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Abstract 

 

In this study, sunflower meal is ground by a hammer mill after which air zigzag gravitational 

air classifier is used for separating sunflower hulls from the kernels in order to obtain protein 

rich fractions. Three hammer mill sieves with sieve openings diameter of 3, 2 and 1 mm were 

used, while three air flows (5, 8.7 and 12.5 m
3
/h) and three feed rates (30, 60 an 90% of bowl 

feeder oscillation maximum rate) were varied during air classification process. For describing 

the effects of the test variables on the observed responses Principal Component Analysis, 

Standard Score analysis and Response Surface Methodology were used. Beside experimental 

investigations, CFD model was used for numerical optimization of sunflower meal air 

classification process.  

Air classification of hammer milled sunflower meal resulted in coarse fractions enriched in 

protein content. The decrease in sieve openings diameter of the hammer mill sieve increased 

protein content in coarse fractions of sunflower meal obtained at same air flow, and at the 

same time decreased matching fraction yield. Increase in air flow lead to the increase in 

protein content along the same hammer mill sieve. Standard score analysis showed that 

optimum values for protein content and ratio of coarse and fine fractions have been retained 

by using a sieve with 1 mm opening diameter, air flow of 12.5 m
3
/h and 60% of the 

maximum feeder rate. Fraction ratio and protein content were mostly affected by the linear 

term of air flow and the sieve openings diameter of the hammer mill sieve in the Second 

Order Polynomial model. The main focus of CFD analysis was on the particle simulation and 

the evaluation of the separation efficiency of the zigzag classifier.  

 

Keywords: Sunflower meal; air classification; hammer mill; CFD; optimization 
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Nomenclature 

 

Symbols Greek symbols 

BFOR bowl feeder oscillation rate (% 

of maximal rate) 

F yield of fine fraction 

C mass of coarse fraction (g) C yield of coarse fraction 

d diameter of sieve opening (µm)  separation function 

F mass of fine fraction (g) Statistical abbreviations 

FR feed rate of air classifier (kg/h) ANOVA analysis of variance 

GMD geometric mean diameter (µm) PCA principal component analysis 

H0  hull share in starting sunflower 

meal 

r
2
 coefficient of determination 

HC hull share in coarse fraction RSM response surface methodology 

HF hull share in fine fraction SOP second order polynomial 

I0 motor amperage of hammer mill 

without the material (A) 

SD standard deviation 

I motor amperage of hammer mill 

with the material (A) 

SS standard score 

K0 kernel share in starting 

sunflower meal 

Abbreviations 



4 

KC kernel share in coarse fraction CFD computational fluid dynamics 

KF kernel share in fine fraction DM dry matter 

P0 protein content of starting 

sunflower meal(%DM) 

DPM discrete phase model 

PC protein content of coarse 

fraction (%DM) 

SFM sunflower meal 

PF protein content of fine fraction 

(%DM) 

  

Q material throughput of hammer 

mill (kg/h)  

  

Rfy ratio of coarse and fine fraction 

yield 

  

SEC specific energy consumption of 

hammer mill (kWh/t) 

  

SOD sieve openings diameter (mm)   

t classification time (s)   

U voltage (V)   

W mass of the material retained 

onto sieve (g) 

  

X variable   
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Y response   

 

1. Introduction 

Sunflower meal (SFM) is a valuable by-product that remains in large quantities after solvent 

extraction of oil from sunflower seeds. It is a relatively inexpensive protein and energy 

source, thus it is primarily used as feed for all classes of animals. Protein content is the most 

important nutritional component of SFM and it ranges from 29 to 48% [1 3]. Comparing it 

with other oilseed meals, such as soybean and rapeseed meal, SFM contains less 

antinutritional factors and it is relatively rich in sulphuric amino acids but has low levels of 

lysine [4]. SFM has high crude fiber content (18 23%) which is limiting factor in the usage 

of SFM in diet formulation for monogastric animals. As the protein and fiber content of SFM 

are inversely related, removal of the fiber rich hulls decreases the fiber and increases the 

protein content, which improves the nutritive and economic value of it. Additionally, the 

separation of fibers from SFM would give a coproduct that could be used as fiber rich feed 

for ruminants or as a combustion fuel. 

Various fractionation procedures, based on structural and physical differences of its 

constituents, such as sieving, centrifugal and electrostatic separation have been used for 

protein shifting of different plant material [5 8]. Chala et al. [9] have applied air 

classification process in combination with sieving for fractionation of soybean and cottonseed 

meal to obtain fiber and protein rich fractions. Wu and Abbott [10] obtained fine fractions of 

pin milled, defatted salicornia meal using air classification which had 2.9 11% higher protein 

content than the starting material. In several studies, where air classification was used for 

obtaining products enriched in specific constituent, it was reported use of high intensity 

milling process in combination with expensive separators for fine separation [11 15]. As the 



6 

protein enriched SFM is used as a feedstuff in animal diets [16 18], there is need of finding 

low-cost alternatives for improvement of quality and nutritive value of the SFM.  

