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a b s t r a c t

Puffing of biomaterials involves mass, momentum and energy transport along with large volumetric
expansion of the material. Development of fundamentals-based models that can describe heat and
moisture transport, rapid evaporation and large deformations can help understand the factors affecting
the puffing processes and optimize them. In this context, salt-assisted puffing of parboiled rice is
described. A multiphase porous media model involving heat and mass transfer within the rice kernel
undergoing large deformations is developed. The transport model involves different phases and multiple
modes of transport. During puffing, intensive heating of rice leads to rapid evaporation of water to vapor
resulting in large pressure development. Also, the rice starch undergoes Glass Transition from a rigid,
glassy state to a soft, rubbery state. Development of large pressures within a soft matrix results in large
volumetric expansion of the kernel causing it to puff. The developed model was validated against
moisture changes and volumetric expansion of the rice kernel during the puffing process and good
agreement was found. Gas porosity development in puffed rice was determined via 3D reconstruction of
micro-CT images of rice puffed at different times which compared favorably well with model predictions.
The expansion of the kernel began from the tip of the grain and the model could successfully capture this
phenomenon. Expansion ratio, a key quality parameter associated with puffed products, was found to be
sensitive to intrinsic permeability and bulk modulus of the solid matrix. The modeling framework for
salt-assisted puffing was then extended to the process of gun-puffing (a completely different puffing
process) without significant reformulations thus showing the applicability of the framework for a variety
of puffing processes. The final expansion after gun-puffing was much higher compared with salt-assisted
puffing and was found to be sensitive to the gun opening time.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Cereal grains, e.g., corn, wheat, rice, oats, are widely processed
for ready-to-eat-breakfast cereals, infant foods and snack foods
(Maisont and Narkrugsa, 2010). One of the many ways in which
grains are processed is by puffing. For example, corn has been
widely used to make the popular puffed snack popcorn and
breakfast cereal cornflakes (Hoseney et al., 1983). Rice has been
consumed as a staple food for centuries. In many South-Asian
countries, puffed rice is famously consumed as a light snack food
in different forms like puffed rice balls and cakes (Simsrisakul,
1991). There is growing consumer interests towards puffed foods
and snacks as they are healthy, low in fat, and bear quite a
resemblance to the crispy texture of fried foods (Moraru and
Kokini, 2006).

Puffing of cereals and starch based foods have been carried out
using a variety of techniques, e.g. using hot oil (Villareal and
Juliano, 1987), gun-puffing (Villareal and Juliano, 1987), sand or
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salt-assisted (Chinnaswamy and Bhattacharya, 1983; Hoke et al.,
2007), hot-air (Guraya and Toledo, 1994; Varnalis et al., 2004; Nath
et al., 2007; Norton et al., 2011), microwaves (Maisont and Nark-
rugsa, 2010; Rakesh and Datta, 2011; Joshi et al., 2014) and
extrusion (Lue et al., 1991; Moraru and Kokini, 2006; Moscicki,
2011). In all these different processes, the material is subjected to
very high temperatures resulting in “flash off” of liquid water to
vapor. This sudden evaporation leads to pressure generation
within the materials causing them to puff. The volumetric
expansion ratio (i.e., the ratio of initial to final volume) of the
puffed material could lie anywhere between 4 and 10 (Chandra-
shekhar and Chattopadhyay, 1991). From a quality standpoint, the
higher the expansion ratio, the better is the quality of the puffed
product. In order to obtain better quality products, a good
understanding of the underlying mechanisms involved in the
expansion process is needed through physics-based modeling and
detailed experimentation. The present work aims toward devel-
oping a fundamentals-based model in order to understand puffing
processes and apply the framework to study salt-assisted and gun-
puffing of rice kernels. Although the model presented here is for
rice puffing, the physics of the process is quite similar to other
puffing processes and can be extended to understand and opti-
mize those processes as well. Moreover, the manufacturing of
foamed plastics, e.g., polystyrene, is quite similar during which a
gas generating substance (i.e., blowing agent) is introduced into a
molten polymer at elevated pressures. By suddenly reducing the
surrounding temperature and pressure, expansion of the gas phase
inside the polymer melt takes place, eventually causing them to
puff (Arefmanesh et al., 1990; Elshereef et al., 2010). The frame-
work developed here can be applied as well to foam forming
processes that is of prime importance in the chemical process
industry.

Rice puffing using different techniques has primarily been
studied in the context of obtaining optimum processing conditions
that would yield a product with a high expansion ratio (Hoke et al.,
2005). Preprocessing of rice before puffing is a crucial step in order
to obtain good quality puffed rice. Initial moisture content, puffing
temperatures and degree of salt addition in the preprocessing
steps are some of the most critical factors that favor large volumes
of the puffed product. Studies have shown that an initial moisture
content of rice kernels ranging between 10% and 15% (wet basis)
and pre-gelatinization of rice starch have resulted in better quality
puffed rice obtained using different intense heating processes
(Chinnaswamy and Bhattacharya, 1983; Murugesan and Bhatta-
charya, 1991; Villareal and Juliano, 1987; Simsrisakul, 1991; Mai-
sont and Narkrugsa, 2010). Starch is the prime component of rice
and many other cereal grains. In its native crystalline form, starch
does not allow for a large expansion of the kernel because when
heated, starch reacts with water to undergo gelatinization (van der
Sman and Broeze, 2013). This reduces the amount of water avail-
able for vapor generation during the puffing process. Rice is
therefore pretreated before puffing by soaking it in water over-
night followed by drying between 70–90 °C and 10–15% moisture
content (wet basis) (Mohapatra et al., 2012). In the pretreatment
process, starch and excess water undergo gelatinization during
which starch molecules lose their crystallinity and become amor-
phous (Briffaz et al., 2012). Once starch loses its native form, it
does not react with water during the puffing stage (van der Sman
and Meinders, 2011). Therefore, with sufficient water available to
generate vapors, a product with a high expansion ratio is achieved
when compared with untreated rice (Chinnaswamy and Bhatta-
charya, 1983). Also, pre-gelatinized starch provides a crunchy
texture to the puffed product (Willard, 1976).

After pre-treatment, rice kernels are subjected to intense heat
for puffing. Initially, the starch in rice is in the glassy state, i.e., it is
hard and rigid. During the heating step, two things happen:
(1) moisture inside the rice grains starts to evaporate resulting in
the formation of vapors, and (2) rice starch undergoes a phase
transformation from the hard, glassy state to the soft, rubbery
state. Due to intense vapor generation, large pressures are gener-
ated within the kernel in a soft and compliant matrix due to
glassy–rubbery phase transformation. As a result, the matrix
undergoes large expansion consequently releasing the gas pres-
sure in this process. The end of rice puffing is marked by a distinct
popping sound (Murugesan and Bhattacharya, 1991).

1.1. Mathematical modeling of puffing-type processes

Puffing of food materials involves mass, momentum and energy
transport along with large volumetric expansion of a porous,
thermoplastic material (Rakesh and Datta, 2011; Kong and Shanks,
2012). Mathematical models of puffing-type processes have pri-
marily focused on understanding how a microscopic single vapor
bubble grows in a pool of molten starch (bubble growth models).
Some examples include modeling bubble growth during proving
and baking of bread dough (Shah et al., 1998; Fan et al., 1999;
Chiotellis and Campbell, 2003; Hailemariam et al., 2007; Desh-
lahra et al., 2009), vapor induced puffing of corn (Schwartzberg
et al., 1995), extrusion cooking of starch (Kokini et al., 1992; Fan
et al., 1994; Wang et al., 2005) and supercritical fluid extrusion
(Alavi et al., 2003a,b). These models have ignored transport phe-
nomena at the macroscale with one notable exception as shown
by Alavi et al. (2003a,b). However, the model used effective dif-
fusivity formulations and did not take into account the pressure
driven flow and distributed evaporation that are critical to puffing
type processes. Furthermore, in all of the above models, water
vapor is assumed to be in equilibrium with liquid water which is
not true for intense heating processes (discussed later).

Puffing involves a two-way coupling of transport phenomena
and non-linear solid mechanics (Zhang et al., 2005; Rakesh and
Datta, 2012; Nicolas et al., 2014) to be able to accurately describe
the process. The transport phenomena involve multiple phases
with multiple modes of transport and phase change inside a
material that undergoes large inelastic deformations. Macroscopic
models that include the detailed physics of the process can pro-
vide for an integrated understanding of how a material structure,
e.g., porosity, develops as a whole that can ultimately be related to
quality of the final puffed product. Models that account for
transport and deformation have been developed for various other
applications. Of them, most have assumed small deformations that
are generally not true and are definitely not applicable to the
process of rice puffing. Others have simplified transport models
that do not take into account the different phases and modes of
transport (Achanta, 1995; Shi et al., 1998; Yang et al., 2001; Mayor
and Sereno, 2004; Katekawa and Silva, 2006; Ressing et al., 2007;
Niamnuy et al., 2008; Perez et al., 2012). More recently, detailed
models including transport with large deformations have been
developed; however, the models assume constant mechanical
properties and do not account for glassy–rubbery phase transfor-
mation that is important for puffing-type processes (Rakesh and
Datta, 2011).

1.2. Objectives and overview

Therefore, the overarching goal of this study is to develop a
general framework for puffing of biomaterials that can take into
account a variety of features that are specific to puffing-type
processes, using rice puffing as an example. The organization of
the work is as follows: the coupled transport and large deforma-
tion model for puffing is described first. This is followed by
experimental methodology undertaken to perform the puffing
experiments on rice kernels and measurement of moisture
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content, volume and expansion ratio, porosity development in the
puffed product to validate the computational model and under-
stand the puffing process. The model is then used to study the
effect of different processing conditions on the final quality of the
puffed product. This is followed by a parametric sensitivity ana-
lysis of some key parameters carried out to study the effects of
their variability as affecting final volume of the puffed product.
Finally, the modeling framework for salt-assisted puffing is
extended to the process of gun-puffing (a completely different
puffing process) to show the applicability of the framework for
other puffing-type processes.
2. Model development

In this section, a porous media based multiphase, multi-
component model coupled with large deformations of the elasto-
plastic solid matrix is presented to mathematically describe puff-
ing of rice grains in a high-temperature bed. Major assumptions,
governing equations, initial and boundary conditions, along with
auxiliary conditions, are described. The two different physics, i.e.,
transport and solid mechanics, are fully coupled since transport
processes result in pressure generation that causes the material to
greatly deform while deformation affects transport through sig-
nificantly changed geometry and transport properties (porosity
and permeability) (see Fig. 1).

