terms of pixel numbers in 

the 𝑘-th window. A local weight (𝑤𝑘), indicating the local fraction of the granular area in the 

window, is then calculated as 

 

 𝑤𝑘 =
(𝐴𝑅)𝑘 + (𝐴𝑊)𝑘

𝐿2
. (8) 

 

By taking into account the local granular weight (𝑤𝑘) and the local red-to-granular concentration 

(𝑐𝑘) in each window, Eq. (1) is conveniently recast as 

 

 𝜎2 =
1

𝑊
∑ 𝑤𝑘(𝑐𝑘 − 𝑐̅)2

𝑁𝑠

𝑘=1

, (9) 

 

with the denominator 𝑊 = ∑ 𝑤𝑘 = (𝐴𝑅 + 𝐴𝑊) 𝐿2⁄ . Some authors [10, 13, 32] have used the 

denominator (𝑊 − 1) in Eq. (9), which is reminiscent of the sample variance formula [33]. In 

the present case, the overall concentration 𝑐̅ is however known before each image is 

discretized. Hence we decided to use a formulation reminiscent of the population variance 

formula [34]. In practice, 𝑊 achieves relatively high values. Our tests showed that the choice 

of the denominator only had a negligible influence on the resulting mixing index given in Eq. 

(2). Because the window length 𝐿 is in reality larger than the particle diameter, it is fair to 

assume σ𝑚𝑖𝑛
2  σ𝑚𝑎𝑥

2 → 0⁄  [16, 31]. The mixing index in Eq. (2) then simplifies to 

 

 𝑀 = 1 −
𝜎2(𝑡)

𝜎max
2 (𝑡)

, (10) 

 

with 𝜎max
2 = 𝑐̅(1 − 𝑐̅). In Reference [16], the mixing index was calculated using the square root 

of the variance as 𝑀 = 1 − 𝜎/𝜎max. Care should be taken, as removing the square operator in 

Eq. (10) was found to affect the results quite significantly. 

 

2.4. Original contact method 

In the original contact method [25, 27, 28], the mixing index is calculated by counting the total 

number of contacts between red and white pixels. For the sake of simplicity, let us assume two 

adjacent row matrix elements, 𝑃𝑖,𝑗 and 𝑃𝑖+1,𝑗. A contact exists whenever 𝑃𝑖,𝑗 + 𝑃𝑖+1,𝑗 = 3 (see 

Figure Fig. 2). This contact identification procedure also applies to adjacent column matrix 

elements, that is 𝑃𝑖,𝑗 + 𝑃𝑖,𝑗+1 = 3. 

 

 

Fig. 2 All possible combinations of two adjacent pixels. A contact exists whenever 𝑃𝑖,𝑗 + 𝑃𝑖+1,𝑗 = 3 
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Given an image sequence of the binary granular mixture in the rotating drum, the mixing index 

is calculated using Eq. (3) with 𝐶min and 𝐶max the absolute minimum and maximum in the time 

sequence, respectively. 

 

2.5. Modified contact method  

In this section, a modification of the contact method is suggested to theoretically determine the 

modified contact lengths �̃�min(𝑡) and �̃�max(𝑡) directly from each individual image instead. The 

mixing index hence becomes 

 

 𝑀(𝑡) =
�̃�𝑐(𝑡) − �̃�min(𝑡)

�̃�max(𝑡) − �̃�min(𝑡)
, (11) 

 

where �̃�𝑐(𝑡) is the modified contact length also calculated for each image in the sequence. 

The automated pre-processing stage may lead to interstitial background between two particles 

that would normally be in contact. The original contact method fails to recognize such contacts. 

See for instance Figure Fig. 3a, where a white particle is surrounded by two red particles. By 

shifting all background elements to the right, a modified contact length equal to �̃�𝑐 = 2𝑑𝑝 can 

be conveniently calculated for the centered white particle. 

