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ABSTRACT

Twin screw granulation is becoming increasingly relevanttduis compact size, continuous
and robust mode of operation, customizable design, and #exibbuction capacity. This work
describes the experimental study undertaken to understandoreddace of granule properties
on the screw element design in a twin screw granulat@AB geometry analysis of the free
volume in the granulator revealed that there is ectliquantitative correlation between the screw
geometry and the maximum size and aspect ratio of thellgeaobtained using conveying
elements. Conveying element geometries with differenhpeéngths were 3D printed to
generate cost-effective prototypes of the designs. Wet lgtammuexperiments were performed
using the 3D printed designs to test the hypothesis thabthelation between the granule shape

and maximum granule size and the screw element georagirgdictable a priori. The
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feasibility of 3D printing method for fabricating new screl@ment designs is examined

Quality-by-Design strategies and scale-up criteria fon sgrew granulation are discussed.
Keywords. 3D printing, conveying elements, twin screw granulation, QualtDesign

1. Introduction

Continuous granulation has several advantages oveatbke mode of operation, such as
improved process efficiency and control, and higher mdlmr'raughput [1] Commenlyused

granulaters,and-twin-serew-granulaa win screw granulatorsavea flexible design, short
residence time, robust operati@amdsmall equipment footprintnd-capitalcostompared to the

other continuous granulation methods and, hence, is adydartinteres{2—4]. Twin screw
granulation is different from the other continuous glaimon methods due to 1) short residence

times resulting in different rate dominating mechanisans, 2) compartmental design resulting

in nucleation separated from other granulatlon rateersrsm{S 8]. Mder—teepﬂmrze%he%wm

granulation has shown that agulebreakage properties-in-a-twin-serew-granulator imare

strong function of the screw element tyged geome ryzrtera{urerepeﬁsieeuseden—studylng
itive-te-the

geometry-of the-serew-elemenBonveying elementare-shewn-tgive bimodal granule size
distributionsand withporous, elongated granul¢8}.-Cenveying-elementsarate classified as

low shear transport elements thatise-granule-chipping-amiinly control the maximum

granule siz¢8,9]. The maximum granule size in conveying elements is equbktmaximum

diameter of a sphere that can fit in the regionvben the conveying element flights and the
granulator barrel [9]it was observed that as the pitch of the conveying elentiareases, there
is an increase in the granule porosity and the mastioineof fine and oversized granules.[lF]

another report, increasing the pitch of conveying elemestdted inanincreased mass fraction

of medium sized granules (500-118®), the granule aspect ratio, and the granule porfHily
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resulting-in-large-mass-fraction-of-findiis hypothesized that the distance between the flights of

the conveying element significantly influences the extétreakage in conveying elemenasid

the presence of conveying elements downstream of mixing elsmedtices the fraction of

oversized agglomeratefd 1-14]. Kneading elements are classified as high shear eisriet

result in dense, elongated granules with good mixing ofviitemass in the granulator [5,11]

The intermeshing region between the kneadlng discs is piymasponsible for breakage and
liquid distribution [8,15] i [ IEpLH
compared-to-theirforward-counterparts Distributive mixing elements result in a more

monomodal granule size distribution compared to the kngaahd conveying element§—8}-

Fhese-elements-eut-andrecombine-the-material- te-proddeewnmded granules that are more
porous than kneading elemei$ [6-8]. The breakage mechanism in distributive mixing

elements is shown to be granule crushing, and the maximumlgisire in distributive mixing

elements is also strongly governed by the screw elegesmhetry [9]

Screw geometry also plays a significant role during saplef the twin screw granulator. The
influence of Froude number, liquid to solid mass rationglator scale, and powder feed number
was studied on the granule size distribution, liquid distion, and granule porosity using the
distributive feed screw design [1&]rocess parameters, represented by the Froude number and
the powder feed number, had little to no influence on theudggoroperties [16]n contrast, ti

was found that the granule d90 varied linearly with the sdiameter, indicating that the screw
geometry directly affects the large granule sizes. Smsibnclusions were obtained for a
kneading and conveying element screw configuration at two diffgranulator scales, witn
higher fraction of large granules observed in the laogde granulator [17]. Since screw element
geometry has been shown to have a significant effegtaule properties during scale-up of the
twin screw granulator, it is essential to study how thmetd geometry quantitatively affects the

critical quality attributes of granules in order to develtipative scaling scale-upules.