2.1. A qualitative description of the process

A number of simplifying assumptions are needed to mathe-
matically describe the rice puffing process. The material is treated
as a continuum that comprises three phases – solid matrix, liquid
water and the gas phase (water vapor and air). Using spatial
averaging techniques defined over a Representative Elementary
Volume (REV), macroscopic equations for conservation of mass,
momentum and energy are defined. The solid phase composed of
pre-gelatinized starch undergoes a phase transformation from the
initial hard glassy state to the soft rubbery state when subjected to
high temperatures. Furthermore, it is considered isotropic and
Fig. 1. Flowchart showing the two-way coupling between por
elasto-plastically deformable. The pore space is composed of liquid
water and gas (air and water vapor) with the gas phase assumed to
follow ideal gas law. The porosity (pore space) is defined as the
volume occupied by all the fluid phases. This is different from the
conventional definition of porosity which is defined as the volume
occupied by the gas phase only. It is assumed that all of the starch
is present in its amorphous state and, therefore, all the liquid
water is available for vapor generation; starch gelatinization, if
any, is assumed small and neglected. Interphase mass transfer
occurs between liquid water and vapor in gas phase due to eva-
poration. For such intense heating processes, non-equilibrium can
potentially exist between liquid water and water vapor (Halder
et al., 2007) and, therefore, vapor concentrations at a location are
close to that given by moisture isotherms but not necessarily the
same. Vapor generation due to intense evaporation leads to
pressure development that deforms the solid. This changes its
structure (porosity) and in turn liquid and gas permeabilities of
the matrix. Changes in geometry, porosity and permeabilities
affect transport and, therefore, the problem is two-way coupled.
Local thermal equilibrium is assumed among the different phases
inside the material so all phases share the same temperature at a
location. The effect of gravity on mass transport is ignored since
moisture fluxes due to pressure gradients are quite large.

2.2. Solid mechanics

Deformation during puffing is caused by intense internal eva-
poration of liquid water to vapor resulting in large pressure gen-
eration. The material undergoes large elastic and inelastic defor-
mations, thereby expanding in this process. Since the material is
porous and undergoes large, permanent changes in its volume and
structure, it is assumed to behave as a porohyperelastic – perfectly
plastic solid. The material continuum is expressed mathematically
in terms of the volume of solid and fluid phases as shown in Fig. 2:

ΔV ¼ΔVsþΔVf ð1Þ

where s and f stand for the solid and fluid phases, respectively, and
V is the total volume of the material. Inside a Representative Ele-
mentary Volume (REV), the fraction of volume occupied by the
omechanics and multiphase transport during rice puffing.
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fluid phases is defined in terms of porosity, ϕ, as

ϕ¼ΔVf

ΔV
¼ΔVwþΔVg

ΔV
ð2Þ

where w and g stand for the liquid water and gas phases,
respectively. Individually, both solid and fluid phases are incom-
pressible; however, the material as a whole is compressible as
there is a net change in the concentration of gas phase during
puffing. This is responsible for porosity development during the
puffing process. At any instant of time, t, ϕ in a deforming material
can be obtained by conserving the volume of the solid phase as

ð1�ϕðtÞÞΔV ¼ ð1�ϕ0ÞΔV0 ð3Þ

ϕðtÞ ¼ 1�ð1�ϕ0Þ
ΔV0

ΔV
ð4Þ

ϕðtÞ ¼ 1�ð1�ϕ0Þ
J

ð5Þ

The ratio of the final to initial volume of the material is denoted by
Jacobian, J, which is obtained as the determinant of deformation
gradient tensor, F. The deformation gradient tensor is a second
order tensor that maps the displacements of the material in the
deformed geometry (spatial frame) to that in the undeformed
geometry (reference frame) as shown schematically in Fig. 3. In
Lagrangian description of motion, the coordinates of spatial frame,
x, is a function of the coordinates in the material frame, X , and
current time t:

x ¼ χ ðX ; tÞ ð6Þ
The displacement of a material point from X to x is defined in
terms of a displacement vector, u, as

uðX ; tÞ ¼ χ ðX ; tÞ�X ð7Þ
Fig. 2. Representative elementary volume showing the different phases and their
transport modes.

Fig. 3. Material and spatial configuration of the REV during puffing.
The deformation gradient, F, and the Jacobian, J, are then
defined as

F¼∇X � x ¼∇X � χ ðX; tÞ� � ð8Þ

J ¼ detðFÞ ð9Þ

2.2.1. Conservation of linear momentum
Conservation of linear momentum solves for the stresses that

generate inside the material during the puffing process. Since the
material undergoes large deformation, Lagrangian measures of
stresses and strains are used. The total stress acting on the mate-
rial at any point inside the REV is the sum total of effective stress
due to the solid skeleton and the pressures exerted by the fluid
phases shown as

σ total ¼ σ eff �pf I ð10Þ

The fluid pressure, pf, is the volume averaged pressures exerted by
the liquid water and gas phase, respectively, as

pf ¼ SwpwþSgpg ð11Þ

Assuming quasi-static loading conditions, the solid momentum
balance on the material results in a divergence free stress state:

∇ � σ total ¼ 0 ð12Þ
which implies that the divergence of effective stress on the solid
skeleton is equal to the gradient of fluid pressure:

∇ � σ eff ¼∇pf ð13Þ

Now, for intense heating processes, the contribution to total stress
from the fluid phase is primarily due to gas pressure generation.
Stresses due to moisture loss are assumed small and are neglected
(Rakesh and Datta, 2011; Dhall and Datta, 2011). This is justified
because during the puffing process, almost all of the water chan-
ges to vapor and the contribution to total stress by liquid water is
negligible. Thus, we can write

∇ � σ eff ¼∇pg ð14Þ

The effective stress in the solid skeleton is defined in the Lagran-
gian coordinate system in terms of the 2nd Piola–Kirchoff stress
(PK2), S, as

σ eff ¼ J�1F � S � FT ð15Þ

2.2.2. Constitutive law
The material undergoes large deformations during the puffing

process that are far beyond the elastic limit of starch molecules
constituting the solid skeleton. Therefore, assuming an elastic,
Hookean behavior (valid for small deformations) for the deforming
solid would make the formulation inconsistent. Hooke's law is
valid for a very small class of problems that involve small defor-
mations only. Starch molecules have been found to exhibit elastic
behavior at low stresses and plastic (flow) behavior at high
stresses (Schwartzberg et al., 1995). Plastic deformations in starch
occur primarily due to network elongation beyond a threshold
stress limit defined as the yield stress (Genovese and Rao, 2003).
The yield stress, therefore, marks the transition from elastic to
plastic deformations. Based on these, for the present problem, the
solid skeleton is modeled as a non-linearly elastic (hyperelastic)
perfectly plastic solid.

2.2.3. Multiplicative split of deformation gradient
For an elasto-plastic material undergoing finite deformations,

the material strain is based on the multiplicative split of the total
deformation gradient tensor, F, into elastic, Fel, and plastic



T. Gulati, A.K. Datta / Chemical Engineering Science 139 (2016) 75–98 79
(inelastic), Fp, components (Lewis and Shrefler, 1987):

F¼ FelFp ð16Þ
In order to calculate elastic strains, the plastic deformation is
removed from the total deformation gradient as

Fel ¼ FF�1
p ð17Þ

As for stresses in the reference frame, Lagrangian measures of
strains are used. The total strain is composed of an elastic and a
plastic component. The elastic and plastic strains, Eel and Ep,
respectively, are defined in terms of their corresponding Right
Cauchy Green deformation tensor, Cel and Cp, respectively, as
(Lewis and Shrefler, 1987)

Eel ¼ 1
2 ðCel�IÞ ð18Þ

Ep ¼ 1
2 ðCp�IÞ ð19Þ

where Ci ¼ FTi Fi (i¼el, p) and I is the identity tensor. The elastic
component is assumed hyperelastic as noted above. For hyper-
elastic materials, a strain energy function, Ws ¼WsðCel;αÞ, is
defined that provides for the stress–strain relationship for the
deforming solid. Here, Cel is the deviatoric contribution of the
elastic Right Cauchy Green deformation tensor, Cel, and α is the
effective plastic strain that is essentially an internal variable in the
strain energy function. A two parameter Mooney–Rivlin material
model is assumed for the present problem based on the strain
levels the material experiences. The two parameter Mooney–Rivlin
model can accommodate elastic strains up to 200% (Kim et al.,
2012). This is indeed the case during rice puffing in which the
material experiences elastic strains in the tune of 100% as will be
shown in Section 5.6.1. The strain energy function is written in
terms of the two isochoric invariants of the elastic Right Cauchy
Green deformation tensor, Cel, and J (Holzapfel, 2000):

Ws ¼ C01 I1ðCelÞ�3
h i

þC10 I2ðCelÞ�3
h i

þ1
2 κ J�1½ � ð20Þ

where C01 and C10 are material constants that are related to the
shear modulus, G¼ 2ðC01þC10Þ with C10 ¼ 7C01 (Holzapfel, 2000),
and K is the bulk modulus of the material. The first two terms in
(20) constitute the isochoric or deviatoric part of the strain energy
and the third term accounts for any volumetric changes that the
material undergoes due to deformation from gas pressure gra-
dients. The second law of thermodynamics yields the constitutive
relation between Lagrangian (PK2) stresses and strains and the
relationship between conjugate plastic internal variables q and α
(Simo and Hughes, 1998):

