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Discrete layers of interacting growing protein seeds: Convective and morphological
stages of evolution
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The growth of several macromolecular seeds uniformly distributed on the bottom of a protein feactor
a discrete layer ofN crystals embedded within a horizontal layer of liquid with no-slip boundatesier
microgravity conditions is investigated for different valueshbaind for two values of the geometrical aspect
ratio of the container. The fluid dynamics of the growth reactor and the morpholdgiagbe-changesvolu-
tion of the crystals are analyzed by means of a recently developed moving boundary method based on
differential equations coming from the protein “surface incorporation kinetics.” The face growth rates are
found to depend on the complex multicellular structure of the convective field and on associated “pluming
phenomena.” This correspondence is indirect evidence of the fact that mass transport in the bulk and surface
attachment kinetics are competitive as rate-limiting steps for growth. Significant adjustments in the roll pattern
take place as time passes. The convective field undergoes an interesting sequence of transitions to different
values of the mode and to different numbers of rising solutal jets. The structure of the velocity field and the
solutal effects, in turn, exhibit sensitivity to the number of interacting crystals if this number is small. In the
opposite case, a certain degree of periodicity can be highlighted for a core zone not affected by edge effects.
The results with no-slip lateral walls are compared with those for periodic boundary conditions to assess the
role played by geometrical constraints in determining edge effects and the wavelength selection process. The
numerical method provides “microscopic” and “morphological” details as well as general rules and trends
about the macroscopic evolutidne., “ensemble behaviorsof the system.
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[. INTRODUCTION Since it is expected that growth is driven by the phenom-
Proteins are the elementary building units of all living & occurring in a thin zone surrounding the crystak
Y 9 9 so-called “depletion zone;” see, e.§3,4]) where the con-

creatures anq essg;]w.tla:.c.omponents for information and €Rentration of the nutrients is lowered due to solute absorp-
ergy processing within living systems. tion, many authors have focused on “what happens close to

The crystallization process of these substances has beghe crystal.”
the focus of intense investigation for many decades, and re- tpe procedure usually employed in these studies consists
cently a tremendous effort has been devoted to the study gf growing a very limited numbe(N) of “seeds” (see, for
these topics. Progress in various biochemical and biomedicgliance the excellent works of Otaleeaal. [4,5], Lee and
research and production tasks in fact is still impeded by &permov6], etc). In practice, multiple-nucleation events are

lack of insight into the grow_th mechanis_ms of these Comple%)btained in ge[N=0(100] usually by a counter diffusion
molecules that are very labile and sensitive to the Cond't'on?echnique(for further details about this technique and its

under which they are operatddee the excellent book of . ; ;

_ X models see, e.g., Refg—11]); then, the nuclei are grown in
Vil'(lllmt/ and_ Ct:hertnol\,{l]hand !\/IcPdhde_tr_sorlitZ])._tlt IS \(/jv_ortlh- d this environment up to a desired sighis growth technique
while to point out also how, In addition 1o Iits medical and s nown to produce “reinforced” crystals that can be easily

biotechnological significance, protein crystallization eXhibitShandIed and can even be glued to rigid substrates, Otétora

a theoretical kinship with the complex of problems that come,, [4]). At this stage some crystals with large sigeot

under the heading “order out of chaos.” Protein crystalliza-man» are placed in a nevismal) reactor expressly con-
tion can b?. seen in f.aCt as a goo_d terrain for testing OUEejved and equipped for surface analy@rs situ, nonintru-
current ability to predict the behavior of complex systemsg, o monitoring techniquasAt this stage they are called

(furé(_jametrr:tal resdeartg:h, nc;nlln?a_r beha;/uljrsl)f.etc(:j. te si “seeds.” Particular care is devoted to avoid further nucleation
q |gce' g proI'E[Jc '|onfctJ prt?]elr*; (Q/S asko fathequa (?I SI;T henomendi.e., the formation of new nucleithat would
and desired quality is often the bottleneck of the availa poil interferometry data.

techniques, today the major effort is devoted 1o a better un-" 5o gel is not used for this second stage of growth since

deriﬁte;]ndigg r?f kthe lcgnditions that m'f[lytr]inflqetncs t?eirit is well known that it can have detrimental effects on the
growth. - such knowledgeé may support h€ introductiong,,, quality of the specimens. Usually, in fact, these experi-

‘r)e]:ag?g:s crystallization techniques and the design of N®Wmnents are carried out taking advantage of microgravity con-

ditions (in order to benefit of the quiescent or quasiquiescent

conditions that are established in this environment
Microgravity has the advantage over gels of being free of

*Electronic address: marlappa@marscenter.it, marlappa@uninaiacromolecular interactions that could modify in unex-
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pected ways the surface kinetics. Unfortunately, however, ofand Otaloreet al.[5]. The simulations of LappgL8] showed

ten convection arises due to residual gravity disturbances arid detail that this relative importance does not behave as a

the growth process can be associated with the onset of motfixed” parameter and that different crystallization conditions

phological instabilities driven by these convective effectsmay occur in the protein chamber due to mutual interference

(i.e., shape change of the growing specimef$ie under-  of the growing seeds, complex convective effects, and “finite

standing of these phenomena is crucial in determining gergjze” of the reactor.

el’a|ized Cl’itel’ia_ to Obtain We”-antrO”ed grOthe., ﬁnal In the present paper that pre”minary ana|ysis is extended

samples of desired shape and size _ to the case oN crystals, i.e., several protein seeds uniformly
Along these lines, mathematical and numerical analysegstihyted on the bottom of a protein reactoe., a discrete

can be regarded as a necessary, additional tool for gaininlgyer of N crystals for different values oN). “Ensemble
behaviors” with many specimens, in fact, are also an impor-

such a knowledge.
Excellent numerical simulations to elucidate the interac-

tion between organic crystal growth and convection due totant aspect of the problem. Fbi> 1, in fact, crystallization

solutal buoyancy forces were initially carried out by L& at a macroscopic scale is characterized by the interplay of

