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Abstract
Spray drying is a widely used process. Howevemany cases process parameters need to be evaluated

empirically in order to achieve the desired produciperties. In common drying models of single detpoften

only radial distributions of a quantity are caldathaccording to effective transport parameterschvheed to be
fitted to experiments. The substructure and itsphology and properties inducing the transport bighanvcan-

not be predicted. The present contribution intr@sdua novel approach for single droplet drying medelsed on

the meshfree method Smoothed Particle HydrodynarBigscalculating the underlying physical effects @n
detailed scale the morphology evolution insidedhaplet shall be predicted in future. First apgimas to dry-

ing and a future perspective are shown.

Introduction

Spray processes offer a broad variety of applioatidcspecially spray drying is widely used in irtdas
applications. However, process parameters verynafted to be derived in an empirical manner, astiotu-
tion of a particle’s morphology during drying argetunderlying processes cannot be sufficiently kited yet.
Moreover, reactive spray drying processes suclpesy olymerisation — though being very promisingre
rarely applied due to the lack of understandinthese processes.

Common models regarding single droplets typicabigtplate a spherically symmetric morphology. Model
equations are then set up one-dimensionally iratatiiection. While the drying process and its kiceecan be
simulated very efficiently, non-symmetric morphdlesyare not regarded and the influence of substrestis
often implemented using empirical, “effective” temort parameters. Product properties like the prsdoorosi-
ty or breaking strength can hardly be predictedh whis approach. For a deeper understanding oprtheesses
and the morphology evolution inside a droplet aitied model, which accounts for the underlying psses, is
very desirable. However, these details include gpdractures, multiphase systems and moving irtegfénside
the droplet, thus making a simulation of the precesry demanding. Meshfree methods may be ablepe c
with these challenges. Frank and Perré [1] gavevanview on such methods with respect to singleat$f oc-
curring in drying applications. Still, there harddxists any model, which combines these effects applies
them to droplet drying. A first approach will beepented in the following.

Meshfree Methods

Meshfree methods approximate or discretise theirnaunin via interpolation points, usually called “par
cles” in this context. These particles can moveepahdently from each other according to a Lagrangiew-
point and represent a certain mass and other “ivenéables” such as pressure, temperature etdckarshould
not be considered as hard spheres or granular siaskey are truly interpolation points. The alduamiic
schemes (e.g. neighbourhood search) are relatbdge of molecular dynamics. However, the mestdm®ox-
imation does not adopt an atomistic view and sottiescontinuum laws where discrete values of siagbens
are averaged out.

In computational fluid dynamics meshfree methoasrast as widely used as grid-based techniques.rNeve
theless they do provide some interesting featuremimparison to established methods for specidicaions.
Due to their point-based approximation meshfreehods can handle large material deformations upéaeto-
lution of cracks in materials, which makes them yap for impact calculations. Costly remeshing gahares
are not necessary. Free surfaces or interfacesllitiphmase systems do not need to be detectedffasedi phas-
es can be incorporated using different particlssda. Interfaces are tracked automatically withitkerfacial
particle movement. Therefore meshfree methods @eosi promising option for the calculation of morjolyy
evolution within a process like spray drying.

* Corresponding author: saeckel@icvt.uni-stuttglert.
1



12" ICLASS 2012 Modelling of Single Droplet Drying aidrphology Evolution using Meshfree Simulation ihbets

Smoothed Particle Hydrodynamics (SPH)

Lucy [2] and Gingold and Monaghan [3] (partly) @mendently developed the Smoothed Particle Hydrody-
namics method (SPH) in 1977 for astrophysical apgibns. The mathematical derivation relies onrpaation
theory. An estimated value of a quantity f can dlewdated via an integral approximation [2][3][4]

<f(r)>=jf(r’)5(r—r')dr'. )

d is the delta function and da differential volume element. In the contextS#H f may be a physical quan-
tity like the density, pressure etc. The delta fiomccan be approximated using

ofr =) =limw(r -r'h) (2)

with a kernel function W, which therefore needsneet several requirements. With the kernel's leisgtie
h (typically called the smoothing length) tendingzero the kernel function needs to approach tha fenction.
It must be symmetric and its integral must be ndised to one. As spatial derivatives of the caltadavalues
will also be approximated via the kernel functidimeeds to be continuously differentiable at leaste. With a
kernel function of finite length scale h equatidh ¢an be rewritten as [4]