 

 

Fig. 3 The interstitial background between particles seemingly in contact is bypassed by shifting all 

black pixels to the right 

The following method is therefore suggested for more intricate images. First, a number of 

horizontal contacts is calculated by shifting all black pixels in each original image to the far 

right (Fig. 4b). The procedure is then repeated on each original image by shifting all black 

pixels downwards and by subsequently counting the number of vertical contacts (Fig. 4c). The 

sum of horizontal and vertical contacts is the new number of modified contacts �̃� and, after 

conversion, it becomes the modified contact length �̃�𝑐. 

 

 

Fig. 4 Example of an image sample with no original contacts (a). After shifting all black pixels to the 
right, one horizontal contact exists (b). After shifting all black pixels downwards, two vertical contacts 

exist (c). In total there are �̃� = 3 modified contacts 

To compute the minimum contact length (�̃�min), a theoretical redistribution of the granular field 

into a fully segregated state as illustrated in Figure Fig. 5 is considered, with �̃�min 

corresponding to the height of the segregating straight line. First, the free surface is fitted with 

a straight line using the linear least-squares method and the drum with a circle using the 

method by Pratt [35]. The largest distance from the fitted line to the bottom of the granular bed, 
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indicated here by ℎ̃, corresponds to the modified filling height. Our results presented in 

Appendix A show, that the modified height (ℎ̃) slightly fluctuates over time with a mean value 

close to the initial height ℎ(𝑡 = 0). The modified granular area below the fitted line is given by 

�̃� = �̃�2[�̃� − sin �̃�]/8, where �̃� is the fitted drum diameter and �̃� = 2 cos−1(1 − 2ℎ̃/�̃�) the 

modified filling angle defined at the drum center. The minimum contact length is calculated as 

 

 �̃�min = ℎ̃ −
�̃�

2
+ √ℓ̃(�̃� − ℓ̃), (12) 

 

where the modified length (ℓ̃) illustrated in Figure Fig. 5 is obtained by solving the following 
equation 
 

 �̃�𝑅(ℓ̃) = 𝑐̅�̃�. (13) 

 

The modified red area (�̃�𝑅), plotted as a function of the modified length (ℓ̃) in Fig. 6, is further 

detailed in Appendix B. The right-hand side (𝑐̅�̃�) of Eq. (13) is the modified reference area. 

Because of trigonometric functions, a gradient-based method is used to solve present Eq. (13)  

 

 

Fig. 5 Schematic representation of the calculation of �̃�𝑚𝑖𝑛. First, the free surface is fitted with a straight 

line and the bed height (ℎ̃) is calculated (a). Then the granular species are distributed inside the bed 
area (b) 
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Fig. 6 The modified red area (�̃�𝑅) as a function of the modified length (ℓ̃) for the modified height (ℎ̃) 
corresponding to the experimental filling degree, 35% of the drum volume 

To compute the maximum contact length (�̃�max), let 𝐴 = 𝐴𝑅 + 𝐴𝑊 be the granular area in the 

image and 𝐴𝑝 = 𝜋𝑑𝑝
2/4 the projected area of a single particle. The granular area (𝐴) is here 

calculated using the pixel number and, hence, differs from that mathematically defined 

previously (�̃�). The area (𝐴𝑝) could also be estimated by counting the corresponding pixel 

number. The ratio (𝐴/𝐴𝑝) approximates the total particle number in the image and 

𝐴/𝐴𝑝 min(𝑐̅, 1 − 𝑐̅) the particle number of the rarest granular species. The greatest modified 

contact length that can be possibly achieved for any single particle is 4𝑑𝑝, that is when a 

particle of the rarest species is surrounded by four particles of the other species positioned at 

all cardinal positions (see Fig. 7).  

 

Fig. 7 Illustration of the maximum possible number of modified contacts 

Further particle arrangements are in fact possible and will lead to an identical formulation. An 

estimation of the maximum contact length is therefore given by 

 

 �̃�max = 4𝑑𝑝

𝐴

𝐴𝑝
min(𝑐̅, 1 − 𝑐̅). (14) 
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3. Results and discussion 

3.1. Artificial images of an ideally mixed particle bed 

As illustrated in Fig. 8, the modified contact method is first tested on a set of four individual 

artificially made images exhibiting an ideal mixing. 