3D printing is also referred to as additive manufacturingd,iavolves the fabrication of a part by
deposition of the material of construction as individua¢tayinstead of casting, forging,
milling, or welding[18,19] 3D printing provides the ability to manufacture complex geaetetr

using a variety of materials such as polymers, metifdysaand ceramicf20,21]. It is suitable



88  for fabricating customized products at a lower cost and redeaddime, and is especially
89  useful for rapid prototypin{l8,19,22]

90 Inthis study, we have developed a quantitative correlétnween the granule properties and
91 the screw element geometry in conveying elements. Wediso@resented a proof-concept
92 for 3D printing of screw elements as a cost-effectivéhoe for developing new screw element

93 geometries.

94 2. Materialsand M ethods
95 2.1. Element Geometry Analysisand Conveying Element Designs

96 The dimensions of the open volume in conveying elements determined using Computer
97 Aided Drafting (CAD) files of the screw elements. The disen of the largest sphere that could
98 fit between the screw element and the barrel was usaa @stimate of the largest granule size
99 that could be produced by the element, and was determinedheo@AD geometry. Three
100 geometries of double-flighted conveying elements were coesidersed on the conveying
101  element screw lead length to screw diameter ratio (L/D)rdié L/D, 1 L/D, and 2 L/D. The
102  CAD geometry of the 1 L/D conveying element was obtaineah ffhermo Fisher Scientific, as
103  these screw elements were part of the EuroLab 16 mm tvaw gganulator (Thermo Fisher
104  Scientific, Karlsruhe, Germany) usedtitis work’s experiments. The 0.5 L/D and 2 L/D
105 conveying element designs and the barrel geometry westraoted as CAD files using the
106  SolidWorks 2014 SP5.0 software. The conveying element designthe dimensions and the

107  sphere analysis are shown in Figure 1.

108  The 1 L/D conveying elements were obtained from Thermo F&tientific, as part of the twin
109  screw granulator, and were constructed of steel. The 0.8duizeying elements were 3D

110  printed using ABS Greyflex polymer and the 2 L/D conveying eleésnere 3D printed using
111 the OP13 polymer. Both were produce@urEnvisionTEC Xtreme 3SP 3D printer. The 0.5
112 L/D conveying elements have a significantly smaller screéghmiompared to the 2 L/D

113  conveying elements, and were fabricated using a softer aralflexible polymer to enable

114  easier meshing of the twin screvi@nce conveying elements do not cause significant breakage

115  of the wet granular ma$9], the stress exerted on the wet granules is expectetstoall for all

116  three screw designs in this work. Furthermore, the sufifaist of the 3D printed screw

117 geometries was approximately 106, which was set by the thickness of one printed polymer

4
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layer. Hence, differences in the material of consionabr the surface finish of the screw

elements is not expected to have a significant effeth®istress exerted on the wet granules or

the flow of the wet granular material.

2.2. Materials

Multicomponent blends used for the granulation experimsonsisted of 70% active
pharmaceutical ingredient (API), 16.5% mannitol (PearliflC, Roquette Pharma, Lestrem,
France), 5.4% microcrystalline cellulose (Avicel PH101, FMG@pBlymer, Wallingstown,
Ireland), 5.1% sodium starch glycolate (Glycolys, Rogueharma, Lestrem, France), and 3%
hydroxypropyl cellulose (Klucel, Ashland, Hopewell, USAp dssess the impact of changing

formulation properties in conveying elementsee different APls were considered for the 1 L/D

conveying element experiments, namely, caffeine (BASHN&@ey), micronized acetaminophen
(micronized APAP) (Mallincrodt, Derbyshire, UK), and semificetaminophen (semifine
APAP) (Mallincrodt, Derbyshire, UK)A high drug dose (70% API) was selected for the

formulations as the APIs have significantly differerdp®rties, andhe impact of changing the

API properties are most easily observed for high drug finsaulations. Experiments for the 0.5

