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Oil-air biphasic flow has been simulated at the scale of an entire potato tuber tissue using a Kinetic Monte-Carlo
(KMC) formulation parameterized on microscopic observations. Extrapolations to more general configurations are pro-
posed by combining the proposed KMC framework with oil momentum equations integrated at microscopic scale.
Branched percolation routes in three-dimensional honeycomb arrangement of cells are explored using a first-passage
algorithm. Three major applications are presented. KMC simulations are first considered to homogenize sparse dynamic
observations at the scale of isolated cells up to the scale of a full tissue. The second application investigates the effect
of cell damages on oil uptake. Finally, our general KMC formulation was successfully compared with a diffusive model
of oil uptake. Comprehensive rules to set the distribution parameters of all quantities (kinetic and structure parameters)
from scarce observations or general assumptions are discussed. © 2015 American Institute of Chemical Engineers
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Introduction

It is generally accepted that oil penetrates inside a fried
product once the product is removed from the oil bath.'?
Several physical models have been proposed to describe oil
uptake in post-frying conditions in fried products as
reviewed in Refs. 2-7. They fall into four categories: phe-
nomenological models,8 mechanistic models based on con-
version laws in an effective medium,’™'" stochastic
percolation models,'*'? and capillary models.'*'® Despite
increasing sophistications in the number of coupling in post-
frying conditions (heat transfer, steam condensation, water
liquid transport), all proposed models fail to predict oil
uptake in products as common as potato French-fries or
potato chips. They must be thought as attempts to test the
consistency of physical assumptions rather than as predictive
models with a practical use for the industry. Previous
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descriptions are insufficient, mainly because they do not
incorporate the important details such as the organization of
the cellular network, the state of cells (emptied, filled with
molten or native starch) and the localization of ruptures. Oil
uptake is indeed a local phenomenon and not a macroscopic
one: only empty cells connected to others through defects
can be filled with oil."”'® As the dry region in fried products
(so-called crust) is only few cells thick (from 3 to 6), the
permeability of the fried tissue cannot be consistently
homogenized laterally, averaged across the thickness and
finally tabulated regardless the potato variety, the process
condition, and the direction of cut. Hence, the connectivity
of cells is strongly affected by the whole product hydrother-
mal history." In addition, the possible biphasic nature of
oil—air uptake in post-frying conditions can make oil penetra-
tion dynamics more heterogeneous,”’ deviating significantly
from the fractional flow analysis of Bucklet-Leverett.”!

Very recently, a first experimental observation of the dis-
placement of oil-air front in the crust®? highlighted two
important results: oil capillary rise is proportional to the
square root of time—consistently with the Lucas—Washburn
equation—but much slower than it could be thought from
the apparent size of capillaries. In particular, the
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Figure 1. Coupled simulation scales to describe oil uptake in a typical fried product such as French-fries: (1) oil
adhering to the surface; (2) dried potato crust; (3) first cell layer; (4) second cell layer; (5) third cell layer.

T this work; Zdynamic microscopic observations from Ref. 20; *continuum mechanics simulations of Ref. 11. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

displacement rates were found about 15 times slower than
the values predicted by the Lucas—Washburn type equation.
We corroborated recently the previous results on lengthwise-
cut potato crusts by observing directly the dynamics of oil
percolation at cellular scale in simulated post-frying condi-
tions.”® The first cell layer was shown to be almost instanta-
neously filled with oil, whereas oil percolation from one cell
to the next one was strongly delayed due to the presence of
trapped air bubbles. Retardations in connected porous net-
works are well established in porous media.>*> They are
connected to both immiscible fluid displacements and to
convergent-divergent conﬁngrat1011s.26’27

The main goal of this work is to elucidate the contribution
of (1) the size of defects connecting cells and (2) the pres-
ence of trapped air on oil percolation dynamics and, finally,
on oil uptake. The complications arise from the large variety
of air escape mechanisms at cellular scale, from the random
nature of cellular defects,'® and from the broad distribution
of time scales, ranging from 10~ s to 10* s according to
experimental observations.”’ This work shows that the lower
bound could be even as low as 10 * s. As one single
French-fry (100 X 9 X 9 mm?®) consists in approximately
10° cells, simulating oil percolation at cellular scale is very
challenging. The dimension of the problem can be slightly
reduced by noticing that oil invasion occurs mainly in the
dry crust surrounding the product. With a thickness varying
from 2 to 6 cell layers, the crust in a single potato strip rep-
resents between 8 X 10* and 2 X 10° cells. During the last
decade, several meshless techniques have been devised or
adapted to simulate multiphase flows in porous media at
microscopic scale.”® They include: adhesive dissipative parti-
cle dynamics,” smooth particle hydrodynamics,®® lattice
Boltzmann methods modified to account for solid adhesion
and fluid cohesion,®'* front tracking/capturing methods,*~°
volume-of-fluid methods.>” Their primary motivation is usu-
ally to preserve sharp interfaces and to describe the dynam-
ics of fluid phase fragmentation. According to considered
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ground details, they fit better for pore scale modeling (e.g.,
oil flow through cell wall defects) than for simulating the
long-time evolution of a wetting phase in large cellular sys-
tems. As reported in Ref. 38 and in references herein, the
chief difficulty in spontaneous imbibition arises from the fill-
ing sequence of pores while simulating dynamically all
details of flows and swelling layers. In this article, we pro-
pose to circumvent the difficulty by applying to a two-scale
modeling approach as illustrated in Figure 1.

At the largest scale, the potato tissue or crust, the dis-
placements of many oil-air menisci across random defects
is described stochastically as a collection of independent
Poissonian events (macromodel). This description is consist-
ent with our dynamic observations at microscopic scale®”
and can be efficiently simulated using Kinetic Monte-Carlo
(KMC) methodology. Although event-driven KMC schemes
can manage transitions spread over a broad range of time
scales,?* ™ they suffer important limitations. In particular,
they require the transition rates or dwelling times to be
known. As our initial set of experimental data covered only
filling and first-passage times for two-cell layers-thick
potato tissue in presence of low damage ratios, a micromo-
del has been alternatively devised at cellular scale. Inspired
by the abundant literature on spontaneous liquid imbibition
in capillary tubes and networks (see reviews in Refs.
38,42,43), our choice was oriented to a phase-averaged for-
mulation instead of a volume-averaged one (see the distinc-
tion in Refs. 44,45). It offers the advantages of keeping the
fractal nature of the oil-gas interface,*®*’ which could be
compared with microscopic observations. Four important
constraints were explicitly considered: (1) the threshold of
percolation in honeycomb structures,”®*? (2) the immiscible
displacement of air and oil,’>' (3) the presence of buoy-
ancy forces,”>>* (4) the pressure ahead the oil menis-
cus.”>™” By reusing several concepts previously devised to
describe diffusive phenomena at supramolecular scale® or
to solve transport equations when all parameters are known
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by their distributions,®! we show that the distributions of
filling times and first-passage times can be parametrized
from the main physical quantities (number of layers, size of
defects, presence of air, etc.). For practical applications
(French-fries, chips...), we demonstrate, without a loss of
generality, that their distributions can be efficiently approxi-
mated by Gamma ones and that their parameters can be
inferred by recurrence.

The article is organized as follows. The micromodel is
introduced in section two by integrating oil momentum equa-
tions along an arbitrary curvilinear piecewise capillary. The
combined effects of section changes and of air flow configu-
rations are illustrated. It is shown that the complex dynamics
of oil percolation between cells through defects, with or
without trapped bubbles, led to separable events and can be
essentially captured through two numbers: a filling time and
a lag-time (or equivalently a first-time passage). As their first
moments and their distribution in values can be obtained by
recurrence when oil passes n constrictions, the previous
results on simple arrangements can be generalized to
branched configurations. Section three details the KMC
methodology followed to simulate oil imbibition at the scale
of the potato crust. Section four presents the whole approach
on several situations with general interest: oil uptake in tis-
sues initially filled with air, biological materials subjected to
gradients of damage and one comparison with the determin-
istic mechanistic model of Ref. 10. The main findings and
general recommendations are finally summarized in section
five.

Theory
Background

Details on the thermodynamic conditions met during
immersion frying and immediately after frying can be found
in Refs. 3,19,62 and in the theoretical section of Ref. 20,
respectively. When the fried product is removed from the oil
bath, the composition of the gas phase filling cells evolve
from pure steam to a humid air mixture. According to the
rate of incorporation of cold air, the replacement of steam
by air can be followed by a substantial negative pressure
gauge. In absence of steam condensation (no significant pres-
sure gauge), observations of Ref. 20 showed that the sponta-
neous oil imbibition of a parenchyma honeycomb structure
initially filled by air and without starch obeys mainly to a
restricted oil-air counter-current flow. Counter-current con-
figurations dominate when one single end-face surface par-
ticipates to mass transfer and when air cannot escape by
crossing cell walls. Co-current configurations occur when air
can escape through throats (e.g., defects) different from those
used by oil to penetrate the cells. In both cases, the main
driving force is the capillary pressure generated by the
curved interfaces along walls, possibly augmented with grav-
ity. Similar multiphase mechanisms of liquid infiltration
have been described in many engineering problems involving
various porous media: paper coa‘[ings,63 powders,64 soil,*
rocks,®® and so forth. They show all a strong oil infiltration
reduction and slowdown when the displacement of air is
hampered. The microscopic details of the slip between fluid
phases have been more specifically studied in simple config-
urations with many-body dissipative particle dynamics simu-
lations.®”%® Using analogies with oil recovery in fractured
reservoirs,®”’° oil penetration in an effective channel with an
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hydraulic radius r and length L.y, is expected to be roughly
homothetic respectively to the following dimensionless time
Foc (so-called capillary “Fourier number”)

yrt
f(noila d)aira geometry)l‘rznax

FOC=

ey

where ¢ is time, y is the oil-air surface tension and f() is an
effective viscosity increasing in a non-trivial manner with
the dynamic viscosity of oil, 7, the volume fraction of air
and the number of constrictions. In presence of long or large
channels and in presence of large air fraction, oil imbibition
is expected to require longer times. In presence of strong
negative pressure gauge provoked by steam condensation, oil
percolation is expected, conversely, to be dramatically faster
and governed by forced imbibition. In addition, recent obser-
vations of oil penetration in connected microchannels
showed that oil uptake could be reduced from 95% down to
9% when air was enabled to percolate in competition with
oil.”! This section proposes a general micromodel to explain
the mentioned experimental facts and to infer the rate con-
stants required by the KMC simulation scheme detailed in
section “Materials and Methods.” The phase-averaged for-
mulation uses the position of the oil-air front,z, as state vari-
able within a skewed oil pathway defined by the positions of
adjacent cells connected through cell wall defects, as shown
in Figure 1. This position should be envisioned as radially-
averaged at cellular scale.

