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Abstract

Capillary pressure plays a critical role in driving fluid flow in unsaturated porous (pores not saturated with liquids but also
containing air/gas) structures. The role and importance of capillary pressure have been well documented in geological and
soil sciences but remain largely unexplored in the food literature. Available mathematical models for unsaturated food systems
have either ignored the capillary-driven flow or combined it with the diffusive flow. Such approaches are bound to impact
the accuracy of models. The derivation of the microscale definition of capillary pressure is overviewed, and the limitations
of using the microscale definition at the macroscale are discussed. Next, the factors affecting capillary pressure are briefly
reviewed. The parametric expressions for capillary pressure as a function of saturation and temperature, developed origi-
nally for soils, are listed, and their application for food systems is encouraged. Capillary pressure estimation methods used
for food systems are then discussed. Next, the different mathematical formulations for food systems are compared, and the
limitations of each formulation are discussed. Additionally, examples of hybrid mixture theory—based multiscale models
for frying involving capillary pressure are provided. Capillary-driven liquid flow plays an important role in the unsaturated
transport during the processing of porous solid foods. However, measuring capillary pressure in food systems is challenging
because of the soft nature of foods. As a result, there is a lack of available capillary pressure data for food systems which has
hampered the development of mechanistic models. Nevertheless, providing a fundamental understanding of capillary pressure
will aid food engineers in designing new experimental studies and developing mechanistic models for unsaturated processes.
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Introduction

Capillary action is a key characteristic of all unsaturated
porous structures. Soils, rocks, food stuffs, and biological
tissues are some common examples of materials involving
unsaturated transport. Since the porous structures bearing
multiple phases are ubiquitously found in nature, so is the
effect of capillary action [1]. This encouraged extensive
research in this field, which began nearly two centuries ago
with two well-known polymaths, Thomas Young and Pierre-
Simon Laplace, as the earliest pioneers. The quest to fully
understand and elucidate capillarity continues in various
fields, with researchers tackling increasingly challenging
problems encountered while studying capillarity. Some of
these problems will be introduced in later sections.

Typical examples of capillary action are the rise of water
and drop of mercury levels in a thin capillary tube dipped
in a bulk of the two fluids, respectively (Fig. 1). An expla-
nation of this phenomenon can be provided in terms of the
affinity of a phase towards itself (cohesion) and its affin-
ity towards other phases (adhesion). In the example of an

Water

(a) (b)

Fig.1 Capillary action in vessel filled with a mercury, b water
(reprinted from Fundamentals of Heat, Light & Sound [2]). CC BY 4.0

air—water-solid system, the higher affinity of the wetting
phase (water) for the solid phase (capillary tube) causes the
interface to reorient from an initial flat configuration and
form a concave meniscus toward air. This meniscus rises in
the capillary tube, pulling the wetting phase with it until a
new equilibrium position is reached. Conversely, in the air-
mercury-solid example, stronger cohesive forces in mercury
(non-wetting phase) lead to the development of a convex
meniscus that falls in the capillary tube below the level of
the bulk fluid.

The driving force for this capillary action is defined as
the capillary pressure. Discussions about transport in unsatu-
rated porous structures would hence be incomplete without
critically examining the role of capillary pressure.

A more fundamental explanation of this phenomenon
can be provided in terms of the interfacial tension and fluid
pressures that act on the deformable interface between the
immiscible fluids and the collective action of the interfacial
tensions acting on the intersection of the three phases known
as the common line or contact line. A detailed description
and a formal derivation will be provided in “Capillary Pres-
sure Definition.”

Food as an Unsaturated Porous Medium

Despite important implications, capillary pressure in food
systems has not received sufficient attention and rigor-
ous treatment, unlike other fields of study discussed in
“Applications of Capillary Pressure in Other Fields.”
Before discussing capillary pressure development during
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the processing of foods, to get a better intuition, we will
describe the porous structure of foods using plant-based
foods as an example. A similar deduction can be made for
other porous foods by changing the underlying structures.
Microstructural features of plant foods play an important
role in governing the movement of various phases within
the food. Some of these features include the size and orien-
tation of cells, the thickness of cell walls, and the presence
of intercellular spaces [3]. These intercellular spaces make
up a significant portion of the plant tissue [3], giving the
food a porous structure.

The porous structure of plant foods can be characterized
as being unsaturated due to the presence of water vapor and
carbon dioxide produced from respiration along with liquid
water [4]. The level of unsaturation varies from one plant
food to another and varies within one plant food depending
on environmental and processing conditions. Most foods fall
under the category of capillary porous materials with a pore
diameter below 10~"m, where capillary pressure-induced
forces are crucial to understand transport phenomena [5].

Common food processing operations like conventional
drying, microwave drying, extrusion, frying, baking, and
reconstitution of dried foods involve capillary pressure
development in the porous food matrix. For example, frying
in hot oil involves rapid vapor generation and gas expansion
within the food matrix [6, 7]. The increase in the gas phase
(non-wetting) fraction in the pores leads to the development
of capillary pressure in the food matrix. The capillary pres-
sure is expected to increase as more water is lost from the
food system. Consequently, the capillary pressure has an
increasing impact on further water movement. Similarly,
water imbibition during the rehydration of dried foods is
driven by capillary forces Weerts et al. [8]. As a result, any
attempt to fundamentally understand and predict the out-
comes of these processes would be seriously hampered
without carefully accounting for capillary pressure-driven
transport.

That said, the scarce availability of capillary pressure
data in the context of food systems has posed challenges
for physics-based modeling approaches. Some studies have
relied on empirical expressions from other fields like wood
science and soil science [9—-11]. Some studies used certain
expressions that lump the effect of capillary pressure with
other terms or used effective diffusivity-based expressions
[12—-14]. Any of these approaches are bound to have a nega-
tive impact on the model accuracy while also giving them an
empirical nature [15]. This also complicates comparing dif-
ferent mathematical models while limiting a given model's
adaptability to different products. Lack of information on
capillary pressure has also limited mechanistic understand-
ing of processes such as frying, high-temperature baking,
microwave heating, expansion of extrudate, etc., where
vapor or gas phases are involved.

@ Springer

Applications of Capillary Pressure in Other Fields

The consequences of capillary pressure development are
crucial to many industries and fields of study. One such
example is the oil and gas industry, which aims to increase
production flow rates to meet rising energy demands. Geo-
physicists, reservoir engineers, and other petroleum engi-
neers make significant use of the knowledge of capillary
pressure for evaluating reservoir quality, expected fluid satu-
rations, seal capacity, depths of fluid contact, and recovery
efficiency [16]. The capillary pressure also helps to esti-
mate the thickness of the transition zone, a region with vast
amounts of recoverable oil [17].

The study of soils also relies on capillary pressure to
explain various observations. For example, water under the
influence of gravitational pull alone would settle into the
water table, where it saturates the soil leaving the upper lay-
ers of soil completely dry. However, we observe regions of
unsaturation or partial saturation in the soil above the water
table owing to capillary pressure-driven upward water move-
ment [18]. The elevation of water above the water table is
expected to be higher in finer soils with smaller pores and
channels as compared to coarser soils [19].

Irrigation scheduling is crucial to achieving good crop
yields by maintaining optimum water levels in the soil.
One widely used soil moisture—based approach for irriga-
tion scheduling involves measuring the soil matric potential
(SMP) using a tensiometer [20]. The SMP is a manifestation
of the capillary pressure and is described as the force with
which water is held in the solid matrix, generally expressed
in kPa. The threshold matric potential above which irrigation
must be done to avoid increasingly poor yields varies from
one crop to another [21].

Plant hydraulics is another field of study dealing with
capillary pressure. Plants lose a significant amount of water
through transpiration, which needs to be replaced by water
uptake from the soil. The elongated tubes formed by xylem
cells in vascular plants provide the channels for fluid flow.
This is a passive transport mechanism requiring no use of
the plant’s energy, hence preserving the energy for metabolic
activities [22].

Objectives of the Review

The primary motivation for this paper is to provide a mecha-
nistic understanding of capillary pressure in the context of
food systems. A detailed discussion on capillary pressure
is missing in the food literature. The importance of cap-
illary pressure and its related applications have received
attention in soil, wood, and geological sciences for many
decades. This can also be inferred from the year of publi-
cation of some of the studies cited in this paper. Capillary
pressure research in these fields has moved to studying more
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complicated phenomena like hysteresis and the dynamic
nature of the capillary flow. Regarding food systems, lit-
tle availability of capillary pressure data combined with
an incomplete mechanistic understanding means that there
are potential knowledge gaps in the existing food litera-
ture. While it is encouraged that new experimental studies
are carried out, measuring capillary pressure for food sys-
tems is certainly not easy (discussed in “Capillary Pressure
Measurement in Foods”) and may require large collabora-
tive efforts. By bringing the capillary pressure discussion
to food systems, this study aims to help food researchers
build a fundamental understanding of capillary pressure and
explicitly outline the assumptions made in some commonly
used capillary pressure models. The former saves time and
effort for food engineers looking to build mechanistic mod-
els involving capillary pressure. The latter creates awareness
about certain simplifying assumptions that limit the validity
of some commonly employed models, which may or may not
be stated clearly elsewhere.

The specific objectives of this review include (1) pro-
viding an overview of the microscale derivation of capil-
lary pressure and its upscaled version at the macroscale,
(2) discussing the factors affecting capillary pressure, (3)
listing some available saturation and temperature-dependent
parametric expressions for capillary pressure, (4) review-
ing capillary pressure estimation methods used for foods,
(5) presenting various mathematical models developed for
unsaturated food systems, and (6) reviewing hybrid mixture
theory (HMT)-based models for frying.