al. [12] who used a kinetic-coefficient-based differential sur-d'ffer.ent phenomena: tra}r)sport n I|qu'|d phase, convection,
face condition and predicte@h principle) possible onset of and in partlcul_ar competition among different crys_tals. _
surface depressions and/or protuberances in terms of growth DU€ to their geometric complexity, such configurations
rate surface distributions. An interesting contribution dealing@ve not been studied in great detail. They are still a chal-
with the application of “moving boundary” techniques to the Igngmg task for numerl_cal simulation. The present cqntnbu—
problem of a crystal growing in a supersaturated solutiorfion appears as the first attempt to analyze thehed-
was provided by Noh, Koh, and Kar{d3], who obtained dynamig global behaviors focusing on both microphysical
numerical solutions through numerically generated orthogo@nd macrophysical aspects. The analysis is carried out
nal curvilinear coordinate systems, automatically adjusted t§rough application of the kinetic model used by Lappa
fit the boundary shape at any instant. Several of the manlt6,17 (able to take into account convective effects, and to
modern numerical methods currently used in the representa00del all those factors dealing with the “local” history of the
tion of discontinuities(boundaries, fronts and interfages Crystal shape It is briefly described in the next section.

movmg_wnh a .flwd, .however, are capable to undertake a8 || MATHEMATICAL MODEL AND NUMERICAL
fixed-grid solution without resorting to mathematical ma- METHOD

nipulations and transformatior$or a very comprehensive

discussion dealing with a historical perspective, the genesis, A. OCGVOF method: General properties

and the evolution of these methods see, e.g., Rider and Kothe This method accounts for the solid mass stored in the

[14], Kim, Goldenfeld, and Dantzig15] and references generic computational cell by assigning an appropriate value
therein. These numerical strategies have enjoyed wideys & (phase field variableto each mesh poir(ip=1 crystal,
spread use for the simulation of typical problems dealing¢=0 feeding solution, and €@ ¢<1 for an interfacial ce)l
with gas/liquid or liquid/liquid system$where the surface In the presence of convection, the flow is governed by the

tension effects play a “critical role” in determining the shapecqntinuity, Navier-Stokes, and species equations, which in
of the fluid/fluid interface and/or its motipras well as with  ,5hdimensional conservative form read

the case of thermal solidification of melts.

Recently these techniques have been extended to the case V.-v=0, 1)
of macromolecular growtlidue to the addition and incorpo- c
ration of solute moleculetuilding blocks or growth unifs N _ 2 2
to the crystal latticeand to the growth of organic “living” P Vp-V [VV]+ SV + SCRE(E B 1)'9
tissues in bioreactorfl6]. For instance, they were used by
Lappa[17] to “track” the evolution of the solid/liquid inter- N DsaltSCR% Ceart )i - Sclv P
face of a single sample surrounded by the nutrient solution, at Csalito) n

focusing on the surface kinetics and their sensitivity to many ] } o o o
“local” environmental factors. A quite exhaustive attemptWherev is the kinematic viscosityD is t3he protein diffusion
dealing with the case of two interacting crystals was pro-coefficient,  Sca/D, Ra=gByoCoL°/vD, and Ray
vided by Lappd 18]. The case of protein seeds sharing the=9BsaiCsaiio)L*/ "Dsar (the Boussinesque approximation is
same growth reactor was investigated under the effect of ased to model the buoyancy forces, agl andBsy are the
residualg (microgravity conditions It was shown that the solutal expansion coefficients related to organic substance
size and shape of the growing crystals play a “critical role”and salt, respectively

in the relative importance of surface effects and in determin- JC

ing the intensity of convection. Convective effects, in turn, —=[-V -(VC)+V?C]if =0, (3)
were found to impact growth rates, macroscopic structures of a

precipitates, particle size, and morphology as well as the c

relative importance of mass transport in liquid phase and Olsalt _ 2 e

surface attgchment kinetics. Some IiDnterestin(g; scal?ing models at == V- (VCsa) + Dea/ DV Coarl if $=0, (4)
dealing with the importance of convective effects and slowwhereV and p are the nondimensional velocity and pressure.
surface kinetics were also provided by Lee and Cheffitcdv The nondimensional form of the equations results from scal-
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ing the lengths by a reference distaritg, the time byL.?/D; TABLE I. Properties and operating conditions.
the initial values of the protein and precipitant agéssl
areC o) andCgyg), respectively. Note that concentrations are

not posed in nondimensional forthg cn3]). The reference Dyys [cn? s74] 10°°
velocity and pressure ai@/L and psD?/L?, respectively. Daci [cn?s™] 10°°
The solid phasécrysta) is assumed to be nondeforming v[cmP s 8.63x 1073
and free of internal stress, while the multiphase redien pe [g cni3] 1.2
gion where phase change ocqussviewed as a porous solid Bys [ en?] 0.3
characterized by an isotropic pseudopermeabijityy anal- -1
i Braci [g7 en’] 0.6
ogy with the enthalpy methodsee, e.g., Lappgl6,17). 1
On the surface of the crystlV ¢|#0,0< ¢<1), pro- pe (Mg r_nlr ] 820
tein concentration satisfies the kinetic condition that in non- NAST =10
dimensional form read& is the direction perpendicular to 8 [—] 2
the crystal surfade T[°C] 18
Ciys(o) [g €3] 6x1072
1 JC ~ -3 2
(—)— =No—-1-8&), (5) Cnacio) [9 cni] 2.5x10°
pp = pcCilps/ on | ¢ [mm] 1
whereX=\L/D, o=C/Sis the degree of supersaturati), L [mm] 10

is the solubility(its value is a function of the local concen- PH 4.5
tration of the precipitant agentpp and p. are the protein
mass density and the total mass density in the crygtais
the total density of the solutiordy, is the width of the super-
saturation range in which no growth occldead zong and
\ is the kinetic coefficient.

