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Background: Drying of biological fluids and saline biopolymer solutions is an actively researched topic,
since the textures of the films remaining on the substrate after evaporation carry information about the
state of the organism or biopolymer. Earlier, we have shown that the texture area and the amount of
zigzag crystallization patterns depend on the structural state of the biopolymer. Models of flows and
particle redistribution in a round sessile drop have been described by multiple authors, but in our
experiments the solution completely fills a square cell to its walls, which results in different drying
conditions and dynamics.

Objectives: Conducting a numerical simulation of liquid evaporation and the corresponding
redistribution of BSA and NaCl particles for a square 20x1x20 mm” cell.

Materials and methods: Liquid evaporation was simulated in the OpenFOAM continuous media
modeling package using the interThermalPhaseChangeFoam module, and the redistribution of the particle
concentrations (BSA, Na" and CI") in the solution was simulated using the method of biased random walk
on a discrete Cartesian lattice.

Results: According to the obtained results, for most of the drying time, the flows in the liquid are from
the corners to the center of the cell and from the diagonals to the walls of the cell, which leads to the
accumulation of a significant fraction of the particles near the walls. When the liquid-air interface in the
central part of the cell reaches the bottom, the surface tension forces quickly withdraw the solution to the
cell walls, although a small amount of liquid can remain as a drop in the center. After complete drying,
the majority of BSA and NaCl particles that did not settle at the cell walls were found to be concentrated
at a distance of 1-3 mm from the cell walls, in the form of a rounded band. A small amount of BSA is also
present in the central part of the cell, while the remainder of the salt is uniformly distributed over the
entire area of the cell due to its greater diffusivity.

Conclusions: Taking into account the experimental distributions of textures, these results support the
hypotheses that textures are not formed in the absence of a biopolymer, and that zigzag patterns are
formed in locations with high drying rate.
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MOJAEJIOBAHHSA ITEPEPO3IOALTY BIJIKA I COJII
IPH BUCYIIYBAHHI PO3UMHY 3 KBAJIPATHOI KIOBETHU
J.M. I'nuonubKuii
Incmumym paoioghizuxu ma enexmponixu im. O. A. Ycuxosa HAH Yrpainu,
eyn. Ax. Ilpockypu 12, m. Xapxis, 61085, Yrpaina

AxTyanabHicTh. BucuxaHHs OioOriuHMX pIIUH Ta COJbOBHX PO3YMHIB OIOMOJIMEPIB € aKTUBHO
JOCTI/DKYBAHOIO TEMOI, OCKIJIBKHM TEKCTYpH IUTIBOK, IO 3aJHIIAIOThCS HA IMUIOKIN  ITICHS
BUIIAPOBYBaHHS, HECYTh iH(OpMaIilo PO CTaH opraHizMy abo Oiomoiimepa. B Hammx monepeaHix
poborax Oyio MmokazaHo, IO IUIOMIA TEKCTYpP Ta 3/JaTHICTh 10 ()OPMYBaHHS 3MI3arornofiOHMX MaTepHiB
KpHCTaJi3alii 3ajexars Bil CTPYKTypHOro cTaHy OiononiMepa. MozentoBaHHS TeUiil Ta Mepepo3noainy
YacTOK JUIs CTAHJApTHOTO BHIMAJAKY KPYIJIOl CHISMYOl Kparuli MPOBOAMIOCS OaraTbMa aBTOpamH, aje B
HAIIMX EKCIIEPUMEHTaX PO3YHH ITOBHICTIO 3alIOBHIOE KBAJIPAaTHY KIOBETY JI0 PiBHA ii CTIHOK, III0 CTBOPIOE
IHIII YMOBY BUIIAPOBYBAHHS Ta XiJI MPOIIECY BUCUXAHHSI.

Meta podoru. [IpoBecTr urcenbHe MOJENIOBAaHHS BUIIAPOBYBAHHS PIAMHH Ta BUKIUKAHOI'O HUM PYyXY
gacturok BCA i NaCl s kBaapaTHoi kioBeT 20% 120 My’

Marepianu i MmeTogn. MojientoBaHHSI BUNAPOBYBAHHS PiJMHHU 31HCHIOBAJIOCS Y TAaKeTI MOJIEITIOBAHHS
cyninpHEX cepemoBuil OpenFOAM i3 3acrocyBanHsM monyito interThermalPhaseChangeFoam, a
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nepeposnonin konuentpauii acrok (BCA, Na“ i Cl) y po3umHi MOIETIOBABCA METOIOM 3MilllEHOTrO
BHUIIaJIKOBOTO OJyKaHHS Ha AUCKpeTHIN J{exapToBiil penmiTii.

