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ENERGY CONSUMPTION ANALYSIS ON ENERGETIC
PLANT BIOMASS GRINDING USING HAMMER MILLS

Mihai CHITOIU?, Gheorghe VOICU?Y", Georgiana MOICEANU?, Gigel
PARASCHIV?, Mirela DINCA?, Valentin VLADUT?, Paula TUDOR!

Harvest pre-grinded biomass comminution process using hammer mills has a
wide range of influencing factors. Both grinded material physical-mechanical
properties (density, moisture, volume mass) as well as grinding equipment
constructive and functional parameters can be outlined.

For grinding Miscanthus, willow respectively, some process parameters were
modified, and necessary grinding power and grinding degree have been determined.
For obtained experimental data, the /7Theorem in Dimensional Analysis was applied
in order to identify power dependency and for grinded material dimension with other
process parameters (rotor speed, feeding flow, sieve orifice dimensions).

Keywords: biomass comminution, hammer mill, miscanthus, willow, grinding
process, dimensional analysis

1. Introduction

Current situation regarding global warming phenomenon is a global concern
and oil use is regarded as the main factor for the greenhouse effect, a fact which has
led scientific communities to research alternative sources of energy, with a high
accent on renewable energy sources.

Biomass is commonly regarded as a future substitute, or at least a combined
solution, for many oil using applications [1-4].

Biomass is the biggest source of renewable energy in the EU and is expected
to make a significant contribution to the 20% EU renewable energy target by 2020.
Given the fact that oil is a fast depleting natural resource, efforts to better
understand and apply fuels based on biomass, efforts across the globe for cutting
edge researches on the subject are being implemented.

Biomass comminution researches around the world are mainly focused on
herbaceous biomass and experimental tests are realized using different mill types,
like cutting, knife or hammer mills [5].
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Mechanical preprocessing is the first step in taking biomass, typically in
baled format, or woody feedstocks in log or slash format, from the harvesting
location and chopping, shredding, grinding, chipping or other means of size
reducing the material in preparation to supply the feedstock for a pelletizing factory.
However, current understanding accepts that the characteristics of raw biomass are
unable to meet the requirements of both logistic and fuel conversion systems and
must be upgraded prior to delivery at the bio refinery plant gate [6]. Biomass
particle shape data is crucial in mill classifier and burner design and optimization,
but there is only limited experimental data available in literature [7].

Hammer mills are the most popular equipment used for bioenergy
application researches, and biomass is often densified to improve transportation,
conveying, and comminution in the power stations, densification being a key factor
for improvement, given the vast amount of energy this process is consuming [8].

Optimal grinder configuration for maximal process throughput and
efficiency is strongly dependent on feedstock type and properties, such as moisture
content. Tests conducted using a HG200 hammer grinder indicate that tip speed,
screen size and optimizing hammer geometry can increase grinder throughput as
much as 400% [9].

Kwande et al., following specific tests, showed that by comparing mill
characteristics with the breakage characteristics of the feed material, and the
performance of different mills, different operating states can be evaluated. The
comminution behavior of a mill is characterized by the frequency of stress events
and by the stress energy acting at each stress level [10].

Optimizing hammer mills work flow is also researched in [9], using five
hammer types, for grinding three types feedstock which contains miscanthus,
similar to our case. A general methodology presentation in mechanical processing
is offered and afterwards experimental results which show an enhancement on
grinding through hammer mill configuration optimization or through grinding with
an assisted pneumatic hammer and enhancing the control on particle dimensions
and particle size distribution through adequate selection of grinding regime
parameters are presented. Grinding equipment optimum configuration for a
maximum processing capacity and maximum efficiency, according to [9], largely
depends on the type of used material and its properties, including moisture content.
Applied tests using a HG200 hammer mill indicated that choosing the right
peripheral speed, dimension of sieve orifices and hammer geometry can lead to a
rise in grinded material quantity of over 400%. No mentions of consumed energy
forecast or of optimal parametrical combinations for minimizing energy
consumption were made.