The phase field equation reads

than the intrinsic surface-orientation-dependent growth
mechanismksthe initial shape of the specimens is supposed
to be quadratdi.e., a horizontal layer of fluid confined be-
tween two parallel walls with a periodic array of evenly
spaced square bodies in the interiand the kinetic coeffi-
) ) cient is supposed to be the same for the different sides of the
50 if |V ¢|=0, crystal.
Relevant nondimensional geometrical parameters are the
~ aspect ratioA=H/L (see Fig. 1 of the reactor and the pa-
¢ _ Mpp = pcClpg) (CIS—1 -6, rameterx=¢/d (ratio of the crystals size and related dis-
" e | e | | procedures the seed
. Following typical experimental procedures the seeds are
if[Val+#0, 0<¢<1, © supposed to be fixefe.g., by glug to the bottom of the

with C satisfying Eq.(5), where &5 is the “reconstructed” reactor(see Fig. 1

portion of the crystal surface “bounded” by the frontier of the ~ The present analysis focuses on the case of seeds located

control volume(computational cellocated astride the crys- one away from the other at a distance of the order of the

tal surface and dv is the volume of the computational @&l crystal sizelx=0(1)], changing their number and consider-

is provided by a PLIC techniqug.7]). ing two different values of the aspect ratio of the reactor

The code has been validated through comparison with théA=3 andA=6).

numerical results of Liret al.[12]. The method is no longer ~ The conditionk=0(1) is investigated sincéowing to the

discussed herein. For further details, the validation and themall size of the reactors used for morphological analyses

parallel implementation see Lappa7] and Lappd19], re-  this is the typical situation occurring in this kind of studies.

spectively. The number of seeds is changed in order to analyze the sen-
sitivity of the overall system to this parameter. The dimen-

B. Geometrical parameters and configuration under
investigation

The growth ofN seeds of lysozymésee Table | for the 'y
properties of this molecule and the operating conditions for
the simulations is considered. Lysozyme has become over <t
the years a very important “paradigm” model protein for fun- 1 4] ] 1
damental research. Usually it is selected as the protein tc
crystallize because its solubility curn@®=S(Cyac) is per- H -
fectly known and because of the current experience of or- >
ganic crystal growers in producing gel reinforced crystals to
be used as “seeds” for surface studies.

For the sake of simplicityaim of the present paper is to FIG. 1. Sketch of the growth reactor with the protein seeds and
elucidate convective and pattern-formation effects rathepf the relative direction of the residugl

4
\
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sion of the reactor alongis doubled A=3— A=86, retaining  but typically of the order of 17 of Earth gravity. Therefore
the same extension along in order to investigate the pos- these effects have to be evaluated under microgravity condi-
sible existence of regularities associated with transport protions, in order to properly prepare and interpret the results of
cess in a system with a large number of seeds—i.e., to digrystal growth experiments in space.
cern if the domain can be split into a “central area” where the In addition to these arguments one must keep in mind that
pattern is almost periodic and sides, close to the lateral nahere is an effect related to the fact that, when many crystals
slip walls (SW's), strongly affected by edge effects. Finally, grow in the same reactor, competition for growth occurs due
the case with periodic lateral boundary conditigR8C’s) is  to superposition and intersection of the related “depletion
considered to study the “idealistic” behavior in the case ofzones.” The coupling between convective “pluming phenom-
infinite crystals at fixed values of the space parameter ena” and the overlapping of the depletion zones makes the
Growth is obtained from a supersaturated solution withconcentration pattern very complex. It is worthwhile to high-
0 =6. With regard to this choice of initial conditions it light how in the presence of many growing crystals, the pro-
should be pointed out that usually the protein concentratio€ss is mainly controlled by these aspects.
in the nutrient liquid is selected by organic crystal growers in
order to favor growth and prevent new crystal formation A. Structure of the convective field
(nucleation. For this reason the range of protein concentra-
tion and of supersaturation investigated is very limited. If
protein concentration is too low, the seeds do not grow due to First the attention is focused on the case of lateral no-slip
the “dead zoneld, in Eq. (1)]; if it is too high, new nuclei  walls (constant aspect ratid=3 and two possible values of
are formed and this phenomenon behaves as a disturbange and constanik and two different values of the aspect
for the growth and the study of the “seeds.” For the caseatio—i.e.,A=3 andA=6), then the aforementioned condi-
under investigationr g =6 corresponds to a suitable and re- tion with periodic side boundary conditions is taken into ac-
alistic condition. count.
The frontier of the domain is supposed to be impermeable For the casé=3,g=10"* g, a flow field is driven by the
to protein and salftherefore the salt concentration is con- density gradient around the growing crystedse Figs. 2 and
stan}. According to the grid refinement studyot shown for ~ 3).
the sake of brevitya mesh 30 100 is used for the case At the beginnindFigs. 2a) and 3a)] each crystal is char-
A=3 and 600 100 for the casé\=6. acterized by its own rising solutal plume. In this early phase
of the growth process—i.e., when depletion zones are
separated—the growth dynamics of the different seeds can
be regarded as independent. Two convective cells are gener-
As seeds grow from the solution, each crystal depletes thated around each crystal. After this initial transient behavior,
concentration of the growth units that are incorporated intdowever, the depletion zones for two growing consecutive
the crystal lattice producing a concentration-depleted zoneeeds intersect and overlgpigs. 2b) and 3b)]. At this
around it. In this region, the solute concentration changestage mutual interference occurs. Crystals, in fact, absorb
continuously from the concentration at the crystal face to thgrotein from “common” regions.
concentration in the bulk of the solution. The concentration The delicate evolutionary equilibrium among crystal
profile in the concentration-depleted zone varies with time agrowth (absorption procegssolution depletion phenomena,
the crystal grows and is controlled by the balance betweeand competition among several seeds is coupled to signifi-
the flow of growth units towards the crystal face and the ratecant and intriguing adjustments in the roll pattern inside the
of incorporation of these growth units into the crystal lattice.reactor.
The kinetics of incorporation at the crystal surface are linked A very complex multicellular structure is created above
to the bond configuration of the crystallographic structure aghe interacting crystals. This convective field undergoes in-
discussed in Sec. Il Afor the present case of isotropic teresting subsequent transitions to different regimes as time
growth, the kinetics of incorporation are simply linked to the passes. It is also worthwhile to stress how the major stages of
value of the kinetic coefficient and to the supersaturatiorthis spatiotemporal evolution change according to the value
level), while the flow towards the crystal face is highly de- of N (N=5, k=0.24 in Fig. 2 andN=6, x=0.29 in Fig. 3.
pendent on the symmetry of the concentration pattern, which For the casé&N=>5, at the beginning the mode of the mul-
turns out to be crucial for the overall crystal growth processticellular field ism=10[Fig. 2(a@)] and five rising convective
With regard to the latter aspect it is important to highlight jets occur above the seetisereafter the crystals will be re-
how convection plays a critical role in determining the de-ferred to as crystal with i=1—N, respectively, starting
formation of the concentration distribution around the grow-from the left side of the reactpr
ing crystals. The formation of halos due to the lowered solute After 1.38x 10° [s] [see Fig. )], the solutal plumes
concentration around growing seeds, in fact, has the effect afriginated from crystals 1 and 2 merge giving rise to a single
producing density gradients in these areas. These inturn  plume located ak=H/4. The same behavior holds for the
der the effects of graviyresult in the onset of convection. seeds 4 and 5 since the system exhibits mirror symmetry
These phenomena occur also during experiments in spaceith respect to the midsection=H/2. For this reason the
In fact, the residual gravity estimated on board the spacéepleted lighter fluid is transported upwards by three solutal
shuttle and the International Space Statit8S) is not zero, rising jets only. They are located approximatelyxatH/4,