Capillary Pressure Definition

The motivation to define capillary pressure comes from the
lack of understanding or, rather, misinterpretation of com-
monly used expressions in the literature [23]. Capillary
pressure is generally defined as the difference in pressure
between the non-wetting and wetting phases. This definition
of capillary pressure has three notable limitations. First, it
expresses the capillary pressure as a function of fluid pres-
sures, which are not intrinsic properties of the interface. Sec-
ond, this definition was developed at the microscale but has
been used ubiquitously at the macroscale. Third, it is valid

Fig.2 Force balance at equilib-

rium (reprinted from Has-

sanizadeh and Gray [24] with

permission from John Wiley n
and Sons) n

only at equilibrium but has been used for dynamic situations
in the literature. Therefore, it is essential to fully understand
the assumptions involved in this definition by reviewing the
derivation of capillary pressure at the microscale.

Microscale Definition

At the microscale, the presence of a wetting and a non-wetting
phase in a capillary channel leads to the development of an
interface between the two phases and the formation of a con-
tact line where all three phases (wetting, non-wetting, and
solid) intersect (Fig. 2). The net force on the fluid—fluid inter-
face is a result of the forces exerted by the fluids on the inter-
face and forces within the interface. The interaction between
the solid—fluid and fluid—fluid interfaces dictates the contact
line movement. The forces present at the interface and the
contact line are best represented by momentum balance equa-
tions over the two entities. The momentum balance equation
for an interface between phases a and f is given by [24],

P2l —rg = ve.s + N.[[ov - D)0 - U) = T,]| =0

Dt
ey

where

I excess mass of the interface (kg/m?)

% surface material derivative (1/s)

U velocity of the interface (m/s)

g gravitational acceleration (m/s?)

VoV° =V — NN.V, surface gradient operator (1/m)

5% interface stress tensor (N/m)

N unit vector normal to the interface (towards a phase)
(dimensionless)

p density (kg/m?)

v velocity of adjacent phases at the interface (m/s)

T, stress tensor for adjacent phases (N/m?)

[[KT[[K]] = K* — K?, jump in the quantity K

The first term on LHS of Eq. (1) is the inertial term, the sec-
ond term is the body force term, the third term is the interfacial
stress term, and the last term accounts for momentum trans-
fer to the interface from the adjacent phases. The bulk fluid
phases (wetting and non-wetting) and the fluid—fluid interface
are assumed to be isotropic and Newtonian. Accordingly, the
stress tensors are given by,

Y Vas

6
Yu"wu F €,
Y Vs
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SW’I - 7/1/\11'110' + TW”Z (2)
T) =—pl+1" 3)
where

w wetting phase

n non-wetting phase

y"" interfacial tension between w and n (N/m)

I identity tensor (dimensionless).

I° I -NN, projected surficial identity tensor
(dimensionless).

" viscous stress tensor for wn interface (N /m)

p® pressure in phase a (N/m?)

7% viscous stress tensor for phase & (N /m?)

The following assumptions are made to simplify the anal-
ysis further: (1) inertial and body force terms are negligible
compared to the other terms, (2) mass transfer between sur-
rounding phases and the interface is considered unimpor-
tant, (3) viscous effects of the phases interacting with the
interface is assumed negligible. Using Eq. (2) and Eq. (3)
in Eq. (1) and simplifying based on the assumptions made,
we get [24],

Vaywn . NyWVl(VO"N) + VG.TM}H — N(pw _pl‘l) — O (4)

The contact line is treated as a one-dimensional continuum
at the microscale. An analogous momentum balance equation
obtained for the contact line using a similar procedure and
assumptions is given by [24],

VC}/WVLS + yH/}’lSVCA.A — anywn — VWSyWS — Vnsyﬂs — F (5)

where

A unit vector tangent to the contact line (dimensionless)

V¢V = AA.V, curvilineal del operator (1,/m)

y™"™ contact curve compression (N)

Vi Vies» Vs NOrmals to the contact line (Fig. 2) (dimensionless)

F resultant of the elastic surface forces acting on the con-
tact line (N/m).

y"" is related to the stress tensor for the contact line,
whereas F accounts for the infinitesimal elastic deformation
of the solid—fluid interface. F may also be treated as a fric-
tional force resisting the movement of the contact line and
is, to some extent, responsible for the hysteresis observed in
the contact angle.

The normal components of the momentum balance equa-
tions are obtained by taking the dot product of Eq. (4) and
Eq. (5) with N and e_, respectively. Simplification results
in the following momentum balance equations for the
fluid—fluid interface and contact line, respectively [24]:

=r""(VN) + (" = p*) = =(V7.2").N ©
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y"cosd + ™ —y™ =Fle, (7)

When a thin capillary is dipped in a bulk liquid, the forces
acting at the newly formed contact line cause the flat inter-
face to deform into a curved geometry. The curve will be
convex or concave depending on the pair of wetting and non-
wetting phases. In the case of water and air, we see a concave
interface when viewed from the side. The meniscus forma-
tion leads to a pressure difference across the interface. This
pressure difference drives the movement of the interface till
a new equilibrium position is reached. The movement of
the interface can be seen as a combination of a change in
meniscus curvature and the subsequent movement of the
contact line. In fact, it has been shown that when the pres-
sure difference across the interface is changed by a small
amount, the curvature of the meniscus reorients to accom-
modate the small pressure change [24]. However, beyond a
certain change in pressure, the contact line will move to find
a new equilibrium position. An equilibrium state is reached
when the forces acting on the interface and the contact line
are balanced. At equilibrium, the momentum balance equa-
tions for a spherical meniscus in a circular capillary of radius
r(V°.N = 2”rﬂ, where 6 is the contact angle) are given by:

@' =p")e = ——— ®)

y"cosO 4y —y" =0 9)

Here, the viscous contributions, %", and the normal com-
ponent of force on the contact line, F'.e_, become zero. Equa-
tion (9) is known as Young’s equation, whereas Eq. (8) is the
Young—Laplace equation.

pi=p"-p° (10)

C

2y"" cos 6
p=——T

. Y

The LHS of the Young-Laplace equation is generally
defined as the capillary pressure (p©) (Eq. (10)). However,
a more accurate definition is given by the RHS, which
expresses the capillary pressure as a function of the interfa-
cial properties (Eq. (11)). Young’s equation (Eq. (9)) can be
solved to determine the contact angle at natural equilibrium.
For other states, a unique value for the contact angle may
not exist.

Macroscale Definition

The macroscale definition for capillary pressure is [25, 23]:

P =(p)" = {p)" (12)
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_ 2(y"")cos(0)
- (r)

Measuring properties at the microscale is not easy due
to the difficulty in devising microscale experiments. This
encourages the upscaling of microscale equations to the
macroscale. Upscaling involves averaging over a represent-
ative elementary volume (REV). Equations (12) and (13)
represent the upscaled equations for capillary pressure. The
averaging operator is denoted by the angled brackets. P¢ is
the macroscopic capillary pressure, whereas (p)" and (p)"
represent the pressure of the fluid phases averaged over their
respective volumes in the REV. However, the microscale
equations were defined for the interface and thus can only
be surface averaged over that interface. The surface averaged
pressures may not be equal to the average over the phase
volumes in the REV [24, 26]. As a result, Eqgs. (12) and
(13) cannot be obtained by a systematic averaging procedure
without making further assumptions. Also, it is difficult to
define a unique contact angle and capillary radius when we
move away from ideal uniform structures to more realistic
porous matrices like foods.

It is also important to note that Egs. (12) and (13) only
apply at equilibrium. However, many studies in the literature
have used these equations for dynamic situations, which may
be a source of potential errors [27]. These errors may be fur-
ther amplified at the macroscopic scale [26]. Therefore, the
widely used macroscopic expressions for capillary pressure
(Egs. (12) and (13)) make approximations, which, though
are acceptable, deserve at least a mention noted above.

P (13)

Factors Affecting Capillary Pressure

From Eq. (13), we can see that the capillary pressure is depend-
ent on the interfacial tension, contact angle, and pore radius.

Interfacial Tension and Contact Angle

The interfacial tension between the wetting and non-wet-
ting phase is a function of the intrinsic properties of the
two immiscible fluids in contact. Interfacial tension repre-
sents the excess energy at the interface due to unsaturated
intermolecular interactions, and it tends to minimize the
interfacial area [28]. Based on the macroscopic form of the
Young-Laplace equation (Eq. (13)), it is expected that the
capillary pressure will decrease with a decrease in the inter-
facial tension. Interfacial tension can be measured using a
wide range of techniques summarized and compared in the
work of Drelich et al. [28].

Any changes in interfacial tension between the phases
will affect the contact angle. Intuitively and also from Eq.
(13), it can be inferred that as the contact angle increases,

the capillary pressure decreases. Capillary pressure becomes
zero for a flat interface, i.e., §, = 90°. The contact angle,
which is a measure of wettability, can technically be esti-
mated from Young’s equation (Eq. (9)) but experimentally
measuring y"* and y™ is not very straightforward, and there
is not much data available. Furthermore, Young’s equation
assumes the solid surface to be flat, smooth, non-porous,
inert, and homogeneous. For real surfaces, however, meta-
stable states may exist, and consequently, the contact angle
may not have a unique value [29]. Contact angle hysteresis
is briefly discussed in a subsequent section (“Saturation”).
Methods for directly estimating the contact angle are sum-
marized by Alghunaim et al. [30] and Hebbar et al. [29].

Many food formulations include emulsifiers like mono-
glycerides, diglycerides, esters, and lecithin, which work
by reducing the interfacial tension between the immiscible
phases. These compounds will hence have an indirect impact
on the capillary pressure. Some surface-active compounds
may even form during a food process, for example, frying.
At high temperatures achieved during frying, the water vapor
exiting the food enters the hot oil, causing some hydrolysis
reactions [31]. The cleavage of fatty acids from the glyc-
erol backbone produces mono- and diglycerides, which are
surface-active in nature. The formation of these compounds
is expected to affect the capillary pressure.

