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Abstract. The effects of important process parameters on mechanical response during the
densification of an industrial food powder were investigated and important phenomena described
using the power rule. The factors studied had highly significant effects on mechanical response.
The effects of the models in predicting the behaviour of the system were also highly significant.
The findings are of relevance to processing and handling of food powders.
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INTRODUCTION

Important stages during compression or compaction of food powders include
particle reorganisation, elimination of fluid components and deformation of solid
elements to achieve compact forms (Faborode & O’Callaghan, 1986; Faborode, 1989).
These are accompanied by formation of bond bridges and relaxation of the compressed
matrix when the applied load is disengaged (Pietsch, 2005; Imole et al., 2014). Several
material or equipment and process factors influence mechanical response within the
matrix (Laskowski et al., 2005; Wongsiriamnuay & Tippayawong, 2015), some of which
interact considerably with one another (Halliday & Smith, 1997). Careful selection of
study factors can minimize the size and likelihood of unexplained events (Halliday &
Smith, 1997). Uniaxial compression of solid particulates is significantly influenced by
the depth of product charge (DiviSova et al., 2014) but the effects vary as the capacitive
dimensions of the product compression device. The aspect ratio relates depths of charge
to diameters of compression gadgets and provides basis for generalising observed effects
which may are considered when modelling powder compaction systems. Energy
expended during mechanical compaction of food powders is significantly absorbed by
the biomaterial as strain (Tomas, 2004; Suescun-Florez et al., 2015). Energy absorption,
however, cannot be a function, only, of stress intensity but also a function of the rate at
which strain occurs (Russell et al., 2014), which is of direct importance to process
efficiency. In uniaxial compression of food materials, the time rate of deformation may
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be employed to vary the rate of occurrence of strain (Bagley etal., 1988). In this study,
the effects of applied pressure, deformation rate and equipment aspect ratio on
mechanical response during the compaction of carob powder were investigated.

MATERIALS AND METHODS

Carob (Ceratonia siligua L.) powder, purchased in Czech Republic, was used for
this study. The material had average particle size of 0.5 mm and initial bulk density of
711.69 +26.55 kg m™.

The compression device used is of the
form shown in Fig. 1. It consists essentially
of a cylindrical die, a base plug and a
piston. The die bore diameter was 25 mm
and wall thickness was about 40 mm. The
base plug is of solid steel, 95 mm in
diameter and stepped inwards
diametrically, 25 mm from its top, 35 mm
from its circumference. The smaller end of
the base plug fits closely in the die. A solid
piston of 25 mm diameter, 200 mm long
compresses the material in the die. The
device was mounted on the ZDM 50
universal test rig and loaded compressively
through a hemispherical disc.

Measqres of the ftest ‘powder Figure 1. Schematic view of the product
corresponding to some aspect ratios were compression device showing the base plug,

fed into the die. The piston was inserted BP, compressed powder, CP, applied load,
and the device engaged with the load F, piston, P and cylindrical vessel, V.
source. Pressure was gradually applied on

the material until a maximum value was attained. Two pressure levels were selected as
maxima for this study, that is 50 and 100 MPa. The loads were applied at three rates of
deformation — 5.5, 10 and 14.5 mm min™'. Three aspect ratios (0.5, 1.0 and 1.5) were also
used, being ratios of the depths of material in the die to its bore diameter. These
constituted 18 treatments and, in three repetitions, 54 experimental runs — a full factorial
concept in a completely randomised design. The tests were conducted under a laboratory
condition of 20 °C. Data acquisition was done using the TiraTest software developed by
TIRA GmbH, Schalkau, Germany. Sample masses were acquired using the Kern 440—
35N (Kern & Sohn GmbH, Stuttgart, Germany) top-loading type weighing balance.

For any treatment condition, a degree of deformation of the compressed material is
attained. The highest value of deformation during each test was defined as d. (mm). For
an established initial depth of product, J, (mm) in the compression chamber, the amount
of strain induced, € (—), was determined using Eq. 1.

