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a b s t r a c t

Gelatin is widely used in food, pharmaceutical, and photographic industries due to the coil–helix tran-
sition, whereas the structural inhomogeneity considerably affects its essential properties closely con-
necting with the industrial applications. The spatially structural inhomogeneity of the gelatin caused by
the uneven and unstable temperature field is analyzed by the finite element method during the cooling-
induced coil–helix transition process. The helix conversion and the crosslinking density as functions of
time and spatial grid are calculated by the incremental method. A length distribution density function is
introduced to describe the continuous length distributions of two kinds of triple helices. The results
show that the crosslinking density and the length distribution of triple helices are dependent on the
thermal histories. And the spatially structural inhomogeneity is more distinct when the initial gelatin
concentration and the convective heat transfer coefficient increase. The present work is helpful for
optimizing the fabrication conditions of gelatin.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Gelatin is a kind of biopolymer made from collagen by hydro-
lytic degradation and widely used in food, pharmaceutical and
photographic industries due to the coil–helix transition [1]. The
coil–helix transition of gelatin has been studied by a number of
researchers using various techniques such as X-ray diffraction,
dynamic light scattering, transmission electron microscopy, rheo-
optical measurements, Fourier transform mechanical spectroscopy,
differential scanning calorimetry and nuclear magnetic resonance
[1–29]. And various parameters are obtained by these researchers,
such as the gel point, the helix amount, the viscosity below the gel
point, the dynamic storage shear modulus, the dynamic loss shear
modulus and the equilibrium shear modulus beyond the gel point.

The gelatin samples in the experiments mentioned above are
generally considered to be homogeneous during the coil–helix tran-
sition process. In fact, due to the low thermal conductivity of gelatin
[30], the temperature field of gelatin is commonly uneven and
unstable, resulting in the structural inhomogeneity during the gela-
tion process. The structural inhomogeneity considerably affects such
physical properties as swelling, elasticity, permeability and trans-
parency, which are the essential properties closely connecting with
many industrial applications [31,32]. The study on the structural
431 85262206; fax: þ86 531
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inhomogeneity of gelatin caused by the uneven and unstable
temperature field has not been performed yet, though the studies on
other gels have been reported [33–36]. Once the effects of the pro-
cessing conditions on the structural inhomogeneity of the gels are
known, the design of the gelatin fabrication process according to
certain requirements can be done, as presented in Refs. [37,38].

The finite element method has been used in the study of both
chemical gelation processes [39–43] and physical gelation
processes [44–46]. In this paper, the numerical expressions of the
kinetic model of the coil–helix transition of gelatin are constructed
by the incremental method. On the basis of the temperature field
simulated by the finite element method, the helix conversions and
crosslinking density as functions of time and spatial grid are
calculated, and then the length distributions of two kinds of triple
helices are studied. Consequently the spatial difference of these
structural parameters as a function of time is exhibited.

2. Construction of kinetic model of coil–helix transition

2.1. Renaturation mechanism

When the gelatin temperature decreases below the equilibrium
melting point from a high temperature, the coil–helix transition
would happen. By studying the reversion in very dilute rat-tail-
tendon gelatin solutions, Flory and Weaver [11] proposed a two-
step renaturation process, and postulated a transitory intermediate
consisting of a single chain helix. The transformation may be rep-
resented as [11]
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where C, I and H denote the random coil, the intermediate and the
triple helix, respectively.

The second step is considerably faster than the first, and hence,
the first step is the rate controlling. The rate of the transformation is
determined by the gelatin concentration, c, and the rate constant,
k01, as shown below [11]

k01 ¼ Const: exp
�
�A

kTDT

�
(2)

where A and k denote constants, T the transformation temperature,
DT¼ Tm� T the degree of undercooling, and Tm the equilibrium
melting temperature.