(£(r)) =jf(r')w(r—r',h)dr'+ ofn?). ®)
For a calculation with a discrete number of pothisintegral is changed to a summation and therskoo

der error term is omitted. The infinitesimal volumlement d becomes a finite volume, usually expressed via
the quotient of mass and density:

fi=zzjf(rj)\/\/i. (). (4)
i i

The value f for a particle i is then expressed gigire values of all particles j (including i it9ethultiplied
with the kernel function \\(h) evaluated for the distance between the pastickend j taking into account the
smoothing length h. For reasons of computationfitiency typical kernel functions have a compagbsurt
beyond which they become zero, so that only a sneadjhbourhood of particles j needs to be regar@eittoff
radii usually lie within a distance of two or thriémes h (also depending on the formulation ofkbmel func-
tion with respect to h). The first spatial derivatiof f can be evaluated via [4]

m.
Of, =3~ f,0W, (h) (5)

] ]
the kernel's gradient being expressed with itsvégive and the unit vecta; between particles i and j [5]:

g; is the unit vector between particles i and j fslsecond derivative of a quantity f could be foratatd by
differentiating the kernel twice, however this apgeh has proven to be very sensitive regardinggadisor-
der [4]. Thus a formulation like the following iswally used, which applies a sort of finite difiece scheme for
differentiating a second time:

LW, (h) =€

(o) :zzﬂgw_ @)
i P T dr
The value jy denotes the absolute value of the distance betivettnposition vectors andr;.
Typical kernels amongst others are the Gaussiameker spline kernels [4]. Though Gaussian fundion
provide a nice approximation they do not becom® zgra certain cut-off radius. Therefore splinenkds are

used in very many simulations. The cubic splineduesehe simulations presented here is calculated b
al2-qf - 41-qf| 0<qs<1
W(q)= a(2—q)3] 1q<2; q=
0 q>2
As mentioned before the integral of the kernel fiomcneeds to be unity in order to provide a cdrags
proximation of the delta function. Thus the prefac in equation (8) depends on the dimensioneseoptoblem.

It is replaced by 1/@#h3) for a three-dimensional calculation and by 14&Z6?) in two dimensions [4].
Using equation (5) for example the density of giplercan be computed via

P :zmjvvij ()- ©)
i

Time integration is usually performed using explivethods. An implicit formulation, although podsilin
principle, is hard to implement efficiently as theighbourhood of particles and therefore their eatimity can
change between integration steps (and therefoveeketsingle iterations of an implicit solver).

ri—rj‘

8
. ©)
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Model Equations

Contrary to most literature models on single droghging the SPH model will be written in Cartesizoor-
dinates, as there are very few applications uspigecal coordinates in SPH and the model shalbaaicfor
arbitrary structures anyway. Typical drying mod@dsg. [6][7]) calculate radial distributions of tligoplet's
temperature and the mass fraction of a solventt Bieéh mass transfer to the surrounding gas aresmmgated
using Nusselt and Sherwood correlations. An SPhhiteition for the heat conduction equation

al:im(/m'r) (10)
o c,p

can be found in [8]

72 m, 244, T -T, dVVij(h), 1)
Coi T RPA+A 1y dr

where the change of a partlcles temperature Tlileded assuming the heat capacitynot being a func-
tion of temperature and using the approach of éngug?). The average heat conduction coefficiei calcu-
lated via a harmonic mean, as the heat transféeegeen two points will become zero when one ohlpatints
is a perfect isolator with=0. Diffusion according to Fick’s second law can benfulated analogously.