O
€=3, (1)
The rate of strain was obtained as the ratio of this strain to the time required to effect the
indicated deformation. The initial bulk density, ps (kg m™) of the batch of carob powder

CP

F
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used was determined as the mass of the sample of carob powder to the known volume
of a cylinder it fills, freely (Mohsenin, 1986). The initial volume of compressed material,
v (mm®) may be determined as (Eq. 2).

U=TX50 (2)

Upon compression, given an internal die diameter, D (mm), compressed material
volume, v. (mm) and a known product mass, m; (g), the bulk density of the compressed
material, p. (kg m™) may be determined using Eq. 3.

mS
Pc = v_c (3)
The volume of the compressed product, v. (mm?) was calculated using Eq. 4.
D?
v, = 7 X &f 4)

where Jr(mm) — final height of the compressed material in the compression chamber.

The energy required for an indicated amount of deformation may be determined as
the area below the force — deformation curve. This was computed numerically by
applying the trapezoidal rule (Eq. 5).

n=i—

Eezifﬂﬂgfﬁﬂxwﬂi—%> (5)
n=0

where n — subdivisions of the deformation axis or incremental deformation, as logged by
the test equipment (Akangbe & Herak, 2017); Fy — force required for a deformation,
o, (mm). With respect to the volume of material compressed, specific energy demand,
E, (J mm?) may be calculated as follows (Eq. 6).

E, = E/v (6)

The specific power requirement, E is therefore the time rate of expenditure of this
energy, determinable using Eq. 7.

£ ="/, (7)
where ¢ — deformation time, s.
Numerical computations and graphical plots were done in MS Excel. Test data were
subjected to the analysis of variance using the completely randomised design model in
Genstat. Means were compared using Duncan’s multiple range test.

RESULTS AND DISCUSSION

The main effects of pressure, deformation rate and aspect ratio on all mechanical
response parameters were highly significant (P < 0.001), except for the effect of the
levels of pressure considered on the rate of strain (P = 0.493) and those of the time rate
of deformation on specific energy (P = 0.08). Significant effects were also observed at
the first levels of interaction of the factors studied (Table 1). For instance, except for the
effects on deformation and strain, which were not significant (P = 0.387 and P = 0.194,
respectively) the interaction of the time rate of deformation and aspect ratio had highly
significant effects (P < 0.0029) on all mechanical response parameters. Except for the
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rate of strain, no significant effects on response parameters were attributable to the
second level of interaction of the parameters studied.

Table 1. Effects of deformation rate and aspect ratio on response variables

Response Source of variation

parameters p Ty T, p X1y pXxr, TgXT, DPXTrgXry
Deformation, 6 0.001**  0.001** 0.001** 0.011*  0.001** 0.387"  0.028*
Strain, € 0.001** 0.001** 0.001** 0.066™  0.001** 0.194™  0.158™

Strain rate, € 0.493™  0.001** 0.001** 0.901™  0.658™  0.001** 0.884™
Sp. energy, £, 0.001** 0.08™ 0.001** 0.003 0.001** 0.001** 0.001**
Sp. power, E 0.001** 0.001** 0.001** 0.001** 0.001** 0.001** 0.349™
BDCM, p. 0.001** 0.001** 0.001** 0.329™  0.317"  0.029*  0.277™
Gain, G, 0.001** 0.001** 0.001** 0.329™  0.317  0.029*  0.277™

ns =not significant at the 5% level; * = significant (at the 5% level); ** =highly significant (at the
1% level).

Figure two shows the force—deformation details of compressed powder given a
maximum applied pressure of 100 MPa. The profiles are curvilineal, typical of
biomaterials (Blahovec, 1982; Yan & Barbosa-Céanovas, 1997). Packing improved with
incremental application of compressive load (Raji & Favier, 2004). Higher amount of
deformation was occasioned by an increase in pressure from 50—100 MPa (Table 2). The
higher the pressure, the higher will be the deformation that may be achieved. Higher
rates of deformation resulted in increased deformation. These effects were, however,
similar at deformation rates of 10 and 14.5 mm min™' (Table 3). As the aspect ratio
increased, deformation also increased (Table 4) and was significantly higher with every
increase in the aspect ratio.

50 +

40 - @ Taco.5), 5.5 mm min

...... B Fac1.09s 55 mm min~!

