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Abstract. The mixing of granular materials in an agitated drum can be characterized by the dimensionless power
equation. The equation was created by dimensional analysis, for which the parameters affecting the mixing power
requirement were collected based on the literature. The most important of these are the rotational speed, the drum
loading factor, the geometric and physical properties of the mixing drum and the granular materials. The

dimensionless power equation is used to estimate with reasonable accuracy the Power number within the given range
ofapplicability (0.48§ <n <158 f; 10% <1 < 25%), which has been validated by measurements. From the Power

number, the mixing power requirement of the mixed granular material can be calculated, which can be used as
operational data for selecting the mixing motor.
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Introduction

In industry, mixing is a common operation. Mixing granular materials can be done for several purposes,
e.g. homogenisation or segregation of the granular materials, butalso during coatingor drying. Different
designs, layouts, and operating parameters are available depending on the mixing purpose and
materials. The apparatus requires sizing of the electric motor power that performs the mixing.
Underestimating the power of the mixing motor will result in the apparatus to be unable to perform the
mixing operation. Overestimating the power of the mixing motor by a significant amount may result in
unnecessary additional investment and operating costs. The mixing power requirement depends on the
quality, physical properties and quantity of the mixed material, as well as the geometry of the mixing
apparatus. Various correlations for determining the mixing power requirements of liquids are already
available in theliterature, but they are still incomplete or specific to solid granular materials. The mixing
power requirements of granular materials can be determined by measurement ([1]-[10]) or simulation
([5], [71-[22]). However, the description of the mixing power requirement by a mathematical method
has only been addressed in afew studies ([2], [3],[8], [23], [24]). The relationships they have established
differ both in terms of the equation structure and the parameters used. The simplest equations only
consider some material properties of the mixed materials (bulk density, particle size, etc.), the main

dimensions of the mixing apparatus (e.g. drum diameter, drum length, mixing element diameter, etc.)
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and some or a combination of the operating parameters (drum loading factor, rotational speed, etc.).
Thus, other designs of mixing apparatus may not be applicable with sufficient accuracy, if at all.

The aim of this research is to collect the parameters affecting the mixing power requirement of granular
materials in a horizontal axis agitated drum and to establish a relationship to determine the mixing
power requirement.

1. Material

In previous measurements ([4], [16]), the mixing power requirement of hulled millet (Panicum
miliaceum L.) was determined at different drum loading factors and rotational speeds. The ~8.9%
moisture content of air-dry hulled millet was determined by drying it in a drying chamber at 105°C for
at least 24 hours [25]. The bulk density for the given moisture content was determined using an air
pycnometer [26] and the cohesive force was determined using a 60 mm X 60 mm X 30 mm direct shear
box apparatus [16]. The physical properties of the material are summarised in Table 1.

2. Methods

This research established a relationship using dimensional analysis to estimate the mixing power
requirement of hulled millet in an agitated drum. Measurements were performed and results of previous
work [4] were used to validate the relationship.

2.1. Experimental method

Figure 1. illustrates the 3D model of the horizontal axis agitated drum. The U-shaped static drum is
765 mmlong, 250 mmwideand 270 mmhigh, so its empty volumeis V; = 47.4 dm3. The drum loading
factor (1) is calculated as the ratio of the volume of theloaded material to the volume of the empty drum.
In the laboratory measurements, | = 10%; 15%; 20%; 25% drum loading factorswere used. The size of
the mixing paddles is 50 mm X 20 mm X 2 mm and their inclination angle is 10°. The 22 pcs mixing
paddles are welded to flat steel stems of the same cross-section but with their edges turned over. The
stems are fixed to the @45 mm shaft by means of a soluble bond. The shaft is driven via a rubber-type
coupling by a NORD SK 80 L/4 type three-phase geared motor equipped with a frequency inverter. The
laboratory =~ measurements were  carried out at  rotational speeds of n=
0.48; 0.79;0.95;1.11; 1.27; 1.43; 1.58 1/s. The electric power consumption of the motor was measured
with a DATCON PQRM5100 31 type [28] power meter. No-load power consumption measurements
were also performed before filling the drum to determine the power requirement due to shaft and
mixing element rotations, bearing frictionand air resistance [23]. The results were measured with the
materials inside the drum (P,,,,) were subtracted from the no-load power consumption (P;) to obtain

the pure mixing power requirement of the granular material:

Breas = Bum — Po (1)
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Power consumptions were recorded at 1 s intervals for a minimum of 30 s long mixing and were
averaged.

