U.P.B. Sci. Bull., Series D, Vol. 75, Iss. 2, 2013 ISSN 1454-2358

NUMERICAL SIMULATIONS OF CONSTANT VELOCITY
SQUEEZE FLOW

Daniela COBLAS', Diana BROBOANA?, Corneliu BALAN?®, Mohamed
HAJJAM*

The paper is dedicated to the investigations of purely viscous fluids in constant
velocity squeeze flow, between two parallel disks. The influence of fluid rheological
properties on normal force distribution and the interpretation of the obtained results
is investigated. The analysis includes both experimental and numerical
investigations. All results are being compared with theoretical predictions in order
to establish a procedure to determine fluid viscosity by using an inverse approach of
the theoretical formulation of the normal force. A good correlation between
theoretical, numerical and experimental values proves the validity of this study.
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1. Introduction

Squeezing phenomenon describes the large deformation (or a flow) of a
soft material (or a viscous fluid) between two solid surfaces approaching one to
each other. During squeezing the gap between surfaces is changing in time and the
sample is ejected from the gap. In many applications the gap is small in
comparison to the other dimensions of the surfaces, in particular discs diameters
(see Fig. 1) so squeezing flow is mainly associated to thin film hydrodynamics,
lubrication and rheology of complex fluids. Its application can be found in various
domains like engineering, lubrication, thin films, biofluids dynamics and
rheometry [2].
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Fig. 1. Simple squeeze of a pure viscous fluid between parallel surfaces.

The motion has both extensional and shears components, but in the limit
of small gap and low relative velocity the shear is considered dominant. For a
given axial-symmetric geometry, the approaching velocity, V = - oh/ot and the
thrust force F are the only parameters to be determined and controlled (Fig. 1).

Therefore, squeezing flow is often used for the determination of
rheological proprieties of different types of materials, from pure viscous fluids to
perfect elastic bodies and between, visco-elastic and visco-plastic (yield stress
fluids) samples. The thrust force is being given by the following expression,
derived from Navier-Stokes system of equations [1-4]:
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The present study is dedicated to the analysis of pure viscous fluids
behavior during simple squeeze flow and the possibility to extract information
about material behavior from the obtained data.

Investigations were carried out on three different Newtonian fluids with
different testing temperatures and squeezing velocities. The experiments were
carried out on a stress controlled Physica MCR 301 Rheometer and numerical
simulations are performed with the numerical solver implemented in the Fluent
CFD software, using two numerical solutions.
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2. Experimental setup

The study was performed on a Physica Anton Paar MCR 301 using parallel
plate geometry. The experimental setup allows free surface visualization during
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experiments and a temperature control trough an incorporated Peltier system that
assures the lower plate temperature (only on the lower plate).

The upper plate diameter (43 and 50 mm) gives the active contact surface
with the sample. The rheometer is controlled trough dedicated software, Rheoplus
[10]. The sample is placed on the lower plate which is fixed. The upper plate is
descended to a position of 1 mm (mineral oil, glycerin) or 2 mm (honey) giving

the initial film thickness.
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Fig. 2. Experimental sep.

The test starts when the upper plate descends with a given velocity and the
fluid film starts deforming and being squeezed out of the initial gap. Normal force
is measured on the upper plate, with a precision of 0.02 N, as a response of the
fluid at the applied strain.

Table 1
Testing parameters for the analyzed Newtonian samples
Fluid Sample | h [mm] V [mm/s] T[°C]
Mineral Oil 1 {0.01;0,1; 1} {1, 10, 20, 30}
Glycerin 1 {0.01;0,1; 1} {10, 20}
Honey 2 {0.001; 0.01; 0.1} | {5, 10, 20, 30}

The investigations were performed for three Newtonian fluids with different
viscosity coefficients: a mineral oil sample, a glycerin solution and honey. Testing
parameters like initial film thickness h, upper plate velocity V and temperature T
are presented in Table 1 for each type of fluid.

Viscosity coefficient plays a very important role for the determination of
analytical predictions and the interpretation of experimental results. Hence,
multiple dynamic and simple shear tests were performed in order to determine
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samples viscosity coefficients and their temperature dependence. A small
variation of viscosity at constant temperature was found for all the samples. For
example, in the case of the mineral oil, at 20 degrees, the viscosity coefficient
varies on a domain between 0.09 and 0.15 Pa s (see Fig. 3).
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Fig. 3. The dependence of viscosity coefficient on the temperature variation.

This behavior is accentuated once the temperature value descends and it
may due to a temperature gradient which may appear in the gap, between
rheometers plate. Even though film thickness is small a temperature gradient may
occur since the temperature is controlled only on the lower plate.

