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ABSTRACT

A tangential-inlet swirl nozzle for preparing nadaig during a solution-enhanced dispersion by sapgcal CO,
(SEDS) process has been designed to enhance niixagnicro-mixing volume. The structure and dimensiof
the nozzle are presented. A three-dimensional atmoul by using computational fluid dynamics (CFDY dreat
transfer during a SEDS process has been perforifieel solver used was a commercial code, Fluentih8.length
of the swirl chamber and the outlet diameter of ttozzle were chosen as the main factors to be amdland
optimized. Volume fraction of ethanol and turbukematensity of mixture were the main indicatorofimize the
structure of the nozzle. Results indicated thatnwhe length of swirl chamber was 6mm and the bdikmeter
was 0.3mm, supercritical GQand ethanol can mix thoroughly, and the turbulemdensity was high enough to
ensure full precipitation of the solute and redtive time of nucleation growth. The method of CFRlgsis used in
this work can also be applied to similar systems aan help to improve the performance of the SEDS
micronization apparatuses.
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INTRODUCTION

Nano-drug prepared with a controlled particle s@rel size distribution has many applications in fieéd of
pharmaceutical drug delivery, controlled releasad aeedleless powder injections[1-3]. Crystalli@atiby
supercritical fluid technology (CSFT) has beenizgill more and more widely in preparing nano-dru§FT is
categorized into two types: supercritical anti-goltv(SAS) and rapid expansion of supercritical totu(RESS). In
both of the two processes, drug solution genematessaturation in SCF so as to prepare nano-drogieMer, the
mechanisms of the two processes are differenermg of RESS process, drug candidate should hghesbiubility
in supercritical C@ and then sprays, crystallizes. However, manysinagmnot be dissolved in SC-g@hich limit
the use of RESS. In SAS process, what the drugidatedshould meet is that it can be dissolved magekind of
organic solvent. When the solution is introducet inozzle to mix with SC-Cg) the solubility of solute reduces
quickly. Then, the solute precipitates becauseupkessaturation and then spray out promptly formrago-drug.
Solution enhanced dispersion by supercritical fi8&DS) has been developed based on the principBASE Jet
breakup in the spray process has been suggestemhteolling factor in SCF anti-solvent precipitatjdh
Consequently, nozzle is core component in SEDSgaclt should effectively atomize the solutionaative
substance(s) in SCF and intensify the mixing of 8@F[5, 6] and the active substance solution foerdased
transfer rates in order to obtain ultrafine particdéth a narrow size distribution by SEDS procegdffany nozzle
have been designed for SEDS process by researshetsas jet-swirl nozzle [8], coaxial nozzles[BtHarefilming
atomizer[7]. Yet these mixing configurations fail $olve these problems such as an unexpected tepasn the
inner wall, frequent agglomeration, inadequate ngxivithin the nozzle. Computational Fluid Dynam{€$-D) has
been an important method to simulate the complew[flO, 11]. In this paper, a tangential-inlet swidzzle for
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preparing nano-drug by SEDS process was design@@imized by CFD simulation with the aim of ewating
the turbulence in the nozzle, reducing agglomenadind studying specific situation of these two pasamixing and
turbulence intensity within the nozzle.

STRUCTURAL DESIGN OF NOZZLE

The nozzle that utilizes a swirling flow to optiraimixing between the solution and antisolvent miero-mixing
volume is designed especially for the SEDS procEsse.sketch of the structure can be shown in Figuifghe main
feature of this nozzle design is that solution ant-solvent are injected respectively from twogential inlets and
mixing of the jets occurs within the swirl chamloéthe nozzle.

Compared with axial fluid injection, fluid injectiofrom tangent direction of the swirl chamber caduce
momentum loss and enhance tangential speed. THieatjm of swirl flow plays the role of enhancimgixing
because swirl flow produce strong shear stress, tidpulence, and rapid mixing rates. The swirliqgids with a
high centrifugal force will disrupt into individuaroplets when not confined. The centrifugal forcémparted to
the bulk liquid by a free vortex in the swirl chaenbThe swirling liquid in the swirl chamber produa swirling
hollow-cone annular jet by passing through the etuglassage. Moreover, the strong shear stress rexenp
particles precipitated from adhering in the innedlvef the nozzle. The shear stress at outletranger than before
so as to prevent from jam.

