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Abstract

In dryers where mechanical mixing is applied, it is necessary to know the motor power requirement in order to design the dryer correctly. 

The power requirement of the motor can be traced back to the no-load power requirement and the mixing power requirement. In this 

study, a new dimensionless power number equation has been introduced to determine the mixing power requirement of horizontal 

agitated drums. A simplified form of the dimensionless power equation for the investigated agitated drum and granular material was 

created. The equation took into account the effect of the mixing Froude number. The values of the equation’s unknown parameters 

were determined by a nonlinear solver using laboratory measurements. A new dimensionless number was introduced which contains 

the mixing power requirement and was named cohesive power number. This dimensionless number determines the relationship 

between the mixing power requirement and the bulk cohesion by taking into account the typical size of the mixer and the rotational 

speed.
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1 Introduction
The operation of mixing occurs in many industries. The 
agricultural, pharmaceutical, food, mining, oil and chem-
ical industries all performing some form of mixing task. 
In addition, mixing is a main or secondary task in many 
household appliances. In contrast to the mixing of liquids, 
there is no general equation for the mixing of solid granular 
materials that can be used to determine the mixing power 
requirement of the mixing engine. Several aspects compli-
cate the description of this phenomenon. The experts use 
mixing apparatuses with different mixing element designs 
and layouts depending on the material and the purpose of 
mixing. There is limited literature that has been devoted 
to the theoretical estimation of the mixing power require-
ments of granular materials. The application of theoretical 
estimations would greatly speed up the design process of 
mixing apparatuses. Describing the motion of a granular 
mass of many discrete elements is a challenge for engi-
neers, which makes this task even more difficult.

Gijón-Arreortúa et al. [1] described the mixing power 
requirement of a horizontal helical double-ribbon impel-
ler using empirical approach and dimensional analysis. In 

their study, starch and icing sugar granules were mixed 
at different drum loading factors and rotational speeds. 
Empirically, the Eq. (1) was created [1]:

P nl V L gb b d rib� 0 21. .� �  (1)

The disadvantage of their equation is that it is valid only 
in case of the investigated mixer design, the tested materi-
als and the investigated ranges of the rotational speed and 
the drum loading factor. It is not applicable to an agitated 
drum with paddle mixing elements. As a continuation of 
the research, an equation to describe the mixing power 
requirement was developed using dimensional analysis [1]:
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The value of the Kp constant was defined as a function 
of the drum loading factor [1]:

K lP � �0 267 4 261. . .  (3)

The term on the left side of Eq. (2) equals the power 
number. The member in parentheses on the right side of the 
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equation equals the cohesion number. The mixing Froude 
number was neglected to make the exponent of the Kp con-
stant and the cohesion number easy to determine. For gen-
eral applicability, an additional problem is that the cohesive 
force was measured using a particular shear box. In case of 
measuring with different shear boxes, different results can 
be obtained, even though the same material is used. 

In another study, Gijón-Arreortúa et al. [2] presented 
a mixing power requirement equation describing a hori-
zontal curved-ribbon impeller. The investigated materials 
were starch and icing sugar. In their empirically generated 
equation, the variables were identical as in Eq. (1), only 
the constant values differed [2]:

P nl V L gb b d rib� � �1 03
0 93

. .
.� �  (4)

The shape of the equation generated by the dimen-
sional analysis was the same as Eq. (2), only the equation 
describing the Kp value was changed [2]:

K lP � �1 884 0 324. . .  (5)

This equation has the same problem of general appli-
cability as in their previous study [1]. The mixing 
Froude number was neglected, and the cohesive force was 
used to create the dimensionless power number equation.

In both of Gijón-Arreortúa et al.'s works [1, 2], the expo-
nent of the rotational speed is four in the calculation of the 
power number, which results in the power number having 
a dimension. In order for the power number to be dimen-
sionless, the exponent of the rotational speed must be five. 
The axes titles on their figures already demonstrate this 
correctly, suggesting that the equation in the text contains 
typographical error. In this study, Eq. (2) demonstrates the 
correct form for the power number.