1. Lateral no-slip walls

IIl. RESULTS
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FIG. 2. Snapshots of growing crystalSW, A=3, N=5), con- FIG. 3. Snapshots of growing crystalSW, A=3, N=6), con-
centration distribution, and velocity field under microgravity condi- centration distribution, and velocity field under microgravity condi-
tions (g=10"* go): (a) t=1.38x10*[s], (b) t=1.38xX10°[s], () t  tions (g=10%g): (8) t=1.0x10*[s], (b) t=8.3x 10 [s], (0 t
=3.59x 10° [s], (d) t=4.97xX 1C° [s], (¢) t=7.18<10° [s] (level 1  =1.35x 10F [s], (d) t=2.075x 10° [s], () t=8.3x 1CP [s] (level 1
—2.8x10%[gem?®], level 50-6x1072[gcm®], Ac=6.4  _28x102[gcmd], level 50-6x102[gcnrd], Ac=6.4
X 1074 [g cn2)). X 1074 [g cnd)).

x=H/2, andx=3H/4, respectively(instead of the five so-

lutal plumes that characterize the system behavior in the Forthe caséN=6 the roll-pattern formation and evolution
early phase located at=iH/6, i=1—5). Correspondingly are quite different. At the beginning the mode of the muilti-
the initial number of rolls is reduced from 10 to 6. Two cellular convective field isn=12 [Fig. 3] and six rising
convective cells still exist above the central se@d3)  plumes appear above the seefis1—6). For t=8.3
whereas only two vortices characterize the right and left< 10* [s] [see Fig. 8)], a large depletion zone surrounding
halves of the reactor with the core located approximatehall the crystals is formed and the mode is decreasenh to
above the seeds 1,2 and 4,5, respectively. As time passes ne¥g; for t=1.35x 10° [s] [Fig. 3(c)] the depleted lighter fluid
regimes evolve which exhibit different number of rolls; the is transported upwards by two solutal rising jets only and the
mode decreases tm=4 [t=5X10°[s], Fig. 2d)] and fi- m=8 mode is taken over by a new regime wittc4. The
nally tom=2[t>5X 10° [s], Fig. Ae)] with only one vortex surviving solutal plumes are located approximately xat
for each half of the reactor. The resulting two final convec-=H/4 andx=3H/4, respectively, whereas the onset of plum-
tive cells have symmetric form, but rotate in the oppositeing phenomena at=H/2 is prevented. FoN=5 around the
direction; i.e., the flow igapproximately symmetric by re- midsection(x=H/2) the fluid is carried upwards, but fdd
flection about the midplane=H/2. =6 the opposite situation occurs. Ror 1.35X 10° [s] [Figs.
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S2o0W00 2

FIG. 4. Snapshots of growing crystalSW, A=6, N=10),
concentration distribution, and velocity field under microgravity
conditions (g=10%gg): (a) t=4.6x10*[s], (b) t=2.3xX1CP [s],

(c) t=4.83x 1P [s], (d) t=8.05x 10 [s] (level 1—2.8X 1072
[gcnT?], level 50— 6X 1072 [g cnT3], Ac=6.4X 1074 [g cnT2)).

d

3(d) and 3e)] the structure with four vortex cells seems to be
quite stable without further transitions.

It is worthwhile to underline how the differences between
the case®N=5 andN=6 could be used to explain in principle
the scarce reproducibility that seems to characterize this kind
of experimentgsee also Ramachandrahal.[20]).

On the other side of the coin, the computations carried out WSWS’E >
increasing the extension of the protein reactor algryo- °)
vide additional information about the effect of geometrical
parameters, in particular with regard to possible existence og
a “core zone.”

Along these lines, Fig.(4) shows that for the cask=6,
N=10 at the beginning each crystal is characterized by it% - _
own rising solutal plume with the exception of the crystals_Ievel 1ﬁ42'8>< 1g2 [gent™], level 50-6x107%[gent?], Ac
located at the extremities. After a transient time four solutal™ 8410 [g cm™].

jets are created above the se¢Bg. 4(c) and the mode is  {hat the sidewalls can still have a significant influence on the
m=8. This situation seems to be quite stalslee Fig. 4d)].  resulting velocity and solutal fields even A>1 (e.g., A

As expected, with the exception of the two crystals at the= g, see the last part of this section for further dejaii® the
edges, an interesting spatial periodic behavior arises along yiher hand, they provide a variety of interesting insights into
in this case. The seeds seem to “work” in groups of WO q «extreme” behavior, which the system tends to, when the
Rising solutal jets are created above the coufes) (4,5 number of interacting crystals is increased to infiniié

(6,7 (8,9, and descending jets occur above the cou(Be9 —o0) at fixed values of the interspace parametdi.e., in-

(5,6) (7,8). Therefore a certain degree of periodicity in space,

can be highlighted with a central zone affected by a somefinite layer of liquid with evenly spaced seeds in the interior

what “repetitive” behavior. As a first step, comparison between the computations for

This trend is confirmed by the simulations carried out for<=0-24 andN=5 (PBC, shown in Fig. 55_1”d those forA
A=6 and N=12 (not shown. Accordingly, some general =3 (SW) and same value ot (Fig. 2) highlights that in the
rules can be introduced for the case with no-slip lateral wallsabsence of side solid constraints, the delicate evolutionary
If the aspect ratio is sufficiently large and=0(1), in fact ~ equilibrium among the rolls is featured by a different time
the final mode can be roughly computedras (N-2) and  history.

