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Abstract. The present work studies the flow of an elasto-viscoplastic fluid through a sudden four-to-one contraction.
Mechanical modeling makes use of an Oldroyd-B viscoelastic equation modified to allow that either the elastic times or
the polymeric viscosity are rheology-dependent. A three-field Galerkin least-squares method is used in terms of extra-
stress, velocity, and pressure, to approximate the model. Results focus on the influence of the flow intensity on the yield
surfaces, elasticity and relaxation time. Clear interlace is verified between these parameters and the position and shape
of yield surfaces.
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1. INTRODUCTION

The study of non-Newtonian fluids is of scientific and industrial relevance since their significant presence in industrial
applications. To list only a few, there are polymeric extruder flows in the plastic industry, manufacture of gels and
shampoos and inks in the cosmetic industry and perforation muds in oil industry (Mahmood et al., 2017).

According to Bingham (1922), when the viscoplastic behavior is present in the fluid, the yield stress must be achieved
to the fluid start to flow. If the internal stress is lower than the yield stress, the material doesn’t flow. Those regions on
which yield stress is not surpassed are called unyielded regions, and the interface between unyielded and yielded regions
are known as yield surfaces. Barnes (1999a,b) claimed that the yield stress doesn’t exist, contradicting the classical
definition. There is a huge increase (but finite) in the viscosity near the yield stress. This new definition created the so-
called apparent yield stress fluids. Besides, studies verified elastic behavior within unyielded regions — see, for instance,
(Gueslin et al., 2006; Putz et al., 2008; Sikorski et al., 2009), and reference therein. Also, elasto-viscoplastic materials
may present thixotropic behavior as investigated by (Balmforth et al., 2014; Coussot, 2014).

Complex flows are frequent in industrial processes and in Nature. Accidents imposed by complex geometries induce
to geometric nonlinearities, such as back-flow recirculations and flow detachments. In the particular of Non-Newtonian
flows, their material equations add material nonlinearity to the mechanical modeling employed. Complex fluids as elasto-
viscoelastic and thixotropic ones, induce to striking effects when flowing through complex geometries — such as memory
and non-zero normal stress differences.

In the last decade, some authors have investigated numerically and proposed constitutive equations for this class of
material. Nassar ef al. (2011) simulated elasto-viscoplastic materials in axisymmetric expansion-contraction flows using
a model based on the one proposed by de Souza Mendes and Dutra (2004). Belblidia et al. (2011) approximated an
axisymmetric expansion-contraction flow through a 4:1:4 contraction-expansion channel, with the BWW model intro-
duced by the authors. Santos et al. (2014) studied the elasto-viscoplastic flows numerically through a duct subjected to an
expansion-contraction using the model proposed by de Souza Mendes (2011). Link et al. (2015) computed a thixotropic
flow over a 1:4 sudden expansion using the model intropuced by de Souza Mendes (2011). Fraggedakis et al. (2016)
compared five recent proposed elasto-viscoplastic models proposed by Saramito (2007, 2009); Park and Liu (2010); Bel-
blidia ef al. (2011) in the flow around around a falling spherical particle. Lépez-Aguilar ef al. (2016) contrasted the
models proposed by Lépez-Aguilar ef al. (2014) and de Souza Mendes (2011) in thixotropic flow over an axisymmetric
contraction-expansion. Oishi et al. (2017) evaluated the avalanche-effect of an thixopic elasto-vicoplastic flows over an
inclined plane using de Souza Mendes and Thompson (2013) model.

The current article uses the thixotropic equation proposed by de Souza Mendes (2011) to predict elastic, viscoplastic
and shear-thinning effects in a yield stress material that flows through a four to one sudden contraction. The model is
approximated by a three-field Galerkin least-squares—like method, in terms of extra stress, pressure, and velocity, aiming
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at allowing the use of Lagrangean finite elements, and to improve the convergence of Galerkin method.
2. MATHEMATICAL FORMULATION
2.1 Elasto-visco plastic model

The constitutive model used here is based on a Oldroyd-B formulation of an elasto-visco plastic thixotropic model
introduced by de Souza Mendes (2011). In this formulation the viscosity and the elastic modulus are function of the
structure parameter. The stress was split using the e elastic-viscous-split-stress (EVSS) scheme (Rajagopalan et al.,
1990), where the extra stress is decomposed in its viscous and elastic contribution.

T=T1+T2 1)
T + 072 = 21, (D(u)) )
T1 = 2N D(u) 3)

Where 7 is the structural viscosity and ¥ denotes the upper-convected derivative of the extra stress:
v T
7= (Vr)u— (Vu)r — 7(Vu) (€))

The relaxation time, 6, from Eq. (2) is defined as:
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As 1 corresponds to the low viscosity region, Equation (5) simplifies to:

b)) = 28)) ©)

Following (de Souza Mendes, 2011), the dependence of elastic modulus, GG, on structure parameter \ is given by:

GO\ = Goexp (m (i _ 1)) )

In the Eq. (7), Gy is the structural elastic modulus of a fully structured material, and m is a positive scalar parameter that
dictates the sensitivity of G with A.