PesyabraTu. 3rigHO 3 OTPUMaHMMHU PE3yJbTaTaMHM, BIIPOJOBX OCHOBHOTO 4Yacy CyIIKH Tedii y pimuHi
HalpaBJieHI BiJ KyTiB J0 IIEHTpa KIOBETH Ta Bij JiaroHajel /J0 CTIHOK KIOBETH, IO NPU3BOJMTH /10
HAKOIMYEHHS 3HAYHOI JOJI YacTUHOK Oinst criHok. Konu moBepXHs piIMHM y IEHTpPaJIBHIA YacTHHI
KIOBETH TOPKA€ETHCS JIHA, CHJIM IMOBEPXHEBOI'O HATATY LIBHJKO BiITATYIOTh PO3YMH JIO CTIHOK KIOBETH,
X0ua HEBENWKA KIJIbKICTh PIIMHU MOXE 3aJHIIMTHCSA y LEHTpi y Burisial kparm. [licms moBHOro
BHCHXaHHs, OCHOBHA KilbKicTh yacTMHOK BCA i NaCl, mo He ocima Oiis CTIHOK KIOBETH, BUSBUJIACS
30CEpEePKEHOI0 Ha BiJcTaHl 1-3 MM BiJ KpaiB KIOBETH Y BUIJISIL 3aKpyriieHOI cMyrd. HeBennka KinbKicTh
BCA Ttakox npHucyTHs y LEHTpaIbHIi 4acTHHI KIOBETH, TO/I SIK PEIITa COJli pIBHOMIPHO PO3IOJIiIeHa 110
BCil IIIOMII KIOBETH 3aB/SIKH OUTBIIIH M y3MBHOCTI.

BucnoBku. bepyun 10 yBarm eKCHepUMEHTANbHI DPO3IOAIIM TEKCTYp, I Pe3yJabTaTH CBiA4aTh Ha
KOPHUCTH TIMOTE3, 10 TEKCTYPU HE YTBOPIOIOTHCS 3a BIACYTHOCTI OiommosiiMepa, a 3ur3aroo/IioHi maTepHu
(OpPMYIOTBCS Y JUISTHKAX 3 BUCOKOIO MIBUAKICTIO BUCYIIYBaHHSI.

KJIIOYOBI CJIOBA: BrniapoByBaHHS; MOJEIIIOBaHHS; O1I0K; ClJIb; KBa/IpaTHA KIOBETA.

MOJAEJIUPOBAHUE INEPEPACITPEAEJEHUS BEJIKA U COJIU
ITPU BLICYILIMBAHUU PACTBOPA W3 KBAJIPATHOM KIOBETHI
J.M. I'nuonukui
Hnemumym paouoguzuxu u snexkmponuxu um. A. A. Ycuxosa HAH Yxpaunei,
ya. Ak. Ipockypu 12, 2. Xapvkos, 61085, Vkpauna

AKTyaJbHOCTh. BrIChIXaHHe OHMOJOTHYECKHX MKHMIKOCTEH M COJIEBBIX PAacTBOPOB OHOMOIMMEPOB —
aKTHBHO UCCIIeAyeMasi 00J1acTh, TaK KaK TEKCTYpPHI IDIEHOK, OCTAIOUIMECS Ha MOJI0KKE MOCIIe HCIIapEeHNs,
HecyT MH(pOPMAIMIO O COCTOSHHU OpraHu3Ma WiM Ouonoiumepa. Panee Hamu ObUIO ITOKAa3aHO, YTO
IUIOLIAb TEKCTYp U CIIOCOOHOCTh K (DOPMHPOBAHMIO 3Ur3arorno00HBIX MAaTTEPHOB KPUCTAIUTU3AIMU
3aBHCAT OT CTPYKTYpPHOT'O COCTOSIHHSI OMomnonumepa. MojenrpoBaHue TEUEHHH W TepepacipeieieHus
YacTHIl JJIsl CTAaHIAPTHOTO CiIydas KPYIJIOH CHASYeH KaIuld HPOBOIMIOCH MHOTHMHU aBTOpaMH, HO B
HAIIMX JKCIIEPUMEHTaX PacTBOP IMOJHOCTHIO 3aIONIHSET KBAJIPAaTHYIO KIOBETY /IO YPOBHS €€ CTEHOK, YTO
CO3J1aeT ApyTUe YCIOBUS UCHApeHHs U X0/ poliecca BBICBIXaHHUS.

Heas pa6orbl. [IpoBecTn wyKcIeHHOE MOJEIMPOBAHHME HCHAPEHUS JKUIKOCTH M BBI3BAHHOTO UM
newxenus yactuil BCA u NaCl mis kBagpaTHo# kKroBeThl 20% 1x20 MM,

Matepnansl u MeToabl. MonenupoBaHHe HCIAPEHHs JKUIKOCTH  BBINOJIHAJIOCH B IaKeTe
MojenupoBaHus cruonHbX cpen OpenFOAM c npumenennem monysst interThermalPhaseChangeFoam,
a mepepacnpenenenne konnenTpammii yactun (BCA, Na® u Cl7) B pacTBope MOJIeIMPOBANOCh METOIOM
CMEIIEHHOTO CIy4YaifHOro OJIYy)KIaHUs Ha TUCKPETHOH J[ekapToBoli pereTke.

