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Screening efficiency and rolling effects of a rotating screen drum
used to process wet soft agglomer ates

Bellocq B.®, Ruiz T.Y, Delaplace G, Duri A. ® and Cuq BY

1 UMR 1208 IATE, Montpellier SupAgro, Université tontpellier, INRA, CIRAD 2 place
Viala, 34000 Montpellier, France.

2 INRA, U.R. 638 Processus aux Interfaces et Hyga#gseMatériaux, F-59651, Villeneuve
d'Ascq, France.

Abstract - The rotating screen drums are largely used irstnppwder handling and
processing industries. They are commonly used it separation of granular materials.
Objectives of the present work are to better undedsboth roles, screening efficiency and
shaping effects and to investigate and model wipicitess parameters are relevant when
using an inclined rotating screen drum for progegsivet couscous agglomerates. Durum
wheat semolina was used as raw material to prothecevet agglomerates. The pilot rotating
screen drum equipment was composed of two sievesparate three fractions: fine, medium,
and large agglomerates. The shaping effects ofata¢ing screen drum were evaluated from
the measurements of the physico-chemical charattsri(size distribution, water content,
compactness, and circularity) on wet soft agglomesraro describe the screening efficiency
parameters of a rotary screen drum, a specific odetias developed by using a matrix
analysis of the different measured weights of thiéected products. The impacts of rotating
screen drum parameters (angle of inclination, imgaspeed, and product flow rate) on the
sieving efficiency and on the shaping effects wameestigated. The present results
demonstrate high apparent screening efficiencyhefrotating screen drum when used with
wet agglomerates of durum wheat, ranging betweeartb96% depending on the process
conditions Finally, using dimensional analysis, tworrelations were proposed on the
circularity and the apparent screening efficienclyatever the operating conditions used
(drum speed, angle of inclination and feed rate).

Keywords - Rotating screen drum, durum wheat couscous, lanity, agglomeration

mechanisms, dimensional analysis.
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1. Introduction

The rotating drums are equipments largely encoadter process lines (both in continuous
and batch modes) for handling and processing pawemwet media. Indeed simple cylinders
rotating about their central axis can be used ho@zontal position as batch drums, or as
continuous drums when inclined at a few degreegetwerate granular flows. The rotating
drums are very versatile by realizing a large ditgrof unit operations (e.g. solid-solid
separation, mixing, drying, heating, chemical resd, spraying, coating, granulation,
screening, shape classification, etc.) in a largenlver of fields of applicatione(@.
environmental, chemical, mineral, metallurgicalpdp pharmaceutical and civil engineering
sectors, etc.). Different regimes for granular flawrotating drums can occur (slipping,
slumping, rolling, cascading, cataracting, and ifiging modes) as a function of the process
conditions, the regime type impacting on the preadficiency (Ding et al., 2001; Gray et al.
2001; Mellman, 2001; Spurling et al. 2001; Dingagt 2002; Scott et al. 2009; Liu and
Specht, 2010; Liu et al. 2013; Komosa et al. 2014).

Among the applications, the rotating screen drumescammonly used for size separation of

granular materials. The rotating screen drums @egively simple, low expensive, requiring
little operating and maintenance costs compareuther separation systems. It consisted of a
cylindrical perforated drum that rotated to perfa@ire separation. Perforations or holes in the
cylinder allow smaller materials to drop out durihg rotation process. The fine particles are
then first separated, at the beginning of the sengeprocess. Due to the inclination of the
drum, the remaining particles travel onward toghbsequent screening rings to be separated.
Over-sized materials pass through the rotatingescdeum. The flow of particles through the
orifices on the rotating drum occurs due to the lomation of the mobility of grains (like
falling in avalanches, ballistic trajectory...) cadday the rotation regime of the drum and
jamming in the vicinity of the orifices. The rotagy screen drum can be managed by
controlling the product flow, the driving speed andination angle of rotation axis (Prasanna
Kumar, 2005; Chen et al 2010; Kopral et al., 20The screening efficiency was inversely
proportional with the product flow rate and the rdruotational speed. An increase of the
angle of inclination of the drum improves the sairg efficiency, until a critical angle that
generates too high horizontal motion velocity &f ffarticles on the drum screen. The rotating
screen drum can also classify particles of diffe@rapes with different residence times of

particles in the drum due to the particle shapeuichi et al., 1993; Hartmann et al., 2006).



68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101

Attempts to predict performance of rotating scrdesms still remain unsatisfactory due to a

lack of understanding of the screening mechanismenwapplied to continuous screening
Prasanna Kumar (2005) studied the effect of théwarscreen drum, grain and operating
parameters on the flow rate of grains and devel@mepirical equations for the flow rate by
dimensional analysis. The spacing between orifitesdiameter of orifice, the percent fill of
drum and rotational speed of the drum significanéiffect the screening flow rate.
Comprehensive effect of granular flow under varioperational parameters and screening
methods are not yet been thoroughly understoode mparticularly if the granular materials
are characterized by heterogeneous size distribytiau, 2009; Chen et al., 2010). Some
works have developed modelling by the dimensionadlysis approach and proposed
integrated models considering the equipment chemigtits and the process conditions
(Bongo Njeng, 2016, Prasanna Kumar, 2005).

The granular flow inside rotating drums may gereratdesirable breakage or erosion of the
granular material. These mechanisms were obsensdei a rotary drum, due to impacts and
wear with the drum walls and shear deformation witthe granular material (Grant and
Klaman, 2001, Ahmadian et al., 2011). The breakiageds of the grains were found to
increase with rotational speed. Inside a rotaryngrgranular material may experience
impacts and wear with the drum walls and shear rdeftion within the powder bed.
Knowledge of the powder dynamics remains essettishderstand how particulate material

breaks inside a drum.