For the purpose of SFM air classification, zigzag air classifier was used in this study. Zigzag 

air classifier is cascade classifier that consists of vertical zigzag channel where several pipes 

with rectangular cross section are connected at a fixed angle to each other. A channel that 

was formed this way enables multi stage classification and therefore improves the separation 

efficiency [19]. 

Fines are dragged by the air stream upwards and coarse particles are pulled down by gravity 

towards the walls of zigzag channel. Due to its simple construction and principle of 

classification this device has low investment and operational costs. This type of air classifier 

is widely used in tea in the tobacco industry for separation of leaves from stalks [20] and well 

as in waste treatment and recycling industry [21]. The authors previously used zigzag air 

classifier for obtaining protein enriched fractions of conical milled SFM which was coarsely 

ground on a conical mill [22]. To the best of our knowledge, there are no other works about 

usage of zigzag air classifier for the increasing nutritive value of oilseed meals or any other 

raw material.  

Phenomenon of particle separation is of great interest of researchers. Fluid particle and 

particle particle interactions play major roles in such systems, which results in the empirical 

experience more predominant. The prediction of the motion of particles in such systems is 

very complex due to intense fluid particle and particle particle interactions. It can be 

obtained by numerical simulations of CFD (Computational Fluid Dynamics). 

Since classifiers and separators have been used in various industries in the past, a 

considerable number of investigations on the gas and the particle flows in classifiers have 

been conducted over the years [23 35]. 
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The geometry of the classifier has great influence on its performances [36,37]. The Reynolds 

Stress Model and the Discrete Phase Model (DPM) are used to predict the velocity field and 

pressure drop and to estimate the selectivity curve inside the high-efficiency separator.  

The optimization of the cyclone separator for minimal pressure drop using mathematical 

modeling and CFD simulations was performed in [30]. The Nelder Mead method, also 

known as the downhill simplex method is a commonly used nonlinear optimization 

technique. The technique was proposed by Nelder and Mead [38] and is a technique for 

minimizing an objective function in a many-dimensional space. 

Hagemaier et al. [39] employed one-way coupled CFD-DPM simulation to analyze the 

separation performance of pilot-scale zigzag classifier for classifying sand. In their study, 

literature regarding zigzag air classifiers is briefly reviewed. 

In this paper SFM is ground by hammer mill and air classified using the zigzag apparatus in 

order to obtain protein rich fractions. CFD simulation is presented for the pilot scale air 

classifier. The influence of geometry of the device and the working parameters on separation 

efficiency is investigated. Experimental results are used for validation of the presented model. 

 

2. Materials and methods 

 

2.1. Raw materials and grinding 

SFM, sunflower hull and sunflower kernel, used in this experiment, were obtained from oil 

, Serbia. Prior the air classification the SFM was ground using a 

obtained by using three different sieves with openings diameters (SOD) of 3, 2 and 1 mm 

respectively. By measuring the amperage and material throughput, specific energy 
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consumption (SEC) for grinding was calculated in kWh/t according to equation described by 

Payne et al. [40]: 

 

     
-

     (1) 

 

where I (A) and I0 (A) are average hammer mill motor amperage with and without material, 

respectively, U (V) is the voltage, cos  is the power factor (ratio between the actual load 

power and the apparent load power drawn by an electrical load) and Q (kg/h) is the 

throughput of material. Material throughput was influenced by SOD and it was 306.48, 

198.20 and 119.08 kg/h for sieve with SOD of 3, 2 and 1 mm respectively. 

 

2.2. Physical characteristics of SFM and obtained SFM fractions 

Bulk density (BD) of starting SFM and ground SFMs at all three used sieves was measured 

with a bulk density tester (Tonindustrie, West und Goslar, Germany). Particle size 

distribution (PSD) of starting and hammer milled SFMs was determined by standard sieving 

analysis [41] using the following size of sieve openings: 2500, 2000, 1250, 1000, 800, 630, 

250, 125 and 63 µm, along with the bottom collecting pan (Endecotts Ltd., United Kingdom). 

Geometric mean diameter (GMD) was determined according to ASAE Standard [42] using 

the equation: 

 

    
-

     (2) 

 

           (3) 
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where di (µm) is the diameter of sieve openings of  i
th

 sieve and Wi (g) is the mass on i
th

 

sieve. 

 

2.3. Air classification 

All three ground SFMs were fractionated by an air classification, using 1-40MZM laboratory 

zigzag air classifier (Hosokawa Alpine, Augsburg, Germany). Air flow and dosage of the 

material in classification zone were varied. Air flow (V) was set at 5, 8.7 and 12.5 m
3
/h, 

respectively. Material throughput was varied by changing the oscillation rate of the bowl 

feeder from the controller. Bowl feeder oscillation rate (BFOR) was set at 30%, 60% and 

90% of the maximum rate, respectively. Feed rate was determined by measuring the time 

needed for the classification at each combination of air flow and BFOR. It was calculated as: 

 

           (4) 

 

where FR represents feed rate (kg/h), C and F are masses of the obtained coarse and fine 

fractions respectively (g), and t represents classification time (s). Yields of the obtained 

fractions were calculated according to equations: 

 

    ;  ;      (5) 

 

where C F represents a yield of coarse and fine fractions respectively, C mass of coarse 

fraction (g), F mass of fine fraction (g) and Rfy is the mass ratio of coarse and fine fraction 

yields. 