Pore Radius

Apart from the fluid and solid surface properties, the capillary
pressure also depends on the pore radius. The inverse propor-
tionality between the two (Eq. (13)) means that thinner cap-
illaries develop higher capillary pressures. This is the reason
why water rises higher in thinner capillaries. Food as a porous
medium is not a single capillary but rather a bundle of capillar-
ies with a non-uniform pore radius. The capillary pressure at the
pore scale hence varies from one pore to another and along the
length of a pore. Additionally, during food processing opera-
tions like drying, extrusion, or frying, the pores can undergo
expansion or contraction along with the food matrix. During
processing, the microstructural changes in foods play a critical
role in capillary pressure changes. Alam and Takhar [32] studied
the microstructural changes during the frying of potato disks
using X-ray micro computed tomography. They found that 20s
of frying led to a decrease in the number of pores and a compact
structure because of starch gelatinization and the subsequent
release of biopolymers into the pores (Fig. 3). Their results were
consistent with Reeve and Neel [33] and Spiruta and Mackey
[34]. With an increase in frying time, they found an increase
in pore sizes due to the expansion caused by vapor formation.
The larger pores were formed progressively towards the center,
starting at the surface (Fig. 4). This is a direct manifestation of
the transport phenomenon taking place in the potato disks and
is indirectly influenced by the capillary pressure-driven fluid

@ Springer



400 Food Engineering Reviews (2023) 15:393-419

A Raw sample before frying B After 20 s of frying

Air-filled
pore

Oil-filled
pore

Fig.3 X-ray micro-CT images of potato disks A before frying, B after 20s of frying (reprinted from Alam and Takhar [32] with permission from
John Wiley and Sons)

movement. Thus, pore size affects capillary pressure, which, in Capillary pressure increases as the wetting phase degree
turn, affects pore size distribution in the food. of saturation decreases in the porous matrix [35]. Given
the complications involved in measuring the interfacial
tension, contact angle, and pore radius, empirical relations
expressing capillary pressure as a function of wetting phase
saturation have been proposed (Eq. (14)). There are two
notable shortcomings when capillary pressure is studied as
an explicit function of saturation. The most obvious short-
P =£(S,) (14)  coming of such an approach is the limited validity to only

Saturation

In porous materials, the capillary pressure for a given wetting
phase is a function of its degree of saturation:

A Grey scale image B 3D view C  Pore connectivity

Node (branching point)

Node (end point)
20s

40s

60s

Segment
(connecting
path between
two nodes)

80s

Fig.4 A X-ray micro-CT images of potato disks after 20, 40, 60, and 80s of frying (3.34 X 3.34 x 3.34pm voxel size), B 3D image of potato
disks, C pore network model (reprinted from Alam and Takhar [32] with permission from John Wiley and Sons)
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the same pair of immiscible fluids, porous structure, and
experimental temperature.

The less obvious but significant shortcoming is the non-
unique value of capillary pressure at a given saturation. For
a given magnitude of capillary pressure, it has generally
been observed that the wetting phase saturation is higher
during drainage than during wetting experiments [36]. Fac-
tors like non-homogeneous pore size distribution, advanc-
ing and receding contact angle differences, process-induced
structural changes to the porous matrix, air entrapment, and
capillary condensation have been hypothesized to be some
possible explanations for the observed hysteresis behavior
[37]. The presence of hysteresis in capillary pressure meas-
ured as a function of saturation has been widely studied in
the literature Abbasi et al. [38], Likos et al. [37], Magsoud
et al. [36], Nuth and Laloui [39], Pedroso and Williams [40],
Simanek et al. [41].

Nevertheless, capillary pressure—saturation functions are
widely used firstly because they provide a simple relation-
ship between the macroscale fluid pressures and secondly
because their implementation in mathematical models is
fairly straightforward [26]. Some available expressions for
capillary pressure as a function of wetting phase saturation
are discussed in “Capillary Pressure—Saturation Expres-
sions.” The effect of hysteresis on fluid flow is generally
neglected as there is a lack of available hysteresis data
Siminek et al. [41] and accounting for hysteresis com-
plicates the development of mathematical models Abbasi
et al. [38].

Temperature

The effect of temperature on capillary pressure is complex
and is of special concern in food processing, where signifi-
cant temperature changes can occur during a process and
temperatures way beyond the boiling point of water may
exist. A direct consequence of temperature change is through
the change in interfacial tension. Generally, interfacial ten-
sion decreases linearly with an increase in temperature
[42]. Based on this and as per the Young—Laplace equation
(Eq. (13)), capillary pressure is expected to decrease with
an increase in temperature. As discussed in “Pore Radius,”
high-temperature food processing operations like frying lead
to changes in pore size and pore distribution. However, the
effect of temperature on pore radius has not been investi-
gated thoroughly. Consequently, some studies assume the
pore radius to be independent of the temperature [43].
Some other fields of study, like wood science, assume
isothermal or constant temperature conditions, hence ignor-
ing any impact of temperature change on capillary pressure
[44, 45]. Such an assumption for food systems would make
the mathematical model less rigorous and impact the overall
accuracy. However, work done to illustrate the impact of

temperature on capillary pressure in food systems is scarcely
available in the literature. It must also be noted that though
constant temperature conditions can be assumed for many
cases in nature, there might be differences in the temperature
at which measurements are made in the lab and the actual
real-world temperature, for example, in the reservoir. This
has motivated researchers since the mid-1900s to understand
the relationship between temperature and capillary pressure.
The work of Phillip and de Vries [46] is one such example,
although it was found to underestimate the effect of tem-
perature when compared to experimental data [47]. Some
expressions available in the literature have been discussed
in “Capillary Pressure—Temperature Expressions.”

Capillary Pressure Parametric Expressions
Capillary Pressure-Saturation Expressions

A wide range of expressions are available for capillary pres-
sure as a function of wetting phase saturation. Some widely
used expressions in the literature are discussed in this sec-
tion. The expressions are based on the assumption of the
nature of the relationship between capillary pressure and
saturation expressed as a single or multiparameter explicit
function. Consequently, an optimal set of fitting parameters
need to be determined using experimental data.

Relation of van Genuchten [48]

van Genuchten [48] developed the following empirical rela-
tion between wetting phase saturation and capillary head:

1 m
S =(——
: <1 " (ah)n> 1)
1
1 _1 n
h= —<S€ " 1> (16)
a
where
S, -8,
S, =
S, =S,

Equation (15) [48] is perhaps the most widely used
expression that relates the capillary pressure head (k) to
wetting phase saturation (S,). The capillary pressure head
(h) can be converted to an equivalent capillary pressure.
S, is the effective saturation of the wetting phase. S, and S,
represent the saturated and residual wetting phase saturation
in the porous medium, respectively. a, n, and m are the fit-
ting parameters. According to Chen et al. [49], a is inversely
proportional to the non-wetting fluid entry pressure, and n
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represents the width of the pore-size distribution. According
to Yang and You [50], a is inversely proportional to the mean
pore diameter, and n and m are shape parameters. Hence,
there are different interpretations of the physical significance
of these fitting parameters.

Equation (15) can be rearranged to express the capillary
pressure head as an explicit function of saturation (Eq. (16)).
Furthermore, many authors prefer to use capillary pressure
instead of capillary pressure head, and in such cases, the
units of @ will change accordingly [51, 52].

Though the expression was first developed for studying
water retention in soils, it can, in principle, be used for all
systems, including foods and other biological matrices. This
is because a general form of the expression was assumed that
did not have a material-specific theoretical basis.

The van Genuchten expression has five undetermined
parameters: S, S,, @, n, and m. Though all five parameters
could technically be optimized to get the best fits, it is advis-
able to reduce the number of undetermined parameters. This
can be done by fixing the value of S, and S, or by determin-
ing their value through experiments [53]. For example, S,
can be assumed to be 1, which means that at full saturation,
all the pores in the matrix will be filled by the wetting phase.
Another approximation that could be made is directly using
S, instead of S, [54].

1
k=m—-1+ -
m +n an

van Genuchten [48] used his expression to predict the rela-
tive hydraulic conductivity for soil-water systems using
Mualem [55] and Burdine’s [56] models. However, in order
to get a closed-form expression for conductivity, the values
of m and n need to be restricted. For Mualem’s [55] model,
the restriction is given by Eq. (17), where k needs to be an
integer. For the simplest case of k=0, m =1 — i Though
different k values can be used, there is an increased complex-
ity without significant changes in the results. For Burdine’s
[56] model, the restriction on m and 7 is given by = 1 — 5
As a result, the number of undetermined parameters in the
expression reduces to 2 (a and n). The fitting of these param-
eters for different systems has been done extensively in the
literature.

Similar efforts need to be undertaken for food systems.
Weerts et al. [8] studied the hydration kinetics of dried
green tea at different temperatures using a van Genuchten-
type water retention curve. Experimentally measured water
activity data and the Kelvin equation (Eq. 39, discussed in
“Kelvin Capillary Penetration”) were used to determine
optimum « and n values. The experimental data and fitted
van Genuchten model at 7 = 298K are shown in Fig. 5.
a and n values determined for four different temperatures
are summarized in Table 1. The magnitude of a was found
to decrease with an increase in temperature, whereas n
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Fig.5 Fitted van Genuchten expression at 7' = 298K for green tea
(reprinted from Weerts et al. [8] with permission from John Wiley
and Sons

increased with an increase in temperature. The plots of / vs
S, (Eq. (16)) using the values of a and n estimated for differ-
ent temperatures are shown in Fig. 6. Notice the S-shaped
nature of the curves. This study is discussed in more detail
in “Indirect Measurement.”

Relation of Brooks and Corey [57]

Another widely used expression is given by Brooks and
Corey [57]:

P\’
S, = <F> for P° > PP (18)

5, = (L A (19)
“\h

where P? and A are essentially the fitting parameters and

represent the bubbling pressure and pore size distribution

index, respectively. The bubbling pressure, which is also

referred to in the literature as entry pressure, is defined as
the minimum pressure required for the non-wetting phase to

Table 1 van Genuchten Temperature a(m‘l) n

expression parameters at K)
different temperatures for green
tea (reprinted from Weerts et al. 208 0.022 1.68
[81 with permission from John 313 0018 172
Wiley and Sons)
333 0.016 1.74
353 0.011 1.82
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enter and displace the wetting phase in a saturated matrix.
The range of pore size distribution increases for decreas-
ing A. Brooks and Corey [57] discuss methods to estimate
P’, A, and S,. The expression can also be written in terms
of the heads (Eq. (19)) since it’s a ratio of pressures. van
Genuchten [48] showed that Eq. (15) reduces to Eq. (19) at
high values of the capillary pressure head. When a compari-
son is made between the two expressions, it becomes clear
that « is inversely related to the entry pressure (P’) and n
is the pore size distribution index, as pointed out by Chen
et al. [49].