In the food domain, the rotating drum screens aesldor the manufacturing of the classical

couscous grains. The couscous grains are made duitbm wheat semolina, by the

succession of four unit operations: wet agglomenatrolling-sieving, steam cooking, and

drying (Abecassis et al., 2012; Ruiz et al., 20M)the end of the wet agglomeration stage,
the soft wet agglomerates made of durum wheat sea@nd water are continuously

introduced inside an inclined rotating screen drwwonstituted by successive screens of
increasing meshes. This equipment is known to phay roles in the process of couscous
grains. First the screening role, by separatingntbeagglomerates according to their size, in
order to only select those in the expected rangéiaoheters (between 1 and 2 mm). It also
contributes to the couscous grain structure, byifyiog the shape and the density of the wet
agglomerates due to the mechanical stresses thgiramoted by granular flow inside the

rotating drum. It is the rolling effects. The graiof couscous rolled in the rotary drum are

more spherical and less porous, than those thatiewed on traditional horizontal vibrating
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sieves (Hébrard, 2002; Abecassis et al., 2012).d¥ew no scientific works have described
the secondary agglomeration mechanisms that caxddron soft plastic grains during their
flow inside a rotating drum. It should be noticddhtt on the current industrial lines, the
rotating drum screens still generate large flovesaif under- and over-sized grains, after the
wet agglomeration stage. These flows rates camsept more than 2.5 times the flow rate of
target product. No study on the rolling stage dyitime process of the couscous grain has been
yet conducted.

The objective of the present work is to develompproach to better understand the two roles

(screening efficiency and shaping effects) of tiwined rotating screen drum when used with
the soft wet couscous agglomerates. Durum wheablgsmwas used as raw materials to
produce the wet agglomerates. The pilot rotatimgest drum equipment was composed of
two sieves to separate three fractions: fine, madiand large agglomerates. The shaping
effects of the rotating screen drum were evaludtech the measurements of the physico-
chemical characteristics (size distribution, wat@ntent, compactness, and circularity) of the
wet agglomerates, before and after processing éydtating drum. The impacts of rotating

screen drum parameters (angle of inclination, imgaspeed, and product flow rate) on the
sieving efficiency and on the shaping effects weneestigated. A dimensional analysis

approach is proposed to establish some relatioeshgiween the characteristics of the
agglomerates and the process parameters. Expealmestilts give the very first tendency of

this correlation.

2. Materialsand methods

2.1. Raw materials

Durum wheat semolina of industrial quality (Panzgmaiup, France) was used as raw material
for the agglomeration experiments. Semolina wasedtin hermetic containers at 4°C until
experiments were carried out (less than 6 montejnolina was first characterized using
standardized methods. The water content of semdlised + 0.5 g water / 100 g dry
semolina) was determined according to the apprawethod 44-15A (AACC, 2000), by
weighing after oven drying (RB 360, WC Heraeus Gmbldnau, Germany) at 105°C for 24
h. The characteristics values{d 66 £ 1 um; ¢bh = 283 £ 1 um; ¢h = 542 + 4um) of particle
diameter of semolina = 283 + 1 um) were measured by a laser granuloni€wulter

TMLS 230, Malvern, England) at room temperaturee Thameter span (§gldig)/dso) was
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1.67. The semolina true density (1.478 +0.005 g)cmas measured by azote pycnometry.
The total nitrogen content (TN) of semolina wased®ined by the Kjeldahl method, and the
crude protein content (12.3 g protein/100 g dryteratwvas calculated according to TN - 5.7
based on the AFNOR method V 03-050 (AFNOR, 1970).

2.2. Agglomeration process

The wet agglomeration process was conducted bygusimorizontal low shear mixer. A
sample of 5.0 kg of semolina was first introduaedhie mixing tank (48.5 cm length, 20.0 cm
width, and 19.0 cm height). The two horizontal slaales were positioned at 6.1 cm from the
bottom of the tank, with 12 metal rotating paddlades (47.5 cm length and 14.0 cm gap
between 2 blades). The sample of semolina was nfore2l min at constant mixer arm speed
(80 rpm) to equilibrate the temperature at 25°Q{€&€). Water was directly poured over the
semolina under mixing at almost constant flow ré8eg.se¢) during 2 minutes. Water
addition was conducted to reach a final water curné42.5 g water/100 g dry matter. After
the water addition step, the mixture was stirred1® min to homogenize and agglomerate.
The wet agglomerates were then collected usin@stiplbowl and directly introduced in the

rotating drum equipment.

2.3. Rolling processes

Experiments were performed in the rotating scre@mmdas illustrated in Fig. 1. It consisted
of a cylindrical stainless-steel screening devig® (m diameter and 1 m total length) that
rotated to perform rolling and size separatiorheféagglomerates. The cylinder was supported
by a central axis and rotated by an electric matwd belt drive. The rotating screen drum
consists of 2 successive joined cylindrical scregmylinders, each of 0.5 m height, having a
0.44 mm effective screening length (screen arefl en). Sieve holes were round holes of 1
and 2.2 mm diameter. The ranges of experimentalitons were determined in regards with
the capacities of the experimental equipment anth wWie values classically used in the
industry. Different inclinations (5.1, 6.2, 7.4,79and 12.0°) and different angular rotating
drum speeds: 0.21, 0.79, 1.36, 2.09 and 2.72 tad/sich respectively correspond to: 2, 7.5,
13, 20, and 26 rpm, of the drum were tested. Theagglomerates were continuously fed by
using a vibrating feeder inside the rotating druangentially to the bottom of the first

screening ring. Different feed rates (6.7, 11.472@nd 25.3 g.s&3 were tested. Depending
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on the operating conditions, the total time of tbking/screening stage ranged between 10
and 15 minutes.