Sunflower hulls were obtained from the same factory, in order to calculate the share of hulls 

in starting SFM and also in obtained SFM fractions in order to characterize the quality of the 
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separated products. Assuming that starting SFM and its coarse and fine fractions are a 

mixture consisting out of two materials, sunflower hulls and kernels, sum of shares of these 

SFM constituents is 1. 

 

        (6) 

 

H0 is the share of sunflower hulls in starting SFM, HC and HF are shares of sunflower hulls in 

coarse and fine fraction, respectively. K0, KC and KF are shares of sunflower kernels in 

starting SFM, coarse and fine SFM fraction, respectively. 

Protein content of SFM is directly correlated with a protein content of hull and kernel: 

 

     (7) 

 

Ph, Pk, PC, PF and P0 represent protein content on dry matter basis (%DM) of sunflower hull, 

kernel, coarse fraction, fine fraction and starting SFM, respectively. By combining Eqns. (6) 

and (7), hull share in starting SFM, coarse and fine fractions can be calculated by: 

 

    
-

-

-

-

-

-
   (8)

     

In ideal separation of hull from protein rich kernels, the share of hull in obtained fraction 

would be 0, and that SFM fraction would have the same content of crude protein as the 

sunflower kernel, thus protein content of fraction obtained fraction by air classification is 

directly related to kernel share. 
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2.4. Chemical analysis 

Starting SFM, air classified SFM, sunflower hulls and kernels were analyzed for moisture 

content and crude protein content. Additionally, unclassified SFM was analyzed for crude 

fiber content, crude ash and crude fat content. Chemical analysis was performed according to 

the AOAC official methods [43].   

 

2.5. Experimental design 

The experimental data used for the study of experimental results were obtained using 3 x 3 x 

3 full factorial experimental design (3 SODs, 3 air flows, 3 BFORs) according to RSM 

Independent experimental factors are presented in Table 1. 

 

Table 1. Independent experimental factors and their levels 

 

2.6. Description of the CFD model 

The model used for these simulations is a Lagrangian discrete phase model based on the 

Euler-Lagrange approach. The fluid phase is treated as a continuum by solving the Navier-

Stokes equations, while the dispersed phase is solved by tracking a large number of particles 

through the calculated flow field. The dispersed phase can exchange momentum, mass, and 

energy with the fluid phase. It is assumed that the second phase is sufficiently dilute that 

particle-particle interactions and the effects of the particle volume fraction on the gas phase 

are negligible.  

A fundamental assumption made in this model is that the dispersed second phase occupies a 

low volume fraction (usually less than 10 12%, where the volume fraction is the ratio 

between the total volume of particles and the volume of fluid domain), even though high 

mass loading is acceptable. The particle trajectories are computed individually at specified 
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intervals during the fluid phase calculation. This makes the model appropriate for the 

modeling of particle-laden flows. The particle loading in industrial classifier is small (3 5%), 

and therefore, it can be safely assumed that the presence of the particles does not affect the 

flow field (one-way coupling) [30]. 

In terms of the Eulerian Lagrangian approach (one- way coupling), the equation of particle 

motion is given by [44]. 

The drag coefficient for spherical particles is calculated by using the correlations developed 

by Morsi and Alexander [45] as a function of the relative Reynolds numbers (Rep). The 

equation of motion for particles was integrated along the trajectory of an individual particle. 

Collection efficiency statistics were obtained by releasing a specified number of mono-

dispersed particles at the inlet of the classifier and by monitoring the number escaping 

through the outlet. Collisions between particles and the walls of the classifier were assumed 

to be perfectly elastic (coefficient of restitution is equal to 1). 

Boundary conditions are defined as follows: inlet  air velocity, two outlets  pressure outlet 

100001 Pa and 95000 Pa, inlet  number of particles. 

The solid phase is defined by three different feed rates and three diameters, while the fluid 

phase is introduced at the fluid inlet surface with the three different air flows, corresponding 

to experimental design described in Table 4. The maximum number of time steps for each 

injection was 200,000 steps. The numerical experiments are performed for appropriate 

working conditions. 

Numerical grids are made from 109,540 to 111,320 control volumes. Optimization of 

numerical grid was performed, and grid refinement tests showed that there is no change in the 

results of the simulation for larger number of cells in control volume. Elements used in 

numerical mesh are tetrahedral and size of an element is less than 10
-8

 m
3
. 
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2.7. Statistical analyses 

The data were processed statistically using the software package STATISTICA 10.0 [46]. All 

determinations were made in duplicate, all data was averaged, expressed by means. Principal 

component analysis (PCA) was used to discover the possible correlations among measured 

parameters, and to classify the objects into groups.  