Micromodel of oil uptake at cellular scale

Oil Transport. Because oil percolates mainly through
defects (or “throats”) occurring at end junctions of cells (see
Figure 2a), oil seems to infiltrate skewed capillaries, whose
turns are set by the arrangement of cells and the connectivity
of defects. The displacement of a liquid meniscus at the gas—
liquid interface within a capillary of arbitrary shape and length
has been first described using a phase-averaged approach by
BeMiller and Whistler’” and independently by Washburn.”?
During the last decade, their equation has been reviewed and
extended by several authors*®"* but mainly for capillaries with
uniform cross-sections. The effects of axial variations of cross-
sections on the displacement of the liquid-gas front have been
specifically addressed by Reyssat et al.”> Regardless the true
shape of the meniscus, all models assume a Poiseuille flow
along the majority of the penetrated distance z (i.e., far from
the entrance and meniscus). Without a loss of generality, oil
penetration route can be assumed to be axisymmetric with a
radius 7({) at position { >0 so that the radial average velocity
v({) is proportional to the local pressure drop as

It dP
—_©
v({)= 8 dz|(g) 2

Oil penetration routes through parenchyma cells can be
consistently approximated as connected capillaries with sec-
tions varying between the radius of an empty cell and the
radius of defects between cells as illustrated in Figure 2. In
this work, the variations of flow rate due to the variations of
the cross-sections are explicitly considered by assuming
piecewise variations of the cross-sections. The equivalent
radii appearing in this theoretrical section are therefore
defined as hydraulic radii (i.e., ratio of the cross-section of
the oil flow to its wetted perimeter). This definition preserves
the shear stress at the walls in hexagonal parenchyma cells
comparatively to their cylindrical idealization.
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Figure 2. Capillary oil flow between two adjacent cells connected although a defect (the constriction length is
exaggerated; see tissue details in Figure 1): (a) real oil meniscus shape and idealized Poiseuille velocity

profile within a single cell,

(b) real stream lines between connected cells, (c) idealized streamlines

assuming Poiseuille flow, and (d) trapped bubble within the constriction.

In presence of variables sections, the continuity equation
enforces that oil velocity in the upstream section 1< <i,
denoted v;, is related to the oil velocity front, dz/dt, in the

ith section as v;= where r; and 7; are the radii of sec-

Iiodz

rj2 dr’
tion i and j, respectively. The integration by parts of Eq. 2
between { =0 (external surface) and { =z (oil front penetra-

tion in section i) combined with oil mass balance leads to

ZV(C) . dz i_ll‘iz r? it
P=Po= SWOIIJ.?dQ__SnoiIE(v aliteg =

0 ) j=1"J j=1
dz [z & (1 1 dz [z ,
Moil dt < 2 + T (’,4 - ’,4) ll) = 817011 d (7 + 11>
i j=1 J i i
3)
where [; is the length of the jth section, Z;;} [ <z

i ) n__ i—-1 2 1 _ 1Ny, .
<Y1l and Al=3>""7 1( rf)lf is a correction factor,

due to the variation of cross sections, comparatively to an
equivalent capillary tube of uniform radius r;.

The average oil velocity and oil mass between positions 0
and z are given, respectively, as

and

(&)

The correction factors assozmated to oil velocity ang mass
1 I
conservation are A= ZJ’ 1( —1)% and AF'= Z ( -1,
respectively.  All  three ' correction factors " verify
P AM AT
MZAT=A =0 . R
By counting positive the displacements in the direction of
gravity, the momentum balance of the oil volume located
between positions 0 and z reads from Egs. 4 and 5

[2() +LHAY] [2(0) +L+A)] dP2(r)

d
dl (rnml voﬂ) = Poil

z(r)+¢ or
N z(t)+g+A;“+z(z)+g+A}’_[z(z)+§+A;”] [2(t)+{+A)] <dz(t))2 B 6)
2(0)+¢ 2(6)+¢ (z(r)+0) dt

+ %y(T)cos 0+ poir(T)geos Bz(r) +A]'] —

where T is the surface temperature, 0 is the contact angle
between the solid matrix, liquid and air, g is gravity, pe; is
the oil density and P,y is the external pressure. As sug-
gested in Refs. 56,76, { is as an infinitesimal liquid height—
interpretable as the initial meniscus height—required to
remove the singularity when Eq. 6 is integrated for the initial
condition z(r = 0) = 0.

The main interest of Eq. 6 relies on its ability to describe
the dynamics of oil penetration along a route with any arbi-
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dt

Snoil(T) dZ(t) {@ +A7:| +Patm _Pair(t7 T)

i

trary piecewise variation of cross-section areas. This varia-
tion can be either the consequence of a passage of oil
through a small defect or due to the presence of captive air
bubble. In the latter case, the parameters controlling the
deviations to a uniform cross-section are a function of time:
AT (1), AY (1), Al(z). The equivalent description using the con-
cept of permeability can be found in Ref. 75.

Air Escape Mechanims. In post-frying conditions, the
parenchyma tissue forming the product crust is assumed to

July 2015 Vol. 61, No. 7 AIChE Journal



be enough dry (no residual capillary water) so that oil can
be considered as the wetting fluid and air as the non-wetting
phase. Air composition can vary from pure superheated
steam at the end of frying to surrounding air at the end of
cooling. Air gas pressure,Py(¢,T), ahead the oil meniscus,
facilitates or opposes to oil propagation depending on
whether gas compression or steam condensation dominates.
We call “spontaneous” imbibition and “forced” imbibition the
situations corresponding to Pic(t,T)=Pam and
Puir(t,T) < Pym, respectively.  Spontaneous  imbibition
restricted by air compression/release ahead the liquid front has
been experimentally studied in Ref. 77. Oil-air counter-current
flow configuration occurs when the wetting fluid (oil) is drawn
into the pore space by capillary forces and when the non-
wetting phase (air) is driven back through the wetting phase
toward the opposite open end. This mechanism is very likely
when the pores forming capillaries are open at only one face.

When capillaries are open at more than one end or when
the capillary is polygonal, the spatial organization of phases
becomes more intricate.>®’® As a common rule, the wetting
fluid will tend to fill more rapidly small cavities or throats
and sharp corners, where the threshold capillary pressure is
the highest.”® Direct observations®™®' and simulations’*** of
spontaneous imbibition in networks with square channels
showed that the wetting fluid at corners can displace in
advance of the main front of the non-wetting one (e.g., air)
before complete invasion of pore bodies. This mechanism
referred to snap-off or chock-off contributes to expel air
through defects created during frying at junctions between
cells, and through thin holes distributed naturally all along
cell walls. Only large trapped air bubbles can leave surface
cells by buoyancy without snap-off, as experimentally
observed in Ref. 20. In living parenchyma cells, cell-to-cell
communication is mediated through specialized 50 nm thick
plasma-lined tubular structures, so-called plasmodesmata.83
In dried tissues, they are seen as pores or pits with either
larger or smaller openings: about 20—100 nm.** Corner flow
ceases either when the pressure difference Py —Pa(2,T)
increases or when capillary pressure at corners decreases suf-
ficiently as a result of film thickening.*® As an illustration,
for channels with square cross-sections, wetting-liquid films
detach from the interface at a critical capillary pressure
given by®’

Pcollapse =7 M (7)
r

where r is the radius of the inscribed circumference.

Piston-type oil front displacements have conversely
higher critical capillary pressure thresholds, 2ycos0/(rf)
and are, therefore, favored in initially empty cells over
snap-off. The involved factor f > 1 is a complicate func-
tion of the wetting history and on the number of neighbor-
ing throats already filled by the wetting fluid.?**2 In fried
products, undamaged or low-damaged cell walls are almost
impermeable to oil in post-frying conditions (see figure 8
of Ref. 20) but exhibit a significant permeability to gases,
either air or steam (e.g., steam flows typically through the
thin crust against a pressure drop varying as low as few
kPa, see Refs. 62,86). The exact contribution of random
tissue defects (with variable size and geometry) and of the
apoplastic pathways (i.e., through cell-walls) is unknown
and complicates dramatically the achievable description of
oil invasion. In our study, a simplified “phase averaged”
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oil flow description along the curvilinear coordinate z is
adopted (see Eq. 6). The coexistence of oil and air at the
same position z due to corner flows and snap-off effects is
only considered via their corresponding air-escape mecha-
nisms. In agreement with observations of Ref. 20, a
counter-current (so called “counter”) and two co-current
oil-air flow configurations are hypothesized as sketched in
Figure 3. Air counter-current flow is very likely only when
air can cross constrictions as almost continuous slugs.87 In
co-current configurations, air escapes either by a defect at
the bottom of the cell (so-called air “piston” flow) or
through many thin pores/pits along cell walls (so called
“transpiration” flow). The main difference between
“piston” and “transpiration” air flow is that the number of
“pores” available for air escape depends on the amount of
oil filling the cell in the latter.

The variation of air pressure, P,;;, depends on the isotherm
compression of the air volume ahead the front and on the
ability of air to escape. To keep the complexity tractable, we
consider that the volume of air is trapped inside a tube of
the same section as the meniscus and whose length is
Zhottom —Z(#), Where Zpoyom 1S the position of the end of the
tube. By assuming that air can escape according to the three
competing mechanism, the global air balance assuming pos-
sible isotherm air compression reads

dPair(f) Pu,‘,-(l) dZ(l)
= —(Pair(f) =Pam
dt me‘tom_z(t) dt ( (t) : )

Opiston Ocounter
X P + + Oranspiration
Zbouom_z([) Z(t) (Zbonom_z([)) P
(3)
The corresponding effective transport coefficients

{ox } x=pison, are defined with more details in Ref. 18; they
counter,
transpiration

have units respectively in m s L m?s ! and s~ '. The inter-
pretation of each term within the square brackets as effective
permeabilities is summarized hereafter. The resistance to air
leak increases with the height of the oil column in counter-
current oil-air flow, whereas the cross-section area partici-
pating to transpiration decreases with the reduction of the
number of lateral “pores,” which are not in contact with oil.
Only the apparent permeability of the oil-air piston flow is
independent of position. Equation 8 can be seen therefore as
a generalization of the model of Ref. 55 to open systems. It
is worth noticing that the capillary back pressure in the cell
after snap-off (see Ref. 88) is not considered. In agreement
with the direct observations of bubbles created by snap-off
mechanism and their difficulty to rise by buoyancy in con-
strictions,'”'®?° the variation of pressure due to air bubbles
crossing the oil-air interface is also neglected. Conversely,
the role of trapped bubbles in the reduction of oil passage is
explicitly considered in the subsection “Delayed oil penetra-
tion between connected cells.”

The system of ordinary differential Eqs. 6 and 8 inte-
grated over time for proper initial conditions, P, (r=0),
z(r=0), and %|(t:0)’ enables to simulate oil penetration
along a tube with an arbitrary number of oil reduction pas-
sages (due to constrictions or trapped bubbles) and various
oil-air flow mechanisms. The effects of steam condensation
on oil uptake or the competition between air penetration
and oil penetration on pressure recovery can be studied
simultaneously.

DOI 10.1002/aic 2333
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Practical approximations of Eqs. 6 and 8 for individual
cells

Approximate analytical solutions of Eqs. 6 and 8 can be
derived when both equations are uncoupled. Practical
approximations are presented to analyze the effective scaling
of z with 7, written as z « #*, according to the considered air
escape mechanism. Although the air transport as continuous
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phase (transparent phase) cannot be directly observed, the
dominant escape mechanism can be indirectly identified by
comparing the value of the scaling exponent, s, with the
value identified from microscopic experiments of Ref. 20
(see also the Supporting Information).

