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tions, multiphase phenomena and complex physics compared to the conventional grid-
based methods. In this article, small plant cell aggregates were simulated using a three di-
mensional (3-D) Smoothed Particle Hydrodynamics (SPH) and Coarse-Grained (CG) coupled
computational approach to predict the morphological behaviour during drying. The model
predictions of these cell aggregate models have been compared qualitatively and quantita-
tively through comparisons with experimental findings. The results show that the shrink-
age and wrinkling behaviour of cell cluster models are in fairly good agreement with real
cellular structures. The agreement between the cell aggregate model predictions and the
experimental findings are closer in the high and medium moisture content values (X/X, >
0.3), than highly dried stages (X/Xo < 0.3). Further, optimisation and sensitivity studies
have been conducted on model parameters such as particle resolution, smoothing length,
mass transfer characteristics and wall forces. Overall, the 3-D nature of this model allows
it to predict real 3-D morphological changes more realistically compared to the previous
meshfree based 2-D cellular drying models. The proposed 3-D modelling approach has a
higher potential to be used to model larger plant tissues with complicated physical and
mechanical interactions as well as their multiscale interactions.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

In numerical modelling of cellular structure, grid-based (or mesh-based) methods and meshfree methods are the two
main techniques which have been used in the context of food engineering research so far. Grid-based numerical techniques
such as Finite Element Method (FEM), Finite Difference Method (FDM) and Finite Volume Method (FVM) have been widely
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used and there is commercial software being developed for this purpose [1-3]. Despite their success, there are significant
limitations in their ability to perform effectively and efficiently in the situations with large deformations, multiphase phe-
nomena, free surfaces, moving boundaries and dynamic interfaces [4-7]. This is because the ‘grid’ or ‘mesh’ based methods
result in lower accuracy and higher computational cost particularly when treating such complicated phenomena [8-13]. In
order to overcome ‘grid-based’ deficiencies, meshfree (or grid-free) numerical methods have been developed [7,14]. In mesh-
free methods, a pre-defined mesh is not involved to discretise the problem domain. Instead, arbitrarily distributed nodes
or particles are used, which are not interconnected permanently, and their neighbourhood is not fixed [15,16]. Meshfree
methods have proven to be stable when dealing with complex physical phenomena such as large deformations, multiphase
interactions and multiscale physics. A variety of meshfree methods has been developed so far [17,18].

Recently, there have been several “first generation” efforts to numerically model plant cells and tissues with the use of a
coupled Smoothed Particle Hydrodynamics (SPH) and Discrete Element Method (DEM) approach, particularly targeting macro
and micro mechanics of fresh (undried) cellular matter [12,19-21]. Based on those models, the “second-generation” of SPH-
DEM coupled models have also been developed, which can simulate both fresh and dried cellular morphological changes
of individual plant cells [22,23] and cell aggregates [12,24-28]. However, because these “second generation” investigations
had only focused on the two-dimensional (2-D) mechanisms, a “third generation” study was carried out and published by us
previously [16,29]. The main objective there was to computationally investigate the realistic three-dimensional (3-D) cellular
structures [30]. In that “third generation” study, a coupled SPH and CG computational modelling approach was developed
to model 3-D single plant cells during drying [16]. The focus was on the initial development aspects of the 3-D SPH-CG
approach and application of that approach to simulate different categories of single plant cells.

In this article, we have developed multiple-cell 3-D SPH-CG computational models, where a novel computational strat-
egy has been used to simulate three-dimensional (3-D) two-cell and four-cell aggregates which can be used to model the
morphological behaviour of small plant cell aggregates during drying processes. To elaborate the significance of studying
the cell aggregates than individual cells, the model predictions of this work were compared with single cell models. Further,
the sensitivity of the model performance has been evaluated under a number of crucial physical and numerical parameters.
For example, in this article, we discuss how the performance of the simulations are affected by varying mass transfer charac-
teristics, wall contraction force-fields and wall bending force-fields. Additionally, we computationally evaluate the optimum
SPH smoothing length and particle resolution in order to guarantee a higher model accuracy. These details are presented in
the sections below.

