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ABSTRACT:
Lubricated squeezing flow (LSF) of a Herschel-Bulkley fluid between parallel disks under constant force was the-

oretically analyzed. An analytical expression for the fluid thickness as a function of time was obtained in terms
of a hypergeometric function. The fluid thickness profiles in LSF were simulated for a range of each of the model
parameters (n, K, 7,). The solution obtained in this study reduces to the corresponding analytical equations pre-
viously derived for LSF of Newtonian and power-law fluids. The simulations for Herschel-Bulkley fluid were com-
pared with the response of Newtonian and power-law fluids. The dependence of the limiting fluid thickness (i.e.
H(t)/Ho at 180 s) on model parameters is presented.

ZUSAMMENFASSUNG:

Die Gleit-Quetschstromung (Lubricated Squeezing Flow) einer Herschel-Bulkley Flussigkeit wird theoretisch fiir
den Fall von sich parallel bewegten Platten unter konstanter Kraft untersucht. Man erhalt einen analytischen
Ausdruck fir die Dicke der Fluissigkeit als Funktion der Zeit in Form einer hypergeometrischen Funktion. Die Pro-
file der Flissigkeitsdicke der Gleit-Quetschstromung wurden fiir verschiedene Werte fiir jeden der Parameter (n,
K, 7o) simuliert. Die in dieser Arbeit erhaltene Losung reduziert sich auf die entsprechende analytische Gleichung,
diefiir die Gleit-Quetschstromung von newtonschen und Power-Law Flissigkeiten hergeleitet wurde. Die Simu-
lationen von Herschel-Bulkley Fliissigkeiten wurden mit der Antwort von newtonschen und Power-Law Fliis-
sigkeiten verglichen. Die Abhdngigkeit der limitierenden Fliissigkeitsdicke (i.e. H(t)/H, bei 180 s) von den Model-

parametern wird gezeigt.

RESUME:

L'écoulement de pression lubrifié (LSF) d’un fluide Herschel-Bulkley entre des disques paralléles et en régime de
force constante, a été analysé théoriquement. Une expression analytique pour I’épaisseur de fluide en fonction
du temps a été obtenue sous la forme d’une fonction hypergéometrique. Les profils d’épaisseur de fluide en LSF
ont été simulés en faisant varier les paramétres du modéle (n, K, 7,). La solution obtenue dans cette étude se
réduit aux équations analytiques correspondantes précédemment obtenues pour le LSF de fluides Newtoniens
ou a loi de puissance. Les simulations pour un fluide Herschel-Bulkley ont été comparées avec la réponse de flu-
ides Newtoniens et a loi de puissance. La dépendance de I'épaisseur limite du fluide (i.e. H(t)/Ho a 180s) en fonc-
tion des paramétres du modéle, est présentée.
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1 INTRODUCTION

Lubricated squeezing flow (LSF) is a rheological
technique that involves compression of a fluid
between parallel plates under the perfect slip
conditions at the plate-fluid interfaces [1]. LSF is
commonly used for measuring rheological prop-
erties of semi-solid foods such as peanut butter,
cream cheese, melted cheese, tomato paste, but-
ter, ketchup, mustard, mayonnaise, and yogurt
[2-14]. The major advantage of the LSF technique
is that food rheologists can avoid or minimize
problems encountered during rheological mea-
surements of such products with conventional
rotational viscometers (e.g., damage incurred
during sample loading; possibility of slip during
measurement) [13].
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Analytical and numerical solutions for
LSF of various fluids allow determination of elon-
gational properties from experimental data. For
instance, elongational viscosity of a Newtonian
fluid can be obtained from the thickness-time
datausingthe following equation derived for LSF
under constant force and constant volume con-
ditions:

w

Ht) H, 3uA

1 1

(1)

The corresponding equation for a power-law
fluid [15] can be expressed as follows:
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obtaining desired properties for such foods. For
instance, consumers often expect low-fat prod-
ucts to perform as good as the original versions.
Using data from Ak and Gunasekaran we calcu-
lated normalized thickness valuesforregularand
fat-free mayonnaises as 0.72 versus 0.59, 0.66
versus 0.51,and 0.63 versus 0.49, respectively, at
10,50 and 180 s under 0.49 N load [14]. It remains,
however, to be determined whether such differ-
ences are perceptible and important for sensory
quality of mayonnaise.