The difference between the S-shaped van Genuchten
expression and the convex-shaped Brooks-Corey expres-
sion is the representation of the capillary entry pressure
[51]. Li et al. [51] showed that (Fig. 7) the Brooks-Corey
expression leads to a plateau with a non-zero entry pres-
sure, whereas in van Genuchten’s model, the plateau ends
with a steep slope that meets the x-axis at full saturation.
Numerous studies have discussed the capillary entry pres-
sure representations, but an agreement on its importance

Fig.7 Entry pressure repre- P A
sentation for van Genuchten c
expression (left) and Brooks-

Corey expression (right)

(reprinted from Li et al. [51]

with permission from Elsevier)

region

Entry-slope _

has not been reached. Some convergence and numerical sta-
bility issues were found when the van Genuchten expression
was used [58]. However, this difference in entry pressure
representation does not lead to any significant differences
in the capillary pressures estimated away from the endpoint
(full saturation).

Other Expressions

Many other capillary pressure—saturation expressions have
been proposed by Durner [59], Rogers et al. [60], Russo
[61], Silin et al. [62], and Webb [52]. However, these expres-
sions were developed for specific systems, and their predic-
tive capabilities have not been tested sufficiently for other
systems.

From the above discussion, it can be seen that there are
several capillary pressure—saturation expressions availa-
ble in the literature. Expressions given by van Genuchten
[48] and Brooks-Corey (1964) are used more widely than
others and are also closely related. Though these were
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proposed for soils and have been used successfully in geo-
logical and wood sciences, their generic nature allows us
to adopt these expressions for food systems. Experimental
data for capillary pressure in food systems can be used
for finding the optimum values of the fitting parameters,
and the resulting expressions can subsequently be used in
mathematical models. However, there is a lack of available
capillary pressure data for food systems.

Capillary Pressure-Temperature Expressions
Small to Medium Temperature Changes (<20K)

From the Young-Laplace equation (Eq. (13)), we can see
that the capillary pressure is expected to change due to the
changes in y"" and cosf with temperature. Several stud-
ies in the literature have shown that a decrease in capil-
lary pressure with an increase in temperature cannot be
explained by changes in interfacial tension (y"") alone
[63]. Grant and Salehzadeh [43] explored the effect of
temperature changes on the wetting coefficient (cos ).
Grant and Salehzadeh [43] developed and tested their
expression for capillary pressure—temperature relation for
two soils (Plano silt loam and Elkmound sandy loam) at sev-
eral temperatures (5 — 40 °C), achieving exceptional fits. An
overview of the development of their expression is discussed
here. It is important to note that the pore radius has been
assumed to be independent of temperature and is constant
at a given saturation. Furthermore, the wetting coefficient
(cos ) is a manifestation of changes in " and y"* with tem-
perature and is independently measurable like y*” (Eq. (9)).
Taking the temperature derivative of Eq. (11), we get,

op® _ p° (oy™ )2 ( dcos 6 )
= +
oT ~ ym < of ) " coso\ or (20
All terms on the RHS of Eq. (20) are well studied, and
experimental data is available in the literature, with the

exception of the % term. Using a chemical thermodynam-
ics-based derivation, Grant and Salehzadeh [43] showed that,

W cos 0 + ASWh® wn
dcos@ — 1 14 sn _ C()Sgdy (21)
dr ywn T dT

where ASVh® is the enthalpy of immersion per unit area
(J/m?). Furthermore, assuming a linear relation between
y"" and temperature,

y""=a+bT (22)

where a and b are constants, and a temperature-independent
value of A?¥A*, it can be shown that the capillary pressure—
temperature relationship is of the form,
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or
where f is a negative constant, and its magnitude depends
on A"h*, coefficients in the linear relation between y"" and
temperature, and the value of the wetting coefficient at a

reference temperature. Finer details about the derivation can
be referred to in their work.

= ﬂO +T (23)

P° a

s
(m) b 4)
JaT

If the effect of change in wetting coefficient with tem-
perature is ignored, i.e., accounting only for interfacial
tension-dependent changes to capillary pressure, an equa-
tion (Eq. (24)) similar to Eq. (23) is obtained. The two
expressions have the same form and only differ in their
intercepts. The intercepts are expected to be an indicator of
the relative sensitivity of the capillary pressure to changes
in interfacial tension and wetting coefficient.

Integrating Eq. (23) between a reference temperature
(T,) and target temperature (7;) leads to the following
relation,

o+l ) 25)

Py =Pr_ <—
R A

The validity of the above model relies on two assump-
tions. The first is the linear relationship between y"” and
temperature. There is extensive data available in the lit-
erature that supports this assumption for a wide range of
fluids and temperature ranges [64, 65, 42]. The second
assumption of temperature-independent A3”A° could be
a source of discrepancy. However, despite making these
assumptions, Grant and Salehzadeh [43] found a good
agreement between experimental and predicted data. f,
was estimated using non-linear regression analysis. For
imbibition and drainage data of Plano silt loam, f, is
—346.4 K and —380.4 K, respectively. For imbibition data
of Elkmound sandy loam, f, = —398.8 K. The estimates
were made at a reference temperature, 7, = 298.15 K. The
py values were estimated using experimental data between
5and 40 °C, restricting their validity to the same tempera-
ture range.

This expression (Eq. (25)) can now be plugged into any
of the capillary pressure—saturation expressions discussed in
the previous section to get a capillary pressure—saturation-
temperature expression. Such expressions can be used in
mathematical models, especially for food systems undergo-
ing significant saturation and temperature changes. Experi-
mental studies to estimate the value of f, for food systems
are encouraged.
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Large Temperature Changes (>20K )

_ 2( ns _ ws)
r

C

(26)

Grant [66] developed a two-parameter expression for the
capillary pressure—temperature relation. Though the two-
parameter model, like the one-parameter model, is based on
interfacial thermodynamics, it uses Eq. (26) (obtained by com-
bining Eqgs. (8) and (9)) as the starting point. The interfacial
energy per unit area («*>* in J/m?) for an interface formed by
phase a and f can be expressed as,

dy®?
dT

=y’ =T @7)

A power series expression for the interfacial energy per
unit area in terms of temperature was proposed, and the
resulting expressions for the wetting phase-solid and non-
wetting phase-solid interfacial energies per unit area are
given by,

Ms,ws — Z a;/sTj (28)
j=0

W=D (29)
Jj=0

where a;” and aj’.” are coefficients. Using Eqgs. (28) and (29)

in Eq. (27) and solving the differential equation to find the
respective interfacial tensions, we get,

0 awsT]
=ay* +a)’ThnT + ) —— + T (30)
j=2 J=
il a"‘TJ
Y= ap +a"’TlnT+Z +°T G31)

where ¢ and ¢ are constants. Combining Eqgs. (26), (30),
and (31) gives,

e = % [(ao aB”) +Tlin T[(a’lls WS)] + T[( - cws)]
I Tj|:<a;w _ a;vs)]
X

(32)
Ignoring the higher order terms (j > 1) and substituting

By =ay —ay’, py =™ —c"and p, = a}’ — a}” we get,

pi(T) = %[ﬁo + /. T+ p,TInT] (33)

Grant [66] discusses the rationale behind ignoring the
higher-order terms, and readers are encouraged to refer to their
work for finer details of the derivation. The truncated expres-
sion relating the capillary pressure at a target temperature (7)
to a reference temperature (7,) is given by,

c o Pot Ty + B T;InT;
Pr=n, = Pr=t\ 33T + p,T.0nT,

(34)

where f; ~ 1 [43]. The above two-parameter expression
reduces to Grant and Salehzadeh’s [43] one-parameter
expression (Eq. (25)) when g, = 0. It would be appropri-
ate to make this assumption over a small temperature range
since the /n term changes slowly. However, over higher tem-
perature ranges, the In term may contribute significantly to
the overall capillary pressure change and hence should not
be ignored.

The two-parameter model fits the available water—air capil-
lary pressure data slightly better than the one-parameter model
[66]. For the drainage data of silica sand reported by She and
Sleep [67], Grant [66] estimated the f, and f, values to be
—86.6 mN/m and —0.134 mN/mK, respectively. The g values
are valid between 20 and 80 °C, which is the temperature range
for which measurements were made. The models fit well the
experimental data for heterogeneous porous media like soils
and homogeneous porous media like uniformly composed
glass beads. The wide range of applicability of the models is
encouraging for using these models for food systems.

The models, however, did not fit the data for water—oil
systems as well as they did for the water—air systems. In some
cases, the standard errors in estimates were of the order of
the estimate. Nevertheless, expressions to estimate the tem-
perature sensitivity of capillary pressure are promising with
regard to the ease of their implementation in mathematical
models. Capillary pressure data for food systems at different
temperatures would be needed to estimate the fit of these
proposed models, and experimental work for food systems
is encouraged.