 

 

Fig. 8 Artificial images of perfect mixing made with increasing red concentration set to 𝑐̅ ≈ 0.11 (a), 𝑐̅ ≈
0.25 (b), 𝑐̅ ≈ 0.33 (c), and 𝑐̅ ≈ 0.50 (d) 

The mixing indices, respectively calculated with the variance method and with the modified 

contact method, are provided in Table 1. For comparison purposes, the variance method was 

employed with two typical window sizes, namely 𝐿 = 3𝑑𝑝 and 𝐿 = 4𝑑𝑝 [28]. Unlike our modified 

contact method, the variance method does not deliver a single value for the mixing index, but 

a range of values. The minimum and maximum of each range in given below. 

Tab. 1 Comparison of the variance method (Eq. (10)) with the modified contact method (Eq. (11)), 

applied on artificial images with increasing concentration 𝑐̅ 

Image 𝑐̅ Mixing index (𝑀) 

  Eq. (10)  Eq. (10) Eq. (11) 

  𝐿/𝑑 = 3 𝐿/𝑑 = 4 - 

Fig. 
8a 

0.11 0.94 - 1.00 0.93 - 0.99 0.98 

Fig. 
8b 

0.25 0.88 - 1.00 0.96 - 1.00 0.94 

Fig. 
8c 

0.33 0.98 - 1.00 0.98 - 1.00 0.96 

Fig. 
8d 

0.50 0.97 - 1.00 1.00 0.97 

 

The results show that the modified contact method consistently gives values higher than 0.94, 

reflecting the perfectly mixed state. This value agrees well with the mixing index range 

delivered by the variance method. Note that the results from the original contact method are 

not listed in the table. The reason behind is that a minimum and a maximum number of contacts 
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cannot be given for single images but only for an image sequence, thereby illustrating the 

strength of the suggested modification. 

 

3.2. Realistic images 

In this section, the modified contact method is anew tested on images that are more realistic. 

In Fig. 9, image (a) represents a perfectly initial segregated state, (b) a perfectly mixed 

organized state, and (c) an ideal segregated state reminiscent of the steady state eventually 

achieved in the drum. Images (a), (b), and (c) were constructed the with same filling height (ℎ) 

and the same reference concentration c̅ ≈ 0.50. Image (d) is taken from the real experimental 

sequence, (e) was obtained after the automatic pre-processing, and (f) after a manual pre-

processing performed by the authors. In images (e) and (f), the reference concentration is 

calculated as c̅ ≈ 0.9. 

 

 

Fig. 9 Tested images: (a) ideal segregation, (b) ideal mixing, (c) ideal steady-state mixing; (d) 
experimental image, (e) automatically pre-processed image using algorithm described in section 2.2, 

and (f) manually pre-processed image 

At first, the variance method is applied to the images (a), (b), (c), (e) and (f). The results are 

shown in Fig. 10. In his section, the effects of the window size and the grid position are also 

examined. For each image, the mixing index is shown as a function of the window size 𝐿 

varying between 1 pixel and 6𝑑𝑝. For a given window size (𝐿), there are 𝐿2 possible grid 

positions, leading to 𝐿2 values of the mixing index. The minimum and maximum of these values 

are plotted as enveloping curves in Fig. 10, where the abscissa (𝐿/𝑑𝑝) has been normalized 

with the particle diameter. The mixing index obtained with our modified contact method was 

calculated as well. Its values are depicted as straight blue lines, since they do not depend on 

the window size (𝐿). 
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Fig. 10 The minimum and maximum values of the mixing index obtained with the variance method 
(Eq. (10)) as a function of the window size (𝐿/𝑑𝑝) are depicted as points. The mixing index obtained 

with the modified contact method is depicted as a solid horizontal line 

It can be seen in Fig. 10 that the modified contact method agrees in most static scenarios with 

the variance method. Image (a) exhibits a mixing index close to zero and image (b) close to 

unity, as expected. The other three images (c, e, and f) exhibit intermediate mixing indices, 

which is also as expected. All these images clearly show the effects of the window size and 

grid position, inherent to the variance method, on the mixing index calculation. In each image, 

two enveloping curves are formed showing the minimum and maximum values taken by the 

mixing index. The difference between the two extreme values does not seem to decrease as 