2. Methodology
2.1. Particle representation of a cell in three-dimensions (3-D)

Plant tissues are made out of different categories of cells, each serving a unique purpose, while in collaboration with
each other, in a given plant structure. Since parenchyma cells are the major contributor for tissues in a given plant [31], this
study focused on numerically modelling single parenchyma cells and their small aggregates. Here, the original basic shape
of an undeformed single cell was taken as spherical (see Fig. 1) [9]. Similar to our previously published study [16], a cell was
assumed to be mainly consisting of the cell fluid and the cell wall while a coupled Smoothed Particle Hydrodynamics (SPH)
and Coarse-Grained (CG) computational framework was used for modelling. Accordingly, the mechanical stresses developed
in the cell wall are balanced by the pressure forces exerted by the expanding (or contracting) cell fluid in accordance with
the Young-Laplace Law [2,9,11,22,31,32]. During cellular deformations, the cell wall is either stretched or contracted and in
return, the cell fluid volume gets deformed. Here, the fluid and wall domains were discretised as given in Fig. 1, following
basic principles of SPH and CG [13,16,17,33,34].

Different types of forces derived through relevant fundamental physical relationships were utilised to estimate particle
properties and interactions among fluid and wall particles. As this work is an extension of our previous work [16] , only the
novel computational model developments are presented and discussed in detail in this article.

2.2. Cell fluid model

Generally, the content of water in cell cytoplasm is about 80-90% [21] and accordingly, cell fluid was approximated
to an incompressible homogeneous Newtonian liquid with properties similar to water. This facilitated modelling the fluid
dynamic behaviour of the cell fluid using Navier-Stokes equations [35,36]. At the same time, cell fluid viscosity has been
assumed to be higher than water to comply with viscous cell fluid characteristics. Low-Reynolds number fluid characteristics
were assumed to represent the stagnant fluid nature in a cell. This low-Reynolds number viscous flow characteristics could
effectively be modelled by a customised SPH framework [16,22,28,37]. As observed from Fig. 2, the cell fluid was modelled
with a combination of four types of force fields as discussed in our previous work [16]: pressure forces (FP), viscous forces
(Fv), wall-fluid repulsion forces (F'W) and wall-fluid attraction forces (F#). Accordingly, the total force F; on any fluid particle
i could be defined as shown in Eq. (1). (see our previously published work [16] for details).

F,=F! +F) + F}" +F} (1

i i’ ik
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Fig. 1. 3-D particle representation of a single cell model, consisting of two main model components: cell fluid and cell wall [16]. Reproduced with the
permission from Royal Society of Chemistry.

3-D Particl

Representation ff fhe Cell Fiy @ g o 0"0
N

@ Wall Particles g O ° 0 @ @

@ @ Fluid Particles 0 / 9

Fig. 2. Force fields in the 3-D SPH fluid model: pressure forces (Fr), viscous forces (F'), wall-fluid repulsion forces (Fw) and wall-fluid attraction forces
(Fa) [16]. Reproduced with the permission from Royal Society of Chemistry.

2.3. Cell wall model

Plant cell walls play a crucial role towards the overall morphological behaviour of plants and their tissue structures.
Biopolymers such as pectin, cellulose and hemicellulose contribute to the majority of the plant cell wall content as base
materials [38-40]. Thin structures made out of these biopolymers establish the mechanical integrity of a plant cell. Such
a complex cell wall structure cannot be simply modelled with a linear elastic stress-strain relationship as the cell wall
material demonstrates time dependent hybrid elastic-plastic characteristics [16,21,41]. Within this context, a Coarse-Grained
(CG) approach was used to numerically discretise the wall section of this model. As seen in Fig. 3, the network of CG
particles that represent the cell wall were placed in a hollow-spherical geometry with local inter-links. It was treated as
a particle scheme which consists of interconnected representative particles which are bonded as a network. Each element
possesses the characteristics of the analogous wall element. The changes of morphology are characterised by the movement
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Fig. 3. Force fields in the Coarse-Grained (CG) 3-D wall model: stiff forces (Fe), damping forces (F¢), wall-fluid repulsion forces (Fif), wall-fluid attraction
forces (Fe), bending stiffness forces (F?) and wall contraction forces (F¢) [16]. Reproduced with the permission from Royal Society of Chemistry.

of particles through six types of force interactions [16]: stiff forces (derived from harmonic potential) (Fe), damping forces
(F4), wall-fluid particle repulsion forces (Ff), wall-fluid particle attraction forces (F#), bending stiffness forces (F?) and wall
contraction forces (F¢) as illustrated in Fig. 3 [16,22,23,28]. Accordingly, the total force (F,) on a wall particle k will be
derived as in Eq. (2). (see our previously published work [16] for details).