Wu et al. [3] have developed a theoretical equation 
describing the mixing power requirement in a horizontal 
rotary drum:

P nL Dd d l DAoR� 0 086 3 3
. sin sin .� �  (6)

The presented equation was based on two assumptions: 
the particle distribution is even in each cross-section of 
the drum and thus the centre of bulk mass is located at 
the bulk geometric centre, and the granular material can 
be represented as a single bulk body which rotates at the 
same angular velocity as the drum. Therefore, this equa-
tion is also not applicable for static drums with rotating 
paddle mixing elements, but it provides a basis for creat-
ing the mechanical model of the apparatus.

In a previous study [4], we have created a dimensionless 
power number equation by using dimensional analysis to 

estimate the mixing power requirement in agitated drums. 
Based on literature, parameters affecting the mixing 
power requirement were collected. Based on the work of 
Gijón-Arreortúa et al. [1, 2], the cohesive force was con-
sidered, but the effect of the mixing Froude number was 
not neglected. The dimensionless power number equation 
of the following form was created to calculate the mixing 
power requirement [4]:
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The disadvantage of this equation is based on the cohe-
sive force. The value of the force is only valid for the direct 
shear box of a certain size with which it was measured.

Based on the results in the literature, the aim of this 
study is to create a dimensionless equation for an agitated 
drum that includes the bulk cohesion, instead of the cohe-
sive force, and takes into account the effect of the mixing 
Froude number. The advantage of using bulk cohesion is 
that its value is independent of the direct shear box and 
depends only on the material.

2 Material and methods
Dimensional analysis was used to develop a dimensionless 
power number equation that considers both bulk cohesion 
and mixing Froude number. The unknown constants of the 
equation were determined using measurement results.

2.1 Material
Hulled millet (Panicum miliaceum L.) was used for labo-
ratory measurements. The grains were approximated to be 
spherical with a characteristic size and size distribution of 
dp = 1.8 ± 0.1 mm [5]. The physical and material properties 
of the bulk at air-dry moisture content (no surface mois-
ture) were determined in previous research [4] and are 
summarized in Table 1. The bulk cohesion was measured 
using a  rectangular direct shear box [6]. The air-dry state 
of the bulk can be determined by the sorption isotherm of 
the material, which is illustrated in Fig. 1 [7].

Above the critical moisture content of xcrit = 18%, 
hulled millet is no longer capable of binding additional 
moisture within, resulting in the appearance of moisture 
on the surface of the grains [7]. The surface moisture cre-
ates cohesive forces between the particles through liquid 
bridges. As the moisture content of the examined bulk 
was x = 8.9% [8] during the measurements, it was consid-
ered to be in the air-dry state.
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In case of an air-dry state bulk, we can also refer to 
bulk cohesion, which comprises apparent and contact 
cohesion [8]. Apparent cohesion is the cohesion created as 
a result of the shape and deformation of the grains, while 

contact cohesion is created by liquid bridges between the 
grains. Furthermore, the presence of apparent cohesion in 
air-dry state is also supported by the results of previous 
shear box measurements [6].

2.2 Examined horizontal agitated drum
The laboratory mixing power requirement measure-
ments were conducted in a horizontal agitated drum dryer 
which is shown in Fig. 2. In order to determine the mix-
ing power requirement at a constant material moisture 
content, drying was not employed in the measurements. 
The static drum had an U-shape and measures 765 mm in 
length, 250 mm in width, and 270 mm in height, resulting 
in an empty volume of Vd = 47.4 dm3. The mixing pad-
dles, which has an inclination angle of αmp = 10°, measures 
50 mm in length, 20 mm in width, and 2 mm in thickness. 
The 22 pcs mixing paddles are attached to the Ø45 mm 
mixing shaft, by flat steel stems of the same cross-section 
turned on their edges, using removable joints. The cen-
tre lines of the blade stems are 31 mm apart. The mixing 
shaft is powered by a NORD SK 80 L/4 three-phase motor 
through a NORD SK 02-80 L/4 gearbox (gear ratio 15.95) 
connected by a rubber tyre coupling. The rotational speed 
of the mixing shaft can be adjusted using an OMRON 
VS mini J7 frequency converter, allowing for a range of 
n = 0.48 − 1.58 1/s rotational speeds. The electrical power 
consumption of the motor is measured by a DATCON 