Infinite Volume or Short Percolation Times. As discussed
in general terms in Ref. 89, inertial flows cannot be

July 2015 Vol. 61, No. 7 AIChE Journal
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neglected when oil front passes thin capillaries or defects
and when the pressure gauge is negative (steam condensa-
tion).76’90 When P,m—P.: can be assumed constant and
when the initial velocity of the oil entering into the capillary
is negligible, Eq. 6, integrated between 1, and ¢, gives®®

z(1)*=z(t)*+ za—” ((t—to)— é [1—exp (—a(z—to))]) )
2ycos0

with a= ?’7011 and b_‘ - gpdtm P+
For very short times (¢ to < 1/a), a three order serlal
expansion of Eq. 9 shows a linear dependence with time”’

. Opiston
Zole (1) —2(fy) = min | —————
(1) 2(0) i (e

20

5 5 counter
t)"—z(tp) ~max ( ————

Zcounler( ) Z( 0) X (1+palm/pc

(o) ~ 1—exp (—

Zbottom _Z(tO)

Ztranspiration (t) _

where z(79) = Zvottom (1 — 1%).

The performances of Eqgs. 9 and 10 are presented in Figure
4 and compared to the full coupled model (6) and (8), which
is solved numerically without the assumption of dP/dt=0. The
conditions correspond to the penetration of oil within a single
cell (350-um length, cell radius of 100 pum) at 120°C with
post-frying conditions detailed in Table 1. The values of
{a} t=pisen. were chosen to slow down the oil displacement by

counter,
transpiration

two magnitude orders comparatively to a cell with infinite
length. Spontaneous imbibition was associated to a capillary
pressure, pc, of 473 Pa as calculated from properties listed in
Table 1 (see Figures 4a,.c.e), whereas forced imbibition was
simulated for the maximum negative pressure gauge of 40 kPa
measured in Refs. 62,98 (Figures 4b,d,f). In our simulations,
the ratio z/Az represents the volume filling of cells regardless
the spatial arrangement of oil-air biphasic flows (see Figure 3)
as described in Ref. 20 (see also Supporting Information).

The Lucas—Washburn equation (Eq. 9 with a — +o00) fits
well the kinetics in cells of infinite length but with too low ini-
tial acceleration (Figure 4a). The discrepancy is even more sig-
nificant when a negative pressure gauge (Figure 4b) is applied,
as already noticed in Ref. 89. In finite systems, gas pressure
increases during the first tenths of milliseconds while being
almost aperiodic (Figure 4f) as discussed in Ref. 59. Spontane-
ous imbibition makes gas pressure oscillating with a pseudo
period depending on the considered air escape mechanism (Fig-
ure 4e). Once the correct position of z(z) is set, all proposed
analytical solutions (10) fit remarkably the different behaviors.

Delayed oil penetration between connected cells

Change in diameters and biphasic oil-air flow delay dramat-
ically the passage of oil from one cell to next one. Based on
simple physical approximations, we show in this section that
the associated filling and lag-times can be extrapolated by
recurrence. As a result, large-scale simulations can be fed from
observations of the filling kinetics of the very first cell layers.

Slowdown of Oil Flow in Successive Constrictions. Gen-
eralizing the previous reasoning to N > 1 cells (see Figure 2¢
for N =2) with identical radii r;=r3=...=ryy_;=r and
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2(t)*—z(to)*=b2. When t—1y > 1/a, Eq. 9 is equivalent to
the classical Lucas—Washburn equation.

Finite Volume Effects. In presence of a closed gas vol-
. __ 29(T)cos 0
ume, capillary pressure, pc=="———, is expected to be rap-
idly  equilibrated with the internal overpressure,
Pair(t, T) —Pym, and the progression of oil front is stopped.
When air can be released, oil progression follows continu-
ously at almost constant pressure as experimentally shown.”’
Introducing dP;.(¢,T)/dt ~ 0 for ¢ > t; and neglecting iner-
tia variation in Eqgs. 6 and 8 leads to three analytical solu-
tions corresponding to the three limiting air transport
mechanisms

(t_ tO) 5 Zbottom _Z(IO)) with Ocounter — Xtranspiration =0

2 2 . _ _
(t - tO) s Zbottom Z(tO) ) with apiston - O‘transpiralion =0 ( 10)

(t_ tO)) with Opiston = Hcounter =0

separated by N—1 constrictions with identical radii r,=rs=

..=ryy—2=ro and lengths L=Il4=...=Dby-_>=Iy leads to
the following expression of the initial velocity at the begin-
ning of each cell (see Eq. 4)

dz _ ry(T)cos ) 1 an
dilg,,” (D) zrAY
with 72A]l _FZZN_llﬂ(z r4)10 (N—1)lpr* (l 1) accord—

ing to Eq. 3, which can Be approximated by (N— 1)10( ) for
ro sufficiently small comparatively to r. The effect of con-
strictions increases linearly with the number of crossed
restrictions and as power low with the passage reduction. At
the scale of few cells and for typical defects of few micro-
meters in cell walls, the reduction of the flow velocity is sig-
nificant but decreases beyond one centimeter.

Interactions Between Oil and Air Flows. As experimen-
tally shown in Ref. 20, oil percolates between connected
cells at defects in cell walls and in cell junctions. If air is
penetrating/leaving through the same pathways as oil if
snap-off occurs, some bubbles may remain trapped and sub-
sequently released. Bubble motions are expected to be gov-
erned by buoyancy forces in vertical channels and/or by
back-pressure. The flow reduction consecutive to bubble
obstruction in capillaries is broadly reported in the literature.
The gas entrapment process in closed-end microchannels has
been notably investigated in Refs. 99,100, giving the condi-
tions of theoretical release at constrictions. The authors
showed that the release process starts when the work of the
pressure forces over the length of the trap exceeds the sur-
face energy required for the trapped bubble to reenter within
the constriction. By assuming a Poiseuille flow approxima-
tion, this condition on the work of the pressure can be
replaced by a condition on the volume of displaced oil: the
bubble is released when an enough amount of oil has flowed
around the bubble. In the context of fried products, the pres-
ence of trapped bubbles in successive connected cells can
occur randomly at different stages of oil penetration.

Oil penetration between two cells (see Figures 2c,d)
connected through a constriction of 5 pm is described in

DOI 10.1002/aic 2335



cell with infinite length

spontaneous imbibition "forced" imbibition
2.5 3 T T L] b T T T
— 2F 1 2t .
E 1.? - . 1.? - ) .
H 0.5R 1 0.5}/ 1
0 L 1 L 0 L 1 1 1
0 10 20 30 40 0 01 02 03 04 05
time (ms) time (ms)
cell with finite length
spontaneous imbibition "forced" imbibition
1-0. 5 DA AR A G R D N D 1 S
__0.75f 10.75 7
- y 0.01
Y 05} 1 0.5} .
N , 0.005] ;‘.@q&m SN i
0.25) : 10.25 .
0 : % : 0.05 :0.1 tms)] : % 0:1 0.2 t(Ens)
0.4 — piston 1 0.4f —piston L
— ——counter ——counter
£ 02r transpiration 0.2p transpiration|
ﬁg of o} -~
06
D.m -0.2F o I/\/);,\’y’\_\{\/ﬁ\_ 1-0.2F -18 .
|‘§ -0.4rf 02 : 1-0.4¢f 201}/ 7
o ' 30}/
-0.61 a 1-0.6} b .
naL™ ., 0 005 01tms) _ggl f. .0 0.1 0.2 t(ms)]
0 1 2 3 4 0 1 2 3
time (s) time (s)

Figure 4. Oil-air front displacements in a circular-shaped cell with infinite (a-b) or finite length (c—f).

(a-b) Numerical solutions of Eq. 6 (continuous lines) are compared with analytical solutions (dots: Eq. 9; squares: Eq. 9 whith a —
®). (c—f) Numerical solutions of system (6) and (8) (continuous lines) are compared with analytical solutions of Eq. 10 (piston flow:
symbol +; counter-current flow: circles; transpiration flow: crosses). Corresponding simulation conditions are listed in Table 1.
Spontaneous and “forced” imbibition are associated respectively to P, — P,i-(t = 0) =0 and P, — P,;(t = 0) =40 kPa (reprodu-
ces steam condensation effect). Air escape mechanisms are detailed in Figure 3. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 5 without trapped air bubble (Figures S5a,b) and
with air bubble obstructing 75% of the section (Figures
5c—e). The bubble was assumed to be released when 3% of
the next cell has been filled. The corresponding effective
radius accessible to oil flow with time is presented in Fig-
ure Sc. Other simulation parameters were similar to those
used for simulations depicted in Figure 4 and reported in
Table 1.

Without trapped bubble, both capillary pressure and menis-
cus velocity increase significantly in capillaries as thin as cell
walls and drop dramatically when the meniscus enters in the
next cell (Figures 5a,b). Pressure drop is followed by an abrupt
change of the slope of z vs. 7. Similar effects have been already
reported in convergent-divergent configuration in Ref. 26,27.
The reduction of the oil flow rate once the cross-section is trav-
ersed is governed by oil balance conservation (see Eq. 11).

Entrapped bubbles aggravate previous oil flow rate dimi-
nution by reducing additionally the effective hydraulic diam-
eter by a coefficient &(¢) < 1. The diminution can be so
strong that the oil-air meniscus may seem to freeze at the
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entrance of the second cell (Figure 5d). Because trapping
time was set reciprocally proportional to flow rate, the dwell-
ing time of the meniscus at the beginning of the second cell
increases as (r/&(t)ro)*, that is from 10" s to 2 X 10% s
when ry was reduced from 100 pm down to 4 pum. Once the
bubble is released, filling times of the second cell follow
subsequently similar relationship but with £(7)=1. The expo-
nent four combines both the increase of the drag and the
acceleration within the constriction. Similar kinetics as those
reported in Figure 5d can be found in Figures 4 and 5 of
Ref. 100.

Practical Approximations. In the remaining part of the
work, the following simplifications will be considered to
simulate oil uptake at the scale of many connected cells in
presence of an air/gas or not.