Fe=F+F& + Ff + F4 + FY + E, )

ki

2.4. Modelling cell aggregates

In literature, Van Liedekerke et al., in their “first generation” approaches, have developed a simple and easy to implement
tissue model by aggregating SPH-DEM based individual cells to study the mechanical response of fresh plant tissues under
mechanical loading [19,20]. However, there are some conceptual and numerical limitations of this approach [28]. Firstly, their
cell aggregation method does not consider the thickness of the middle lamella. The model is configured with neighbouring
cells having coinciding cell walls even though they have hypothetically incorporated a middle lamella effect by using a stiff
force interaction among cell-cell contacts. According to this hypothesis, the resulting steady-state multi-cellular system has
coinciding adjacent cell walls which is not quite realistic. Furthermore, they have used Lennard-Jones (L]) type repulsion
forces to avoid cell-cell penetrations in a computationally expensive manner [28].

Karunasena et al., in their “second generation” approaches, have adopted a similar methodology with significant im-
provements in order to develop a two-dimensional (2-D) multiple-cell (small tissue) model to study tissue drying [27,28].
They incorporated a positive gap between adjacent cells to resemble the middle lamella found in real tissues. Similar to Van
Liedekerke et al.’s work, they used two types of force interactions to demonstrate the interactions among cells in a multiple-
cell arrangement: stiff forces due to the pectic materials in the middle lamella and L] repulsion forces in order to prevent
intra-penetrations among neighbouring cells. However, in the cell-cell L] repulsion force interactions, the cells are repulsed
only using the cell wall particle network unlike in Van Liedekerke et al.’s work, where the full array of fluid particles are
used. Considering the computational cost of SPH-DEM computations, the approach of Karunasena et al. appears to be more
computationally efficient [22,28].

Considering the positive outcomes produced by the above mentioned small-tissue developing methodologies, a simi-
lar approach was adopte to develop our 3-D small-tissue scale drying model in our “third-generation” investigations. This
methodology can be simply represented as given in Fig. 4. As shown in Fig. 4(a) and (b), the cells are initially set as spheres
and a positive initial gap is placed between neighbouring cells in order to represent the middle lamella observed in real
plant tissues. As depicted in Fig. 4(c) and (d), the interactions among cells have been defined using two force interactions:
stiff forces due to the pectic materials in the middle lamella and L] repulsion forces in order to prevent intra-penetrations
among neighbouring cells. The pectin layer stiff forces have been defined using a linear spring model between adjacent wall
particles similar to Karunasena et al.’s and Van Liedekerke et al.’s works (see Fig. 4(c)) [20,28]. When the gap between the
two interacting wall particles change relative to the initially set pectin layer gap, this stiff force acts as a one-to-one contact
force between the two participating wall particles.
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Fig. 4. Computational methodology for aggregating cells and defining the cell-cell interactions: (a) spherical initial cell geometry used in the small tissue
arrangement with a positive middle lamella gap; (b) depiction of interacting cell wall particle pairs; (c) stiff forces in the pectin layer; (d) LJ repulsion
forces in the pectin layer (green (j & k): wall particles; blue (i): fluid particles). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

The pectin layer stiff force on any wall particle j due to its initial neighbouring particle k on the wall of the neighbouring
cell is defined as,

Fﬁ(,pectin = _kpectin ijk (3)

where, Kyecin is the pectin layer stiffness and Ax;, is the difference between the current and the initial gap between the
respective wall particle pair. This stiff force physically tries to maintain the gap between the wall particle pair equal to the
initially set pectin layer thickness. In addition, it is the force acting in between cells when they try to separate from each
other.

When the interacting cells come close to each other, a repulsion force is created due to the pectin layer stiffness to
separate the cells and maintain the initially set pectin layer gap. The intensity of this stiff force is usually insufficient to
fully prevent the cells from penetrating each other. Hence, an additional LJ type force has been used for this purpose by
Van Liedekerke et al. [20]. When implementing this L] force field, the initial particle gap (ro) used for L] force calculations
is set to half of the initial pectin layer gap (see Fig. 4(d)). Accordingly, when the particle k approaches particle j, until their
gap is equal to half of the initial pectin layer gap, only the pectin layer stiff force acts on the two particles to separate
them. However, when the two particles come further closer (beyond half of the pectin layer thickness), the L] forces start to
act, which is stronger compared to the pectin layer repulsive stiff force and help effectively separate the two approaching
particles. The cell-cell repulsive L] forces are defined as:

Fii =3 fiexy, (4)

j
Where, f]',g is the strength of the L force field and «;, is the position vector of particle j relative to particle k. f]rlg is defined
similar to that of the cell wall L] force field. To effectively prevent cell-cell penetrations, f]rlg is set comparatively higher
than that of the other L] force fields used in the cell wall model. Using these two force interactions, individual cells are

aggregated and the tissue model is developed. The following Section describes how the model was computationally set up
and evolved.