The fine agglomerates are first collected in a @mawnder the first screen (1 mm). The
medium agglomerates are collected in a drawer utdesecond screen (2.2 mm). The large
agglomerates are discharged out of the drum ani@ctedl in a third drawer. For each

experiment, the mass of the collected agglomeratte three drawers was weighed.

2.4. Screening efficiency parameters of the rotating screen drum
To describe the screening efficiency parameteesrotary screen drum, we have developed a
specific method by using a matrix analysis of tifeecent measured weights of the collected

products. The method is based on the calculationasfs fractions (Fig. 2).

A mass (M) of the initial agglomerates is introduced in tream. The rotating screen drum
separates the initial powder in different produ@ise rotating drum is equipped by a number
P of screens of increasing mesh. A numbeP#flL products i) is collected in theP+1
drawers. The massn() of each i collected product was measured in ematver. The total
mass of the collected products)(is the sum of the masseas) of the i products collected in
the drawers. We supposed no mass accumulatioreittsédrotating drummf = m?).

We defined the mass fractior)(for the product i, by the ratio of its mass)(over the total

mass ) of collected product:

m;
X; = ; (1)
with: Y7 'x; =1and:  m = Y+ m;. The initial powder and the collected products are

characterized by their fractions, according to shkendard sieving procedure using a column
of a number ofN sieves of decreasing mesh (Fig. 2). A numbeN®f fractions |) is
characterized using thé sieves. The massesij) of each fraction from eachi product, are

measured.

For the initial powder, we defined the mass frerct(moj), by the ratio of the mass of its

fraction|j (moj) over the total massrf) of the initial powder:

x)=—L 2
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With: 4 x) =1 and:m® = X% m°;. For eachi collected product(i € {1,..,P + 1}),
we defined three mass fractiong, (;j andz;), by the ratio of the mass of their fractionj;{
over the different total masses: total mass ofdbiected productsnf), total mass of the
collected product in the drawer i {imand total mass of the fraction j of all the eoted

product (), respectively:

Vi = @

with: Y S xy = 1, X xg; = x5, X g = % and m = A Y my;. Also: (i)

vie{,.,N+1} Xy =1 and m; = X my;, (i) vie{,..P+1} ¥)z; =1 and

m; = 9’*11ml] This specific method is used to describe theestong efficiency of the

rotating screen drum for wet agglomerates of duwireat.

2.4. Characterization of the agglomerates

Water content - The water contentM) of agglomerates (dry base) was determined org3-5
samples, by a drying method in an oven (RB 360, Métaeus GmbH, Hanau, Germany) at
105°C for 24 h (AACC Method 44-15A). Mean valuesraveletermined from triplicate:
w = m,,/mg, wherew is the water content of agglomerates (g / g dritengam, is the mass

of water (g) andns is the mass of dry matter (g) in the sample.

Sze digtribution - A specific method was proposed to measure theilgition according to

size criterion of the wet agglomerates. The siztribution was measured for the initial wet

agglomerates (before introducing them in the mogasicreen drum) and for the three products,
that are collected after the rotating screen drummthie drawers. Size distribution was

determined by sieving a sample of 100 g on thedfop column of 2 sieves of decreasing

meshes (2 and 1 mm). The two sieves were chosdn almost similar meshes values,

compared to the meshes of the two screens (1 2nar) of the rotating drum.

The sieve column was mechanically mildly shackedgia rotachoc equipment (Rotachoc,

Chopin Technologies, France) at 200 rpm for 5 rmrlimit the particle breakage during the
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mechanical shaking process (Saad et al., 2011)pdssible broken effect is supposed similar
for all the different products. The size distrilmmtiwas obtained by weighing the mass of
agglomerates on each sieve. The weight distribwimording to size criteria was expressed

as the percent of total weight. Measurements wemewcted in triplicate.

Compactness - Samples of agglomerates (about 1 g) were usddtermine the compactness,
I.e. the solid volume fractionyp = pg/ ps., according to Rondet et al. (2009). The solid
apparent densitys of the wet agglomerates was measured by usingl@$tatic balance with
paraffin oil, which ensures the wet agglomeratethauit penetrating them. The solid true
densityps was measured by using a nitrogen pychometer (ULFPR® 1200e, Quatachrom)
after drying the agglomerates at 105°C for 24h.

Agglomerates shape - For each rolled product, we sampled a numbeagglomerates

(between 10 to 30) to be statistically represeveatif the shape of the sample. The selected
wet agglomerates were dispersed on glass slideslasetved by a camera (Lumix DMC-
FS11, Panasonic, Tokyo, Japan). Image analyses eeered out with Fiji® software by
following these steps:
- Image pre-treatment includes particle’s borddlimkj (removes patrticles that touch
the border of the image), particle’s silhouetteehblling (filling the holes within
particle silhouette), separation function (breaksrow isthmuses and separates
touching particles), and morphological cleaning.
- Calibration step implies a translation from pixeit into metric units.
- Measurements of the silhouette dimensions: P¢ein{E) and Area (A).
- The circularity shape factor is defined as theraf the perimeter of the silhouette
(P) and the circumference of a disk that has theesarea (A) as the silhouette. For a
disk, circularity equals 1. Circularity value ismer than 1, when the projected shape
of the particle departs from a disk, either becaofs@ high roughness in particle
surface or because of elongation. Circularity igaédqo 0.89 for a square and to 0.50
for a long rectangleCircularity = P/ 2v/mA. The presented values of the circularity

shape factors were mean of the measured values.

