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Water Holding Capacity Profile that Governs Water Migration in
Starchy Food During Boiling
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A starchy food that is initially a single-phase body turns into a multiphase body during boiling
because of starch gelatinization. Fick’s law is applicable only to a homogeneous system and is not
applicable to such a multiphase system. Relative Water Content (RWC) model has been proposed
as an alternative model that is able to describe water migration in multiphase food systems. In the
RWC model, water migration is driven by the gradient of water content divided by the water holding
capacity (WHC), m/m*. In this study a WHC profile (WHC plotted against water content with which
starchy food is heat-treated) was assumed based on information concerning starch gelatinization.
Using this WHC profile, the correlation between WHC profile and transient water content profile
in a wheat flour dough slab during boiling was examined. A modified WHC profile was found to be
applicable for describing certain characteristic features of the transient water content profile in a slab
of wheat flour dough during boiling.
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1. Introduction

Water content distribution in a food body plays an
important role in food qualities such as texture and shelf
life. For this reason, water migration has been among the
topics of interest for research in the academic field as well
as in the food industry [1-4]. Water migration in food has
been explained using models based on Fick’s diffusion
law, while the gravimetric method has been used in mea-
suring water content inside a food body [5-7].
Unfortunately, however, the gravimetric method is not
suitable for identifying water content distribution in a
starchy food body that is small in size, such as a rice grain
or a noodle strand. Consequently, the change in water con-
tent profile in this kind of food could not be verified by
experiment.

With the availability of MRI (magnetic resonance imag-
ing) for observation of changes in water content profile in
food bodies, the irregular changes in water content pro-
files were sometimes reported in starchy foods that were
soaked at a temperature higher than the gelatinization
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temperature (boiling) [8,9]. It was found that some of the
changes could not be explained using Fick’s Law of diffu-
sion [10-12]. We recognized that this irregular behavior
was caused by the fact that some kinds of food, such as
starchy foods, change from single-phase to multiphase
during boiling [13, 14]. This is because water holding
capacity of a food body changes as starch gelatinization
proceeds during boiling; namely, the distribution of water
holding capacity becomes uneven throughout the body
[15]. Since Fick’s diffusion law is applicable only to homo-
geneous systems, it cannot be applied to such a multi-
phase system.

The Relative Water Content (RWC) model was pro-
posed as an alternative model that is able to describe
water migration in a multiphase food system [13, 14]. In
the RWC model (Eq.1), water migration is driven by the
gradient of water content divided by the water holding
capacity (WHC), m/m*, whereas it is driven by the gradi-
ent of water content, m, in Fick’s law. WHC is defined as
the maximum water content that a food body can absorb
at equilibrium.

J=—Psotia Dm" % [ m*] @

m

In order to make the diffusion model available, we need
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information on WHC as a function of position and time in
the food body. WHC of starchy food is known to change
when it is heat-treated. For example, when it is immersed
in water at room temperature, a rice grain (ungelatinized)
absorbs water only up to 0.43 kg-water/kg-solid [16]. On
the other hand, a grain of “instant rice” (pregelatinized
and dried), absorbs several times more water [17]. The
equilibrium water content values are WHC values. This
suggests that WHC of the starchy food depends on the
extent of starch gelatinization.

A starchy food, either ungelatinized or partly gelati-
nized, may have an even WHC profile in its body and keep
the even WHC profile during immersion, if WHC does not
change during immersion by keeping the water tempera-
ture low enough to prevent further starch gelatinization.
In this case, the transient water content profiles in the
food body may be described by Fick’s diffusion equation.
However, what about the case when the water tempera-
ture is high such as the case of boiling ? The change of
WHC should take place during immersion.

Although it is an important factor for predicting water
migration in starchy food during boiling, how does WHC
change during boiling is left unknown. In this study, a slab
of wheat flour dough was selected as a model food. A pro-
file of WHC against water content at heat-treatment was
assumed based on the information concerning starch gela-
tinization. Then transient water content profile in the flour
dough slab during boiling was calculated by RWC model
using this WHC profile. The calculated water content pro-
file was compared with that of measured profile reported
elsewhere by Fukuoka et al. [11]. The effect of the shape
of WHC profile on the transient water content profile was
examined and the WHC profile was shaped up so that the
calculated water content profile was able to mimic the
measured water content profile.