Second order polynomial (SOP) models in the following form were developed to relate 

responses (Y) and two process variables (X): 

 

   -    (9) 

 

k0 ki kii k12 were constant regression coefficients; Yk : the ratio of fractions gain 

(Y1), the protein content of coarse fraction (Y2), the hull share in the coarse fraction (Y3), and 

the kernel share in the coarse fraction (Y4), while X1 is the SOD of the hammer mill, X2 is the 

air flow and X3 is the BFOR setting that influenced material flow rate at the inlet of the 

classifier. In this article, ANOVA was conducted to show the significant effects of 

independent variables to the responses, and to show which of responses were significantly 

affected by the varying treatment combinations. For analyzing variations of the SFM 

properties after grinding, one-way ANOVA and Tukey honestly significant difference test 

were used (confidence level set at 95%).  

In order to get a more complex observation of the ranking of observed model mixtures, 

standard score (SS) was evaluated using a chemometric approach by experimentally 

measured responses. Min-max normalization is one of the most widely used technique to 

compare various characteristics of complex samples determined using multiple 

measurements, where samples are ranked based on the ratio of raw data and extreme values 

of the measurement used [47]. The sum of normalized scores of a sample of different 
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measurements when averaged give a single unitless value termed as SS, which is a specific 

combination of data from different measuring methods with no unit limitation. 

 

3. Results and Discussion 

The drawing of the zigzag classifier, with the control boundary used for numerical simulation 

of the process is given in Fig. 1a. Fig. 1b - Fig. 1e presents the process of SFM classification. 

The SFM that is being classified in the classifier is introduced in the material inlet port, while 

the air, used for separation, enters at the bottom of the classifier.  

The zigzag air classifier consists of a number of sections with a rectangular cross section 

connected to each other at angle of 120
o
, connected to create a zigzag shaped channel. The 

heavier (larger and coarser) particles are classified according to their specific weight in the 

zigzag channel (guided by the influence of the gravitational force) while the air stream is 

flowing upwards. Coarser, also particles with higher density tends to drop, carried by the 

gravitational force, while the lighter particles are transported through the upper section of the 

classifier, at the fine particles outlet. The main air flow stream in the zigzag channel separates 

from the classifier wall at the protruding edge. At the upper boundary of the observed 

classifier, the  turbulent eddies breaking away from the main air stream was observed, in the 

direction of air flow. The upper part of the classifier, close to the material inlet is presented in 

Fig 1b and Fig 1c. A small eddy formation could be observed, indicated as the whiter particle 

cloud, at the left side, opposite to the material inlet (Fig. 1b). Somewhat larger eddy could be 

observed in the middle section of the classifier (Fig. 1d), while the particle trajectories could 

be seen in Fig. 1e. 

 

Figure 1. Zigzag classifier: a) scheme of the classifier used in the numerical model, b) and c) 

material inlet, d) middle section of the classifier, e) coarse material outlet segment 
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3.1. SFM properties 

Chemical composition of starting SFM is presented in Table 2. 

 

Table 2. Chemical composition of unclassified sunflower meal 

 

Protein content of starting SFM was 32.75%, while the crude fiber content was 19.39 %. The 

crude fat content was reasonably low (1.94), since the SFM was a byproduct after the oil 

extraction process. Based on the results of chemical analysis, it was calculated that hulls 

share in starting SFM was 34.16% and shares of kernel was 65.84%. The reason for the 

application of air classification on SFM is to remove sunflower hull as a lighter material and 

fiber rich constituent from kernels, which are heavier and rich in protein. However, during 

the sunflower oil extraction process, hulls and kernels are forming agglomerates which have 

the same chemical composition as a SFM in total. During the classification, these 

agglomerates might finish in the heavier, coarser, fraction which would negatively affect the 

efficiency of this process. Therefore SFM was ground using a hammer mill prior to the air 

classification. In Fig. 2, particle size distribution of starting SFM as well SMFs ground by a 

hammer mill using three sieves with different SOD is presented. 

 

Figure 2. Particle size distribution of starting SFM, and hammer milled SFMs using three 

sieves with different SOD 

 

More than 50% of the particles of starting SFM were larger than 1250 µm. Due to the 

presence of agglomerates, originated from the oil extraction process, the highest percent of 

starting SFM particles were larger than 2500 µm. Application of hammer mill on SFM almost 
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completely comminuted agglomerates using all three sieves since grinded materials had no 

particles larger than 2500 µm and negligible percent of particles between 2000 and 2500 µm 

(Fig. 2). Furthermore, SOD of 2 mm and 1 mm resulted in ground material that had less than 

6% for SOD 2 mm, and no particles, for SOD 1 mm larger than 1000 µm. All three sieves 

with different SOD that were used, gave ground SFM that had most particles in a size range 

between 250 and 630 µm.  