S¼ ∂Ws

∂Eel
ð21Þ

q¼ �∂Ws

∂α
ð22Þ

For finite strain plasticity, a plastic flow rule and a hardening law
are needed to describe the condition under which plastic defor-
mations would occur. The associated flow rule is obtained by
taking the Lie derivative of the left elastic Cauchy–Green defor-
mation tensor, Bel:

�1
2
LðBelÞ ¼ λ

∂F
∂τ

ð23Þ

_α ¼ λ
∂F
∂q

ð24Þ

together with the Kuhn–Tucker loading/unloading conditions for
the plastic multiplier, λ, and the yield function, F:

λZ0; F ¼ Fðτ; T ;MÞr0; λF ¼ 0; ð25Þ
The Lie derivative of Bel is defined in terms of the right plastic
Cauchy–Green rate, _Cp, for a more consistent formulation:

LðBelÞ ¼ F � _C�1
p � FT ð26Þ

The yield function, F, is a second order surface in the stress space
that depends upon the Kirchoff stress ðτÞ, temperature (T) and
moisture (M) of the material. Temperature and moisture play a
role only through the yielding conditions, e.g., the yield stress of a
material could be a function of temperature or moisture or both.
For the present work, the material is assumed perfectly plastic, i.e.,
without any strain hardening as there is no data available on its
strain hardening properties. The yield surface, therefore, does not
include any strain terms:

Fðs; T ;MÞ ¼ JsJ�σ0ðT ;MÞ ð27Þ
In Eq. (27) above, JsJ is the L2 norm of the Kirchoff stress deviator
ðτÞ and σ0 is the yield stress of the material as a function of tem-
perature and moisture content. Eq. (27) is known as the von-Mises
yield criterion. The set of Eqs. (23)–(27) solves for the plastic
deformation gradient, Fp. In finite elasto-plasticity theory, the
elastic and plastic strains are not additive and are related to the
total strain, E, by means of the plastic deformation gradient, Fp:

Eel ¼ F�T
p ðE�EpÞF�1

p ð28Þ

Once the total strain is known, it can be expressed in terms of the
total displacement that the material undergoes:

E¼ 1
2 ð∇X � uÞþð∇X � uÞTþð∇X � uÞð∇X � uÞT
h i

ð29Þ

In a deforming medium, the flux of various other fluid phases are
defined with respect to the moving solid (discussed later). With
the displacements known from Eq. (29), the solid velocity, vs, can
be computed accordingly:

vs ¼
du
dt

ð30Þ

2.3. Multiphase multicomponent transport in porous media

In this section, the governing equations for transport
(momentum, mass and energy conservation) are described for the
different phases (solid, liquid water, water vapor and air) that exist
in the system.

2.3.1. Momentum conservation
For transport in porous media, Darcy's law is used to describe

the flow of fluid phases. For a deforming material, the velocity of
the fluid phase, vi;s, is obtained relative to the velocity of the solid
matrix, vs (see Eq. (30)), and is given by

vi;s ¼ �kikr;i
μi

∇pi ð31Þ

where i¼w, g, v denotes the liquid water, gas and vapor phases,
respectively. The components of a phase (water vapor and air for
gas) share the same velocity. The gas pressure, pg, is given by the
sum of partial pressures exerted by water vapor and air based on
ideal gas law and is calculated by solving the overall mass balance
equation of the gas phase (Eq. (33)).

2.3.2. Mass conservation
Mass conservation equations for liquid water, gas and water

vapor are given by

∂cw
∂t

þ∇ � nw;G ¼ � _I ð32Þ

∂cg
∂t

þ∇ � ng;G ¼ _I ð33Þ
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∂ðcgωvÞ
∂t

þ∇ � nv;G ¼ _I ð34Þ

where _I is the rate of evaporation of water to vapor. The mass
conservation equations above solve for the respective volumetric
concentrations, cw and cg, that are related to their relative
saturations:

Si ¼
ΔVi

ΔVf
¼ ΔVi

ϕΔV
; i¼w; g ð35Þ

i.e., cw ¼ ρwSwϕ and cg ¼ ρgSgϕ. Since the solid matrix deforms,
the flux of the fluid phases as perceived by a stationary observer
on the ground is obtained by combining the flux arising due to
solid movement to the flux of the fluid phases relative to the solid:

ni;G|{z}
Flux relative to
ground frame

¼ ni;s|{z}
Flux relative to
deforming solid

þ civs|{z}
Additional flux due
to solid movement

ð36Þ

2.3.3. Mass fluxes
The flux of the liquid phase is in terms of net pressure acting on

it. In addition to gas pressure, liquid water inside pores experience
capillary pressure that is attractive in nature. Therefore, the net
pressure acting on the liquid phase is given by

pw ¼ pg�pc ð37Þ

and the net flux relative to the solid phase is given by

nw;s ¼ �ρw
kwkr;w
μw

∇pw ð38Þ

nw;s ¼ �ρw
kwkr;w
μw

∇ðpg�pcÞ ð39Þ

nw;s ¼ �ρw
kwkr;w
μw

∇pgþρw
kwkr;w
μw

∇pc ð40Þ

nw;s ¼ ρwvw;sþρw
kwkr;w
μw

∂pc
∂cw

∇cw ð41Þ

Eq. (41) can be written in terms of capillary diffusivity,
Dw;cap ¼ � ∂pc

∂cw∇cw, as

nw;s ¼ ρwvw;s�Dw;cap∇cw ð42Þ
The gas phase is composed of a binary mixture of water vapor and
air. Based on Darcy's law, the flux of the gas phase is given by

ng;s ¼ �ρg
kgkg;r
μg

∇pg ð43Þ

The concentrations of vapor and air are obtained by solving for
their respective mass fractions, ωv and ωa. The vapor and air
concentrations are related to gas concentration by their respective
mass fraction, i.e. cv ¼ωvcg and ca ¼ωacg . Since gas is assumed as
a binary mixture, the mass fraction of air is obtained via closure
equations:

ωa ¼ 1�ωv ð44Þ
The mass flux of water vapor arises due to bulk flow (due to gas
pressure gradient) and binary diffusion with air (Bird et al., 2001):

nv;s ¼ �ρv
kgkg;r
μg

∇pg�
C2
g

ρg

 !
MvMaDbin∇xv ð45Þ

nv;s ¼ ρvvg;s�
C2
g

ρg

 !
MvMaDbin∇xv ð46Þ

The net fluxes of liquid water, gas and water vapor with respect to
the ground frame are computed from Eqs. (42), (43) and (46),
respectively, as
nw;G ¼ ρwvw;s�Dw;cap∇cwþcwvs ð47Þ

ng;G ¼ ρgvg;sþcgvs ð48Þ

nv;G ¼ ρvvg;s�
C2
g

ρg

 !
MvMaDbin∇xvþcvvs ð49Þ

2.3.4. Energy balance
One energy balance equation is solved for the mixture

assuming thermal equilibrium between the different phases.
Conservation of energy includes convection due to bulk flow of the
phases, heat conduction and evaporation/condensation:

ρeff Cp;eff
∂T
∂t

þ
X

i ¼ w;v;a

ðni;G∇ðCp;iTÞÞ ¼∇ðkeff∇TÞ�λ_I ð50Þ

where _I is the volumetric rate of evaporation. The properties of the
mixture, ρeff ;Cp;eff ; keff , are obtained by averaging those of pure
components, weighted by either their mass or volume fractions:

ρeff ¼ ð1�ϕÞρsþϕðSwρwþSgρgÞ ð51Þ

Cp;eff ¼msCp;sþmwðSwCp;wþmgCp;gÞ ð52Þ

keff ¼ ð1�ϕÞksþϕðSwkwþSgðωvkvþωakaÞÞ ð53Þ

2.3.5. Phase change
Evaporation of liquid water to vapor results in the development

of large internal pressures within the kernel and, based on this,
evaporation/condensation is modeled as being spatially dis-
tributed throughout the domain. An explicit expression for the
evaporation rate, _I , is used in which the evaporation rate is pro-
portional to the difference between actual vapor density and
density of vapor at equilibrium (also known as saturation vapor
density) and is given by

_I ¼ Kevapðρv;eq�ρvÞSgϕ ð54Þ
where ρv ¼ ρgωv is the vapor density at any location inside the
material (obtained as a model output from cv), ρv;eq is the
saturation vapor density (obtained from moisture sorption iso-
therm of the material) and Kevap is the evaporation rate constant.
Values of the evaporation rate constant are chosen by increasing it
until the solution is independent of Kevap (Halder et al., 2007).

2.4. Boundary and initial conditions

Boundary conditions for the governing equations are now
described and are also shown in Fig. 4. Initial conditions are listed
with the input parameters (Table 1).

2.4.1. Solid mechanics
Displacements normal to the axisymmetric (boundary 1) and

symmetry planes (boundary 3) are set to zero while the other
boundary (boundary 2) is unconstrained and free to deform.

2.4.2. Multiphase transport
The rice kernel puffs at ambient pressures and, therefore,

pressure equal to atmospheric pressure is used for Eq. (33):

pj surf ¼ pamb ð55Þ
Liquid water moves from the interior to the surface (Eq. (32)) and
leaves as vapor through surface evaporation, leading to the con-
vective boundary condition:

nw;s j surf ¼ hmϕSwðρv�ρv;ambÞ ð56Þ
Note above that the flux of moisture at the surface is defined with
respect to the deforming solid. In addition to water lost through



Fig. 4. Schematic showing the rice geometry used for simulations and boundary
conditions for coupled solid mechanics – multiphase transport model.
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evaporation, the moisture flux at the boundary also moves along
with the movement of the surface due to expansion. Therefore, the
total moisture lost from the surface with respect to the ground
frame is given by

nw;G j surf ¼ nw;s j surf þcwvs ð57Þ
Water vapor reaches the surface (Eq. (34)) and is convected away.
As above, the vapor flux at the boundary will have to be updated
to account for the deforming surface:

nv;s j surf ¼ hmϕSgðρv�ρv;ambÞ ð58Þ

nv;G j surf ¼ nv;s j surf þcvvs ð59Þ

For energy equation (Eq. (50)), forced convective heat transfer
takes place at the boundary:

qj sur ¼ htðTsalt�Tsurf Þ�λnw;s j surf �
X

i ¼ w;a

ðni;G j surf ÞCp;vTsurf

� Nsurf ð60Þ

In Eq. (60), the first term on the RHS is the convective heat
transferred from the heating medium to the kernel surface, the
second term is the heat lost due to surface evaporation of liquid
water and the third term is the energy lost due to bulk flow gas
normal to the surface (Nsurf is the unit surface normal).