3. Numerical Simulations

The motion was modeled numerically using CFD commercial code Ansys
Fluent, for Newtonian incompressible fluids using different approach: either a
unsteady quasi-static approximation either a unsteady solution with deformable
mesh option (by imposing a displacement profile for the upper wall,
corresponding to the upper disk of real geometry). The flow is considered
homogeneous, laminar, isothermal, isochoric and developed in a 2D axial-
symmetric configuration. A dedicated pre-processor, Gambit, is used for geometry
construction and meshing.
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Fig. 4. 2D axial-symmetric squeeze flow geometry used for the numerical simulations.

The quasi-static approximation imposes the construction of a single
geometry for every film height. Computational domains are meshed using quad
elements, and in the case of second numerical solution the option of deformable
mesh is being applied for the whole domain (see Fig. 4). In order to decrease
computational time geometry dimensions were reduced by comparison with the
real one (Rreas = 21.5 mm and R simulation = 5 mm), hence, a corresponding scale
factor was applied for the force distribution.

4, Results and discussions

In the case of numerical simulations, a good correlation has been found
between the two numerical solutions (i.e. quasi-static and unsteady deformable
mesh respectively), for three different squeezing velocities: 0.01, 0.1 and 1 mm/s
(See Fig. 5). The computational time is longer in the case of using the deforming
mesh solution.

The experimental results were compared with both theoretical predictions
and numerical force distributions. Taking into account force sensor limits, we
have established a validity domain of the experimental values depending on film
thickness. The maximum and minimum film thickness for which we obtain a
linear coherent force distribution are different for each sample accordingly to the
force magnitude (dependent on viscosity).

For example, in the case of mineral oil, for an upper plate velocity of 0.01
mm/s and different temperature values 5- 30 °C, the maximum film thickens for
which force values can be measured is 0.1 mm. Also, force size is limited at the
range of 0.01+ 50 N due to the force transducer measuring domain (see Fig. 6)
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Fig. 5. Normal force distribution for mineral oil sample obtained from numerical simulation
of the real flow at different squeezing velocities.

The inferior limit of the measuring domain (small film thickness) may be
influenced by many factors like: fluid viscosity, upper plate velocity and
displacement, temperature and parallelism nonconformity [2, 5, 8, 9].
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Fig. 6. Experimental, numerical and theoretical distributions for mineral oil sample with
different temperature values and V =0.01 mm/s.

However, the inferior limit of measuring domain decreases with velocity.

For a temperature of 10 and 20 ° C, experimental values are smaller than
theoretical and numerical predictions, but their distribution is linear as expected in
the case of Newtonian fluids. Even at higher velocities (V = 0.1 and 1 mm/s) the
results present the same linear distribution and are well correlated to the
theoretical predictions.
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Dimensionless representations

The dimensioneless expression of thrust force is given by:
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One has to notice that the variation of viscosity coefficient (Fig. 3) at
constant temperature brings an intriguing question about the value which may be
used when processing experimental values. Experimental results were processed
using different values of viscosity (in the range indicated in Fig. 3), proving the
dependence of dimensionless force on the viscosity value. Consequently, the
experimental values were corrected using an average value of viscosity in this
range, this procedure being applied for all the samples (Fig. 8 and Fig. 9).

For a small squeezing velocity the difference between experimental and
theoretical prediction is still present, yet for bigger velocities a good correlation is
observed. In addition the experimental and theoretical predictions are
corresponding for a certain thickness domain (Fig. 9).
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Fig. 7. Dimensionless force variation along with film height for constant velocity
(V =0.01 mmy/s) squeeze flow of mineral oil at a constant temperature T =20°C.
Plotted values are obtained for diferent values of viscosity coeficient in a range of 0.09 and
0.15 Pas (See fig 3).
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At small film thickness a non-linear force distribution is been observed
especially in the case of glycerin and honey samples. For the glycerin sample this
non-linear behavior is accentuated for a squeezing velocity of 0.01 mm/s.
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Fig. 8. Dimensionless force variation along with film height for constant velocity (V =0.01
mm/s) squeeze flow of mineral oil for various testing temperatures.

Once with increasing velocity value the non-linear behavior diminishes
and experimental values are bigger than theoretical ones probably due to inertial
effects and free surface evolution during the test.
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Fig.9. Dimensionless normal force distribution: oil, glycerin and honey samples, theoretical
and experimental results for different temperatures and squeezing
velocities of 0.1 mm /s (a) and 0.1 mm/s (b).

Experimental results coincide with the analytical expression at medium
gaps. For a small film thickness range one observes a noticeable deviation of
experimental values from the analytical force distribution. This deviation can be
explained by the influence of plate’s deviation from parallelism [2, 6, 8], the
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influence of inertial effects [2, 6, 9] and free surface evolution [2, 5] during the
tests. At large gaps the spreading of measured data is generated by the low
sensitivity of the normal force transducer. Free surface evolution was observed
during experimental investigations for all analyzed samples. Considering that the
samples are pure viscous fluids it is interesting to notice that the free surface
differs even from the initial position, before starting the squeezing motion. The
free surface has different initial shapes and different evolution during the squeeze
for each fluid (see Fig. 10) as a function of wetting angle and the magnitude of
surface tension.

o000

Fig. 10. Different forms of free surface observed during experiments.