1. The trapping and release process of air bubbles is
replaced by an equivalent delay (Afy,e) between the suc-
cessive filling kinetics of connected cells, with bottom
positions denoted z; poom and zi+ 1 potom, respectively
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Table 1. Parameters of the Micromodel Used in This Study: Additional Geometry Details Are Presented in Figures 2 and 3

Property Meaning Value Figure Ref.
Post-frying conditions T Temperature 120°C 4-5 90
Pam Atmospheric pressure 10° Pa 4-5 -
Pair Spontaneous imbibition “forced” imbibition 10° Pa6 X 10* Pa 4-5 90
Geometry r Apparent cell radius 100 pm 4-5 20
Az cell height 350 pm 4-5 92,93
) Apparent constriction radius 4-100 pm 5 Variable
14 Fraction of r( kept free when a air bubble is trapped 0.25 5 This work
within the constriction
Iy Constriction height (commensurable to wall thickness) 3 um 5 94,95
Oil properties y Oil surface tension at 120°C 0.03 Nm™! 4-5 16
0 Contact angle between oil, air and restructured potato 0.663 rad 4-5 96
product
Poil Density of oil at 120°C 865 kg m? 4-5 97
Noil Dynamic viscosity of oil at 120°C 0.06 Pa s 4-5 97
Air escape property Layer 1 tpision,1 ¥ Effective transport coefficient of air under piston flow 5.0 X 10 2ms™! 4 20
mechanism (see Eq. 10)
Oeounter,1 Effective transport coefficient of air under counter- 87X 10 °m?s™! 4-5 20
current flow mechanism (see Eq. 10)
Oyranspiration,1 = Effective transport coefficient of air under transpira- 650 s ! 4 20
tion mechanism (see Eq. 10)
Layer 2 transpiraion2 ™ Effective transport coefficient of air under transpira- 98 s ! 5 20

tion mechanism (see Eq. 10)

Rate constants {ock,,-} «=pison, - from Ref. 20 correspond to filling times of *1.5 s in Layer 1 and fa minimum of 10 s in Layer 2.

transpiration

Z(t):Zi,b()ltom Whlle [i<0+Azi,fill S t

< ti0F A i+ Aty g =ti+10

Aty gin=Atifin—

(12)

In(1-¢)

2¢D,(T)

N\ 4
Az+1, (’—) Az (15)
ro

For small r values, Eq. 15 deviates significantly from

with At; sy the time required to fill one cell of layer i
starting at time f; .

2. The filling kinetic of an individual cell obeys to a trun-
cated first-order kinetic

t)—z(t; 1 t—t;
_H)=2to) 2(10) =min [7 (1—exp ( D in (l—g))), 1]
Zi bottom — Z (l i,o) S At; fiy

(13)

controlled by a shape factor 0 < ¢ <1 (¢— 0 and ¢c— 1
giving a linear and an exponential model, respectively).
At 1ag+ At fining is the effective time required to fill the
cell of layer i > 2.
The main advantage of Eqs. 12 and 13 is that they reproduce
the exact filling kinetics of connected cells parameterized by
A[]{yfi]], A[Llag7 At2,fill, AtZ,laga ..., whenever the exact mechanism
inside each cell tends to deviate from microscopic Eqgs. 6 and
8. As a result, micromodel Eqgs. 12 and 13 can been seen as a
coarse-grained version of (6) and (8). Because the size and
type of defects are highly variable, {At,‘ﬁ]]}[>2 and
{At,;]ag}i>2 values are expected to be broadly distributed and
increasing from one cell to the next one as shown in Ref. 20.
In absence of air, {At’-vlag}i:l,‘N:O and {A’ivfiﬂ}i:z.zv
decrease linearly with the number N of constrictions as pre-
dicted by Eq. 11. Hence, the time to reach the ith cell below
the surface with i > 1 and separated by i — 1 similar con-
strictions is

In(1=¢) , (dz; \'
Aty fin=— g Az <E‘l~>m>

In(1—-¢) 4nyu(T) . r\*
— T)eos (0) z+(i l)lo(%) Az (14)

where Az is the typical cell length. The filling time incre-
ment between consecutive cells is

~ —
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advection: Af;1; sin=At;fin. This behavior is the consequence
of the mass conservation: to fill the ith+1 cell, the ith cell
requires to be continuously filled while considering a

without trapped air
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Figure 5. Oil-air front displacements between two

circular-shaped cells (r=100 pm; Az =350
um) connected by a defect of radius ro with-
out (a-b: &(t)=1) and with (c-e: &(f)<1)
trapped bubble.
The corresponding situations are depicted in Figures
2¢, d, respectively. The trapped bubble is assumed to
cause a passage reduction of £ =0.75 and to be released
when 3% of the next cell is filled with oil. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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ry(T)cos (0)
81101 (T)
sistent with a one-dimensional (1-D) diffusion coefficient
with a value of about 4.9 X 10~ m? s~! for =100 pm at
120°C (see Table 1). By considering Az =350 pm and oil
crossing small defects of length /o =3 pm and radius ro = 10
pm, an increment of about 2.36 s (for ¢=0.9) is found
between connected cells. That is to say, the time to fill the
cells of the fourth layer (after crossing three constrictions of
10 pum) is expected to last 7.08 s longer than for the filling
of the first layer. In real frying conditions, this time can be
much longer as oil viscosity increases rapidly with decreas-
ing temperature. Drag effects increase delays 39 times when
o is reduced from 10 pm down to 4 pm. It is consequently
thought that oil could not permeate through defects smaller
than 1 pm. This interpretation would corroborate the
extremely low permeability of cell walls to o0il.?° It is worth
noticing that ¢ is a phenomenological parameter derived
from the coarse graining procedure. It could be interpreted
as the partial filling ratio triggering oil flow from one cell to

the next one.

Snap-off mechanism can trap a bubble in defects while
enabling oil to flow around the bubble. In this study, the
events which create the bubble are assumed to occur at ran-
dom, but their consequence on oil flow reduction is explic-
itly considered. In details, experimental works in
nonaxisymmetric capillarieslm’102 showed that the mecha-
nism of bubble snap-off was rate dependent and that the
residual oil flow was associated to the retreat of oil meniscus
at corners. By assuming that the bubble is released after the
oil front displaces over a distance vAz (with v a small posi-
tive number, see section “Interactions between oil and air
flows” for justifications), Eq. 13 can be generalized to
include the lag-time associated to a temporary oil passage
reduction of r from ry down to &rg with 0 < &< 1

In (1—¢)
2¢D,

’ In(1—¢
:At}fflilllllbubble_ nz( 5 ) (UAZ+Z()(

clo o
_In(1-¢)
2¢D,

stationary flow. The ratio D, (T)= is hence con-

At\_vnh bubble _ Ati+ lag —

vithbu ((1fu)Az+lO(’L)4)Az with v > 0
' 0

r

)"

((1—1))Az+lo(%)4)Az

Az

. In(1—¢ 1
—augggone= 02 (ac iy Dyt Ly
2¢D, ro 4

16)

Equations 15 and 16 show that lag-times and filling times
without bubbles are closely related for sufficient small ¢ and
v values as Al‘,ur“ag ~ %Atﬂrl,ﬁlk

Materials and Methods
Dynamic imaging of oil uptake at microscopic scale

Three-dimensional oil percolation kinetics in potato paren-
chyma tissues were reconstructed from observations
described in Ref. 20. Oil at 120°C was available in excess
and located on top of two layers-thick emptied cells (i.e.,
with starch and cell content removed) maintained at 100°C.
Cells were initially filled with air at atmospheric pressure
and spontaneous imbibition of dyed oil was monitored
dynamically on an inverted microscope in epi-fluorescence
configuration using a 290 nm synchrotron source. The cells
of the second cell layer adhered strongly to the coverslip so
that the bottom of the second layer could be considered as
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closed. Raw images used in this study consisted in sequences
comprising from 300 up to 1500 frames (1024X 1024 pixels
with a lateral resolution 1.24 pm) acquired at a rate of one
frame/s. Within each image, fluorescence was split into two
channels corresponding to cell walls and oil signals, respec-
tively. Cell contours were finally digitalized in 3-D from
both 2-D projected images and 3-D image stacks.

Reconstruction of the oil-air front z¥) from observations

Previous treatments detailed in Ref. 20 considered only
projected images. This study provides an interpretation along
the direction z (oriented downward) based on an optical
model detailed in the Supporting Information. Using the sep-
aration of time scales between the filling kinetics of succes-
sive cell layers, the following first-order approximation was
used to infer the position of the oil-air front, 0 from cell-
averaged fluorescence intensities, /()

[(r)_[(t-#AT,Jug) N Z(t)_zl +O<<Z(r)_zi1)2>

I(Y)_I(li) - Zi—Zj—1 (Zl'_Z,'_l)2
i1t A <t <t
with

zim <20 <z

a7

where {#;},_,, is the time when the front reaches the sepa-
rations between cells at position {2}, 5. {Alijg},_ , i
the apparent delay before the cell of the ith cell layer starts
to be filled due to the delayed release of trapped bubbles,
with Aty 1,,=0 in tested conditions. As one cell was placed
on top of three cells beneath (Figure 1d of Supporting Infor-
mation), it is worth noticing that /) was averaged over dif-
ferent cell contours when the next cell was filled. Air
bubbles rising in the opposite directions of oil, clearly visible
in some frames, caused temporal fluctuations of /) (see eq.
1 in Supporting Information).

Identification of filling and lag-times from experimental
79 kinetics

The effective imbibition model set by Eqs. 12 and 13 was
fitted to all percolation pathways identified in the series of
experiments with ¢=0.95. The three free parameters were
the times required to fill each cell and Af;},,. Continuous
distributions were consistently achieved by assuming that
they were Gamma distributed

£l er (18)

pr(x=t)=
(=)= o
where I'™ is the Gamma function and x is a shorthand for
any of the random variables: At; gy, Afyfin, Afr1ae. The
method of Ref. 103 was used to estimate the shape and scale
parameters, ar and br respectively, as well as their confi-
dence intervals.

In this study, Gamma distributions are envisioned as a
generalization of exponential ones and justified as follows.
The process of trapping and release of air bubbles is
assumed to be Poissonian so that lag-times are Erlang or
Gamma distributed. For filling times, the justification is less
intuitive. According to Eq. 15, choosing a log-normal conju-
gate prior distribution for the size of the defect, ry, leads to
a conjugate posterior distribution for the increment
{Ati1 fu—Atifn},.,. which is also a log-normal one. In
practice, log-normal and Gamma distributions are closely
related with similar tails while presenting significant
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differences only for low values. Finally, without a loss of
generality, it is important to notice that the use of Gamma
distributed increments facilitates their extrapolations in simu-
lation scenarios involving more than two layers as the sum
of independent increments follows in this case also a Gamma
distribution.

Simulation of oil uptake at the scale of a whole
parenchyma tissue

A general and flexible framework has been designed to
simulate oil uptake with arbitrary cell arrangements (i.e.,
based on 3-D real digitized structures) and underlying
physics (with or without air, with constant pressure or not).

Common Assumptions. This article reports the principles
in a simple case: (1) all cells have similar geometry and are
arranged within a regular honeycomb structure, (2) the cut
surface is parallel to the minimal cross-section of cells
(assumption very realistic for potato chips and acceptable for
French-fries), (3) oil percolates only through faces parallel to
the surface, (4) oil is assumed to be available in an unlimited
amount and to cover uniformly the external surface, (5) oil-
air front displacement inside each individual cell along the
cell longitudinal direction is described at coarse-grained
level as detailed in section “Theory,” (6) temperature is con-
stant as in experiments of Ref. 20, (7) cell walls (and possi-
bly starch) are at glassy state or near their glassy transition
temperature and do not swell in contact with oil. The princi-
ples of homogenization in time and space remain similar in
more complex configurations. The condition of an unlimited
amount of oil at the beginning of frying may appear exces-
sive at first sight but it corresponds to the observations of
Ref. 17, who showed that cooling the product onto a thick
film of oil was not affecting the final oil concentration pro-
file in French-fries. Oil uptake is indeed a very fast superfi-
cial phenomenon occurring within the first second of cooling
for the first cell layer and whose penetration depth is mainly
limited by the presence of defects.?

