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H I G H L I G H T S

� Laminar flow of viscoelastic fluids past a confined circular cylinder.
� The 3D nature of the flow is assessed for a wide range of aspect ratios.
� Flow visualizations and PIV measurements are presented.
� The onset of flow instability is determined experimentally.
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a b s t r a c t

The flow of viscoelastic fluids past a confined cylinder in a rectangular duct was investigated experi-
mentally and numerically in order to assess the three-dimensional effects associated with cylinder
aspect ratio (AR) and the fluid rheology. The blockage ratio was 50%, the cylinder aspect ratios were
AR¼16, 8 and 2, and the flow conditions tested varied from creeping flow conditions up to the onset of
time-dependent flow. Three viscoelastic fluids were tested, namely a shear-thinning and two Boger
fluids, and the results were compared against the numerical and experimental data for Newtonian fluids.

For the shear-thinning fluid, and in the range of Deborah numbers (De) studied (0.025oDeo0.99),
elastic instabilities appear upstream of the cylinder above a critical Deborah number, that depends on
the aspect ratio. In contrast, for the Boger fluids the flow remained symmetric both upstream and
downstream of the cylinder in the range of Deborah numbers studied (Deo1.3). For all non-Newtonian
fluids studied, the streamwise velocity profiles show that the length required to achieve the fully
developed velocity downstream of the cylinder increases with De and AR.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The flow past circular cylinders is of relevance for industrial
applications and can be found in structural design and in the
process industries. It is in the latter that typical applications
involve fluids with non-Newtonian characteristics, as in heat
exchangers, textile coating processes or in wastewater treatment,
among others (Nishimura, 1986). In addition, the two-dimensional
(2D) flow around a confined cylinder with 50% blockage ratio (BR,
defined as the ratio between the cylinder diameter and the width
of the channel) is a classical benchmark problem in computational
rheology (Brown and McKinley, 1994).

There is a wealth of investigations on Newtonian fluid flow past
an unconfined cylinder, which are summarized in the reviews of
Telionis et al. (1992) and Williamson (1996) and in the books of
Zdravkovich (1997, 2003). In contrast, much less is known about
the interplay between the far flow field and the cylinder for fluids
of complex nature such as the effects upon the flow around the
cylinder and the vortex shedding phenomenon, of the aspect ratio
(AR, defined as the ratio between the cylinder length and dia-
meter), of the blockage ratio (BR) and also of the rheology of the
working fluid.

The flow of Newtonian fluids past a cylinder in a rectangular
channel is characterized by two geometrical ratios (e.g. AR and BR)
and by the Reynolds number, which represents the relative impor-
tance of inertial forces relative to viscous forces. Sen et al. (2009)
indicate the range 3.2oReDo7 for the onset of downstream flow
separation. The critical Reynolds number for the onset of laminar
vortex shedding is found to be ReDE47 for high aspect ratios
and increases when the aspect ratio decreases (Williamson, 1996;
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Sahin and Owens, 2004; Kumar and Mittal, 2006; Ribeiro et al.,
2012). The work of Ribeiro et al. (2012) investigated the 3D effects
on the laminar flow of a Newtonian fluid past a confined circular
cylinder with BR¼50% and showed good agreement between
experimental results and numerical predictions. An unusual pheno-
menon was observed experimentally and confirmed numerically,
consisting of intense velocity peaks downstream of the cylinder in
the vicinity of the cylinder end walls, which are not reduced even
when the aspect ratio of the cylinder increases. For the largest
aspect ratios investigated (AR¼16 and 8) the influence of the end
walls on the local velocity peaks was predominant while for ARo6
the flow was found to be also influenced by the side walls, due to
geometric confinement.