PesyabraTbl. COrizacHoO MONyYeHHBIM pe3yJbTaTaM, B TEYEHHE OCHOBHOTO BPEMEHH CYIIKH TEYEHHs B
JKUJIKOCTH HAIIPABJICHBI OT YIJIOB K IIEHTPY KIOBETHI U OT TUATOHAJICH K CTCHKAaM KIOBETBI, UTO ITPUBOIUT
K HaKOIUICHHIO 3HAYUTENBHOM JOJIM YacTHIl Y CTeHOK. Korjga moBepXHOCTh JKMAKOCTH B IIEHTPAJIBHOM
YaCTH KIOBETHI KacaeTcsl IHa, CHJIbI IIOBEPXHOCTHOI'O HATSHKEHHS OBICTPO OTTSATUBAIOT PACTBOP K CTEHKaM
KIOBETHI, XOTsl HEOOJbIIOE KOJMYECTBO JKUAKOCTH MOXKET OCTaThCsi B LIEHTPEe B Bujae Karmu. Ilocie
TMIOJTHOT'O BBICKIXaHus, ocHOBHOe KoimdecTBo yacTull BCA u NaCl, koTopoe He 0Ceno y CTeHOK KIOBETHI,
0Ka3aJ10Ch COCPEIOTOUYEHHBIM Ha PACCTOSHUM 1-3 MM OT KpaeB KIOBETHI B BUJE 3aKPYIJICHHOH MOJIOCHL.
HeGonpmioe konmnuectBo BCA Tarxke NmpUCYyTCTBYET B IIEHTPaJIbHON YacTH KIOBETHI, TOTAA KaK OCTaTOK
COJIM PAaBHOMEPHO pacIipe/ieiicH MO BCeH IUIONIA TN KIOBETHI U3-3a 00MbIeii Tud G y3uBHOCTH.

BoiBoapl. [IpuHMMas BO BHHUMAaHHE SKCIICPUMEHTANIBHBIC PACIPEICICHUS TEKCTYp, OTH PE3YJIbTATHI
CBUJIETENBCTBYIOT B MOJIB3Y THIIOTE3, YTO TEKCTYpHl HE 00pa3yroTCs NPU OTCYTCTBHM OWoIoiInMepa, a
3WUI3aronogo0HbIe MATTEPHBI POPMHUPYIOTCS Ha Y4acTKaX C BHICOKOH CKOPOCTBIO CYIIKH.

KJIIOUYEBBIE CJIOBA: ncnapenyne; MOeIMpOBaHUe; OEIOK; COJIb; KBaJpaTHasl KIOBETa.

Evaporation of colloidal solutions has promising applications in a number of industries,
such as medicine [1-3], agriculture [4, 5] and microelectronics [6, 7]. Films obtained as a
result of the evaporation of biological fluids or saline solutions of biopolymers were
investigated by various authors [8-14]; in particular, our experiments have shown that the
structural state of the biopolymer affects the area of visible textures [15] and the number of
zigzag crystallization patterns on the film [16-18].

Mechanisms of drying of colloid-salt solution droplets, as well as mechanisms of pattern
formation on the resulting films, are an actively studied subject [19-24]. However, instead of
the standard method of sessile droplet evaporation, we use a flat cell filled with solution to
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improve reproducibility of the contours and the areas of the obtained films. This changes the
evaporation conditions and the course of drying compared to the free drop, which does not let
us draw direct analogies with the existing models of particle redistribution in the drying
droplet. Due to the fact that the geometry of our cell (square 20x20 mm” cell with 1 mm high
walls) cannot be reduced to an axially symmetric 2D case, the theoretical analysis of the
problem is considerably complicated; therefore, in this study we conducted a numerical
simulation of fluid evaporation and of the corresponding particle motion for a square cell.

MODEL

As a first approximation, the following assumptions were made during the simulation:

1. Available concentrations of protein and salt do not affect the overall course of
hydrodynamics and evaporation: for most of the drying time, the mass fraction of BSA
(bovine serum albumin) and NaCl in the solution is very low (about 0.2-2%), so their effect
on viscosity, thermal conductivity, surface tension, and other physical and chemical properties
of the solvent can be considered negligible; accordingly, liquid evaporation can be simulated
separately from particle redistribution.

2. Inhibition of the Marangoni effect: although in theory the contribution of the
Marangoni flows must be noticeable in evaporating droplets of pure water, in practice their
effect is very weak due to residual contamination by surface-active substances [25].

3. The effect of contact line pinning is ignored (due to the complexity of modeling this
phenomenon in the OpenFOAM package).

4. Absence of particle aggregation: the present concentration of NaCl salt is not large
enough to completely compensate the charge of BSA, so during the simulation it was
assumed that protein molecules effectively do not aggregate.

Simulation of fluid evaporation in a square cell

The simulation of fluid evaporation was performed in the OpenFOAM continuous media
finite element modeling package. For hydrodynamic problems with two phases this package
uses a volume-of-fluid method, where the amount of liquid in each spatial element of the
computational domain is represented by the "volume-of-fluid" quantity ¢ . To model the
phenomena of mass and heat transport, surface tension and phase transition, the
interThermalPhaseChangeFoam module [26, 27] was used, which solves the conservation
equations for mass (using the Poisson equation), momentum (taking into account viscous
forces, pressure, surface tension and gravity), thermal energy (taking into account the
convection and heat conduction phenomena) and volume-of-fluid (with corrections to
compress the interface and counteract numerical diffusion).
The cells we use for obtaining films have a volume of 20x1x20 mm”. Since the initial volume
of the solution is 0.5 ml, the height of the liquid can reach 1.3 mm, so an additional 1 mm of
air above the cell was included in the computational domain. To accelerate the simulation, the
domain was limited to a rectangular volume of 10x2x10 mm’ along the axes X, Y and Z,
respectively (Fig. 1), which corresponds to a quarter of the cell. This volume was divided into
cubic 0.1x0.1x0.1 mm” finite elements in the form of a three-dimensional grid (100x20x100
elements along the corresponding axes).