2. Methods

2.1 Modeling

We set the problem to be solved as follows: Suppose a
slab (3.8 mm thickness) of wheat flour dough is boiled in
hot water (100C); simulate the change of water content
profile in the slab during boiling. The size and the initial
water content of the dough slab is the same as those used
by Fukuoka et al. [11]. The simulated water content pro-
file will be compared with the measured profile reported
by Fukuoka et al.

Since water diffusion process is several tens of times

slower than the heat transfer process, the water content

profile inside the slab may be taken to be governed by the
water diffusion process at constant temperature (100°C).
When the diffusion flux equation (Eq. (1)) is combined
with the equation of continuity, we have a diffusion equa-

tion:

om;, . N_ 0|, .« 0[m
ot (psolldm)_ Ox [psothm ax[ *}} (2)

m
In a system where expansion or shrinkage is negligibly
small, we have a simple form of diffusion equation:

W=l &) @

To solve Eq. (3), we need information on water diffusivi-
ty (D), WHC, initial water content, and surface boundary
condition. Although water diffusivity in the wheat flour/
water system at 100°C is reported to range from the order
of 10 to 10”° m?/s [18], a constant diffusivity value (5%
107 m2/ s) was used in this paper, so that the effect of
WHC on water content profile simulation was highlighted.
The initial water content is set to 0.72 (kg-water/kg-sol-
id), which is the initial water content of the dough used in
the experiment of Fukuoka et al. [11].

The water content at the surface is very hard to be
assumed because it becomes extraordinarily high due to
destruction of the food structure when the boiling period
is prolonged. Consequently, in this paper, the measured
water content values (using MRI method) at the position
about 0.1 mm under the slab surface was used as the
boundary condition in the calculation. When the MRI data
of the dough slab during boiling reported by Fukuoka et
al. [11] was analyzed, the water content at about 0.1 mm
under the surface was found to rise linearly as the time

increased as follows:

m=0.000555 ¢+0.7333 m<1.7 @

This equation was included in the boundary condition in
this study.

2.2 WHC profile

As explained in the previous section, WHC of starchy
food depends on the extent of starch gelatinization. When
starch granules/water system was observed by differen-
tial scanning calorimetry (DSC) [19] and by NMR [20],
starch granules were gelatinized rapidly to reach specified
extent of gelatinization within 1 or 2 min. This upper limit
in the extent of gelatinization is termed as the terminal
extent of gelatinization (TEG) that depends on tempera-
ture and water content. TEG in wheat starch/water sys-
tem was measured by DSC in the temperature range from

60°C to 100°C. The result of the experiment was examined
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to give the empirical equation [21] as:

3.15m/(1+m)—0.946
1+exp[—0.1792(6—-69.1)]

TEG= (0.54<m<1.5) (5)

where m and @ are, respectively, water content [kg-water/
kg-solid] and temperature [‘C] with which heat-treatment
is conducted.

In Fig. 1, TEG calculated by Eq.(5) is plotted against
water content for selected temperature. This figure indi-
cates that the extent of starch gelatinization reached by
boiling (85-100C) is governed by the water content with
which the heat-treatment is conducted. Wheat starch with
water less than 0.4 kg-water/kg-solid can not be gelati-
nized and that with water more than 1.7 kg-water/kg-sol-
id may be fully gelatinized. Suppose that WHC is deeply
influenced by TEG, WHC may also be governed by the
water content with which heat-treatment is conducted.
Consequently, the problem is to find an appropriate form
of WHC profile (85-100°C) as a function of water content.

The minimum WHC value in the WHC profile should be
that of ungelatinized wheat flour dough. For the minimum,
we selected 0.95 kg-water/kg-solid, which is the value
measured by soaking the dough in pure water at room
temperature [22].

The maximum WHC value in the WHC profile is select-
ed as 1.7 kg-water/kg-solid, which is the measured water
content value in the dough slab during boiling [11]. Water
content at a position slightly under the surface of the
dough slab reached 1.7 kg-water/kg-solid after 30 min
boiling, while the water content value leveled off at this
value through the dough slab after 120 min boiling (Fig.

4). For this reason, this value is taken as the maximum
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Fig.1 Terminal extent of starch gelatinization values plotted
against water content (calculated from the published data of
Fukuoka et al. [11]). ¢70°C, B75C, A80C, X85C, A90C,
(J95C, O100°C. d.b. means dry basis (kg-water/kg-solid).

WHC value of this dough.