Harrington and Rao [12] considered that if the helix strand is
from one molecule, the kinetic model is first-order, from two
molecules second-order, and three molecules third-order. Then
Guo et al. [1] studied the initial renaturation process of bovine-
bone gelatin solutions at semidilute concentrations from 2.5 to
119 kg/m3 and over a temperature range from 3 to 30 �C, and
proposed a new two-step mechanism: slow formation of a nuclear
of two helical strands wrapping together, and rapid subsequent
wrapping of another coil segment to form a triple helix. Hence, the
first step is the rate controlling. In the first step, if the two strands of
a nuclear are from a single chain with a loop, the kinetic model is
first-order, while if from two chains without loop, it is second-
order. In the second step, the wrapping coil segments may be from
the same chains or the others, but the latter is much easier than the
former, so the latter is predominant. So the final triple helices can
be divided into single-looped and nonlooped triple helices corre-
sponding to the first-order and second-order kinetics, respectively.

Recently, Gornall and Terentjev [7] discovered that the kinetics
is strongly dependent on the temperature and concentration of the
solvent, and proposed a first-order kinetic model. And they
considered that the formation of triple helical nucleus occurs
rapidly and the lengthening of the triple helices is predominant and
rate limiting.

2.2. Kinetic equations of coil–helix transition

Guo et al. suggested a combination of first- and second-order
kinetics, the kinetic equations of renaturation for the low concen-
tration were proposed [1]

dX1

dt
¼ að1� qX1 � 4X2Þ (3)

dX2

dt
¼ bð1� qX1 � 4X2Þ

2 (4)

by denoting

a ¼ 0:018
T

DT
exp

�
� 0:55Tm

DT

�

X2ð1Þ ¼
1
4

0
BBBBBB@

1þ
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ð1Þq

2
ð1ÞDt

bð1Þ4
�
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�
exp

�
að1Þqð1ÞDt

�

�
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bð1Þ4
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�
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�
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b ¼ 0:003
T

DT
exp

�
� 0:28Tm

DT

�
c0

q ¼ 1þ 2pRl

3l*1

4 ¼ 1þ z (5)

where X1 and X2 denote the helix fractions created by the first- and
second-order reversions, respectively. c0 denotes the initial gelatin
concentration, and R1 the radius of the end loop formed in the first-
order renaturation. l*1 denotes the minimum stable length of the
single-looped helices, which is dependent on the temperature. z

denotes a universal constant, which is valid for all concentrations
and temperatures. The value of the equilibrium melting tempera-
ture Tm is considered to be constant, which is equal to 35 �C.

The analytical solution for this set of equations is given by
Guo et al. when the gelatin temperature T is constant, as shown
below [1].

X1 ¼ �
a2qt
b4
þ a

b4
ln
�
ðaqþ b4ÞexpðaqtÞ � b4

aq

�
(6)

X2 ¼
1
4

 
1þ a2q2t

b4
� aq

ðaqþ b4ÞexpðaqtÞ � b4
� aq

b4

� ln
�
ðaqþ b4ÞexpðaqtÞ � b4

aq

�!
(7)

However, the temperature field in the coil–helix transition process
is commonly uneven and unstable as a result of the low thermal
conductivity of gelatin, especially when the sample size is large.
Under the above-mentioned complicated condition, a, b and q are
not constants, therefore Eqs. (6) and (7) cannot be used to calculate
the helix conversion.

2.3. Numerical calculation of helix conversion

The complicated non-isothermal history can be divided into
numerous time steps by the finite element method, resulting that
each time step is short enough to be considered as an isothermal
one. Hence, according to Eq. (5), the variables a, b and q in the
kinetic equations can be considered to be constant in each time
step.

In the first time step Dt when the reversion starts, according to
Eqs. (6) and (7), the conversions of single-looped and nonlooped
triple helices, X1(1) and X2(1), can be calculated, respectively

X1ð1Þ ¼ �
a2
ð1Þqð1ÞDt

bð1Þ4
þ

að1Þ
bð1Þ4

� ln

0
BBB@
�

að1Þqð1Þ þ bð1Þ4
�

exp
�

að1Þqð1ÞDt
�
� bð1Þ4

að1Þqð1Þ

1
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bð1Þ4
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1
CCCCCCA

(9)
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where the subscript (1) denotes being in the first time step.
At the time of nDt(n� 2), according to Eqs. (3) and (4), the helix

conversions, X1(n) and X2(n), can be obtained by means of backward
difference method and incremental method, as shown below

X1ðnÞ ¼ aðnÞDt
�

1� qðnÞX1ðn�1Þ � 4X2ðn�1Þ
�
þ X1ðn�1Þ (10)