The motivation for this section was to discuss some expres-
sions developed for the temperature dependence of capillary
pressure based on interfacial thermodynamics. Some other
such relationships have been summarized by Kang and Chung
[44]. Though not all the available expressions have a theo-
retical basis in interfacial phenomenon, the ultimate choice is
left to the reader. Capillary pressure data for food systems at
different temperatures would be needed to estimate the fit of
these proposed models.
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Capillary Pressure Measurement in Foods

The commonly used methods for measuring capillary
pressure include the high-speed centrifugation technique,
porous plate technique, and mercury injection technique.
An in-depth description of these techniques, including
sample preparation, test equipment, procedure, advantages,
and limitations, can be found in McPhee et al. [68]. These
techniques were developed for geological and soil sciences
applications, which deal with rigid and non-cellular struc-
tures [69]. Most solid food materials are essentially soft
biopolymeric matrices that would deform under stress. This
is especially true for experiments involving the application
of a high-pressure or centrifugal force to drive liquid flow
from the food. Deformation of food can lead to a structural
breakdown, which might affect the results. Additionally,
methods that require long contact times with water to attain
equilibrium may lead to microbial spoilage and swelling of
the food sample [53]. Thus, there are challenges in adopt-
ing currently available capillary measurement techniques
to foods. As a result, very little capillary pressure data is
available in the food literature. Nevertheless, some studies
involving capillary pressure estimation in foods have been
discussed in this section. The idea is to encourage further
development of capillary pressure measurement methods
specific to food systems. Broadly, the available methods can
be grouped as direct or indirect measurements.

Direct Measurement

Direct measurement techniques measure the capillary pres-
sure developed in a food matrix directly. One such attempt
was made by Halder et al. [69] for potatoes. The capillary
pressure measurements were made using pressure plate
(porous plate) experiments and liquid extrusion porosim-
etry. The setup for both methods is shown in Fig. 8. It was

Fig.8 Setup for direct capillary
pressure measurement using a

pressure plate, b liquid extru- Sample

sion porosimeter (reprinted

from Halder et al. [69] with
permission from John Wiley
and Sons)

Saturated
membrane

Water flowing out is collected
in a test tube and measured

()
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assumed that liquid (water) flow is induced as long as the
applied pressure is greater than the capillary pressure. As
the food loses moisture, the capillary pressure in the food
matrix is expected to increase. When the capillary pressure
equals the applied pressure, no water flows from the food.
Measurements are made at different applied pressures, and
the corresponding moisture contents are noted in order to
make a capillary pressure-moisture content curve. For the
pressure plate experiments, the samples were allowed to
equilibrate in a100%RH pressure chamber for 5 days at pres-
sures up to 1.5 MPa, which was the maximum possible for
the equipment. In the case of the porosimeter, the pressure
was raised every hour by 0.025 MPa till the applied pressure
reached the maximum possible value of 0.7 MPa. The inter-
mediate moisture contents are estimated by measuring the
drained water at fixed intervals. In both experiments, only
2% of the total water flowed out at the maximum possible
pressure. Some explanations cited for these observations
include the development of high capillary pressures (higher
than the maximum applied pressure) and the presence of
a larger fraction of water inside cells than in the capillar-
ies. Furthermore, capillary pressure experiments at higher
temperatures were restricted by the softness of potatoes at
those temperatures. Thus, equipment capable of driving out
all the water in the capillaries without causing deformation
is needed to measure the capillary pressure.

Indirect Measurement

Indirect measurement techniques use measured quantities
like pore radius, contact angle, surface tension, and water
activity to estimate the corresponding capillary pressure. This
estimation is done using capillary pressure formulae like the
Young—Laplace equation (Eq. (13)) or the Kelvin equation
(Eq. (37)). Stevenson et al. [70] estimated the capillary pres-
sure in polyacrylamide gels and minced chicken breast gels

Compressed Air

l O-Ring

Sample

Saturated Membrane

Tube filled with water

Water flowing out is measured
continually in a micro balance

(b)
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using the Young—Laplace equation. Pore size measurements
were made using scanning electron microscopy (SEM) com-
bined with image analysis, and the contact angle was meas-
ured using the captive bubble method. The surface tension
was assumed to be equal for all samples and equal to the
standard surface tension of water at 20 °C,i.e., 72.86 mN/m.
The estimated capillary pressure for polyacrylamide gels and
chicken meat gels was of the order of 10 MPa, with the high-
est calculated capillary pressure just above 90 MPa. This
approach has some limitations. First, it uses the macroscopic
form of the Young—Laplace equation, which itself has some
limitations, as described in “Macroscale Definition.” Second,
it uses mean values of pore diameter and contact angles for
capillary pressure estimation. Solid foods generally have non-
homogeneous porous structures with varying pore sizes and
non-uniform contact angles. Third, it uses the standard sur-
face tension of water. The authors admit that surface tension
can be affected by the presence of solutes like salts, sugars,
and preservatives. Thus, a measurement of surface tension for
the solution inside the gel must be made for better predictions
of the capillary pressure.

Weerts et al. [8] studied the rehydration kinetics of dried
green tea at different temperatures. They emphasized that
hydration is not a diffusive process but is rather driven by
capillary flow. To solve the unsaturated transport equation
for water uptake, a water retention curve that expresses the
capillary potential as a function of saturation is needed. van
Genuchten’s [48] expression (Eq. 15) was selected for this
study. In order to find the fitting parameters @ and n, the
Kelvin equation (Eq. (39)), which expresses the capillary
head as a function of water activity, is inserted in the van
Genuchten expression. The least-square values of @ and n
were determined using the saturation-water activity data
adapted from a moisture sorption isotherm available for tea.
Good fits were obtained (Fig. 5), and this procedure was per-
formed for four different temperatures. The optimum « and
n values are summarized in Table 1. The approach used in
this study estimated the capillary potential without actually
measuring it, hence not facing the same problems as direct
measurement techniques. Also, moisture sorption isotherms
are widely available for different foods and at various tem-
peratures. However, a word of caution is necessary regarding
the use of the Kelvin equation to relate the capillary poten-
tial and water activity. The applicability of the Kelvin equa-
tion is widely contested. This is discussed further in “Kelvin
Capillary Penetration.” As a result, this indirect approach
may face the same challenges of applicability.

A similar approach was adopted by Troygot et al. [53] for
modeling the rehydration kinetics of a model food system
made from microcrystalline cellulose (MCC). The commonly
used capillary pressure expressions perform poorly for lower
water saturations [53]. It was assumed that the capillary pres-
sure at lower saturations is a linear function of wetting phase

saturation when plotted on a semilog plot. The Brooks-Corey
expression Eq. (19) was merged with the exponential estima-
tion of capillary pressure (for lower water saturations) to get
the so-called merged moisture characteristic curve. It was
further assumed that the merged curve intersects the capil-
lary head axis at 10°m. The point where the two curves merge
is determined by imposing the continuity requirement, i.e.,
equal slopes. Using available water sorption isotherm data,
A (fitting parameter for Brooks-Corey expression) was esti-
mated. The rehydration kinetics of MCC was predicted well
using the merged moisture characteristic curve.

Mathematical Models for Food Systems

In general, mathematical models for food systems can either
be developed based on an in-depth understanding of the
physics or alternatively can be conceptualized essentially
as functions that produce outputs that agree reasonably well
with experimental results when provided a set of input vari-
ables corresponding to the experimental conditions. In either
case, the objective is to predict the outcomes of a process.
The latter type of model, known as empirical models, is,
in most situations, much easier to develop and implement.
However, these models often need a large amount of experi-
mental data and do not provide insights into the underlying
physical mechanisms. As food engineers and scientists, it
is interesting to explore the physical phenomenon behind
processes, and the fundamental knowledge on mechanisms
helps to improve the processes. This is generally not possi-
ble employing empirical models. As a result, the discussion
about empirical models has been excluded from this paper.

Physics-based modeling starts with accounting for the
different phenomena that occur simultaneously in a system.
This represents one of the biggest challenges because not
all processing techniques have been explored sufficiently
to determine all such phenomena, let alone derive govern-
ing equations to represent them. Most mechanistic models
rely on certain simplifying assumptions by ignoring certain
phenomena which may not contribute significantly to the
overall process. For example, some models account for cap-
illary flow explicitly, while some models combine it with
other flows, thus making it indistinguishable. A range of
such mechanistic models has been discussed in this section.

There is no single agreed-upon model that can satisfacto-
rily account for all the fluid flow phenomena and performs
accurately without requiring certain assumptions or param-
eter fitting using available experimental data. Nevertheless,
a clear distinction and comparison can be made between
different models.

The following are examples of models used for mod-
eling liquid flow in unsaturated porous structures: (i)
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Lucas-Washburn capillary penetration, (ii) Kelvin capillary
penetration, (iii) combined diffusion, and (iv) capillary diffu-
sion. Though the aim is not to single out any one formulation,
the ease of use and drawbacks of each formulation will be
discussed briefly.

Lucas-Washburn Capillary Penetration

The Lucas-Washburn model estimates the capillary penetra-
tion for a highly simplified version of porous media trans-
port. A porous medium can be modeled as a bunch of fine
cylindrical capillaries with an average or effective capillary
radius. The capillary pressure which develops in such a
capillary placed in an infinite liquid reservoir is balanced
mainly by the viscous and gravity forces [1, 71]. The force
balance equation, ignoring the inertial term, is given by [71],

dh _ ry cos 0 _rngcosﬂ
dr — \ 4uh 8u

(35)

where & is the capillary pressure head, r is the capillary
radius, y is the interfacial tension between the wetting and
non-wetting phase, p and y are the density and viscosity of
the wetting phase, g is the gravitational acceleration, @ is
the contact angle, and f is the angle formed by the capillary
tube with the vertical direction (f = O for vertical capillary).
Integrating the above equation (Eq. (35)) for a horizontal
capillary tube (8 = 7 /2) gives,

f 01
h= |20 G (36)
2u

ry cos 6

2u

The same expression is obtained for any angle § when the
gravitational forces are not significant contributors.

Aguilera et al. [1] argued that diffusive transport based
on Fick’s 2nd law has been used extensively but incorrectly
to model the fat migration in chocolates. They hypothesized
that the particulate nature of chocolate leads to the develop-
ment of capillary forces, which drive the movement of the
liquid fraction of cocoa fat. They proposed using the Lucas-
Washburn model to predict the movement of fat in chocolate.
They showed that the analytical solution for both Fickian
diffusion and the Lucas-Washburn model has a square root
of time dependency with respect to mass transfer. However,
it must be emphasized that both models are fundamentally
different. Fat migration leads to major quality problems like
fat blooms and softening of coatings. This necessitates the
development of such capillary flow—based predictive models
to optimize processing and storage techniques.