2.5. Satistical analysis
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The statistical significance of results was assksseng single factor analysis of variance
(ANOVA). Multiple comparisons were performed by aahkting the least significant

difference using Microsoft Excel 2010, at a 5% #igance level.

3. Experimental results

3.1. Shaping effects of the rotating screen drum
The characteristics of the wet agglomerates wetermined immediately after the wet

agglomeration stage, just before the introductiorthie rotating drum (Table 1). The wet
agglomerates are characterized by their water nbf@e42), compactness (0.597), and weight
distribution of the three fractions according toescriterion.

Physicochemical characteristics of the three foastiof the native agglomerates that were
collected after the standardized method for the slistribution measurement were also
measured (Table 1). It can be noticed the relgtil@lv value of the mass fraction y(x
0.285) for the medium initial agglomerates (betwé&esnd 2 mm). This low value is typical
of the instantaneous agglomeration yield for the agglomeration operation, as usually
observed during the industrial processing of thescous grains (Abecassis et al., 2012).

It can be observed that the physicochemical charatits of the wet agglomerates depend on
their diameters. The large agglomerates are claiaetl by high water content (0.47) and
low compactness (0.573). The small agglomeratesclaageacterized by low water content
(0.40) and high compactness (0.614). The dispexsdiovater content and compactness values
according to the size of the agglomerates (Tablés ltypical of the growth mechanisms
associated with the wet agglomeration process uodeshear of wheat powders (Barkouti et
al., 2012).

The shape description of the agglomerates wasammgucted for the median fraction (1 mm
< diameter < 2 mm), which is classically selectedthe production of the couscous grains.

The circularity value (0.636) typifies shape ndatly spherical.

The present work has been conducted to investig#te high water contents and the large
dispersion of diameters measured for the wet agglates could favour (or not) the
occurrence of specific mechanisms during the psiogsinside the rotating drum, with
possible plastic strains under mechanical streskesification mechanisms under pressure,

and potential difficulties in sieving mechanismsodessing the initial wet agglomerates with
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the rotating screen drum generates three rolledlyats by sieving mechanisms. The
physicochemical characteristics of the three prteldtave been determined (Table 2).
Processing with the rotating screen drum slightfigcis the characteristics of agglomerates.
We observed slightly higher values of the watertennfor the agglomerates collected in the
drawer 1 and drawer 2 after the rolling stage, wb@mpared with the water content of the
small and medium fraction in the initial wet aggkenates (Table 1). We could suppose that
the rolling process induced erosion or breakagehar@ems of the large wet agglomerates
that generated smaller agglomerates with high waietent that are collected in the drawers
1 and 2. On the other hand, we observed lower sahfethe water content for the
agglomerates collected in the drawer 3 after tHangostage (0.434), when compared with the
water content of the large fraction in the initreét agglomerates (0.473) (Table 1). We can
consider two hypotheses. Drying mechanisms coultliroduring the rolling process and
impact all the agglomerates. The experimental tesulowed observing a slight reduction of
the global water content of the large agglomerafés.did not observe a reduction of the
water content of the medium and small agglomerabes;ause of the fragmentation
mechanisms of the large wet agglomerates, whichpeosate the drying mechanisms. The
granular flow inside the drum could also promoteglagneration mechanisms with the
adhesion of initial small and large agglomerates.

The rolling process does not impact the compactvedses for the medium and large
fractions of the agglomerates, as similar valuesewereasured before and after the rolling
process (Tables 1-2). We can suppose that the mieahatresses generated by the shearing
conditions of the granular flow inside the rotatiehgim is not enough sufficient to promote
densification of the wet agglomerates of durum vih@ge measured slightly higher values of
the compactness for the small fraction of agglotestaThis value is unusually high and
could be partly explained by the method of the ldisgpd volume in the paraffin oil, which is
not well adapted to measure the solid volume foackor the small agglomerates.

The shape characteristics of the rolled agglomeratere measured. The rolling process

induces slightly higher values of circularity féret medium fraction (0.668), when compared
with the initial wet agglomerates (0.636). We capmose that the mechanical stresses
generated by the rolling process could slightly actpthe shape of the wet soft agglomerates

through erosion or densification mechanisms aral @msequence increase their circularity.

-10 -
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3.2. Screening efficiency of the rotating screen drum

To describe the screening efficiency parameteesrotary screen drum, we have developed a
specific method by using a matrix analysis of tifeecent measured weights of the collected
products (Fig. 2). The mass fractiong)(of the different collected agglomerates are first
calculated over the total masw)(of collected products (Table 3). We define th@apnt
screening efficiency of the rotating screen druntbgsidering the sum of the mass fractions

of the diagonal of the matrixxf;+Xxo+xs3 = 0.923), which indicates that 92.3% of the wet

agglomerates are collected in the right drawer @og to their size.

We define the global process efficiency by takintpiconsideration the mass fraction of the

medium agglomerateg=) collected in the second drawer %) (x»=0.332), which indicates
that 33.2% of medium agglomerates are producetidwagglomeration process and collected

in the right drawer.