The length of swirl chamber fhand the diameter of nozzle outlet)(@re the key dimensions for this kind of
nozzle. On the one hand; bhould satisfy the request of sufficient mixing saflution and SC-CQin order to
decrease the solubility of the solute in the saivera minimum and to form crystal nuclei afterutel precipitating.
On the other hand, once precipitating, the solbteikl be sprayed out immediately so as to reduediithe and the
space for crystal nuclei growing. Both of the twapects require that,Ishould be short as much as possible on
condition that solution and SC-G®@an mix thoroughly. In regards t@,cheed a suitable value. If the value is too
small, the nozzle is prone to be blocked and thiutance intensity in swirl chamber would be desesh
dramatically. However, if the value is too big, thifect of atomization would be reduced greatly #melspeed of
the mixture in swirl chamber would be decreasedré&tore, it is essential to determinate suitablaesof B and

do according to the condition of technological prace&'hereas, the cost of nozzle manufacture is kigty. It will
cause great waste if many nozzles are manufactoreest optimal structure values. Moreover, thevfim the
nozzle is very complex, involving jet hydrodynamiaesass transfer, phase equilibrium, nucleation amdtal
growth kinetics and so forth, which can not be Edanly by experiment.
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Figure 1. Structure sketch of the tangential-inlet swirl nozzle
However the importance of CFD on the assessmethefefficiency of a SAS precipitation chamber hagr

clearly demonstrated[12]. Thereby, in this stud#DCwas utilized to simulate experiment process studly the
mixing and the flow in nozzle in order to optimithe nozzle designed.
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NUMERICAL SIMULATION SECTION

Governing Equations

The numerical simulation of the flow in the tangahinlet swirl nozzle is performed by using a coencial CFD
code: Fluent which solves the classical mass, mamemand energy conservation equations to deschibdlnid
behavior and properties. In this model, primarysghis SCF phase and secondary or dispersed phashuti®n
phase. The continuity equation for phasedefined as Eq. (1).

2 (@n)+0aad) =30, (m - m)
1)

where Y is the velocity of phase i anré]p characterizes the mass transfer fromgtephase tath phase.
The momentum balance for phasgelds Eq. (2) [13].
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Computational domain modeling and meshing

The most structure dimensions of the nozzle wemtgded according to the principle of the procesength
requirements and the dimensions of the co-axiakleomentioned in literature [9]. The most structutianensions
are listed in Table 1. The length of swirl chambgrand outlet diameter of the nozzlg wWere simulated and
analyzed in different values so as to determinlagedptimal value. The values of tvere set respectively to be
4mm, 6mm and 8mm. The values ofwlere set respectively to be 0.1mm, 0.2mm, 0.3mdmth and 0.5mm.
According to these dimensions, 3D schematic drawfngpmputational domain was drawn as shown in feigu

Table 1. The main structural dimensions of the nozzle

geometry parameters Size (mm)
Diameter of inletl d 0.4
Diameter of inlet2 ¢ 0.35
Diameter of swirl chamberd 0.75
Location dimension of inlets;h 1.5
Length of exit passage h 1

After The model of computational domain being elishled, the next step is to divide it in severdlscin which all

fluid mechanic equations will be solved. This sigegarried out thanks to Gambit 2.4 software. Tegranetry of
the nozzle caused by the two inlets forced the mnoasented herein to be solved in three dimensdiospace. The
meshing of the nozzle studied by CFD is shown guFe 3.

Solving methods and numerical method

In SESD process, the flow parameters in nozzleiradependent with time, consequently the flow in tieezle
should be regarded as 3D and steady state floarder to simulate precipitation in a two-phase exystEulerian
model was selected as Multiphase Model, and the ghases in nozzle were treated as continuum phases.
realizable ke turbulence model was selected for turbulent flodcudations. First order upwind discretization
schemes were selected to solve volume fraction, emtum, turbulence and energy equations. Presslweiye
coupling was modeled by using the phase coupledP&B/algorithm.
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Figure 2 The model of computational domain  Figure3 M eshig of the nozzle studied by CFD

Materials and boundary conditions
Solvent and anti-solvent are ethanol and SG-@®pectively [12, 14]. Because the solute conthinghe solution
is relatively slight, it can be assumed that thare only two fluids in the flow system, and the tfiaids are

introduced separately from two inlets of nozzle.ofker assumption is that the system is considered a

incompressible system for CFD simulations[13, 28] fluid variations are considered to be isobatid@ MPa.

As shown in Fig 1, the inletl is the inlet of SC-Cahd inlet2 is the inlet of ethanol. A simple méesv inlet was
selected as the inlet boundary condition of iriléte mass flow and temperature of SCG@re 5.4610%g/s and
363K respectively. The volume fraction of ethanaswzero. Turbulent kinetic enerdgycan be calculated by
equation (4).

_3(~ 1\
k—E(Uref I) @

where U’ is the mean velocity at inlet, which can be caliedaby mass flow raté.is the turbulence intensity of
inlet, which can be calculated by Eg. (5).

| =0.16(Rpy ) (5)
Turbulent dissipation rateis estimated by Eq. (6) and Eq. (7).
312
£=0.09" K
| (6)
| =0.0L (7

where,k is turbulent kinetic energy, is characteristic length, which can be calculaedording to the equivalent
diameter.