L/D and 2 L/D conveying elements were performed using the 70%reafiiend. All the blend
components were mixed in a Tote blender (Tote Systems\Wroth, USA 5 L capacity, fill
level ~ 2/% of total volume) at 16 RPM for 40 minutes, with a sievirepsafter the first 20
minutes using a 4 mm sieve to break large lurbesonized water with 0.1% w/w Nigrosin dye
(Sigma Aldrich Corp., St. Louis, MO) was used as the gréingléiquid for all the granulation

experiments
2.3.Raw Material Particle Size Distribution

The particle size distributions of the API and exaipsewere measured using wet dispersion
laser diffraction ira Malvern Mastersizer 2000 Light Diffraction Particle Sizeafzer. A
saturated solution in ethanol was used as dispersantffieineaand a saturated solution in water
was used as a dispersant for micronized and semifine APA&agd solutions in ethanol were
used as dispersant for microcrystalline cellulose and manhite particle size distribution of
hydroxypropyl cellulose and sodium starch glycolate werengztsured, as these materials tend
to swell when wet. Three replicate measurements wererpedfoon powder samples obtained

from different locations in the bullQue to the presence of multiple components in the blend,
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each requiring a different dispersant, wet dispersiom tiffeaction was not a suitable method

for measuring the particle size distribution of the dinsgranulated blends. Hence, sieve

analysis was used to measure the size distribution efftftganulated blends, as described in
Section 2.5.

2.4. Granulation Experiments

The granulation experiments were conducted in a EuroLabmi@%ril lengthto-diameter ratio
twin screw granulator (Thermo Fisher Scientific, Karte, Germany). Figure 2 shows a sketch
of the experimental set up. Experiments were conductedtdieHflighted conveying elements,
with 0.5, 1, and 2 L/D, respectivelyhe powder blend was fed into the twin screw granulator
using a gravimetric feeder (Brabender Technologie, ONa@@nvith a feedback control loop

The feeder stabilization time was determined by the timarezhitor the actual powder mass

flow rateto match the set point, and was different for the tip@egders usedStable feeder

operation and steady state of the twin screw granulatomaagained during all granulation

experiments by ensuring the actual powder mass flow rate wastedb@lset pointandthe

screw torque was constant with time. All samples were d¢etleafter 120 s of granulator

operation, as residence time studies for a 16 mm twawsgranulator have shown 60 s is

sufficient time for the granulator to achieve steadieshhithe process conditions considered in

this work[23,24] A Masterflex peristaltic pump was used for feeding the diduinder at
differentliquid flow rates to achieve the desired liquid to solid (Lt&)ssratio in the range of
0.15 to 0.30 in increments of 0.05. The experiments for 70%omied APAP blends were
performed at a powdenassflow rate of 3.5 kg/h and a screw speed of 800 RPM, due to the
cohesive nature of the blend. All the other experiments penfermed at a powdenassflow

rate of 4 kg/h and a screw speed of 800 RPM, corresponding to a deedi@iumber of 0.011
(calculated as per [16]Although the powdemassflow rate for the 70% micronized APAP
blend experiments was different than the 70% semifine AR#Pcaffeine experiments, powder
massflow rate is shown to have little to no effect on the fgy@nule properties [16]. Separate
experiments were also performed for 70% micronized APAP blediffetent powdemass

flow rates to confirm this result. The product granules wenedriedat room conditionfor 48

hours, before further characterizatidmvo replicate experiments were performed for the 1 L/D
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conveying elements. Since no significant variation waseoved in the replicates, one

experiment was performed for the 0.5 and 2 L/D conveying elements

2.5.Granule/Blend Size Distribution

The size distributions of the dried granules and un-gasé@dlblends were measured by sieve
analysis using &2 geometric series of sieves ranging fromu®3to 8 mm. The mass based size

distribution was normalized as,

fillnx) = —2— Eq. (1)

In(%iy1/%;)

wherey; is the mass fraction in size inteniadndx; is the mean sieve size corresponding to

intervali.
2.6.Liquid Distribution

The Nigrosin dye in the granulating liquid was used asrduer for measurement of the amount
of dye in each sieved granule fraction. The liquidrdistion measurements were performed for
the 70% micronized and semifine APAP granules at an L/& o&0.15. Three granule samples
of 1 g from each sieve cut were placed in a glass vial axedmvith 5 ml of deionized water.
The mixture was sonicated for 1 h to ensure disintegrafitime granules and dissolution of the
dye in the aqueous phase. The suspension was poured in &é&dtnfilige tube and the vial was
rinsed with 5 ml of deionized water, which was also added toehgifuge tube. The samples
were centrifuged for 10 minutes at 10,000 RPM using an EppendorifGgats804. Five
milliliters of supernatant was withdrawn for dye concentratietermination by UV-Vis
spectroscopy analysis using a Cary UV Vis 300 spectrophotariéie absorbance of the dye
was measured at a wavelength of 574 nm and the dye con@mtras determined using a

calibration curve.
2.7.Granule Shape Characterization

Granule shape characterization was performed by image sn&@yg hundred granules were
randomly sampled from the size cuts of 2 to 2.36 mm, 2.8 ton3:3%nd 1.4 to 1.7 mm for 0.5,