To assign the boundary conditions, the surface of the computational domain was divided
into 4 areas: the XY side, the YZ side, the surface below 1 mm ("cell") and the surface above
I mm ("air"). The boundary conditions for these areas are given in the Table 1.
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Fig. 1. The computational domain and the coordinate system used in the calculations.

Table 1. Boundary conditions for the values used in modeling of evaporation. V v denotes the gradient in

the direction normal to the boundary surface. The value of the wetting angle was taken from [28], the
temperature corresponds to the experimental values [16, 17], and the rest of the boundary conditions were
chosen in accordance with the conventional practices [29]

"Cell" area "Air" area XY and YZ sides
Volume-of-fluid & Wetting angle = 36.7° Outside: VNOC = 0; Symmetry planes
inside: ¢ =0

Enthalpy H V.H =0 V. H =0 Symmetry planes
Difference l?etween static | v/ o ( p— pgh) -0 p—pgh =0 Symmetry planes
and hydraulic pressure

p—pgh

Velocity U U =(0,0,0) V.U =0 Symmetry planes
Temperature 7' T =40°C T =40°C Symmetry planes

Initial values for the fields H, p— pgh, U and T for the whole domain were initialized
as 0J, 0 Pa, 0 m/s and 40 °C, respectively.

In our experiments, it was observed that after 7., = 20 min in the drying chamber,
0.060+0.003 g of a solution evaporates from the cell, and 0.22440.003 g after ¢, = 80 min.
Correspondingly, 0.5 ml of a solution completely evaporates in 3 hours on average.

Due to the simulation taking a lot of time to compute, it was decided to start with
0.333 ml of water (which corresponds to 7., =1 hour). Assuming that the nature of the
currents within the liquid stays the same for most of the drying time, this shouldn't
significantly affect the final deposition distributions. To account for the liquid meniscus,
which forms near the cell walls due to surface tension, the field a was initialized using the
formula (1)

oc(x,y,z): min(max((h(x,z)—y)/LE +0.5, 0), 1) ,
, P (1)
h(x,2) = he —(he = by, )-min (w,, —max((x,|2[))/ w,, 1),

where L, = 0.1 mm is the size of the finite element, 4. = 1 mm is the height of the cell walls,

2

We,, = 10 mm 1s the half-width of the cell; the rest of the parameters were chosen empirically
to approximate the surface of 0.333 ml of liquid: 4, = 0.75 mm (height of the liquid at the

cell center), w,, = 3.5 mm (width of the meniscus), P = 1/3 (empirical coefficient

determining the shape of the meniscus). The min() and max() denote the minimum and
maximum of a set of values, respectively (the same notation is used throughout the paper).
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The simulation was performed using the incompressible Newtonian fluid and laminar
flow approximations, the Brackbill surface tension model [30] and the "Interface Equilibrium
— No Dilatation" phase change model [26]. The properties of the liquid and gaseous phases
that were used in the simulation are given in the Table 2.

Table 2. Physical properties of water and its vapor at 40 °C

Kinematic viscosity of water, m?/s 0.658-10°° [31]
Density of water, kg/m’ 992 [31]
Thermal conductivity of water, W/(m-K) 0.631 [31]
Specific heat of water, J/(kg-K) 4178 [31]
Kinematic viscosity of water vapor, m*/s 20.5-10°° [31]
Density of water vapor, kg/m’ 0.598 [31]
Thermal conductivity of water vapor, W/(m-K) 0.025 [31]
Specific heat of water vapor, J/(kg-K) 2077 [31]
Surface tension, kg/s’ 0.0695 [32]
Phase change enthalpy, J/kg 2264705 [33]

Since the direction of the phase change (i.e., whether evaporation or condensation takes
place) in interThermalPhaseChangeFoam [26, 27] is determined by the difference between the
temperature of the finite element 7 and the saturation temperature 7. of the liquid, we had

sat
to set the saturation temperature lower than the temperature of the cell (7., = 10 °C to reduce

yat
the computational time) and to use a model which did not incorporate formation of vapor
bubbles. As a result, the rate of evaporation in the simulation was 2-3 orders of magnitude
higher than in the experiment; however, the qualitative nature of the obtained currents can
still be useful as a first approximation in particle redistribution modeling. In order to correlate

the simulation results with the experiment, simulation time ¢, ~was matched to the

"experimental time" 7 based on the volume of water remaining in the cell (2):

texp = ttotal(l_ 4VVvE za(la]’k)] 4 (2)

0 ij.k

-12 3

where the total drying time ¢, , = 10800 s, the volume of the finite element V, = 10" m’,

total

the initial volume of the solution V, = 5107 m’, (i, j,k) is the three-dimensional index of
the corresponding finite element. In the simulation of particle redistribution, velocity values
U were also scaled accordingly.

Modeling of redistribution of colloidal particles and dissolved salt

To simulate the particle redistribution in the solution, biased random walk on a discrete
Cartesian lattice (with cubical elements) was used, where the probability of particle
movement between adjacent lattice cells depends on the vector of fluid velocity (the details
are laid out in the "Calculation of the probability of particle motion" section). The same
number of elements (100x20x100) was used as the size of the discrete lattice. BSA and salt
concentrations were initialized as evenly distributed over the volume of the liquid; assuming
that the nature of the currents within the liquid stays the same for most of the drying time, this
shouldn't significantly affect the final deposition distributions.
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The algorithm for simulating particle motion was based on the ideas described in [34,
35]. The overall structure of the algorithm is depicted in Fig. 2.