FIG. 5. Snapshots of growing crystalBBC, k=0.24, N=5),
oncentration distribution, and velocity field under microgravity
conditions(g=10-4gp): (a) t=1.38x 10*[s], (b) t=1.38x 1P [s],
©) t=3.59x10°[s], (d) t=4.97x10°[s], (e) t=7.18xX1C°[s]

the number of rising solutal jets &bl-2)/2. The initial multicellular pattern with a clockwise and a
Hereafter, the results pertaining to the PBC case are elizounterclockwise rotating cell arourtebove each seed, in
cidated. fact, tends to be more stableompare, e.g., frameg@-2(c)
and Fa)-5(c)); this means that, when PBC’s are considered,
2. Periodic lateral boundary conditions the coalescence process of adjacent vortices, observed in the

These simulations, specially conceived to allow for lateralSW case, is postponed in time. The differences, however, are
freedom, on the one hand give indirect evidence of the fachot limited to the temporal sequence of transitions to differ-
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FIG. 7. (PBC, k=0.24,N=20), crystal distribution and velocity

)
* field under microgravity conditiongy=10"* gg): t=8.05x 1C° [s].

horizontal direction is increased—i.e., a larger wavelength is
selected; fork=0.24 andN=10, the final multicellular state
involves six counterotating vortices and three ascending
plumes.

At this stage, it is worthwhile to shed some light on the
physical mechanisms by whiah is selected.

Discrete wave numbers of disturbances are selected out of
the full spectrum of disturbances because the multicellular
structure is closed in a special zone geometry. As anticipated,
the selection rule is given by the constraint that the wave-
d) length must be an aliquot of the periodic horizontal extent;
however, the geometrical constraints represented by the pres-

FIG. 6. Snapshots of growing CrystaBBC, x=0.24,N=10),  gnce of top and bottom boundaries also play a role is such
concentration distribution, and velocity field under microgravity mechanisms

conditions (g=10" go): (@) t=4.6X10%[s], (b) t=2.3x10° [s], ) . N . .
(© 1=483x10°[s]. (d) t=8.05x1C°[s] (level 1-2.8 The simulations in Figs. 5 and 6 show that the final size of

%102 [g o], level 50-6x 102 [g e, Ac=6.4 the crystals alongy is about _twice the initial seeq sizd "

% 107 [g cn?]). Therefore_ the space occupied by the _roIIs algnig about
(L-2¢); since the size of each convective cell alontgnds

ent regimes. The roll-pattern formation and evolution lead tao be approximately equal to its extension alopgthe m

a final state with four major rollfFig. e); they are two in  rolls cover a distancen(L—2¢). Obviously, such a distance

the SW case; see Fig(ed]. must be equal to the periodic width, and since the periodic

In the light of these arguments, the absence of lateral solifiorizontal extension can be also computed\&é+d), this
constraints can be thought of as altering the mode selectioggs to
process and the pattern symmetries. This result is not unex-
pected(see, e.g., the theoretical arguments in the next sec- m(L —2¢) =N(€ +d), (79)
tion). For an even more deep perspective into this topicy . taying into account/d=0.24 (d=4¢) and ¢=L/10
however, it is necessary to stress that the periodic domai Lee Table)l reads
length(H,) used for the simulations should be regarded as al '
additional sensitive parameter for such selection mecha- 8m=5N. (7b)

nisms. . . . . .
Special care must be devoted to this aspect for obtaining §Auations(7) provide an analytical relationship between the

periodic-length-independent solution. As previously eX_mer .and the number of crystaﬂgvenly spa_ced over the
plained, the rolls adjustment process occurs by coalescenf@”qd'c Ien_gtbl supported by precise theoretical arguments.
of adjacent cells and possible ensuing expansion and co -or increasing values df, Eq. (7b) gives

b)

c)

traction of the resulting vortex. However, when PBC’s are N=5—-m= 3, (8a)
employed, the pattern is constrained to be periodic over the
chosenH,; i.e., the ratio of the periodic width to the wave- N=10—m=6 (8b)
length is forced to be an integer number. '

If the most dangerouéhereafter referred to as “natural N=20—m=12. (80)

disturbances involve concentration and velocity fields with a
periodic extent that is larger than the chodgn (i.e., they  Equation(8a does not agree with the numerical restfs
have a wavelength that is not commensurableHip, the =4 in Figs. 5, but the agreement holds féf=10 as shown
system will select disturbances that are not natural; i.e., a nan Figs. 6. This provegas speculated in the foregoing dis-
suitable periodic length may force the system to select @&ussion that the results in Fig. 5 do not represent a periodic-
small wavelength and therefore to select a different symmelength-independent solution. Additional theoretical relevance
try of the disturbance&e.g., an even mode instead of an oddto these aspects can be simply obtained by further doubling
mode. the periodic width along. The mode number for the corre-
Additional simulations carried out with a doubled peri- sponding results in Fig. 7 im=12 as predicted by E¢8c).
odic horizontal width in order to remove the restriction lim- This finally demonstrates that convergence in the distur-
iting the possible disturbancéby allowing the convection bances selection mechanism is achieved for sufficiently large
rolls to continuously coalesce, expand, or compress over horizontal periodic distancdor the considered case it isH%
larger distance; see Fig) 6how, in fact, that further adjust- where Hg is the periodic length used for the simulation in
ment occurs when the allowed degree of freedom along th€ig. 5).
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In practice, numerical simulations of the conditions corre-dimensional rolls within the finite-size rectangular container.
sponding to Eq(8a) are not relevant since it is obvious that This is in agreement with the present SW results.
odd modes(e.g., m=3) cannot be captured by numerical  Several studies have also elucidated that in large convec-
simulations with PBC’qwith such conditions there must be tion layers(where the lateral extent is much larger than the
the same number of clockwise- and counterclockwisedepth for fixed values ofA and Rayleigh numbers in the
oriented vortex cells The number of rolls in a PBC system fange Ra=Ra+O(2/A) where Ra is the critical Rayleigh
with a moderate extension that does not match a multiple ofumber for the corresponding infinite layer, there exists a
the natural wavelength of the instability is not “physical.” class of finite-amplitude steady-state two-dimensional
The convective rolls are more regular and their numberPhase-winding” solutions that correspond physically to the
scales according to Eq7b) when the width is closer to a POSSibility of an adjustment in the number of rolls in the
multiple of the natural wavelengttFigs. 6 and 7. container(by coalescence mechanisms similar from a quali-