However, the implementation of boundary condition§PH can be cumbersome. Hardly any literature ex-
ists on Nusselt and Sherwood correlations in SPirhditations, which are more complicated comparea to
common grid-based model using algebraic boundangitions [9]. A flux per unit area needs to be agpito
surface particles with a particular surface arelsickv can only be calculated directly for simple getries. A
solution was found using the CSF approach of Brélo&bal [10], which was originally derived for ¢himple-
mentation of surface tension, a phenomenon thataaly occurs at an interfacial surface. Brackiodhsformed
the infinitesimal small interface area into a snmooterface volume expanding into both adjoininggds. A so
called “colour function” ¢ which is different on thosides of the interface and changes smoothlyimitie inter-
facial volume gives a transformation between aa éegsed valug,fand its volume-based pendayt f

f,=f, 0. (12)

c]
[c] denotes the total jump of ¢ over the interfwes normalising the transformation. This calcolatheeds
to be done for all nodes within the interface vodurnvrlorris [11] translated the CSF model into SPHatipns:

Oc

d [C]z Le, 0w, (h)- (13)

Thus heat transfer at the liquid-gas mterfaceh}aaxpressed in SPH using

A e ) a9
0.'t Nu [C] Cp,iloi
with a being the heat transfer coefficient [9]. Analodgusass transfer may be formulated according to
dm Oc B
—L =V MW, . (15)
dt | [ ] OT (pw pv, )

V; is the particle volume, MWhe molar mass of the evaporating liqidhe mass transfer coefficient and
R the universal gas constant. A surface particlel@se mass until it reaches zero and will thencbaverted
into a gas particle. The vapour pressure of liguithe surfacean be calculated using e. g. Antoine’s law, as
long as liquid SPH particles consist of pure solyerhich is the case in this study. The vapour sues of a
mixture in a future drying model (e. g. reactivgidg) needs to be calculated using an appropriatdetfor
vapour-liquid equilibrium at the phase boundarg IRaoult’s law.

When a crust formation occurs during drying, tlangport limitation through the pores needs to lgand
ed. A detailed model should resolve the crust aldutate mass transport through the pores direttigrefore
the gas phase inside the pores needs to be reg@ifiesion of vapour can be modelled using Ficttifusion
expressed for the vapour pressuyavjth the diffusion coefficient D:

%: 3™ 2D,D; p,;-p,; dW(h)
TP, D +D, I dr

ij
Applying equation (16) to surface liquid particlegh p, set to the saturation pressure of the liquid tlassn
loss of such a particle can be expressed via
dﬂ_ V. MW, deI' 17)
dt oT dt
For particle movement the Euler acceleration equatiagrangian formulation)

(16)
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USSR P (18)
Dt P pP) P
can be transformed using equation (5) and the siegart of equation (18) to the SPH expression [4]
dv, PP
—T=>Ym|—=+—<L|0W (h)+f.. (19)
dt ; l[piZ ,0]2 IV\(J ( ) |

The vectoff denotes external forcesjs the velocity and p the pressure. In Navier-8to&quations viscous
forces add up to equations (18) and (19). For Neiatofluids the term

(’uﬂzvj :Z4mj (U' +ﬂi)rijDiW” (h)(vi —vj) (20)
P i i (10i+10j) (rij2+,72

needs to be regarded [12], withbeing the dynamic viscosity. Non-Newtonian rheasgcan be imple-
mented applying the SPH formulations to the respeddormulae [12][13].

Pressure calculation in SPH can be performed usingquation of state. This approach is not onlylémp
mented for gases, but also very often for incongiés liquids. A very stiff equation, usually thaiTequation

Y
p= Pocs{[/o] _IJ, (21)
Y (\ P

is applied with the adiabatic exponentypically chosen to 7 and the speed of soundguch that density
fluctuations stay within the range of 1 % [4]. Howe, in the present contribution a predictor-caiwe@rojec-
tion scheme is applied for the liquid phase, wher first step intermediate particle positions eateulated and
then — according to the continuity equation — asguee Poisson equation is solved such that in dheation
step the movement due to the pressure ensures pmessibility. The course of action is similar tollaown
approaches like SIMPLE and explained in detailif][and [13]. Moving solids within the liquid phasee
treated as a liquid in a first step and then céeeasing a rigid body approach proposed by Kodsiand Shao
[14][15], which ensures constant particle distartoethe centre of gravity of the respective bodg aonserves
its linear and angular momentum.

As transport in pores is diffusion controlled, gigmamics do not need to be modelled in detaill B gas
particles need to arrange themselves dependinbepdsitions of fluid surface and a reasonably goardicle
distribution for the calculation of diffusive vapotransport is required, Thus for reasons of siaiylithe
movement of gas particles is modelled using theklyaacompressible technique with liquids and ssltking
solid boundaries. Alternatively, the gas phase almad be modelled in an additional predictor-coioe step
[16], which is an option for future models.