We define the impact of the processing inside titating screen drum on the size distribution

of agglomerates, by calculating the relative ddfere of the mass fractions of the three
classes of agglomeratg$ lefore and after processing (10@{x°,-) / x°,-). The present results
(Tables 1-3) demonstrate a decrease of the massofreof the small agglomeratgs1 (-
13.7%) and an increase of the mass fraction ofritedium agglomeratgs2 (+26.0%). On
the other hand, the processing inside the rotasicrgen drum does not affect the mass

fraction of the large agglomerates3 (-3.9%)

We calculated the mass fractiong)(of the different collected agglomerates, over tibtal
mass n) from the collected products in the drawéilable 4). We define the contamination

rate of the collected product targets by taking icdnsideration the mass fraction of the small

agglomeratesj£1) collected in the second drawer2) (y-1=0.115), which indicates that
11.5% of products collected in the second drawer @o small in regards with the

specifications.

We calculated the mass fractiorz) (of the different collected agglomerates, over tivtal
mass In) of the fraction j from all the collected produ¢table 5). We define the loss rate of
the targeted product by taking into consideratibe tmass fraction of the medium
agglomeratesj£2) collected in the third drawer=3) (z:,=0.074), which indicates that 7.4%

of the medium agglomerates are not collected inigte¢ second drawer.
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This original approach using matrix analysis hagend&een completed on an inclined rotating
drum and allows us to characterize the overall ggscefficiency. The present work thus
defines several parameters for evaluating the sargefficiency of the rotating screen drum:
the apparent screening efficiencyfxotXs3), the global process efficiencyf), the impact
of the processing on size distribution of prody&®0 & - x%) / x%), the contamination rate of

the collected product targetg), and the loss rate of the product targess.(

3.3. Impact of the parameters of the rotating drum

We investigated the influence of the process patarm¢angle on inclination, feed rate of wet

agglomerates, and rotational speed) of the rotatorgen drum on the screening efficiency

parameters and on the impact on the characterigtitise rolled agglomerates. The results

demonstrate monotonous variations of the experiah@atues when measured at the different
values of the process parameters, even if the gapelen the measured values is always not

significantly different (Fig. 3-8).

Influence of the angle of inclination - An increase in the angle of inclination (fronl 5o 12°)

of the rotating drum induces slight changes of sbeeening efficiency parameters (Fig. 3).
The description of the effects of the angle ofimatfion of the rotating drum can be divided in
two parts on both side of the 6.2° angle. The higlaues of the screening efficiency are
observed at 6.2°, with 6.7% contamination rate @i@@bs loss rate, 39.7% apparent screening
efficiency, and 93.6% global process efficiencyy@®d 6.2° of inclination, an increase in the
angle of inclination until 12° of the rotating drumduces a decrease of the screening
efficiency, with slight increases in the contamioatrate and loss rate of the collected
product targets and slight decreases in the appaceeening efficiency and global process
efficiency. The lowest tested value of the inclioatangle (5.1°) decreases the screening
efficiency of the rotating screen drum, with higidues of the contamination rate (17.1%) and
loss rate (9.4%) of the collected product targatel lower values of the apparent screening

efficiency (88.7%) and global process efficienc§.@%).

We evaluated the impact of the angle of inclinatbonthe physicochemical characteristics of
the agglomerates that are collected in the draw@&i@ 4). Angles of inclination between 6

and 12° of the rotating drum does not affect theewaontent, the compactness and the
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circularity of the agglomerates. However, the loweslue of the inclination angle (5.1°)
seems to generate a specific behaviour of theimgtaicreen drum, with slightly different

measured values of water contents and compacthéss wlled agglomerated.

Influence of the feed rate - An increase of the feed rate (from 7 to 25 g/seside the rotating
drum only induces slight changes of the screenifigency parameters (Fig. 5). An increase
of the feed rate (from 7 to 17 g/sec) induces aedese of the screening efficiency, with slight
decreases of the apparent screening efficiency globlal process efficiency and slight
increases of the contamination rate and loss rfatkeocollected product targets. We do not
observe significant changes of the screening efity parameters above a feed rate of 17

g/sec.

We evaluated the impact of the feed rate on thennahiaracteristics of the collected
agglomerates (Fig. 6). An increase in the feed dats no impact the water content and the
compactness of the collected product targets, lmlitly increases the circularity (from 0.65

to 0.74) of the collected product targets.

Effect of the rotational speed - An increase of the rotational speed of the dftrom 2 to 27

rpm) induces changes of the screening efficiencgupaters (Fig. 7). The lowest value of the
rotational speed (2 rpm) generates a specific behaof the rotating screen drum, with high
values of contamination rate and loss rate of tkected product targets, and low value of
the apparent screening efficiency. Above a valué gim, we observe a slightly effect of the
rotational speed on the screening efficiency pataraeAn increase of the rotational speed
induces a decrease of the screening efficiency, sWight decreases in the apparent screening
efficiency and global process efficiency and sligitreases of the contamination rate and loss
rate of the collected product targets. The trartsp@chanisms and the sieving efficiency are
then not affected by the rotational speed.

We evaluated the impact of the rotational speeel oatthe main characteristics of the rolled
agglomerates (Fig. 8). An increase in the rotati@peed does not significantly affect the
water content and the compactness of the collgmteduct targets. We only observed that a

slight increase the circularity (from 0.50 to 0.65)

-13 -



438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471

4. Discussion

The present investigation allows describing thecfiomal roles of the rotating screen drum
during processing of wet agglomerates of durum wiseanolina. We try to evaluate the
different mechanisms: screening, secondary agglmer erosion/breakage, and rolling
(lveson et al., 2001), that could be promoted mmetion of the process conditions. However,
it remains difficult to evaluate the specific cabtition of each mechanism, by only using the
measured values of weights and the calculated mastsons and the hydrotextural state of

the three classes of agglomerates (Ruiz et all;2drkouti et al., 2014).