Among other things, as anticipated, when compared to th%?:g‘lg% F;‘;'T;]:‘IO‘QSI‘"(/ ;?Uéhgl?eRgﬁZicg;’lhb?]ﬂr;nbé?eiseva;:l[gzk ]para—
corresponding case with solid side walls, these results als It is also known[24] that in RB periodic convection lay-

e_qudate[pompare Figs. .@ and @d)] that “the. a’foremen- ers the wavelength of convection rolls also changes in other
tioned existence, for sufficiently "'?“ge bl."t _f|n|te valu_es of impler situations where the mode selection process appears
the aspect ratio, of a core zone with periodic convection ang pa governed by a two-dimensional process involving par-
very small wavelength must still be regarded as an effect ofjg| convection rolls undergoing a wave number adjustment
the lateral geometrical constraints. by a simple roll expansiofthe so-called “roll relaxation” by
which the convection rolls increase in wavelength to values
larger than the value at threshildEvidence of such a two-
dimensional relaxation mechanism has been found in both
experiments and numerics.

It is noteworthy how, from a fluid-dynamic point of view, In light of all these arguments, the Rayleigh-Bénard prob-
the problem under investigation exhibits quite an interestindem has, therefore, solid theoretical bases; several experi-
theoretical kinship with the Rayleigh-Bénaif@B) system in  mental and numerical works have been performed in order to
which convection is induced in a horizontal fluid layer by confirm the theoretical assumptions. Nonlinear effects and
uniform heating from below. Therefore, it is opportune to geometrical constraints are all essential ingredients of this
open a short discussion about the related analogies and difype of flow. According to the aforementioned “analogy,”
ferences. Such a critical comparison can be regarded as #mese features may provide a somewhat relevant theoretical
additional theoretical artifice by which additional insights background to explain the trends observed for the present
into the physics and the results described in the earlier secase of a liquid layer with crystals on the bottom; among
tion can be obtained. them are the observed change in wave number as a function

Rayleigh—Bénard convection is a canonical example of af the aspect ratio when SW conditions are considered, the
pattern-forming system. A fascinating question is raised byoll-adjustment process, and the observed notable differences
the pattern selection process upon which a convection laydyetween the SW and PBC cases.
evolves through time to a final state. Wave number selection Despite the macroscopic qualitative similarities, however,
has been well studied with many different mechanisms novthe dynamics and mechanisms underlying the evolution of
well characterized. the present system are quite different.

Most of the initial studies considered infinite systems— In the case of uniformly heated layers the driving force
i.e., the stability of the quiescent state of nonconfined fluidfor the onset of convection is the lighter fluid on the bottom
layers heated from below. It was found that such layers unef the container, this “force” being replaced by the presence
dergo instability to couples of counterotating convective rollsof a discrete distribution of sinks of solute for the case of a
with aspect ratidratio of the couple width to the depth of the discrete layer of growing macromolecular crystdke incor-
layen A.=2 (see, e.g., Drazin and Rejd1)). poration of protein is the source of lighter fluid at the crystals

Currently, however, it is well known that if systems con- surface. However, there is no doubt that the geometries that
fined laterally by rigid sidewalls are considered, even in con-arise in protein crystal growth applications are more compli-
tainers of large horizontal dimensions, the lateral walls carcated than a simple horizontal layer of convecting fluid. For
have a significant influence on the flow pattern that developsuch a case the “heating” is not uniform. The depletion zones
when the Rayleigh number exceeds its critical value. Thuslo not exhibit uniform behavior. Moreover, during the initial
results for the corresponding infinite layer cannot, in generalstages of convection fluid motion also arises along the verti-
be used to make predictions about either the detailed strucal boundaries of the crystalthis effect is not present in the
ture or the stability of the roll pattern in practical situations. classical Rayleigh-Benard system; within the framework of

It has been clearly illustrated by many investigators, inthe proposed analogy, it would correspond to a “heating-
fact, that there are several modes of the most dangerous pdrem-the-side” thermal condition
turbation that replace each other when the aspect ratio For many interacting crystals, the adjustment in the num-
(ratio of the width and of the height of the finite layes  ber of rolls occurs as a consequence of the coalescence
varied (see, e.g., GelfgdR2]). Within this context it should mechanism of the depletion zones that merge as time passes
also be mentioned that the increase of the aspect atio (the samples grow and the related “halos” become larger and
generally results in the increase of the number of two-overlap; there is an undeniable effect of the number of crys-

B. Comparison with the classical Rayleigh-Béenard system:
Analogies and differences
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tals and their distribution. Along these lines, for instance, itis  ¢3s TN IS T I S T —"
worth pointing out that an initial nonuniform distribution of
the seeds could deeply affect the initial interaction mode. In
that case in fact the initial interaction would occur between
the seeds with small distance.