1, and 2 L/D conveying elements, respectivielya midpoint L/S ratio of 0.255ranule images

were recorded using a 12 MP camera. Two dimensional granule anatyses were performed

using the ImageJ 1.51h software. The scale of the imageatasing a calibration standard in

7
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the image. Image cleaning was performed using the threshwtdomn in ImageJ and the shape

parameters were evaluated using the shape descriptorianad}s

3. Resultsand Discussion

3.1.Geometric Analysisand 3D Printing of Screw Elements

Figure 1 shows the CAD drawing of the double-flighted conveyinget¢s with 0.5, 1, and 2
L/D enclosed in the barrel. Each element has a majoretig@arof 15.6 mm and minor diameter
of 8.6 mm. The diameter of the conveying elements istgliginaller than the barrel diameter of
16 mm, and the clearance allows for smooth rotation a$¢rews during operation. The pitch of
the 0.5, 1, and 2 L/D conveying elements is 2.9 mm, 7.0 mm, andnid, 8espectively. Td
space enclosed between the pitch of the screw, thel,end the depth of the screw is the
maximum space for material in the conveying elements. Fiygt®ws that a granule in the

conveying elements can follow two possible paths denotedebgrtbws:

1) The granule can be conveyed along the axis of thellgrthe axial component of the flight

velocity
2) The granule can follow a helical path along the fg#ftthe conveying element

In both cases, the granule encounters an unobstructed kEgionstant maximum size in the
conveying element. Hence, it is expected that the gramatarial will have a maximum size
related to the dimensions of this regidine maximum size in the screw elements was
determined by evaluating the largest diameter of a sphereathdit in this region. Té
maximum size in the 0.5 L/D conveying element wasn§ and inthe 1 L/D and 2 L/D
conveying elements was 3.49 mm. The maximum size in the 0.6doiZeying element was
governed by the pitch of the screw. In contrast, the mmaxi size in the 1 and 2 L/D conveying
elements was governed by the distance between the wattaind the depth of the screw thread.
The predicted aspect ratio is determined from the aditibe pitch length of the screw and the
distance between the barrel and the depth of the screadtfrom the CAD drawing. The
predicted aspect ratio was calculated to be 1.2, 2004 anfor 0.5, 1, and 2 L/D conveying

elements, respectively,

screw pitch length E (2)
screw channel depth g

Predicted aspect ratio =
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The 0.5 and 2 L/D conveying element geometries were 3D printegl tiieirmaterials described
in Section 2.1. The CAD files obtained from the Solid¥$o2014 SP5.0 software are converted
into the STL file type for printing in an EnvisionTEC 3Biter. The high speed printing

process allows for printing several copies of the s&@lewents within a few hours, without

compromising the surface quality of the paftise-twin-serew-grantlateris-a-compaetpiece of

aYa aYaalaYa' A as m AA \/O mae y allal a a N NN alaYa g aYa a Ve

layer of printed polymer is approximately 106 and, consequently, the printer is capable of
capturing and effectively printing small design featuresoutlsurface stair-stepping on the
inner or outer surface¥he 3D printing method of fabrication using polymers is edfsictive,

as the screw elements cost at most $1 per piece. The infdtpes3D printed elements (0.5, 2
L/D) and the original conveying element (1 L/D) after use imgji&tion experiments are shown
in Figure 3. The screw elements were used for an operatimu @ 60 minutes and sholtle
te-rono significansigns of wear after use. This result suggests that 3Dngriis a fast,

accurate, and cost effective method for fabricating r@emselement geometries for testing.