2.5. Computational implementation and evolution of the model during simulations

In arranging the 3-D particle scheme for cells and aggregates, COMSOL Multiphysics software was used to define and fine-
tune the initial particle placement of the cells due to the flexibility offered by the software. The computational evolution and
boundary treatment of the cell-aggregate model was implemented in an equivalent manner as in our previously published
work [16]. In addition, further details regarding turgor pressure treatment and steady state achievement could be found
there. The aforementioned single cell model was used as a basic building block for the cell aggregates as discussed in
Section 2.4 using the model parameters given in Table 1. For each individual cell aggregated, common values were used
for the osmotic potential, turgor pressure and initial moisture content, and they were allowed to undergo parallel inflation
processes according to the time evolution cycle explained above. In order to quantify the cellular deformations in the model
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Table 1

Physical property values used for the 3-D single cell numerical model, representing an apple cell.
Parameter Value Reference
Initial cell radius [pm] 75 [42]
Cell wall shear modulus (G) [MPa] 18 [43]
Initial thickness of the cell wall (t) [um] 6 [43]
Initial cell fluid mass [kg] 1.767 x 1079 Set ([22])
Initial cell wall mass [kg] 1.767 x 10-10  Set ([22])
Cell wall damping ratio () [Ns/m] 5x 1076 Set([22])
Cell fluid viscosity (i) [Pas] 0.1 Set ([19,20])
Initial SPH smoothing length (hy) [um] 6.8 Set ([17,19,22])
Turgor pressure of fresh cell (Pr) [kPa] 200 [32]
Osmotic potential of fresh cell (-) [kPa] - 200 Equal to - Pr ([19,22])
Cell wall permeability (Lp) [m2s/N] 2.5x 1076 [31]
Cell fluid compression modulus(K) [MPa] 20 Set ([22])
Number of fluid particles (Ny) 3082 Set
Number of wall particles (Ny) 2067 Set
LJ contact strength for attraction forces (f¢) (Nm=1)  1x 10! Set
LJ contact strength for repulsion forces (fJ) (Nm~')  5x 10712 Set
Cell wall bending stiffness (k,) [Nmrad—'] 1.0 x 10-1° Set ([25])
Cell wall contraction force coefficient (kyc) [Nm~'] 1.0 x 104 Set ([25])
Pectin layer stiffness (Kpectin) (NM™1) 1 Set
Pectin layer thickness (tp) [pm] 8 Set
LJ contact strength for cell-cell repulsions (f*g) 1.0 x 10-1° Set ([28])

predictions, four geometrical parameters were employed: normalise cell area (A), diameter!(D), and roundness® (R) similar
to [16]. These parameters were normalised (A/Ag, D/Dg, R/Ry) by dividing the current value of the parameter by initial value
at the fresh cell state (X, Ag, Dy and Ry) to enable a better comparison.

3. Results and discussion
3.1. Selecting the optimum particle resolution of a cell model

The performance of a given SPH-based computational model is mainly influenced by the particle resolution (i.e. the
number of particles used to represent and discretise the problem domain) [19,22,33]. To study the influence of particle
resolution towards the performance of the computational model developed in this study, a series of numerical studies were
carried out on a fully inflated turgid cell model. The particle resolution was varied to four different levels. Higher numerical
accuracy and computational efficiency were targeted in determining the optimum particle resolution. The percentage model
consistency error> (MCE) [16] was taken as a measure of the numerical accuracy while the overall computational time was
considered as a measure of the computational efficiency of the model.

MCE value and the computational time for the simulations corresponding to each particle resolution have been graphed
in Fig. 5. The results exhibit increasing numerical accuracy with the increasing particle resolution, which is demonstrated by
the generally reducing MCE value. The particle resolution which contains 2067 wall particles and 3082 fluid particles demon-
strates the highest degree of computational accuracy through maintaining a MCE value of 0.6%. However, when the particle
resolution is increased beyond this point, there is a trend of decreasing computational accuracy as seen in Fig. 5 where there
is a higher MCE value for the particle resolution which contains 2516 wall particles and 3859 fluid particles. This could be
due to the propagation of numerical errors in the computational scheme throughout the simulations. The computational ef-
ficiency decreases with the increasing particle resolution, as clearly evident from the increasing computational times as seen
in Fig. 5. This is due to the increasing number of computations arising with the increased particle numbers. Considering the
trade-off between the computational accuracy and computational efficiency, the particle resolution with 2067 wall particles
and 3082 fluid particles was decided to be the optimum particle scheme since it allows a high accuracy at a favourable
computational cost.

