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Comparison of the Viscoelastic Properties of Fluid Foods Measured
by the Non-rotational Concentric Cylinder Method with Those
by the Dynamic Oscillatory Method

Somchai KEAWKAIKA, Yoshio HAGURA and Kanichi SUZUKI'

Graduate School of Biosphere Science, Hiroshima University 1-4-4 Kagamiyama, Higashi-Hiroshima, 739-8528, Japan

A new method using a non-rotational concentric cylinder (NRCC) rheometer was used to
determine the viscoelasticities of selected viscous liquid foods. The results were compared with those
of conventional dynamic viscoelastic measurements. Two two-element models, the Maxwell model
and the Voigt model, were used to describe the viscoelastic behavior of model foods measured by
the NRCC method, which generates force~time curves. Mayonnaises with 28-36 w/w% water content
and the 4 w/w% gelatinized potato starch exhibited Maxwell behavior with convex force-time curves.
In contrast, mayonnaises with 20~24 w/w% water content and 5-7 w/w% gelatinized potato starches
exhibited Voigt behavior with straight force-time curves. These results were in good agreement
with the results given by the dynamic viscoelastic method. The G’ value of the Maxwell model-like
samples showed frequency dependence, while the G’ values of the Voigt model-like samples exhibited
less pronounced frequency dependence over the observed range.
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1. Introduction

The rheological properties of food materials are not eas-
ily measured because of their non-Newtonian flow behav-
ior, which is time and shear rate dependent. In the past
few decades, the viscoelastic behavior of many foods has
been studied in terms of their dynamic viscoelastic prop-
erties. It is a non-destructive technique allowing measure-
ments to be made without inflicting structural damage on
the sample if the operation is performed within the linear
viscoelastic range. Dynamic viscoelastic measurements
have been carried out for many kinds of foods in previous
studies [1-4].

Linear viscoelastic properties are useful for clarifying
the structural characteristics of food materials, but they
are of little value for predicting the viscoelastic properties
which emerge during food processing operations [5]. In
the food production process (e.g., extrusion, mixing,
pumping, chewing), viscoelastic materials are subjected to
large deformations, which affect the non-linear viscoelas-
tic behavior of materials [6]. Thus, the dynamic viscoelas-
tic method cannot yield a proper understanding of the vis-
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coelastic behavior emerging in those processes.

Recently, a static method of measuring the viscosity and
viscoelasticity of liquid foods using the non-rotational con-
centric cylinder (NRCC) method has been developed [7].
This simply structured and easily implemented method
allows the accurate measurement of the viscosity (x) and
shear modulus (G) of liquid foods. In the NRCC method,
the sample is placed in a cup and the plunger is partially
immersed in the sample before measurement; during mea-
surement, the plunger is moved vertically through the
measured sample, and the viscosity is evaluated from the
force measured just at the start of plunger movement (the-
oretically, t=0); finally, the shear modulus is calculated
from the change in force during the plunger movement.
The rheological properties measured by this method are
useful for understanding the viscoefasticities of food mate-
rials during processing which is encountered large defor-
mation,

A convenient manner of conceptualizing the viscoelastic
behavior of foods is in terms of a spring with modulus (G)
and a dashpot that represents a Newtonian fluid with vis-
cosity (¢). These can be arranged either in series, as in
the Maxwell model, or in parallel, as in the Voigt model
[8]. Two-element models, which are the simplest models,
have been used to explain the dynamic viscoelastic behav-
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ior of materials. In our previous work, we have proposed
the NRCC method, which measures force-time curves, as
a method of measuring the viscoelastic behavior of liquid
foods [9]. The NRCC method measures mainly two types
of force-time curves that relate to the structure of liquid
foods. One is the convex force-time curve, which corre-
sponds to Maxwell model structures, while the other is
the linear force-time curve, which relates to Voigt model
structures.