𝐿/𝑑𝑝 increases, suggesting there is no sufficiently large 𝐿 for which these two values converge. 

In all scenarios, the enveloping curves start from zero, because the system looks completely 

segregated at that pixel scale. In fact, a window size 𝐿 𝑑𝑝⁄ < 1 has no real physical meaning, 

because the sample size is simply too low to reflect the mixing occurring at a scale larger than 

the particle diameter. As a rule of thumb, a window size greater than 𝐿 𝑑𝑝⁄ > 2 is normally 

suggested in the literature [28]. The results also suggest that the proposed automatic pre-

processing (e) is sufficient, since it gives results comparable to those obtained with the 

manually segmented image (f). The two mixing indices calculated by the modified contact 

method in images (e) and (f) are very close to each other. The difference falls below 11%. 

When compared to the variance method in the region 2 < 𝐿 𝑑𝑝⁄ < 3, a typical window size cited 

in the literature [28], a good agreement is also achieved for images (e) and (f). A maximum 

difference of about 12% is typically observed between the two methods. In image (c), the 

mixing index obtained with our modified contact method does not compare as well with that 

from the variance method in the region of interest, that is 2 < 𝐿 𝑑𝑝⁄ < 3. This can probably be 

attributed to the white granular core that is much more compact in image (c) than in images (e) 

and (f). 

With respect to conclusions so far drawn on the variance method, only the enveloping curves 

have been addressed. Fig. 11 illustrates the distribution of the in-between mixing indices in the 

form of histograms. In total, three different window sizes are tested. The relative frequencies 

of 𝑀 obtained from the experimental image (e) suggest that there is no natural way to choose 

a representative value. On the one hand, the three histograms clearly do not exhibit a similar 

distribution. On the other hand, neither a Gaussian nor a uniform distribution can be observed, 

making it in-turn more difficult to choose a representative mixing index. Our modified contact 

method overcomes these two shortcomings. 
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Fig. 11 Relative frequency for the mixing index obtained with the variance method applied to image 
(Fig. 9e). The values are sampled from all possible grid positions. Three window sizes are tested (a) 

𝐿/𝑑𝑝 = 2, (b) 𝐿/𝑑𝑝 = 3, (c) 𝐿/𝑑𝑝 = 4 

3.2. Experimental image sequence of the rotating drum 

In this section, the improved contact method is applied to the sequence of experimental images 

available in the supplementary materials. After some time, the white particles concentrate in 

the center and are surrounded by a circular band of mostly red particles (See Fig. 9d). Fig. 12 

shows the mixing index as a function of time. For comparison purposes, the two enveloping 

curves obtained with the variance method are also shown. The window size is here set to 

𝐿/𝑑𝑝 = 3. 

 

 

Fig. 12 The mixing index as a function of time for the various methods 

Throughout the entire sequence, the results from the modified contact method match 

remarkably well with those obtained with the variance method. The green dotted curve 

obtained with the modified contact method lies well within the range of the minimum and 

maximum enveloping curves obtained with the variance method for most frames of the 

experimental sequence. The mixing index starts at zero and eventually rises to a somewhat 

steady state value after about 15 seconds. All three curves reach a more or less steady mixing 

index estimated to around 𝑀 ≈ 0.7, indicating that a perfectly mixed state is never reached. 