3.2. Sensitivity analyses

3.2.1. The influence of wall contraction forces (WC) and wall bending forces (WB) on the morphological predictions of the model

The effects of the wall contraction forces (WC) and wall bending forces (WB) on the morphological behaviour of this
cellular drying model are shown in Fig. 6 aiming for a qualitative comparison. Fig. 6(a) depicts deformation of the original
state of the single cell model which accounts for both the wall contraction forces (WC) and wall bending forces (WB). Fig.

1 JaA/m.
2 AT AP,
3 Model Consistency Error (MCE) = (model hoop force — theoretical hoop force)/theoretical hoop force.
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Fig. 5. The percentage model consistency error (MCE) values and the computational times corresponding to different particle resolutions (Ny- number of

fluid particles and Ny, - number of wall particles).

Fig. 6. Influence of the cell wall contraction forces (WC) and wall bending forces (WB) on the morphological behaviour of the model: (a) with WC and

WB; (b) without WC; (c) without WB; (d) without WC and WB.
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6(b) corresponds to the model behaviour in the absence of wall contraction forces (WC). It could be observed that cell
shrinkage reduces when the wall contraction forces (WC) are omitted (see X/X; < 0.3 dryness states). In addition, the cell
wall surface demonstrates a higher degree of surface wrinkling when the wall contraction forces (WC) are absent. This
highlights that there is a significant impact of the wall contraction forces (WC) on the cellular morphological description
and consequently, it will affect the alignment between model outcomes and corresponding experimental results.

Fig. 6(c) shows the model behaviour in the absence of wall bending forces (WB). As seen from this figure, the morpho-
logical behaviour of the cell model is not significantly affected in the absence of wall bending forces (WB). It is similar to
the original behaviour of the cell model shown in Fig. 6(a). This implies that the presence of the wall bending forces (WB)
is not critical for the model predictions to be valid when compared with the experimental findings. However, it should be
noted that inclusion of wall bending forces (WB) is important in order to account for the local bending and wrinkling resis-
tance of the plant cell walls which is observed in real plant cellular structures. It is a necessary phenomenon to be included
in this analysis for the sake of depicting and analysing the biomechanical aspects present in the real food-plant cellular
structures during drying [22].

Fig. 6(d) shows the model behaviour when both the wall contraction forces (WC) and wall bending forces (WB) are not
accounted for. Cell model behaviour during drying in this state demonstrates a similar behaviour to the wall contraction
forces (WC) absent state, which is shown in Fig. 6(b). The shrinkage is relatively lower compared to both Fig. 6(a) and (c)
while the cell wall surface exhibits localised surface wrinkling. According to Fig. 6(b) and (c), the reduction of shrinkage may
be due to the absence of wall contraction forces (WC). Fig. 6 provides an example for the capabilities of a coupled SPH-CG
approach to approximate the morphological behaviour of real plant cellular structure in terms of shrinkage and wrinkling
behaviour. It could be qualitatively observed that these are in close alignment with the experimental findings reported in
our previously published experimental investigations [44] on similar types of cells.

In order to complement the above qualitative analysis, a quantitative study on the influence of wall contraction forces
(WC) and wall bending forces (WB) was also carried out using the normalised geometrical parameters such as: normalised
cell area (A/Ag) Feret diameter (D/Dg) and roundness (R/Rg). The consequent results are shown in Fig. 7. From Fig. 7(a)-(c),
it could be observed that the area and diameter variation during drying in the absence of wall contraction forces (WC),
significantly deviates from the experimentally observed behaviour. The magnitude of this discrepancy becomes larger with
increasing degree of dryness. The omission of wall bending forces (WB) does not make the morphological behaviour of
the model deviate further from the experimental findings. These quantifications re-confirm the conclusions drawn in the
qualitative analysis above.