For viscoelastic fluids, the flow past a confined cylinder has also
been thoroughly studied experimentally and numerically. Some of
the experimental studies of non-Newtonian fluids around a con-
fined cylinder refer only to steady creeping flow conditions
(Manero and Mena, 1981; Shiang et al., 1997). Nevertheless, at
higher flow rates (or Deborah numbers) when elastic instabilities
occur, the flow becomes highly three-dimensional (3D), with
steady complex structures developing upstream and downstream
of the cylinder. At further higher flow rates, a second elastic
instability develops and the flow becomes time-dependent
(McKinley et al., 1993). McKinley (1991) investigated elastic
instabilities in viscoelastic flow past a circular cylinder using a
Boger fluid. The cylinder used in the experiments had a high
aspect ratio (AR¼24); thus the flow in the middle plane could be
assumed as quasi-2D at low Deborah numbers. Above De¼1.30, a
cellular structure was observed in the spanwise direction; thus
significant 3D effects were found even for such high AR geometry.
Shiang et al. (2000) also investigated the flow past a confined
cylinder (AR¼12) with Boger fluids and observed the onset of
steady three-dimensional flow, due to the formation of cellular
structures in the wake of the cylinder, at a critical Deborah number
between 0.14 and 0.21. The Boger fluid used by Shiang et al. (2000)
was more viscous and elastic (thus, with a higher elasticity
number) than the Boger fluid used by McKinley et al. (1993) and
these differences can explain the discrepancy observed in the
critical Deborah number. More recently, the experiments of
Verhelst and Nieuwstadt (2004) showed the appearance of 3D
effects near the walls in the flow past a confined cylinder in a
rectangular duct with 50% blockage ratio and aspect ratio AR¼16.

The onset of 3D effects in the viscoelastic fluid flow past a
confined cylinder has also been reported in experimental studies
using microfluidic devices (Li et al., 2010, 2012; Kenney et al.,
2013). The downscaling of the channel dimensions in microfluidics
amplifies the elastic effects, and simultaneously leads to a reduc-
tion of inertial effects. Recently, Kenney et al. (2013) investigated
the fluid flow past a confined cylinder and identified two distinct
elastic instabilities using dilute aqueous solutions of polyethylene
oxide (PEO) for increasing flow rates. Initially a time-dependent
downstream instability of disorderly streamlines was observed,
followed by an upstream instability at higher flow rates, charac-
terized by the occurrence of a detached upstream stagnation point
and the formation of an upstream vortex.

Numerical investigations of non-Newtonian fluid flow past a
cylinder are usually based on 2D calculations due to the expensive
computational resources required for 3D simulations. For some
viscoelastic fluids, such simulations showed the steady flow
behind the cylinder to be characterized by the appearance of
velocity overshoots, which depend significantly on the rheology of
the fluid (Phan-Thien and Dou, 1999). Experimental and numerical
studies of the viscoelastic flow past a gradual contraction, which
can be qualitatively compared with the upstream flow around a
cylinder, also show the appearance of velocity overshoots along
the centreline and near the end walls upstream of the contraction

for 3D geometries (Poole et al., 2007; Poole and Alves, 2009).
These velocity overshoots near the walls, which were called the
“cat's ears” phenomenon (Poole et al., 2007), are a manifestation of
fluid elasticity and were qualitatively captured in the 3D numerical
simulations of Poole and Alves (2009).

Despite the smaller number of works reporting 3D simulations,
some studies analyzing the viscoelastic flow around a 3D cylinder
have also appeared in the literature. Sahin and Wilson (2007)
performed 2D and 3D viscoelastic fluid flow simulations around a
confined circular cylinder in a channel with 50% blockage ratio,
and analyzed the flow patterns up to a Weissenberg number (Wi)
of 1.2. The converged 2D numerical results beyond Wi¼0.7
indicate that the solutions are mesh dependent, at least in a small
region in the wake of the cylinder, whereas for the 3D calculations
the results at high Weissenberg numbers did not converge, due to
the classical high Weissenberg number problem (HWNP) (Fattal
and Kupferman, 2004). Sahin (2011) also simulated numerically
the 2D and 3D flow of an Oldroyd-B fluid past a confined cylinder
and concluded that at Wi¼0.7 mesh convergence is still achieved
in his calculations, even in the wake of the cylinder. However, no
steady-state solution was possible for an Oldroyd-B fluid beyond
Wi¼0.8. Richter et al. (2010) studied numerically the 3D viscoe-
lastic flow past a circular cylinder to assess the influence of
viscoelasticity on the flow but their simulations were carried out
at moderate Reynolds numbers (100rRer300). More recently,
Tenchev et al. (2011) compared 2D and 3D flow simulations of an
Oldroyd-B fluid around a confined cylinder and of a Rolie-Poly
fluid flowing through a sudden contraction. In both cases, the
results for 2D and 3D flows show significant differences, thus
emphasizing the need for reliable 3D computations. More recently,
Sahin (2013) investigated numerically the 3D creeping flow of an
Oldroyd-B fluid past a confined cylinder in a rectangular channel
and observed the appearance of a purely elastic instability in the
wake of the cylinder, with the formation of cellular structures
above a critical Weissenberg number between 1.2 and 1.6, in
agreement with the experiments of McKinley et al. (1993).