Table 1 Values of parameters used in dimensional analysis

No. Parameter name Notation Dimension Value Unit

1 Drum length Ld L 0.765 m

2 Drum width Dd L 0.25 m

3 Drum height Hd L 0.27 m

4 Mixing paddle width Wmp L 0.05 m

5 Mixing paddle height Hmp L 0.02 m

6 Mixing paddle inclination angle αmp 1 0.1745 rad

7 Mixing paddle force lever Lmp L 0.114 m

8 Number of mixing paddles Nmp l 22 1

9 Drum wall and mixing paddle surface friction coefficient μd 1 0.7 rad

10 Characteristic particle size dp L 0.0018 ± 0.0001 m

11 Bulk density ρb ML−3 867 kgm3

12 Bulk friction coefficient μb 1 0.7348 rad

13 Static angle of repose αSAoR 1 0.6353 rad

14 Bulk cohesion Cb ML−1T−2 6568 Pa

15 Drum loading factor l 1 see Table 2 1

16 Rotational speed n T−1 see Table 2 s−1

17 Gravitational constant g LT−2 9.81 ms−2

18 Mixing power requirement P ML2T−3 see Table 2 W

Fig. 1 Sorption isotherm of hulled millet, based on [7]
(x: moisture content on wet basis; xcrit: critical moisture content;

aW: water activity)
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PQRM5100 31 power transformer, which is installed 
between the power source and the frequency converter. 
The drum loading factor characterised the amount of 
material loaded into the drum. It is defined as the ratio of 
the volume of material loaded to the volume of the empty 
drum. Drum loading factors of l = 0.1; 0.25; 0.2; and 0.25 
were used in the laboratory measurements.

Previous research [8] describes the measurement 
method and the laboratory results. However, the values for 
the mixing power requirement for the l = 0.25 drum load-
ing factor were incorrectly reported. This error has been 
rectified in the present research.

2.3 Dimensional analysis
For the dimensional analysis, it is essential to collect the 
parameters that affect the mixing power requirement. 
The mixing of solid granular materials can vary, but the 
goal is typically to process materials quickly with a high 
drum loading factor and minimal operating time, which 
increases the mixing power requirement. When mixing 
granular materials, the primary operational parameters are 
the rotational speed [9–12], the drum loading factor for 

batch mixing [13, 14], and the mass or volume flow rate 
and hold-up for continuous mixing [3, 15]. Additionally, 
the no-load power requirement of the mixer [8] cannot be 
neglected. It results from the torque due to the design of the 
mixing geometry and its inertia, the friction of the compo-
nents, and the air resistance. The mixing power requirement 
is not only influenced by the mixer geometric design [16–
19] and operating parameters, but also by the material being 
mixed. According to [20], grains with a spherical shape 
require lower mixing power requirement compared to grains 
with an irregular shape, which require higher mixing power 
requirement for the same operating parameters. This is 
because irregularly shaped grains have higher surface fric-
tion and are more prone to entanglement. The size of the 
grains also determines the necessary mixing power require-
ment, with smaller grains requiring less and larger grains 
requiring more [21, 22]. This is due to the larger grains 
requiring more mass to be moved at once. Additionally, 
as the density of the grains increases, so does the mixing 
power requirement [23]. It is important to consider the mois-
ture content of the materials. Moisture can alter the inter-
nal structure and size of particles in absorbent materials, 

Fig. 2 The horizontal agitated drum, and its design and main dimensions
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affecting their properties. The sorption isotherm can iden-
tify the critical moisture content at which the material can 
no longer absorb moisture internally, but instead binds it to 
the surface, creating cohesive bonds between grains. Liquid 
bridges can describe the cohesive relationships. These forces 
hold grains together and can form agglomerates. Materials 
with surface moisture content require more mixing power 
requirement compared to those without [24].