4.1. Apparent screening efficiency

The main function of the rotating screen drum isdgeen a mixture of granular objects (Chen
et al.,, 2010). The present results demonstrate hgtarent screening efficiency of the
rotating screen drum when used with wet agglomsratedurum wheat (Table 3), ranging
between 89 and 96% depending on the process aamglitifhese high values indicate the
high performance of the rotating screen drum inardg with its primary function of size
separation. The presence of low amounts of undedsagglomerates in the second and third
drawer can be associated to screening deficierscthese agglomerates could flow over the
two first screens, until the next ones. The tranispleenomenon is maybe too fast to allow the
sieving function to fully occur. Erosion or breakamechanisms could also partly explain the
gap with full screening efficiency if mechanicalnclitions lead to attempt the strength yield
of agglomerates (Rondet et al., 2013).

The apparent screening efficiency of the rotatingrdis affected by the process parameters
(Fig. 3, 5, and 7). An increase of the angle ofiiation and of the rotational speed slightly
reduces the apparent screening efficiency dueféstar flow of the agglomerates inside the
drum, inducing lower residence times on each scfeethe sieving function (Rotich et al.,
2015). At too low rotational speed (2 rpm), thengport mechanisms and the sieving
efficiency are also affected. An increase of thedfeates (until 17 g/sec) slightly reduces the
screening efficiency due to a more important loadgglomerates inside the drum, which
reduces the frequency of the contacts of agglomeram the screens, and thus reduces their
opportunity to be sieved.

These high performances could be discussed indegdhe relatively low value of the global

process efficiency, with range between 32 and 3%% &unction of the process conditions
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(Fig. 3, 5, and 7). These values are associatdtetglobal process efficiency of both the wet
agglomeration operation and the rolling operatidimost similar values are found on the
process industrial lines (Abecassis et al.,, 20Ie first wetting and agglomeration
operations are known to be at the origin of the lefficiency of the couscous grains

production at industrial scale, which is observiédrahe rotating drum.

4.2. Impact on structuring mechanisms

The processing could generate specific mechanigrseamndary agglomeration and impact
the mass fractions of the different collected fiats. The possible occurrence of secondary
agglomeration was estimated by the changes of #itees of the mass fractions of the
collected small agglomerates, compared to the eatiass fractions (Table 3) and also the
hydrotextural analysis. The present study demotesingery slight mechanisms of secondary
agglomeration, with low decreases (between -13% -2#h) of the mass fractions of the
small agglomerates, whatever the process conditidat not shown). The agglomerates
properties, the drum characteristics, and the pgarameters do not allow generating
enough efficient interactions between the soft aggrates, to promote growing mechanisms
by incorporating the small particles in larger aggérates. Increasing the water content of the
agglomerates and/or the mechanical stresses itisgderum could promote the secondary
agglomeration mechanisms. In these conditions,ntbee plastic and sticky agglomerates
could be involved in secondary agglomeration meisnas under higher mechanical stresses.
Moreover, if this phenomenon occurs, the resultagplomerate will exhibit a mean
hydrotextural state, between higher compactnessflavater content of the small particles
and lower compactness/higher water content ofatgget.

The impact of processing inside the rotating scrdemim on the compactness and water
content of the wet agglomerates can be discussedibyg the hydro-textural diagram (Ruiz et
al., 2011) (Fig. 9). This diagram is limited in wpper part by the saturation curve, which
represents the maximum water content that a mediuen given constant compactness can
contain. Before or after processing inside the drtime increase in agglomerates size is
concomitant with an increase in their water contamd a decrease of their compactness.
These relationships are similar to those obtaifethks to a classical wet agglomeration
process (Rondet et al., 2010). Nevertheless, tigdomgrates generated in this study and
whatever the process parameters are found to besakiose to a water saturated state (Fig.

9). The rotating screen drum process does not faigntly impact the hydro-textural
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parameters of the wet agglomerates, because atrnastcondary agglomeration phenomena
occur. In fact, the present experiments were redlia a range of process parameters (rotation
speed, angle of inclination, and product flow raegessible by the experimental equipment.
We were not able to test wider conditions becafigxperimental limits connected to the too
slow or too fast flow of the product inside the mituA possibility to generate secondary
agglomeration mechanisms could be to increase #iterwcontent of the agglomerates to

modify their characteristics (plasticity, fragiljtgtickiness, etc.).

The powder flow inside the rotating drum could ailsduce some breakage and/or erosion
mechanisms of the soft wet agglomerates. The ozccer of breakage and/or erosion was
estimated by the changes of the values of the nfi@gdions of the collected large
agglomerates, compared to the native mass fracti@@ble 3). The present study
demonstrates some mechanisms of erosion or breakagey processing, with decreases of
the mass fractions of large agglomerates, whicgeametween (between -4% and -40%) as a
function of the process conditions (data not showhg wet agglomerates of durum wheat do
not resist to the mechanical stresses during psotweiside the rotating screen drum (Rondet
et al., 2013).