2.5. Input parameters

Input parameters used for simulating the rice puffing process
are summarized in Table 3.1. Details about some of the important
parameters are discussed here.

2.5.1. Glass transition temperature
Glass transition temperature, Tg, marks the onset of glassy–

rubbery phase transition of materials that takes place over a small
range of temperature. The Tg value of gelatinized (amorphous) rice
starch for the range of moisture content considered in the present
study is about 95 °C (Chung et al., 2002). During puffing, when the
temperatures rise beyond the Tg value, there is a sharp change in
the mechanical properties (see section below). Chung et al. (2002)
report that the Tg value of native (un-gelatinized) crystalline rice
starch is at least 20 °C higher when compared with the gelatinized
counterpart. It is probably due to this reason that raw rice con-
sisting of native crystalline starch does not puff as much since the
onset of glassy–rubbery transition takes place at a higher
temperature compared with parboiled rice (consisting of amor-
phous starch) when subjected to similar puffing conditions.

2.5.2. Mechanical properties
Mechanical properties, e.g., elastic modulus (E) and Poisson's

ratio (ν) of rice, are needed as functions of glass transition tem-
perature, Tg. Rice starch is initially glassy and when heated to high
temperatures, it undergoes a phase transformation to rubbery
state. Consequently, the magnitude of elastic modulus decreases
drastically as the temperature increases through the Tg value. For
rice starch in its glassy state, Eg and νg have been measured
experimentally as 500 MPa and 0.28, respectively (Shitanda et al.,
2002). In the rubbery state, elastic modulus of starch, Er, has been
estimated to be of the order of 1 kPa (Schwartzberg et al., 1995;
Alavi et al., 2003a,b; Wang et al., 2005; Fan et al., 2012). This shows
a reduction of several orders of magnitude in the elastic modulus
across glass transition that allows for the large expansion of the
rice kernel during puffing. For a soft and compliant material,
Poisson's ratio in rubbery state, νr, is expected to be about 0.5; a
value of 0.49 was used during computations to avoid singularity
and help with convergence of the numerical scheme. It is worth-
while to mention here that starch behaves in a manner similar to
other amorphous thermoplastic polymers, e.g., polycarbonate and
polymethyl methacrylate when heated spanning their glass tran-
sition temperature (Richeton et al., 2007; Srivastava et al., 2010).

The temperature dependency of elastic modulus and Poisson's
ratio, taking into account the glass transition temperature, Tg, were
approximated by the following functions (Dupaix and Boyce,
2007):

EðTÞ ¼ 1
2
ðEgþErÞ�1

2
ðEg�ErÞ tanh

T�Tg

β

� �
ð61Þ

νðTÞ ¼ 1
2
ðνgþνrÞ�

1
2
ðνg�νrÞ tanh

T�Tg

β

� �
ð62Þ

Here, β is a parameter related to the temperature range across
which glass transition occurs. A value of β¼5 °C was assumed
based on values reported for other glassy polymers (Srivastava
et al., 2010). Fig. 5 shows the changes in mechanical properties
across the glass transition temperature used in this study based on
discussions in this section. One can clearly observe a sharp change
in property values as the material transitions to the rubbery state.

Now, for the constitutive equation (Eq. (20)), shear modulus, G,
and bulk modulus, K, are needed. These are obtained in terms of E
and ν through standard equations available from solid mechanics
literature:

GðTÞ ¼ EðTÞ
2ð1þνðTÞÞ ð63Þ

KðTÞ ¼ GðTÞ 2ð1þνðTÞÞ
3ð1�2νðTÞÞ ð64Þ

The yield stress of starch is obtained as a function of temperature
(Alavi et al., 2003a,b) and is listed in Table 1.

2.5.3. Porosity factor
During puffing, the rice kernel undergoes large volume

expansion resulting in significant changes in the porosity of the
material as can be seen in Eq. (5). As the porosity of the material
increases, it becomes more permeable to the flow of fluid phases.
This is accounted for by changing the liquid and gas permeabilities
by multiplying a porosity factor given by Kozney–Carman
equation (Bear, 1972):

f ðϕÞ ¼ ϕ
ϕ0

� �3 1�ϕ0

1�ϕ

� �2

ð65Þ



Table 1
Input parameters used in the simulations for rice puffing.

Parameter Value Units Source

Dimensions
Major axis, a 3.363 mm This study
Major axis, b 0.944 mm This study

Density
Water, ρw 998 kg/m3 McCabe et al. (2005)
Vapor, ρv Ideal gas kg/m3

Air, ρa Ideal gas kg/m3

Solid, ρs 1564 kg/m3 Fukuoka et al. (2000)
Specific heat capacity

Water, cpw 4176:2�0:0909ðT�273Þþ5:4731� 10�3ðT�273Þ2 J/kg K

Lewis (1987)
Vapor, cpv 1790þ0:107ðT�273Þþ5:856� 10�4ðT�273Þ2�1:997� 10�7ðT�273Þ3 J/kg K Lewis (1987)

Air, cpa 1006 J/kg K Choi and Okos (1986)
Solid, cps 1800 J/kg K Choi and Okos (1986)

Thermal conductivity
Water, kw 0:57109þ0:0017625T�6:7306� 10�6T2 W/m K Choi and Okos (1986)

Vapor, kv 0.026 W/m K Choi and Okos (1986)
Air, ka 0.026 W/m K Choi and Okos (1986)
Solid, ks 0.21 W/m K Choi and Okos (1986)

Intrinsic permeability
Water, kin;w 1� 10�20 m2 Warning et al. (2014)

Air and vapor, kin;g
kin;w 1þ0:15k�0:37

in;w

p

 !
m2 Tanikawa and Shimamoto (2009)

Relative permeability
Water, kr;w f ðϕÞ � ðSw�0:09Þ=0:91� �3

; Sw40:09 Bear (1972)

0, Swo0:09
Air and vapor, kr;g f ðϕÞ � ð1�1:1SwÞ; Swo0:91 Bear (1972)

0, Sw40:91
Capillary diffusivity

Water, Dw;cap 1:35� 10�8 � exp
�21:61ð548�TÞð1:194þ3:68MÞ

Tð1þ18:98MÞ

� �
m2/s van der Lijn (1976)

Viscosity
Water, μw 0:988� 10�3 Pa s McCabe et al. (2005)

Air and vapor, μg 1:8� 10�5 Pa s McCabe et al. (2005)

Heat transfer coefficient, ht 100 W/m2 K Das (2005)
Mass transfer coefficient, hm 0.15 m/s Murthy et al. (2009)
Latent heat of vaporization, λvap 2260� 105 J/kg Schwartzberg et al. (1995)

Vapor diffusivity in air, Deff ;g 2:13
p

T
273

� �1:8

ðSgϕÞ3�ϕ=ϕ
m2/s Moldrup et al. (2005)

Saturation vapor pressure, psat 1002:2� exp 9:437� 3867:44
T�43:37

� �
kPa

Equilibrium vapor pressure, pv;eq psat � B�MþC �M
FþM

� �
kPa Wu and Schwartzberg (1994)

B¼ �0:5362�0:001394Tþ2:0474ð468:9�TÞÞ
477:42�TÞ

–

C ¼ �0:2479þ0:001216T –

F ¼ �0:002004þ0:3165� 10�5T –

Ambient pressure, Pamb 101,325 Pa
Ambient temperature, Tamb 200 °C
Young's modulus, E Eq. (61) Pa Srivastava et al. (2010)
Shear modulus, G Eq. (63) Pa
Bulk modulus, K Eq. (64) Pa
Yield stress, σ0 2000� expð0:013ð300�TÞÞ Pa Alavi et al. (2003a,b)
Initial conditions

Porosity, ϕ0 0.1840 –

Pressure, P0 101,325 Pa
Water concentration, cw;0 164 kg/m3

Vapor mass fraction, ω0 1:884� 10�4 –

Temperature, T0 22 °C
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3. Solution methodology geometry, mesh and implementation

An actual 3D geometry for the rice kernel could not be used for
the present study due to the massive computing resources that
would be needed. Instead, the kernel was assumed to be a prolate
spheroid and, owing to symmetry, 2D axisymmetric geometry was
used for this study. The average dimension of ten rice grains
(described in Section 4) was used to create a quarter ellipse, as
shown in Fig. 4. A triangular mesh consisting of 10,800 elements
was used with more elements along the boundary of the kernel to
help with convergence (Fig. 6).

A commercially available finite element software COMSOL
Multiphysics 4.3b (Comsol Inc., Burlington, MA) was used to solve
the governing equations described in Section 2.3. Solid momen-
tum balance (Eq. (14)) was solved in the Lagrangian frame of
reference using the Structural Mechanics module. Mass con-
servation equations for liquid water, gas and water vapor (Eqs.
(32)–(33)) were solved in the Eulerian frame (frame with respect



Fig. 5. Mechanical property changes with temperature. Note the sharp change in
properties across the glass transition temperature.