( Initialization of particle concentration distribution >

At time ¢

Interpolation of the U, A, o fields at time ¢

v

Calculation of the simulation step At

v

Calculation of volume fraction and
diffusion coefficient of the particles

v

Calculation of the probability of particle motion

v

Redistribution of particle concentrations

v

Next simulation step ¢ = ¢ + At

If t < toq

If > toa

>l
)l

( Plotting particle concentration distributions )

Fig. 2. Block diagram of the algorithm for simulation of particle redistribution.

During the simulation, BSA molecules and dissolved salt ions (Na', C1") were considered
separate types of particles. Initial concentrations and physical parameters of these particles are
shown in Table. 3

Table 3. Parameters of particles used in calculations. For BSA, r, was taken from [36], Vp from [37],
m, from [38]. For Na' and CI', r, was taken from [39], Vp was calculated as the volume of spheres of Van

der Waals radius [40], and 7, was taken from [41]

Parameter BSA Na* Ccr
Concentration C,,, mol/m’ 75107 20 20
Stokes radius 7, m 4107 1.8410™ 12110
Volume V,, m* 8.09-10° 4.90-10 % 224107
Mass m,,, kg 1.10-10°7 3.82:10°° 5.89-10%°

Interpolation of the U, h, a fields at time ¢
The fields of velocities U, and volume-of-fluid @, at a time ¢ were obtained by linear

interpolation of snapshots (3-5), which were recorded at regular intervals during the
simulation of fluid evaporation. Since water-air interface can move more than one lattice cell
per snapshot, interpolation of the field o was not performed directly. Instead, a height-map
h, was constructed for each ¢, snapshot, and the field ¢, at time t was calculated from the

interpolated height-map 7, (5):
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U,(5.2,2)=(1=7)-U,(x.2,2)+7-U,.,(x.3.2), 3)
hy(x,2)=(1=7)-h, (x,2) + 7By, (x,2), 4)
a,(x,y,z)=min (max((%, (x,z)-y)/ L, +0.5,0),1), ®)

where Un, h, are snapshots of the velocity field and the height-map at the time ¢, , the

interpolation coefficient 7 =(¢—¢,)/(¢,,, —t,), the size of the finite element L, = 0.1 mm.

n+l

Calculation of the simulation step A¢
The simulation of motion of colloidal particles was performed using the 7., time scale

(ie. it started at 7, = 1 hour and ended at 7., = 3 hours) and a variable time step.

To ensure the correctness of the calculations, the duration of the simulation step Ar must
be such that the distance traveled by any particle during the step is not larger than the linear
size of the lattice element L, :

AU <L, (©6)
where U, 1s the maximum projection of velocity in this simulation step
U i) = max (U i, KU, Gk LU G ),

Upee = 0ax (U (6, 6) i =1, N3 j = 1oy Nk = 1,0, N, ).

It was decided to limit the maximal particle distance per step to 1/3 of lattice element
size, as a compromise between the simulation fidelity and the time spent on computation.
Correspondingly,

(7

LE

1
At =— .
3U, . ®)

Calculation of volume fraction and diffusion coefficient of the particles
Each element of the lattice may contain colloidal particles (BSA) and ions of dissolved
salt (Na", CI). In contrast to the papers [34, 35], the number of particles in this case is too
large for them to be modeled individually. Thus particle movement was simulated as the
redistribution of the amount of substance between the adjacent lattice elements.
If we consider colloidal (BSA) and dissolved (Na', CI") particles to be solid spheres, their
amount in the lattice element is limited by the condition

¢t0tal (l’ j’k)< ¢max : (9)
where ¢,,,(i, j,k) is the total volume fraction in the lattice element (i, /,k), ¢, is the

maximum packing fraction. When ¢,,, approaches ¢, , the particles within the element

(BSA, Na’, CI') are packed so densely that their movement becomes virtually impossible.
The total volume fraction is the sum of volume fractions ¢p(z', j,k) of each type of

particle p
Bura(-1.5) = 29, 1. F). (10)
P

¢p (z', 7 k), n turn, is calculated as
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¢, j.k)=n,i, j,k) N, -V, IV, (11)
where n, (z', j,k) is the amount of substance of particles of type p in the corresponding lattice
element, N, is the Avogadro number, V, is the volume of a particle of type p, V. is the
volume of the lattice element.

The value of ¢, is determined by the packing geometry, which depends on the shape

and size distribution of the particles, but not on the particle size. For solid spheres, the
theoretical value is usually taken ¢, = 0.64 [42], which corresponds to random close

packing. However, according to the experimental studies of solid sphere dispersions [43, 44],
molecular mobility disappears when the volume fraction reaches the value of colloidal glass
transition ¢, [43, 44]. For monodisperse solid spheres ¢, = 0.58 [45, 46].

Our system is polydisperse (BSA, Na" and CI particles have different size), so ¢, of
each lattice element will depend on its content. Since ¢, estimation formula appears to only

exist for the bi-disperse case in the published literature [47], here we use it under the
assumption that Na" and CI” can be reasonably treated as one species (compared to BSA):

. ¢max mono ¢max mono
= min , , 12
¢max [1 -w (1 - ¢max mono ) w ( )
w= ¢large /(¢large + small) > (13)

where ¢,

max mono

is the maximum packing fraction of a monodisperse system (¢, in this case),

Diarge 18 the volume fraction of large particles, ¢

sma

, 15 the volume fraction of small particles.