In the present study, the viscoelastic properties of may-
onnaise and potato starch model foods were investigated
by the NRCC method. The Maxwell model and the Voigt
model were used to explain the viscoelastic behaviors of
the samples measured by this method. Moreover, the
results obtained by the NRCC method were compared
with those given by the dynamic viscoelastic method
(DAR-50, Stresstech rheometer). The mechanism behind
the difference in the viscoelastic behaviors of viscous lig-
uid foods was also elucidated. '

2. Materials and Methods

2.1 Materials

Mayonnaise and potato starch model foods were pre-
pared to simulate Maxwell model and Voigt model visco-
elastic materials.

Commercial mayonnaise was purchased from a local
market. The main ingredients of the mayonnaise were
vegetable oil, egg yolk, vinegar, salt, and flavoring. The ini-
tial water content of the mayonnaise, as measured by the
drying method, was 20 w/w%. The water content of the
mayonnaise model foods was adjusted to 20, 24, 28, 32 and
36 w/w% by the addition of distilled water. The samples

were gently mixed for 10 minutes before rheological mea--

surement.

Chemical reagent grade potato starch and gelatin were
purchased from Sigma Aldrich Japan (Tokyo, Japan).
Gelatin was added to potato starch solution to enhance the
viscoelasticity of the solution and to render the gelatinized
potato starches compact. The potato starch model foods
(4-7 w/w%) were prepared with 0.3 w/w% gelatin by heat-
ing to 90°C for 10 minutes using a hot plate and then cool-
ing to 25°C over a period of approximately 15 minutes.
During the cooling process, the samples were covered by
a Parafilm until the rheological measurement to prevent
water loss.

2.2 Static viscoelastic measurement
The static viscoelasticity was measured by means of a

non-rotational concentric cylinder rheometer (NRCC-
Visco-PRO, Sun Scienctific Co., Japan). Plunger no. 2
(k (=Ri/R,)=0.8928) was used; the:plunger velocity (Vp) .
ranged from 10 mm/min to 80 mm/min and the plunger
movement distance (AL) ranged from 0.1 mm to 0.2 mm.
The samples in the measurement cup were cooled to 25C
using a water circulation system. The measurements were
performed five times, and the average values were used as
the results.

2.3 Dynamic viscoelastic measurement

The viscoelastic properties of the model foods were
monitored using a Stresstech rheometer, which per-
formed oscillatory measurement with cone-plate geome-

' try (DAR50, Reologica Instruments, A.B.). The cone was

40 mm in diameter and 4° in cone angle. All measure-
ments were carried out at 25C. A frequency sweep test for
viscoelasticity was performed at an angular frequency of
0.01 Hz to 10 Hz. A stress of 1 Pa and 5 Pa was applied to
the mayonnaise and gelatinized potato starch, respectively.
Due to the phase difference between the samples, alter-
nate constant stresses were selected for each model food.
The dynamic rheological parameters used to evaluate the
viscoelastic propertiés of the samples were storage modu-
lus (G") and loss modulus (G").

2.4 Static measurement of the viscoelastic
behavior based on force-time curves

Figure 1 shows a theoretical scheme of the method pro-
posed in this paper. The theoretical derivation of the mea-
surement system has been presenfed by Suzuki et al. in a
previous paper [9]. A plunger (radius: R;) is initially
dipped at a distance, L,, in the liquid sarhp]e, whichisina

Load sensor

Fig.1 Setup of a non-rotational concentric
cylinder rheometer. .
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cup (radius: Ry). The initial distance between the plunger’
s bottom and the cup bottom is L. The cup is moved
upward or the plunger is moved downward at a constant
speed, Ve

2.4.1 The Maxwell model
The Maxwell model is commonly visualized as a series
combination of a Hookean spring of rigidity G, and a
Newtonian dashpot of viscosity x (Fig. 2a). When the
Maxwell model is applied to the force~time curve generat-
“ed by the NRCC method, the following exponential equa-
tion is obtained [9]:

F=0Ku (Lot KO +Ku (1—exp (—GH/ )] (1)

where f is the shear stress (Pa), K is the constant shear
rate in the NRCC method (s-l), u is the viscosity (Pa - s),
t is the time of plunger movement (s), G is the shear mod-
ulus (Pa), ¢ is a constant which corresponds to -2z a/f,
and ¢ is a constant which corresponds to 1/{8(1—x}. B
is obtained when the constant shear rate, K, is assumed to
be proportional to V, i.e. K=8V;. a is a geometric con-
stant of the apparatus defined as follows:

Force (N)

where «£=Ri/R,. The force-time curve of the Maxwell
model shows a convexly increasing shear stress as a func-
tion of time.

2.4.2 The Voigt model
The Voigt model is described by the parallel connection

-of a Hookean si)ring and a Newtonian dashpot. When the

Voigt model is applied to the force-time curve generated
by the NRCC method, the resulting linear equation can be
written as follows [9]:

f=0Ku (Lo+¢Kt)+Ku+KGt 3)

Eq. (3) indicates that the shear stress increases linearly
with increasing time, as shown in Figure 2(b).

3. Results and Discussion

3.1 Viscosity and static shear modulus

- Figures 3 and 4 show the viscosities and shear moduli
(G) of the mayonnaise and gelatinized potato starch, as
measured by the NRCC method. The viscosity of the may-
onnaises gradually decreased with the addition of distilled
water (water content: 20, 24, 28, 32 and 36 w/w%; dis-
persed phase content: 80, 76, 72, 68 and 64 w/w%). The

(b)

Time (s)

Fig. 2 Force-time curve of a Maxwell model food (a) and that of a Voigt model food (b), as measured by the
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Fig. 4 Viscosity (a) and shear modulus (b) of 4% (@), 5% (M), 6% (&) and 7% (X) gelatinized potato starches, as measured

by NRCC-Visco-PRO.

same results were found for the gelaﬁnized potato starch-
es, whose viscosity increased with increasing starch con-
centration. Both model food systems exhibited shear-thin-
ning (pseudoplastic behavior), where the viscosity
decreased with increasing. shear rate. This pseudoplastic
behavior of the mayonnaises was in agreement with the
result of a previous study [10]; Ma and Barbosa~Canovas
[11] have reported pseudoplastic behavior in mayonnaises
whose oil concentrations ranged from 75-85 w/w%. It can
be deduced from these facts that high oil content corre-
lates with high viscoelasticity in emulsions. At higher oil
concentrations, a more compact three-dimensional net-
work is formed between the egg protein molecules and
the absorbed oil droplets, which causes an increase in the
viscoelasticity of mayonnaise [12, 13]. The increase in the
viscosity and shear modulus of gelatinized potato starch
may be attributed to the degree of granular swelling,
which tends-to fill the entire available volume of the sys-
tem [14, 15}, and the intergranule contact, which might
lead to the formation of a three-dimensional network of
swollen granules [16].

‘Indeed, at low concentrations, the starch particles are
completely swollen [17]. As the swollen particles continue
to fill the available space, the viscoelasticity of the system
increases, which could be explaihed by the increase in the
volume fraction of the dispersed system. At high conéen—
trations, the starch granules cannot fully swell to their
equilibrium volume due to the lack of water. The starch
granules fill the limited space and form a compact struc-
ture, which causes an increase in viscosity and shear mod-
ulus.

 The results for the shear modulus were similar, in that

the G value increased in the gelatinized potato starches as

the concentration of the potato starch increased, and

decreased in the mayonnaises with the addition of water
(Figs. 3(b) and 4(b)). However, it should be noted that the
shear moduli of both sample types showed shear rate
independence over the observed ranged.