Two aspects of the “random nature” of the real oil uptake
mechanism are explicitly considered: (1) damage occurrence
and types are randomly distributed in fried products (see dis-
cussion in Ref. 18 for French-fry type products), (2) air bub-
ble trapping/release mechanism associated to highly
heterogeneous first-passage times. Both contributions are,
however, treated differently. Randomness in space is man-
aged by generating randomly several and sufficiently large
and periodic 3-D tissues according to prescribed rules. A tag
“damaged” or “not damaged” is assigned to each cell
according to distributions mimicking the real frying process
of food products (e.g., potato strips or chips). As an illustra-
tion, the cells of the first cell layer are cut during the indus-
trial process. If their content is fully removed, they are all
considered as damaged. They may be considered partly
“healed” (i.e., undamaged) if some starch fills partly the
cells. Oil can percolate from one cell to the next one only if
both adjacent cells are damaged. Because no oil is initially
present, only damaged cells connected with the external sur-
face by at least one continuous chain of damaged cells can
be filled with oil.

At this stage, damaged or “fillable” cells are identified but
the sizes of defects and the amounts of trapped air are still
unknown. This information is introduced subsequently by
assigning at random specific conductances between cells
(equivalently filling and lag-times) according to a priori dis-
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tributions. When it is combined in Eq. 13, it leads to a
coarse description of oil percolation at cell level. Only the
displacement along the longitudinal direction is preserved
and the details of biphasic arrangement of oil-air phases are
lost. This separation of times scales to reach one “fillable”
cell and to fill the considered cell is in good agreement with
both theory (see Eqs. 15 and 16) and experiments.”® To
reach a fast convergence while integrating the possibilities to
have several routes to reach a same “fillable” cell, a Kinetic
Monte-Carlo (KMC) methodology was applied with an algo-
rithm of first-passage (see Ref. 104 and its relationship with
KMC treatment in Ref. 105). The methodology is thought in
particular to mimick well the randomness of the trapping-
release process of air bubbles limiting the passage of oil and
being responsible for the increase of oil residence time in
cells.

Model 3-D Structure and Implemented Percolation Rules.
The potato parenchyma structure was idealized as a 3-D solid
foam organized in a perfect honeycomb-like prismatic struc-
ture.'® Each cell was built from the extrusion of a regular
hexagon. Starting from a cell placed at the center of the
domain, a hexagonal tiling was subsequently obtained by
joining three additional hexagons at each free vertex. Along
the z direction, the successive N layers were shifted to reach a
periodic structure over a period of two cells so that the posi-
tion on the plane (x,y) of the common junction of three adja-
cent cells matched the position at the center of the cell
immediately above and below. Cell walls were defined as the
volume outside the effective internal volume. In the plane
(x,y), the circular arrangement of cells led to a hexagonal tile
shape with a rotational symmetry of order 6. To simulate an
infinite surface with no edge, hexagonal periodic boundary
conditions were applied as reproduced in Figure 6. The six
hexagonal blocks (including 381 cells each) are fictive images
of the central block and illustrate the connectivity of opposite
cells due to the applied periodic boundary conditions.

Oil was assumed to percolate only in the z direction
according to the adjacency matrix A;= (ak‘l)i giving the con-
nectivity of the kth cell in layer i with the /th cell in layer
i+1. The condition Ap=I enforced that all cells of the top
surface were accessible to oil after cutting. The adjacency
was built to integrate boundary conditions in the plane (x,y),
with the result that any cell (except those from the last layer)
was located on top of three cells. Oil could migrate between
layers but could not be transferred laterally within the same
layer, as experimentally observed.”® It is worth noticing that
the overlap of cells in z direction enabled however oil to
spread in the plane (x,y) when oil progressed along direction
z. The maximum spread was limited only by the number of
layers N and cell damage ratios.

For production, the tissue was simulated as a honeycomb
arrangement of N =3 to 12 layers and with a tiling radius of
100 cells (30,301 cells/layer). Hexagonal cell units had a
depth of 350 um and a surface area corresponding to an
equivalent diameter of 200 pm. To enable a comparison
with a real product, the proposed model tissue is equivalent
in size to one quarter of the surface area of a French-fry of
100 X 9 X 9 mm’. Results were repeated ten times on struc-
tures with different random damages to get reliable statistics
and properly homogenized estimates.

Dynamic Simulation of Oil Penetration Front. Possible
oil percolation routes on Ng periodic parenchyma structures
including N layers were sampled using a Kinetic Monte-
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Figure 6. N =3 layers crust details (see Figure 1) with

its six fictive images (periodic boundary con-
ditions).
The central hexagonal tissue (in green) of radius 6 cells
comprises a total of 381 cells. Along the vertical direc-
tion, the structure is of period two (i.e., cells of adjacent
layers are overlapping). The presented system is 30
times smaller than those used for production. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Carlo (KMC) sampling based on Ny trials per structure
(chosen as a number larger than 10*/damage ratio of the first
layer). By contrast with concurrent techniques such as finite
element or finite volume methods, KMC methodologies ena-
ble to treat time continuously without limitation on the range
of time scales. They have been developed in physical chem-
istry to simulate phenomena occurring on a broad range of
frequencies. Applications to mass transfer can be found in
Ref. 60,107. Basically, the KMC method explores stochasti-
cally a sequence of transitions (oil passage from one cell to
the next one) between different states of the model, by
choosing the links and events according to their probabilities
of occurrence and/or the rates of the transitions.

In our case, the rates of the transitions (reciprocal times)
are determined by the filling times and possible lag-times,
whose first moment is given by the micromodel (see Egs. 15
and 16). Their full distributions are given by Eq. 18. Without
optimization and starting from a collection of filled cells, the
naive algorithm would consist in picking randomly filling
and lag-times for all possible transitions according to pre-
scribed distributions. The transition with the shortest total
time should be selected, the corresponding continuous front
displacement of oil-air should be simulated/reconstructed
with the micromodel and the simulation clock should be
incremented of the same amount. The list of transitions
should be updated and the whole procedure should be
repeated. This implementation suffers, however, several
drawbacks: (1) the distributions of filling times do not take
into account the effects of branching and (2) the sampling
procedure does not consider the separability of filling events
for cells belonging to the same layer.

The originally nonbranched micromodel (see Eq. 15) was
extended to branched routes by replacing, for each cell i in a
set, At;i—1 i by the corresponding first-passage time, denoted
T;rp. The importance of passage/arrival time distributions
stems from the mechanism of cell filling itself: the cell is
filled by the first meniscus, which is capable to reach it. By
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assuming that N;proutes (possibly overlapping) connect the
external surface to the targeted ith cell and by noticing that
surface cells are independent entry points, the average time
to reach the cell i is given by

Tirp=At;jag + (19)

1
u=1.Nip Tiu
where {T,-ﬁu}
branch.

Equation 19 is similar to Eq. 13 in Ref. 60 The scaling of
first-passage times in self-similar structures with arbitrary
branching is specifically discussed in Ref. 108. As all
branches have the same length (connections occur only
between cell layers in the current version), residence times
tend to be homogeneous in time and the diffusive behavior
is globally preserved in the branched generalization of the
micromodel. In practice, all percolation paths were identified
from the non-zero terms of [\, A;. Values of T -~
were calculated by recurrence by maintaining a table of first-
passage times for all cells connected to the outside.
Branched sampling was finally reduced to non-branched sim-
ulation by choosing randomly pathways with weights propor-
tional to their reciprocal residence times. Oil front
displacements were sampled and recorded optimally along a
prescribed list of connected cells. For each cell in the set,
one route to fill it was picked based on an exhaustive cata-
logue of all possible pathways including the cells in the set
or not (i.e., neighboring cells). As a result, cells in the set

u=1.n,re average residence times within each

could be filled, as expected in a real tissue, in a
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Figure 7. Principles of time homogenization of oil-air
displacements between two connected cells
of length Az: Distributions of positions (a) for
the three typical values of ¢ (solid line: 0.9,
dashed line: 0.5, dotted line: 0.1); corre-
sponding saturation profiles (b) calculated
via Eq. 2021.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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nonsequential way: for example, the cell of the third cell
layer might be filled before the cells above because a prefer-

ential route exists to reach it. The whole algorithm is out-
lined as follows

build the adjency matrix of the parenchyma structure

for j=1..Ng

for kzl..NMC

rfor i=1..L

Continuous oil front displacements z(f) were calculated
with Eq. 13 with a shape factor ¢ of 0.95, in agreement with
model experiments of Ref. 20. When oil uptake was simu-
lated without air initially filling cells, a profile without
asymptotic behavior (see Eqs. 9 and 10) was preferred by
choosing ¢=0.5.

Spatial and Temporal Homogenization. Continuous satu-
ration profiles s(z,f) were finally calculated from the cumu-
lated distribution of the oil front position at some prescribed
times ¢

z z,t
S(“’[) = <S(A )> all paths j=1..Nygc
7y all structures k=1..Ng

)] _ ()
=p1 <Z1<Mc|~{Ar1_.ug,An_ﬂ..},z1 v 2 Z) =l—pi <ZKMC|{Ar,.mg,At._nu},:._N < Z)
(21)

where ng[c is the oil front position sampled with the KMC

algorithm (21).

Equation 21 provided a mean-field approximation of oil
imbibition microscopic details, whereas details of the
dynamics were captured by filling rates, lag-times, and cell
connectivity. As a result, simulations based on complex oil—
air flows through variable defects between cells could be
ruled without strong assumptions on real transport properties.
The principles of temporal homogenization are illustrated in
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build all percolation paths starting from the surface

tabulate average first-passage times by recurrence

[pick at random one percolation route : P; withLany of 0..N

(20)

[ enumerate all paths to reach the ith cell of P

pick randomly one path based on their first-passage time distribution

pick randomly filling and lag time values according to their distributions

calculate the continuous displacements of the oil-air front in the ith cell

| store a discretized version in time of z(r)

Figure 7 on a simple configuration involving N =2 layers by
assuming (1) that all cells of the second cell layer are con-
nected with the cells of the first layer and (2) that filling
kinetics obey to Aty gy ~ T'(1.5,2.5) and
Aty gy ~ 1"(15725), with Atlilag:Atllag:O The results are
plotted for three typical values of ¢. It is worth noticing that
the change in slope of the saturation profiles at the junction
between cells is all the higher than the oil front displacement
is more nonlinear with time (i.e., when ¢— 1).