3.2.2. Model sensitivity to the SPH smoothing length (h)

The particle number in the SPH influence domain of fluid particles largely depends on the smoothing length [17]. The
number of particles in the influence domain of a given SPH particle determines the degree of smoothing applied in that par-
ticular SPH computational scheme as a whole. This is directly correlated to the accuracy, stability and the computational cost
of the entire modelling and simulation framework. To investigate the influence of the smoothing length variations on the
model predictions, a sensitivity analysis was conducted. The smoothing length value (h) was varied during separate simula-
tions and the model predictions were compared against each other as well as against the experimental findings. Percentage
model consistency error (MCE) and the agreement of the simulation results with the experimental findings were taken as
decisive parameters in determining the applicability of different smoothing lengths. Accordingly, the variation of MCE with
the smoothing length (h) was studied and the results obtained are graphically presented in Fig. 8. It could be observed that
at a smoothing length of 6.8 um, MCE reaches a minimum of 0.6% leading to the highest accuracy in this SPH-CG compu-
tational scheme. When the smoothing length is above 6.8 um, MCE increases gradually. This is an expected outcome which
aligns with the fundamentals of SPH. When the smoothing length is varied beyond the optimum value, critical details of the
particle or their local properties are smoothed-out leading to a lower accuracy. This numerical phenomenon is commonly
reported in existing SPH literature [17]. For the smoothing length values below 6.8 um, the consistency error increases in
a steeper manner, mainly due to the lack of SPH influence domain particles to exert sufficient influences on a given fluid
particle [17]. These results suggest that the optimum value for smoothing length is 6.8 pm for the single-cell model.

The post-processed results of the fully inflated cells (as sectioned side-views) at a selected set of smoothing lengths
are visualised in Fig. 9. There is a significant change in the cell fluid morphological behaviour as shown. The fluid particle
scheme exhibits a highly distributed nature at lower smoothing length values (e.g. 5.6 um) while it tends to be relatively
confined at higher smoothing length values (e.g. 8.8 um). The higher number of particle-particle interactions at the high end
of the smoothing length spectrum could be arising due to the increased number of influence domain particles.

3.2.3. Model sensitivity for mass transfer characteristics

Drying could be simply described as the transfer of water out of a given material. The mass transfer characteristics of
such a system have a significant impact on the morphological behaviour during drying. For instance, the permeability of
the cell wall affects the deformations of the cells while they undergo drying. Analogously, it could be observed that the
mass transfer parameters have a substantial impact on the behaviour of the developed model in this study. The accuracy
of the model predictions and the stability of the simulations depend on the selected mass transfer parameters. The cell
wall permeability (or the cell wall hydrodynamic conductivity- Lp) could be given as an important parameter governing the
mass transfer in this modelling and simulation scheme. To study the sensitivity of the model predictions with respect to the
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Fig. 7. Influence of the cell wall contraction forces (WC) and wall bending forces (WB) on the morphological behaviour of the model: (a) variation of
normalised cell area (A/Ap) with the normalised moisture content (X/Xp); (b) variation of normalised cell diameter (D/Dy) with the normalised moisture
content (X/Xp); (c) variation of normalised cell roundness (R/Ry) with the normalised moisture content (X/Xp).

Table 2
Different cell wall permeability (Lp) values and the resulting percent-
age model consistency error (MCE) values.

Permeability (Lp) (m? N-'s) % model consistency error (MCE)

2.5%x 107 5.0
2.5x 1076 0.6
2.5x1077 38.7
2.5x%x 1078 834
2.5x107° 290.8
2.5x 10710 342.6

magnitude of Lp, a series of simulations were executed by varying Lp. The resulting cell fluid mass variations with simulation
time and MCE were observed. The final values of MCE for each of the Lp values were determined as given in Table 2. The
cell fluid mass variation with simulation time is graphically shown in Fig. 10 and corresponding cell-models are visualised
in Fig. 11 for a qualitative comparison.

It is noteworthy that the initial settling time or only the inflation stage of the single-cell models have been considered in
this sensitivity analysis. The mass transfer characteristics of the system will influence the inflation process (during inflation)
and the shrinkage (during drying) in equivalent ways as similar mass transfer characteristics and equation of state (EOS) are
used for both the scenarios. Additionally, the method of assigning the end values of turgor pressure and osmotic potential
are similar in both the cases. These are critical factors that govern the shrinkage behaviour of the cell during inflation and
shrinkage. Therefore, it could be suggested that it is possible to deduce the results for the drying stage of the model by look-
ing at the behaviour of the inflation. It should be mentioned here that for relatively higher values of Lp (i.e. Lp>2.5 x 104
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Fig. 8. Variation of the percentage model consistency error (MCE) with the smoothing length (h) of the SPH-CG computational scheme for a single-cell
model.

Fig. 9. Sectioned side-views of simulated cells at fully inflated state for different smoothing lengths (h) values: (a) 5.6 um, (b) 6.0 pm, (c) 6.4pm, (d) 6.8 pm
(optimum/current study), (e) 7.2 um, (f) 7.6 um, (g) 8.0um, (h) 8.4um and (i) 8.8 um, (green: wall particles, blue: fluid particles). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

m2N-1s) the model became computationally unstable during the simulations. In terms of numerical modelling, this means
that the corresponding value could be avoided.