Table 1 presents a summary of the parameters that 
affect the mixing power requirement, which were gathered 
in previous study [4] and used for dimensional analysis. 
The drum wall and mixing paddle surface friction coeffi-
cient was determined using discrete element method sim-
ulations in a previous study [6]. The characteristic particle 
size, bulk density, bulk friction coefficient, static angle of 
repose, and the bulk cohesion were originally determined 
through measurements in a previous study [8]. In this 
case, bulk cohesion was considered instead of the previ-
ously used cohesive force [4]. The relationship between 
bulk cohesion (Cb) and cohesive force (FC) is determined 
by the shear cross-section (Ashear) of the applied shear box:

C
F
Ab
C=
shear

.  (8)

The value of the shear force is contingent upon the 
direct shear box, which may vary in size and design (e.g. 
shear box with circular or rectangular cross-section). By 
dividing the shear force by the shear cross-section, the 
resulting bulk cohesion becomes an independent value 
from the shear box. The bulk cohesion can be used more 
widely, since its value depends solely on the type of gran-
ular material and its moisture content.

The present study neglected two parameters: the diam-
eter of the agitator shaft and the thickness of the agita-
tor paddles. This was due to the low drum loading factor, 
resulting in minimal contact between the particles and the 
agitator shaft. Additionally, the paddle edges were negli-
gibly small, resulting in negligible friction force between 
the paddle edges and the grains.

The dimensionless equation for the horizontal agitated 
drum was derived based on the parameters presented in 
Table 1:
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The dimensionless equation is derived using the 
dimensional analysis method and the basic premise 
known as Buckingham's ∏-theorem [25], as provided in 
Appendix A. The power number can be determined using 

the following general dimensionless equation for hori-
zontal agitated drums:
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If the diameter of the mixing shaft (Ds) and the thickness 
of the mixing paddles (Smp) had been taken into account, 
the right side of Eq. (10) would have been supplemented by 
the product of (Ds/Smp)

B9. In this research, the unchanged 
parameters were merged into a B0 parameter, the value 
of which can therefore be considered constant. Based on 
these, the power number can be determined using the fol-
lowing simplified dimensionless equation:

N B l N FrP
B

C
B

M
B=

0

1 2 3 ,  (11)

the power number can be expressed [26, 27]:
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B0 is specific to the mixer and the material, and it depends 
on [4]:
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the cohesion number that contains bulk cohesion can be 
expressed:

N
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and the mixing Froude number can be expressed [1, 2, 4]:

Fr
L n
gM
mp=

2

.  (15)

The value of B0 was considered constant because this 
parameter summarises quantities that were not investi-
gated for any changes.

When using the dimensional analysis method, there are 
multiple ways to obtain the final result. The equation system 
of the exponents in the power product requires the expres-
sion of four exponents. These exponents can be selected 
freely but choosing them carefully can yield additional valu-
able partial results. According to Appendix B, another equa-
tion was derived which takes the following form:

N b l N FrP
b
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b

M
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1 2 3 .  (16)
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The equation introduces a new dimensionless num-
ber, NPC, which we named the cohesive power number. This 
number indicates the relationship between the mixing power 
requirement and the bulk cohesion, while also considering 
the typical size of the mixer and the applied rotational speed:

N P
C L nPC
b mp

=
3
.  (17)

The cohesive power number and the power number 
described by Eq. (12) have a close relationship, as their 
ratio gives the cohesion number:
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The objective of this study is to describe the mixing 
power requirement. To achieve this, the unknown param-
eters of Eq. (11) were numerically determined using the 
MATLAB software fmincon nonlinear solver [28], as 
described in previous study [4]. First the values of NP, NC, 
and FrM were calculated, and then the unknown parame-
ters of Bi (i = 0, 1, 2, 3) were determined using regression 
analysis. According to [4], the criterion for the nonlinear 
solver was the least square deviation of the calculated NP 
values and the values predicted by Eq. (11):
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The following criterion was established for the initial 
values of the Bi parameters:

� � � �2 2B Bini i ini i, ,
, .  (20)

Therefore, by combining all possible integers within 
the examined range, a for loop examined 54 = 625 ini-
tial value combinations. The final dimensionless equa-
tion was created using the combination that resulted in 
the smallest least square deviation. The resulting expo-
nents were adjusted based on literature recommendations 
or rounded to acceptable values according to engineering 
considerations.

