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Abstract:

Budk extrusion technigue was applied fo characterize carsmme! bam samples taken from Chilean market: Determinations
were tmade gt room lemperature, working wﬁ& 2 Llovd Universal masterial testing machine model LR 5K with & 500 N cell,

Power law snd Binghes plasth iy were applied.

Crlestations wore made with o spreadsheet (OPRO), snd statisiiosl unalyses were done wilng a stalistical package
(STATCRABHICS).

Results indiveted that the Bingham plastic moded showed the best goodaess of fit, and that un jserease in soluble solid
content caused an lnerease in vield stregs,

1. Introduction
Rheological WIWYIHXHQE& is very important for Vp:'ul F
textural determination, i { i oo
Instruments used for 1 ical characterization of food
are based on the mechanical operation over the smmple and
give results based on strength, strain or time {delan ef ol 5_
1976). Back extrusion testing, somctimes called annular Lo
pumping, has a great potential for the food ndustry as a
{;mht‘& Q(éél{fol tool, and as mean of dotenmining rheole
properties required to solve various engineering design
problems {Osorio and Steffe, 1987). ' . l

Hack extrusion testing roquires simple cquipment AT S e % T -
such as plunger, cylindrical container and a Universal | @ o I
ial Testing Machine {Osorio and Steffe, 1987) This 07| 0 0 o

prepertics and fo make the technique a good candidate for | f§
quality control and product development work i

The obivctives of this study wore to charscienze
chilean caramel jam using back extrusion technigus,

|

is an easy and reliable tochnique to determine rheological | ff R ‘
S

i

Before test After test

wation of plunger positon bafore

1.1 Back extrusion Figure . Schematic
in this methodology a cylindrical plunger is and after extrusion test.

sraveling vertically at a constant velocity, down wmto : ; .

% fuid in a cylindrical container; the movisg plunger The ial!r}wmg assumplions were made; ﬁ"y:if%?;igzmit
volumetrically displaces the fluid, cavsing 1t 1o fow temperatute sl akn:.;tw, lsum@gcmus fluid, no clasticity or
upwards through the annular space between the plunger time dependent behavior, laminar and fully developed flow,
inner wall of the cylindrical siner, Fig. | depicts a the cvlinder ég_&afﬁmmiiy long that ends effects may be
typical position of the plunger before amd after back lected, no slip at the walls of th& giz;’;a.z}}us.

extrusion test (Gserio and Steffe, 1987) ; At a constant plunger welocity, the total foree
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applied to the plunger is equal to the force due to the shear
stress on the plunger wall plus the force duc to the static
pressure pushing upward on the bottom surface of the
plunger.

The axial flow of a power law fluid is anaiymd in
annular space.

1.2 Ostwald-de-Waele model

A power law fluid 15 twsted in 2 back cxtrusion
device at two differont plunger velocities with the same
plunger and cvlinder, and it is possible to determine the flow
behavior index defined by the following equation {O&wm
and Steffc, 1985).

.

(F, L,
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The flow bebavior index, n, is the slope of a log-log
plot of {f"% 553;%}{.{3 L) against V., 1V, (Osorio
and Steffe, 19873,

The force corrected by buoyancy is (Osorio and

Steffe, 1985);
=B - f'; {2}
F, = dgl mr’ (3)

For a power law fluid, the buoyancy force is the
recorded force after the plunger is stopped (F7,) and this
value is experimentally obtained (See Fig. 4},

K is caleulated from X = «/R. A wvaluc can be

e v g (1) obtained from Table 1 knowing the flow behavior index:(n)
% and the svstem geometry K.
Vo
Table 1. Values for difforent values of K and n
Ks/n 0.1 42 0.2 04 0.8 0.6 a7 848 0.9 1,0
0.1 04065 §.4882 00,5838 0.6008 06344 06556 06768 {8007 07087 07106
84 05140 {,5680 06082 0,6398 08628 0,6803 06840 0, 704%8 0,7138 0721
0,8  0,5851 0,6313  0,8587 0,6784 0D6YS3 07078 Q7177 G128 07326 0,7382
04 08847 0,6887 0,7088 0,7208 0,7313 0,738 0,7460 0,7527 0,7575 7818
0,5 07280 0,7433 0,7547 0,7836 0,7705 07781 0,7807 07848 Q7878 0,7806
06 07871 g,78682 0.8030 0.8082 08124 08158 0.,8188 0.8208 {,8229 0.8248
0,7 D,8433 {,8480 09,8518 {.8544 085688  ,B584 0,85498 0.8611 {,8822 0.8831
0.8 08872 0,8992 0,8007 0,8018 09028  0,8035 0,89042 08047 {3,8052 0,9055
0,8 0,69493 0,9498 0,8502 0,89504 0,9507 ,6508 0,8510 08511 {.8612 0.6513
{Osorio, 1985)
Dimensionless shear stress at the plunger wall (7,)
iy obtained from the following equation: i@ "
: 4 Ksaig
z 10
1 ;
R ¢ @) 3
K’ .
“, ]
The pressure drop per unit of length (P), may be S
caleulated using the equation: oy
F #
e — {5 et -
(T, + K)alRa E
; {
The shear stress (o) is obtained as (Osorio y Steffe, 5 .
1985y
PRT, _ | W ]
e T (6) 0y TR TS T LT