3.2 Determination of viscoelastic behavior

According to the background described above, a sample
will behave in a Maxwell model way when the NRCC rhe-
ometer detects a convex force-time curve. On the other
hand, a straight force-time line will be observed for Voigt
materials. Figures 5(a) and 5(b) present the force-time
curves of model mayonnaises and gelatinized potato
starches, respectively, as measured by the NRCC method.
The viscoelastic behavior of mayonnaises with 20-24 w/
wY% water content (or 80-76 w/w% dispersed phase con-
tent) and 5~7 w/w% gelatinized potato starches fall into the
category of Voigt behavior, for which straight lines were
observed a short period after the start of cup movement.
In contrast, convex force-time curves were detected for
mayonnaises with 28-36 w/w% water content (or 72-64 w/

. w% dispersed phase content) and the 4 w/w% gelatinized
potato starch. These results are consistent. with Maxwell
behavior, as described above.

The results of small amplitude oscillatory shear tests
are expressed in terms of storage modulus (G') and loss
modulus (G”). When G’ is greater than G”, the material
will éxhibit the behavior of a solid (i.e. deformation in the
linear range will be recoverable), which with the phase

" angle lower than 45 degrees. On the other hand, if G” is

greater than G’, the material will behave like a liquid (.e.
the energy used to deform the material will be dissipated),
with the phase shift factor higher than 45 degrees [18].
Figure 6 shows the effect of frequency on G’ and G” for
mayonnaise and gelatinized potato starch. For mayonnais-
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and 4).

es with 20-24 w/w% water content and 5~7 w/w% gelati-
nized potato starches, G’ exhibited a less pronounced fre-
quency dependence over the observed range. These
results suggest that the samples behaved like a solid, as in
the Voigt model. The G’ value of a Voigt element is inde-
pendent of frequency under oscillatory shear flow condi-
tions [8]. Moreover, the G’ value of these samples also
exceeded the G” value, with the phase angle lower than 45
degrees..

On the contrary, mayonnaises with 28-36 w/w% water
content and the 4 w/w% gelatinized potato starch showed
a more pronounced frequency dependence, which sug-
gests liquid-like behavior. The Maxwell model describes a
progressive transition of the liquid from viscous to elastic,
where the storage modulus increases with increasing fre-
quency. In addition, the Maxwell model-like samples
showed liquid behavior, with phase angles higher than 45
degrees (i.e. the G” exceed the G), except for the mayon-
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naise with 28 w/w% water content.

The results shown above suggest that the viscoelastic
behavior of viscous liquid foods can be determined by
means of the NRCC method, and that viscoelastic behav-
iors can be simply divided into two categories correspond-
ing to the Maxwell model and the Voigt model. However, it
is difficult to find viscoelastic materials which display both
ideal Voigt model and ideal Maxwell model characteris-
tics. Most viscoelastic materials behave in either a Voigt
model-like or a Maxwell model-like manner. As shown in
Figure 5(b), the 5 w/w% gelatinized potato starch had a
straight force~time line at the beginning of measurement;
nevertheless, the line began to curve as time passed. This
indicates that the sample underwent stress relaxation due
to Voigt model-like (not ideal Voigt model) viscoelastic
behavior. ‘

The transition from Maxwell behavior (4 w/w% gelati-
nized potato starch) to Voigt behavior (5-7 w/w% gelati-
nized potato starches) may be explained by the difference
in the concentration regimes of the swellable (starch) par-
ticles [17]. At low concentration (4 w/w%), the gel parti-
cles are completely swollen (Fig. 7(a)). The rheological
properties are mainly determined by the volume fraction
of the particles and.to a lesser extent by the soluble frac-
tion [19]. Therefore, in this concentration regime, the
rigid parts represented by the swollen starch granules and
the viscous part represented by water can freely move,
which leads to Maxwell behavior. At higher concentra-'
tions, the swollen starch granules just fill up the free
space, a process referred to as “close packing” (Fig.
7(b)). Our data from gelatinized potato starch images
taken after centrifugation were used to determine the
close packing concentration of the samples (data not
shown). The close packing concentration was between 4
and 5 w/w% potato starch after the centrifugation of a 4 w/
w% potato starch suspension (which means that water