According to the results, it is implied that at Lp values from 2.5 x 1076 to 2.5 x 10~> m2N~' s were leading to much higher
mass transfer rates. This eventually results in higher fluid mass increments as observed in Fig. 11. The values of Lp below
2.5%x 1077 m2N-1s lead to relatively very low mass transfer rates and eventually lower fluid mass increments. Therefore,
such values could not be considered as favourable because those lead to higher computational times for achieving a given
amount of fluid mass increment which is inefficient (similar for fluid mass losses in a drying scenario). Therefore, the values
of 2.5 x 107> m2N~1s and 2.5 x 10~ m2N~1s can be regarded as favourable for the cell model.

This is clearly visible from the qualitative results given in Fig. 11 where the cells corresponding to Lp values such as
2.5%x 107> m2N~'s and 2.5 x 10~ m2N~1s are fully inflated with more uniform fluid particle distributions while the other
cells are only partially inflated with poor fluid particle distributions. Ideally, an Lp value of 2.5 x 10~ m2N~!s would be
more favourable in terms of computational time as it leads to a rapid settlement of the cell than 2.5 x 10-6 m2N~1s. Never-
theless, MCE in the simulation outcomes corresponding to Lp= 2.5 x 10~>m2N~'s is much higher compared to the model
predictions at Lp= 2.5 x 10-m2N~Is (see Table 2). Therefore, an Lp value of 2.5 x 106 m2N-'s could be concluded as
more suitable as it leads to more accurate computations while being computationally efficient at the same time.
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Cell Fluid Mass Variation with Simulation Time
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Fig. 11. Effects of different cell wall permeability (Lp) values on the inflation of the single-cell model: (a) Lp=2.5 x10-3; (b) Lp=2.5 x 10-%; (c)
Lp=2.5 x1077; (d) Lp=2.5 x10~8; (e) Lp=2.5 x 10~ and (f) Lp=2.5 x 10~19; (green: wall particles, blue: fluid particles). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

3.3. Simulating morphological behaviour of cell aggregates during drying

For cell aggregates, a number of cell dryness states were simulated from a fresh state (X/X; =1.0 and Pr=200 kPa) to a
critically dried state (X/Xp=0.1 and P;y=20 kPa). This wide range of moisture content reduction achieved in this study is a
key advantage compared to the previously reported comparable grid-based computational models [16,45]. Highlighting the
novel work implemented in the current study, in Fig. 12, 3-D SPH-CG cell aggregate model predictions have been presented
for all dryness states for single-cell, two-cell aggregate and four-cell aggregate arrangements respectively. It can be observed
that the cell size gradually decreases as drying progresses for cell aggregate models. The simulation outcomes were then
compared with experimental results on apple cells [44] in a qualitative manner before investigating the agreement in a
quantitative manner. Such comparisons indicate that the cell models undergo shrinkage during drying leading to surface
wrinkling and varied cellular interactions.

Next, the simulation outcomes for the dried cell model for single-cell, two-cell and four-cell systems were quantified
through three parameters: cell area (A), Feret diameter (D) and roundness (R). The results were compared against experi-
mental results from two sources in literature for apple tissues [46,47]. Comparison results for the normalised area is shown
in Fig. 13. There is a reasonable agreement between the model outcomes and experimental results for the single cell model
as well as cell aggregate models. Although the number of cells aggregated here is relatively small (i.e. two and four), there
is still a laudable agreement with the relevant experimental findings due to the generic shrinkage behaviour of real plant
cells being accurately captured by the meshfree-based SPH-CG cell aggregate model developed in this study. However, when
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(c) Four-Cell Model

(b) Two-Cell Model

(a) Single-Cell Model

Fig. 12. 3-D SPHD-CG model predictions for (a) single-cell model (b) two-cell model and (c) four-cell model (green: wall particles, blue: fluid particles).