Fig. 6. Meshed geometry with triangular mesh elements. Mesh density is higher
near the tip of the kernel and at the boundary (see expanded view) to help
convergence.
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to a stationary observer) using Transport of Dilute Species, Darcy's
Law and Transport of Concentrated Species modules, respectively.
For all the variables, linear shape functions were used. Due to
complex coupling of governing equations together with non-linear
material properties, the direct solver PARDISO was used. Variable
time stepping with a maximum time step size of 0.001 s was used
to solve the problem. The simulation of 15 s of puffing took
approximately 64 h of CPU time on a 2.0 GHz 12-core Intel Xeon
Workstation with 32 GB RAM.
4. Experimental methodology

4.1. Puffing experiments

Rice puffing experiments were carried out using a long grain
parboiled rice variety (Goya Golden Canillar Parboiled Rice,
Secaucus, NJ) procured from a local supermarket. The initial
moisture content of rice was measured gravimetrically and was
found to be 12% (wet basis). Puffing was conducted by toasting rice
in a hand held iron pan consisting of 300 g of fine salt (Morton
white fine plain table salt, Chicago, IL) heated using an induction
cooktop (Duxktop 1800-Watt Portable Induction cooktop) having a
temperature control setting. A portable digital thermometer with
K-type thermocouple probe (Omega Engineering Inc., Stamford,
Connecticut, USA) was used to measure the temperature of the salt
bed to ensure that the temperatures reached 20075 °C before the
rice was put in the pan. Rice (about 20 g for one set of experi-
ments) was puffed for different puffing times of 3, 6, 9, 12, 15 s.
Several sets of experiments were conducted for each puffing time.
For every set, 15 g of salt for every 1 g of rice was used to ensure
optimum heat transfer between the salt bed and the rice kernels
(Chinnaswamy and Bhattacharya, 1983). After each experiment,
the rice samples were separated from salt using a strainer that
allowed only the salt to pass through. This was done quickly
enough (�1 s) to ensure that the samples were representative of
that puffing time. Finally, the samples were stored in zip-lock bags
at 22–25 °C to prevent moisture uptake.

4.2. Measurement of volume expansion ratio, dimension changes
and moisture content

For rice samples puffed at different times, volume expansions
were measured following published protocols (Chinnaswamy and
Bhattacharya, 1983; Hoke et al., 2007). Fifty grains of rice were
placed inside 10 and 20 ml measuring cylinders and the remaining
space was filled with fine salt. The cylinders were tapped several
times to ensure that the salt filled up the pores between the grains.
The total volume of 50 grains was obtained by subtracting the
volume occupied by the salt from the total volume of the cylinder.
Three replicates were carried out for each measuring cylinder. The
expansion ratio of the kernels puffed at different times was
obtained by dividing the volume expansion at any instant with the
volume of un-puffed grains (i.e., at t¼0 s). The length and dia-
meter of grains puffed for different times were measured using a
vernier caliper. Dimensions of 10 grains were measured for each
set. Moisture measurements of grains (2 g) for different puffing
times were carried out using the AOAC protocol. Three replicates
were carried for each measurement.

4.3. Obtaining micro-CT scan and porosity profiles

Rice kernels at different puffing times were scanned at Cornell
University's MicroCT imaging facility. Scans were made using
ZEISS/Xradia Versa 520 X-ray Microscope (CT) (Carl Zeiss, Jena,
Germany). The scan obtained 1040 projections at 0.35° intervals
over 360° using 80 keV, 32 mA, 100 ms exposure time and 10 μm
x–y–z voxels. The 2D slices obtained from the CT scan were
reconstructed in Avizo Fire™ (FEI Visualization Sciences Group,
Hillsboro, Oregon) using appropriate filtering algorithms to con-
struct a 3D volumetric dataset. This was followed by image seg-
mentation using the watershed separation technique that is rou-
tinely used for such purposes (Bostwick et al., 2012). This enabled
(1) isolation of the pores from the material; (2) visualization of the
internal microstructure and spatial porosity profiles of the rice at
different puff times, and (3) calculation of gas porosity in the
puffed rice for different puff times.
5. Results and discussion

The model developed was validated by comparing moisture
loss, expansion ratio and dimension change histories of the puffed
rice. Transient changes in temperature, liquid water saturation,
pressure, evaporation, porosity development and stresses and
strains that generate inside the kernel are discussed next. This is
followed by sensitivity analysis and process optimization with



Fig. 7. Computed and measured volume expansion ratio of the rice kernels as a
function of puffing time.

Fig. 8. Computed and measured changes in dimensions (major and minor axis) of
the rice kernels at different puff times.

Fig. 9. Changes in predicted and experimentally observed moisture content (wet
basis) of the rice kernels at different puff times.
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respect to key parameters that affect the final volume and
moisture content of puffed rice and model extension to the pro-
cess of gun-puffing.

5.1. Experimental validation: expansion ratio, dimensions and
moisture loss histories

Expansion ratio (i.e., ratio of final to initial volume) history of
rice puffed for different times is shown in Fig. 7 along with model
predictions. The trend of volume expansion predicted by the
model follows the experimentally observed values closely,
although the model slightly under predicts the expansion ratio
towards the end. This is probably due to higher values of perme-
ability and bulk modulus of the material used for computation.
Intrinsic permeability and bulk modulus of the solid are two
important factors that affect volumetric expansion (Rakesh and
Datta, 2012). Lower values of both intrinsic permeability and bulk
modulus favor large volume of the puffed product since a lower
permeability would result in more pressure build-up within the
kernel and a low bulk modulus would allow for a larger expansion.
Accurate values of permeability and bulk modulus are difficult to
obtain due to several experimental difficulties (Schwartzberg et al.,
1995; Halder et al., 2011). Therefore, sensitivity analysis is carried
out later (Section 5.7) with respect to these two parameters to
study their effects on the expansion of the puffed rice. Moreover, a
large variation in the experimental values of volume ratio, espe-
cially during the later portions of the puffing process, is seen. This
could be due to several factors some of which are: (1) the presence
of ungelatinized starch in the parboiled rice that can potentially
consume water and undergo starch gelatinization leading to less
water available for vapor generation (van der Sman and Broeze,
2013), (2) variation in the initial moisture content between indi-
vidual grains – a low initial moisture content value would result in
a lower final expansion, and (3) a higher degree of contact with
salt (heating medium) leading to a quick temperature rise and an
early glassy–rubbery phase transition leading to more expansion
(see Section 5.2 for further details). These factors could possibly
explain the variability observed in experimental results.

From Fig. 7, it is observed that the volumetric expansion is
almost negligible for the initial few seconds (�6 s). This is due to
low pressures inside the kernel and a large bulk modulus since
rice is in its glassy state. During the initial period, the tempera-
tures are not sufficiently high to generate high pressures and
mechanical properties, being a function of glass transition tem-
perature, are high enough to resist volume changes of the kernel.
As the material heats further and undergoes the glassy to rubbery
phase transition, it starts to become more soft and compliant (see
Fig. 5 for details). The glassy–rubbery transition begins from the tip
where the temperatures are higher and then proceeds to the sides and
finally to the core causing the entire kernel to puff. Fig. 8 compares
experimentally observed changes in length and diameter of rice
with those predicted by the model and shows good agreement.

Fig. 9 shows good agreement between predicted and experi-
mentally measured moisture content of the rice kernel at different
times during the puffing process. During the initial few seconds,
moisture loss takes place primarily via surface evaporation. Later,
much of the liquid water is lost due to internal evaporation as the
material expands, resulting in a rapid decrease in liquid water
soon after 6 s, that also starts the puffing process. Due to expan-
sion, gas pressure within the kernel reduces significantly. Conse-
quently, there is a sharp decrease in the saturation temperature of
liquid water given by saturation pressure versus temperature
curve. Liquid water that was initially superheated undergoes phase
change to water vapor when the pressure is suddenly released due
to volume expansion. The slight discrepancy between model pre-
dictions and experimental values is probably due to more internal
evaporation predicted by the model. Nevertheless, the predicted
moisture history is in good agreement with that experimentally
observed.
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As is expected, there is definitely a significant variation in
property values of individual rice kernels that may not lead to an
accurate prediction. Moreover, rice puffing is a very quick process
with large changes occurring in the material that affect transport
and solid mechanical properties in a significant way leading to
some discrepancy between experiment and model predictions.
However, based on experimental measurements of volume
expansion, dimension changes and moisture content histories, the
trends predicted by the model closely follow those observed
experimentally, and the puffing model developed is therefore
considered validated. The next sections present additional results
followed by sensitivity analysis and optimization.

5.2. Temperature distribution

Computed temperature profiles at different instants of puffing
are shown in Fig. 10. The temperatures begin to rise from near the
tip of the kernel (multidimensional heating) resulting in an
increased rate of evaporation. This results in an increase in gas
pressure locally creating the necessary gradient for the material to
puff near those locations. However, due to large internal eva-
poration, there is more evaporative cooling and the temperatures
do not rise as much within the kernel. This prolongs the glassy–
rubbery phase transition of the material. As a consequence,
material expansion is not significant up until about 6 s. As the
Fig. 10. Computed temperature profiles insid

Fig. 11. Changes in bulk modulus of the rice kernel at different puff times. No
temperature increases further and crosses the glass transition
temperature (near the tip), there is a significant reduction in the
mechanical properties of the material, especially the bulk mod-
ulus. Since the necessary pressure gradient already exists, the
material begins to puff around those locations. Fig. 11 shows the
changes in the bulk modulus of the material at different instants of
puffing. Expansion of the grain starting near the tip is verified
experimentally in Fig. 12 that shows the shapes of the rice kernels
at different times during puffing. The starch undergoes expansion
near the tip (at about 6 s) where the temperatures have crossed
the Tg value. At this stage, the sides of the kernel remain hard and
glassy. With time, heat flows into the material from the sides and
temperatures begin to rise at those regions eventually leading to
glass transition at the sides followed by the entire kernel phase
transforming into the rubbery state from within the core. This
begins to happen at around 9 s at which time, the material starts
to expand from the sides (Fig. 12) and at about 15 s, the entire
kernel is puffed. Note, the kernel temperature does not reach
puffing temperatures because of a progressive development of the
gas phase within and evaporative cooling due to phase change.
Due to increase in concentration of the gas phase, the effective
thermal conductivity (Fig. 13) of the material decreases with time
that prevents the internal temperatures to rise to puffing
temperatures.
e the rice kernel at different puff times.

te the sharp decrease in the bulk modulus values due to glass transition.
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5.3. Liquid water saturation

Fig. 14 shows the spatial variation of relative saturation of liquid
water, Sw, inside the rice kernel at different times during the
puffing process. Initially, the pores are almost saturated with water
with very little gas phase. As the temperature of the kernel starts
to rise, the rate of evaporation increases resulting in a build-up of
pressure inside the hard glassy kernel. Since the pressures are
high, liquid water would boil at a higher temperature. With fur-
ther increase in temperature, as noted above, the material transi-
tions into the rubbery state allowing the matrix to expand. As a
result of volume expansion, pressures reduce drastically causing
the liquid water to phase change to water vapor. A sharp change in
the Sw value is observed in the puffed and unpuffed regions of the
kernel with Sw values approaching zero in the expanded regions.
Thus, the two regions are equivalent to dried and wet regions. A
Fig. 12. Computed and experimentally observed shape changes of the rice kernel at diffe
computed shape changes. The times for experimental images are within 71 s of those

Fig. 13. Variation of effective thermal conductivity of the rice kernel at different puff ti
direct consequence of decrease in liquid water saturation is an
increase in the saturation of gas phase resulting in an increase in
gas porosity (discussed in detail in Section 5.5).