Freedom of particle movement in a lattice element (i, j,k) can be characterized as

CD(i,j,k)Zl—(bmm;s(i’j’k). (14)

This value modulates the number of particles that can move between the lattice elements
in a single simulation step, and is also used in the Krieger and Dougherty's semi-empirical
formula [48] for calculating local viscosity of the dispersion:

.. _¢max
uli, j.k)= .(1——¢’0’“’¢(Z’J’k)] : (13)

where . 1s the dynamic viscosity of the liquid.

In addition to fluid advection, the particles can also move between lattice elements due to
diffusion. The diffusion coefficient D, for a spherical particle p can be estimated from the
Stokes-Einstein equation:

ky-T
67T-u(i,j,k)-rp ’ (16)

where k, is the Boltzmann constant, 7' is the temperature, r, is the Stokes particle radius.

D, (i, j.k)=

Calculation of the probability of particle motion
When simulating random walk on a grid, during one simulation step a single particle
may, with a certain probability P, move into one of the neighboring lattice elements or stay
in place (mutually exclusive events). In the case of a large number of particles, these
probabilities can be considered proportional to the amount of substance An that has moved in
the corresponding direction:
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An(i, j,k,Ai, Aj, Ak)
ni, j, k)
where n(i, j,k) is the amount of substance in a lattice element with a three-dimensional index
(i, j,k),and Ai,Aj,Ak € {-1,0,1} denote the direction of particle movement.

For biased random walk, particle movement along the direction of the flow should be
more likely than the movement in the opposite direction. Three methods for calculating the
corresponding probabilities were considered.

~ P(i, j,k,Ai, Aj,Ak), (17)

Particle motion probability calculation: method 1
The first method was described in [34], where the probabilities of particle movement
depended only on the velocity field:

JRLE L
=Nl TU,,
U
L PP
oaNl U, (18)
e,
2N

P =1-(P +P +P +P +P_+P_),
P,
corresponding axes, P, is the probability of the particle staying in place, N = 3 is the

where P, P _, P _ are the probabilities of movement in the direction of the

+x 2 +y?2

dimensionality of space, U, U,, U_ are the components of the velocity field vector at a

given point, U 1s the maximum projection of velocity in this simulation step.

To take into account the duration of the simulation step, the probabilities of transitions
were calculated in the following way:

b At-lU, G, k) | lJ_ar(i,j,k)/Umax]
= L, 6 ’
. AU ) | (12U, k) U
a L, 6 ’
AU G, k) (12U, j k)/U ]
P+ = ° ’
= L, 6 (19)

P,.=P +P. +P_y +P+y +P_+P

P(i, j,k+1,0,0)= P, /max(P,,,1),

P(i, j,k,0,£1,0)= P, /max(P,,.1),

P(i, j,k,0,0,£1)= P, /max(P,,,1),
P(i, j,k,0,0,0)=1-min(2,,,1),

where At is the simulation step duration, L, is the size of the lattice element.

Particle motion probability calculation: method 2
The idea of the second method was taken from the paper [35], according to which the
probability of particle movement between lattice elements is proportional to the Boltzmann
distribution:
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P, cexp(— Eg /k,T), (20)

where P is the probability of finding a particle in the state S, E is the energy of state S,
kj 1s the Boltzmann constant, 7" is the temperature, exp() is the exponential function.

In this case, the E; corresponds to the work that a particle must perform against the
Stokes' drag to move to a certain distance in a given direction:

Ey(V)=—6m-p-r,-(U-V), 1)
where U is the vector of liquid velocity at a given point, v is the direction vector along
which the particle may move during the simulation step At

ﬁszk-(At-‘U), (22)

where Aijk is the unit vector in the direction of the neighboring lattice element (or a zero

vector in the case of the particle remaining in place).
Combining the equations (20-22), we obtain

6rur -U_-\At-lU U _-\At-\U
P, =C-exp| £ add Bt ( X) =C-exp iL") ,
- k,T D,
6rur U -\At-lU U, -\At-lU
P+y=C-exp 4 KTyt ( ‘ y‘) —C-exp| + y ( ‘ y‘) ’
- k,T D,
(23)
6z ur,-U,-(Ar-|U.)) U.-(ac{u))
P_=C-exp| £ =C-exp| t———=|,
- k,T D,
6 ur -U-0
P =C-exp add =C-1,
k,T
where P, P_, P, P, P_, P, are the probabilities of movement in the direction of the

corresponding axes, P, is the probability of the particle staying in place, U, U, U are the
components of the velocity field vector at a given point, D, is the diffusion coefficient at a

given point, C is an arbitrary constant. Accordingly,
P,=P . +P . +P +P +P +P_+P

P(i, j,k+1,0,0)=P, /P

P(i, j,k,0,£1,0)=P. /P, (24)
P(i, ,k,0,0x1)=P, /P

P(i, },k,0,0,0)=P, /P

sum 2

+
tz sum 2
w sum *

Particle motion probability calculation: method 3
In the third method of probability calculation, a simplified geometric interpretation of
particle motion was used (Fig. 3). Assuming that at a time ¢ the particles uniformly fill the

volume V. = LE3 of the (i, j,k) element, and during the simulation step A¢ their movement
consists of translation along the fluid velocity vector (Af-U) and random Brownian
displacement (up to a distance /6D ,At), then at the moment ¢+ As these particles will

approximately occupy the cubic volume V"
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pix (L, + 260,61, (25)

which will partially intersect with several lattice elements.