3.2.Raw Material Characterization

The volume frequency distributions of the APl and eletifs are shown in Figure 4, and the
particle size distribution analysis is shown in Tabl@He average data from three replicates
with a+ 95% confidence interval is shown in the table. MicronizedRRas the smallest

average particle size among the three APIs whereasiserAPAP has the largest average
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particle size. Since the d90 of micronized APAP and cadfes smaller than 100m, it is

expected that a significant portion of the 70% micronizeARRnd 70% caffeine blend is
smaller than a mean sieve size of 1. However, the sieve analysis of the dry, un-granulated
blends (Figure 5) showassmaller than expected mass-a00um particles for the 70%
micronized APAP blend. The blend size distribution showsfate the larger particle sizes,

with aconsiderable amount of +5@@n particles. This result indicates dry agglomeratiothef
70% micronized APAP blend, which remains stable during sieving. Thec@€#éne blend

shows the smallest extent of dry agglomeration and wakassthe powder blend for

understanding granulation in 3D printed elements, as desdnitgettion 3.5.

Size distribution Micronized Semifine Caffeine Mannitol MCC
parameter (pm) APAP APAP
ds2 7.2+0.7 23.2+49 92+31 543+7.6 83.4+0.4

(Sauter mean diametel
das 23.6+28 98.8+16.0 40.3+59 191.2+22.3 28.8+1.6

(weighted average

volume diameter)

d1o0 5.4+09 18.3+25 11.0+7.6 38.9+27 21.9+0.2
d50 (median) 205+27 71.9+125 36.1+4.0 140.8+t9.8 729+1.3
doo 46.0£5.0 210.9%£39.3 75.0x7.7 422.3+59.4 160.5+2.9

Table 1: Particle size distribution analyses of APIsexapients. Average from three replicates

including at 95% confidence interval.

3.3.Granule Size Distribution in Conveying Elements

The granule size distributions for the 70% API blendsfétrént L/S ratios in 1 L/D conveying
elements are shown in FigureTdhe size distributions are bimodal in shape for alltleeds

This behavior is typical of conveying elements [14,2%le bimodal shape results from the low

10



279  shearing behavior of conveying elements [9]. The liquid feewctioduced in the granulator

280 through a drip nozzle at the nucleation zone (zone Rigare 2). The nucleation zone, therefore,
281 has a mixture of large nuclei and-granulated powder blend, each amounting to the coarse and
282  fine modes of the distribution, respectively. Since cgimgeelements mainly cause granule

283  layering[5,13,14], the distribution remains primarily bimodal (Figure/8)the L/S ratio

284  increases-tfie amount of fines decreasesh-an-nerease-in-the-L/Sratilue to increased

285 availability of the granulaig liquid, resulting in coalescencehich results irmsmaller fraction

286  of un-granulated finefb,13]. This result is consistent with the observatiorhe literature [2]
287  The size distribution remains bimodal throughout the rang¢Sfatios considered in this work.
288  This observation is additional evidence to the concluiat conveying elemengsily- mainly

289  cause wet granule layering and no significant liquid rebistion.

290  The first mode of the granule size distribution for 7886 micronized APAP granules is

291  positioned at a larger mean sieve size compared to the &@8#ne granules, despite micronized
292  APAP having a smaller primary particle size compared tieicaf. It is interesting to note that
293  the position of the first mode of the distribution tbe 70% API blends corresponds closely to
294  the modes of the dry blend size distributions measured s&ng analysis. This result suggests
295 that the first mode in the granule size distributionntyeconsists of dry agglomerates of the un-
296  granulated blend, which remain intact during granulation andutgraaracterizatianfFhis

297 [ Asport
298 elements-that de-net-cause-intense-mixiie second mode of the distribution shows a sharp
299  cut-off atamean sieve size of 3.5 mm for the three blends at@lratios considered. This

300 maximum-grandle-sizecut-off at a mean sieve size of 3.carmesponds to the maximum

301 sphere diameter obtained from the CAD geometry analysitded in Section 3.1. Hence, the

302 maximum granule size depends strongly on the screw elejaemetry, which is not typical of

303 any other granulator and could be used to tailor granulbwt#s.This analysis shows that the

304 maximum granule size and the position of the first madsnveying elements are predictable a

305  priori.