X2ðnÞ ¼ bðnÞDt
�

1� qðnÞX1ðn�1Þ � 4X2ðn�1Þ
�2
þX2ðn�1Þ (11)

where the subscript (n� 1) denotes being at the time of (n� 1)Dt.
The minimum stable lengths of single-looped and nonlooped

triple helices, l*1ðnÞ and l*2ðnÞ, are calculated [1]

l*1ðnÞ ¼ �7:2
kTðnÞTm

DHDTðnÞ
(12)

l*2ðnÞ ¼ �3:7
kTðnÞTm

DHDTðnÞ
(13)

where k denotes the universal constant of gas, and DH the enthalpy
change per helix length when the helix is formed [28].

In Eqs. (10)–(13), the temperature as well as the undercooling
degree in each time step is assumed to be constant. Therefore,
according to Eq. (5), a(n), b(n) and q(n) in each time step are constants
too.

The total helix conversion X(n) is

XðnÞ ¼ X1ðnÞ þ X2ðnÞ (14)

According to Eqs. (8)–(13), the conversions of single-looped and
nonlooped triple helices can be numerically calculated under
complicated non-isothermal conditions.

2.4. Numerical calculation of helix concentration

In the numerical calculation, the length of triple helices formed
in one time step Dt is assumed to be equivalent to the critical length
of triple helices at the end of this time step and invariable once the
triple helices are formed. In the first time step when the reversion
starts, the concentrations of single-looped and nonlooped triple
helices, C1(1) and C2(1), are calculated

C1ð1Þ ¼
c0X1ð1Þ

rl*1ð1Þ
(15)

C2ð1Þ ¼
c0X2ð1Þ

rl*2ð1Þ
(16)

where r denotes the molar mass of unit length of triple helix.
The concentration increments of single-looped and nonlooped

triple helices in the nth time step, DC1(n) and DC2(n), are calculated
by backward difference method

DC1ðnÞ ¼
c0

�
X1ðnÞ � X1ðn�1Þ

�
rl*1ðnÞ

(17)

DC2ðnÞ ¼
c0

�
X2ðnÞ � X2ðn�1Þ

�
rl*2ðnÞ

(18)

At the time of nDt(n� 2), the concentrations of single-looped
and nonlooped triple helices, C1(n) and C2(n), are calculated
C1ðnÞ ¼
Xn

DC1ðiÞ (19)

i¼1

C2ðnÞ ¼
Xn

i¼1

DC2ðiÞ (20)

Considering each triple helix is a crosslinking point, the total
crosslinking density C(n) is

CðnÞ ¼ C1ðnÞ þ C2ðnÞ (21)

2.5. Governing equations of temperature field and boundary
conditions

The governing equations of temperature field can be derived by
functional analysis method or by weighted margin method. In the
latter, Garlerkin method has been widely applied [47].

The coil–helix transition of gelatin is an exothermic process,
but the thermal effect is very small, which can be neglected.
When the coefficient of thermal conductivity l, specific heat cp at
constant pressure and gelatin density rg are regarded as
constants, neglecting the internal heat source, the partial differ-
ential equation of temperature field in two-dimensional space can
be obtained

D½Tðx; y; tÞ� ¼ l

 
v2T
vx2 þ

v2T
vy2

!
� rgcp

vT
vt
¼ 0 (22)

The following control equation of temperature field is derived
by Garlerkin method

Z Z
D

�
l

�
vWl

vx
vT
vx
þ vWl

vy
vT
vy

�
þ rgcpWl

vT
vt

�
dx dy� #

G

lWl
vT
vn

ds ¼ 0

ðl ¼ 1;2;.;n; j ¼ 1;2;.;mÞ (23)

where Wl denotes the lth trial function, and G the boundary of
integral area.

Because of the temperature difference inside the cold atmo-
sphere, there is natural convective heat transfer on the boundary
between the gelatin and the cold atmosphere. Therefore, the
thermal boundary condition of the gelatin and the cold atmosphere
is the third kind of thermal boundary condition, as shown below
[43]

�l
vT
vn

����
G
¼ h

�
T � Tf

����
G

(24)

where h denotes the coefficient of convective heat transfer on the
boundary between the gelatin and the cold atmosphere, and Tf the
temperature of the cold atmosphere.