Surface tension forces can be implemented usingviiieknown CSF method [10][11]. This course of ac-
tion was undertaken in a preliminary study of thgirly model. However, the modelling of wetting acwhtact
angles in SPH is not solved sufficiently yet, satttnany groups use an alternative approach basediomise
interactions of interpolation points. By applyinifferent forces between different particle clasasesetting be-
haviour can be parameterised. Although this methe@ry intuitive, its drawback is the parameteica which
needs to be undertaken carefully and does not gineonverge for different length scales [17]. @t re-
search in our group is concerned with a future @m@ntation directly connected to continuum lawswface
tension and wetting behaviour. However, a forceetagproach is still applied in the drying modéie formu-
la is related to the one proposed by TartakovsklyMaakin [18], enhanced by a strong repulsive fdocearti-
cles going below the particle spacing/length staded parameterised with a factgr s

i =0.5(r o + 1 :
f =k cos 77— Hwcor *1o) & k:{ ! 2l (22)

Fouof — lo -10 <l

The SPH method is well suited for parallelisatiomich has been undertaken in many astrophysical SPH
codes. However our current code is not completahalfelised yet, so that the presented results haee calcu-
lated in a serial version, not allowing for highrtidle numbers. All simulations were undertakemgsa cut-off
radius of 3.1 times the particle spaciggAlthough the cut-off can be kept at about tl many applications,
simulations, in which surface tension plays a mea CSF approach is applied, require a larger munolh
neighbouring particles.

Numerical Results

As has already been pointed out, the formulatiolNoe$selt and Sherwood boundaries in SPH is cumber-
some. In order to provide a proof of concept & firpplementation regarded the evaporation of pign@d. The
temperature distribution inside the droplet andt tsal mass transfer to surrounding gas were takienac-
count. A three-dimensional SPH formulation was egopto a cone-shaped droplet cut-out and compaiddav

4



ICLASS 2012, 12" Triennial International Conference on Liquid Atomization and Spray Systems, Heidelberg, Germany, September 2-6, 2012

respective one-dimensional, spherically symmetitentilation using finite differences. The results ¢ seen
in Figure 1. SPH results agree well with the meabel calculation. Heat and mass transfer can kelatdd

accurately for different geometries using the C8praach, as the left and middle frames show catiouis for

droplets whereas the right frame contains resatts flat surface. For droplet drying both the hgatime of 3 s
for the conditions in the left frame and the d2-lamthe middle frame are calculated correctly. B#&wons occur
at small radii, when the droplet radius lies in $agne length scale as the interpolation pointg.siz
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Figure 1 Simulation of the evaporation of a pure liquichatlative humidity of 50 %;
geometries: droplet (I/m), semi-infinite basin (F§;= 100 °C, Tyar= 40 °C (I), T = T'star= 60 °C (m/r)

For reasons of simplicity in this first prove ofrm@pt, both liquid and gas particles were fixede Tdilow-
ing study shows an enhanced, two-dimensional madedre particle motion and additionally suspendadiis
are regarded. The motion of the liquid phase (Wasemodelled using the predictor-corrector schegespend-
ed solids are implemented by Shao’s rigid body eaghn and have the same density as the liquid,atdtioy-
ancy effects don't affect the solution. Howeveg thodel would be able to handle different densitfete ratio
was not too large. The gas phase is omitted hertheaCSF approach can be applied to a free liguithce in
SPH, too, to simulate the drying behaviour. Theriattive force is parameterised with a prefactbeisg 50
times the particle spacing= 0.25¢10° m for particles of the same kind. In order to ke@pulation times low
the drying effect was scaled in such a way that fayers of liquid particles would evaporate oraa $urface
within a second’s time. This scaling can be underaas long as it does not affect the simulaticulte signifi-
cantly. As can be seen in the following calculasioparticles arrange themselves to a quasi equiibstate
very quickly due to the small time-scale of surféesion and wetting. An acceleration of the dryimgcess, if
not undertaken too rapidly, does rarely affect #ygsiilibrium and should therefore only have a sraffiéct on
the result.