Other research results regarding working process, biomass grinding energy
consumption, and quality indices of hammer mills process are presented in papers
[11-15].
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In the present paper, the work process of a MC-22 hammer mill, [16], was
analyzed, using dimensional analysis. This type of data processing is a method of
physical problem simplification through dimensional homogeneity application in
order to reduce the number of relevant variables in the grinding process [17]. On
the basis of dimensional analysis, the rotor activation power equation in relation to
other process parameters was determined, and resulted values were compared with
experimental results obtained in different work conditions, for two types of
biomass.

2. Material and method

Experimental results that were used for dimensional analysis took place at
INMA Bucharest. Miscanthus and willow biomass was used, harvested in chopped
form from the institute’s experimental field, with special croppers. This biomass
was subjected to grinding process with the help of MC-22 hammer mill, [16], with
articulated hammers, with 500 mm rotor length, hammer distribution diameter $220
mm, and grinding chamber diameter of $500 mm. The sieve used in experiments
was interchangeable, with orifices of 25, 16, 10 and 7 mm for miscanthus biomass
and 16, 10 and 7 mm for willow biomass. After harvesting miscanthus chips had an
average length of approximately 125 mm, while willow particles had an average
dimension of 25-47 mm (initial dimensions prior to grinding).

Also, material moisture had an average value of 9.74-11.05% for
Miscanthus giganteus biomass and 10.67% for willow biomass.

During experimental determinations mill functional parameters were
modified: sieve orifice dimension (¢7 mm, ¢ 10 mm, ¢16 mm, $25 mm), rotor work
speed (3000 rpm, 2850 rpm, 2700 rpm, 2550 rpm, 2400 rpm), as well as hammer
types that were used: hammers with one-edge corner, two-edge corners, three edge
corners and oblique corners (at 60°).

The quantity of material used in experiments was of 5 kg for Miscanthus,
and 5,4 and 3 kg for willow, probe time being resulted from experiment (when the
entire quantity of material was finished). On the basis of these values material
feeding flow was calculated. Obtained centralized results for experimental
determinations, both for miscanthus and willow, are presented in table 1 and table 2.

For theoretical study we applied dimensional analysis theory, with the
purpose of establishing a mathematical model for the grinding process. Through
this analysis we followed necessary power prediction for mill activation, both for
Miscanthus biomass, as well as for energetic willow. Mathematical modelling was
realized by applying the Buckingham IT Theorem [18,19].
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Table 1