This model consider the microestructure of the material. The structure parameter A is thus a scalar-valued distribution
that ranges from O to 1 and maps the structuring level of the microstructure. For A = 1 the material is fully-structured, the
model predicts elastic body behavior and, for A = 0 the material is fully unstructured with the model predicting a pure
viscous behavior. For 0 < A < 1, the model predicts a viscoelastic behavior. It is clear that this formulation assumes that
there is a one-to-one relationship between the structuring level and viscosity levels:

n(A) = <770)Anoo ®)

UL
The Eq. (8) can be solved to A:
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where 79 and 7)., are the zero and infinite-shear-rate viscosities, respectively, ¥ = (% tr D(u)2)l/ 2 is the magnitude of
strain rate tensor D(u) and ), is the structural viscosity.
The evolution of A is given by:

DA _

[(1=X) = f(MA] (10)

1
Dt teq
Where f(7) is a function that is zero at 7 = 0 and increases monotonically as 7 is increased. The thixotropic equilibrium
time, t.4, characterizes the time of change of .
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The model herein assumed that once its microstructure is broken due to a stress change, the material reestablishes its
thermodynamical equilibrium instantaneously. In this condition, the thixotropic equilibrium time ¢., tends to zero and the
structure parameter is always in equilibrium. The equilibrium structure parameter \., can thus be seen as a normalized
equilibrium viscosity function.

As the fluid is always in structural equilibrium, 7, = 7eq, G = G4 and 6 = 0., where the subindex eq denotes the
equilibrium sctructure value of the variable.

In this work, the following expression for the equilibrium viscosity was employed, from de Souza Mendes (2007):

Neq(Y) = [lexp ("w)] {T;%Kﬁ“}mm (11)

Ty
Where T, is the yield stress, K the consistency index and n the power-law index.
2.2 Balance equations and problem statement

The fluid is assumed to be incompressible, gravitational force is neglectable and the flow is considered inertialess. For
this case, consider an open domain Q2 C R2, the balance of mass and momentum are:

divu =0 in Q (12)

0= —Vp+divrs + 2n.div(D(u)) in Q2 (13)

Where w is the velocity vector, p is the pressure and 7 is defined in Eq. (2), The geometry domain is an axial symmetric
planar contraction 4:1 and the no-slip hypothesis is considered at the wall. The inlet is a developed profile in terms of
pressure, velocity and stress. The problem statement is represented in Fig. 1.

u=0

Developed profiles of
T, u and p

Figure 1: The problem statement.

The numerical scheme employed to solve the problem is finite element multifield Galerkin least-squares in terms of
velocity, pressure and extra stress proposed by Franca and Frey (1992).

2.3 Dimensionless equations

As discussed in de Souza Mendes (2011), three shear rates mark important transitions in the flow curve, namely 4, 41,
and 2. The g is the maximum shear rate in which the material remains at 7. ; marks the beginning of the power-law
region. Above 7- the material structure is destroyed, representing the transition between power law to Newtonian.

. _ 7—7y . _ <@>1/n . _ (nﬁ)l/n—l 14
To= 00 m % s 72 78 (14)

The equations are adimensionalized as proposed by de Souza Mendes (2007):
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3. RESULTS

Results intend to estimate the topology of the yield surfaces as well as the distribution of the adimensional variables
A, 07, and G¢, throughout the channel. In this paper the only input parameter that changes from one case to the other is
the flow intensity, represented by the variable U*, that is the average of u* at the inlet. The rheological parameters are
Gy =1.0x10,,m=1.0x101, K =1.0x 107, n =5.0x 1071, nt = 1.0 x 10* and n?, = 1.0 x 10~2. The problem
statement is represented in Fig. 1, where H = 4h and | = L = 38.4h. The computational domain is partitioning into a
bi-linear Lagrangian finite element mesh for all primal variables with 4125 elements.

First, what all cases have in common will be discussed. The horizontal profile throughout the symmetric axis, x5 = 0,
of the variables 67, A and G, is shown in Fig. 3. At 23 = 0 in the inlet the material is unyielded, the fluid is fully
structured, A = 1, G, = G and 67, = 1;5/G. The flow of unyielded regions is called plug flow. Following the sym-
metric axis, the structuring level starts to decrease near the contraction where the unyielded zones vanish. Furthermore,
G, reaches enormous values, that means an inelastic fluid. The topology of the yielded and unyielded zones are show
in Fig. 2. After the contraction, the horizontal profiles recover the similar state of the inlet as the profile develops again.
Watching the vertical profiles of A, G, and 0, of Fig. 4, it is clear that in the yielded zones the material is stiff, as G,
reaches great values near the wall. This increase on the G7 leads 07, to zero in the yielded zones.

Comparing the unyielded regions for all cases from Fig. 2, when U™ increases the yielded height decreases and the
material yields farther from the contraction. The location of the yield surfaces marks the change of A, G¢, and 67,. The

unyielded region in the corner of the contraction is bigger when the flow intensity is smaller, see Fig. 2.
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Figure 2: The effect of flow intensity on the yielded zones. The z7 axis is shared along the charts (a) U* = 0.25, (b)
U* = 1.0and (c) U* = 2.0. The zones in black the stress doesn’t exceeds the yield stress, unyielded, and the yielded
zones are in gray.
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Figure 3: The influence of the flow intensity, U* = 0.25,
1 and 2, at the symmetric axis, 5 = 0, on (a) adimen-
sionalized equilibrium relaxation time, Q:q, (b) structur-
ing level A and (c) adimensionalized elastic modulus GZ, .
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Figure 4: The influence of the flow intensity, U* = 0.25,
1 and 2, at the inlet on (a) adimensionalized equilibrium
relaxation time, 67 _, (b) structuring level A and (c) adi-

eq’
mensionalized elastic modulus G7,,.
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4. CONCLUSIONS

The flow of an elasto-visco plastic fluid is observed through a 4:1 axissymmetric contraction. It was verified that
the flow intensity has a significant influence in the flow near the contraction. The increase of U* shrinks the unyielded
regions, where the yield surface marks the change on G, and 7. For further studies, the goal is to analyze the influence
of the contraction ratio and the loss of charge for elasto-visco plastic fluid flows.
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