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Abstract

Hydrocolloids are widely used in the food industry to perform variety of functions such as coatings, thickening,
emulsifying, stabilizing and edible films. Their functionality for a given application are underpinned by the
molecular weight, shape, and conformation in aqueous solution. The film forming ability of selected hydrocolloids,
different in shape (rod, random coil and spherical) and/or conformation in aqueous solution were investigated
experimentally and numerically on a vertically rotating disc. These include: xanthan, pectin, carboxymethyl
cellulose (CMC) and gum arabic. The Laser scan method was used for the measurement of film thickness of the
respective the hydrocolloids. The Volume of Fluid (VOF) Computational Fluid Dynamics (CFD) modelling
approach was used in the numerical model. The variation in film formation at different concentrations has been
observed to ascertain a trend. Both the experimental and simulation results revealed that the film formation depends
on the molecular structure of the hydrocolloid while viscosity and rotating speed significantly influenced the film
thickness. Xanthan showed higher film formation ability compared to the other hydrocolloids due to its higher
viscosity. It was interesting to note that the film formation ability by CMC was significantly higher than pectin
though pectin was five times more viscous than CMC. Gum arabic exhibited the lowest viscosity but formed almost
the same film thickness on the disc as pectin despite being twenty times less viscous. Increasing CMC concentration
from 0.5% to 1% resulted in increasing its viscosity and the film thickness. The film thickness increased at the disc
rotating speed of 6 rpm as compared to 3 rpm. The simulation results were in good agreement with the experimental
data.
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controlling the spreading of the coating solutions,
which affect the thickness of the film [2]. In the
present study, the film forming ability of these
hydrocolloids are investigated experimentally as well
as numerically.

1. Introduction

Non-Newtonian fluid flow (such as that of
hydrocolloids) has received much attention for
multiple industrial applications, especially in the food
processing industry. Hydrocolloids are mainly 2.
hydrophilic biopolymers with high molecular weight

Description of the Experiments

that act as thickeners, gelling agents, foam formation,
stabilisers and  emulsifiers.  For  example,
carboxymethylcellulose, gum arabic, pectin, and
xanthan gum are examples of hydrocolloids which
differ in structure, shape and conformation. Their
structure function relationship in aqueous solution
have already been reviewed [1]. Briefly, hydrocolloids
alter the physical properties of a solution by gel
formation, or thickening, emulsifying, coating, and
stabilizing. The thickness of edible films and coatings
is an important parameter since it directly affects the
biological properties and the shelf life of the coated
food. The effectiveness of edible films and coatings
for protection of food depends primarily on
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The accurate measurement of film thickness is vitally
important. A number of film thickness measurement
methods have been developed and trialed for practical
and achievable precision and reliability [3]. Various
techniques for film thickness measurement have
previously been investigated and described, such as
needle contact method [4], electrical conductance
method [5], capacitance methods [6], optical method
[7], ultrasonic pulse echo method [8], and the
fluorescence method [9]. Optical techniques are
usually preferred for measuring thin film thickness as
they are more accurate, non-destructive and require
little or no sample preparation [10]. Laser based
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techniques are more reliable and suitable in most cases
[11,12].

In the present study, the laser scan method was used
to measure the liquid film thickness. The experimental
measurements by laser scan method were made using
FARO laser scanner as shown in figure 1. The
experimental data were processed in the software
package ‘Geomagic Qualify 2012’ that can process the
3D scanned images for dimensional analysis. The laser
scan raw data were calibrated mechanically using a
micrometre and a scaling factor was applied to get the
accurate film thickness.

Fig.1: Faro laser scanner.

The experimental device designed and
manufactured by Miah et. al. (2016) [13] was used in
the current investigations. The experimental device
consists of the main parts: like liquid bath, cylindrical
shape experimental area, rotating disc, shaft and
motor, as shown in Figure 2. The diameter of the disc
is 54.46 mm, and the thickness is 3 mm. The disc is
placed in the middle of the half-cylindrical
experimental area of dimensions 40x80x40 mm
shaped as semicircle. This experimental area is part of
the bigger liquid bath (Bath container) where rest of
the liquid is present. It is made on such a way to
control the flow velocity of the liquid (into the limited
area) from the liquid bath, so it can prevent any
instability in the film formation caused by any kind of
liquid velocity in the z- direction. The dimensions of
the bath container are 100x100x40 mm.

This design ensures that enough liquid can be
provided in the experimental area through the semi-
circle hole while not interfering with the
measurements. A high-quality DC motor ran the disc
at rotating speed of 1 to 12 rpm with enough power to
move the disc with the required accuracy and
precision. The motor was attached to the disc through
a metal shaft (stainless steel) of diameter of 6 mm.
Also, the shaft and motor were placed on massive
supports to maintain the rotating disc in the vertical
position and to inhibit any unwanted vibration caused
by the device.

Experimental Area

Fig.2: Small laboratory scale experimental rotating disc device for
measuring the film thickness of aqueous hydrocolloid solution.

For the material of the rotating disc, stainless steel
has been used to ensure the disc surface was smooth.
The smooth surface of the rotating disc is important to
achieve the accurate film thickness profile. The
manufacturing company achieved the smooth surface
of the disc by surface grinding. This machining
process is mostly used to make any surface flat or
smooth, and can achieve surface precision to within
+0.002 mm. The size of such remaining surface
features is significantly smaller than the numerical
grid size and would have a negligible effect on bulk
flow. There could be some surface capillary effect on
unwetted regions of the disc, but after flow
stabilization, the effect should be minimal as the film
thickness would be sufficiently greater than the
channels formed by the surface features.