 

Table 3. Physical properties of starting and hammer milled SFMs  

 

By decreasing SOD, energy consumption of hammer mill was significantly increased (Table 

3). This was especially pronounced for diameter of 1 mm where specific energy consumption 

was 6.57 kWh/t, while energy consumption of hammer mill with SOD of 2 mm was 1.69 

kWh/t and use of 3 mm SOD resulted in lowest specific energy consumption that was 0.36 

kWh/t. Finer grinding of SFM by a hammer mill exponentially increased specific energy 

consumption, which is in accordance with the results of Amerah et al. [48] and  

al. [49]. Decrease in SOD significantly decreased (p<0.05) GMD of SFM, from 1127.36 µm 

to 573.01 µm, 453.06 µm, and 342.92 µm, for 3, 2 and 1 mm SOD, respectively. By 

decreasing SOD of hammer mill sieve, bulk density of SFM is significantly increased 

(p<0.05), which is a result of the obtained finer material when sieve with smaller SOD was 

used. However, the starting SFM had a highest bulk density in comparison with hammer 

milled SFMs, which was influenced by the presence of large and dense agglomerates. 

 

3.2. Classification results, descriptive statistics, SS and PCA 

The results of air classification are presented in Table 4, while for visualizing the data trends 

and for the discriminating efficiency of the used descriptors a scatter plot of samples using 
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the first two principal components (PCs) from PCA of the data matrix is obtained (Fig. 3. As 

can be seen from this figure, there is a neat separation of the twenty seven samples of ground 

SFM, according to four response variables. The influence of different parameters that 

describes the observed fractions could be evaluated from the scatter plot. The quality results 

showed that first two principal components explained 92.55% of total variance, which could 

be considered as enough for presentation of the whole set of experimental data. Standard 

score analysis (SS) was used to develop the optimal final product characteristics, and 

obtained data are presented in Table 4. SS above 0.700 stands for the high standard in desired 

process parameters (low Rfy and high protein content).  

 

Table 4. Results of air classification of SFM ground by hammer mill 

 

Figure 3. Biplot graphic for air separation of the ground sunflower meal by zigzag air 

classifier: BFOR-bowl feeder oscillation rate; GMD-geometric mean diameter; HC-hull share 

in coarse fraction; KC-kernel share in coarse fraction; PC-protein content in coarse fraction; 

Rfy-ratio of fractions yield; SOD-sieve openings diameter; SS-standard score; V-air flow 

 

Air classification of SFM at different combinations of air flow and BFOR resulted in coarse 

and fine fractions that differed in particle size and protein content. Fines were dragged by the 

air stream while heavier particles, which could not be scavenged by convenient air flow, 

ended up in coarse fraction. Particle size of coarse fractions was influenced by SOD of 

hammer mill together with air flow. Decrease in SOD resulted in decrease of GMD of coarse 

product while an increase in air flow led to the increase of GMD of coarse fraction particles 

for all three sieves. Coarse fractions, as expected, were enriched in protein content, since 

sunflower kernels are richer in protein than hulls and have a higher density. This was 
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opposite with the result of Laudadio et al. [14] where protein content increase was observed 

in fine fractions when SFM was micronized and air classified by the turbo-classifier with 

serial assembled cyclone. Micronization results in very fine material, while our attention was 

only to separate the hulls from the kernels without very intense grinding that would not result 

in extra fine material, so that the hull can end up in fine, lighter fraction, by usage of zigzag 

apparatus. Regardless of the hammer mill SOD, air flow of 5 m
3
/h was not efficient for 

obtaining protein rich coarse fractions, and it was too low for the neat separation of fiber and 

protein rich particles, which can be observed from Fig. 3 where those fractions (low in 

protein content and in kernel share, with lower SS values) are located at the left side of the 

graphic. Increase of air flow led to protein enrichment in the coarse fraction of the same set of 

BFOR at all three used hammer mill sieves. By setting air flow at 8.7 m
3
/h and using hammer 

mill ground SFM with 3 mm SOD, protein content of coarse fraction slightly increased when 

compared to unclassified SFM, regardless of the BFOR (protein content was in the range  

36.01 36.43% on DM basis). Further decreasing of the SOD for same air flow caused an 

increase of protein content of coarse fractions. The highest protein enrichment effects of air 

flow set at 8.7 m
3
/h were achieved when 1 mm SOD sieve was used for grinding SFM, with 

obtained fractions that had 42.97%, 43.48% and 41.23 % on DM basis for BFOR setting of 

30, 60 and 90 %, respectively.  

Applying air flow of 12.5 m
3
/h resulted in coarse SFM fractions with highest protein 

enrichment, when compared to 5 m
3
/h and 8.7 m

3
/h air flows. The fractions obtained by 

highest air flow are located at the right side of the PCA graphic (Fig. 3). Likewise with 8.7 

m
3
/h air flow, decrease in SOD caused an increase in protein content of coarse fraction. 