306 3.4.Liquid Distribution in Conveying Elements

307 The liquid distribution across granule sizes was measitreég lowest L/S ratio (0.15) in 70%

308 micronized and semifine APAP granul@$ie largest differences in the liquid distribution are

11
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evident at relatively low L/S ratio. Furthermore, it hagt shown in the literature that the liquid

distribution for conveying elemendét L/S ratio of 0.15 is similar to L/S ratio of 0[2,6]. Hence,

the liquid distribution results for L/S ratio of 0.15 af®wn in this workNigrosin dye was
added to the granulating liquid as a tracer to quantify thedlispasolid mass ratio in all granule
size cuts. Figure 7 shows the dye concentration, plostetbas of dye per mass of granules, for
all granule size fractions. The dye concentratigmesents the liquide-solid mass ratio of the
granules in that size fractioBince the liquid distribution results for the 70% micrewai APAP

(smallest particle size) and 70% semifine APAP (largesicimdize) blends are similar, it was

not necessary to include the caffeine resiilke liquid distribution curve shows that these i

little to no dye in the fines up ®@300um average sieve size, which also corresponds to the tail
of the first mode of the granule size distributiongy(ifé 6). This result confirms that the first

mode of the distribution is un-wet powder agglomeratedlzmdutcome is in accordance with

the conclusion thatonveying elements do not cause redistribution of the Gremy liquid.

3.5.Granulation Experimentswith 3D Printed Elements and Granule I mage Analysis

The granule size distributions of the granules from0the 1, and 2 L/D conveying elemsifibr

the 70% caffeine blend at all L/S ratios considered aresho Figure 8. As expected, the
granule size distributions from alf the conveying elements are bimodal due to the large mass
fraction of un-wet powder dry agglomerates that constthadines region of the size

distribution.The mass fraction of large granules increases wiitharase in the L/S ratio for all

three conveying elements, as coalescence is facilichtedo greater availability of the

granulating liquid. This phenomenon has been commonly olaberke literaturg5,25-27].

The first mode is positioned at a mean sieve size &futé, which corresponds to the mode of
the 70% caffeine dry blend sieve size distribution. Compahiegranule size distributions of

the 0.5 and 1 L/D conveying elemenitss observed that the 1 L/D conveying elements result in
a markedly larger amount of large granules compared t0.5e/D conveying elements. It is

also interesting to note that the 0.5 and 1 L/D conveying elesnai® not produce granules larger
than 3.1 mm and 3.6 mm mean sieve size, respectivelye Thgglts agree with the geometric
model proposed previously, where the maximum sizes in then@.% B/D conveying elemesit

are 2.9 mm and 3.5 mm, respectivélize maximum size is referred to as the size of the larges

granules that can be obtained from the screw eleniBmssize distribution of the 2 L/D
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conveying elements does not follow this trend. This behavayr lme because the granules from
these conveying elements were more elongated in shapezanmdeaasurements using sieve
analysis depend upon the orientation of the granulesegpdss through the mesh. It is also
important to note that the elongated granules tend to beefiagi can break during sieving.
Hence, the sieving size measurement of these granulée caisleadingAlthough the sieve

analysis method of size distribution measurement walcathe results for all three types of

conveying elements depending on the aspect ratio, thetl@mess are expected for the 2 L/D

conveying elements. Thésxpectatioris because the aspect ratio of the 2 L/D conveying

elements are significantly larger than one, whereaagpect ratio of granules from the 0.5 and 1

L/D conveying elements is close to one.

freqgueney-of the- un-wetfinebnage analysis was performed on the granules in the sigve

corresponding to theecond-medemode at larger granule sofezach distribution for an L/S

ratio of 0.25(midpoint L/S ratio). The largest mass fraction of gfes are obtained in the size
range of 2 to 2.36 mm, 2.8 to 3.35 mm, and 1.4 to 1.7 mm for th&,@G6d 2 L/D conveying

elements, respectiveland hence these size ranges are considered mostalhacglevant

Images of granules from 0.5, 1, and 2 L/D conveying elemeatsh@wn in Figure 9. It is
evident from Figure 9 that the granule shape is a strongidaraf the screw pitch in the
conveying elements. The 0.5 L/D conveying elements produce rograiaaes. In contrast, the
2 L/D conveying elements produce highly elongated, thread-likeulg=nT he aspect ratio (AR)
distribution was measured as per the image analysis dakariBection 2.7The AR

distribution is reported for granules wiean-sieve-size 2.2-mm;-3-1-mm,-and-1-6 mmin the size
range of 2 to 2.36 mm, 2.8 to 3.35 mm, and 1.4 to 1.Aon@.5, 1, and 2 L/D conveying

elements, respectively, in Figure 10.