The thermal boundary condition between the gelatin and the
prototype (a mold core used to provide a specific shape for the
gelatin part) is considered to be the special fourth kind of
thermal boundary condition [43]. Namely, the heat-flow density
q2 through the interface is only determined by the heat
conduction

q2 ¼ �l
vT
vn

����
G
¼ hcðT � TLOMÞjG (25)

where TLOM denotes the temperature of the prototype, hc the
coefficient of heat transfer on boundary between the gelatin and
the prototype, and
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Fig. 1. Flow chart of the finite element simulation.

Table 1
Key input data.

Parameters Numerical values

Density of gelatin system when c0¼ 50.8 kg/m3 1016 kg/m3

Specific heat of gelatin system 4.174 kJ/(kg K)
Coefficient of thermal conductivity of gelatin system 0.1858 W/(m K) [30]
Volume specific heat of prototype 2000 kJ/(m3 K)
Coefficient of thermal conductivity of prototype 0.01 W/(m K)
Surface roughness of prototype 0.0001 m
Coefficient of convective heat transfer 6 W/(m2 K)

40.0

42.5

45.0
c0=50.8kg/m3

A
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hc ¼
2l$lLOM

Lgðlþ lLOMÞ
(26)

herein lLOM denotes the coefficient of thermal conductivity of the
prototype, and Lg the surface roughness of the prototype.

3. Procedures of numerical simulation

The numerical simulation procedures are shown in Fig. 1.
Because at most 45% of gelatin can be converted to triple helices

through the nucleation process [1], the calculation will be termi-
nated when the helix conversion reaches 45%. For simplification of
the numerical calculation, the effects of mass transfer process via
convection and diffusion induced by temperature and concentra-
tion gradients are not taken into account in the simulation.

4. Simulated example

The shape of an example is shown in Fig. 2. Gelatin is in the
outer layer, and a prototype is in the interior of the geometrical
model. Since the geometrical model is symmetrical, a half of it (here
left half) is calculated. The gelatin area is discretized to 136
elements with 163 nodes. The prototype area is discretized to 28
elements with 40 nodes. Four key nodes in the gelatin area are
chosen, as shown in Fig. 2. Node A is on the corner of the gelatin,
node B is on the edge of the gelatin, node C is in the interior of the
gelatin, and node D is on the interface between the gelatin and the
prototype. What should be noticed is that node C is one of the 163
Fig. 2. Structure and dimensions of calculated example.
nodes, whose distance to the edge is just 60 mm. So the four nodes
can be regarded as the representatives of the gelatin area, and the
discussions on the evolutions of key variables will be focused on
these four nodes.

The initial temperature of the example is 45 �C, located in the
cold atmosphere with the temperature of 20 �C. The main input
parameters are listed in Table 1.

5. Results and discussions

The helix conversion is a key variable denoting the degree of the
cooling-induced coil–helix transition [1,11–13,16–19]. The sum of
the concentration of two kinds of triple helices is the crosslinking
density, which is an important variable closely connecting with the
gel mechanical properties [40–43]. The triple helix length consid-
erably affects the elasticity of gelatin [48]. So the evolutions of the
key variables on different nodes are studied in sequence.

5.1. Evolution of gelatin temperature

The curves of gelatin temperature versus time are shown in Fig. 3.
At the initial stage, the cooling rates of the surface nodes of the
gelatin are larger than those of the interior nodes due to the heat
resistance of the gelatin. At the latter stage, the cooling rates of all
these nodes decrease because the temperature difference between
the gelatin and the atmosphere becomes smaller with the time
increasing. At last, the temperature of the gelatin is almost the same
as that of the atmosphere. The phenomenon revealed by the simu-
lation results is in agreement with the basic law of heat transfer.

5.2. Evolution of helix conversion

The curves of helix conversion versus time are shown in Fig. 4.
The coil–helix transition occurs first on node A, which is followed
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by nodes B, C, and D. The reason is as follows. As shown in Fig. 3, at
the initial stage, the temperature of the gelatin does not decrease to
the equilibrium melting temperature Tm, and the coil–helix tran-
sition does not occur at the moment. The temperature of the gelatin
decreases gradually with the time increasing, and the cooling rate
of node A is larger than that of others. Therefore, the temperature of
node A can reach the equilibrium melting temperature first, and
then the coil–helix transition occurs first on node A.