Lee et al. [15] studied the rehydration of freeze-
dried avocado, kiwi, apple, banana, and potato using the

where G =

@ Springer

Lucas-Washburn model. Reasonable agreement was found
between the measured and calculated capillary rise in the
samples. They also showed that the rehydration rate of
freeze-dried avocados was nearly two orders of magnitude
greater than that for tray-dried avocados, showcasing the
superior reconstitution qualities of freeze-dried foods. How-
ever, like most studies that use the Lucas-Washburn model,
several simplifying assumptions were made.

A one-dimensional, fully developed Newtonian (lami-
nar) flow in a perfectly cylindrical straight capillary with
an effective (representative) radius is assumed. Furthermore,
the advancing contact angle is assumed to be constant and
equal along all capillaries [72]. Additionally, the model does
not account for the swelling of the matrix and its effect on
the capillary flow. Each of these assumptions is a probable
source of the erroneous nature of the model.

Capillaries in porous media like foods are rarely straight
and further develop tortuosity during processing operations
like drying or frying. Carbonell et al. [73] studied the move-
ment of sunflower oil through packed beds of chocolate
crumbs using a modified version of the Lucas-Washburn
model by including a tortuosity factor that accounts for the
longer flow path.

Porous structures like foods have a wide range of pore
sizes and pore geometries. Using a statistically determined
effective radius cannot account for this pore size distribu-
tion and its impact on the capillary flow. The pores also
undergo changes during processing, as was shown by Alam
and Takhar [32] for frying (“Pore Radius™). Also, it is dif-
ficult to justify the assumption that contact angles within and
across capillaries are constant and equal, respectively [74].
The effect of matrix swelling and its impact on flow through
a change in pore radius is challenging to account for but is
another source of error. In fact, since the derivation of the
model uses the upscaled Young—Laplace equation [75], there
are bound to be deviations between predicted and observed
behavior (discussed in “Macroscale Definition”).

Saguy et al. [76] found non-conforming results (predicted
vs. experimental) for the rehydration of freeze-dried car-
rots studied using the Lucas-Washburn model. They high-
lighted the simplifying assumptions in the Lucas-Washburn
model as the source of discrepancies. Specifically, signifi-
cant swelling of the carrot matrix was seen in the images
taken during the rehydration experiment. This is expected to
change the pore radius and subsequently affect the capillary
flow behavior. Lastly, good data for contact angle, viscosity,
and surface tension in food systems is generally unavailable,
further complicating the use of the Lucas-Washburn model.

Since the aim is to develop a realistic mathematical model
which does not rely on as many assumptions as made in the
Lucas-Washburn model, it is suggested to use some other
formulation for capillary-driven flow.
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Kelvin Capillary Penetration

William Thomson (Lord Kelvin) studied the difference in
vapor pressure over curved and planar interfaces between
a liquid and its vapor. The exponential form of the Kelvin
equation derived using a force balance across the interface
at equilibrium is given by [77],

P M, 12y
— =exp| === (37)
P, pRTR,

The approximate or linear form is given by [77],

P, PRTR,

Here, P is the vapor pressure over the meniscus, P, is
the vapor pressure over the planar surface, T is the tem-
perature, R, is the radius of curvature of the liquid surface
in the tube, My, is the molecular weight, p, is the liquid
density, and R is the universal gas constant.

An alternative form that expresses the capillary pres-
sure in terms of the water activity is given by [78],

=R (39)

w

where a,, is the water activity and v,, is the molar volume
of water (m>mol™"). Water activity is easy to measure, and
extensive work relating the water activity to moisture con-
tent (sorption isotherms) has been done. The rehydration
kinetics study of dried green tea carried out by Weerts et al.
[8] using the Kelvin equation (Eq. (39)) has been discussed
in “Indirect Measurement.”

Liquid bridging followed by caking represents a major qual-
ity problem during the storage and transport of sucrose. Liquid
bridging is initiated by capillary condensation in pores or cap-
illaries formed between adjacent sucrose crystals in a packed
bed [79]. The Kelvin equation can predict the critical capil-
lary radius below which capillary condensation will take place
readily. Billings et al. [79] showed that the critical capillary
radius increased exponentially beyond a water activity of 0.8.
Thus, the increased tendency to form liquid bridges beyond
this water activity also increases the chances of caking. Storage
and transport conditions that maintain water activity below 0.8
are recommended to prevent sucrose caking.

Rosa et al. [80] estimated the pore size distribution for
chitosan using the Kelvin equation. The Kelvin equation
does not account for the thickness of the precondensation
film on the pore walls and needs to be combined with the
Halsey equation (not discussed here) for the correct pre-
diction of pore sizes [80]. The calculations were done at
60°C, the industrial drying temperature for chitosan. The
average pore size for chitosan was found to vary from 0.5
to 30 nm at different moisture contents.

Labuza and Rutman [81] investigated the effect of sur-
face-active agents on the sorption behavior of a model
food system (made from microcrystalline cellulose, a
high molecular weight hydrocarbon oil, water, and sur-
factant). By employing the Kelvin equation, it was shown
that a lowering in the air-liquid surface tension due to
surfactants increased the water activity of the system at
the same moisture content and diminished the magnitude
of hysteresis in the sorption curve.

However, a great deal of work has gone into proving the
applicability of the equation and, conversely, the reasons for
observed inaccuracies of the equation [82-86]. More specifi-
cally, predicted and observed data agree well for droplets,
but there seem to be discrepancies in the predictions for
capillaries, which is of more interest to us [82].

As cited by Al-Rub and Datta [82], earlier studies of
Shereshefsky [87], Shereshefsky and Carter [88], Folman
and Shereshefsky [89], Coleburn and Shereshefsky [90],
McGavack and Patrick [91], Everett and Whitton [92], and
Pierce et al. [93] also found non-agreeing results. The reason
for such differences has been hypothesized to be due to the
interaction between the solid capillary and the liquid. These
surface forces have not been accounted for in the Kelvin
equation, leading to inaccuracies. Since such forces would
be absent or negligible for droplets, the Kelvin equation
works reasonably well for such cases. However, the assump-
tion of an inert porous matrix may be erroneous, especially
for biopolymeric matrices like food. Al-Rub and Datta [82]
modified the Kelvin equation based on thermodynamics to
account for the long-range surface forces.

However, given the wide body of evidence collected
through studies that have found problems in the applicabil-
ity of the Kelvin equation, it may be better to avoid using
the Kelvin equation for accounting for the capillary-driven
transport in a mathematical model. Although derived based
on the physics at the interface, unless the surface forces are
accounted for satisfactorily, using the Kelvin equation may
reduce the overall predictive power of the model.

Combined Diffusion

Ficks’s law—based modeling of diffusive transport of fluids
(Eq. (40)) has been used extensively in the literature, espe-
cially when a deeper understanding of capillary flow was
missing. Fick’s law can be written as:

oc _

= = V(D VC) (40)

Here, C is the liquid concentration and Deﬁ is the effective
diffusivity. It is a simplistic and convenient way to model
many common food processing operations like hot air dry-
ing, microwave drying, hydration/rehydration, frying, and
baking [94, 95, 76, 96, 97].
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Equation (40) is commonly simplified by making cer-
tain assumptions like concentration-independent diffusivity,
isothermal conditions, isotropy of material, and negligible
volume changes [95]. Furthermore, regular geometries like
spheres, cylinders, or slabs are considered. Equation (40)
simplified for a sphere with radial diffusion is given by,

E—D ()Z_C_FEE 41
or ~ T\ o2 " ror @1

The analytical solution to Eq. (41), as derived by Crank
[98], is given by,

c-C 24, - (=1)" D, n’r’t
L1+ = Z ) sinn”rexp<L

— 2
Cy—C, mr = n a, a:

(42)
where C,, is the constant surface concentration, C, is the ini-
tial uniform concentration, and a is the radius of the sphere.
Here, additional assumptions have been made, which include
uniform initial moisture content, instantaneous equilibrium
moisture content at the surface, and symmetric mass transfer
with respect to the center [96].

An analytical solution to the problem was found by mak-
ing many assumptions. Making such assumptions weakens
the model, and it is recommended to avoid as many assump-
tions as possible. With the increased availability of sophis-
ticated numerical packages, it has become much simpler to
account for most complexities.

Experimental data is needed to estimate the effective dif-
fusivity. The effective diffusivity can be determined using
optimization algorithms that minimize the sum of squared
errors between the experimental and model-predicted mois-
ture contents [95].

Zhang et al. [14] studied the moisture loss kinetics during
deep frying of battered and breaded fish nuggets at three
temperatures (160, 170, and 180 °C). The moisture loss from
the crust was modeled by fitting the experimental data of
the crust to Fick’s second law of diffusion, and the effective
moisture diffusivity was estimated. The nugget could not
be modeled as an individual entity since it was battered and
breaded. The crust was modeled as an infinite slab, and it
was assumed that the external resistance to mass transfer was
negligible. The effective moisture diffusivity was found to
increase with temperature (160 to 180 °C) from 5.05 X 107°
t0 5.81 x 10™° m?/s.

Cazzaniga et al. [12] estimated the effective moisture dif-
fusivity for baking cassava snacks at four temperature—time
combinations (190|14,205]9,220|9, and 235|6 °C| min).
Samples were prepared by substituting wheat flour for differ-
ent dehydrated cassava puree proportions. The effective dif-
fusivity ranged from 5.22 X 107® m? /s t0 2.93 x 107> m?/s.
Formulations with dehydrated cassava puree had higher
effective diffusivities, though no clear trend was observed
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with respect to the proportion of wheat flour replaced. The
high magnitudes of effective diffusivity were hypothesized to
be due to the high initial moisture content of the doughs, the
small volume of the samples, and high baking temperatures,
which may lead to the faster formation of a porous structure.