The liquid bath and the cylindrical shape were
manufactured from clear polycarbonate material. The
main reason for choosing this material is its easy
machinability and cost effectiveness. Polycarbonate is
a finished material, and it was used in both the liquid
bath and cylindrical shape. All the components of the
device were placed on a metal sheet with some rubber
supports underneath to avoid the possible external
vibrations during operation which may cause
instabilities in film formation. During the experiments
the device was kept on a sponge surface to avoid any
extra vibration effect caused by the motor: the sponge
surface used here was found pragmatically to have the
capability to absorb the vibration effects experienced
in this test set-up.

3. Experimental Results

Four different hydrocolloids with different viscosities
but similar densities were studied. By changing the
CMC concentration, it was possible to change its
viscosity. This provided five different liquids to
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investigate experimentally. The properties are listed in
Table 1, in decreasing order of viscosity.

The hydrocolloids used in the current study have
significant applications in food processing industry.
Therefore, their behaviour becomes important in
industrial applications. Based on the CFD simulation
results by Miah et. al. (2016) [13], the film thickness
equation is simplified to identify the dominant terms
in film formation as

' 0.300.54
h « W (D)
Where h' is dimensionless film thickness, u is
viscosity, Q is rotating speed of the disc, o is surface
tension force, p is density and g are gravitational force.
Equation (1) shows that the film thickness is
dependent on two dominant factors: the viscosity and
the rotating speed of the disc. The density and the
surface tension force of the fluids used in this study
were very similar therefore will not influence the film
thickness.

Table 1
Properties of the hydrocolloids used in the experiments
Liquids Solution Concentration Maximum viscosity p (Pa.s) Density p (kg/m3)
Xanthan 1% 90 1031.5
Pectin 1% 8 995.6
CcMC 1% 1.6 1005.7
CMC 0.5% 1.15 1005.7
Gum Arabic (EM 10) 1% 0.4 1062.4

The film thickness profile on the rotating disc was
obtained by FARO laser scanner and processed in the
software package ‘Geomagic Qualify 2012’ as shown
in Figure 2(a) and 2(b). The different colors represent
the film thickness variation at different positions on
the disc surface. The film thickness at the radial and
angular positions was obtained from the numerical
ranges for different colors.

Fig.2(a): Film thickness distribution on the disc surface for CMC
0.5% concentration obtained from the laser scanner.

Fig.2(b): Film thickness distribution on the disc surface for CMC
1% concentration obtained from the laser scanner.

The graphical representation of the obtained film
thickness profile can be seen in Figure 3 where the
dimensionless film thickness (the film thickness was
divided by the radius of the disc, and then multiplied
by a factor of 10) is plotted in the x-axis against the
angular positions in y-axis for a constant rotating
speed. It is interesting to notice that the film formation
trend and thickness are not similar for different
hydrocolloids.
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Fig.3: Film thickness profile for different hydrocolloids (xanthan,
pectin, CMC and gum arabic (EM 10)) at 1% concentration.

The film thickness was higher at the beginning and
started decreasing to a certain angular position then
increased again. So, it was observed that the film
formation was unstable at the drag out and drag in
region of the rotating disc. A stable film formation was
noticed at the angular position of 1-2.5 radian.
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Xanthan has a higher film formation ability compared
to the other hydrocolloids because of its higher
viscosity. The film thickness formed by CMC was
90% higher than pectin despite pectin has five times
more viscosity than CMC. Gum Arabic (EM10) had
formed film of almost the same thickness on the disc,
though pectin was twenty times more viscous than
gum arabic (EM10).

When the concentration of CMC was changed
from 1% to 0.5%, the film thickness reduced by 34%
while the viscosity was decreased by 40% as shown in
figure 4. All these results seem to be in conflict until
one remembers that the fluid is non-Newtonian. Thus
“viscosity” is only meaningful in terms of fluid flow
rate. The rotating speeds were used in such way that
the fluid flow persists a laminar flow.
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Fig.4: Film thickness profile for CMC 0.5% and CMC 1%

concentrations.

The second dominant term in Equation (1) was the
rotating speed. Its influence on the subsequent film
thickness is shown in Figure 5. The film thickness
increased by 56% at disc rotating speed of 6 rpm as
compared to 3 rpm for CMC 1% concentration.
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Fig.5: Film thickness variation with rotating speeds (3 and 6rpm).

The CFD model by Miah et. al. 2016, and Miah et. al.
2017 [13,214] has been wused in the current
investigation. The experimental results obtained by
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Fig.6: Film thickness comparisons of the experimental with CFD
results at 0.5% and 1% CMC in water.

laser scan method are found to be consistent with those
of the numerical simulation results using CFD method
as shown in figure 6. The film thickness profile from
the numerical results is slightly higher compared to the
experimental results and this could be due to the
numerical diffusions.

4. Conclusion

Hydrocolloids are the most widely used additive in the
food industry that have a variety of properties and
applications, including dietary fibre as well as gluten
and fat substitutes. To keep the food product attractive
for the consumers, the surface of edible films and
coatings must appear uniform and without defects.
The effectiveness of edible films and coatings for
protection of food depends primarily on controlling
the spreading of the coating solutions, which affect the
thickness of the film. However, the classic methods
such as dipping, spraying, solvent casting do not allow
control of the film thickness. This study demonstrated
that a uniform film thickness can be obtained using the
rotating disc method. The experiments and
simulations revealed that CMC has a very good film
forming ability. A higher concentration of CMC can
produce more stable film formation. The experimental
and simulation results revealed that the film formation
on the rotating disc is controlled by the main factors
such as rotating speed, concentration, and molecular
structure of the hydrocolloids. Thus, a stable and
uniform film thickness is achievable by adjusting the
main dominating factors.
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