Velocity-inlet was selected as the inlet boundargdition of inlet2. The velocity magnitude of salvevas 0.5m/s.
Turbulence intensity was 1% and hydraulic diametas 0.35mm. The temperature was 313K. Pressuretaudis
selected as boundary condition of outlet. The pressf outlet was specified as 8Mpa.

RESULTSAND DISCUSSION

It has been confirmed that liquid atomization tlyemnd Weber number based analysis are no longephpriate
theory and parameter to characterize the SAS psotestead, gaseous mixing theory and mixing ratesather,
mixing length scales for turbulent mixing, shoulel lsed to characterize sprays of miscible fluids[TBerefore in
this study, volume fraction of ethanol and turbgkenntensity of flow in the nozzle were indicatdostest the
performance of these nozzles with different dimensi

Effect of length of swirl chamber

In this series of CFD simulations, the effect offetient lengths of swirl chamber on the performaon€ghese
nozzles was the main result to be gotten. The denmef nozzle outlet were all set to be 0.3mm. Temgth of
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swirl chamfer was set to be three levels, beingaetvely 4mm, 6mm and 8mm. Because the changheofiow

indicators in the nozzle can not be seen in thigeedsional form, the B-B cross section, as showhigure 1, was
utilized to observe the change of the flow indicatio the nozzle. Contour of volume fraction ofaethl in different
h, was shown in Figure 4. Contour of turbulence isiignof mixture in the nozzle in different hvas shown in

Figure 5.
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Figure 4. Contour of volume fraction of ethanol in different h,
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Figure5. Contour of turbulenceintensity of mixturein the nozzlein different h,

As can be seen from Figure 4, wher4y SC-CQ and ethanol did still not mix thoroughly at thevkr part of the
swirl chamber. In this condition, the anti-solveffect of SC-CQ can not be brought thoroughly into play and there
were still some amount of solute dissolved in etthawhich affected the granulation effects and mehat the
length of swirl chamber was not suitable. Whenth volume fraction of ethanol was uniform at thesifion of near
bottom where there was still a short distancelierdolute in ethanol to precipitate in anti-solvefféct of SC-CQ,
which accorded the request of preparing nana-dri8HDS. When 18, SC-CQ and ethanol mixed thoroughly at
the mid part of the swirl chamber, where is soffam the outlet that the growth time of crystal leiigrecipitate
after mixing was too long and the size of partiobeild not be controlled in nano grade. From Figoirene can
concluded that with the increase of the turbulence intensity in lower part increaséthe nozzles was relatively
low and that in other parts was similar. OveralyOnvhen b=6, the two kind of fluids can mixed thoroughlythe
tangential-inlet swirl nozzle, and the nana-pagctan be spray out immediately after being predtgd, which
decreased the growth time of crystal nuclei andapétal process requirements.

Effect of diameter of outlet

In this series of CFD simulations, the lengthswirlschamber were all set to be 6mm. The diametesutlet was
set to be three levels, being respectively 0.1m@2mé, 0.3mm, 0.4mm and 0.5mm. The simulation redhitis
obtained are shown in Figure 6 and Figure 7.
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Figure 7. Contour of turbulence intensity of mixturein the nozzlein different do

As can be seen from Figure 6, the effect of theealf ¢ on volume fraction of ethanol was little, which ané that

mixing degree of SC-CQand ethanol almost not be influenced by the valiug,. It could be confirmed from
Figure 7 that when the value of id 0.1mm or 0.2mm, on the one hand, because ofudwlence intensity in swirl
chamber, the precipitated particles were pronggtpamerate. On the other hand, because of smalewefl @, the

outlet tended to be jammed. Whejwehs equal to or greater than 0.3mm, the turbul@mteasity in swirl chamber
of different nozzles were all meet the requiremerfitdecreasing agglomeration and inhibiting theadhoof crystal

nuclei. Whereas with the increase @f the turbulence intensity at outlet decreased gyl which was not
conducive to forming small droplet after the mixtireing sprayed out and affected the size andd&saébution of

nano-drug particles. Therefore, whep wlas 0.3mm, the performance of the tangential-islgirl nozzle was
optimal.

CONCLUSION

A tangential-inlet swirl nozzle for preparing nadnig by SEDS process has been designed to optigaizdike

mixing in a micro-mixing volume through the useswiirl. CFD simulation was carried out to analyze aptimize

the designed nozzle. Results showed that the téiaeriet swirl nozzle could achieve full mixing &C-CQ, and

ethanol, high turbulence intensity, thorough pritatfpn of solute and relatively short growth timiecrystal nuclei.

Especially when hwas 6mm and gwas 0.3mm, the performance of the tangential-isNgtl nozzle was optimal.
By CFD analysis and optimization, the cost of deisig suitable nozzle was decreased and the perfmenaf the

nozzle was enhanced. The method of CFD analysid insthis work can also be applied to similar syete This

study achieved the using of virtual manufacturiechhology in the equipment development of prepaniago-drug
in SEDS process.
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