The rolling effects are associated with possiblenges in the structure and shape of the wet
agglomerates of durum wheat. The presented redaolts®ot demonstrated a significant effect
of the rotating screen drum on the compactnessaater content of the wet agglomerates of
durum wheat. The mechanical stresses distribusami enough high during the powder flow
inside the drum to promote shear stresses higlaer ttieir plastic yield on the agglomerates
and also reduce their internal porosity by compoes€n the other hand, a slight increase in
the circularity values of the wet agglomerates (&&) is observed after processing inside the
drum. This increase in circularity could be assmciao the loss of surface irregularities on
the agglomerates, according to the erosion meamsni¥he circularity increase is favoured
by increasing the feed rate (Fig. 6) or the drureesp(Fig. 8). The rolling effect of the
rotating drum is classically reported under indasttonditions and greatly contributes to the

final sensory attributes of the couscous grainse@assis et al., 2012).

4.3. Dimensional analysis
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From the experimental study, we aimed in developwg empirical correlations gathering in
two unique process relationships all the experiadesitcularity (CIR) and apparent screening
efficiency (ASE = x1+X22+X33) obtained whatever the operating conditions ugeaini speed,
angle of inclination and feed rate) by using theehsional analysis. This approach makes it
possible to reduce the number of variables desgilai physical problem using a set of
dimensionless ratios. The number of ratios origynaked to describe the problem can be
obtained from the Buckingham theorem (Buckinghaml.4914).

The first step of dimensional analysis consistestablishing the list of relevant dimensional
parameters as remembered in the book of Delaptaale 2015. In the case of rotating drum,
the relevant dimensional parameters and their foneddal quantities are listed in Table 6.
The Buckingham theorem states that any physicalgamngful equation involving n
variables expressible in terms of k independenti@nmental quantities can be rearranged into
an equivalent equation involving a set of p=n-k ensionless variables, which are derived as
products of powers of the original variables. I study, we have listed 9 variables (n) that
can be expressed in terms of 3 fundamental quesiik). Following the procedure described
described in the book of Delaplace et al. (20153, dimensional matrix (not shown) can be
obtained and permits to express the circularity thedscreening efficiency according to ‘p=6’

dimensionless variables.

The two physical phenomena refer to the equatidR: €f(D, |, Ly, g, &o, p, N, o, Dp) and
ASE=1(D, |, Ly, g, o, p, N, a, Dp). Applying Buckinghanx -theorem, six dimensionless

terms were obtained:

Ty = Ir (6)
!
My = Ir (7)
d
m3 = LLTO (8)
N
T4 = D05 g-0s5 ©)
Tg =0 (10)
Db
Mo = 5 D25 408 (11)
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The independent influences of the variation of eadimensional number on the value of CIR
and ASE were studied. This analysis made it possibl observe that values can be

mathematically described by:

N Db

CIROTASEZf(ﬂ4=D_TW;7T5=a;7T6: ) (12)

pp_DZ.S_go.S
The levels of each independent parameter considerdlde experiment are given below:

n, = 0.008,0.028,0.052,0.075,0.098
s = 0.088,0.129,0.169,0.209
e = 0.000009,0.000015, 0.000027,0.000034

Fig. 10 depicts the adjustment between the valfitiseodimensionless circularity (CIR) and

apparent screening efficiency (ASE) described byeisand those experimentally obtained,
whatever the process conditions. We found thatwloeproposed models (Eq. 13-14) describe
rather well the evolution of the circularity andetlapparent screening efficiency. Indeed,
almost all experimental measurements are contamadange corresponding to £20% of the

value predicted by the model.

CIR = 0.073.Ln(m,) + 0.567.75%%81 + 0.621.7,°%43 + 0.06 (13)

ln(%) 2

ASE = 90,0.e%% "250 ) (14)

The values taken by Eq. 13-14 parameters makessilple to highlight the influence of
process conditions. The circularity and the appasereening efficiency are mainly affected
by the drum speed and the angle of inclination.ofding to this mechanism, it has been
possible to develop two original and descriptivedele based on an adimensional approach.
Unique equations were proposed whatever the pramsssition and are associated with sets
of coefficients. In order to improve the physicahderstanding of the underlying
phenomenon, an experimental approach speciallygeledito allow the establishment of
regime maps through a physical approach and thdifidation of dimensionless numbers
e.g. a ratio between a transport speed and a sieviegdspould be further carried out.
Nevertheless we can notice that it could be diffitm found explicit experimental conditions

which lead to decrease the screening efficienss(tban 80%).
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5. Conclusion

A matrix analysis allows describing the populatlmdance of the mass sieved by a rotating
screen drum and also taking into account the fanatiroles of operation during processing
of wet agglomerates of durum wheat semolina. Resudthlight that high apparent screening
efficiency of the rotating screen drum ranging kegw 89 and 96% depending on the process
conditions. These high values indicate the highHgoerance of the rotating screen drum in
regards with its primary function of size sepanatio

The rotating screen drum process does not significampact the hydro-textural parameters
of the wet agglomerates as no secondary aggloreratienomena significantly occur. A
dimensional analysis is conducted to purpose cglaliips based, between the circularity on
the one hand and the screening efficiency on therohand and the process parameters.
Nevertheless in order to improve the physical ustd@ding of the underlying phenomenon,

an experimental approach with more experimentaitpaiould be further carried out.
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Table 1. Physicochemical characteristics of théiainwet grains made of durum wheat
semolina, just before the rolling process in thatrog drum.

Mass fraction

(x)

Water content

(g / g dry matter)

Compactness

()

Circularity

()

Wet grains e

0.420(20.010)°

0.597(+0.006)"

Small fraction (diameter < 1 mm) 0.483(+0.026)"
Medium fraction (1 mm < diameter < 2 mm) 0.285(+0.066)°

Large fraction (2 mm < diameter) 0.232(0.052)?