WHC value should increase from the minimum value
(0.95 kg-water/kg-solid) to the maximum value (1.7
kg-water/kg-solid), in the range of water content from m
=0.4 kg-water/kg-solid to m=1.7 kg-water/ kg-solid.
Three schematics of WHC profiles connecting point M (m
=0.4, WHC=0.95) and point N (m=1.7, WHC=1.7) were
examined (Fig. 2). One is line A connecting M and N with
a straight line. Another is line B connecting M and N with
a convex line bended at a point (#»=1.25, WHC=1.6). The
other is line C connecting M and N with a concave line
bended at a point (m=1.25, WHC=1.3). Using each of
these three lines as the WHC profile, transient water con-
tent profile in the model food (slab of wheat flour dough
during boiling) was calculated.

3. Results and discussion

The change of water content profile that is calculated by
solving Eq. (3) using line A (Fig. 2) as the WHC profile, is
shown in Fig. 3a. The shape of the water content profile is
apparently similar to that of water content profiles calculat-
ed by Fickian diffusion equation. However, when WHC
profile with a bending point is used, an obvious bending
point emerges in each of water content profile at the water
content which coincides with the bending water content in
the WHC profile (1.25 kg-water/kg-solid). In addition, it
is found that convex (or concave) shape of WHC profile at
the bending point is reflected on the convex (or concave)
shape in water content profile, respectively (Figs. 3b and
30).
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Fig. 2 WHC profile used for the calculation of transient water
content profile in a slab of wheat flour dough during boiling. A:
Linearly varying WHC profile, B: WHC profile with a breaking
point at m=1.25 (d.b.), WHC=1.6, C: WHC profile with a
breaking point at =125 (d.b.), WHC=1.3. d.b. means dry
basis (kg-water/kg-solid).
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Fig.3 Water content profile in a slab of wheat flour dough
calculated using the WHC profile given in Fig. 2. a: linear WHC
profile (line A in Fig. 2), b: bending WHC profile (m=1.25,
WHC=1.6) (line B in Fig. 2), c: bending WHC profile (m=1.25,
WHC=1.3) (line C in Fig. 2). d.b. means dry basis (kg-water/
kg-solid). The numbers indicate boiling time (min).

Fukuoka et al. [11] measured transient water content
profile in a wheat flour dough slab during boiling. In their
experiment, wheat flour dough (0.72 kg-water/kg-solid)
embedded in an aluminum frame to form a slab (3.8 mm
thickness) was put into boiling water for a specified time
and was quenched in cold water in order to stop further
heating. A piece of rectangular block was cut out from the
sample slab. Spin echo images of protons in a vertical slice
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Fig.4 Water content profile inside a slab of wheat flour dough
measured by Fukuoka et al. [11]. The numbers indicate boiling
time (min). <15 min boiling, 30 min boiling, A60 min
boiling, O120 min boiling. d.b. means dry basis (kg-water/
kg-solid).

perpendicular to the boiled surface of the sample piece
were observed using an NMR spectrometer. The signal
intensity of proton images was converted into water con-
tent via proton transverse relaxation time at each pixel in
the image. The water content profile across the slab is
shown in Fig. 4. The features of the transient water con-
tent profile during boiling are summarized as:

(1) The water migration in the wheat flour dough was
found to be very slow. Even after 30 min boiling, the water
content at the center of the slab remained at the initial
level, while water content reached an equilibrium value of
1.7 kg-water/kg-solid at the surface.

(2) At 60 min boiling, a nearly flat water content profile
emerged in three regions: at the center, near to the sur-
face and in the intermediate part of these two regions.
These flat regions were tied with a sharp gradient curve of
water content profile.

(3) When the slab was boiled for 120 min, the water con-
tent inside the slab leveled off to equilibrium of 1.7
kg-water/kg-solid.

In an attempt to mimic the feature of measured water
content profile after 30 min and 60 min boiling, WHC pro-
file with three bending points at »=0.85, 1.1, and 1.6
kg-water/kg-solid (Fig. 5) was used to calculate water
content profiles. The result of calculation is shown in Fig.
6. It was found that the transient water content profile in
the dough slab during boiling was well described in its
outline by using RWC model with water diffusivity of 5%
107" mz/s and WHC profile proposed. The breaking
points that emerge at three levels of water content (m=
0.85, 1.1, and 1.6 kg-water/kg-solid) in the measured
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