Data obtained during experimental tests for Miscanthus Giganteus

Miscanthus Giganteus

= L . QL
2 c < | 8E 2 c < | S E
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2] O e) wn 0} o
Hammer with one-edge corners Hammer with three-edge corners
25 3000 | 0.144 | 13.31 | 17.65 25 3000 | 0.294 | 17.54 | 23.08
25 2850 | 0.185 | 13.17 | 14.29 25 2850 | 0.357 | 14.69 | 21.00
25 2700 | 0.214 | 11.69 | 20.17 25 2700 | 0.312 | 9.54 22.01
25 2550 | 0.149 | 8.02 20.54 25 2550 | 0.277 | 9.74 23.64
25 2400 | 0.128 | 7.47 23.29 25 2400 | 0.294 | 11.09 | 22.02
16 3000 | 0.224 | 9.65 18.04 16 3000 025 | 16.08 | 14.22
16 2850 | 0.227 | 9.28 16.65 16 2850 | 0.151 | 14.19 | 16.15
16 2700 | 0.135 | 6.55 16.80 16 2700 | 0.208 | 12.39 | 18.07
16 2550 | 0.121 |5.21 17.24 16 2550 | 0.217 | 12.18 | 16.62
16 2400 | 0.128 | 7.13 17.28 16 2400 | 0.166 | 11.30 | 13.07
10 3000 | 0.217 | 12.96 | 8.56 10 3000 | 0.161 | 16.59 | 9.53
10 2850 | 0.192 | 9.96 8.76 10 2850 | 0.147 | 14.65 | 9.64
10 2700 | 0.166 | 7.96 8.81 10 2700 | 0.142 | 13.75 | 9.50
10 2550 | 0.166 | 10.74 | 10.94 10 2550 | 0.156 | 10.87 | 10.07
10 2400 | 0.116 | 7.64 8.92 10 2400 | 0.125 | 12.21 | 10.14
Hammer with two-edge corners Hammer with oblique corners
25 3000 0.25 |15.81 | 17.92 25 3000 | 0.263 | 13.62 | 22.33
25 2850 0.25 |13.03 | 1881 25 2850 | 0.166 | 12.17 | 23.37
25 2700 | 0.208 | 11.54 | 16.31 25 2700 | 0.161 | 10.64 | 24.17
25 2550 | 0.147 | 1154 | 21.03 25 2550 | 0.166 | 14.48 | 24.81
25 2400 0.2 11.30 | 21.26 25 2400 | 0.178 | 13.02 | 23.86
16 3000 | 0.172 | 19.70 | 15.48 16 3000 | 0.312 | 13.98 | 14.00
16 2850 | 0.1928 | 19.64 | 14.85 16 2850 | 0.238 | 12.47 | 16.72
16 2700 | 0.166 | 12.81 | 15.87 16 2700 | 0.294 | 11.22 | 20.00
16 2550 | 0.142 | 1155 | 15.62 16 2550 | 0.208 | 14.37 | 18.26
16 2400 | 0.166 | 8.07 16.68 16 2400 | 0.125 | 8.81 17.45
10 3000 | 0.185 | 17.59 | 8.70 10 3000 | 0.192 | 13.84 | 11.04
10 2850 | 0.142 | 10.34 | 8.95 10 2850 | 0.151 | 13.87 | 11.17
10 2700 | 0.192 | 16.96 | 9.42 10 2700 | 0.138 | 15.86 | 10.71
10 2550 | 0.166 | 11.18 | 9.45 10 2550 | 0.111 | 11.15 | 10.85
10 2400 | 0.116 | 11.22 | 10.63 10 2400 | 0.108 | 9.61 11.10
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Data obtained during experimental tests for Salix viminalis

Table 2

Salix viminalis

§ c =N § E E c - < é E
E_ S sp| E2| S| Eo S5 s | E2| &S
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3 & S8 | 25| 3 & S& | 2§
(%) 5T (7] (5 ©
Hammer with one-edge corners Hammer with three-edge corners
16 3000 0.385 | 11.73 | 10.40 16 3000 0.4 |13.10 |9.24
16 2850 0.417 | 11.82 | 9.40 16 2850 0.333 | 11.19 | 10.27
16 2700 0.385 | 10.32 | 10.76 16 2700 0.333 | 10.54 | 9.85
16 2550 0.313 | 12.77 | 10.56 16 2550 0.286 | 8.29 10.95
16 2400 0.278 | 9.09 10.80 16 2400 0.308 | 6.43 11.51
10 3000 0.333 | 14.27 | 8.02 10 3000 0.286 | 13.59 | 7.41
10 2850 0.385 | 15.48 | 7.56 10 2850 0.267 | 12.62 | 8.05
10 2700 0.417 | 14.87 | 6.73 10 2700 0.286 | 7.98 8.29
10 2550 0.313 | 1423 | 7.89 10 2550 0.286 | 8.47 7.81
10 2400 0.2]9.91 9.20 10 2400 0.267 | 10.81 | 8.21
7 3000 0.417 | 17.07 | 6.50 7 3000 0.267 | 15.40 | 5.30
7 2850 0.238 | 13.72 | 5.71 7 2850 0.267 | 13.64 | 6.10
7 2700 0.417 | 12.81 | 5.92 7 2700 0.444 | 11.64 | 5.83
7 2550 0.295 | 12.44 | 5.94 7 2550 0.286 | 11.11 | 6.07
7 2400 0.357 | 9.70 5.19 7 2400 0.191 | 7.64 6.22
Hammer with two-edge corners Hammer with oblique corners
16 3000 0.357 | 15.73 | 9.51 16 3000 0.231 | 13.72 | 11.65
16 2850 0.417 | 13.80 | 9.75 16 2850 0.25 | 10.24 | 11.56
16 2700 0.357 | 10.57 | 9.82 16 2700 0.25 | 8.75 11.94
16 2550 0.333 | 8.53 11.62 16 2550 02728 11.35
16 2400 0.263 | 7.55 11.16 16 2400 0.176 | 6.03 9.77
10 3000 0.556 | 18.96 | 7.36 10 3000 0.333 | 12.28 | 7.57
10 2850 0.500 | 16.71 | 7.56 10 2850 0.375 | 11.46 | 8.52
10 2700 0.455 | 13.26 | 7.65 10 2700 0.333 | 8.98 7.50
10 2550 0.357 | 12.84 | 7.80 10 2550 0.333 | 7.97 8.87
10 2400 0.357 | 10.13 | 7.59 10 2400 0.214 | 7.61 9.31
7 3000 0.500 | 16.72 | 5.98 7 3000 0.333 | 11.31 | 6.07
7 2850 0.500 | 17.54 | 5.40 7 2850 0.3|8.28 6.59
7 2700 0.500 | 14.82 | 5.55 7 2700 0.273 | 9.51 6.43
7 2550 0.333 | 1591 | 5.84 7 2550 0.231 | 9.74 6.42
7 2400 0.25|11.26 | 6.10 7 2400 02| 724 5.68
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According to this theorem, the number of independent criteria from the criterial
function is given by the difference n-r, where n is the dimensional variables and
constants number, and r is the dimensional matrix class, which is equal to the number
of fundamental sizes on which analysis variables can be expressed. The number of
fundamental sizes is relatively small and depends on the phenomenon complexity.