5.3.1. Relative magnitudes of liquid water flux
The liquid water inside rice experiences both convective and

diffusive flux when heated. Fig. 15 shows the magnitudes of dif-
fusive flux (due to capillarity) and convective flux (due to pressure
driven flow) with time during the puffing process. Initially, the
convective flux is the dominant mode of transport due to large
pressure generation inside the material. However, when the
material starts to puff, pressures reduce significantly, decreasing
the magnitude of convective flux (see Section 5.4 for discussion on
pressure). The diffusive flux increases gradually and picks up at
about 6 s, at which time, the gradients in liquid water concentra-
tion, cw, increase significantly. The profiles for liquid water
rent puff times. Puffing begins from the tip of the kernel as seen in experiments and
indicated.

mes. The keff value reduces drastically as more gas phase develops during puffing.



Fig. 14. Computed liquid water saturation, Sw, of the rice kernel at different puff times. The Sw value reduces significantly due to “flash-off” of water when the material
expands.

Fig. 15. Magnitudes of pressure driven flow and capillary diffusion during rice
puffing. It is observed that both modes are equally important to consider for
puffing-type processes.
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concentration follow similar trends with Sw (Fig. 14) showing the
large gradient between the core and the regions near the surface.
With time, gradients in cw reduce, decreasing the diffusive flux
towards the later portions of the puffing process. Fig. 15 indicates
that both pressure driven flow and capillary diffusion are equally
important for puffing processes and both transport mechanisms
need to be included in the modeling framework for better pre-
dictions of process parameters.

5.4. Rate of evaporation and pressure development

Figs. 16 and 17 show the computed evaporation rate and
pressure development within the kernel at different times during
puffing. Evaporation begins from the tip where the temperatures
are high and progresses towards the interior. Almost a sharp
evaporation front is observed at the glassy–rubbery interface
inside the rice kernel. Initially, the evaporation rate is high due to a
large temperature gradient at the surface leading to a high rate of
heat transfer. As the material puffs, the rate of evaporation reduces
due to a decrease in temperature difference and reduced rate of
heat transfer. Since the puffed portion of the kernel is composed
primarily of air, the effective thermal conductivity is small (see
Fig. 13) thereby reducing the rate of heat transfer to the core and
thus contributing to lower evaporation rates.

The regions of high pressure (Fig. 17) correspond with regions
of lower permeability (Fig. 18). Due to lower permeability of the
material (i.e., when the material is unpuffed) and internal eva-
poration, the developed gas pressure is significant (see Fig. 17 at
3 and 6 s). The calculated peak pressure (1.6 MPa) is higher than
what was measured for corn puffing (�1.0 MPa Schwartzberg
et al., 1995) probably due to lower intrinsic permeability of rice
and higher rates of evaporation as computed by the model. When
the material undergoes glass transition, it becomes soft and allows
for the large volume expansion of the material locally due to large
pressure gradients that exist. When the material expands, the
pressures are released in the expanded regions. This begins to
happen from near the tip as was discussed earlier. As the material
transitions at the sides and finally in the core, expansion occurs all
throughout the material and pressures are released with values
eventually reaching atmospheric pressures in the expanded pro-
duct. The peak pressure is reached just before puffing begins since
the evaporation rate is high and permeability of the material is
low. Peak pressures reduce with time due to: (1) decreasing rates
of evaporation due to reasons noted above and (2) increasing
permeability of the material through the Kozney–Carman porosity
factor (Fig. 18). An increase in permeability with time results in
less resistance to flow of gases contributing toward lower values of
pressure.

5.5. Microstructure and porosity development

Fig. 19 shows the evolution of microstructure of the rice kernels
constructed from micro-CT images and the gas porosity profiles as
predicted by the model, respectively. The predicted porosity pro-
files are in good qualitative agreement with those observed
experimentally. Pore formation starts from the tip where there is
more expansion of the material (see, e.g., at 6 s in Fig. 19) and
continues to the sides of the kernel (at about 9 s) and eventually
the whole material becomes porous at 15 s.

Porosity is an important quality attribute associated with
puffed products. A product that is more porous provides a
crunchier mouthfeel. Porosity is measured routinely as opposed to
being predicted. Mathematical models available for predicting
porosity typically use fitting parameters derived from experi-
mental measurements and are valid for a particular product-
process combination only (Gulati and Datta, 2013). The modeling
framework presented in this study allows us to predict porosity
using fundamental conservation laws that require very little
empirical information. The framework, therefore, is applicable to a
large class of processes and products.



Fig. 17. Computed gas pressure, pg, inside the rice kernel at different puff times. Gas pressure is highest near the glassy regions within the material.

Fig. 18. Computed gas phase permeability, kg, inside the rice kernel at different instants of puffing. There is a sharp increase in the permeability of the gas phase as the
material expands due to Kozney–Carmen porosity factor.

Fig. 16. Computed rate of evaporation, _I , inside the rice kernel at different puff times. Evaporation is spatially distributed within the domain resulting in gas pressure
generation for puffing.
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In porous media literature, porosity is defined as the volume
occupied by all the fluid phases and in a non-deforming material,
the total porosity stays the same since liquid water changes to
vapor and vice versa. The porosity can change only when the
material undergoes some sort of deformation (shrinkage/swelling)
such as during rice puffing. In food literature, porosity is defined as



Fig. 19. Micro-CT scans of rise showing pore formation inside rice kernels along with predicted porosity profiles at different puff times.

Fig. 20. Experimental and computed average gas porosity, ϕg, inside the rice kernel
at different puff times.

T. Gulati, A.K. Datta / Chemical Engineering Science 139 (2016) 75–98 89
the fraction of volume occupied by the gas phase to the total
volume:

ϕg ¼
ΔVg

ΔV
¼ Sgϕ ð66Þ

Fig. 20 shows the changes in total porosity of the rice kernel and
the evolution of gas porosity during puffing along with the por-
osity obtained from μ-CT scans of experimentally puffed rice
kernels at different puffing times. Good agreement between the
observed and computed gas porosity values serve as another key
validation of the model. There is large variability in the experi-
mental porosity values that can be attributed to the same reasons
for variability in volume expansion of the material as noted in
Section 5.1. In this figure, the total porosity increases due to
volume expansion of the kernel whereas the gas porosity increases
as liquid water evaporates to vapor as noted in Section 5.4.

5.6. Stress development during puffing

The gas pressure gradient is the driving force for stress devel-
opment while the state of the material (rubbery or glass) deter-
mines its mechanical properties. Any shrinkage arising due to
moisture loss is considered small and neglected. The state of the
material manifests itself through mechanical properties – lower
the bulk modulus, higher is the deformation. Fig. 21 shows the
first principal tensile stress (i.e., the maximum stress level) inside
the rice kernel at different instants of puffing. The regions of high
stress correspond to the regions of glassy state and high pressure.
Initially, stress builds up near the tip of the kernel (3 s) where the
pressures are high (Fig. 17) and the material is glassy (Fig. 11).
When puffing begins (6 s), the stress reduces near those locations
since gradients in gas pressure subside locally and there is ease of
expansion due to a drastic reduction in bulk modulus of the
material as it reaches rubbery state. Generally, at any given instant
of puffing, the stress levels are higher at the rubbery–glassy
interface where the material has a tendency to expand more due
to the presence of large pressure gradients but is unable due to
higher mechanical properties. Finally, when the entire kernel is
expanded (15 s), gradients in gas pressure become zero and the
stresses subside. Fig. 22 shows the peak tensile stress and peak
pressures that develop inside the material indicating that the
stress development depends strongly on the gas pressure that
builds up within the material.

5.6.1. Plastic deformations during puffing
Fig. 23 shows the elastic and effective plastic strain the solid

experiences during puffing. Plastic deformation occurs when the



Fig. 21. Computed first principle tensile stress (max. stress) inside the rice kernel at different puff times. The regions of high stress corresponds with those of high gas
pressures (Fig. 17).

Fig. 22. Peak tensile stress and gauge pressure showing a one to one relationship
between the two.
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stress levels increase beyond the elastic limit at which point the
material begins to yield (or flow). Fig. 23b shows large plastic
strains (�400%) in the material that are much higher than the
elastic strains (Fig. 23a). Since rice is composed primarily of starch,
the large-chained starch molecules experience excessive elonga-
tion beyond their elastic threshold and even bond breakage
leading to permanent deformations in the material. Fig. 24 shows
the cross-sectional view of the rice microstructure at different
instants of puffing. One can clearly observe the walls of the pores
stretching as puffing proceeds resulting in the walls getting thin-
ner with time. Additionally, at certain locations, it so happens that
the walls become too thin and the stress due to gas pressure
exceeds the failure stress of the material leading to pore rupture.
This is similar to “necking” and failure of other thermoplastic
polymers when stretched beyond the elastic limit and Considere's
criterion can very well explain this phenomenon (Taki et al., 2006;
Yue et al., 2007). Considere's criterion states that necking begins
when the rate of strain hardening exceeds the stress in the
material in the plastic regime. Once necking begins to happen, the
stress becomes localized at a particular point on the solid skeleton.
Further elongation occurs at reduced stress levels and this is fol-
lowed by material rupture and pore coalescence. However, in this
study, the material is assumed perfectly plastic without exhibiting
any strain hardening and resulting in the stress being bounded by
the yield stress.

