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* Objective of this work

v'Test the validity of Ludovic® simulation for starch

extrusion

v'Show how to integrate the phenomenological model

of expansion with Ludovic®’s interface

Aims: Extend the Ludovic ®’s capability to

predict macro & microstructure of starchy foam
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Concept map : Structure of Ludovic ©®

Product properties _ Extruder parameters
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Infly (+)

Influences (-)
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Input variables of models =
Extrusion’s output variables at die exit (calculated by Ludovic®)
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EXPERIMENTS
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Molecular structure

1) Raw material - Maize starches

Amylose
Amylopectine . (14)
Amylomaize 70/ 30
Blendof A:D=2:1 47 /53 AmY'O?ecﬁﬂe
Blendof A:D=1:2 23.5/76.5 op 15-20 [ |1
[[|<— DP 40-45
Waxy maize 0/99

2) Extrusion — Plasticizer : water

Experimental sets:
* Low MC with Med & High Tp
* High MC with Low & Med Tp

Control

variables

0.21 105 | 101 Q=12 - 35 kg/h
0.36 186 | 580 N =80 - 240 rom
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Extruder configurations: Clextral BC45 & Slit die

Profil 1: Low / Medium %water (MC), L,,,,, barrel = 1000 mm

20.2 kg/h
AR
-15 15 25 35 25 15 25 35 50 pitch
50 50 100 100 50 150 100 100 300 length (mm)
1 2. ik O _ ° - Feed
Profil 2: High %water (MC) —Low Tp~ C, L, barrel = 1250 mm _—
12 vah 20eC a0eC i00°C aoeC 30°C
l
| | <
-15 15 25 35 25 15 -15 15 25 35 50 pitch
100 100 100 200 100 50 50 100 100 100 300 length (mm)
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3) Determination of melt viscosity using Rheopac

e Anin-line rheometer

Top view
e Aslit die with twin rectangular channels attached
(b} L=300 mm
T to the die head of the extruder
' » Channel 1 for the measurement

» Channel 2 for bypass a part of the total
flow rate Q by adjusting the piston valves

* Principle
P & T sensors
- Vary the local shear rate in the Channel 1

- Keep constant the Q, SME and die head P in
extruder

- Measurement of AP/ AL and Q1 in the Channel 1
to obtain shear viscosity

Using Rabinowitsch correction
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General rheological model for the plasticized starc h

e Power law fluid with Non-newtonian and Shear thinning behavior

n=Ky"!

Case 1) Dependency of K and n only on temperature (T) and moisture content (MC)

B E(f1 1
K=K, [R(T_T_>_Q(MC_MCO)]

n=a;l +a,MC + a3TMC

Case 2) Dependency of K and n on thermomechanical history through a specifc

mechanical energy (SME) term

K=K, [— G - Ti) — a(MC — MC,) — B(SME — SME,)

n=n,+a.T +a,MC+ azSME + a,TMC + asTSME + +agMCSME
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RESULTS & DISCUSSIONS
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Shear viscosity of molten starch: SME (+) then viscosity (-)

Effect of Specific Mechanical Energy:
Complex dependency with amylose, water content & temperature

- Amylose 0.245, T = 150-160°C
n (Pa.s) @

0.205, 194 & 429 kWh/t
7.E+02

MC 0.245

' MC0.275, 99 &121 kWh/t

7.E+01 —

1.E+02
v(s™)

1.E+03

) T=160°C
n (Pa.s)
Amylose 0.70
6.E+02 j MC 0.205, 209 & 406 kWh/t
i 147 kwh/t
| Amylose 0.0
I @\@@@% MC 0.2405
265 kwh/t
6.E+01 | I N I 1 1 I N N I |
1.E+01 1.E+02 1.E+03
lo—1
y(s™)




Determination of shear viscosity parameters for Ludovic® input

Starch A B

Amylose content 0.7 0.47 -
K', (Pa.s) 1.13E+07 4.15E+05 _
R])E’O_D&C data: E/R (K) 11,298 5,638 _
. Kon_l. o 14.49 14.86 _
Zqmc. Np B (ki/kg)t | IO 2.68604 | 1425603
K, n =f(MC, Tp, SME) |, 0 o | om
a, (°C) 2.69E-03 1.87E-03 _
a, 0 6.13E-01 _
2, (K/kg) 0 o | 20805
. (°C ki/kg)™t 0 268603 | 1.09E05
o o o | o

a, (k)/kg)™1 0 8.36E-05

n=al+aMC+asTHC Create Setof data

Compute new parameters

K,n=f(MC, Tp) points
(Tp,v,SME, n)
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How to activate SME coupling in viscosity law for
Ludovic® material input ?