E
D.=A —
o exp( RT) (43)

Several different expressions are available in the literature
to express the temperature dependence of effective diffusiv-
ity. Suarez et al. [97] studied the drying of sorghum and
determined the effective moisture diffusivity at different
drying temperatures. Using an Arrhenius-type equation (Eq.
(43)), the activation energy (E,) for diffusion in Sorghum
was estimated to be 31.38 ﬁ. Here, A is the pre-exponential

factor. Demiray and Tulek [13] used a similar approach to
analyze the effect of temperature on the rehydration kinetics
of sun-dried red pepper. The activation energy was estimated
tobe3.17 —.

The effective diffusion model accounts for all different
flows by lumping them into an effective diffusivity, which
is inversely determined. Additionally, no distinction is made
between the flow of water and water vapor. Rather, the col-
lective “moisture” flow is modeled. It is now clear that vapor
flow is driven by gas pressure and molecular diffusion, and
liquid flow is majorly driven by gas and capillary pressure. It
is thus erroneous to consider a combined flow of both phases.

The unavailability of rigorous constitutive relationships
to account for matrix interactions, especially in the food lit-
erature, forces the use of an effective diffusion model [8].
However, an improved understanding of fluid flow in porous
food structures has made it possible to model physics more
accurately.

Capillary Diffusion

Unlike the effective or combined diffusion formulation,
where the water and vapor transport are clubbed into a dif-
fusion term, the capillary diffusion formulation uses a capil-
lary diffusivity term to account for the capillary-driven flow
of liquid. Therefore, both gas pressure and capillary-driven
liquid flow are accounted for in the model. More details
about this type of formulation can be found in the work of
Datta [5, 99], Halder et al. [100], Ni and Datta [101], and
Ni et al. [102]. The mass flux of the liquid is written using

Darcy’s law as [5],

= (KO (R (K o

" ul 0s ul ) os u') os
(44)

Here, the gas pressure (p$) can be seen as the “push-
ing” force and the capillary pressure (p°) as the “impeding”
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force. Thus, the difference in these forces drives the liquid
flow. The gas pressure increases to large magnitudes during
processes like frying and microwave drying due to strong
internal evaporation. The gas pressure dominates the liquid
flow in such cases. However, in applications involving sig-
nificant water removal (e.g., drying) or the use of very dry
porous material (powder rehydration), the capillary pres-
sures can rise to very high magnitudes. This can be seen by
the behavior of AvsS, curve at low saturation values (Fig. 6).

Capillary pressure is dependent on a wide range of fac-
tors, but concentration (saturation) and temperature repre-
sent two of the most significant factors. Equation (44) can
further be written as [5],

. i KI ()Pg ! Kl ()PC aCZ ! KZ de oT
Im =P\ 7 |5t 7 )7\ 7 ) 57 o
ul ) os ul ) oclt os ut ) oT os

45)
Or rewritten as,
K\ op* act oT
. I
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Here, D, and Dy are the capillary diffusivities. The con-
centration and temperature effect on capillary pressure-
driven flow have been separated in Eqgs. (45) and (46). It
is, however, important to mention that though the term dif-
fusivity is being used, the flow is capillary-driven and is
only analogous to the diffusivity in Fick’s law of diffusion.
The capillary diffusivity formulation has been applied to
model a wide range of processes. Using the capillary diffu-
sivity approach, Halder et al. [100, 103] modeled the deep-
fat frying of restructured potato slices, Gulati et al. [104]
studied the microwave drying of potato cubes, Warning
et al. [105] developed a model for deep-fat vacuum frying
of potato chips, and Rakesh et al. [106] studied microwave
combination heating of cylindrical samples made from rehy-
drated instant mashed potatoes. As can be seen from the
above examples, the capillary diffusivity—based formula-
tions allow the coupling of multiple physics like fluid trans-
port, energy transfer, microwaves, and even poromechanics
(predicting food deformation). This represents a significant
advantage of this method over other mathematical models
for food systems.
The capillary diffusivities depend not just on the change
in capillary pressure with temperature and concentration but

also on the density, viscosity, and permeability (Eq. (46)).
All of these properties themselves have variable magnitudes.
It is thus difficult to find an appropriate expression for the
capillary diffusivity in the literature that accounts for all
variabilities accurately.

Inverse estimation of capillary diffusivity adds an empiri-
cal nature to the model and makes the model specific for
a given system and operating conditions. Furthermore, the
temperature gradient-driven flow is considered less impor-
tant as compared to the concentration-driven flow. Thus, the
temperature-dependent term is ignored. In sum, only satu-
ration-driven capillary flow is accounted for in the model.
Consequently, only concentration-dependent capillary dif-
fusivity values are determined. Even so, there is a dearth
of such data in the food literature. Additionally, a single
expression that is valid from low to high moisture contents
is hard to determine. One such expression developed by Ni
[107] for potatoes is given by,

D,, = 10 8exp(—2.8 + 2M) (47)

where M is the moisture content on a dry basis and the unit
of D,, is m? /s. Once such expressions are determined, their
use in mathematical models is fairly straightforward. How-
ever, the clubbing of temperature-dependent terms in the
diffusivity term, separation of concentration and temperature
effects, and the current lack of available capillary diffusivity
data make this formulation hard to use for all cases.

Hybrid Mixture Theory (HMT)

HMT-based models have a strong basis in porous media
physics. It is a highly generalized fundamental approach that
can be adopted for modeling a wide range of processes. Its
application is not just limited to soil and food systems but
can be applied to other porous structures as well. Further-
more, it can be adapted to model both saturated and unsatu-
rated porous systems, summarized in Table 2. The work on
saturated systems where the pores are completely filled with
the liquid phase has progressed much faster than unsaturated
systems. The ease of modeling the former is one of the pri-
mary reasons for this.

Unsaturated systems have liquid and gas phases occupy-
ing the void space. This coexistence of a wetting and non-
wetting phase leads to capillary pressure—driven transport
in unsaturated systems and makes the study of such systems
more complicated. Takhar’s [110] work on unsaturated fluid
transport in swelling biopolymers allows developing a mech-
anistic understanding of several food processes.

The HMT approach upscales the microscale conservation
laws for mass, momentum, and energy to mesoscale or mac-
roscale. There are two major reasons for deriving equations
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at higher scales. Firstly, the material properties, like density,
conductivity, and specific heat, are not feasible to measure
at the microscale but can be measured experimentally at the
macroscale. Secondly, enormous computational resources
are saved when the equations are solved for macroscopic
representative elementary volumes (REV) instead of work-
ing at microscale dimensions. Takhar [110] discusses the
loss of some microscale information during the averaging
procedure, but the advantages outweigh this.

A significant advantage of the HMT approach developed
by Takhar [110] over other models present in the literature is
that it accounts for the interaction between the fluid phases
and the viscoelastic biopolymeric matrix. Additionally, the
cross-effect terms, i.e., the terms which account for the
effect on the transport of one phase by the presence of other
phases, further make HMT-based mathematical models
more robust and accurate.

Some simplifying assumptions are made. A local ther-
mal equilibrium is assumed between the various phases
present in a macroscale REV. As a result, a single energy
balance equation with volume-averaged material properties
is needed. Large spatial variations in temperature are still
permitted. The effect of gravity on fluid flow is considered
negligible compared to the other driving forces. The gas
phase is assumed to be an ideal mixture of vapor and air.
The solid and liquid phases are assumed incompressible at
the microscale, whereas the gas phase is assumed to be com-
pressible. Macroscale matrix expansion or shrinkage is still
permitted [111, 10].

Vo = —g <K—>Vp” —e*DVe® — £ D BVe* wherea = w, 0,8
u®
(48)
DS(eapa) a0 e . a poa
Dr + V.(eV*p*) — ;gsp = Zﬂ#a e (49)

Once the generalized upscaled equations are derived,
using entropy inequality [114], the equilibrium, near-equi-
librium, and non-equilibrium relations are presented. The
resulting generalized Darcy’s law (Eq. (48)) and mass bal-
ance equation (Eq. (49)) form the base of the mathematical
model [110]. The dot over a variable represents the material
time derivative with respect to the solid phase. According
to the generalized Darcy’s law (Eq. (48)), the liquid flow
relative to the solid matrix is driven by a pressure gradient,
concentration gradient, and a time-dependent resistance of
polymers to flow. The gas phase flow is driven only by the
gas pressure gradient, whereas vapor and air flow are driven
by both pressure gradient and binary diffusion. The general-
ized Darcy’s law provides the expression for velocity that
appears in the divergence term of the mass balance equation

(Eq. (49)).

413
pi=p +p (50)
g=1-¢ 31

The source/sink term on the right-hand side of the mass
balance equation accounts for phase changes, for example,
between water and vapor, thus coupling their mass balance
equations. The source/sink term is a key characteristic of the
multiscale model, as this term is generally absent in single-
scale models. The liquid phase mass balance equations are
solved for the respective volume fractions (%), whereas the
gas phase mass balance equation is solved for the gas pres-
sure (p?). The vapor mass balance equation is solved for the
vapor density (p"), and Dalton’s law of partial pressure (Eq.
(50)) links the gas (p?), vapor (p”), and air (p®) pressures.
The sum of the volume fractions of the fluid phases equals
the porosity (¢) of the matrix and the volume fraction of the
solid phase (&*) is given by Eq. (51).

( > 5"p“CZ‘>'Z—?+< ¥ 6"p"Cl‘j>< > sav"’s>.VT=
a=s,w,0,8 a=w,o,8 a=w,o,8

v.((_z ew)vr)-are

a=s,w,0,8
(52)

Unlike soil and wood, where isothermal conditions can be
assumed for many problems, food systems routinely undergo
significant temperature changes during processing, which
necessitates the coupling of the energy balance equation (Eq.
(52)) [25] with the other transport equations. HMT-based
models enable such couplings in a simple manner. Energy
transfer within the food matrix is driven by convection due
to the movement of fluids, conduction, and phase changes.