Taking into consideration the experimental researches realized on the
hammer mill working process, in the theoretical study we considered a number of
5 main parameters which influence the process: consumed power during working
process time P [kg-m?/s?], particle dimension after grinding dm [m], hammer mill rotor
speed, n [s™Y], hammer mill sieve orifice dimension Ds [m], feeding flow Q [kg/s].

Implicit function which dimensionally describes the grinding process,
where all terms are homogeneously dimensional in relation to the fundamental sizes
from International System (L, M, T) is:

f(P,Ds,Q,n,dy) =0 @)

We considered the group (P, D, Q) as determinant sizes, and on the basis
of theorem I, we determined non-dimensional compounds (similitude criteria) for
hammer mill grinding process, for physical sizes n and dm :

n

M = s g @

m,=—"2m (3)

- ! ! !
2 P*1Dg%2Q*3

where exponents x;, x5, x3, X1, X3, X3, Were determined under the condition that
I1, and I1, must be non-dimensional, in relation to the fundamental sizes L (length),
M (mass), and T (time). So, the dimensional matrix of the five sizes in relation to
the fundamental sizes L, M, T is given below:
X1 X2 X3

P Ds Q n dm
L 2 1 0 0 1
M 1 0 1 0

T -3 0 -1 -1

Under the condition that 1, and 1, must be non-dimensional in relation to
the three fundamental sizes, the following equation systems were obtained:

2x1 + Xy = 0
X1 + X3 = 0 (4)
—3x1 - .X3 = _1
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le + xZ S 1
X1 + X3 = 0 (5)
—3x1 — X3 = 0

Equation system for each parameter was resolved, then non-dimensional
compounds became:
nDsQ/?

Hl = p1/2 (6)
dm
I, = Dy (7)

For equations (6) and (7) regarding non-dimensional compounds, criterial
equation under implicit form is:

DsQY2 dp,
(I, 1Ty) = 0; ¢ (25—, 2) = 0 (8)

) DS
Criterial equation under implicit form can cover other non-dimensional

factors, like biomass moisture or other physical properties (non-dimensional). So,
criterial equation becomes:

I = k”za1 9)
meaning, that for this equation, solutions under the form of power produce is
searched:

nDSQl/z _ dm aq
e = k() (10)
from which it results into:
1/2 — kno3p. (4m)
PY2 = knQzD; (22) (11)
meaning: ,
—2a
P = k™n?QD,* (=) (12)
thus, it can be expressed:
dm —2aq

where Kk, k1 and oy are coefficients that can be experimentally determined by direct
recorded data regression analysis, and ki is expressed as:

k, = k*n?QD,* (14)
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Grading -20.= &, equation (13) becomes:

a
P =k (%) (15)
relation which can be used in regression analysis
Applying the same principle, from the criterial equation under implicit form,
we can say:
My = k*(11;)*2 (16)

Thus, dependency relation of grinded particle dimension in relation to sieve
orifice dimension is obtained:

dm

= k()" (17)
meaning:
d, = k' Dy ("2 ya, (18)
m s\ p1/2
or, getting back:
dm = k™D (I1;)%2 (19)
dm = ko (I1)* (20)
where: k, = k™D (21)

and in which k™, kz, a, coefficients are constant coefficients, respectively exponents
determined through regression analysis based on experimental data.

The IT Theorem states that if regression analysis does not lead to R?
correlation coefficients with sufficiently high values, then the criterial equation
under explicit form must be searched under a different form than power product.

3. Results and discussion

Experimentally obtained results regarding energetic biomass grinding are
presented in tables 3 and 4. On the basis of table values, experimental power
regression analysis on grinding necessary for the process according to Il; was
realized, and also ki and a1 coefficients were determined, from relation (15), for
both biomass types and four hammer types used during experiments.

Thus, experimental coefficients of the rotor activation power equation for
willow and Miscanthus, are presented in table 3.

dm\ ¢
P=k (D—) (22)

On the basis of the same calculus principle, using experimental coefficients,
experimental coefficients of explicit equation (15) for grinded particle dimensions
were determined.
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Table 3
Obtained experimental coefficients for rotor activation power equation

No. Biomass type Hammer type k1 a o1
1 A 4.10° -0.911 | 0.4555
2 Miscanthus giganteus B 13618 0.008 -0.004
3 C 54204 0.21 -0.105
4 D 177008 | -0.382 | 0.191
5 A 891.74 0.398 | -0.199
6 o B 864.74 0.412 | -0.206
7 Salix viminalis C 32959 | 0.172 | -0.086
8 D 1472 -0.273 | 0.1365

Grinded particle average size variation graphs were drawn, and regression
analysis was again applied, using power type relation for both biomass types.
Experimentally determined coefficients are presented in table 4.

dy, = ky(I1)% (23)

Table 4
Obtained experimental coefficients for grinded particle dimension equation

No. Biomass type Hammer type k2 K a2 R?
1 A 83.21 | (3.33-8.32)-10° | 0.737 0.779
2 Miscanthus B 171.66 | (2.87-7.17)-10° | 0.947 0.689
3 giganteus C 87.183 | (5.45-8.72):10° 0.731 0.841
4 D 147.46 | (3.49-1.47)-10° | 0.878 0.840
5 A 58.827 | (3.68-8.40)-10° | 0.607 0.884
6 Salix B 43.943 | (2.75-6.28):10% | 0.508 0.937
7 viminalis C 66.022 | (4.13-9.43)-10° | 0.626 0.916
8 D 57.801 | (3.61-8.26)-10° | 0.544 0.780

Just like we showed before, ki (from relations 14 and 22) depends on
hammer rotor revolution speed, material feeding flow and sieve orifice diameter,
directly proportional varying with the square of revolution speed and sieve orifice
sizes, and just proportional with feeding flow. With values of ki, values of k were
calculated, with results between (3.84-14.66)-10° for type A hammer, between
(0.16-0.83)-102 for type B hammer, between (0.37-1.71)-103, for type C hammer
and between(0.66-3.19)-10°%, for type D hammer, for Miscanthus biomass grinding.
For willow biomass grinding k values were between (0.60-1.85)-10? for type A,
hammer. between (0.60-2.10)-10?, for type B hmmer, between (3.58-14.85)-102,
for type C hammer and between (4.62-14.17)-102, for type D hammer (see table 3).
Also, exponent a leads to determining 1, depending on grinded material
characteristics (particle dimensions), but also by initial material particles, with high
variation.
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We can see that the smallest influence of k, on grinding necessary power is
found in type B hammers, in the case of Miscanthus biomass, and type A hammers,
in the case of willow biomass.