Decrease in SOD from 3 to 2 mm led to a slight decrease in protein content of coarse fraction 

for same BFOR, while for SOD of 1 mm coarse fractions with high protein content of 50.9, 

50.88 and 49.46 % per DM were obtained for BFOR set at 30, 60 and 90%, respectively. At 
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the upper part of PCA graphic fractions of SFM grinded by a hammer mill with largest used 

SOD (3mm) are located, while the SFM fractions grinded by a hammer mill with the lowest 

SOD (1 mm) are located at the bottom part of the graphic. 

Unlike for the variation of air flow, protein content of coarse fractions when BFOR was 

varied, and for the same SOD and air flow, were not differing more than 2% on DM basis.   

When expressing increase in protein content of coarse fraction as a relative enrichment, the 

highest relative enrichment obtained for 8.7 m
3
/h air flow was 20.81% (fraction no. 23 - 1 

mm SOD, 60% BFOR, protein content of 43.48% per DM), while the highest relative 

enrichment obtained for 12.5 m
3
/h air flow was 41.43% (fraction no. 21 - 1 mm SOD, 30% 

BFOR, protein content of 50.90% per DM). Experimentally obtained fraction no. 21, together 

with fraction no. 24 (1 mm SOD, 12.5 m
3
/h, 60% BFOR, protein content of 50.88% per DM), 

concerned to have optimum values of protein content, kernel and hull share, based on SS 

analysis. Laudadio et al. [14] have also used air classification for protein enrichment of SFM. 

The highest protein content they have obtained was 40% on DM basis with 20.12% relative 

protein enrichment. Challa et al. [9] applied combination of sieving and air classification for 

protein enrichment of soybean meal and cottonseed meal, which resulted in relative protein 

enrichment of 6.86 and 9.76%, respectively. Based on protein content in obtained fractions, 

results in this study gained scientific as well as practical significance.  

Variation in air flow and SOD of hammer mill, highly influenced not just the protein content 

of fractions, but also the ratio of fraction yields (Rfy). With the increase in airflow, Rfy 

decreased in all three applied SODs. Also, for constant BFOR and air flow, Rfy decreased 

with the decrease of SOD. Therefore, it can be considered that the Rfy was inversely related to 

the protein content of coarse fraction. 

Since the SFM kernel and hull content are inversely related, higher protein content in coarse 

fraction was a consequence of higher kernel and lower hull share. The same can be concluded 
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from PCA plot (Fig. 3). Therefore, the highest kernel shares in coarse fraction were obtained 

for air flow of 12.5 m
3
/h and 1 mm SOD: shares of 97.65, 97.61 and 94.59% for BFOR set at 

30, 60 and 90%, respectively. These fractions are on the far right end of PCA plot, marked as 

fraction 21, 24 and 27, respectively. Since the kernels are a constituent of SFM high in 

protein, to obtain nutritionally more valuable ingredient, their share should be as high as 

possible. On the other hand, coarse fraction which had the lowest kernel content (60.22%) 

and the highest hull share (33.36% per DM) was obtained for classification of SFM that was 

ground by 3 mm SOD sieve, obtained at 5 m
3
/h with BFOR set at 90% (protein content of 

33.36% per DM), which can be seen at far left end of PC1 (fraction no. 7). 

 

3.3. Response surface methodology 

ANOVA exhibits the significant independent variables as well as the interactions of these 

variables. The analysis revealed that the quadratic terms of SOP model (Eq. (9)) was found 

significant in all three models calculations. The ANOVA test shows the significant effects of 

the independent variables to the responses and which of responses were significantly affected 

by the varying treatment combinations (Table 5). Fraction ratio and protein content were 

mostly affected by the linear term of air flow and the SOD of hammer mill, and also the 

nonlinear term SOD × Air flow in the SOP models (p<0.01 level).  The calculation of 

fraction ratio was influenced by the quadratic term of air flow, the linear term of BFOR and 

the nonlinear term of Air flow × BFOR, while the prediction of protein content was affected 

by the quadratic term of SOD, statistically significant at p<0.01 level. 

 

Table 5. ANOVA of sunflower meal classification 
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The average error between the predicted values and experimental values were below 10%. 

Values of average error below 10% indicate an adequate fit for practical purposes. To verify 

the significance of the models, analysis of variance was conducted and the results indicate 

that all models were significant with minor lack of fit, suggesting they adequately represented 

the relationship between responses and factors. 

All SOP models had an insignificant lack of fit tests, which means that all the models 

represented the data satisfactorily. A high r
2
 is indicative that the variation was accounted and 

that the data fitted satisfactorily to the proposed model (SOP in this case). The r
2
 values for 

fraction ratio and protein share (0.980 and 0.955, respectively), were found very satisfactory 

and showed the good fit of the model to experimental results. 