A wide range of input parameters and material properties,
including physical (density, viscosity, diffusivity, permeability),
thermal (specific heat, thermal conductivity, latent heat of vapori-
zation), and mechanical properties (elasticity modulus, Poisson’s
ratio), are needed. Most of these properties are temperature and
concentration-dependent either directly or indirectly. Some of
these have been studied more than others. Consequently, appro-
priate temperature or concentration-dependent expressions may
or may not be available in the literature. Accordingly, expressions
developed for similar materials may be adopted, or constant val-
ues of material properties may be used until further experimental
work is available in the literature.

The constitutive relationship of interest, keeping in mind
the theme of this paper, is the capillary pressure expres-
sion. The capillary pressure is used to calculate the liquid
pressure, which appears in the generalized Darcy’s law (Eq.
(48)). For example, for the liquid water phase, we have

p"=p*—P(SM) (53)
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A P°vsS" curve is used to estimate the capillary pressure
(P°) as the water phase saturation (S") undergoes spatial and
temporal changes during processing. The liquid water phase
pressure (p") is then calculated using Eq. (53).

The complete set of governing equations, including
other constitutive relationships required for closure, are
then solved using numerical methods such as the finite ele-
ment method to predict the spatial and temporal variation
of moisture, oil uptake, temperature, and pressure, amongst
other variables. Examples where the HMT-based model was
applied to study frying are discussed in the next section.

Frying

Historically a lot of work has gone into understanding fry-
ing and developing predictive models. Frying represents
an unsaturated transport problem with three phases: lig-
uid water, oil, and gas (air + water vapor). The presence of
wetting and non-wetting phases leads to the development
of capillary pressure in the food matrix. Frying involves
evaporation and gas expansion brought about by the heat
transfer from the hot oil, typically at 175 — 200°C. Water is
lost from the food matrix as vapor, while the oil seeps into
the spaces vacated by the water or created by the expanding
gas phase. As a result, the saturation of the water phase (S")
decreases while the saturation of the gas (%) and oil ($°)
phase are expected to increase. Consequently, even greater
capillary pressure develops in the food matrix, especially in
the surface layers, which rapidly lose water to the hot oil.
Therefore, capillary pressure—driven transport needs care-
ful consideration when developing mechanistic models to

Fig. 9 Experimental and model 6
predicted moisture content
(dry basis) at different frying
temperatures (reprinted from
Sandhu and Takhar [112] with
permission from Elsevier)

Moisture Content (g/g solids)

20 40 60
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study frying. Some examples of such models in the frying
literature are discussed below.

Halder et al. [100, 103] conducted an extensive mode-
ling study of deep frying. A mechanistic multiphase model
based on the capillary diffusivity formulation discussed in
“Capillary Diffusion” was developed and applied to predict
changes during frying and post-frying for restructured potato
samples. A salient feature of the model was the use of a non-
equilibrium and distributed formulation of evaporation. The
heat and mass transport in the potato slab was solved as an
effective 1D problem. The mechanistic model could predict
a wide range of variables (phase saturations, temperature,
pressure, evaporation rate) and use them to predict important
quality parameters like moisture content, oil uptake, crust
formation, and acrylamide development during the entire
frying process. Model predictions and available experimen-
tal data showed good agreement for moisture content, tem-
perature, and crust thickness. It was found that most of the
oil uptake occurs during the post-frying phase, and only 24%
of the total oil uptake is during frying. Rapid acrylamide
generation during high-temperature processing (for example,
baking or frying) of potato products is a significant cause of
concern, given the carcinogenic potential of this compound
[115, 116]. A logistic kinetic model was used for modeling
the acrylamide accumulation (generation and degradation)
kinetics. Acrylamide degradation was ignored since the tem-
perature inside the sample stays below 180°C; consequently,
the degradation is negligible compared to the generation.
The predicted total acrylamide content agreed well with the
data available in the literature. The predicted spatial distri-
bution of acrylamide showed that the crust region had the
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—»—170 Experiment
--x--190 Predicted —o—190 Experiment

——150 Experiment --u--150 Predicted

100 120 140 160 180 200 220 240 260 280 300
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Fig. 10 Experimental and 0.12 -
model predicted oil content
(dry basis) at different frying
temperatures (reprinted from
Sandhu and Takhar [112] with 0.1 1
permission from Elsevier)
0.08
0.06 -

0.04

Qil Content (g/g solids)

0.02

--2--170 Predicted
--u--190 Predicted
--+--150 Predicted

—=—170 Experiment
—e— 190 Experiment

—=—150 Experiment

majority of the acrylamide formation. Experimental pres-
sure measurement data for frying was unavailable; hence,
the model predictions were not validated for pressure. The
peak gauge pressure predicted by the model was about
800 Pa. According to the pressure measurements made dur-
ing the frying of potatoes by Sandhu et al. [117] and Parikh
and Takhar [118], the peak gauge pressure was much higher
(greater than 5000 Pa), as opposed to the lower peak pres-
sure predicted by Halder’s [100, 103] model. A sensitivity
study performed for the surface mass transfer coefficient and
oil capillary diffusivity showed that capillary action is the
main driving force for oil uptake.

Sandhu and Takhar [112] verified the two-scale HMT-
based model of Takhar [110] by carrying out controlled
frying experiments for potato discs. The study is unique in
two aspects. First, it uses an insulating Teflon disc to hold
the potato disc, which only allows fluid movement through
the top and bottom surfaces, thereby making the problem
one-dimensional. Second is the accounting for surface oil
on the food, which penetrates into the food when the food
is taken out of the frying oil. The model predicts only the
oil uptake during frying. Thus, by removing the surface oil,
a better agreement between the predicted and experimen-
tal data was achieved. The validation results for moisture,
oil uptake, and temperature for three frying temperatures
(150, 170, and 190°C) are shown in Figs. 9, 10, and 11. The
model predictions agree well with the experimental data.
Plots for predicted spatial variation of moisture, oil uptake,
evaporation rate, and gas pressure, which otherwise would
be hard to measure experimentally, can also be found in
Sandhu and Takhar’s [112] work.

150 200 250 300

Frying Time (s)

Bansal et al. [111] developed an HMT-based model to
study the frying of breaded chicken nuggets. Unlike potato
discs which are homogeneous and can be modeled as a sin-
gle domain, breaded chicken nuggets represent a multid-
omain heterogeneous product. The two domains (coating
and meat core) have different material properties. The form
of the governing equations remains the same, but there is
added complexity in solving the model for the two domains
simultaneously while maintaining a continuity of dependent
variables like volume fractions, temperature, etc., across the
domains. Despite the complexities, a reasonable agreement
between predicted and experimental data was found.

Sandhu and Takhar [112] used the capillary pressure
expression determined by Kang and Chung [44] for Soft-
wood, whereas Bansal et al. [111] used the capillary pres-
sure expression determined by Spolek and Plumb [45] for
Softwood (Table 2). As has been stressed at multiple points
in this paper, there is a dearth of available capillary pres-
sure data for food systems which encourages the adaption
of expressions from soil and wood sciences.

The readers are referred to the respective publications for
further details about the models like boundary conditions,
initial conditions, material properties, solver settings, and
the experimental procedures used.

Limitations
The limitations associated with HMT are not due to any
fundamental flaw in the theory or improper mathematical

treatments. The requirement of a wide range of material
properties and constitutive relationships poses the biggest
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Fig. 11 Experimental and pre- 160
dicted temperature profiles near
surface, 2.5 mm from surface
and center of potato disc during
frying at 7 = 170 °C (reprinted
from Sandhu and Takhar [112]
with permission from Elsevier)

0 50

- --Calculated 0.75mm from top
— - -Center Predicted
e Middle Experimental

challenge to HMT-based models, or for that matter, any
model developed on fundamental principles.

There is a lack of experimental work done to find
appropriate temperature/moisture-dependent expressions
for diffusivity, permeability, thermal conductivity, spe-
cific heat, density, etc., for food systems. Diffusivity and
permeability magnitudes affect the transport equations
directly and significantly. A sensitivity test can be done
to prove their importance.

The capillary pressure—saturation-temperature relation is
another important expression for which insufficient data is
available in the food literature. Additionally, even if such
expressions are available, their range of validity may not be
sufficient to use them directly. For food processes like frying
and baking, which involve large temperature changes, mate-
rial property data may need to be extrapolated to higher tem-
peratures which further adds uncertainty to the results. The
model’s overall accuracy is an indirect consequence of the
accuracy of such expressions. Given the current lack of data,
expressions developed for other systems (or other foods) are
inversely fitted for the models under consideration. Though
this is not an ideal approach, it is a viable option until more
experimental work is done.

Conclusions

This paper reviewed the importance of capillary pressure in
unsaturated food systems and the different approaches used
to account for capillary pressure—driven flow in mathematical
models. The assumptions involved in upscaling the microscale

@ Springer
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definition of capillary pressure were discussed. Many stud-
ies in the literature use the upscaled definition of capillary
pressure, which may be one of the reasons for the deviation
between observed and predicted results. The factors affecting
capillary pressure, like interfacial tension, contact angle, and
pore radius, were reviewed. Most porous solid foods have a
non-uniform structure, and as a result, pore radius and contact
angle are expected to vary within the food. Similarly, inter-
facial tension may vary depending on the food formulation.
The various available parametric expressions in the literature
for capillary pressure as a function of saturation and tem-
perature were listed. These expressions can be implemented
in mathematical models in a simple manner. Some studies
conducted to estimate the capillary pressure in food systems
were presented. Foods may undergo deformation at high pres-
sures, which impedes further experimental work on capillary
pressure measurement in foods. As a result, new techniques
specifically developed for foods are needed. A wide range of
mathematical models for food systems were discussed. Each
model has certain limitations, which are mostly related to the
simplifying assumptions made while developing the model.
At the same time, the ease of use and availability of appropri-
ate material property data may vary across models. Hybrid
mixture theory—based models are able to include unsaturated
transport mechanisms in foods while accounting for capil-
lary pressure—driven flow and matrix-fluid interactions. Such
models based on a rigorously developed theory will allow
food engineers to predict the physicochemical changes in
foods and consequently optimize existing or develop novel
processing techniques. Further work on estimating material
properties like diffusivity and permeability will aid the devel-
opment of such mechanistic models.
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