See for instance Fig. 9b. The values of the original contact method are purposely not depicted 

as they do not form a curve but are randomly distributed across almost the entire vertical range, 

that is between 0 and 1 (See the supplementary materials). This wide distribution associated 
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with the original contact method is attributed to the image pre-processing method, which greatly 

reduces the number of contacts between red and white particles. A merit of the modified 

method, and also the variance method, is that the image preprocessing stage only has little 

influence in the mixing index (See Figures 10e-f). 

In the experimental sequence, the value of 𝑐̅ initially set to 0.5 increases over time and reaches 

a final value of 𝑐̅ ≈ 0.95, as white particles move towards the inside of the drum and the front 

surface is mostly occupied by red particles. Adverse electrostatic effects were excluded, since 

preventive measures were taken, as described in Section 2.1. Experimental setup. 

Examination of the system after the experiment showed that no particles exhibited a charge-

related behavior, such as repelling each other or resisting gravity. Therefore, this observation 

should solely be attributed to the contact forces between the particles and the walls, as well as 

their density. Preliminary DEM simulations also confirmed a higher concentration of red 

particles in contact with the front cap of the drum. 

 

4 Conclusions 

We have proposed a modification of the contact method encompassing a scaling of the values 

𝐶min and 𝐶max present in the original method. This allows the quantification of mixing quality 

for single experimental images without necessarily having an image sequence. We have 

shown that our modified contact method agrees quantitatively well with the established 

variance method on a typical binary mixing experiment in a rotating drum, even though the 

variance method considers mixing from a global-statistical scope and the contact method from 

a local one. Our method delivers a single value for the mixing index on each image, without 

any parameters whose choice may be subjective. The method could be easily extended in a 

similar fashion to three or more granular constituents. 

Our proposed modified method has some limitations in its applicability. First, a straight line is 

used to approximate the free surface of the particle bed in order to calculate �̃�min. This may be 

a good approximation in the rolling regime or for a granular bed flowing more slowly. In the 

cascading regime, where the free surface exhibits a significant curvature [36], the method will 

likely loose applicability. Next, our modification currently works only for granular systems of 

uniform size and with spherical particles. Further work is needed to broaden the range of the 

method. Moreover, good local mixing at lower (or higher) 𝑐̅ may lead to an overestimated global 

mixing index, as the method gives no information about the positions or the local density of the 

contacts. This is a general drawback of the contact method. 
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Appendix A: Modified filling height as a function of time 

The modified filling height ℎ̃, normalized with the theoretical initial value ℎ = 53 mm, is depicted 

for each image of the experimental sequence in Fig. 13. The modified height ℎ̃ is higher by up 

to two particle diameters than its theoretical counterpart, which would be achieved if all 

particles were distributed inside the drum so that the free surface would form a perfect plane. 

 

 

Fig. 13 The modified filling height, ℎ̃, normalized with the theoretical initial value ℎ, as a function of 
time 
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Appendix B: Definition of the function �̃�𝑅(ℓ̃) used in Eq. (13). 

 

 

Fig. 14 Diagram illustrating the calculation of ℓ̃ 

 

The modified red granular area (�̃�𝑅) in Equation (13) and better illustrated in Fig. 14 is 

expressed as a function of the horizontal length (ℓ̃). Using Green’s theorem, one obtains 

 

 �̃�𝑅(ℓ̃) =
ℓ̃

2
(ℎ̃ − ℎ̃∗) +

ℎ̃

2
(ℓ̃ − ℓ̃∗) +

�̃�

4
(ℎ̃∗ − ℎ̃ + ℓ̃∗ − ℓ̃) +

�̃�2

8
�̃�, (15) 

 

where ℎ̃∗ = �̃�/2 − √ℓ̃(�̃� − ℓ̃), ℓ̃∗ = �̃�/2 − √ℎ̃(�̃� − ℎ̃), �̃� = 𝜋 − cos−1(2ℓ̃ �̃�⁄ − 1) +

sin−1(2ℎ̃ �̃�⁄ − 1). �̃�𝑅 is defined for ℓ̃∗ ≤ ℓ̃ ≤ �̃� − ℓ̃∗. 