—_~ .

Z 30 4 =B a5y, 9.5 mm minT?

S5

(0] —%— raco-5), 10.0 mm min™*

o

E 20 A —%— rag1.05, 10.0 mm min™"
—©—"rag1-5), 10.0 mm min™*
— -A—"rag-5), 14.5 mm min™*

10 - .
.............. ra(l-O); 145 mm mln—1
—=— rac1-5), 14.5 mm min™*
0

10 15 20 25
Deformation (mm)

Figure 2. Force — deformation profiles of carob powder at applied pressure of 100 MPa, aspect

ratios (7,) of 0.5, 1.0 and 1.5 and deformation rates of 5.5, 10 and 14.5 mm min™..
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More strain was induced at higher pressure (Table 2) and at higher rates of
deformation (Table 3); although similar amounts of strain were induced at 10 and
14.5 mm min'. The highest amount of strain was obtained with the least aspect ratio
(Table 4).

Table 2. Main effects of applied pressure on mechanical response parameters

Applied pressure, p (MPa)

Response Parameters 50 100
Deformation, § (mm) 10.5° 11.4°
Strain, € (-) 0.427" 0.465°
Strain rate, € (S) 0.0045° 0.00812
Specific energy, E, (MIm™) 4.70° 4712
Power, E (kJm>S™) 49.7° 83.2
Bulk density of compressed material, p. (kgm™) 1246.0° 1337.0%
Gain in bulk density, G, (%) 75.1° 87.9°

Mean values are compared row-wise. Similar alphabets indicate homogeneous subsets. Significant effects
are valid at the 5% level of significance.

Table 3. Effects of the time rate of deformation on mechanical response

Deformation rate, r; (mm min’')

Response Parameters 5.5 10 14.5
Deformation, ¢ (mm) 11.69° 12.11° 12.212
Strain, € (-) 0.4728° 0.4909* 0.4968*
Strain rate, € (S') 0.0045°¢ 0.0081° 0.0117¢
Specific energy, E, (MIm™) 6.924* 6.794° 6.9242
Power, E (kJm>S™) 65.6° 108.8° 162.3%
Bulk density of compressed material, p. (kgm™) 1361° 14292 1416°
Gain in bulk density, G, (%) 90.8° 100.3% 98.5¢2

Mean values are compared row-wise. Similar alphabets indicate homogeneous subsets. Significant effects
are valid at the 5% level of significance.

Table 4. Effects of aspect ratio on mechanical response

Aspect ratio, 7, (-)

Response Parameters 0.5 1.0 1.5
Deformation, ¢ (mm) 6.46°¢ 11.67° 17.882
Strain, € (-) 0.5170° 0.4667¢ 0.4767°
Strain rate, € (S) 0.0132? 0.0066° 0.0044¢
Specific energy, E, (MJm™) 7.352 6.85° 6.44¢
Power, E (kJm>S™) 183.32 95.2b 58.4¢
Bulk density of compressed material, p. (kgm™) 15342 13740 1299¢
Gain in bulk density, G, (%) 115.0* 92.6° 82.1¢

Mean values are compared row-wise. Similar alphabets indicate homogeneous subsets. Significant effects
are valid at the 5% level of significance.

Volumetric strain — estimated as axial strain in constrained configurations — may

be expressed in direct proportion to increments of pressure (Raji & Favier, 2004).
Void capacity is lost progressively, and is strain dependent; there is evidence that this
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effect is pulsatile and accounts for two notable phases during compaction (Ozbay &
Cabalar, 2016).
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Figure 3. Rates of strain in the compressed powder as functions of the aspect ratio at 50 and
100 MPa and deformation rates of 5.5, 10.0 and 14.5 mm min™'.

Non-recoverable strain is a consistent component of induced strain (O’Dogherty,
1989). Higher rates of strain were occasioned at higher deformation rates and lower
aspect ratios (Tables 3 and 4). This relationship is shown in Fig. 3. The rate of
deformation is an important determinant of the rate of strain. High rates of strain
have been associated with stiffer compacts (Sarumi & Al-Hassani, 1991). The strain
rate, € (s”1) may be expressed as a power function of the equipment’s aspect
ratio, 7, (-), at every level of deformation (Table 5).