(i, i+1, k) (i+1,j+1, k)

i ___T_-..'_—_::# JOD At

(1, j, k) (i+1,j, k)

Fig. 3. Schematic illustration of particle motion in the third method of probability calculation.

Accordingly, the probability of particles to remain in the element (i, j,k) or to move to a
neighboring lattice element will be proportional to the volume of the intersection of the cube
J' with the volume of the corresponding cubic element:

B, =max(L, -(Ai+0.5), Ar-U, + .J6D A7),
B., =max(L, -(A/£0.5), At-U, + J6D Ar),
B.. =max(L, -(Ak+£0.5), At-U_ + [6D At),

L, =max(B,,-B_.,0), (26)
L,= max(B+y -B , 0),
L. =max(B,.-B_,0),

L -
P(i, j,k,Ai, Aj, Ak )= T}

Additional rules for calculating probabilities and redistribution of concentrations

The following additional rules were also used in the modeling of particle redistribution.

In the case when a lattice element contains no water (« (i, j,k) = 0), the particles of this
element are only allowed to move vertically down (or remain in place, if j = 0). It simulates
the effect of gravity and prevents the movement of particles in completely dried regions.

On the boundaries of the computational domain, particle motion is limited by the
corresponding boundary conditions (motion beyond the cell walls and the cell bottom is
prohibited, and is reflected at the symmetry planes). Other types of particle interaction with
the cell walls and bottom (e.g. sticking to the surface) were not modeled in this study.

Since particles can not move beyond the liquid-air boundary and should be less likely to
move to densely packed lattice elements, the motion in the direction of the neighboring
elements is also limited as follows:

P'(i, j, ke, Ai, A, Ak )= D(i + Ai, j+ Aj, b + Ak ) x
xmin(P(i, j,k, Ai, Aj, Ak ), a(i + Ai, j + Aj, k + Ak))’
where «a is the amount of fluid in the element, @ is the degree of mobility (14).

27)
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After applying these rules, the probability sum can be less than one, so the probability of

particles remaining in the element (i, j,k) is recalculated as
P'(i,j.k,0,0,0)=1=->"3">"P'(i, j,k,Ai,Aj, Ak), (i, A, Ak)=(0,0,0). (28)
Al N Ak

In the absence of an external electric field, the concentrations of Na™ and CI ions,
averaged over the volume of the cubic lattice element, can always be considered the same, so
during the simulation, the redistribution of Na" and CI particles between the lattice elements
was synchronized.

To prevent accumulation of rounding errors, at the end of each simulation step the
amount of substance of BSA, Na' and CI in the lattice elements was normalized to maintain
the total number of the corresponding particles.

RESULTS AND DISCUSSION
The course of liquid evaporation, obtained as a result of numerical simulation, is shown
in Fig. 4-7. Until the surface of the liquid reached the bottom of the cell, the convective flows
in the solution exhibit the character illustrated in Fig. 4: a diagonal flow from the corner to the
center of the cell, as well as the circulation between the diagonal and the cell walls (spiraling
toward the cell corner).

Fig. 4. Flow directions at the time 7, =1 hour 13 min. Solid arrows denote the currents along the cell bottom,

and dotted arrows denote the currents along the surface of the liquid.

As the evaporation progresses, the flow becomes more chaotic (Fig. 5a), but its general
character is maintained almost up to 2/3 of the total drying time (Fig. 5b).

(b)

Fig. 5. Flow directions at the time (a) £, =1 hour 36 min, (b) £, = 1 hour 53 min.
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When the liquid-air interface at a certain point reaches the cell bottom (Fig. 6a), the
surface tension forces quickly withdraw the solution to the cell walls, although a small
amount of liquid can remain as a drop in the center (Fig. 6b).

(b)

Fig. 6. Formation of a "hole" in the liquid surface (a), #,,. =1 hour 54 min;

exp

the central part of the cell is left without liquid, except for a drop in the middle (b), Z.,, = 1 hour 56 min.

After this, the flows stabilize, resulting in a circulation between the cell bottom, the cell
walls and the surface of the liquid (Fig. 7a), and the rest of the time the liquid dries toward the
cell walls (Fig. 7b).