In figure 1 grinded particle dimension variation curves in relation to I non-
dimensional compound are presented, obtained through regression on the basis of
relation (22) and experimental data, for willow biomass. Obtaining a relatively high
value correlation coefficient can be seen, which solidifies proposed model validity.

It is also observed (from the graphs and in Table 2) that the smallest
dimensions of the crushed particles are obtained in the case of the two-edge
hammers, followed by the one- and three-edge hammers, regardless of the
revolution speed, the material feed rate and the diameter of the orifices of the sieve.
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Fig.1 Grinded biomass particle dimension variation with IT; non-dimensional compound

Same as before, ko coefficient (from relations 20, 21 and 23) depends on
sieve orifice dimensions, being directly proportional with them. Knowing values of
ko, values of k* were determined (rel.21), and were between (3.33-8.32)-10° for
type A hammers, (2.87-7.17)-103, for type B hammers, (5.45-8.72)-103 for type C
hammers and between (3.49-1.47)-10° for type D hammers, in the case of
Miscanthus biomass and between (3.68-8.40)-10° for type A hammer, (2.75-
6.28)-10° for type B hammers, (4.13-9.43)-10° for type C hammers and between
(3.61-8.26)-102 for type D hammers, in the case of willow biomass. We can see that
sieve orifice dimensions have a strong influence on k*, also on grinded particle
dimension, dm. Regarding exponent o Size, it has a smaller influence as its value
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gets closer to 1, which happens in the case of type B hammers, for Miscanthus
biomass (see table 4).

Dimensional analysis theory was also applied for many variants, with 6 and
7 main parameters, that influence hammer mills working process, but obtained
results were not the anticipated ones at the start of the non-dimensional calculus.

4. Conclusions

Physical processes with multiple influencing factors, which can’t always be
quantified, can be theoretically modelled through dimensional analysis and
similitude theory.

Our paper analyzed, both experimentally, as well as theoretically, hammer
mills working process, used for Miscanthus and willow biomass grinding, using
special harvesting pre-grinding machines.

Both experimental, as well as theoretical observations, prove that the main
influence on hammer mill energy consumption is given by hammer rotor speed,
power rising proportionally with its square, but also feeding flow for which
necessary power varies also proportionally, as well as sieve orifice diameter, as it
can be seen from non-dimensional compound relations determined in the paper.

Also, mathematical model exponents and coefficients, presented for
grinding necessary power and grinded particle dimensions, depend greatly on the
constructive hammer type in hammer mills, meaning the number of edge corners
with which they attack material particles during working process.

Due to hammer mill process parameters variability we proposed
mathematical expression for power and grinded particle dimensions (as grinding
estimating indices) on the basis of the mathematical model resulted from
dimensional analysis of process parameters and experimental data synthesized in
the paper.

The mathematical model proposed in this paper can be used for fast
prediction of grinding miscanthus and willow biomass energy consumption, when
the initial and final particle dimensions are known. Moreover, it can constitute the
base of further developing of other mathematical models which take into
consideration more parameters that interfere in the grinding process using hammer
mills.

5.Aknowlwdgements

This work was  partially supported Dby the strategic  grant
POSDRU/159/1.5/S/137070 (2014) of the Ministry of National Education,
Romania, co-financed by the European Social Fund — Investing in People, within
the Sectoral Operational Programme Human Resources Development 2007-2013.