4 CONCLUSIONS

The lubricated squeezing flow (LSF) of Herschel-
Bulkley fluid between parallel disks has been
analyzed under constant-force and constant-vol-
ume configuration. Ananalytical expression link-
ing fluid thickness and time was obtained in
terms of a hypergeometric function. The
decrease in normalized thickness of the fluid was
proportionaltotheincreasein applied squeezing
force. For a given yield stress the fluid thickness
profile could be greatly modified by varying the
consistency index. A greater decrease in the fluid
thickness was predicted for the flow behavior
index approaching to Newtonian value. As
expected, the higher the value of (extensional or
shear) yield stress the lower was the amount of
squeezing before attaining the limiting thick-
ness. The limiting thickness graphs as a function
ofrheological parameters are expected to be use-
ful in understanding behavior of materials with
yield stress (e.g., spreadable foods).

NOTATIONS
F(t) Momentary squeezing force (N)
Apparent limiting thickness (m)

Initial fluid thickness (m)
Momentary fluid thickness (m)
K  Consistency index (Pas")

n  Flow behavior index (-)

R, Radius of squeezing disk (m)
R(t) Momentary radius of fluid (m)
t Time (s)

W  Applied constant force (N)

4 Viscosity (Pas)

oj Applied initial stress (Pa)

o, Extensionalyield stress (Pa)
7o Shearyield stress (Pa)

A Volume of fluid (m3)

REFERENCES AND FOOT NOTE

0]

2]

[3]

[4]

[5]

(6]

[7]

(8]

[9]

[10]

]

[12]

[13]

[14]

[15]

Chatraei SH, CW Macosko and HH Winter:
“Lubricated squeezing flow: a new biaxial exten-
sional rheometer” J. Rheol. 25 (1981) 433-443.
Casiraghi EM, EB Bagley and DD Christianson:
“Behavior of mozzarella, cheddar and processed
cheese spread in lubricated and bonded uniaxial
compression” J. Texture Studies 16 (1985) 281-301.
Christianson DD, EM Casiraghi and EB Bagley:
“Deformation and fracture of wheat, corn and
rice starch gels in lubricated and bonded uniax-
ial compression” Carbohydrate Polymers 6
(1986) 335-348.

Campanella OH and M Peleg: “Squeezing flow
viscosimetry of peanut butter” J. Food Sci. 52
(1987) 180-184.

Campanella OH and M Peleg: “Determination of
theyield stress of semi-liquid foods from squeez-
ing flow data” J. Food Sci. 52 (1987) 180-184.
Campanella OH, LM Popplewell, JR Rosenau and
M Peleg: “Elongational viscosity measurements
of melting American process cheese” J. Food Sci.
52 (1987) 180-184.

Ak MM and S Gunasekaran: “Evaluating rheo-
logical properties of Mozzarella cheese by the
squeezing flow method” J. Texture Studies 26
(1995) 695-711.

Shukla A, SSH Rizvi and JA Bartsch “Rheological
characterization of butter using lubricated
squeezing flow” J. Texture Studies 26 (1995) 313-
323.

Hoffner B, C Gerhards and M Peleg: “Imperfect
lubricated squeezing flow viscosimetry for
foods” Rheol. Acta 36 (1997) 686-693.

Lorenzo MA, C Gerhards and M Peleg, Imperfect
squeezing flow viscosimetry of selected tomato
products”, J. Texture Studies 28 (1997) 543-567.
Wang Y-C, K Muthukumarappan MM Ak and
SGunasekaran: “Adevice forevaluating melt/flow
characteristics of cheeses” J. Texture Studies 29
(1998) 43-55.