 

3.4. CFD model 

The results of numerical simulation for optimal case are presented in Fig. 4. The main focus 

in this simulation was the discovery of the particle trajectory and the evaluation of the 

separation efficiency of the zigzag apparatus. The numerical simulations of 27 cases of  air 

classification were performed, according to experimental design, shown in Table 4. The 

trajectory of fifteen representative kernel particles obtained from the DPM simulations of the 

optimal case, are shown in Fig. 4a. Similarly, the trajectory of 15 representative hull particles, 

calculated in DPM simulations of the optimal case are presented in Fig. 4b. The effects of the 

end-of-the-vortex phenomenon are due to two possible stable positions of the vortex core 

depending on the inlet flow rate [50]. 

According to DPM simulations, presented in Fig. 4a and Fig. 4b, the particles enter the 

classifier from the material inlet, and heavier particles (kernels) fall down to the bottom outlet 

of zigzag classifier, driven by the gravitational force. A small eddy could be observed in the 

first separation section, where the classifying of different particles is obtained by the action of 
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air flow (which could be also observed in Fig. 1b). The lighter particles are transported from 

the material inlet to the upper outlet of the separator, carried by the air flow. In this case, the 

force applied by the airflow, prevails the gravitational force, due to a relatively small hull 

weight (Fig. 4b). The pressure field of the fluid phase (air) along the whole classifier is 

shown in Fig. 4c, from which it could be seen that the higher pressure values could be 

expected at the lower part of the separator (where the air inlet is positioned), while the lower 

pressure values could be observed at the upper part of the separator, where the air outlet is 

located. The variations in the pressure values also occur due to the geometrical features of the 

classifier, at the protruding edges and air flow gaps, where the eddies could be formed. 

 

Figure 4. The results of the CFD model: a) upper and central parts of the classifier, with 

particle trajectories of kernel share, b) upper segment of the classifier, with particle 

trajectories for hull share, c) pressure field in the fluid phase (Pa) 

 

The separation function describes the particle separation quality of the classification process. 

In general, it is defined as the ratio of the mass flow rate  of the coarse product in the 

separator underflow to the mass flow rate of the feed ( =Kc/Hc in CFD simulation). The 

calculated values obtained from CFD simulation, are presented in Table 4. The separation 

efficiency values, which were  obtained by CFD simulation coincide with the  experimental 

results of air classification. The deviations between experimental and numerical separation 

function were in the area of 10 20%, for a specific experiment. The parameters used in CFD 

model are for ideal working conditions, and deviation in the obtained area (10 20%) could be 

considered as acceptable [50]. 

 

4. Conclusions 
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Grinding of SFM by hammer mill in combination with the air classification using zigzag 

classifier resulted in coarse fractions with enriched protein content. The increase in airflow 

increased protein content in the coarse fraction for all three used SODs of hammer mill sieve, 

fraction yield was decreased. Decrease in SOD lead to the increase in protein content of 

coarse fraction. Standard score analysis showed that the best result in protein enrichment of 

SFM was obtained by grinding with 1 mm SOD and using air flow of 12.5 m
3
/h, where 

coarse fractions had a protein content of 50.90, 50.88 and 49.86% on DM basis obtained at 

BFOR of 30, 60 and 90 %, respectively. Kernel share in coarse fractions was in direct 

correlation with the protein content of coarse fraction. Experimental results of air 

classification were confirmed by separation efficiency values obtained by CFD simulation. 

The deviations between experimental and separation function obtained by the numerical 

simulations were in the area of 10 20%, for a specific experiment. 
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Table 1. Independent experimental factors and their levels 

Experimental factor Symbol 

 

-1 

(low) 

0 

(centre) 

+1 

(high) 

SOD (mm) X1 1 2 3 

V (m
3
/h) X2 5 8.7 12.5 

BFOR (% of maximum) X3 30 60 90 

SOD - sieve opening diameter; V-air flow; BFOR - bowl feeder oscillation rate 

 

 

 

Table 2. Chemical composition of unclassified sunflower meal 

Chemical composition (%) 

Moisture 9.02 

Crude protein 35.99* 

Crude fiber 19.39* 

Crude fat 2.13* 

Crude ash 6.75* 

Nitrogen free extracts (NFE) 35.73* 

* expressed on a dry matter basis 
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Table 3. Physical properties of starting and hammer milled SFMs  

SOD (mm) SEC (kWh/t) GMD (µm) BD (kg/m
3
) 

Starting SFM - 1127.36 ± 55.62
d
 490 ± 0.00

d
 

3 0.36 ± 0.01
c
 573.01 ± 11.52

c
 433 ± 5.77

a
 

2 1.69 ± 0.03
b
 453.06 ± 4.92

b
 470 ± 0.00

b
 

1 6.57 ± 0.20
a
 342.92 ± 0.65

a
 480 ± 0.00

c
 

SOD-sieve opening diameter; SEC-specific energy consumption; GMD-Geometric mean 

diameter; BD-bulk density 

*
The results are shown as mean value ± standard deviation (n=3); values with different letters 

in the same column are significantly different (p<0.05) 

 

Table 4. Results of air classification of SFM ground by hammer mill 

No. of 

fraction 

SOD 

(mm) 

V 

(m
3
/h) 

BFOR (% of 

maximum)  