Figure 2 Drying of a suspension of large solids at timeg9),500, 1000 and 2000 ms.
In the first row, the interaction between liquiddasolids is strong, in the second row weak.

In Figure 2 the first shows a simulation where ititeraction between solid and liquid particles \gas$ to
1.2 times stronger than forces between particleth@fsame type. The red points represent solidcfest the
blue ones water. In less than 75 ms particles ange themselves. This effect is caused by thealrggtup of
particles on a cubic lattice, which is not set toemergetic optimum regarding inter-particle forcako the
droplet is a bit deformed because of the interiglarforces, an effect, which should vanish wheledating at
higher resolutions. When the drying process prosessdids stay wetted first due to the higher ligsidid at-
traction. After some time the solid fraction at theface is so high, that only very small poresaienbetween
the solids. The drying rate decreases stronglyurthér calculation with this approach would shoe tery slow
depletion of pores, taking also a very long compematime. The product in the end would be rathensek.
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However the CSF drying approach was intended tdement drying rates based on Sherwood correlaons
is not applicable to the transport within poreghie second drying period.

In the second row of Figure 2 the forces betweéfergint phases were set to 0.9 times the intenadia
tween particles of the same kind, thus leadingetatively stronger liquid-liquid and solid-solidtéractions. A
strong attraction between solids could for instamoglel the effect of a binder in a suspension. Agparticles
arrange to an equilibrium rapidly. Simultaneoushe solids begin to cluster. When there is onlyngle layer
of liquid particles between two solids these liquade squeezed out due to the smaller attractioveba differ-
ent phases. Still, liquid particles can be “tragpeetween two solids for geometrical reasons. Wité liquid
surface drawing back the clustering process godsauting to a development of pores filled with ldjuin the
end a rather porous product is achieved. For threegaason as before the simulation was stoppedthétive-
ginning of the second drying period. However, tlees in this simulation are significantly largeahin the
one.

In the simulation shown by Figure 3 the suspenadidswere smaller. It can be seen, that the priacéf-
fects stay the same. In the first case the liqoidtsnteraction was increased with a factor 1.&dieg to single
particles, which are fully wetted for a long tinvehereas a weaker interaction of factor 0.9 caukesdering of
solids in the second phase. However as the snsllels are more mobile this clustering takes placa differ-
ent manner. After a relatively short time the deddurface is partly covered with a solid crusaviag large
liquid reservoirs below. Still, the size of the r@ning pores at the surface is comparably large.

Figure 3 Drying of a suspension of small solids at timeg%,500, 1000 and 2000 ms.
In the first row, the interaction between liquiddasolids is strong, in the second row weak.

Simulation times for this model are relatively lard\ simulation of a droplet containing initiall287 parti-
cles took about 16 hours for one second’s timééndrying process, ran on one core of a Core ikstation.
The most time-consuming step is the solution ofRbésson pressure equation. Profiling indicates e pre-
sent solver might not be an optimal choice, so shatilation times could be significantly smalletillparallel-
isation is a major task in our model development.

The simulations presented before showed a formatigrores. In order to model the second drying phas
where diffusive transport through a porous crustaminant, the next example implements the dryiracgss
inside a porous structure. Solids have fixed pms#ti The bottom, the left and the right of the dionaeie limited
by fixed liquid particles, whereas the upper pargion is represented by gas particles with fixedoua pres-
sures and positions. Mass transfer of liquid serfaarticles to the gas phase is modelled accotdirgjuations
(16) and (17) and was scaled again in order to k@®plation times moderate. Evaporating liquid ijgtes are
transformed into gas points, which arrange thenesehetween the liquid surface and the upper fixeaidr
according to the weakly incompressible approach.

Figure 4 shows results at different times. Gagpgasented by small particles with the colour iatligg the
vapour pressure. Liquid particles are blue, saleds Comparing the liquid surface’s position afatiént times
the drying rate decelerates throughout the dryimgess, as it should be expected for pores/thasilifii path-
way getting longer. Due to wetting effects the iijaticks to the solids and menisci are formedhatdurface.
The pores on the left quarter of the domain argelathan the other ones and therefore evaporaikestplace
faster there as can be seen in frames 3 and 4.0Merethe distribution of gas particles is beghié pores are
not too narrow. On the contrary the gas particMsch reside in the small pores between the thigedilids in
the upper middle, are distributed rather unevestijl the example shows, that the proposed apprézaaeble to
model the second drying phase.