As mentioned in Section 3.1, the screw pitch of the Q.&nd 2 L/D conveying elements is 2.9
mm, 7.0 mm, and 14.8 mm, respectively, whereas the distahwedn the barrel and the depth
of the screw thread remains at 3.5 mm. The comparisthe afxperimentally measured AR and
the one predicted from the CAD drawing is shown in TablEh2 experimentally measured AR

is reported as the mean + standard deviation of thebdistm in Figure 9. The screw pitch to

13



369
370

371

372
373

374
375
376

377

378
379
380
381
382
383
384
385
386
387
388
389

channel depth ratio calculated from the CAD geometry (egua) matches closely with the
experimentally measured AR.

Screw Type Experimentally measured AR Screw pitch to channel depth rati
from CAD drawing

0.5L/D 1.3+0.2 1.2
1L/D 1.8+04 2.0
2L/D 3.8+19 4.2

Table 2: Aspect Ratio (AR) from experimental measuremamdspredicted from the CAD

drawings.

Figure 11 shows the correlation between the AR measuredefkperiments and the CAD
drawings of the conveying elementThe data follows a straight line through the origin vaith

slope of 0.9 confirming the geometric analysis of the convesiegents.
3.6.Tailored Granule Attributes and Scale-up Criteria

This work demonstrates the quantitative correlation betweegranule size and shape, and the
geometry of the conveying screw elements. This correléionique to twin screw granulators
due to their small free volume and regime-separated aggrand can be used to develop
Quiality-by-Design strategies for continuous wet granutatithe maximum granule size and
granule shape can be controlled by desily modifying the geometry of the screw elements
appropriately. Conveying elements are ideal for layeringcaating applications or trimming

the granule shape and maximum size to achieve target regoieerimecontrast, kneading and
distributive mixing elements are designed for intensengirf the powder and granulating

liquid to obtain more monomodal granule size distributems denser granules. Free volume
analysis using CAD geometries aid in the understanding afrdmule size and shape, and new

screw element designs can be developed based on the pempgssmentslt is recommended

that 3D printingof kneadinq, distributive mixing, or new screw element depimtotypes utilize
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metals or polymers for automotive pariorder to increase element durabil@p-printing

There are two possibilities for scaling of the twin screangtator as described in the literature:

scaling up and scaling out. Scaling out refers to operating thalatar at increased screw speed

and powder mass flow rate while maintaining powder feed nunt&rcrease the production

capacity. Scale-up refers to increasing the screw and bamséter of the granulat¢t6]. The
strong dependence of granule properties on screw geometrysgiggeelopment of geometric
scallng rules for twin screw granulatlon scale-Tipe twin screw granulator scale-up is most

, A A } @Je have
shown that the channel depth strongly governs the maximanuigrsize. As a result,

maintaining geometric similarity of conveying elements durcaesup is likely to produce
disparity in the d90 of the granule size distributdifferent granulator scales, as observed in
the literature [16]To maintain similar granule size and shape, the rédtibeomajor diameter to

minor diameter of the conveying element double flightedwgaenust be maintained and the

channel depth should remain constant durlng scaléihﬁe—seaJe—up—eFEeHa—requt in

4. Conclusions

Conveying elements cause poor liquid distribution during thegveetulation operation,
resulting in a bimodal granule size distribution. Thstfinode primarily consists of un-wet
powder, and the position of the first mode correspondstantide of the dry blend sieve size
distribution. The maximum granule size in conveying elemantdependent on the screw
geometry and is equal to the maximum equivalent sphere @iaofdhe free volume in the

screw channel, as assessed by CAD geometry analysis. Tlee rasjpeof the granules produced
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by conveying elements was approximately proportional to thee séthe screw pitch to the
distance between the barrel and the depth of the screadthThe ability to 3D print the screw
elements provides additional design flexibility and theaatlvge of prototype testing. As shown
in this work, it is a convenient and cost effective metfoodesting design improvementsthe

twin screw granulator.

The direct quantitative correlation between the geonadttlye screw elements and the size and
shape of the granules produced by wet granulation is a stepitoguaality-by-design (QbD)
effective scale-up criteria, and tailored granule charatics. The breakage mechanism in the
granulator and the resulting size distribution can begdiby choosing the type and design of
the screw elements. This understanding is promising fogmiegi new screw element

geometries for improved control over granule properties.
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