Rfy 

GMD of 

coarse 

fraction 

(µm) 

Pc 

(%DM) 

Kc 

 (%) 

Hc 

(%) 

 SS 

1 3 5 30 4.78 678.40 35.08 63.89 36.11 1.47 0.252 

2 3 8.7 30 1.72 769.51 36.19 66.25 33.75 1.64 0.478 

3 3 12.5 30 0.40 984.31 43.25 81.33 18.67 3.70 0.764 

4 3 5 60 5.84 709.16 36.49 66.90 33.10 1.69 0.225 

5 3 8.7 60 1.74 782.70 36.43 66.78 33.22 1.69 0.484 

6 3 12.5 60 0.45 1028.92 42.28 79.25 20.75 3.23 0.733 

7 3 5 90 7.98 665.79 33.36 60.22 39.78 1.27 0.000 

8 3 8.7 90 2.00 787.01 36.01 65.86 34.14 1.59 0.455 
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9 3 12.5 90 0.52 963.63 41.49 77.56 22.44 2.86 0.706 

10 2 5 30 3.75 570.47 36.66 67.26 32.74 1.69 0.363 

11 2 8.7 30 1.00 651.93 36.49 66.90 33.10 1.67 0.533 

12 2 12.5 30 0.31 792.92 42.50 79.72 20.28 3.23 0.748 

13 2 5 60 4.26 558.83 34.28 62.17 37.83 1.35 0.263 

14 2 8.7 60 1.08 658.72 38.00 70.12 29.88 1.96 0.571 

15 2 12.5 60 0.33 802.26 41.85 78.33 21.67 3.03 0.728 

16 2 5 90 5.50 536.66 34.24 62.10 37.90 1.37 0.183 

17 2 8.7 90 1.20 648.52 36.74 67.44 32.56 1.72 0.527 

18 2 12.5 90 0.31 801.38 41.73 78.08 21.92 2.94 0.726 

19 1 5 30 1.75 431.32 35.88 65.60 34.40 1.59 0.468 

20 1 8.7 30 0.49 481.62 42.97 80.73 19.27 3.45 0.750 

21 1 12.5 30 0.13 575.01 50.90 97.65 2.35 33.33 0.999 

22 1 5 60 2.24 420.46 35.78 65.38 34.62 1.59 0.434 

23 1 8.7 60 0.51 487.66 43.48 81.82 18.18 3.70 0.763 

24 1 12.5 60 0.12 598.77 50.88 97.61 2.39 33.33 0.999 

25 1 5 90 3.08 398.59 36.64 67.22 32.78 1.72 0.405 

26 1 8.7 90 0.55 476.08 41.23 77.01 22.99 2.78 0.696 

27 1 12.5 90 0.11 595.64 49.46 94.59 5.41 14.29 0.959 

SOD-sieve openings diameter; V-air flow, BFOR-bowl feeder oscillation rate; Rfy-ratio of 

fractions yield; GMD-geometric mean diameter; PC-protein content in coarse fraction; Kc-

kernel share in coarse fraction; HC- -separation function (Kc/Hc 

in CFD simulation), obtained by CFD model; SS-standard score 

 

 



32 

Table 5. ANOVA of sunflower meal classification 

 df Rfy PC 

SOD 1 14.905
+
 121.566

+
 

SOD
2
 1 0.021 33 .955

+
 

V 1 74.014
+
 410.220

+
 

V
2
 1 8.773

+
 13.028

*
 

BFOR 1 2.629
+
 4.524 

BFOR
2
 1 0.110 1.221 

SOD × V 1 9.185
+
 36.063

+
 

SOD × BFOR 1 0.414
**

 0.128 

V × BFOR 1 3.158
+
 0.031 

Error 17 2.324 28.978 

r
2
 0.980 0.955 

Rfy - C-protein content in coarse fraction; SOD-

sieve opening diameter; BFOR-bowl feeder oscillation rate; df- degrees of freedom; r
2
-

coefficient of determination; V-air flow 

+Significant at p<0.01 level, *Significant at p<0.05 level, **Significant at p<0.10 level, 95% 
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Figure 1. Zigzag classifier: a) scheme of the classifier used in the numerical model, b) and c) 

material inlet, d) middle section of the classifier, e) coarse material outlet segment 
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Figure 2. Particle size distribution of starting SFM, and hammer milled SFMs using three 

sieves with different SOD 
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Figure 3. Biplot graphic for air separation of the ground sunflower meal by zigzag air 

classifier: BFOR-bowl feeder oscillation rate; GMD-geometric mean diameter; HC-hull share 

in coarse fraction; KC-kernel share in coarse fraction; PC-protein content in coarse fraction; 

Rfy-ratio of fractions yield; SOD-sieve openings diameter; SS-standard score; V-air flow 
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Figure 4. The results of the CFD model: a) upper and central parts of the classifier, with 

particle trajectories of kernel share, b) upper segment of the classifier, with particle 

trajectories for hull share, c) pressure field in the fluid phase (Pa) 

 

 