€= kr? (8)

where k — proportionality constant, s™1; n — exponential constant, (-).

Table 5. Estimated parameters of strain rate and specific power as functions of the aspect ratio

Pressure Deformation rate Strain rate, € (s™1) Specific power, E (Jm~3s™1)
(MPa) (mmmin™")  k(s°)) 1n(-) R? k(s™)  n() R?
50 5.5 0.0037  -0.9990 1.0000 38.7910 -1.0680 0.9928
10.0 0.0066  -0.9930 1.0000 66.3140 -1.0880 0.9968
14.5 0.0096  -0.9960 1.0000 96.5020 -1.1380 0.9967
100 5.5 0.0037  -0.9980 1.0000 64.8650 -1.1430 0.9990
10.0 0.0066  -0.9930 1.0000 112.1500 -0.9400 0.9970
14.5 0.0096  -0.9900 1.0000 167.8900 -0.9460 0.9906

Increasing the applied pressure raises energy expenditure (Table 2), as does
lowering the aspect ratio (Table 4). Energy demand decreased per unit volume of
material compressed as aspect ratio became larger. The time rate of expenditure of
energy increased as deformation rate increased (Table 3) and as the aspect ratio was
lowered. Specific power requirement is therefore lower at lower rates of deformation
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and higher aspect ratios, indicating patterns for energy efficiency during powder
compaction. Similar results were reported for related densification systems (Akangbe et
al., 2018). There are indications (Mittal & Puri, 2005) that rate dependent compression
response is non-linear. Considerable amount of the energy required for compaction is
absorbed as plastic deformation (Kulig et al., 2015), translocation of product particles
being the dominant initial activity. Fluid pressure builds up within the matrix and is lost,
repeatedly over the span of strain. Two positions are reported on fluid pressure build up
and loss during uniaxial compression of food materials namely, repeated (Ozbay &
Cabalar, 2016) and progressive (Stasiak et al., 2012). A fourth element of energy is
responsible for relaxation in the matrix after compaction. Specific power requirement
was observed to be a power function of the aspect ratio (Eq. 9), at all rates of deformation

(Fig. 4)
E =krl (9)

where E —time rate of expenditure of energy, Jm~3s™!; r, —aspect ratio, (-);

k — constant of proportionality, s~1; n — exponential constant, (-). Parameters of this
equation are presented in Table 5, for the different rates of deformation considered. The
power law has been used to describe similar relationships such as that between the ratio
of in-die to relaxed material density and aspect ratio (O’Dogherty & Wheeler, 1984;
Kronbergs et al., 2013).
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Figure 4. Specific power requirement as a function of the aspect ratio, 50 and 100 MPa of applied
pressure and deformation rates of 5.5, 10.0 and 14.5 mm min-'.

The degree of compaction of carob powder was similar at deformation rates of 14.5
and 10.0 mm min" but higher than bulk density achieved at 5.5 mm min™'. Applied
pressure and aspect ratio were better determinants of gain in bulk density than the time
rate of deformation. Bulk density was significantly higher in material compressed at
100 MPa than those compressed at 50 MPa and represented 88% gain at applied pressure
of 100 MPa over initial values, compared to gains of 75% at 50 MPa.
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Given associated bulk moduli (Johnson et al., 2013), applied pressure considerably
determines achievable deformation, with positive correlation to energy requirement for
resulting compacts (Adapa et al., 2013). Powder compacted at the least aspect ratio
(Table 4) had the highest value of bulk density, which was 1,534 kg m. Gains in bulk
density increased significantly as aspect ratio was lowered.

CONCLUSIONS

Effects of applied pressure, deformation rate and aspect ratio on mechanical
response during the compaction of carob powder were investigated. Main effects of each
factor had highly significant effect on mechanical response. Strain rate and specific
power requirement were found to be power functions of the aspect ratio at all rates of
deformation investigated. Whereas achievable degrees of compaction are higher at lower
aspect ratios, energy use efficiency improves with larger aspect ratios. These findings
are of direct relevance to processing of food powders into preferred product forms as
well as their handling, transport and storage.
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