For real tissues, the distributions of {Ativfﬂl,Ati’lag}i:l”N
are likely to be unknown; but they can be estimated from
Egs. 15 and 16 using either (1) a proper Monte-Carlo sam-
pling procedure with a priori distributions of defect radii
and bubble obstructions, or (2) from mathematical properties
of Gamma distributions. In this work, the latter was pre-
ferred by noticing that the sum of n independent Gamma
random variables {X; ~ I, )}._, =~ is a random variable
following also a Gamma distribution I'(4 ). The Welch—
Satterthwaite approximation leads to as=(>,_, ,aib;)"/
Sy paib? and bg=Y",_,  aib?/>,_,  aib;, that is to say,
as=na; and bg=b; when all defects obey to similar distribu-
tions. As ag is the shape factor of the resulting distribution,
the approximation describes consistently the broadening of
filling times with the number n—1 of crossed constrictions.
For a tissue including homogeneous defects, the scaling
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parameter bg remains constant for all layers and depends
only on the distribution of the size of defects, ¢, used by oil
to cross from one layer to the next one. By noticing that
the expectation of the resulting distribution is asbs, observa-
tions from few layers (e.g., a; and b, values) can be general-
ized to more layers via a probabilistic version of Egs. 15
and 16. By‘l denolting {At; gy ~ T(a™ piMMYY | and
{Atitag ~ T(ap®, b*) },— - one gets

Ativy sin) — (At fin)
A
r

i+ 1 fill _ifill
a =a

(
r rot

forl <i<N (22)

gt e gidee <Ati+l,lag>la_ (Al 1ag
b

where {(At,‘,ﬁ]]>}i:2”N and {(At,‘,]ag>}i:2”N are the expecta-
tions of {At,»yﬁu}izth and {At[ylag -y @s given respec-
tively by Egs. 15 and 16. Although recursion rules were
inferred from nonbranched percolation routes, they were also
applied to set a priori probabilities in real parenchyma
structures.

To enable comparison with experimental results, oil
uptake was finally calculated respectively to the solid basis
from the local oil saturation, s&9, as

(z0) ?P('Tl> (z0)
FU=_"Tol et (23)
s (lis)ps
(T)

where, pg and p; are the densities of solid and oil (i.e., cell
walls) and ¢ is the average porosity of the parenchyma
structure.

Results and discussion
Experimental determination of simulation parameters

Main input parameters, including geometry of cells and
conduction rates from one layer to the next one, were
inferred from static and dynamic observations collected by
Ref. 20 on emptied parenchyma cells (no starch) initially
filled with air. As dynamic observations were acquired
exclusively in the plane (x,y), the displacements of the posi-
tion of the oil front along direction z were reconstructed
from the simplified optical model detailed in Supporting
Information and with practical relationship, (17). Corre-
sponding cell filling kinetics of individual cells were
abstracted as {Af[’]ag,Atl‘yﬁu}izl"N. Those data were finally
assembled in a KMC simulation scheme with a primary goal
of reproducing observations and subsequently to extend it to
more general conditions. The main simplification was geo-
metric: all tissues were regular and designed based on the
repetition of a same stem cell as illustrated in Figure 6 and
described in section “Common assumptions” of Materials
and Methods. The generated “crystalline” structure facilitated
the coding of periodic boundary conditions. Conversely, fill-
ing and lag-times involved in KMC simulations fitted the
real distributions of mechanistic parameters and not only
their average.

Geometric Parameters. All potatoes were cut along their
transversal axis of elongation. The geometry of parenchyma
cell was sampled over 14 parenchyma structures digitized in
3-D as reproduced in Figure 8. Apparent radii of cells were
calculated from disks of similar cross-section areas by
assuming that flow rates were conserved (see section “Oil
transport”). This choice was consistent with theoretical
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Figure 8. Typical reconstruction of 3-D cell arrange-
ments in the potato crust from projected
observations of Ref. 20.

(a) Digitized cell contours; (b) distribution of apparent
cell radii, which preserve oil flow rate between hexago-
nal parenchyma cells and their cylindrical idealization;
(c-d) 3-D reconstructions as an assembly of irregular
prisms [assembly (c) corresponds to the tissue depicted

in (a)].

descriptions of section “Finite volume effects” showing that
viscous drag (proportional to cell circumferences) does not
play any significant role. In this configuration, cell radii
were found normally distributed with an average of 98 um
and with a standard deviation of 16 pm. From a statistical
point of view, the symmetry of radii distribution around a
same mean justified well our initial claim: averaging results
over cells with different geometries yields to similar results
as simulating an “averaged” cell. For common use, the stem
radius was set to 100 pm in simulations, which corresponds
also to the value reported in Ref. 92.

Oil-Air Front Displacements. It was not possible to
identify and observe directly defects (holes, cracks,
fissures...) used by oil to percolate from one cell layer to
the next one. It was, nevertheless, inferred that the connec-
tion channel used to fill a cell of the second layer could not
exceed half of the cell diameter, due to the shifted honey-
comb arrangement of both layers (see Figures 6 and 8).
Direct observations of oil percolation beyond the first cell
layer were, however, scarce due to the difficulty of sampling
large areas and due to the very low fraction of damaged cells
in our experimental conditions. We recorded and recon-
structed successfully 479 oil-air front positions, z, from
dynamic 2-D images (see Eq. 17 and Supporting Informa-
tion). The positions z should be envisioned at a cellular scale
in a mean-field sense as they assumed a uniform filling
across the section and ignored complex alternations of air
and oil. Three typical observations are plotted in Figure 9.
Their shapes match properly theoretical ones in presence of
trapped bubbles and depicted in Figure 5. Because filling
events of the first and second cell layers were separable, the
displacements of oil—air front within each cell were fitted suc-
cessively with Eq. 13 and by assuming ¢=0.95 in Eq. 10
(first-order kinetic model). The agreement between theory and
experiments was remarkable with a clear identification of an
apparent lag-time due to a transient change in cross-section
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Figure 9. (a) Experimental oil-air front positions (sym-
bols) long three percolation paths observed
within the same parenchyma tissue and their
comparisons with the micromodel (continu-
ous lines fitted with Eq. 13). The inset (b)
details the filling kinetics of the cells of the
first cell layer during the first 5 s.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

(see Figure 5 for details of constriction effects) and with the
verification of the inequality At sy < Aty . In details, trip-
lets (At g1, Aty jag, Atp i) were of (2's, 448 s, 97 s), (1 s,
825 s, 60 s), and (2 s, 962 s, 151 s), respectively for percola-
tion paths 1, 2, and 3. The likely size of defects corresponding
to kinetics in Figure 9 was guessed to 4 pm = 1 pm from Eq.
16. The small size of defects could explain why they could
not be identified from a priori observations.

As expected from the power four dependence to defect
size in Eq. 15, kinetic parameters tended to be broadly
and skewed distributed. The fitted and reconstructed
kinetics corresponding to different classes of values of A
tisn and At g are plotted in Figure 10 from 75 inde-
pendent experiments. They confirmed the reliability of pre-
vious reconstructions and conclusions whatever the size of
the defects connecting the cells of the first and second
cell layers. Time fluctuations of z(f) positions were associ-
ated to variations of the optical properties across the sec-
tion due to the biphasic flow (as expressed via eq. 1 of
Supporting Information).

Kinetic Parameters. The distributions of collected Aty g,
Aty 140, and At iy values are plotted in Figure 11 and com-
pared with fitted Gamma distributions. Typical percentiles
Gamma parameters are summarized in Table 2. The reader
should be aware that Shannon’s rule prevented to estimate
small At; sy values far below the acquisition time. The distri-
bution of Ar gy values was consequently truncated to low
values. The collection of observations was sufficient to vali-
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date the assumption of Gamma distributions for all consid-
ered time constants. As justified in section “Dynamic
simulation of oil penetration front” from the mixing rules of
Gamma distributions, shape parameters ar are increasing
with the number of layers crossed. It is important to keep in
mind that to cross a new junction, oil needs to cross another
junction and that the momentum equation is integrated over
the whole oil column (see Eq. 3). As reported in Table 2,
the small increase of ar was unnoticed due to experimental
uncertainties. Unlike ar, the scale parameters br were
related to the size of defects used by oil to penetrate each
cell. In the first cell layer, the initial entrance was as large as
the cell size (r=rg in Eq. 15) and br associated to Aty gy
was lower than 1 s. It was about two decades longer for
Aty . The discrepancy can have two origins: (1) some air
escape mechanisms hinder the penetration of oil (see Eq. 8)
and/or (2) the passage of a narrow constriction limits the oil
flux (see Eq. 15). Lag-times Atyj,, longer than At gy sug-
gested that both effects occurred simultaneously with trapped
bubbles causing an additional reduction of the passage sec-
tion during a significant period of time (Eq. 16). By assum-
ing that air was perfectly compressible, the continuous
distribution of increments At f;— At gy (introduced in Eq.
15) was inverted to infer the likely distribution of defect
radii. It led to an almost symmetric distribution of r, cen-
tered on 3.8 um (Figure 11d). By assuming as a mild guess
that trapped bubbles were released when v=3% of the next
cell was filled with oil, average obstruction factor ¢ induced
by trapped bubbles was estimated to 0.29 from Eq. 16.

Time homogenization from isolated observations at
cellular scale

Principles. Distributed values of Aty gy, Aty 1, and Aty gy,
inferred from Figure 11, were generalized to N > 2 layers via
the recurrence relationship (16) in conditions close to those met
in,?® when all cells are initially filled with air. Continuous distri-
butions parameterized in Table 2 were preferred to experimental
ones because they gave access to tail values. The analysis
addressed here must, however, not be seen as a simple general-
ization of capillary migration to capillaries longer than two as it
requires to devise percolation rules. Oil percolation from one
cell to one of the three cells beneath was said possible when
both cells were tagged as “damaged,” which could be translated
as connected through a defect. The type and size of defects
were captured by the distributions of {At,;lag,Ati,ﬁu}l_:l“N and
introduced within the conventional KMC methodology [see
algorithm (21)] to conduct dynamic simulations. By denoting d;
the probability to have a cell damaged in layer i, the probability
to have given percolation path to extend to next layer was for a
regular honeycomb (see Figure 6)

pr(propagate a percolation pathi — i+1)=p(di+1)=
31 (1=dis1)+3d2 (1=dis 1) +d,  =3d; —=3d2,  +d3, |
(24

The propagation of a percolation path from one layer to
the next one was very likely only when di+; — 1 and
decreased proportionally to d;y; when d;+; — 0. In experi-
ments of,”’ only the value of d; was known and equal to 1
(all cells are cut and, therefore, fillable). As only few perco-
lation paths were propagated to Layer 2, d, was thought to
be low but remained unknown. A systematic study of non-
linear effects of {d;} was devised by simulating

i=1..Njayers
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Figure 10. Oil-air front displacements in cells of Layer 1 (a-c) and Layer 2 (d—f). The 479 kinetics (75 experiments)
are presented for the shortest (a,d), intermediate (b,e), and longest (c,f) filling times.

Symbols are experimental vlues and continuous lines are fitted with the micromodel (Eq. 13). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

percolation routes for three-layer parenchyma structures
obeying to the damage profile [1 d d]. Comparatively to
reported experiments in Figure 10, adding one layer enabled
to estimate the conditional probabilities to have a cell of
layer i + 1 filled when only some cells of layers i are filled.
In this scenario, all damaged cells of Layer 2 were filled
with oil at equilibrium. The probability to have any cell of
Layer 3 also filled with oil at equilibrium was
d(3d—3d*+d*), which corresponded to the approximations
3d*and d in 0 and 1, respectively.