It should be noted that the mechanics of starch expansion is
quite complex and that starch also exhibits viscous properties at
high temperatures. However, no data is available on extensional
viscosity that would help understand and characterize the viscous
deformation of starch at high temperatures (van der Sman and
Broeze, 2013). Since starch exhibits both strain hardening and
viscous effects, a viscoplastic constitutive model would be more
appropriate. However, such models are quite complex requiring
elaborate experimental setups and determining a large number of
parameters and coefficients for the viscoplastic constitutive model
which is beyond the scope of the present study.

5.7. Sensitivity analysis

A large number of input parameters are required for modeling
the rice puffing process (Table 1). Given the unavailability of
accurate values for some of them, it is important to perform a
parametric sensitivity analysis in order to have greater confidence
in the predicted results. For example, only estimated values of
intrinsic liquid permeability of rice and bulk modulus of starch in
the rubbery state are available. To determine how these affect the
expansion of rice, sensitivity analysis was carried out for the two
parameters. Bulk modulus and intrinsic permeability values were
varied by 750% and 71000%, respectively, and their effect on
moisture content and volume expansion histories, two of the most
important quality attributes associated with puffed products were
computed.

5.7.1. Intrinsic permeability
Experimentally measured values of intrinsic liquid perme-

ability of rice is not available in the literature. A permeability value
of 10�20 m2 was estimated for heat treated parboiled rice using
Lattice Boltzman simulations (Warning et al., 2014) and was used
for the reference case. The intrinsic permeability value was varied
by 71000% to include a large variation. Note here that both liquid
and gas permeabilities affect volume expansion of the kernel. The
liquid and gas permeabilities are related through the Klinkenberg
effect (Tanikawa and Shimamoto, 2009) (see Table 1 for details)
and, therefore, knowing the value of either of the two suffices.
Fig. 25a shows the computed volume expansion ratio histories for
the two values of intrinsic liquid permeability and is compared
with the reference case. When the permeability is lower, there is
more resistance to the flow of fluid phases through the porous
media. As a consequence, pressures are higher inside the material
resulting in more expansion. Fig. 25b compares the moisture loss
histories for the different permeability values considered. The
moisture content is slightly lower for a material having lower
permeability because with higher expansion, subsequent pressure
release is also higher. Consequently, there is a large decrease in the



Fig. 23. Computed elastic strain (a) and effective plastic strain (b) inside the rice kernel at different puff times.

Fig. 24. Necking and pore wall rupture during rice puffing.
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saturation temperature of liquid water resulting in slightly more
evaporation which leads to a lower moisture in the material.
Therefore, volume expansion is more sensitive to changes in the
intrinsic permeability of the material compared with the final
moisture content.

5.7.2. Bulk modulus in the rubbery state
Bulk modulus of starch as computed from elastic modulus in

rubbery state is estimated to be 17 kPa using Eq. (64) (Fan et al.,
2012; Wang et al., 2005). In the constitutive equation, it is
essentially the bulk modulus that controls the expansion of the
material as described in Section 2.5.2. A lower bulk modulus cor-
responds to a soft and compliant matrix that can deform easily.
Bulk modulus values were varied within the range 750% of the
reference case. Fig. 26a shows the volume expansion histories with
changes in the bulk modulus of the material. As is expected, a
reduced bulk modulus would result in a higher expansion of the
kernel. However, there is not much change in the moisture lost
from the material (Fig. 26b). The flow (or transport) inside the
porous medium is mainly affected by changes in the porosity due
to deformation (Rakesh and Datta, 2012). The change in porosity of
the material varied in the range 5.9–4.6% for �50% to þ50%
change in the bulk modulus indicating a very small change in
porosity values. As a result, transport inside the material is not
affected as much by changes in the bulk modulus, showing lack of
sensitivity of moisture loss to bulk modulus variations. Therefore,
more accurate values of bulk modulus may not be required for
predicting moisture loss or final moisture content of the puffed
kernel. However, volume change depends significantly on the
value of bulk modulus chosen and thus would require accurate
values.

To summarize, the choice of intrinsic permeability and bulk
modulus values considerably affect the deformation of the mate-
rial while moisture loss is not as sensitive to permeability and bulk
modulus values.
6. Key factors affecting the rice puffing process

Several factors have been identified that affect the final
expansion of the rice kernel such as (1) initial moisture content of
rice, (2) puffing temperatures and (3) salt pre-treatments (Chin-
naswamy and Bhattacharya, 1983; Hoke et al., 2005). Using the
computational model developed above, the effects of various
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processing conditions on the final volume of the puffed product
are studied next to help understand the optimum conditions for
puffing rice.

6.1. Initial moisture content

The initial moisture content of the rice grains at the start of the
puffing process is one of the most important variables that affect
expansion ratio of the kernel. An optimum moisture content is
desirable since too low an initial moisture content value may cause
the rice kernel to dry out much faster, thereby decreasing its
ability to generate large pressures for expansion whereas, too high
a moisture content would require higher energy for evaporation
leading to reduced vapor generation. Also, it has been found
experimentally that rice soaked to a higher moisture content in
the pre-processing step before puffing develop cracks on the sur-
face that provide channels for vapor escape during the puffing
process (Murugesan and Bhattacharya, 1991). The initial moisture
content of rice can be controlled during the air-drying stage in the
pre-processing step. Different initial moisture content values were
considered for the simulations: 0.06, 0.18, and 0.24 wet basis (wb)
and compared with the reference case of 0.12 wb. The volume
change of the rice kernels was quite appreciable for the range of
initial moisture contents considered (Fig. 27a). The final volume of
the driest sample (0.06 wb) was 40% less whereas for the wet
sample (0.24 wb), the expansion was 26% more when compared
Fig. 25. Sensitivity of rice puffing process to changes in intrinsic permeability of liquid w

Fig. 26. Sensitivity of rice puffing process to changes in bulk modulus using
with the expansion for the reference case. Also, moisture loss from
the drier kernel was much higher (72%) compared with the wet
sample (49%) as shown in Fig. 27b. Increased moisture loss from
the drier sample is due to the reduced energy requirement for
vapor generation. For the wet sample considered, the increase in
expansion is lower due to higher energy requirements for eva-
poration at higher moisture levels. Surface cracks that develop for
high moisture kernels also tend to prevent higher expansion due
to vapor escape. This effect could not be captured in the modeling
framework to explain the experimental observations of lower
expansion for wet materials (Chinnaswamy and Bhattacharya,
1983; Murugesan and Bhattacharya, 1991).

6.2. Puffing temperatures

After moisture content, operating temperature is the next most
critical factor to consider during the puffing process. If the tem-
peratures are too low, the material may take a longer time to
undergo the glassy–rubbery phase transition and would simply
dry out. On the other hand, too high a value may cause the kernel
to charr (or burn), together with much higher rates of moisture
loss, leading to drying up the kernel (Chandrashekhar and Chat-
topadhyay, 1991). Consequently, less moisture will be available for
internal evaporation, decreasing the final expansion ratio of the
kernel. Different puffing temperatures were considered for simu-
lation purposes: 150, 250, 300 and 350 °C. For the reference case,
ater using the total moisture loss and volume expansion as the variable of interest.

the total moisture loss and volume expansion as the variable of interest.
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the operating temperature was 200 °C. Fig. 28a compares the final
volume expansion of the kernels for the different temperatures
considered. The volume changes were higher compared with the
reference case but there was no appreciable change in the volume
of the puffed product between 250 °C and 350 °C. However,
moisture loss from the material was high for temperatures 250–
350 °C (Fig. 28b). A higher surface temperature causes earlier
phase transition from glassy to rubbery state causing an earlier
onset of expansion and hence more expansion. However, higher
temperatures also result in rapid moisture removal from the ker-
nel providing lesser amounts of liquid water to generate vapors in
the interior which explains no significant change in the expansion
ratio for the higher temperatures.

6.3. Salt pretreatments

Pretreating rice with salt during the pre-processing step sig-
nificantly affects the puffing characteristics compared with
untreated rice under similar puffing conditions (Mohapatra et al.,
2012). Salt pretreatment is carried out by soaking parboiled rice in
2% salt solution for three days followed by subsequent drying to
10–12% moisture content (wb) (Chandrashekhar and Chatto-
padhyay, 1991). Salt pretreatments have been found to increase
the expansion ratio by 15% (Murugesan and Bhattacharya, 1991).
Literature studies have shown that addition of salt to starch lowers
Fig. 27. Final volume and moisture loss from the pu

Fig. 28. Final volume and moisture loss from the p
the glass transition temperature, Tg, of the starch–salt system.
With the lowering of Tg value, salt treated rice would begin to puff
early on in comparison with the untreated rice since the glassy–
rubbery transition would occur at a lower temperature. Therefore,
at any instant of puffing, salt-treated rice would have a higher
expansion compared with untreated rice under similar puffing
conditions. Also, it has been hypothesized that since salt has a
higher thermal conductivity (5.7 W/m K) compared with other
components, it would facilitate better heat conduction into the
kernel (Gerkens and D'Arnaud, 1963), although this would need to
be verified.

The modeling framework presented above is general and
changes in Tg can easily be incorporated into the modeling fra-
mework without requiring any significant reformulation of the
problem. Therefore, in order to study the effects of salt on puffing,
simulations were run for 2% salt addition. Farahnaky et al. (2009)
reported an average drop of 5 °C in Tg values per 1% of salt addition
in potato and cassava starch. Based on this, the Tg value for rice
starch–salt system was lowered by 10 °C. Computations were
carried out with the new Tg value corresponding to 2% salt and
were compared with the reference case (0% salt). Fig. 29 shows
that the computed increase in expansion is �20% and compares
well with experimental values of about 15% increase reported in
the literature (Murugesan and Bhattacharya, 1991). Therefore,
pretreatments of rice with salt before the puffing process helps to
ffed rice as affected by initial moisture content.

uffed rice as affected by puffing temperatures.