Current name:Starch D

Product Name Starch D

| thermal characteristics | Viscosity

1) Create Set of Points e —

||| Mein | xtrucir | products | Pracess | aptions | € Execute | lobat Resits | D Results | Resuts fx)

@ Set of Points @ Carreau Yasuda Law

Numerical

"0 Power Law @'D?FFEN\ Pradision (7€) 20
n:i-‘u"iscosity Law = f(Temp, Shear Rate, Total Dissipated Energy ) Yo fteretipnek . é) ctive

/ Reverse and Direct Precision » e
o, H Local Installati
Output Temperature (*C) eo u p I ng ocal Installation...

Parameter 2 : Shear Rate

= Parameter 3 [§ta.nda{d:Total Dissipated Energy -v_] Fixed Value (uncoupled) D Viseosity Coupling Mod! figrm Sorsings
9 St e ' imquef;nafr;lnm i .
P Temp (°C) I:l: Shear Rate (s-1) q'fl'otai Dissipated En ergr_,".¢ Viscosity (Pa.s) n'% cz:;:.d;'::“::;;;‘,‘;:?:: é:;,gy (Standard Result) E |
I T - :
90 10| 30 5967.904831 e
90 10 45 5858.954026
90 10 7.5 5699.245857
90 10 101.25 | 5467.809122 starh ) ,
90 10 151.875 5138.155868 1/ \ @
9% 10 27.815 4680563793 S oo
90 10 341.71875 4069.438693 i
90 10 512.578125 3299.050944 ~ - CF : :
Points Count 1,573 '
o p——— po - P PRSP

(@ view sop | (import Excel] ( Exportto | ( Detete | ( pigitize ) ( Testsor | @

(ot ) (e )
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Ludovic simulation: Experimental set (Amylose 0.0, Water 0.25, Tp 158 ° C,

Sensibility to thermomechanical history (SME, Tp, MC)

17;{ (0 Melt viscosity 1] = K)'/n_l
K, n = f(Water, Tp)
K, n = f(SME, Water, Tp)

167

No coupling

Total SME (kJ/kg)
159

152

SME coupling A=68 ki/kg No coupling
144 84
\
137 56
Die G —
exit E i
’g SME coupling
Die
exit

E==na

== Significant effect of SME !!!
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Ludovic simulation: Experimental set (Amylose 0.70, MIC 0.21, Tp 166 ° C, SME 750 kl/kg

Sensibility to thermal conductivity k

K.:orchn, Of solid & melt = f(MC, Tp)

0.50 -
MC
<
g % 0080 036
~ "‘O D
2 046 - o® oO0F° 031
= ¢ QGQQ 0.25
.. O -
0.44 - o ° ...-000 091
e O 0 0@
042 1 @ -. o \
O
® O mo
O _\ o
040 1 (O ..00
.-<><> 1 1—-v v
038 1 o _ i
o kwet kdry kwater
0.36 (Clolonna & D]eIIa VaIIe,1I994)
0 50 100 150 200
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Computed Tp (°C)
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175

165

160

AT=10C | 4

k estimed} kat| 1 10
Tayeb 198‘9

| v | Tme{ti@ | ;

0
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k of solid phase (W/m.K)

Computed P max (bar)

0

== | \\p/A\
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Ludovic simulation

Sensibility to melting temperature T

T, starch = f(MC)

200 - Normal maize starch (Rezzoug et al., 2008)

DSC thermogram

190 -

180 - @ T onset
DSC ‘[
170 - BT peak

160 -

Heat Flow (W/g)

150 -

T (°C)

140 -

30 13 1
Temperature (°C) Universal V4 2E TA Instr. 1 3 O ]
120 -

110 -

100 T T T 1
0.1 0.15 0.2 0.25 0.3

Water content MC
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Ludovic simulation: Experimental set (Amylose 0.70, MIC 0.21, Tp 166 ° C, SMFE 750 kil/kg

Sensibility to melting temperature T,

\ IL,, 185 °C

w [ Without SME - viscosity coupling ]
175 °C
165 °C

164 64.5-165.5) Total SME (kJ/kg)

T (° C)

190

177

1 5 5 ° C > \
( 22 ZN 3
1 4 5 i C 187 IIII::::::::::::}-.
135 °C "

—,

= Negligible effect of T
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Ludovic’s validations