The practical implementation of the flow of viscoelastic fluids
past a confined cylinder is necessarily three-dimensional and it is
clear from the previous works that their characteristics can be
significantly different from those observed in a simplified two-
dimensional geometry. Therefore, the primary goal of this work is
the characterization of three-dimensional effects of the flow of
viscoelastic fluids past a confined cylinder centered in a rectan-
gular channel with 50% blockage ratio. This is achieved by
considering the flows of two Boger fluids and one viscoelastic
shear-thinning fluid in three different geometries having aspect
ratios of AR¼16, 8 and 2. The flows analyzed varied from creeping
flow conditions (low Reynolds number) up to the onset of elastic
induced time-dependent flow, which corresponds to the range of
Reynolds numbers between 0.008oReo3.2 and Deborah num-
bers between 0.025oDeo0.99. This work was preceded by a
similar investigation involving the laminar flow of Newtonian
fluids at low Reynolds numbers (Ribeiro et al., 2012). Numerical
predictions were also carried out in order to predict the New-
tonian and non-Newtonian fluid flows. These numerical predic-
tions, together with the results of Ribeiro et al. (2012), will be used
here to assess and separate the effects of elasticity from those of
shear-thinning viscosity.

The remainder of this paper is organized as follows: the
experimental set-up and techniques are described in Section 2,
while Section 3 presents the rheological characterization of the
fluids used. The governing equations and a brief outline of the
numerical method are described in Section 4. Section 5 presents
and discusses the experimental results and compares them with
the corresponding Newtonian fluid flow. In Section 6 the main
conclusions are summarized.
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2. Experiments

2.1. Experimental set-up

The measurements were carried out in the test section sche-
matically represented in Fig. 1, which is made of transparent
acrylic. The whole closed loop rig, described in detail in Ribeiro
et al. (2012) (cf. Fig. 1), is here only briefly outlined. The 1700 mm-
long test section has a rectangular cross-section with a width (H)
of 20 mm and a variable depth (h) in order to assess the effect of
the aspect ratio (AR¼h/D) of the geometry. This is achieved by
moving one of the end walls (parallel to the xy plane), allowing the
depth (h) of the cross-section to be 160 mm, 80 mm or 20 mm
(accuracy 7100 μm), resulting in AR¼16, 8 or 2, respectively. The
10 mm-diameter cylinder is located 630 mm downstream of the
duct inlet and is positioned at the mid-plane to define a symmetric
geometry with a 50% blockage ratio (BR¼D/H). The origin of the
coordinate system represented in Fig. 1 is located at the center of the
cylinder.

2.2. Experimental techniques

The experiments included flow visualization using long-time
exposure streak photography and detailed velocity measurements
using particle image velocimetry (PIV). A detailed description of
the operating principles of both techniques can be found in Ribeiro
et al. (2012).

Both techniques were used at the various xy planes marked in
Fig. 2 to assess the spanwise variation of the flow field. The planes
under study for each AR are at the same absolute distance of the
end wall, but most experiments focus on the centreplane, z/R¼0.

The tracer particles used were hollow glass spheres with 10 mm
diameter (HGS-10, Dantec Dynamics) at a weight concentration of
30 ppm for the flow visualizations and for the measurements with
PIV, the particle concentration was chosen in order to follow the
recommendations for PIV of having at least 5–10 particles per
interrogation area (Adrian, 2005).

In the visualization of flow patterns using long-time exposure
streak photography the exposure time was adjusted according to
the flow rate and varied between 1 s and 30 s.