As shown in Fig. 4, for each node, the change rate, vX/vt, of the
helix conversion increases gradually with the time increasing at the
initial stage, and decreases at the latter stage. Eventually, the helix
conversion tends to a constant. The evolution characteristics can be
explained by the following analysis. The lower the temperature of
the gelatin is, the more easily the coil–helix transition occurs. At the
initial stage, the change rate of the helix conversion increases
gradually with the time increasing because of the decreasing of the
gelatin temperature. At the latter stage, according to Eqs. (10), (11)
and (14), the coils that could form triple helices become less and
less. So the change rate of the helix conversion decreases with the
time increasing at the latter stage.

The simulation results are compared with experimental ones as
follows. In Ref. [29], the gelation process of several kinds of gelatin
is studied experimentally using small samples under non-
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Fig. 5. Curves of crosslinking density versus time on four different nodes A, B, C, and D.
isothermal conditions, in which the so-called ‘‘A1’’ gelatin is the
same as the one used in this paper. It can be seen that the
temperature curve of node A in Fig. 3 is similar to that in Illustration
3 in Ref. [29], and that the helix conversion curve of node A in Fig. 4
is also similar to the one of ‘‘A1’’ gelatin shown in Illustration 3 in
Ref. [29]. So it can be concluded that the simulation results of the
helix conversion obtained from the temperature histories are
reasonable.

5.3. Evolution of crosslinking density

The curves of crosslinking density versus time are shown in
Fig. 5, whose evolution trend is similar to that of Fig. 4. For each
node, the change rate of the crosslinking density, vC/vt, increases
gradually with the time increasing at the initial stage, while
decreases at the latter stage. The reason is as follows. At the initial
stage, the decreasing of the gelatin temperature induces that the
critical helix length becomes shorter with the time increasing,
which can be concluded from Eqs. (12) and (13). In addition, the
change rate of the helix conversion increases at the initial stage, as
shown in Fig. 4. Therefore, according to Eqs. (15)–(18), it can be
concluded that the change rate of the crosslinking density increases
40 50 60 70 80 90 100
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20
c0=50.8kg/m3

A
B
C
D

C
n

e
w

 
/
m

o
l
/
(
m

3
.
A

)

Nonlooped triple helix length /A

Fig. 7. Length distributions of nonlooped triple helices at the time of 2.55�105 s on
four different nodes A, B, C, and D.



Table 2
Calculated results of Ln, Lw, and Lw=Ln of nonlooped triple helices on four different
nodes A, B, C, and D.

A B C D

Ln/Å 59.63 63.38 63.74 63.74
Lw/Å 60.62 65.33 65.33 65.33
Lw=Ln 1.017 1.031 1.025 1.025
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with the time increasing at the initial stage. At the latter stage,
although the critical helix length still decreases with the time
increasing, the decrease of the change rate of the helix conversion is
predominant. Hence, the change rate of the crosslinking density
decreases with the time increasing at the latter stage. Finally, the
crosslinking density approaches a constant.

There is a distinct difference between Figs. 4 and 5 at the latter
stage, namely, the crosslinking density of node A in Fig. 5 is
significantly higher than that of others. The phenomenon is
explained below. A larger cooling rate of node A leads to a larger
undercooling degree than that of others. Therefore, the length of
the triple helices formed on node A is shorter than that on other
nodes, which can be concluded from Eqs. (12) and (13). And as
shown in Fig. 4, the helix conversions of the four nodes at the end of
horizontal abscissa (2.55�105 s) are almost the same. Conse-
quently, a higher crosslinking density of node A is obtained
eventually.

5.4. Numerical analysis of key variables of nonlooped triple helices

5.4.1. Evolution of nonlooped triple helix concentration
The curves of nonlooped triple helix concentration versus time

are shown in Fig. 6. Similar to Fig. 5, for each node, the change rate
of the nonlooped triple helix concentration, vC2/vt, increases
gradually with the time increasing at the initial stage, and
decreases at the latter stage. Also the nonlooped triple helix
concentration of node A is significantly higher than that of others.