2.4 Statistical methods
The equation obtained from dimensional analysis was 
characterised by two statistical indicators. The first was 
the determination coefficient, which value is closer to 1, 
the better the fit of the function [29]:
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The average relative error was another statistical indi-
cator used to determine the fit of the function, which value 
is closer to 0 indicates a better fit [29]:
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The relative errors for each power number value were 
also calculated [4]:

� N
N N

NP
P pred P calc

P calc

�
�

, ,

,

%.100  (23)

Similar to the mean relative error, the closer the value 
of the relative error is to 0, the better the fit of the func-
tion at that point.

3 Results
In this study, a new dimensionless power number equa-
tion was created which is suitable for determining the 
mixing power requirement in a horizontal agitated drum. 
Additionally, a new dimensionless number was derived 
through dimensional analysis. This number describes the 
relationship between the mixing power requirement and 
the bulk cohesion, while also taking into account the typi-
cal size of the mixer and the rotational speed.

3.1 New dimensionless equation
Table 2 presents the mixing power requirements mea-
sured in the previous study [4] for different drum loading 
factors and rotational speeds. Additionally, it includes the 
calculated dimensionless numbers and the values of the 
power number predicted by the new dimensionless equa-
tion, and their relative errors.

Table 3 summarizes the constants determined using the 
nonlinear solver. The final exponent values were obtained 
in four steps, taking into account the bulk cohesion when 
determining the power number.

As a first step, the nonlinear solver was run without fixing 
the values. The results are shown in row 1 of Table 3. In the 
previous research [4], the exponent of the cohesion number 
was fixed at -1 based on Gijón-Arreortúa et al.'s work [1, 2]. 
However, this approach is incorrect. When expressing the 
power number from Eq. (18) and substituting it into Eq. (11), 
the cohesion number is dropped from both sides of the 
resulting equation. Additionally, the mixing Froude number 
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has been neglected, resulting in a value of FrM
B3  close to 1 

and an exponent value of approximately 0. Therefore, the 
following equation describes the obtained inequality:

N B lPC
B≠

0

1 .  (24)

The inequality exists because NPC takes on several dif-
ferent values for a given drum loading factor, as shown in 
Table 2. B0 and B1 are constant values, so B3 cannot be −1.

As a second step, the B1 exponent of the drum loading 
factor was fixed at 1.04, as it was the same value used in 

Table 2 Values of the dimensionless numbers and the measured mixing power requirement [9]