Static Oil Distribution at Tissue Scale. Oil distributions
at equilibrium matching the damage profiles [1 d d] are illus-
trated in Figure 12a for some particular d values and plotted
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in Figures 12b,c for d varying continuously from 10~° up to
1. To make details discernible, honeycomb structures exem-
plified in Figure 12a are 90 times smaller than those used
for production. The fraction of cells filled with oil and the
frequency of connected cells with the outside were particu-
larly analyzed. Results were averaged over 10 parenchyma
tissues with tiling radii of 100 cells. Averaged filling values
converged rapidly to theoretical ones for infinite regular hon-
eycombs, that are: d°, d', and 3d? respectively for the first,
second, and third layer. The sharp decrease in oil content for
intermediate d values is particularly consistent with prior
observations of Ref. 17. The probability of a percolation
route of length N decreased as expected as d". However, for
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[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

d < 107%, the simulated tissue was too small to reproduce
good statistics.

Dynamic Simulation of Oil Uptake at Tissue Scale.
Static properties validated the feasibility of fast simulations
at the scale of thousands cells using cell connectivity and
distributions of cell damages. Dynamic simulations extended
static ones by sampling continuously percolation time by
deciding when the filling of each cell started and at which
rate. All kinetics followed Eq. 13 with ¢=0.9. The process
was repeated many times for randomly picked percolation
routes, filling, and lag-times. Typical oil front positions
sampled along three oil routes of length 3 are depicted in
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Figure 13a. Kinetics obtained were highly consistent with
the complete model (6) illustrated in Figure 5. For 10* routes
or more, a statistically correct oil front position is inferred.
A sampling independent of the considered tissue was
achieved by averaging results over more than 10 honeycomb
structures.  The  distributions  of  {Af;s},_, , and
{A[iiag}i:L.z were identical to those reported in Table 2.
The distributions of time constants for the third layer were
inferred from Egl 22, which led to: af-‘ml:3.22 and
ay™=10.9 with b2 =p2" and b E=p7e,

Several meaningful time and spatial averages (see Eq. 21)
are plotted for different d values in Figures 13 and 14: oil
saturation kinetics and oil profiles within each layer (Figures
13b,c) along the corresponding oil uptake kinetics at the
scale of the whole tissue (Figure 14). Corresponding (z(’>>
and (s) values were averaged over cells belonging at least
to one percolation route (i.e., filled with oil after some time)
and over all cells in the honeycomb structure, respectively.
In details, stair shapes dominated at the microscopic level
whereas smooth trends were emerged at the macroscopic
scale. At microscopic scale, oil front slow downed signifi-
cantly after the passage of restrictions and almost stopped
when air bubbles were transiently trapped inside. The con-
nection probability with surface decreased approximately as
[1 d 3d2} forcing the saturation profiles to be discontinu-
ous between layers. The oil saturation in the tissue was
found consistently converging to its theoretical value
(1+d+3d?)/3. As expected, the simulated honeycomb struc-
ture reproduced a threshold of bond percolation of 1/3 (solu-
tion of d=3d%) matching the coordination numbers in cells
in z direction. Above this value, invasion percolation was
possible and the same oil saturation value could be propa-
gated from Layer 2 to Layer 3 enabling a continuous oil pro-
file. Below this value, the saturation profile was sharply
discontinuous although a same damage ratio was applied to
Layers 2 and 3. Additional inhomogeneities were created by
introducing lag-times between filling kinetics. They were
responsible for the wavy shape of oil uptake kinetics (Figure
14b). As observed in Ref. 20, At ., led to a full separation
of filling kinetics of Layers 1 and 2. KMC simulations
showed that the conclusion did not hold beyond Layer 2 as
At3 109, Atain, and Atz gy reached similar magnitude orders
with partly overlapping distributions. In particular, the simul-
taneous filling of Layers 2 and 3 made the average displace-
ment of oil front more regular.

Alike dripping procedures in common frying practices, the
simulated tissue remained covered with an excess of oil so
that oil pickup was significantly overestimated for similar
cell damages. However, some important features were
expected to be well reproduced: the deep oil penetration
occurred on time scales much longer than the oil surface
invasion. This effect was mainly a consequence of mass con-
servation effects through constrictions. Lag-times, when they
existed, were conversely the consequence of the oil-air
counter-current configuration.

Extending KMC simulations to realistic post-frying
conditions

Common Assumptions. Real products are not expected to
exhibit homogeneous damages across layers as used in previ-
ous simulations. In our simulation framework, the attribute
“damaged cell” covered several aspects: (1) the connectivity
of cells enabling oil to pass from one cell layer to the next

DOI 10.1002/aic 2345


http://wileyonlinelibrary.com

Table 2. Gamma Distribution of Filling and Lag-Times Used in Kinetic Monte-Carlo Simulations Depicted in Figures 13 and 14

Percentiles Fitted parameters®+ 95% confidence intervals
Standard-deviation

Kinetic parameter 5th 50th 95th Shape parameter ar (-) Scale parameter br (s) Mean arbr (s) varbr (s)
Aty g () <1 1.32 6.50 2.18 = 0.405 1.03£0.213 2.25 1.52

At 14 (8) 203 501 939 544 +221 93.9 +=40.2 511 219

Aty g () 19.8 90 307 1.63 = 0.625 72.6 =32.6 118 92.7

ro (Lm) 2.65 3.55 5.63 - - 3.78 1.02

“see Eq. (31).

one and (2) the size of defects at junctions ry or cell walls
controlling the kinetic of penetration (see Eq. 15). According
to Ref. 109, par-fried French-fries would be characterized by
higher cellular damages, which should be translated as
higher r( values than those assessed in Ref. 20 on carefully
microtomed tissues. Achir et al.'” showed, additionally, that
the frequency of cells filled with oil was decreasing for cells
initially filled with starch. As a result, the damage ratio d
introduced in our KMC simulations had a meaning of
“fillable with oil” regardless the cell is filled with starch or
really damaged.

Previous simulations relied on experimental estimations of
{At,-_,ﬁu}i:l”N,w their extension to more general cases
required a direct estimation of these parameters and of their
distributions. Typical At g; values reported in Table 2,
around 1 or 2 s, were an acceptable guess for a multipurpose
application of our simulation framework. Conversely, a
median value of Az, gy around 70 s at 120°C seemed to be a
dramatic overestimate. Generic simulations were conducted
by assuming a value for (rp), which was increased 1.6 times
up to 6 pm and corresponding to (Afzn)~10 s. All subse-
quent quantities, including distribution parameters of
{At,;ﬁu}iﬂ“N, were inferred from Egs. 15 and 22. The prin-
ciples were applied to N =4 potato tissue, as reported in
Table 3. Two average damage ratios (0.25 and 0.4) were
considered on either side of the percolation threshold and
simulated for three damage profiles (shown in Figure 16a)
having: (1) a “V” shape profile with decreasing damages
with depth, (2) a “flat” profile with uniform damage, and (3)
a “hat” profile with increasing damages. As discussed in

i surface oil
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Figure 12. Distributions of oil at equilibrium in N=3
layers tissues with damage profiles match-
ing the pattern [1 d d]: (a) Tissue details
(green = cell walls, red = oil); (b-c) Statistical
analysis based on 250 tissues (3 x 10* cells
each).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Ref. 18, the “V” shape and “hat” profiles are typical of cel-
lular damage in fresh and par-fried French-fries. Without
loss of generality, temperature gradients were neglected and
both oil and tissue temperatures were assumed equal to
120°C. Oil uptake was assumed to occur without a signifi-
cant contribution of air: {Ati,lag=0}i:1“N (no trapped bub-
bles), ¢=0.1 (almost constant oil front penetration rate
within each cell).

Oil Distribution at Equilibrium. The equilibrium of oil
distribution corresponding to Table 3 is plotted in Figures
15b,c. Values were calculated on tissues with a radius
including 100 cells and averaged over 20 random tissues. All
results converged rapidly toward theoretical expectations. A
reasoning similar to Eq. 24 for the probability of filling one
cell from the three cells above leads to the following recur-
rence relationship for oil saturation at equilibrium, denoted
s

n—1

s4=p(spL ) )d,= {3siq,, =3 (s )2+ (sf,q,l)q d, with sj'=1

(25)

Oil concentration proﬁl?gq were decreasing with depth
while the condition d, < -2 was fulfilled, which corre-
sponded to a critical valud %’f .5 at the threshold of perco-
lation s¢9=1/3. As p(s;',) was both lower than 1 and
increasing with s;1, oil saturation decreased more sharply
than d,: a small reduction of cellular damage had a stron-
ger effect on oil uptake. In details, “hat” and “V” shapes
exhibited a cross-over between the third and fourth layer.
For a similar average damage ratio, “hat” shape profiles
were more effective tosex‘educe oil uptake. At relatively high
damage ratios (d, > —2715), oil profile inversion was evi-
denced (Figures 15a,6gi”’§2|ggesting that oil could accumu-
late in large internal cavities while being supplied by a
small number of open/damaged cells at the surface. This

situation has been particularly observed in par-fried

products.18

Oil Invasion Dynamics. As {Ati,ﬁ“}i:lnN values were
increasing with N, there was a synergetic effect between the
profile shape and the average damage ratios. These effects
are summarized in Figure 16. Oil uptake decreased sharply
with depth below the threshold of percolation (Figure 16a).
Comparatively to previous simulations, oil uptake kinetics
were considerably faster and exhibited a pseudo exponential
shape but without being homothetic with the final oil uptake
value (Figure 16b). While the same kinetic parameters were
applied to all the six simulated conditions, they could not be
merged into one single master curve. Above the threshold of
percolation, the hat shape caused in particular an inflection
point around 30 s. The sensitivity to damages was greater
for “V” and flat profiles but surprisingly low for “hat” pro-
files, which mimicked industrial par-fried products. Kinetics
obtained with the “V” shape damage profile were highly
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Figure 13. Simulated oil uptake within a N =3 layers tissue with a damage profile [1 d d] and kinetic parameters
detailed in Table 2: (a) typical oil position fronts; (b) filling kinetics of each layer; (c) oil saturation pro-

files for three typical d values.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

consistent with the kinetics obtained on products without cel-
lular structure such as tortilla chips.14’110 The highest resil-
ience of the “hat” profile comes from the larger number of
cells/cavities, which are not connected to the external
surface.