(@ (b)

remained in the sample after centrifugation), while water
availability was limited in the 5-7 w/w% potato starch sus-
pensions. At high concentration, the granules cannot fully
swell owing to the lack of available water (Fig. 7(c)). The
system is a compact structure formed by swollen starch
granules, and the viscoelastic properties of the system are
predominantly affected by the rigidity of the swollen
starch granules. Due to the compact structure and high
rigidity, the particles hardly flow past each other.
Therefore, the complex structure of such materials can be
expecied to correspond to the Voigt materials. _

In the case of mayonnaise model foods, the transition

- from Maxwell behavior to Voigt behavior should also be

explained by the close packing concentration principle.
Mayonnaise is a semi~solid oil-in-water emulsion which
contains with high amounts of oil (about 80%). The theo-
retical limit of the close packing concentration of oil in the
emulsion, which contains spherical oil particles of equal
size, is about 74 v/v% [20]. Stauffer [21] stated that the
concentration limit is 72 v/v%. Langton et al. [20] have
used confocal laser scanning microscopy (CLSM) and
transmission electron microscopy (TEM) to study the
structure of mayonnaises and have reported that, at 80 v/
vi% emulsion, the oil concentration exceeded the concen-
tration limit and dispersed into smaller droplets. Those
smaller droplets filled the spaces between the large drop-
lets to form a more compact structure, which probably
exhibited Voigt behavior, as elucidated in this study. The
density of most liquid foods is nearly the same as that of
water, whose weight concentration is assumed to be
roughly equal to the volumetric concentration [9].
Therefore, samples with 76-80 w/w% dispersed phase con-
tent show Voigt behavior, with the dispersed phase con-
centration higher than the close packing concentration
(72-74%).

©

Fig. 7 Structure of starch granules at different concentrations: (a) fully swollen starch granules at
low concentration; (b) fully swollen starch granules filling. up the free space at the close packing
concentration; (¢) compact granule structure with limited swelling at high concentration. .
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4. Conclusions

In this study, the static shear modulus and viscosity of
semi-solid foods were determined by means of the novel
non-rotational concentric -cylinder rheometer method.
The viscosity of the samples showed shear rate depéen-
dence, according to the type of non-Newtonian fluid. The
viscoelastic properties can be determined based on the
force-time curves generated by the proposed method, and
the viscoelastic properties of semi-solid foods can be sim-
ply divided into 2 types: straight force-time lines corre-

spond to the compact structure of a Voigt material, while -

convex force-time curves correspond to'a Maxwell mate-
rial. These results, which were obtained using the pro-
posed method, were confirmed by those given by the con-
ventional dynamic viscoelastic method, with which there
waé a good agreement.

Knowledge of static viscoelasticity is useful for under-

standing the viscoelastic behavior of foods, which are sub-

jected to large deformations during most stages of pro-
cessing. Moreover, such knowiedge could facilitate pro-
cess quality control, the creation of new food products,
and the design of new food-processing equipment, such
as pumps, extruders and mixers.

Nomenclature

f :shear stréss, Pa

G :shear modulus, Pa )

K :constant shear rate in NRCC method, 1/s

L, : distance between plunger’s bottom and cup bottom, m
. L, :initial dipped distance of plunger in sample liquid, m

R; :radius of plunger, m

R, : radius of cup, m

t :moving time of pluhger, s

V, : moving speed of plunger, m/s

a :geometric constant, -

B :aproportional constant (=K/ Vo, 1/m

J :aconstant correspondsto-2x a/fB,1/m

k :ratio of Rito R, (=Ri/Roj, -

u :viscosity, Pa - s
¢ :aconstant correspondsto 1/{8(1— ICZ)}, m
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