No. l
1

n
1/s

Pmeas
W

NC
1

NPC
1

FrM
1

NP,calc
1

Np,pred
1

δNP
%

1

0.1

0.48 15.3 0.0004 3.3145 0.0026 8563 7442 13.1

2 0.79 22.1 0.0011 2.8623 0.0073 2662 2298 13.7

3 0.95 23.6 0.0015 2.5551 0.0105 1650 1511 8.4

4 1.11 24.4 0.0021 2.2633 0.0143 1074 1060 1.3

5 1.27 24.9 0.0028 2.0194 0.0186 734 780 6.3

6 1.43 30.3 0.0035 2.1851 0.0236 627 595 5.2

7 1.58 32.4 0.0043 2.1029 0.0291 489 467 4.5

8

0.15

0.63 22.4 0.0007 3.6298 0.0047 5275 5854 11.0

9 0.79 25.6 0.0011 3.3180 0.0073 3086 3504 13.5

10 0.95 30.3 0.0015 3.2788 0.0105 2118 2304 8.8

11 1.11 32.5 0.0021 3.0097 0.0143 1428 1616 13.2

12 1.27 36.7 0.0028 2.9808 0.0186 1083 1189 9.8

13 1.43 44.2 0.0035 3.1861 0.0236 915 907 0.9

14 1.58 44.9 0.0043 2.9149 0.0291 678 712 5.0

15

0.2

0.48 29.8 0.0004 6.4386 0.0026 16634 15302 8.0

16 0.63 33.2 0.0007 5.3888 0.0047 7831 7896 0.8

17 0.79 37.3 0.0011 4.8367 0.0073 4499 4726 5.1

18 0.95 42.9 0.0015 4.6375 0.0105 2995 3107 3.7

19 1.11 50.0 0.0021 4.6315 0.0143 2198 2180 0.8

20 1.27 53.1 0.0028 4.3065 0.0186 1565 1603 2.5

21 1.43 61.7 0.0035 4.4467 0.0236 1276 1223 4.2

22 1.58 69.4 0.0043 4.5057 0.0291 1048 960 8.4

23

0.25

0.48 38.6 0.0004 8.3555 0.0026 21587 19299 10.6

24 0.63 43.9 0.0007 7.1266 0.0047 10357 9958 3.8

25 0.79 48.8 0.0011 6.3296 0.0073 5887 5961 1.3

26 0.95 54.9 0.0015 5.9334 0.0105 3832 3919 2.3

27 1.11 61.6 0.0021 5.7117 0.0143 2710 2749 1.4

28 1.27 69.8 0.0028 5.6622 0.0186 2057 2022 1.7

29 1.43 79.9 0.0035 5.7593 0.0236 1653 1542 6.7

30 1.58 89.2 0.0043 5.7876 0.0291 1346 1210 10.1

Table 3 The steps performed with the nonlinear solver (grey background indicates fixed values)

Steps B0
1

B1
1

B2
1

B3
1

max(δNP)
%

RE
%

R2

1

1 3.15 1.0401 −1.7182 0.5588 14.0 6.2 0.99

2 15.00 1.04 −0.9013 −0.2582 14.1 6.2 0.99

3 15.04 1.04 −0.9 −0.2594 14.1 6.2 0.99

4 15.68 1.04 −0.9 −1/4 13.7 6.2 0.99
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previous research [4]. The solver was rerun, and the result 
is shown in row 2 of Table 3. The only change was a 0.1% 
increase in the maximum relative error.

In the third step, B2 was rounded to 0.9. The solver was 
then rerun, and the result is shown in row 3 of Table 3. 
The statistical indicators' significant digits remained 
unchanged from the previous step.

In the fourth and final step, the exponent B3 was set 
to 1/4 for engineering considerations. This fractional value 
consisting of whole numbers was the closest to the numer-
ical value obtained in the previous step. The solver was 
then run again, and the result is shown in row 4 of Table 3. 
The maximum relative error decreased among the statis-
tical indicators, while the values of the other indicators 
remained unchanged. Finally, the following dimensionless 
equation for the power number was obtained:

N l N FrP C M� � �
15 68

1 04 0 9 1 4
. .

. . /  (25)

The final dimensionless equation for the cohesive power 
number was obtained by substituting the power number 
from Eq. (18) into Eq. (25):

N l N FrPC C M� �
15 68

1 04 0 1 1 4
. .

. . /  (26)

Fig. 3 illustrates the measured values of the mix-
ing power requirement and the predicted values calcu-
lated from the predicted power number as a function of 
the rotational speed for different drum loading factors. 
Fig. 3 shows that for the two lowest drum loading factors 
(l = 0.1, 0.15), the predicted values closely approximated 
the measured values. However, for the two largest drum 
loading factors (l = 0.2, 0.25), significant differences were 

observed for n = 1.43 1/s and 1.58 1/s. In these cases, the 
dimensionless power number equation underestimated 
the measured values. Table 2 shows that the greatest rela-
tive error was observed at a drum loading factor of l = 0.1, 
specifically at the rotational speed of n = 0.79 1/s. This 
occurred because the measured value overestimated the 
trend line that was fitted in the previous research [8], while 
the predicted value underestimated the trend line which 
describes the nature of the measurement points.