5.4.2. Length distribution of nonlooped triple helices
As mentioned in Section 2.4, the length of triple helices formed

in one time step is assumed to be equivalent to the critical length of
triple helices at the end of this time step. In the paper, Lk is used to
denote the helix length in the kth (k� 1) time step, and Lkþ1 is used
to denote the helix length in the next time step. Because of the
cooling characteristics, according to Eqs. (12) and (13), Lkþ1< Lk.
By this means, the calculated helix lengths as well as the
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Fig. 8. Curves of single-looped triple helix concentration versus time on four different
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corresponding concentrations are discrete, which is attributed to
the inherent discreteness characteristics of the numerical
calculation.

To describe the continuous distribution of the triple helix
length, a length distribution density function is introduced and
defined as

Cnew ¼
DCðkÞ

Lk � Lkþ1
(27)

where DC(k) denotes the concentration of the triple helices with
the length Lk. Obviously, the unit of measure for Cnew is mol/
(m3 Å).

The length distributions of nonlooped triple helices at the time
of 2.55�105 s are shown in Fig. 7. For node A, Cnew has a maximum
value at around 58 Å. But for nodes B, C, and D, Cnew reaches the
maximum at about 63 Å. Namely, the helix length corresponding to
the peak of node A is shorter than that of others. The phenomenon
is explained below. As mentioned above, the length of the non-
looped triple helices formed on node A is shorter than that on other
nodes, resulting in the length of nonlooped triple helices on node A
concentrating on the shorter one than that on others. What should
be noticed is that the integrals of the curves in Fig. 7 are equal to the
values of the nonlooped triple helix concentrations at the time of
2.55�105 s in Fig. 6.

It can be seen from Fig. 7 that the shortest length of the non-
looped triple helices is about 40 Å. The result accords with the
length of the nonlooped triple helices under the quench tempera-
ture 20 �C, as shown in Illustration 11 in Ref. [1].

5.4.3. Average length of nonlooped triple helices
Modeling on the definition of number average molecular weight

and weight average molecular weight, the number average helix
length and the weight average helix length are calculated,
respectively
Table 3
Calculated results of Ln, Lw, and Lw=Ln of single-looped triple helices on four
different nodes A, B, C, and D.

A B C D

Ln/Å 84.29 84.36 84.48 84.55
Lw/Å 84.96 85.13 85.12 85.48
Lw=Ln 1.008 1.009 1.008 1.011
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Ln ¼

P
i

LiDCðiÞP
i

DCðiÞ
(28)

Lw ¼

P
i

LiLiDCðiÞP
i

LiDCðiÞ
(29)

where Ln and Lw denote the number average helix length and the
weight average helix length, respectively.

At the time of 2.55�105 s, the values of Ln and Lw, as well as the
polydispersity index Lw=Ln of nonlooped triple helices on nodes A,
B, C, and D are listed in Table 2, from which it can be seen that the
nonlooped triple helix length has a narrow polydispersity.

5.5. Numerical analysis of key variables of single-looped
triple helices

5.5.1. Evolution of single-looped triple helix concentration
The curves of single-looped triple helix concentration versus

time are shown in Fig. 8. Similar to Figs. 5 and 6, for each node, the
change rate of the single-looped triple helix concentration, vC1/vt,
increases gradually with the time increasing at the initial stage, and
decreases at the latter stage. Also the single-looped triple helix
concentration of node A is significantly higher than that of others.
The reason is the same as that above-mentioned.

In Figs. 3–6, the end time is 2.55�105 s. While in Fig. 8, the
end time is 6�105 s. The reason is as follows. At the time of
2.55�105 s, the curves in Figs. 3–6 have already tended to be
stable, but the curves in Fig. 8 have not tended to be stable. And if
a longer time than 6�105 s is taken, the data in Fig. 8 will not be
Table 4
Convective heat transfer mode and its relevant numerical range [49].

Courses h/[W/(m2 K)]

Natural convection
Atmosphere 1–10
Water 200–1000

Forced convection
Atmosphere 20–100
High-pressure steam 500–35,000
Water 1000–1500
accurate due to the accumulated error caused by the inherent
limitation of the numerical calculation. So the end time in Fig. 8 is
taken as 6�105 s.