The accumulation of material at the edge of the gap is present for all
analyzed samples. This behavior is accentuated for higher squeeze velocities and
it can lead to a pressure drop near by the end of the gap. Hence, the deviation of
experimental force distribution from the theoretical one, in the range of small film
thickness may be due to the free surface evolution and the so called “end effects”.

In order to improve modeling of squeeze motion it is necessary to take into
account particular fluid properties like surface tension and contact angle and also
the wettability properties of the solid surfaces defining the gap.

5. Conclusions

This paper is dedicated to the investigation of constant velocity squeeze flow
motion of pure viscous samples. The study includes a complex analysis of the
phenomenon trough analytical, numerical and experimental methods. For all
analyzed samples (mineral oil, glycerin and honey) experimental measurements
have been performed at different temperatures and squeezing velocities. The study
was completed trough numerical simulations and a correlation between theoretical
formulation and experimental data (dimensionless formulation) was shown.

The study proves the value of numerical solutions for the analyzed constant
velocity squeeze flow in the case of viscous fluids. Due to the correlation of the
two numerical solutions (fixed mesh, respectively dynamic deforming mesh) we
conclude that a quasi-static approximation is more appropriate when analyzing
this type of motion by taking into account the reduced computational time of this
numerical solution. A good correlation has been found between analytical,
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numerical and experimental force distributions with the exception of small film
thickness range, where a deviation of experimental values from the analytical
force distribution was found. This deviation can be explained by the influence of
plate’s lack of parallelism, the presence of inertial effects and free surface
evolution during the tests. The influence of viscosity coefficient is analyzed and
its influence on processing experimental data is emphasized.

Free surface shape evolution during the motion also influences force
distribution in the range of small film thickness, is limited by the force transducer
sensitivity and the working range gap. In conclusion a complete description of the
real flow takes into account particular fluid properties (surface tension, contact
angle), the wettability properties of the solid surfaces, inertial and temperature
effects. All this influences can be investigated numerically so it is expected to
obtain the correction coefficients of analytical expression.

Acknowledgements

The work has been funded by the Sectoral Operational Programme for Human
Resources Development 2007-2013 of the Romanian Ministry of Labor, Family and
Social Protection through the Financial Agreement POSDRU/88/1.5/S/60203.

REFERENCES

[1] C Balan, Lectii de mecanica fluidelor (Lessons of fluid mechanics), Ed. Tehnica, Bucuresti,

2003,( in Romanian)

[2] J Engmann, C Servais, A Burbidge, Squeeze flow theory and applications to rheometry:
A review, in J. Non Newtonian Fluid Mech, Vol. 132, pp: 1-27, 2005

[3] M.D. Pascovici, T. Cicone, Elemente De Tribologie (Elements of tribology), Editura
BREN.Bucuresti,2001 (in Romanian)

[4] Stefan, J., Versuche uber die scheinbare adhesion, in Sitz. Kais. Akad. Wiss. Math. Vol 9, pp:
713-735, 1874

[5] E Mitsoulis, A Matsoukas, Free surface effects in squeeze flow of Bingham plastics, in J. Non-
Newtonian F1. Mech., Vol. 129, pp: 182-187, 2005

[6] G Karapetsas, J Tsamopulos, Transient squeeze flow of viscoplastic materials, in J. Non-
Newtonian F1. Mech., Vol. 133, pp: 35-56, 2006

[71 A Burbidge, C Servias, Squeeze flow of apparently lubricated thin films, in J. Non-Newtonian
F1. Mech., Vol. 124, pp: 115-127, 2004

[8] H Esmonde. H See, M W Swain, Dynamic squeeze film rheometry for flat and spherical
geometries using nonlinear spectral analysis, in Meas. Sci. Technol., Vol. 19, 10 pp, 2008

[9] E Walicki, A Walicka, Inertia effects in squeeze flows of viscoplastic fluids, in Mechanics of
Composite Materials,Vol. 37/4,2001.

[10] D. Coblas, M. Hajjam, A. Radulescu, C. Balan, Experimental investigation of pure viscous
fluids in constant velocity squeeze flow, in Proceedings of the International Conference
BALTTRIB’2011, 2011

[11] D. Coblas, D. Broboana, C. Balan, Rheological caracterisation of viscous fluids in oscillatory
squeezing flows, in Scientific Bulletin of Politehnica University Bucharest, Series D:
Mechanical Engineering, Vol. 72/3, 8 pp, 2010.

[12] *** http://www.anton-paar.com.