128 M. Chitoiu, Gh. Voicu, G. Moiceanu, G. Paraschiv, M. Dinca, V.Vladut, P. Tudor

REFERENCES

[1]. H.S. Ali, AH.M.A. Adaa, W.L. Lin, M.A. Youssouf, “Biomass energy consumption and
economic growth: panel data evidence from ASEAN member countries”, GeoJournal, 2017,
pp. 1-10

[2]. C.A. Garcia, G. Hora, “State-of-the-art of waste wood supply chain in Germany and selected
European countries”, Waste Management, vol. 70, 2017, pp. 189-197

[3]. C.R.R.Pleguezuelo, V.H.D. Zuazo, J.R.F. Martinez, Woody biomass for sustainable bioenergy
harvesting, Renewable Energy and Sustainable Development, Chapter 8, 2015, pp. 131-149

[4]. E. Girelli, M. Ragazzi, E. Malloci, E.C. Rada, L. Paternoster, “Agricultural biomass
availability for energy conversion in Italy”, UPB Scientific Bulletin, Series C, vol.74, no.1,
2012, pp. 11-18

[5]. P. Adapa, L.G. Tabil, G. Schoenau, “Grinding performance and physical properties of non-
treated and steam exploded barley, canola, oat and wheat straw”, Biomass and Bioenergy, vol.
35, no 1, pp. 549 - 561

[6]. C.Hamelinck, R. Suurs, A. Faaij, “International bioenergy transport costs and energy balance”,
Biomass Bioenergy, vol 29, no 2, 2005, pp. 114 - 134

[7]. A. Kwade, “Mill selection and process optimization using a physical grinding model”, Elsevier
International Journal of Mineral Processing, vol 74 supplement, December 2004, pp. S93 —
S101

[8]. L.A. Rosendahl, C. Yin, S.K. Keer, K. Friborg, P. Overgaard, “Physical characterization of
biomass fuels prepared for suspension firing in utility boilers for CFD modelling”, Biomass
Bioenergy, vol 31, 2007, pp. 318-325

[9]. I. Obernberger, G. Thek (Eds.), Wood pellet combustion technologies, The pellet handbook,
Earthscan Ltd, 2010, pp. 229 — 231

[10].N. Yancey, C.T. Wright, T.L. Westover, “Optimizing hammer mill performance through screen
selection and hammer design”, Biofuels., vol. 4, no. 1, 2013, pp. 85 -94

[11].V.S.P. Bitra, A.R.Womac, C.lgathinathane, P.l. Miu, Y.T.Yang, N. Chevanan, S. Sokhansanj,
“Comminution energy consumption of biomass in knife mill andits particle size
characterization”, ASABE Meeting Presentation, 2009, paper no.: 095898

[12].Z. Ghorbani, A.A.Masoumi, A.Hemmat, “Specific energy consumption for reducing the size of
alfalfa chops using a hammer mill”, Biosystems Engineering, vol. 105, 2010, pp. 34-40

[13].J. Kwon, H. Cho, D. Lee, R. Kim, “Investigation of breakage characteristics of low rank coals
in a laboratory swing hammer mill”, Powder Technology, vol. 256, 2014, pp. 377-384

[14].1. Drocas, O. Marian, R. Ovidiu, A. Molnar, M. Muntean, “Determination of specific energy
consumption and grain size for corn grinding using the hammer mill MB7.5”, Bulletin
USAMV series Agriculture vol. 71, iss.2, 2014, pp.381-382

[15]. Z. Miao, T.E. Grift, A.C. Hansen, K.C. Ting, “Energy requirement for comminution of biomass
n relation to particle physical properties”, Industrial Crops and Products, vol. 33, 2011, pp.
504-513

[16]. *** Moari cu ciocane MC-22 (Hammer mill MC22), Tehnofavorit Bontida, Carte tehnica, 2017

[17].*** http://personalpages.manchester.ac.uk/staff/david.d.apsley/lectures/hydraulics2/t3.pdf

[18]. C. Staicu, Analiza dimensionala generala (General dimensional analysis), Editura Tehnica,
Bucuresti, 1976

[19]. A. Vasilescu, Analiza dimensionala si teoria similitudinii (Dimensional analysis and similarity
theory), Editura Academiei, 1970


http://personalpages.manchester.ac.uk/staff/david.d.apsley/lectures/hydraulics2/t3.pdf