\‘9

va

Figure 1. The 3D model of the agitated drum on the left and the mixing paddle on the right side.
(Lg: drum length, Dy: drum width, H,: drum height, W,,,,: mixing paddle width, H,,,: mixing paddle height,
Ay Mixing paddle inclination angle, L,,,: mixing paddle force lever, n: rotational speed, g: gravity)

2.2. Dimensional analysis

By using dimensional analysis, the similarity criteria of the investigated system can be determined, and
a general relationship can be established to describe it. Knowing the quantities that describe and
influence the system is necessary to apply the method. Dimensionless groups of quantities can be
created, with numerical constants providing the relationship between them. The values of these
constants can no longer be determined by dimensional analysis but can be determined numerically and
must be validated experimentally. In this work, the Buckingham [] theorem method ([27], [28]) was
used for dimensional analysis. The first step of the method is to collect the parameters affecting the
system, which are summarized in Table 1 for the agitated drum.

The mixing power requirement depends, among other things, on the size of the mixing space
(Lg; Dg;Hy) and the drum loading factor (1). A larger drum volume allows a larger amount of granular
material to be handled simultaneously, which requires higher mixing power requirement. It also
depends on the size (me; Hmp), the design (amp;me ; ud) and the number (Nmp) of the mixing
paddles as they perform the mixing. A larger paddle surface area allows more material to be moved
simultaneously. The friction coefficient (u,) of the paddles and the drum surface also influences the
mixing power requirement. In the case of a rough surface, a higher friction force occurs between the
particles and the drum wall or between the particles and the paddle surfaces, resulting in a higher
mixing power requirement. Other parameters that influence the mixing power requirement are the
material properties that describe the granules and the granular bulk, i.e., it matters what material is
being mixed. The size of the particles (dp), the bulk density (pj), the bulk friction coefficient (u;), and
the static angle of repose (a4,g), as well as the cohesive force (F,), also influence the amount of material
that the mixing paddles can lift from the bulk. In addition, according to the research of Zheng et al. [20],
the shape of the particles also influences the mixing power requirement. Since a mixer with a horizontal
arrangement is investigated, the mixing paddles must also overcome gravity (g) while moving the
particles. Finally, the rotational speed (n) also affectsthe mixing power requirement.
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The diameter of the mixing shaft and the thickness of the mixing paddles were neglected in the
dimensional analysis. One of the reasons for this is that at the investigated drum loading factors, the

contacts of the grains with the mixing shaft are negligible. The other reason is the small thickness of the
mixing paddles (2 mm) concerning the grain size. So the force due to the lateral friction between the

bulk and the side of the paddles can be neglected.

The mixing power requirement for a horizontal axis agitated drum depends on the following 17 pcs
parameters:

P = f(La;Da; Ha; Wonps Himps @mps Lips Neps s @ Pb s Kps @aor; Fes L1 g) - (2)

Some of the parameters from the 17 pcshave been considered by other authors in their research, but
there was none before that applied all of them. The occurrence of each parameter in the relevant
literature is indicated in the Reference column of Table 1.

The second step in the dimensional analysis is to create the power product of the parameters:
1_[LdaDdBdemeaHmpgampanpeNmpxﬂdldpvpbf.uboaAoRnFcGlrnxgw P (3)

The next step is to insert the dimensions:

1_[ [L1*[L1A [L]Y [LI° [LIE (L1 [l  [UALL] [ML=3 e (1] [ [MLT ~2]e [1]* [T~ ] )
[LT=2]¥[ML?T~3]® '
After rearrangement according to the basic quantities, the following multiplication is obtained:
1_[ [L]a+ﬁ+y+6+£+9+v—3€+0'+1,b+2(u [M]€+0'+w [T]—Za—)(—21,l}—3(u [1]n+lc+/1+o+7r+‘c . (5)

The sum of the exponents of the basic quantities in the power product is zero, since the product is
dimensionless. Thus, the following four equations can be created:

a+B+y+d+e+0+v—-3¢+o+yP+2w=0; (6)
E+o+w=0; @)
—20—x—2Y—3w=0; 8)
n+k+A+o+m+71=0. 9

The resulting equation system is underspecified because there are 4 pcs equations for 20 pcs variables.