Other factors influencing the roll-adjustment process are
the effective driving force acting in the liquidhe instanta- g
neous Rayleigh number decreases in time owing to the pro> 025
tein absorption procepsand the space occupied by the crys-
tals that continuously increaséhis behavior is responsible S
for the confinement of the overall convective structure to the g
upper part of the reactprTherefore, for the growth of many %
aligned evenly spaced macromolecular seeds, after the earl
stages(with an alternating array of clockwise and counter-
clockwise rotating cells, each couple being located around ar
internal seey the process by which the instantaneous mode
is selected is very complicatégossibly involving the effects
of multiple incommensurate selection mechanignidere 0.10 LA L R L B
are at least five independent parameters influencing the 0.00x10° 2.00x10° 4.00x10° 6.00x10° 8.00x10° 1.00x10’
aforementioned evolution of the multicellular structure: i.e., Time (s)
the aspect ratio of the protein reactor and/or the type of lat- _ ) _
eral boundary conditions, the time evolution of the phenom-__ F/G- 8- Average sizéalong X of the growing seeds versus time
enon of absorption of proteifthis would correspond to a (SW, A=3).
quasisteady variation of the Rayleigh number for the case of

the layer of fluid heated from belgwthe coalescence pro- yery large number of crystals are grown by organic crystal
cess of the depletion zones originated from different seedgyrowers using gellified configurations where convective ef-
and finally (as previously highlightedthe number of inter-  fects cannot occur. Therefore, hereafter the analysis is lim-
acting protein crystals and the growth process itéaliich  jied to the SW case anti=3.
leads to a confinement of the roll pattern to the top of the pefore starting to deal with the “local” detailed analysis
reactor due to the increasing size of the underlying crystals of each crystal according to its position some common fea-
In practice, such a system “ideally” tends to the behaviokres can be pointed out.
of the classical infinite RB problem only when PBC condi- Figures 2 and 3 show that the “depth” of the face protu-
t@ons are considered and, in particular, only during the.Ve%erances is proportional to the size of the crystatsnpeti-
final stages of convection. For a very reduced crystal intertion for growth in the intermediate regions and corner effects
spacing(final stage of the growth procgssn fact, the con-  5re responsible for the tooth shape of the crystlereover,
vective rolls do present the most unstable wavelength typicghe increase of volume is more pronounced for the crystals at
of the classical Rayleigh-Benard instability—i.e., the ratio ofie extremities of the reactdr=1 andi=5 forN=5,i=1 and
the width of a couple of vortices to the depth of the laget i=6 for N=6, i=1 andi=10 for N=10) than for the central
[i.e., the aspect ratio of each reH1 as also discussed in Sec. crystals(i=3 for N=5, =3 andi=4 for N=6). This trend is
A2 in_the derivation of Egs(7)]. This occurs since the confirmed by Fig. 8 where the size of the seeds alerig
process is no longer affected by changes in the geometry Qfiotted as a function of time. This plot also highlights that
the crystals, the rate of change in time of the concentratiogne increase of volume is less pronounced in the dsé
gradient between the seeds, and the liquid is so small that thgijih respect toN=5. This apparent “lack” of solid mass of
Rayleigh number can be regarded as constant, and the isgoyrse follows from the presence of a higher number of crys-
contour lines pertaining to the depletion zones are almosfy|s simultaneously absorbing protein from the liquid phase
horizontal and uniform(the individual crystals seem to be- 4 the caseN=6 (i.e., for a fixed initial amount of protein
have as one available in liquid phase, the final size of the crystals de-
creases as their number increases
Possible explanations of the above trends can be outlined
on the basis of the local growth rate distributions plotted in
The earlier discussion is quite a comprehensive analysiBigs. 9 and 10.
of the fluid dynamics associated with the growth of the seeds In agreement with previous result$6,17] these figures
and may provide interesting information and data for fundashow that corners and edges of the crystals are more readily
mental fluid-dynamic research and for investigation of non-supplied with solute than the center of sidéss is respon-
linear behaviors. The present paragraph deals with theible for the morphological instability and the presence of a
growth process itself. macroscopic depression around the center of the faces shown
The cases with an infinite number of se¢éBBC’s) and/or  in Figs. 2 and 3
very high aspect ratio are not treated herein since they are As previously discussed, incorporation of the solute into
not of practical interest. As previously discussed, in fact, ahe crystal causes a local depletion in concentration and a

ong X

C. Growth rate distribution and morphological instabilities

031904-9



M. LAPPA PHYSICAL REVIEW E 71, 031904(2005
15 - -
» 5 @
03 03
0 & ]
g ©E
£ 4
 § | §
1 (U] : o
s s el Fwwws 130 e s s s irwarws swwars wars wwws pwsrws wwas rewers e (4
0 gt 02 03 04 05 1 0 01 02 03 04 05 06 07 08 09 1
X a) X a)
115 - 4 15 7
] @ »
1 2 2
: ] )
10 & =
] ‘é‘ .10 &
|, ¢  §
1 & ] &
Jo IS FWWS NWWWH SIS EWWWE FEWWH ST prere s wrwwws mawers e L
0 01 02 03 04 05 06 07 08 08 0 01 02 03 04 0S 06 07 08 08 1
X b) X b)
1s
] — 15 @
;4 0‘2” 03
{s % {ro §
] 2 g s g
] g ] o
11 O
1. e e s s rn s s swwers s e K4
0 01 02 03 04 05 06 07 08 oo 1 0 0t 062 03 04 05 06 07 08 09 1
X
X ) c)
3 T ! 10
] = 3
1, 03 - 03
] £ 5 g
g | -
| ¢ :
] o ©
1 WS FWWWE FEWNS AWWIE FWSWS FWw s NwEws S rrwars wwrwwn nwn LY
............................ rare FEWWS Fwwws Fwen A 0 01 062 03 04 05 06 07 08 09 1
0 01 02 63 04 05 06 07 08 09 1 X d
X d) :
| {04 _
] ] 0
1 -~ ] oa
1 03 ] ﬁ
% o2 g
1°° § 101 &
] g ]
(O} ]
] e o o 3 I WS WS EWWWS SWwrw Fwrrw o A4
| 0 0 01 02 03 04 05 06 07 08 09 1
0 01 02 03 04 05 06 07 08 09 1 X e)
X e)

FIG. 10. Snapshots of growth rate distribution, SX%&3, N
=6: (a) t=1.0x10*[s], (b) t=8.3x10*[s], (c) t=1.35x 1C° [s],
(d) t=2.075x 10° [s], (e) t=8.3x 10° [s].