Comparison with a diffusive model

Results of Figure 16a showed that microscopic kinetic
parameters and microscopic structure ones were intimately
intricate and could not be separated easily. In the continuum
mechanics framework, both effects were conventionally cap-
tured with the concept of oil permeability. In multiphase
flow in porous media, this effective transport property was
replaced by the product of an absolute permeability, assessed
with oil alone, and a relative one (dimensionless) affected by
the local fluid composition (i.e., presence of steam/air,
water). As both quantities are usually unknown for a mate-
rial, whose composition and connectivity of pores depend on
prior transformations (par-frying, freezing, finish-frying), it is
convenient to replace the generalized Darcy multiphasic law
by an equivalent diffusive process with an oil diffusion coef-
ficient varying with oil concentration. These simplifications
have been reviewed in Ref. 20 (see section “Practical
approximations of Egs. 6 and 8 for individual cells”) based

on the work of Ref. 10. Although they relied on different
grounds, our KMC simulations involved also an effective
diffusion coefficient Do (T)= w
turing the Poiseuille flow assumption (see Eq. 11). It is
worth noticing that when a significant gradient of gas pres-
sure exists, the previous apparent diffusion coefficient can be

(see Eq. 15) cap-

augmented by the pressure gauge, as
p(T)cos (0)+r2 (Pym—Pair (t, T
DO(T): /( ) ( ) 8:10“((T?tm alr( ))

Phenomenologically, Halder et al.'® introduced an effec-
tive diffusion coefficient, which was increasing exponentially
with oil saturation. In our terms, the authors described an
increase of filling times, which tend to increase deep beneath
the surface (in regions not wet by oil in fact) in a close fash-
ion as Eq. 15 does. Diffusion-like profiles were consistent
with flat and “V” shape damage profiles (see Figure 16a)
and offered enough incentive for a crude comparison
between our KMC approach and the continuous mechanics
approach. In absence of detailed simulations on potato prod-
ucts, numerical simulations on tortilla chips'' and parameter-
ized on experimental values of Ref. 110 were chosen as
reference. Fried tortilla chips are very porous materials (e=
0.928), showing 100% expansion in the central region (see
figure 5 of Ref. 110). For this comparison and due to the
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model of Ref. 11 predicted a significant oil transfer during

_3f =0.7.1 X X . . . .
< %g-g immersion frying, which was not considered in our case.
3 2sf Ted=0.4 Without significant adjustments of input parameters com-
£ - paratively to previous simulation cases in this study, our
z 2| tea=0.3 : : . .
< ' l =0.2 KMC simulations showed a good agreement with the oil sat-
5 1.5} /’ - uration profiles (Figure 17a), the average position of the oil
8 el =01 () . . .
g 4 — =0.05 front, denoted (z\”) (Figure. 17b) and oil content (Figure
AF i 17¢c). The scaling of (z()) with time was further analyzed as
% ost | - +oo ro
| — : t : : ) cens= J 2 (s =509 ) 2/ J (5 =510 )z
1 0 0
B ~ Bt*
z o (26)
8
AF 06 where B is a scaling constant and o a scaling exponent meas-
T 04 uring the compactness of the oil invasion process at spanning
4 times. Both o values were closely related: 0.45 = 0.03 and

o
N
T
1

b.
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Figure 14. Oil penetration front (a) and oil saturation
kinetics (b) corresponding to Figure 13.
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[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

absence of cellular structure, our KMC simulation frame-
work should be thought as a cellular automata mapping
space via connected “tubes.” The following damage profile
was therefore considered [dy d d d...] with N=11. The
value dy was introduced to enforce the arbitrary boundary
conditions used by authors (dp=0.28). A reasonable value
of d=0.4 was chosen so that the saturation profile was
slightly decreasing with depth at equilibrium. According to
Eq. 25, a value of d=0.447 would have yielded to a flat
profile. Kinetic parameters were chosen close to those listed

in Table 3: {a’;ﬁ“}. =3 M= s,
1=1..

i fill - . i+ 1l ifill
b = 2.5 s, with an increment a " —ap" =2.2
T =11 r r

for i=2..10 corresponding to a constriction passage between
cylindrical volumes (r =100 pm, Az =350 um) of 6.6 um
[see recurrence relationship (23)]. Our simulated results are
compared with Halder et al. ones'' in Figure 17, for equiva-
lent post-frying conditions. It is worth noticing that the

0.49 = 0.02, for our simulations and Halder et al. ones'!
respectively. Removing the first layer (dy < d) improved the
agreement with the theoretical value of 0.5 corresponding to
oil front displacements within a tube with uniform section
under the sole influences of capillary forces and drag flows
(see Eq. 9 without momentum variation). In this perspective,
the quantities d and d, in our cell automata did not represent
the porosity of the material but the volume fractions, which
were potentially accessible to oil from the outside. Con-
versely, ¢ —d ~ 0.5 represented voids, which were initially
filled by puffed gelatinized starch, air bubbles, residual lig-
uid water (or steam) and which could not be invaded by oil
due to topological constraints (trapped volumes) or due to
strong viscous drags. This interpretation is consistent with
the relatively low oil saturation at the interface (0.28) in a
highly porous material (¢e= 0.928). Values of d larger than
0.5 would have caused fractal oil flows with protuberances
close to the surface and with internal bulk reservoirs. These
effects could not be reproduced with the approximations
used in Ref. 11, which consider only Fickian-like diffusion.
Non-Fickian diffusion with apparent oil transport from low
to high saturated regions is described in Figures 15 and 16
with the “hat” damage profiles. They are made possible not
because the underlying physics would be different (capillary
is the main driving force in both cases) but because the
microscopic approach relates on the effective diffusion coef-
ficient and the effective oil capacity to the local structure
and not to the local oil content. All these aspects are consid-
ered explicitly in the proposed KMC formulation.

Table 3. Parameters Used to Simulate Oil Uptake Within a N =4 Tissue Subjected to Damage Profiles with “V”, “Flat,” and

“Hat” Shapes

Damage ratio: d (same
average < d >)

QA fill
At~ T(ap™, o)

Cumulated, mean

Damage level Layer “yr “Flat” “Hat” a™Mm (o) b (s) filling time (5)3°/_, a-™"pi ™
High 1 0.7 0.4 0.1 2.0 1.0 2.0
2 0.5 0.4 0.3 3.0 3.5 13
3 0.3 0.4 0.5 5.4 35 31
4 0.1 0.4 0.7 7.9 35 59
Mean <d > 0.4 0.4 0.4 - - -
Moderate 1 0.4 0.25 0.1 2.0 1.0 2.0
2 0.3 0.25 0.2 3.0 5 13
3 0.2 0.25 0.3 5.4 5 31
4 0.1 0.25 0.4 79 5 59
Mean < d > 0.25 0.25 0.25 - - -
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Figure 15. Distributions of oil at equilibrium in N = 4 layers tissues (3 x 10* cells each) with damage profiles listed
in Table 3. Tissue details (green = cell walls, red = oil) are depicted in (a) with corresponding statistical
analysis plotted in (b-c).
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Conclusions

A general framework based on Kinetic Monte-Carlo
(KMC) simulations coupled with a first-passage algorithm
has been devised to describe oil uptake at the cellular scale
in presence or not of an incondensable phase. The proposed
KMC scheme uses filling and lag-times instead of conven-
tional effective transport properties to describe oil uptake.
These properties can be directly measured from microscopic
experiments or derived from the suggested oil-air flow
micromodel. It has been shown that the micromodel pre-
dicted a very similar separation of time scales when several
cell layers were successively invaded as observed in Ref. 20.
As a result, the KMC approach mimics, in essence, the het-
erogeneous dynamics of oil invasion between cells arranged
as honeycomb and connected through narrow constrictions.
Recurrence relationships were established between filling
and lag-times as well as their distributions in values to
extend the predictions beyond the initial observation ranges.
In agreement with the micromodel and observations, lag-
times are specifically interpreted as the consequence of bub-
bles trapped in defects. They reduce temporarily the passage
diameter and, consequently, the oil flow rate.

Oil uptake has been simulated in various conditions by
assuming a regular 3-D parenchyma structure and a gradient
of a parameter so-called cell damage. This quantity is
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generic and represents the quality of a cell to be fillable with
oil either because it is damaged or because the correspond-
ing oil route is not obstructed by another phase: water, dry
gelatinized starch. Periodic boundary conditions in the prod-
uct surface plane granted simulated results with a fast and
reliable convergence to theoretical ones at an infinite time. It
is shown that final oil pickup was not a direct function of
porosity but depended in a complex manner on the amount
of oil available at the surface, on the connectivity of dam-
aged cells and on the size of passage sections. The method-
ology enabled the investigation of phenomena distributed on
broad time scales, from 10~ * s to 10* s, in highly heteroge-
neous tissues with random connections between cells. In par-
ticular, it is shown that surface oil uptake is a fast process
due to the large opening of cells and the relatively short
length of cells. By contrast, filling times increase dramati-
cally with depth due to a percolation fed through a series of
small defects (passages) connecting cells. The typical inva-
sion time increases with the square length of the percolation

2350 DOI 10.1002/aic
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route and increases linearly with the number of constrictions
crossed. Trapped air bubbles can make the dynamics addi-
tionally more chaotic. Combined with the strong viscosity of
oil at room temperature, this general phenomenon should
block the redistribution of oil after frying. Calculations
showed that passage radii shorter than 1 pm could almost
block deep oil penetration. This effect would also explain
why dry porous starch is a very good barrier to oil.

Regardless the impregnated material comprised a cellular
structure, it has been demonstrated that KMC simulations
fed with correct filling times and “damage ratios” give time
scales and oil uptake values very comparable to detailed
mechanistic models. The superiority of KMC and first-
passage models arises from their 3-D representations inte-
grating main structural and organization properties of the
biological material, while keeping calculations fast (few
minutes to few hours on a single processor) and a few num-
ber of initial inputs. As most of the properties can be
inferred recursively, minimalist parameterizations require
only surface kinetic parameters. The integration of process
conditions requires two significant refinements: (1) coupling
with heat transfer and (2) limiting the amount of oil avail-
able at the product surface. In particular, evaporation or con-
densation could be implemented via the drying algorithm
reviewed in Ref. 111. Future works will be devoted to make
these developments available as an open-source project and
to simulate oil uptake in real structures digitized by micro-
computed X-ray tomography.
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Notation

B = scaling constant in Eq. 26
= cell defect ratio
= oil content respectively to the non-fat solid content, kg oil kg™~

solid
Foc = “capillary” Fourier number

g = acceleration of gravity, m s~ 2
Liax = capillary length in Eq. 1, m

[; = length of the ith cell in a sequence, m

m = mass of oil filling the tube or cells, kg

N = number of cell layers
P,i; = pressure of air in tube or cell, Pa
atmospheric pressure, Pa
capillary pressure, Pa
effective radius, m
radius of the ith cell in a sequence, m
oil saturation
temperature, K
time, s
filling time of the ith cell in a sequence, s
lag-time before entering in the ith cell in a sequence, s
oil-air velocity front, m s !
radially averaged oil front position, m
Zhottom = position of the bottom of the considered cell, m

Az = cell length, m

Greek Symbols

o = scaling constant used in Eq. 26
Ocounter = AIr €scape constant in counter current flow mechanism (see
Eqs. 8 and 10), m* s

d
Fy

P atm

Pe

~

7

1
T
t
At iy
Ati Jlag

Vv

z
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Opiston = Air escape constant in piston flow mechanism (see Egs. 8
and 10), ms !

Oranspiration = i escape constant in transpiration flow mechanism (see

Eqs. 8 and 10), s~ '

&= apparent porosity of the parenchyma tissue

e = dynamic viscosity of oil, Pa s

.ir = air volume fraction

y = oil-air surface tension, N m

v=ratio of cell length necessary to escape trapped bubble
O<v<

poil = oil density, kg m™—

= solid density, kg m "~

1

3
3

s

I'(ar, br) = Gamma function with shape parameter ar and scale param-

eter br, s

0 = contact angle between solid matrix, oil and air, rad

¢ = hydraulic diameter reduction due to the presence of trapped
bubbles in defects, used in Eq. 16

{ = initial liquid height used in Eq. 6, m

{ = shape factor in Eq. 13 (0 < { < 1)
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