In the next step, the exponents of four parameters were expressed. Inthe expression, care must be taken
to choose the appropriate characteristic size, so that the equation obtained at the end of the dimensional
analysis includes the parameter describing the chosen characteristic size. In this case, the L, mixing

paddle forcelever was chosen, since the forceacting on the paddles and the force lever give the torque

on the shaft, from which the mixing power requirement can be determined knowing the rotational
speed. The exponent for the parameter L, is 6. Thus, after rearranging and inserting the equations into

each other, the followingfour equations can be created:

b=—a—-B—-y—-6—c—v—40—yY —5w ; (10)
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E=—0—-w; (11)
¥ =-20—2¢Y—-3w; (12)
K=-N—A—0—m—T. (13)

Substituting the exponent equations back into Eq. (3) gives the following equation:

n LdaDdB deme 6HmpSSmp(amanmp —a—ﬂ—y_a—(—v—40—¢—5w Dslep —7]—1_0—71'—'[

(14)
.udlldpvpb —a—cu'uboaAoRn'FcUlrn—20—21/)—3wglppw
After assigning the same exponents to a power base, the following power product is obtained:
) A
() () () ) ) ) ) (22
L L L L L N, N, L
1_[ mp mp mp mp mp mp mp mp (15)

() G ) () ) )
Ny Ny menzpb Ninp men2 me5n3pb

The power product can be further simplified in Eq. (15) by dividing the quotients with the same
denominator which have the same physical content in their numerator:

’ ' F) , A o'
() G G (G2 G o) (o) ()
1—[ Lnp dp Hinp Linp QaoR Hp Fe Ninp

/ (16)
() ()
9 me5n3pb
In Eq. (16), w is the exponent of the power number:
P
Np = 5—3; (17)
me n°Pp
Y’ is the exponent of the mixing Froude number:
Lyppn?®
Fry = —/—; (18)
g
and ¢’ is the exponent of the Cohesion number:
Loy ™2
Ng = mp—Pb (19)
Fe

The other members of the power product give the geometrical and physical properties of the agitated
drum and the granular material, which can be taken to be constant for a particular equipment-material
pairing. In this research, the effects of grain size, static angle of repose and bulk friction coefficient were

not investigated. The measurements were made with one type of material at one moisture content, so
these members are also constant. However, the drum loading factor (1) in the ratio of T exponent was

investigated at different values during the measurements. Thus, the constants can be combined into one
parameter:
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Alzf(L_d.D_d.H_d.M.ﬂ;Nmp)_ (20)

Wmp ’ dp ’ Hmp ’ aAoR, Up

After the dimensional analysis, the mixing Power number can be determined using Egs. (17)-(20):

Np = A 142N 43 Fr, e . (21)
No. Parameter name Notation Dimension Value SIunit Reference
1 Drum length Lq L 0.765 m [2], [3], [21], [23]
2 Drum width Dy L 0.25 m [2], [3], [21], [23]
3 Drum height Hy L 0.27 m [2], [3], [21], [23]
4 Mixing paddle width ~ Wy, L 0.05 m [24]
5 Mixing paddle height ~ Hpyy L 0.02 m [24]
6 Mixing paddle Amp 1 0.1745 rad [22], [24]
inclination angle
7  Mixing paddle force ~ Lmp L 0.114 m [24]
lever
8  Number of mixing Ny 1 22 1 [5], [14]
paddles
9 Drum wall and Ug 1 0.7 [16] rad [16]
mixing paddle surface
friction coefficient
10  Characteristic dy L 0.0018+ m [1], [6], [7], [11]
particle size 0.0001 [4]
11 Bulk density Pb ML™3 867 [4] kgm=3  [2],[3],[7], [11],
[23]
12 Bulk friction Up 1 0.7348 [4] rad [2], [3], [16]
coefficient
13 Angle of repose Q0R 1 0.6353 [4] rad [23]
14  Cohesive force F, MLT~? 23.7 [4] N [2], [3], [15]
15 Drumloading factor [ 1 see Table2 1 [2]-141, [7], [13],
[14], [16], [17],
[29]
16  Rotational speed n T-1 see Table2 s~1 [1]-[10], [13]-
[17], [21], [23],
[30]
17  Gravitational g LT 2 9.81 ms 2 [2], [3], [21]
constant
18  Mixing power p MIL?>T—3 see Table2 W main parameter
requirement

Table 1. Parameters affecting the mixing power requirement of the agitated drum and their characteristic values.
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2.3. Statistical methods