ICLASS 2012, 12" Triennial International Conference on Liquid Atomization and Spray Systems, Heidelberg, Germany, September 2-6, 2012

pVap
26000
| §

pVap
26000
i

20000 20000

~10000 ~10000

6000 6000

10000

6000

Figure 4 Diffusive vapour transport inside a porous layer

Discussion

The simulation of morphology evolution is challemgiand the underlying processes, which need tebe r
garded in single droplet drying, are numerous. $R&l approach has proven to be capable of simul&titig
the drying process as well as the morphology detengn physics. The results of established grid-dasedels
can be reproduced. By applying particle motionfame tension and wetting an insight into a drogleging the
drying process can be undertaken. A variation gfpal properties leads to different structureshef product,
thus underlining the ability of the method for wienulation of morphology evolution. The second dgyphase
can be modelled and shall be applied to the draplatfuture model. Still, the approach is relatjveew and
several challenges regarding the method or theepmoitself need to be addressed. Although thetsesré rea-
sonable, the particle number was relatively lowthi@ near future, simulations shall be undertakdrigher res-
olutions. Additionally, the implementation of swéatension and wetting though representing a ity
correct behaviour should be revised. As statedetdre, a technique based on continuum laws, seititsion
coefficients and contact angles is subject to ciimesearch.

Another challenge concerns the SPH method. Defigésrcan arise when the neighbourhood of a paiiticle
only partly filled (e.g. at surfaces) and consedlyethe kernel function is not normalised to ongrranre. This
question has been widely addressed in literatudettzgre exist several renormalisation approaclwesr{§tance
see [19], [20] and [21]), which have been succdlgsfasted in a related project. An implementatimfinthese
routines into the drying model is possible and Idelone of the next steps in our model development

A general question regarding simulations on a ttdength scale comprises in fluid dynamics aer-irf-
stance using CFL criteria — the maximum time stiggease proportional with a smaller length sdakerfreso-
lution, while the number of particles in the sintida rapidly increases, depending on the dimensitynaf the
problem. Additionally capillary forces become lagmmpared to the particle mass thus leading to adglelera-
tions. Evaporation, however, is a fairly slow pregethus requiring long simulation times. This @ a special
drawback of the SPH approach as grid-based me#tasunter the same challenges. Still, this factia¢e be
taken into account when thinking about possible ehoglsolutions and the focus of future research.

Outlook

Though the meshfree approach could be applied iy m@ny possible questions in drying applicatioms
principle, research should still be focused onva deeas in the near future. First of all, the debplrying model
should be further developed. The second dryingodewith diffusive transport through the pores shoalim-
plemented into the droplet model as shown for t®ps structure. Surface tension and wetting shbeldased
on continuum laws rather than on a parameterised-particle force or at least both formulation gratameter-
isation of this force need to be validated intepsAlso the consequences, when physical effeces dikapora-
tion are scaled, should be further investigatedrater to keep scaling within reasonable limits &m@chieve
tolerable simulation times.

The second main subject in future research shaddideas simulations of small, representative voluofes
the whole droplet in order to avoid particle nunsbgoing too high. Although the idea of simulatingvhole
droplet on a detailed scale during the whole preéeappealing, simulations on a very small scedestll com-
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putationally very expensive. Still many effects dansimulated using relatively small representagigaivalent
volumes. Effective transport parameters for a psirust could then be obtained by SPH calculatisnaell as
crust properties like pore sizes and their distitims and be applied to a grid-based 1D model efdtoplet.
Like in other research areas multi-scale simulatiare a very promising alternative to being eitberdetailed
or too coarse. Still, a reliable identification @presentative volumes and a reasonable couplindjfferent
scales are inevitable and therefore require funthsearch.

An application of the method to reactive drying gesses is possible and shall be undertaken regardin
spray polymerisation in a future model. Especifilythis application the current approach is vemyrpising, as
previous research regarding the simulation of feaéhduced morphology evolution has already shéfrenpo-
tential of the SPH method [13].
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