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Table 1 Experimental data from literature !
¢ % a K/min Ey kl/mol  Gi Pa  k'x10® s7!
0.025 -126.2 900 0.23
2 18 0.05 -136.3 800 0.53
’ 0.1 - 139.4 730 1.25
0.5 -160.8 680 6.75
0.025 -104.5 5600 0.22
25 0.05 -110.6 5500 0.49
0.1 -111.9 4800 0.93
0.5 -117.8 3900 4.98
E . <0 indicates that the network formation is exothermic.
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| Inputting initial and boundary conditions |
| Dividing the gelation field into finite elements |
1
| Calculating the temperature field |
f
| Calculating the G field | | Increasing the number of time steps
| Outputting calculated results
l
Fig. 1 Flow chart of the finite element simulation
T ax denotes the maximum of temperature field 7,4 denotes the end temperature
28 40 4
4
3 1 2 4
18% 5 80°C
3 25% 1 1 80°C
2 3. 5°C 0.5 0.25 0.1 0.05
0.025 K/min 2
136 5C.
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| Calculating o |
l Table 2 Key input data 2
| Caloulating G2, Eye k' |
l Parameters Value
; < ] _ 3
| Calculating G (1) | Setting G*(1) = 0 Density of gel system when ¢ = 18% 1050.4 kg/m
T | Density of gel system when ¢ =25% 1070.0 kg/m®
E’n 1 Specific heat of gel system 3.0kJ/ kg K
Thermal conductivity of gel system 0.270 W/ m K
Volume specific heat of prototype 2000 kJ/ m* K
- 2 Flow chart of the calculation process of complex shear ome specitic ieal oF profolype Jm
Thermal conductivity of prototype 0.01 W/ m K
modulus Surface roughness of prototype 0.0001 m

(Units: mm)
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' Fig. 3 Structure and dimensions of calculated example 2
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l 6  Curves of complex shear modulus versus time for four

representative nodes

Calculated example 1 Condition cooling rate 0.25 K/min
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- 7  Curves of complex shear modulus versus time for node 88

under different cooling modes
Calculated example 1
Curve b condition cooling rate = 0.5 K/min
cooling rate = 0.25 K/min
K/min

Curve ¢

Curve a Stable condition temperature = 5°C

Condition

Curve d Condition cooling rate = 0.1

Table 3  Condition cooling rate and extrema of infinite complex shear

modulus
Condition cooling Grnax Grin Grax = Grin
rate  K/min Pa Pa G * Guin
0.1 824.507 742.714 5.22%
0.05 880.666 810.677 4.14%
0.025 927.055 903.231 1.30%

Gax  the maximum of infinite complex shear modulus

of infinite complex shear modulus

8

G i the minimum
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Calculated example 2 Condition cooling rate 0.25 K/min
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Calculated example 3 Condition cooling rate 0.25 K/min
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FINITE ELEMENT SIMULATION OF THE PHYSICAL GELATION OF RENNET CASEIN

FENG Ligang' JIA Yuxi'> CHEN Xiliang' AN Lijia’
! School of Materials Science & Engineering ~ Shandong University ~ Jinan 250061
% State Key Laboratory of Polymer Physics and Chemistry ~ Changchun Institute of Applied Chemistry — Chinese Academy of Sciences Changchun 130022

Abstract A physical gel is a three-dimensional network of polymer chains cross-linked by physical junctions and it
can arise either as the result of a phase transition or through some specific molecular association or as a result of
entanglements. Due to the complexity of the inner structure and gelation mechanism it is difficult to obtain
purposefully polymer physical gel materials with specific constitution and properties. Thus the controllable
preparation and application of polymer physical gels are a long-term work. As a numerical simulation method in
macro-scale the finite element method has been used to the study of chemical gelation but rarely to physical gelation
presently. The reasons may be compared with chemical gels the gelation process of physical gels is more complex
resulting from the bigger complexity of the system composition and physical interactions. Several kinds of interactions
and steps may be involved in one physical gelation process. And under different conditions the gelation mechanisms
are frequently different. By now the understanding of the gelation mechanisms of many kinds of physical gels is far
from being intensive the phenomenological gelation kinetics models are usually nonlinear the theory describing the
relation between the microscopic and mesoscopic structure and the macroscopic properties is still immature. For all
the factors mentioned above the numerical simulation of physical gelation process in macro-scale comes to be a
difficult work . In order to optimize raw material formulation and physical gelation conditions and then obtain polymer
physical gels according to requirements the spatial distribution and time evolution characteristics of the temperature
field during the gelation process were studied via the finite element method. On the basis of the temperature field
calculated the complex shear modulus field of gel system was numerically simulated according to a first-order
gelation kinetic equation and the effects of raw material concentration sample size and cooling modes on the physical
gelation were discussed . Rennet casein gel is a kind of particle gel whose formation is controlled by physical forces
including steric-hydration force and van der Waals force and whose structure and properties are influenced by many
parameters including emulsifying salts pH thermal and shear history. The formation process of the gel network can
be divided into three steps molecules-particles-flocs-network . Casein flocs are fractal objects that can be partially
filled by the constructing units particles .The fractal dimension of the flocs and the size of the particles are two
important parameters determining the gel microscopic structure and rheological properties. Experimental results show
that cooling modes will influence the rheological properties of the gel through influencing the size of the particles.
The formation of rennet casein gels is a first-order kinetics process. Three examples were studied. The raw material
concentrations of example 1 and example 2 are both 18% but the sample size of the former is five times as that of

the latter the raw material concentration of example 3 is 25% and the sample size is same with example 1. The gel
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zone is divided into 136 unites and 163 nodes the prototype zone is divided into 28 unites and 40 nodes four
representative nodes were selected in the gel zone and were emphatically studied. The initial system temperature is
set at 80°C and cooling modes include 1 environmental temperature declines from 80°C to 5°C and cooling rates
are respectively 0.5 K/min 0.25 K/min 0.1 K/min 0.05 K/min 0.025 K/min 2 environmental temperature
maintains 5°C . The simulated results show that 1 the rate of temperature decrease near the surface is larger than
that near the center the gelation occurs on the surface first as the infinite complex shear modulus is determined by
the cooling rate of the pre-gelation phase the value of the complex shear modulus of the interior exceeds that of the
exterior finally. The asymmetric distribution of temperature field results in the asymmetric distribution of mechanical
property field of the gel. And with the increase of environmental cooling rate and sample size the asymmetry becomes
more obvious.

Keywords Physical gel Rennet casein Finite element simulation Temperature field Complex shear modulus

field