As a first step, the dimensionless quantities Np, N, and Fry; were calculated based on the geometric
dimensions and measurement data in Table 1 and Table 2. Then, the unknown coefficients A;, A,,A5 and
A, were determined numerically by regression analysis using the ‘fimincon’ nonlinear solver [31] of
MathWorks MATLAB software. The criterion for the solver was the sum of the squared error of the
calculated and the predicted Power numbers:

n

2
N N )
Np min = min Z ( Ppred,i P,calc,l> . (22)

o NP,calc,i
=1

The use of the fimincon’ nonlinear solver requires the initial values of the unknown parameters
(A;,A5,A3,44)in Eq.(21). Due to the sensitivity of the solver, the range —2 < A; y < 2 was taken as the
initial values. Thus, 5% = 625 pcs initial values were tested by combining all possible integers. From the
625 pcs iterated parameter results, the A;,4,,43, A4 parameter combination with the minimum least
squared deviation defined by Eq. (22) wasused to create the new dimensionless Power equation. These
parameters canbe varied based on literature suggestions and rounded to engineering acceptable values.
If the parameters were changed, a statistical analysis was performed to see how much distortion was
generated in the fitting accuracy of the equation. The new dimensionless Power equation is
characterized using two statistical methods. One is the determination coefficient:

2
RZ — 1 _ggg — 1 _ Z?:l(]V_P,pTEd,l - NP,CalC,i)Z ) (23)
Z:71'1=1(NP.calc - NP,calc,i)
the other is the average relative error:
100 C |NPpredi_NPcalci|
RE === ) (1eal_—heaell ) (24)
n = NP,calc,i
i=1
In addition, relative deviations were determined for each point:
N -N
5Np _ | P,pred P,calcl 100% . (25)

NP,calc

The closer the value of R? is to 1, and the closer the values of RE and § Np are to 0, the power equation
is more accurate.

3. Mixing power requirement
In Table 2, the mixing power requirements of hulled millet for different drum loading factors and

rotational speeds ([4], [16]) are summarized, which values were used for dimensional analysis. In
addition to the measured values, the calculated Np, N- and Fr, are also given.
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No. [,1 n1/s BneassW Npcaie1 Ne, 1 Fry, 1 NP,predll 6Np,%
1 0.48 15.3 8563 0.001394 0.0026 7646 10.7
2 0.79 22.1 2662 0.003872 0.0073 2322 12.8
3 0.95 23.6 1650 0.005576 0.0105 1517 8.1
4 0.1 1.11 24.4 1074 0.007590 0.0143 1059 14
5 1.27 24.9 734 0.009913 0.0186 775 5.7
6 1.43 30.3 627 0.012546 0.0236 589 6.1
7 1.58 32.4 489 0.015489 0.0291 461 5.8
8 0.63 22.4 5275 0.002478 0.0047 5957 12.9
9 0.79 25.6 3086 0.003872 0.0073 3539 14.7
10 0.95 30.3 2118 0.005576 0.0105 2313 9.2
11 0.15 1.11 32.5 1428 0.007590 0.0143 1614 13.0
12 1.27 36.7 1083 0.009913 0.0186 1182 9.2
13 1.43 44.2 915 0.012546 0.0236 898 1.8
14 1.58 44.9 678 0.015489 0.0291 702 3.6
15 0.48 29.8 16634 0.001394 0.0026 15722 5.5
16 0.63 33.2 7831 0.002478 0.0047 8035 2.6
17 0.79 37.3 4499 0.003872 0.0073 4774 6.1
18 0.2 0.95 42.9 2995 0.005576 0.0105 3120 4.2
19 ' 1.11 50.0 2198 0.007590 0.0143 2177 0.9
20 1.27 53.1 1565 0.009913 0.0186 1594 1.9
21 1.43 61.7 1276 0.012546 0.0236 1211 51
22 1.58 69.4 1048 0.015489 0.0291 947 9.6
23 0.48 38.6 21587 0.001394 0.0026 19829 8.1
24 0.63 43.9 10357 0.002478 0.0047 10134 2.2
25 0.79 48.8 5887 0.003872 0.0073 6021 2.3
26 0.95 54.9 3832 0.005576 0.0105 3935 2.7
27 0.25 1.11 61.6 2710 0.007590 0.0143 2746 13
28 1.27 69.8 2057 0.009913 0.0186 2011 2.3
29 1.43 79.9 1653 0.012546 0.0236 1528 7.6
30 1.58 89.2 1346 0.015489 0.0291 1195 11.2

Table 2. The measured mixing power requirements for air-dry hulled millet at different drum loading factors and
rotational speeds, the calculated and estimated dimensionless numbers, and relative deviations of the Power

numbers.