5.5.2. Length distribution of single-looped triple helices
The length distributions of single-looped triple helices at the

time of 6�105 s are shown in Fig. 9. For nodes A, B, C, and D, the
trends of the curves are basically the same and monotonically
increasing with the decrease of the single-looped triple helix
length. The reason is as follows. When the transition time
approaches 6�105 s, the gelatin temperature tends to be stable,
and is very close to the cold atmosphere temperature 20 �C. Hence,
the length of the newly formed single-looped triple helices also
tends to the critical helix length at the temperature of 20 �C.

The result that Cnew diverges reveals a higher decrease order of
the difference between Lk and Lkþ1 comparing with that of DC(k)

when approaching the time of 6�105 s.
As shown in Fig. 9, the shortest length of the single-looped triple

helices is about 78 Å, which is in agreement with the length of the
single-looped triple helices under the quench temperature 20 �C
shown in Illustration 11 in Ref. [1].

5.5.3. Average length of single-looped triple helices
At the time of 6�105 s, the number average length and the

weight average length, Ln and Lw, as well as the polydispersity
index Lw=Ln of single-looped triple helices on nodes A, B, C, and D
are listed in Table 3. Similar to Table 2, the single-looped triple helix
length also has a narrow polydispersity.

5.6. Effect of initial collagen concentration on crosslinking density

The initial collagen concentration c0 is changed for calculation
while other conditions are kept constant, as listed in Table 1. The
values of c0 are set as 10, 20, 40, 50.8, and 80 kg/m3, respectively. All
these values are suitable for the equations used for the simulation.

It can be seen from Fig. 4 that when the helix conversion is 42%,
the coil–helix transition has tended to be stable. Hence, when the
helix conversion is 42%, the curves of crosslinking density versus
log c0 are shown in Fig. 10.

It can be seen from Fig. 10 that the crosslinking density increases
with the increasing of c0, which can be explained by the following
analysis. The larger the value of c0 becomes, the more molecules
that could form helices exist, and consequently, the larger value of
crosslinking density is obtained.
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5.7. Effect of convective heat transfer coefficient on crosslinking
density

The convective heat transfer coefficient, h, on the boundary
between the gelatin and the cold atmosphere is changed for
calculation while other conditions are kept constant, as listed in
Table 1. The values of h in calculations are set as 6, 20, 50, 100, and
200 W/(m2 K), respectively. The convective heat transfer mode and
its relevant numerical range are listed in Table 4.

Similar to Fig. 10, when the helix conversion is 42%, the curves of
crosslinking density versus log h are shown in Fig. 11. The cross-
linking density of node A as well as node B increases with the
increasing of the value of h, while the crosslinking density of node C
as well as node D does not change significantly with the increasing
of the value of h. The reason is analyzed below. Nodes A and B are
on the surface of the gelatin, where a direct convective heat transfer
occurs. The larger the value of h becomes, the larger the cooling rate
of nodes A and B is, and then the shorter the length of the formed
triple helices is. In addition, the helix conversion is 42% for all the
cases. Therefore, the crosslinking density of nodes A and B increases
with the increasing of the value of h. While nodes C and D are the
interior nodes, and the thermal conductivity of the gelatin is low. So
the response of nodes C and D to the change of the cold atmosphere
is slow, namely, the change of h has very little effect on the interior
nodes.
6. Conclusions

The spatially structural inhomogeneity of gelatin is numerically
analyzed during the cooling-induced coil–helix transition process.
The crosslinking density and the length distribution of triple helices
are found to be dependent on the thermal histories. The cross-
linking density on the surface of gelatin is larger than the inner one
at the end of transition. The polydispersity of the triple helix length
on the surface of gelatin is narrower than the inner one, and the
average length of triple helices on the surface is shorter than the
inner one. The spatially structural inhomogeneity is more distinct
when the initial gelatin concentration and the convective heat
transfer coefficient increase.

The comparisons with the experimental results show that the
calculated results are reasonable. The present work is helpful for
optimizing gelatin fabrication conditions, and then the design of
the coil–helix transition process according to certain requirements
can be done.

In relation to actual applications, the material of the prototype
may be changed easily, and then the parameter of heat transfer
coefficient (hc) between the gelatin and prototype should be
examined, so the effect of hc on the crosslinking density should be
considered.
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