Fig. 29. Moisture loss and final volume of the puffed rice as affected by percent salt addition.

Fig. 30. Schematic showing the different components of the gun-puffing process.

Fig. 31. Ambient pressure at the boundary of the rice kernel for the gun-puffing
process.
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increase the final volume of the puffed product. This is desirable
since a puffed product with a higher expansion ratio provides a
more crunchier mouthfeel and is an indication of a better quality
product (Moraru and Kokini, 2006).
7. Model extension to gun-puffing

Gun-puffing is extensively used in the food industry for
obtaining puffed cereals and grains. As applied to rice, gun-puffing
typically involves rice grains in a horizontal rotating cylindrical
vessel that is heated via gas burners (see Fig. 30 for schematic). A
pressure gauge keeps track of the pressure that develops inside
the heating chamber. Once the inside pressure reaches to
approximately 8 bar, dry, super-heated steam is injected into the
vessel to raise the pressure up to 14 bar and to cook the rice inside
via starch gelatinization. Once the desired pressure is reached, the
lid (or cover) of the cylindrical vessel is opened almost instanta-
neously – a very critical step. The rice kernels are shot from the
gun (hence the name) and due to a sudden pressure drop, the
kernels undergo a large expansion. The heating and puffing pro-
cesses together last for 3–8 min (Villareal and Juliano, 1987; Hoke
et al., 2005). The final expansion ratio of the puffed rice could lie
anywhere between 8 and 16 (Villareal and Juliano, 1987), and it
has been found experimentally that the expansion is almost uni-
form from all sides when compared with, for example, salt or sand
assisted puffing.

7.1. Mathematical model

In this section, the mathematical model presented above for
salt-assisted puffing is extended to the process of gun-puffing of
rice kernels. The modeling framework is as depicted in Fig. 1.
Coupled conservation equations for solid mechanics and multi-
phase transport (Eqs. (14), (32)–(34) and (50)), along with aux-
iliary equations (Eqs. (61)–(65)) described earlier, are used to solve
for the key process parameters for the gun-puffing process. The
most important variable of interest is the gas pressure and its
gradient inside the kernel that drives the deformation. Boundary
conditions for the governing equations are discussed in Section
2.4. Since there is no information about how the pressure varies
inside the gun-puffing chamber, the pressure inside the chamber
(and thus at the boundary of the rice kernel) was varied linearly
with time from 1 atm to 14 atm for a total process time of 5 min.
followed by an instantaneous pressure drop (�0.005 s) to atmo-
spheric values to account for gun opening. The pressure at the
boundary is depicted in Fig. 31. This is different from the pressure
at the boundary during salt-assisted puffing (Eq. (55)) which stays
at atmospheric values throughout. Required input parameters and
solution methodology for the gun-puffing process were similar
with salt-assisted puffing as discussed in Table 1 and Section 3,
respectively.

7.2. Volume expansion

Fig. 32 shows the volume expansion history of rice shot from
the gun for a gun opening time (i.e., the time to drop the pressure
from 14 to 1 atm) of 0.005 s. There is relatively less expansion
when the kernel is inside the gun since the ambient pressure
inside the gun restricts the deformation of the kernel. However, as
soon as the pressure is released (i.e., the gun is opened), expansion
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happens almost instantaneously (like a spike). The computed
expansion ratio before and after the process is 11.7 and agrees well
with experimental expansion of 12.772.36 for 22 varieties of rice
(Villareal and Juliano, 1987). Time for pressure to drop, i.e., time to
open the gun, drastically affects the final expansion. Fig. 33 shows
Fig. 32. Computed volume expansion history of the rice kernels after gun-puffing.
Expansion ratio is computed by dividing volume at any time by volume at zero
time. The pressure release time, i.e., the time for the pressure to decrease from
14 atm to 1 atm after the gun is opened, is 0.005 s.

Fig. 33. Final volume ratio versus pressure release (gun-opening) time. The
expansion is significant for a small gun-opening time.

Fig. 34. Computed shape changes for gun-puffed rice. The expansion is more uniform fo
the final volume expansion increases significantly with a decrease
in pressure release time from the gun to atmospheric conditions.
This is due to a larger pressure gradient (that drives the expansion)
in the kernel when the gun is opened instantaneously compared
to when opened slowly.

7.3. Comparison with salt-assisted puffing

As was shown for salt-assisted puffing, when the temperature
of the kernel increases, there is large internal evaporation result-
ing in pressure generation and simultaneously, the material
changes from glassy to rubbery phase that then leads to puffing.
On the contrary, for gun-puffing, the kernel expansion is restricted
due to a higher ambient pressure at the kernel surface that
reduces the gas pressure gradient and prevents significant puffing
inside the gun-puffing chamber. A large part of the expansion
occurs during the pressure release stage of the process where
there is a sudden increase in the gas pressure gradient allowing for
much higher expansion (computed expansion ratio of 11.7) com-
pared with salt-assisted puffing (computed expansion ratio of 3.8).
Moreover, the volumetric expansion of the kernel is uniform from
all sides (Fig. 34) in gun-puffing compared with salt-assisted
puffing for which the expansion begins from the tip of the ker-
nel (Fig. 12). This is because during gun-puffing, the kernels are
slowly heated and there is enough time for the rice kernels to
attain uniform temperatures within. Consequently, the entire
kernel undergoes glass transition to the rubbery state and there-
fore expands uniformly. This is in contrast to salt-assisted puffing
for which both glassy and rubbery states co-exist inside the kernel
leading to non-uniform expansion (which begins from the tip). It
is probably due to higher and a more uniform expansion that gun-
puffing is the preferred choice for making puffed-breakfast cereals
by the food industry.
8. Conclusions

A fully coupled model for multiphase transport, large defor-
mation and phase transition during salt-assisted puffing of rice
kernels was developed and solved using finite elements along
with extensive experimental validation. A detailed understanding
of flow and deformation during rice puffing, such as rapid eva-
poration, glass transition, pressure development, large volumetric
expansion and the coupling between different physics, was stu-
died. A parametric sensitivity analysis was carried out with respect
to some important input parameters followed by studying some
key factors that affect the puffing process critically. Finally, the
modeling framework was successfully extended to understand the
r gun-puffed rice compared with salt-assisted puffing (see Fig. 12 for comparison).
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process of gun-puffing (a completely different puffing process).
From a quality standpoint, it is desired to have a higher volume
expansion of the puffed product.

Key conclusions of this work are summarized as follows: (1) the
model accurately predicts the experimental volume expansion
ratio, dimension changes, moisture loss, shape evolution and gas
porosity during salt-assisted puffing of rice kernels. (2) High
temperatures are required to cause rapid evaporation of water in
order to generate large pressures and produce glassy–rubbery
phase transition to make the material soft and easily deformable.
(3) The rice grain starts to puff from the tip where it becomes
rubbery first and the expansion front moves inwards eventually
causing the entire kernel to puff from the core. (4) Large pressures
are developed in the glassy regions that are subsequently released
when the material transitions to the rubbery state and puffs.
(5) Peak tensile stress follows pressure development inside the
kernel and has a strong dependency on the state of the material
(rubbery or glassy). (6) While volume expansion is particularly
sensitive to bulk modulus and intrinsic permeability, moisture loss
is not sensitive to the same. (7) An optimum initial moisture
content value of the rice kernel is needed to get a higher expan-
sion ratio. (8) The expansion of the kernels is low for low tem-
perature puffing whereas, at very high temperatures, the material
dries out and the final expansion is not significantly higher com-
pared with puffing at intermediate temperatures. (9) Salt pre-
treatment of rice before puffing helps achieve a higher expansion
due to lowering of the glass transition temperature and an early
onset of glassy–rubbery phase transition. (10) Gun-puffing results
in a higher and uniform expansion of the kernel compared to salt-
assisted puffing and the gun-puffed product is highly sensitive to
the pressure release time from the gun-puffing chamber.
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Symbol
 Description
 Units
 a, f
c

left Cauchy Green deformation
tensor
el
concentration
 kg/m�3
eff
specific heat capacity
 J/kg K

eq
molar density
 kmol/m3
f

G

right Cauchy Green deformation
tensor
i

f ;g
 vapor diffusivity in air
 m2/s
M

;cap
 capillary diffusivity
 m2/s
p

elastic modulus
 N/m2
0

Green–Lagrange strain tensor

Yield function

deformation tensor

heat transfer coefficient
 W/m2 K

mass transfer coefficient
 m/s

rate of evaporation
 kg/m3 s

Identity tensor

Jacobian
i
 intrinsic permeability
 m2
relative permeability of compo-
nent i
ap
 evaporation rate constant
 1/s

overall mass fraction

moisture content (dry basis)
 kg water/kg dry

solid

;Mv
 molecular weight of air and vapor
unit normal
pressure
 Pa
capillary pressure of water
 Pa

microwave source term
 W/m3
radius
 m

universal gas constant
 J/kmol K

saturation of a fluid phase, i

Piola–Kirchoff stress tensor
 Pa

time
 s

Kirchoff stress deviator
 Pa

temperature
 °C

displacement
 m

velocity
 m/s
xv
 mole fraction of air and vapor in
gas phase

volume
 m3
strain energy function
 J

coordinates in spatial frame
 m

coordinates in material frame
 m
ek symbols

density
 kg/m3
latent heat of vaporization
 J/kg
;ωv
 mass fraction of air and vapor

effective plastic strain
porosity
shear modulus
 Pa
dynamic viscosity of phase i
 Pa s
plastic multiplier
permeability of free space
 4π�10�7 H/m

Poisson's ratio
stress
 Pa

yield stress
 Pa
scripts

b
 ambient

, g, s, v,
w

air, fluid, gas, solid, vapor, water
capillary

elastic

effective

equilibrium

fracture

ground (stationary observer)

ith phase

moisture

plastic

at time t¼0
f
 surface
sur
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