[t is important to note that the Fry, number determined in the dimensional analysis characterizes the
mixing. This type of modified dimensionless number has already been used previously for mixing liquids
[32], and solid granular materials ([2], [3]). However, for comparison with literature data and to

characterize the mixing, the following Froude number relationship has to be used:

L. (2mn)?2
Frz#. (26)

The resulting Froude number can be used to describe whether the particles are in arolling (Fr < 1), in

a fluidisation (Fr = 1) or in a centrifugal state (Fr > 1) during the mixing operation [33].

83



International Journal of Engineering and Management Sciences (IJEMS) Vol. 8. (2023). No. 2
DOI:10.21791/1JEMS.2023.2.9.

4. Results

Four unknowns need to be defined to create the Power equation for the mixing of hulled millet in
agitated drum. Several combinations of these unknowns can produce acceptable results, but their
correctness is questionable. This phenomenon could be avoided if more than one value were available
for all the parameters listed in Table 1. However, in this research a specific material for a given mixing
drum geometry is investigated. Thus, based on the literature and the nature of the measured data, some
parameters were fixed, and then the other parameters were iterated again with the nonlinear solver.
Table 3 summarizes the steps performed with the nonlinear solver. The determination coefficient, the
maximum deviation and the average relative error were determined for each case.

No. Ay A, As A, Max. §Np, % RE, % R%1
1 42.46 1.0401 -1.0865 -0.0729 14.0 6.2 0.99
2 44.84 1.0401 -1 -0.1594 14.0 6.2 0.99
3 44.83 1.04 -1 -0.1594 14.1 6.2 0.99
4 43.40 1.04 -1 -1/6 14.4 6.3 0.99

Table 3. The steps performed with the nonlinear solver. Grey background indicates the fixed values at each step.

As a first step, we ran the nonlinear solver without fixing any parameters, the results of which are shown
in row 1 of Table 3. Based on the research of Gijon-Arreortta et al. [3], the A3 exponent of the Cohesion
number was fixedto —1 and then the solver wasrun again. The result of this is shown in row 2 of Table
3. The valuable values of the considered statistical indicators have not been changed compared to the
previous step. Itcan be observed that the A, exponent of the filling degree did not change either, so this
exponent value was fixed to 1.04, which only changed the maximum deviation by 0.1%. Scargiali et al.
[34] applied a —1/3 exponent to A,, but they determined it in an unbaffled stirred tank during liquid
mixing under gas dispersion at a supercritical regime. In the present case, the exponent A, of the mixing
Froude number was fixed at —1/6, which is half the value determined during liquid mixing. Finally, after

running the nonlinear solver again for A4, the final dimensionless Power equation was created:
Np = 43.41L04N 1 Fr e, 27)

which canbe used to determine the Power number of hulled millet in the agitated drum. From the Power
number, the mixing power requirement of the hulled millet can be calculated under the following
conditions:

e air-dry material of ~8.9% moisture content on a wet basis,
« 048-<n<158-

Fig. 2 illustrates the Power number predicted by Eq. (27) as a function of the Power number calculated

from the measured data. The points' fitto the 45° straight line indicates that the estimated values are a
good approximation of the calculated values.
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Figure 2. The predicted Power number as a function of the calculated Power number.
Conclusions

The parameters that influence the mixing power requirement of agitated drum have been collected. A
dimensionless Power equation for the agitated drum was created with dimensional analysis using the
Power number, the drum loading factor, the Cohesion number and the mixing Froude number.
Measurements were performed to determine the mixing power requirement of air-dry hulled millet at
different drum loading factors and rotational speeds. Based on the measurement results and literature
data, and using a numerical nonlinear solver, the unknown parameters of the Power equation were
determined. The resulting dimensionless Power equation was characterized by statistical indicators,
which allow to compare the Power equation with other research in the future.

The Power number of hulled millet in agitated drum can be calculated using the obtained dimensionless
Power equation. Furthermore, it canbe used to determine the mixing power requirement for the choice
of mixing motor, without the need for time-consuming and costly laboratory measurements.
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