Experiments vs Simulations

2000 - 200
Without
[lAmylose 0.7 = Amylose 0.47 coupling] B Amylose 07 }Without ,
SME couplin couplin
[0 Amylose 0.0 pling Anlocclatay pling
180 - :
[0 Amylose 0 SME coupling
1500 -
B3 160 - ]
X
=
x —
o &
2 1000 - . 140 -
()] Q.
— -
=
v
120 - /
/
500 - /
/
100 - / [
/
/
/
O T T 80 T T T T T
0 200 400 600 80 100 120 140 160 180 200
Computed SME (kJ/kg) Computed Tp (°C)

Computed SME is underestimated.
—= LUDOVIC® doesn’t take account dissipated energy
~= SCENCE& IMPACT before melting section




Ludovic’s validations

Experiments vs Simulations

160 >
O B L’
O P
— 120 - g B s
— O
a O
Q.
> 80 -
(o
40 - PR B Amylose 0.7 } Withooit
Pid @ Amylose 0.47 coupling
L’ < [0 Amylose O SME coupling
7
0 | | |
0 40 80 120 160
Computed Pmax (bar)

May be the problem on:
- Die geometry ????
SCIENCE & IMPACT - Rheological model ????




Computing of starch destructurization using Ludovic

A intrinsic viscosity

% destructurization = ———— — -
initial intrinsic viscosity

70 7 Native maize starch
. Amylose / Intrinsic
§ 50 - Amylopectine viscosity
g (ml/g)
5 40 0/ 100 185
g 24.5/75.5 159
Z 30 47 /53 132
< 70/ 30 104
20 -
e A Amylose 0.0 SME coupling Amylopectine (higher MW) is more
10 MoinyoseD 0 Qo sensitive to thermomechanical
0 MAmylese 070 towrline treatment than amylose (lower MW)
0 200 400 600 800
Computed SME (kJ/kg)
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CONCLUSIONS

" The determination of material properties is primordial
- The rheological behavior of molten polymer,
f(thermomechanical history)
- The thermal physical properties of material,

f(T, water content)

" The computed dissipated mechanical energy is underestimated

- Well correlation between SM Ecomputed and the SM Ecxperimental

- Well correlation between % starch destructurization and SME . eq
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PERSPECTIVES

= [Integration of Ludovic® with phenomenological model of expansion

1) Coupling the model with Ludovic®
2) Simulation and validation (experiments)

= New Ludovic® outputs:

il o A6(0.25
1) Macrostructure: A6 (0.2, 200
0.06
- Indices Expansion Volumique (VEI) i |
- Indices Expansion Radial & Longitudinal >
. . c 0.04 r ©
- Anisotropie factor 2 B4 (0.26) A
S 003 ) o
2) Microstructure: - . ° Dp2e021)
— - ot **%s o ‘;
o ~ o8 < O o o .
- Mean cell size (MCS) il .;g&&. o ©
. 4 : e’
- Mean cell wall thickness (MCWT) 000 b Pt ‘:' ""5‘; :
MCS (mm)

- Finesse
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Context: Starchy material processing using extrusion-cooking

Expansion by extrusion cooking:
Relation with Glass transition temperature Tg

<
' N
Die exit
Ip
5 ~ Bubble growth Sugar
E Tg
1] -
B | PN i s
O,
=
L] =
2 I
Tgs
MC
L
- .

Axial distance or tume

The bubble growth stops (solidification) at Tp > Tg + 30° C

Extruder die

Bubblegrowth: exll rupture

Nucleation & Icsgescenca solidification

K Acquisition of \

texture...

and/or
shrinkage

T—=" SCUENCE & IMPACT



Concept map: Phenomenological model of expansion

p*=zQ [n(y)]*® [MC] ® [Tp] ® [E(Ta)]Y

where z, x, y = f(MC, Tp, ...)
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. . ° o pm(l - MCm)
Volumetric expansion indices VEI  VEI =~ 5—=5

ny) n }a = @, MC + a,T, + azMC.T, + azln(E'(T,))

VEI= a n = (ny MC + n,T, + nMC.T})).In(E'(Ty))
Water = 0.245, 185°C, 150 kWh/t, h die =3 mm Amylose 70%, 165°C, 200 kWh/t, h die = 3 mm
Higher Amylose% - higher E’(T ) = higher n(¢) 15
10 Water MC
Amylose
13 - 0.21
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S (@) [0e)
/ °
o s
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N e
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0 200 400 600 800
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Thank you....
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Discussion....