0.398(x0.010)°
0.408(20.010)*

0.473(20.010)?

0.614(0.004)°
0.606(+0.005)"

0,573(0.011)?

0.636(x0.140)

Values are means (+ standard deviation).

Values in column with the same letter were noti§icantly different (P<0.05).



Table 2. Physicochemical characteristics of thedhtlasses of wet agglomerates of durum
wheat semolina, collected after the rolling process

Water content Compactness Circularity
(g / g dry matter) ) )
Agglomerates in drawer 1 (d < 1 mm) 0.410(x0.005)% 0.654(x0.028)° -

Agglomerates in drawer 2 (d <2.2 mm) 0.425(+0.003)° 0.609(+0.060)° 0.668(+0.084)

Agglomerates in drawer 3 (2.2 mm <d) 0.434(+0.004)° 0.571(+0.020)? --

Values are means (+ standard deviation).

Values in column with the same letter were noti§icemtly different (P<0.05).



Table 3. Calculated mass fractions &nd x;) of the collected agglomeratésand their

fractionsj, over the total massnj of collected product, after the processing insigerotating
screen drum.

Agglomerates Agglomerates Agglomerates Total
indrawer i=1  indraweri=2 in drawer i=3 collected
(d <1 mm) (d<22mm) (22mm<d) agglomerates

Small agglomerates j=1 (d <1 mm) 0.368 0.043 0.006 0.417
Medium agglomerates j=2 (1 mm < d < 2 mm) 0 0.332 .020 0.359
Large agglomerates j=3 (2 mm < d) 0 0 0.223 0.223
Total collected agglomerates 0.368 0.375 0.256 1




Table 4. For each collected agglomeratesalculated mass fractiong;) of their fractiong,
over the total mass of collected product in thevera, after the processing inside the rotating
screen drum.

Agglomerates  Agglomerates Agglomerates

in draweri=1 in draweri=2 in draweri=3
(d <1 mm) (d <2.2 mm) (2.2 mm < d)
Small agglomeratgs1 (d <1 mm) 1 0.115 0.023
Medium agglomeratgs?2 (1 mm <d <2 mm) 0 0.885 0.104
Large agglomeratgs3 (2 mm < d) 0 0 0.873
Total collected agglomerates 1 1 1




Table 5. For each fractigncalculated mass fractiong ) of their distribution in the drawey

over the total mass of fractignafter the processing inside the rotating screamd

Agglomerates Agglomerates Agglomerates Total
in draweri=1 in draweri=2 in draweri=3 collected
(d <1 mm) (d <2.2 mm) (2.2 mm<d) agglomerates
Small agglomeratgsl (d <1 mm) 0.883 0.103 0.014 1
Medium agglomeratgs2 (1 mm <d <2 mm) 0 0.926 0.074 1
Large agglomeratgs3 (2 mm < d) 0 0 1 1




Table 6. Definition of the starting variables andndamental quantities used for the

dimensional analysis.

Dimensional variables Symbol Fundamental quantities
M L T

Length of the screen I 0 1 0
Opening mesh size 7L 0 1 0
Diameter of the cylinder D 0 1 0
Acceleration of gravity g 0 1 -2
Median diameter of agglomerates 50d 0 1
Density of agglomerates p 1 -3
Drum speed N 0 0 -1
Angle of inclination a 0 0 0
Feed rate () 1 0 -1
Circularity CIR 0 0 0
Apparent screening efficiency ASE 0 0 0
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Fig. 1. Schematic representation of the experimental rotating screen drum.
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Fig. 2. Schematic representation of the specific method to quantify the screening efficiency of a
rotary screen drum by using amatrix analysis.
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Fig. 3. Impact of the angle of inclination of the rotating screen drum on the screening efficiency
parameters. apparent screening efficiency (Xy1+Xzo+Xss; O), global process efficiency (xp; W),
contamination rate of the collected product targets (y»1; %), and loss rate of the collected product

targets (zs2; A).
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Fig. 4. Impact of the angle of inclination of the rotating screen drum on the physicochemical

characteristics (water content, compactness, and circularity) of the rolled agglomerated collected in

the drawer 2.
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Fig. 5. Impact of the feed rate of the rotating screen drum on the screening efficiency parameters:
apparent screening efficiency (Xii+x2o+xs3; O), global process efficiency (xz; W), contamination

rate of the collected product targets (y.1; X ), and loss rate of the collected product targets (zs,; A).
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Fig. 6. Impact of the feed rate of the rotating screen drum on the physicochemical characteristics

(water content, compactness, and circularity) of the rolled agglomerated collected in the drawer 2.
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Fig. 7. Impact of the drum rotational speed on the screening efficiency parameters. apparent
screening efficiency (Xu1+Xzo+xss; O), globa process efficiency (x.»; W), contamination rate of the

collected product targets (y»1; X ), and loss rate of the collected product targets (zz; A).
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Fig. 8. Impact of the drum rotational speed, on the physicochemical characteristics (water content,

compactness, and circularity) of the rolled agglomerated collected in the drawer 2.



0.8

Compactness (--)

0.5

0.6 A

CORRECTED GRAPHS

07 1.

0.3

04 0.5 0.6

Water content (g / g dry matter)
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medium (OA), and large (@A) wet agglomerates, before (AAA) and after (OO®) processing
inside the rotating screen drum. The saturation curve is dotted points.
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Highlights

Screening efficiency of arotating drum is measured by an origina matrix analysis.
Therotating drum is very efficient to screen wet soft agglomerates of wheat.

The compactness and shape of the agglomerates are affected by the rolling process.