Suwonsichon T and M Peleg: “Rheological char-
acterization of Ricotta cheese by imperfect
squeezing flow viscometry” ). Texture Studies 30
(1999) 89-103.

Suwonsichon T and M Peleg: “Rheological char-
acterization of almost intact and stirred yogurt
by imperfect squeezing flow viscometry” J. Sci.
Food and Agric. 79 (1999) 911-921.

Ak MM and S Gunasekaran: “Rheological prop-
erties of mayonnaise by lubricated compres-
sion.” Proceedings of the 2nd International Sym-
posium on Food Rheology and Structure, Zurich,
Switzerland (2000) 167-172.

Lee SJ and M Peleg: “Lubricated and nonlubri-
cated squeezing flow of a double layered array
of two power law liquids” Rheol. Acta 29 (1990)
360-365.

axtract of the complete reprint-pdf, available at the Applied Rheology website

http://www.appliedrheology.org

Applied Rheology

November/December 2000



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Covey GH and BR Stanmore: “Use of the paral-
lel-plate plastometer for the characterisation of
viscous fluids with a yield stress” J. Non-New-
tonian Fluid Mechanics 8 (1981) 249-260.
Adams MJ, B Edmondson, DG Caughey and
RYahya: “An experimental and theoretical study
of the squeeze-film deformation and flow of
elastoplastic fluids.” J. Non-Newtonian Fluid
Mechanics 51 (1994) 61-78.

Zwick KJ, PS Ayyaswamy and IM Cohen: “Varia-
tional analysis of the squeezing flow of a yield
stress fluid” J. Non-Newtonian Fluid Mechanics
63 (1996) 179-199.

Adams MJ, | Aydin, BJ Briscoe SK Sinha SK “A
finite element analysis of the squeeze flow of an
elasto-viscoplastic paste material.” J. Non-New-
tonian Fluid Mechanics 71 (1997) 41-57.
Sherwood JD and D Durban: “Squeeze-flow of a
Herschel-Bulkley fluid” J. Non-Newtonian Fluid
Mechanics 77 (1998) 115-121.

Lawal A and DM Kalyon: “Squeezing flow of vis-
coplastic fluids subject to wall slip” Poly. Engin.
Sci. 38 (1998) 1793-1804.

Yang F: “Exact solution for compressive flow of
viscoplastic fluids under perfect slip wall bound-
ary conditions” Rheol. Acta 37 (1998) 68-72.

Tiu Cand DV Boger: “Complete characterization
of time-dependent food products” J. Texture

Studies 5 (1974) 329-338 (1974).

This is an extract of the complete reprint-pdf, available at the Applied Rheolo

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

Butler F and P McNulty: “Time dependent rheo-
logical characterisation of buttermilk at 5°C” J.
Food Eng. 25 (1995) 569-580.

DeMartine ML and EL Cussler: “Predicting sub-
jective spreadability, viscosity, and stickiness” J.
Pharmaceutical Sci. 64 (1975) 976-982.

Elejalde CC and JL Kokini: “The psychophysics of
pouring, spreading and in-mouth viscosity” J.
Texture Studies 23 (1992) 315-336.

Dong Chen X: “Slip and no-slip squeezing flow of
liquid food in a wedge” Rheol. Acta 32 (1993) 477-
482.

Campanella OH and M Peleg: “Lubricated
squeezing flow of a Newtonian liquid between
elastic and rigid plates” Rheol. Acta 26 (1987)
396-400.

Andrews, L.C.: “Special Functions of Mathemat-
ics for Engineers,” (2"d ed.). McGraw-Hill, Inc,
New York, pp. 357-384 (1992).

Steffe JF: “Rheological Methods in Food Process
Engineering” Freeman Press, Michigan (1992)
198-210.

Yoo B, MA Rao and JF Steffe: “Yield stress of food
dispersions with the vane method at controlled
shearrate and shear stress” J. Texture Studies 26

(1995) 1-10.

TThere are some typographical errors in Yang’s article

(F. Yang, 1999, personal communication).

http://www.appliedrheology.org

Applied Rheology
November/December 2000

gy website