Under the given conditions, Eq. (26) can be used to 
determine the cohesive power number of hulled millet and 
to calculate the mixing power requirement in the horizon-
tal agitated drum:

• air-dry state material of x = 8.9% moisture content 
on wet basis,

• 10% ≤ l ≤ 25%,
• 0.48 1/s ≤ n ≤ 1.58 1/s.

The general form of the dimensionless equation given 
by Eq. (10) may also be applied to agitated drums of vary-
ing dimensions and geometric designs, as well as to other 
granular materials with spherical shapes. The implemen-
tation of bulk cohesion simplifies the use of the general 
dimensionless power equation for professionals in con-
trast to the cohesive force. In order to determine the cohe-
sive force, it is necessary to use a specific sized shear box 
in each case. In contrast, the bulk cohesion can be deter-
mined with any sized shear box, as it is an equipment-in-
dependent value. In light of these considerations, the use 
of bulk cohesion is both expedient and justified.

3.2 New dimensionless cohesive power number
The cohesive power number is a dimensionless number 
that describes the relationship between mixing power 
requirement and bulk cohesion. It also considers the typ-
ical size of the mixer and the rotational speed. In the case 
of air-dry materials, apparent cohesion occurs in the bulk, 
which is created by entanglements resulting from the 
shape and deformations of the particles [8]. When mixing 
particles with surface moisture, contact cohesion always 
exists due to the cohesive forces of liquid bridges between 
particles [8]. Fig. 4 shows the evolution of the cohesive 
power number for different drum loading factors.

The cohesive power numbers were clearly distinguished 
from each other for different drum loading factors. Their 
characteristics could be described by a linear function with 
a determination coefficient of R2 ≥ 0.94. However, for l = 0.2 
and l = 0.25 drum loading factors, the nature of the func-
tions can be better represented by quadratic polynomials.

Fig. 3 Measured and predicted mixing power requirements as a 
function of the rotational speed for different drum loading factors, and 
the trend lines fitted to the measured points in the previous study [9]
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4 Conclusion
The objective of this study was to create a new dimen-
sionless power number equation that can be used to calcu-
late the mixing power requirement of a horizontal agitated 
drum when mixing granular materials. The equation was 
taking into account the effect of the mixing Froude num-
ber. The mixing Froude number cannot be neglected in 
horizontal mixers as particles tend to remain on the sur-
face of the mixing paddles for a longer duration compared 
to liquids during the mixing process. Higher rotational 
speeds can cause particles to move with the paddles for an 
extended period, making the effect of gravity significant. 
In the new power number equation, the bulk cohesion was 
used instead of the cohesive force, which is a quantity inde-
pendent of the direct shear box. The equation's unknown 
parameters were determined by using hulled millet mix-
ing power requirement measurement results and a non-lin-
ear solver. The statistical indicators characterising the new 
dimensionless power number equation were the determi-
nation coefficient, the average relative error, and the max-
imum relative error. Based on these indicators, the new 
equation can predict the mixing power requirement of the 
horizontal agitated drum with sufficient accuracy.

A new dimensionless number, named the cohesive 
power number, was introduced. When mixing solid gran-
ular materials, the cohesive power number replaces the 
power number used for mixing liquids. This is because it 
considers the cohesive strength of the bulk rather than the 
bulk density. The cohesive power number shows the cor-
relation between the mixing power requirement and the 

bulk cohesion, taking into account the typical size of the 
mixer and the applied rotational speed.
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Nomenclature
Latin letters Unit Name

aw 1 Water activity

Ashear m2 Shear cross-section of 
directshear box

b1, b2, b3, b4 1 Equation coefficient 
and exponents

B1, B2, B3, B4 1 Equation coefficient 
and exponents

Bini,i 1 Initial value of the equation 
coefficient and exponents

Cb Pa Bulk cohesion

dp m Particle diameter

Dd m Drum diameter

Drib m Ribbon mixer's outer diameter

Ds m Agitator shaft diameter

FC N Cohesive force of the bulk

FrM 1 Mixing Froude number

g m/s2 Gravitational constant
(g = 9.81 m/s2 )

Hd m Drum height

Hmp m Mixing paddle height

i 1 Running index

k 1 Maximum value of the 
running index

KP 1 Impeller constant

l 1 Drum loading factor

Ld m Drum length

Lmp m Mixing paddle force lever

Fig. 4 The variation of the cohesive power number in case of different 
drum loading factors
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Appendix A
It is necessary to collect the parameters affecting the 
examined quantity before applying Buckingham's ∏-theo-
rem [25]. The mixing power requirement of the horizontal 
agitated drum depends on 17 pcs considered parameters, 
which are summarized in Eq. (9) and Table 1. 