(b)

=2 hours 19 min, (b) ¢_ . =2 hours 42 min.

exp

Fig. 7. Flow directions and fluid profile at the time (a)

exp

The distribution of protein and salt concentrations for the first method of probability
calculation is shown in Fig. 8 (a, b), respectively. Since the probability of particle movement
in this method depends only on the fluid velocity field, the resulting BSA and NaCl
distributions are the same. At distances < 1 mm from the cell walls, there is an increased
concentration of particles; at a distance of 1-3 mm from the walls (where the solution recedes
after the "hole" is formed in the liquid surface), the distribution is slightly smaller and uneven;
at a distance of 3-7 mm (the central part that quickly lost all the liquid) the distribution is
relatively homogenous; finally, there is a diagonal strip of slightly lower concentration, which
likely reflects the nature of the diagonal currents.
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4.0e-12 M 10 1.1e-08 M
3.2e-12 M 8.6e-09 M
2.5e-12 M 6.8e-09 M
2.0e-12 M 5.2e-09 M
l.4e-12 M 3.8e-09 M
1.0e-12 M 2.7e-09 M
6.4e-13 M 1.7e-09 M
3.7e-13 M 9.8e-10 M
1.7e-13 M 4.5e-10 M
5.1e-14 M 1.4e-10 M
l.1e-14 M 3.0e-11 M

0 2 4 6 8 10
(b)

Fig. 8. Distribution of BSA (a) and NaCl (b) for the 1st method of probability calculation.
Cell center is in the bottom left corner of the image.

The second (Fig. 9) and the third (Fig. 10) probability calculation methods take into
account particle diffusivity, therefore they give slightly different and substantially less
uniform distributions for protein and salt. Except for a few points at the cell walls with
excessive concentration of particles, BSA and NaCl are mainly concentrated in a rounded
band that is located at a distance of 1-3 mm from the cell walls. Unlike protein (Fig. 9a, 10a),
a notable amount of salt is also uniformly present outside of this band (Fig. 9b, 10b), due to
greater diffusivity of NaCl particles.

10 2.3e-09 M 10 8.1e-06 M
8.0e-10 M 2.8e-06 M

8 2.5e-10 M 8 8.7e-07 M
6.5e-11 M 2.3e-07 M

6 l.4e-11 M 6 4.9e-08 M
2.2e-12 M 7.9e-09 M

4 2.4e-13 M 4 8.5e-10 M
1l.4e-14 M 4.8e-11 M

2 2.3e-16 M 2 8.3e-13 M
2.3e-19M 8.1le-16 M

0 m 6 8 10 0.0e+00 M O0 2 m 6 10 0.0e+00 M

(a) (b)

Fig. 9. Distribution of BSA (a) and NaCl (b) for the 2nd method of probability calculation.
Cell center is in the bottom left corner of the image.

10 1.5e-09 M 10 2.8e-06 M
5.1e-10 M 9.8e-07 M

8 1.6e-10 M 8 3.0e-07 M
4.1e-11 M 7.9e-08 M

6 8.8e-12 M 6 1.7e-08 M
l.4e-12 M 2.7e-09 M

4 1.5e-13 M 4 2.9e-10 M
8.6e-15 M 1.7e-11 M

2 1.5e-16 M 2 2.9e-13 M
1.5e-19 M 2.8e-16 M

0 8 10 0.0e+00 M 00 2 ) 6 8 10 0.0e+00 M

@ =~ 1-3 mm band b)

Fig. 10. Distribution of BSA (a) and NaCl (b) for the 3rd method of probability calculation.
Cell center is in the bottom left corner of the image.
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These results indicate that the weakness of method 1 (not accounting for particle
diffusivity) is much more severe than the weakness of method 2 (exponential dependence of
particle motion probability on the fluid velocity). Since method 3 lacks these disadvantages,
we expect the results obtained with it to be the most accurate among the three.

Finally, comparing the results of the simulation with the experimental distributions of
textures on films (Fig. 11a, 11b), and zigzag patterns (Z-patterns) in particular (Fig. 12b), the
following observations can be made:

1. Textures stop forming at a distance of 1-1.5 mm from the cell edges, which
approximately corresponds to the boundary of the 1-3 mm band in Fig. 9 and Fig. 10. Since
pure salt solutions (without biopolymer) do not create textures [16], the simulation results
suggest that very low BSA concentration between the 1-3 mm band and the cell walls is a
likely reason for why textures do not cover the whole area of the cell.

2. Z-patterns (Fig. 12a) are concentrated approximately at the same distance from the cell
edges as the distance to which the simulated liquid retreats after the "hole in water" is formed.
Z-patterns are also practically absent in a small central part of the cell, which approximately
corresponds to the droplet that separated from the main body of liquid (Fig. 12c). This
suggests that rapid drying is one of the main prerequisites for the formation of Z-patterns.

Fig. 11. Texture density distribution on the films of (a) BSA + NaCl and (b) HSA + NacCl.
Cell center is in the bottom left corner of the image.

é 1 10 Imm
0.8 0.8 mm
0.6 0.6 mm
0.4 0.4 mm
0.2 0.2 mm
0 0mm

:() (be) 8 10 2 4 e(sc) 8 10

Fig. 12. (a) An example of zigzag patterns; (b) normalized interpolated distribution of zigzag pattern density on
BSA + NaCl films (symmetric averaging of 19 films [16-18]); (c) height-map of the liquid surface at the time

lop =1 hour 56 min 35 s. Cell center in (b) and (¢) is in the bottom left corner of the image.

10

N |
¢~ | 100 pm
0 2 4

€

CONCLUSIONS
Thus, the distributions of BSA and NaCl, obtained via a simulation of solution drying in
a square cell, approximately correspond to the experimental texture distributions on the cell
surface. The results support the hypotheses that the area of the textures depends on the local
biopolymer concentration, and that zigzag patterns are formed in locations with high drying
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rate. In the future, we intend to combine fluid dynamics and particle motion and account for
additional phenomena to improve the accuracy of the model.
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