2

The dimensionless flow rate values for a
set of K and n values are prosented in Fi

Figure 2. Dimensionless flow rate versus dimensionless plunger
radius as a function of the flow behavior index for back
cxtrusion of a power law finid {Osorio, 19835).
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The consistency coefficient (1) is obtained as
{Osorio and Steffe, 1985):

For power faw Tuid, the «
obtatned with the A value as:

&)

first @wp m %%w cafculations 15 to determane the
vield stress as

(o)

Frp 15 determined expe tally
The plastic viscosity {17} is dete
A dimensionless vield stress (75 is

pressure drop per unit of length (7} 15 deter
P 2ex, :
LR’ on
With 75 and & values ¢ Fig, 3 for

s 1 The 4 values for different values of & and Ts wis
1in Table 2.
ensionless vield stress at the plu

wall (1.0

(12)
And the plastic viseosity ¢
@J‘Rz =
The @ value is obtained from Figare 3.
The wing step 15 (o compute the ¢

M.+ K. I the ¢ Fvalue is equal to (Fo/alRa),

229

then 7 value is corrcct and the iteration stops; the 7,
values, then the following equation ts used:

PR dg|
27, dp|

{14}

o b8

=TT TITIT}

Figure 3. Dime s¢ flow rale vs. dimensioniess  plunger
rading for ne § (Osorlo, 1985).

¢ shear rate is oblamed with 7

% LY }//
: L ok .
gﬁ'!" = & gg A '{OJ am }%E (15)
dp K ;
And, the shear
equation
PRT,
e="9 (16)

wi jam were taken from a
was packed in a cyvlindrcal ngid plaste
container with 324 & 0.01 em intgrnal 4 rand 4.10 =

0.01 em height.

2.1 Back extrusion test

Lloyd universal saterial testing (Llovd Instruments
Limited, Hampshire, England) machine model LR-5K was
used to operate the plunger. The plunger was screwed {o the
crosshead of the Llovd and a 500 ¥ compression load cell
sed.




 The crosshead rate of the Lloyd testing machine
vanied from 2 men's to 600 mm/s.

The Liovd testing machine was interfaced 1o a
computer with a data analysis software (DAPMAT, version
3.05}

The plunger penetration was 70% of the sample
height.

refractometer (Meich: Techno, Tokye, Japan) model 58-92,

2.2 Sample
The samples were codified by soluble solid content
and elaboration date.
All measy its were done at 20°C. The sample
in the package was placed on the base plate, the plunger

Soluble solid content was with. a  was in alignment with the cylinder containing the sample.
Table 2; & valucs for the diferent & and 7, values for n=1
Tok 0.1 0.2 0.3 0.4 0.5 07 0.8 0.9
(.03 0.7289 0.7389 6.7577 .7818 0.8117 0.8860 05392 0.9757
410 07469 0.7584 0.7770 (.8020 0.8328 X {9088 0,9528 -
&Z? 0.7643 0. 7764 (.7963 {.8222 01,8539 0.8906 {.9316 09764 -
(.20 03,7825 0.7952 08154 {.8425 D.8749 09125 {0.9544 - -
0.25 (0.8000 0.3134 3.8345 0.8622 0.8959 (.9344 08772 - -
.30 0.8174 C B3I {18534 0.8822 0.916% ,9563 -
0,35 0.8345 (1.5493 0.8722 0.9020 0.9377 0.9782 = d -
(.40 (.8513 (0.86569 3.8909 0.9218 0.9583 - - - "
.45 0.8679 (1.8844 3.9004 0.9415 09793 - - - -
(.50 0.8843 49017 0.9279 0.9611 - : -
0.55 0.8924 09188 3.9461 {.9806 - - - - B
.60 1.9160 0.93356 .9643 - - . - -
0.65 {.9313 0.9521 0.9822 - - - - = -
0.70 .9461 0.9684 - - - - - o “
0.75 {1.96035 0.9844 .. - - - - - -
0.80 0.9744 - - - - - - - »
085 3.9876 - - - - - - - "
(Osorio, 1985)
Fr was the recorded force just before the plunger analyscs were  dome with a  statistcal  software
was stopped and the Fy, was the asymptotic recorded foroe  (Statgraphics).

afier the plusger was stopped (Sec Fig.4).

The results were ordered by their soluble solid
content,

Parameters for power law and Bingham plastic
mxdels were obtained with a spreadsheet, and statistics

Load, N

3. Results and discussion

Fig. 4 shows a typical diagram of force versus
plunger position obtained from back extrusion testing, From
this diagram, Fr, value can be obtained when the system
reaches equilibrium,

‘‘‘‘‘‘‘‘
““““““““

120

Time, &

Figure 4, Typical force - dis

ernent obtained from back extrusion of caramel jam,

230
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31 Ostwald-de-Waels model

The flow behavior index was computed following
the procedure cutlined (Osorio and Steffe, 1987)

Table 3 shows di values of flow behavior
mndex for different soluble solid contont,

Table 3 Flow behavior (power law model) for
different soluble solid content of caramel jam.