The product of powers:
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Sorting according to basic quantities:
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The sum of the parameters in the exponents of the power 
product must be zero, so that the power is dimensionless. 
Based on this, the following four equations can be written:
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The next step involves rearranging the equations by 
expressing a selected parameter for each equation. It is 
important to choose the appropriate characteristic size 
during this process, ensuring that the parameter describ-
ing the selected characteristic size is included in the rela-
tionship obtained at the end of the dimensional analysis. 
The Lmp mixing paddle force lever was selected to deter-
mine the mixing power requirement, as the force acting on 
the paddles and the force lever produces the torque on the 
shaft, which can be used to calculate the required mixing 
power requirement by knowing the rotational speed [26]. 
The exponent for the Lmp parameter is denoted by θ. The 
remaining four equations were assigned random param-
eters. Therefore, the following equations can be written:

� � � � � � � � � �� � � � � � � � � �2 5 ;  (A8)

� � �� � � ;  (A9)

� � � �� � � �2 2 3 ;  (A10)

� � � � � �� � � � � � .  (A11)

By substituting the exponent equations back into 
Eq. (A1), the following power product is obtained:
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After arranging the identical exponents into a power 
base, the following power product is obtained:

�

�

�
�

�

�
�
�

�
�

�

�
�
�

�
�

�

�
�
�

�
��

�

�
��

L
L

D
L

H
L

W
L

H
L

d

mp

d

mp

d

mp

mp

mp

mp

mp

� � � �
��

�
��

�

�
��

�

�
��

�

�
��
�

�
�

�

�
�
�

�
��

�

�
��
�

�

�

� �� � �mp

mp

d

mp

p

mp

v
p

mpN N
d
L N���

�

�
��

�

�
�

�

�
�
�

�
�

�

�
�
�

�
�

�

�
�

�

o

SAoR

mp

b

mp b mp

mp

N
C

L n
l
N

g
L n

�
�

� � 

2 2

2

��
�

�

�
�
�

�
�

�

�
�

� �

�
P

L nmp b
5 3

.

 (A13)

Eq. (A13) can be simplified by dividing the quotients with 
the same denominator, ensuring that their numerators have 
the same physical content. This simplifies the power product:
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In Eq. (A14), ω is the exponent of the power number 
which can be expressed using Eq. (12). The ψʹ is the expo-
nent of the mixing Froude number which is described by 
Eq. (15) while σʹ  is the exponent of the cohesion number, as 
given by Eq. (14). The remaining terms in the power product 
represent the geometric and physical properties of the mixer 
and the granular material, which can be assumed constant 
for a specific mixer-material combination. These constants 
can be combined into a single parameter using Eq. (13).

The power number equation is determined by Eq. (11).

Appendix B
The initial equations used to derive the cohesion power 
number are identical to Eqs. (A1)-(A7) in Appendix A. 
By rearranging the exponents in a different way, the fol-
lowing equations are obtained:
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By substituting the exponent equations back into 
Eq. (A1), the following power product is obtained:
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After arranging the identical exponents into a power 
base, the following power product is obtained:
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 (B6)

Eq. (B6) can be simplified by dividing the quotients with 
the same denominator, ensuring that their numerators have 
the same physical content. This simplifies the power product:
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 (B7)

In Eq. (B7), ξʹ is the exponent of the power number 
which can be expressed using Eq. (12). The ψʹ is the expo-
nent of the mixing Froude number which is described by 
Eq. (15), while σʹ  is the exponent of the cohesive power 
number, as given by Eq. (17). 

In this case, the power number equation is determined 
by Eq. (16).
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