FIG. 9. Snapshots of growth rate distribution, SM& 3, N=5:
(@) t=1.38x 10* [s], (b) t=1.38x 10° [s], (c) t=3.59% 10° [s], (d)
t=4.97x 1P [s], (€) t=7.18X 10° [s].

solutal concentration gradient to form between the bulk soconvective flows(and the associated shear stresses the
lution and the growth interface. As expected, the growth ratestrongest, and hence, the interfacial concentration gradients
is always lower at the center than at the corners where ththe steepest.
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Figures 9 and 10 also allow to point out that the difference The face growth rates have been found to depend on the
in gradient steepnes@.e., local growth rate between the time-dependent multicellular structure of the velocity field
face corner and face center increases as time passes; thisd to be nonuniform across the crystal fdgeowth rate
explains why the “depth” of the face depressions is proporalways lower at the center than at the cojner
tional to the volume of the samples. Moreover, the convec- The prominent features of this evolution exhibit large sen-
tion effects tend to increase the local growth rates for thesitivity on the number of crystals simultaneously growing in
crystals at the extremities. This trend finally provides a justhe protein reactor if this number is not sufficiently large
tification for the behaviors shown in Fig. 8. (this case corresponds to typical experiments carried out by

Despite the macroscopic analogies and similaritierganic crystal growers interested in studying morphological
pointed out above, however, each crystal exhibits differentind kinetic details It, in fact, plays a crucial role in deter-
morphological evolution and different growth history accord-mining the mode of the convective fie(de., the number of
ing to its position within the reactor and according to thevortex cellg, the number and positions of rising solutal jets,
value of N. and the related time evolution.

For instance, in the cadé=5 the final “ridge” (slope of On the contrary some general rules can be introduced to
the upper sideof the crystals withi# 3 is inclined with  characterize the system behavior if the number of seeds and
respect to the direction of the residugalon the contrary for the aspect ratio are large. The direction of the jets in this case
i=3 the ridge is almost flat and horizontal, Figed. For i in fact results modulated in space with an evenly spaced
=1 andi=5 the ridge is inclined inwardly, and vice versa for alternation of rising and descending jets. This behavior holds
i=2 andi=4 it is inclined outwardly. For the cadé=6, the  for a “central zone” of the reactor not affected by edge ef-
ridge is inclined inwardly for=1 andi=6 and outwardly for fects. Additional simulations carried out using periodic
i=2,3,4,5[Fig. 3(e)]. “Edge effects” are also very evident boundary conditions show, however, that the existence of the
in Fig. 4(d). aforementioned core region is made possible by the effect

In practice the characters of the final samples change dexerted by the no-slip side walls that lead to small values of
pending on the local fluid-dynamic conditions under whichthe internal wavelength. In the case of periodic domain, in
they are operated. In addition to the effect associated witlfact, the delicate evolutionary equilibrium among the rolls is
the corners more readily supplied with solute, there is areatured by a different time history and the final wavelength
effect due to the local convective pattern around the crystais |arger. The simulations also show that the relaxation of
The cross-comparison frame by frame of Figs. 2 and 9 fogonvection rolls in the periodic layer depends on the length
the caseN=5 (3 and 10 for the cas&l=6) in particular  of the computational domain. Hence, the choice of this width
elucidates that the convection effect results in h!ghe_r localg 4 very delicate aspect of the simulation strategy when try-
growth rates near the surface where the flow is directeghq 14 capture the behavior of a system with infinite extent.
downwards and_ Iower. local growth rate.s near the syrface The results are heretofore unseen and elucidate how pro-
where the flow is carried upwardas depicted in detail in tein seeds can exhibit different shape evolution and different

sec. A 1, if the .number' .Of segds IS not sufflc.lentlly large growth history according to the position within the reactor—
these fluid-dynamic conditions in turn change in time and:

exhibit a different spatial evolution according to the number€ according to the ‘local” fluid-dynamic conditions.

of interacting crystals simultaneously growing in the protein Th? morphological evolution of the see(_j_s has proven to
reactoy. be strictly coupled to the sequence of transitions that charac-

It is very important to point out how the correspondence_terize the fluid motion. The growth of the crystals in turn

elucidated above between surface growth rates and roll pat?fluences the stages of evolution of the velocity field being
tern evolution is an indirect evidence of the fact that for therésponsible for the confinement of the overall convective
case under investigation, mass transport in the bulk and sugiructure to the upper part of the reactor. Possible theoretical
face attachment kinetics are competitive as rate-limiting<inship with the case of the Marangoni-Benard problem has
steps for growtkin the case of phenomena strictly governed been discussed, pointing out analogies and differences. It is
by the kinetic barrier in fact the effect of convection on thenot possible to predica priori the mode that will appear
overall growth process is almost negligiple under the assigned conditions through analogy with the ca-
nonical Rayleigh-Bénard problem because the present phe-
nomena are influenced by many parameters, incommensurate
IV. CONCLUSIONS wavelength selection mechanisms, and the “history” of the
flow.

The different complex scenarios that arise in a growth This study represents a fif@nd quite exhaustiyeattempt
reactor(accommodating many protein segdsterms of de- to discern the cause and effect relationships underlying the
tailed structure of the convective field and distribution of thecomplexity of growth carried out in the presence of many
local growth rates have been investigated for the first time irinteracting crystals. Determining the related growth laws is
the framework of a recently introduced volume trackingcentral for discerning howfluid-dynamig environment con-
method. This multiphase methodology has been used to adhtions affect macromolecular growth. The mutual interac-
dress the geometric complexity introduced by the internation between the onset of morphological instabilitidepres-
seeds and their growth process. sions and/or protuberances in the shape of the cpystal
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occurring in “growing” solid walls and the fluid motion crystal growergthe paper elucidates the morphological evo-
(multicellular structure of the flow, solutal jets, shear stresdution of the crystals

distribution, eto). provides rich information to be used in the
framework of macromolecular crystallization.

The present work introduces a common source made This work has been supported by ASlltalian
available for fluid-dynamic researchefthe paper provides Space Agency and ESA (European Space AgencyFor
interesting information about the mechanics of thed mo-  additional material, color figures and animations see
tion per seand the dynamics of an intriguing and still unex- http://staff. marscenter.it/lappa and http://utenti.lycos.it/
plored pattern forming dynamical systgrand for organic MarcelloLappa.
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