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. Comparison of the variation of normalised cell area (A/Ag) with normalised moisture content (X/Xo) for cell aggregate models.
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Fig. 14. Comparison of the variation of normalised cell diameter (D/Dy) with normalised moisture content (X/X,) for cell aggregate models.
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Fig. 15. Comparison of the variation of normalised roundness (R/Ry) with normalised moisture content (X/Xy) for cell aggregate models.

reaching the extremely dried conditions (X/X, < 0.3), differences between model predictions and experimental outcomes
increase to a considerable level. There is a similar trend for the normalised diameter (D/Dg) variation as seen in Fig. 14. The
agreement between the computational outcomes and experimental results is highly evident in the higher moisture contents.
At extremely dried conditions, these discrepancies add up to a significant degree of mismatch for the single-cell model as
well as for the two-cell and four-cell aggregate models. However, the overall agreement is still significantly favourable.
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When the cell roundness (R/Ry) is considered for cell aggregate models, the experimental findings show a consistent
value which is close to unity throughout the whole moisture domain for two-cell and four-cell aggregate models. As per
Fig. 15, the roundness predicted by cell aggregate models in this study follows a comparable behaviour throughout the whole
moisture content range. At the moment, the single-cell model and small cell aggregates are not fully capable of mimicking
the behaviour of real cellular structures despite being able to estimate with an acceptable level of accuracy. It should be
noted that this study is the first 3-D meshfree-based plant cell aggregate drying model reported, and the main intention was
to demonstrate the fundamental computational mechanics associated with the cellular morphological alterations for small
scale aggregates. As described above, notable discrepancies exist especially when it comes to extremely dried conditions (i.e.
X[Xo < 0.3). Based on the results of this study, it is predicted that more complicated physical and mathematical formulations
and computational algorithms will need to be integrated into the current SPH-CG numerical framework to approximate such
extreme and irregular morphological behaviours in the cellular structure. Additionally, aggregating larger numbers of cells to
make up larger tissues could improve the degree of accuracy in the approximations implemented through this computational
modelling approach. Considering the strengths of the current 3-D meshfree-based computational approach as seen in this
study, the authors predict that the ability of a larger tissue model to closely describe the irregular and highly deformed
nature of the cellular structure even at extremely dried circumstances will be higher.

4. Conclusion

Small plant cell aggregates were simulated using a three dimensional (3-D) Smoothed Particle Hydrodynamics (SPH) and
Coarse-Grained (CG) coupled computational approach to predict the morphological behaviour during drying. It is notewor-
thy that this study is the first 3-D meshfree-based plant cell aggregate drying model reported which is a novel contribution
compared to existing research from other researchers and our own work (e.g. [16]). In this investigation, the main inten-
tion was to demonstrate the fundamental computational mechanics associated with cellular morphological alterations for
small scale plant cell aggregates. The model predictions of these cell aggregate models have been compared qualitatively
and quantitatively through comparisons with experimental findings. The results show that the shrinkage and wrinkling be-
haviour of the cell aggregate models are in reasonable agreement with real cellular structures. It has been found that the
agreement between the cell aggregate model predictions and the experimental findings are closer in the high and medium
moisture content values (X/Xp > 0.3), than highly dried stages (X/X, < 0.3). In addition, a study has been carried out to
determine the optimum particle resolution of a cell model considering both computational accuracy and computational ef-
ficiency. This revealed that the particle resolution which contained 2067 wall particles and 3082 fluid particles was the
optimum particle scheme since it allowed a very high accuracy at a favourable computational cost.

A sensitivity analysis was conducted to understand the influence of wall contraction forces and wall bending forces used
in the cell wall morphological description. According to the results, it was concluded that wall contraction forces have a
larger influence towards the morphological behaviour of the developed cell models than wall bending forces. Another sensi-
tivity analysis was conducted with the objective of investigating the behaviour of the model towards varying SPH smoothing
length (h) implying that a smoothing length value of 6.8 um is optimum for maintaining the best computational accuracy.
Also, a sensitivity analysis on the mass transfer characteristics showed that the cell wall permeability value (Lp) of 2.5 x 106
m2N-1s provides a stable solution to the numerical model while maintaining a high computational efficiency.

In future work, more complicated physical/mathematical formulations and computational algorithms will need to be
integrated into the current SPH-CG numerical framework to approximate more extreme and irregular morphological be-
haviours in the cellular structure. Larger tissue models could also have the potential to closely describe the irregular and
highly deformed nature of the cellular structure even at extremely dried circumstances. In addition, incorporating tempera-
ture variation effects into the current SPH-CG mathematical modelling framework will also be an interesting development in
terms of more closely mimicking the true drying operations and their morphological implications. It would also be a critical
phenomenon when it comes to approximating different types of drying processes and determining the nutritional value of
dried food plant materials such as fruit and vegetables. Furthermore, there is a high potential for the developed SPH-CG
numerical computational approach to be utilised in the 3-D multiscale level in order to predict the bulk scale deformations
and mechanics of food plant tissues during drying.
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