‘Soluble salid {%0) g o
71 0.34 + 0,17 (.6640
72 .75 2002 0.9983
73 069 +010 0.7721
4 071 +008 0, 8908
48325

73 18+ 0.02

Far the different cases, the flow behavior index was
fower than 1, this corresponds fo a pseado plastic fluid
where apparent viscosity decreases with increasing shear
{Skelland, 1967} '

For 71% and 73% soluble solid, the value of power
leew modded did not represent the expering

Remember that the flow behavior index is ti% slope
of a log - log plot of (Fus/Fa) (Ei/Lz) against (FelV)
with the r* value for the lincar adjustment.

Table 4 shows the eguations obtained fitting the
power law models to different o and ¥ values obtained
from the different soluble solid conterds,

Table 4. Power law equation for different solid soluble
content of caramel jam.

Soluble solid (%) Hyuation P
72 o= 1873704 0.8984
13 o= 1598y "7 0.9227
74 a = 2159y % 0. 8688
75 o= 2ETAY Y (2085

The power law model best represent the flow
behavior when the soluble solid content varied from 72%
T,

3.2 Bingham plastic model

Table 5 shows the cquations obtamned when fitting
the Bingham plastic model for different soluble solid
countent.

f ]
ik

Table 5. Bingham plastic equation for different soluble solid
sebent of carame] jam.

Soluble solid Equation . T

(%)

71 o = 447 + T8 ¥ 3.B362
73 = 330 4+ 1422¥ 09218
13 o= 800+ 11167 0.8471
74 o= 101141421y 08722
75 o 1024 + 12688 0.8305
76 o = 1024 4 1268y 0.8848

Bingham plastic model best represented caramel
jams flow behavior for different soluble solid content and
shear rate  withowl the problem thet sepresents  the
the power law  model

obtainment of » wvalue for
(F

=05~ 2.687)

Bulkley model
This model did not represent the experimental
valug. {v.g. ¢ = ,58)

3.4 Yield stress

Yield stress (Bingham model) increased as soluble
@mmm increased, with shear rate varying from 0.5 w
265 ' (Fig. 5). This was also observed in tomato purces
(Alviar and Reid, 1990), and grape juice {Rojo ef af,
1994).

Tablz 6 shows different equations apphed o modid
vield stress dependence with soluble solid content

“Tabie 6. Equations applied to model yicld stress dependence
with soluble solid content.

Fauation ¢
o= 80 P A (.9466
oy & FIAH R0 0.9441
a; = ~1059.6 + (0.85C - 29.3)° 09403
oy = -2085.7 + 0.65¢C° 0.9337
op = 36797 + (18,90 0.9351
oy = 42662+ 63.1C 0.9345

shion, the model
am beohavior i

Based on the
that best sepresints

o 8.9 - 10 O {mn



Yield stress, Pa

o A e R S,

.. 68 69 70 "

72 73 T4 75 T8

Seluble solid, %

 Figure 5. Yickd stress vs. soluble solid content in caramel jam samples.

4. Conclusions :

It is possible to describe the flow behavior of
caramel jam using the back extrusion technique. :

‘Bingham plastic model best dcsmixzd the ﬁow
b&hﬁ% of caramel jam,

Soluble solid content has a strong influence on
plastic viscosity, consistency cocfficient and ymﬁ stress
values,

Th@ anﬂmrs would like to thank the financial
support of Fondeevt (Project 1960403).

5. Nomme}_'sjum .

a :radins of the planger, m

AO : level of fluid measured from the fluid surface to 0,
0%

C  :solyble solid content, %

d :fluid density, kg /m®

F  : force applied to the plunger, N

%, :buoyancy force, N

F. - force corrected for buoyancy, N

Fy  recorded foree just before the plungez is mppe&, N

Fra  recorded force after the plungex is stopped, N

g gravity acceleration, mvs®

K ratio of radius of plwlgcrmﬁméafcmcr cytum
‘dmmmﬂess a'R _

L length of annular region = AQ+ OB, m

n : flow behavior index dimensionless

fgsss © flow behavior index dimensionless 95%

©  initial level of fluid when the plunger bas not been
forced down in the sample, m

OB : position of the plunger bottom, measured with l‘cspwt
teO,m

P : pressure drop per unit of length, Pa/m -

r . radial coordinate measured from common axis of

cylmdem forming annulus, m
7 ooefficient of determination :
R - radius of outer cylinder of ansulus, m

e

232

T time,s

T, :vield stress, dimensionless

7w  shear stress at the plunger wall, dimensionless
Ve 1 welocity of L!m plunger, m/s

¥ i shear rate, 7

T : plastic viscosity:

A ¢ value of dimensionless radial coordinate for which
shear stress is zero

P radial coardinate = /R, dinscosionless

o :shear stress, Pa

dp yield stress, Pa

@ : flow rate, dimensionless
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