In the measurements of the velocity fields with the PIV system,
the time between two consecutive pulses varied between 1 ms
and 2 s, depending on the flow rate, the plane of measurement
and the aspect ratio under study. For all flow rates, at least 50 pairs
of images were acquired and the velocity field was determined by
processing the images with FlowManager v4.60 software (Dantec
Dynamics), using an adaptive-correlation algorithm.

3. Fluid characterization

The fluids used were a shear-thinning viscoelastic fluid and two
Boger fluids, all prepared with different concentrations of poly-
acrylamide (PAA). In addition, flow data for a Newtonian fluid
(Ribeiro et al., 2012) is also used for comparison purposes. The
shear-thinning fluid was an aqueous solution of PAA at a weight
concentration of 1000 ppm and the Boger fluids were aqueous
solutions of glycerin (85% w/w) with PAA at weight concentrations
of 200 ppm and 400 ppm, with 1% NaCl. All fluids were seeded
with tracer particles, as described in Section 2. In order to
minimize bacteriological growth in the fluids and minimize their
inherent degradation, a biocide was added at a concentration of
25 ppm (kathon LXE, Rohm and Haas). The density (ρ) of the fluids
was measured at 293.2 K using a pycnometer. The composition
and the density of the fluids are presented in Table 1.

Fig. 1. Test section and coordinate system.

Fig. 2. Planes under study for AR¼16, 8 and 2 along the cylinder at different values
of |z/R|. Adapted from Ribeiro et al. (2012).

Table 1
Fluid composition (mass concentration) and density measured at 293.2 K.

Fluid PAA
(ppm)

Glycerin
(%)

Water
(%)

NaCl
(%)

Kathon
(ppm)

ρ

(kg/m3)

Newtonian – – 100 – 25 999.8
Shear-thinning –

PAA1000
1000 – 99.90 – 25 1001.5

Boger – PAA200 200 85.05 13.91 1.02 25 1225.8
Boger – PAA400 400 85.06 13.89 1.01 25 1226.3

V.M. Ribeiro et al. / Chemical Engineering Science 111 (2014) 364–380366



The rheological characterization of the fluids was carried out in
shear and extensional flow. The shear measurements were made
using two rotational rheometers: Physica MCR 301 (Anton Paar)
with a 75 mm cone-plate system with 11 angle; AR-G2 (TA
Instruments) with a 40 mm cone-plate system with 21 angle
(Boger fluids only). The data are represented as hollow and filled
symbols for the Physica MCR 301 and for the AR-G2 rheometers,
respectively.

In the steady shear measurements for the viscoelastic shear-
thinning fluid (PAA1000), the flow curve was measured at differ-
ent temperatures (283.5–303.2 K) and the time–temperature
superposition principle was used in order to obtain the master
curve at the reference temperature (T0¼293.2 K). The correspond-
ing shift factor is defined as (Dealy and Plazek, 2009)

aT ¼
ηðTÞ
ηðT0Þ

T0

T
ρ0
ρ
; ð1Þ

where η(T0) is the shear viscosity at the reference temperature T0,
η(T) is the shear viscosity at a given temperature T, ρ0 is the density
at the reference temperature T0 and ρ is the density at temperature
T. Since the temperature variation for the rheological measure-
ments is small, the fluid density does not change significantly and
the shift factor simplifies to (Dealy and Plazek, 2009)

aT ¼
ηðTÞ
ηðT0Þ

: ð2Þ

Fig. 3 shows the steady-state shear viscosity master curve,
together with the corresponding fit to a generalized Newtonian
fluid (GNF) model. The Carreau model (Carreau, 1972) was used for
the viscosity function, which is defined as

η¼ ηsþ
η0�ηs

½1þðΛ_γÞ2�ð1�nÞ=2 : ð3Þ

The parameters of this fitted model were η0¼2.0 Pa s;
ηs¼0.004 Pa s, Λ¼25 s, and n¼0.38.

In the steady shear measurements for the Boger fluids (PAA200
and PAA400) the flow curve was measured at different tempera-
tures (288.2–298.2 K). As for the shear-thinning fluid, the time–
temperature superposition principle was used in order to obtain
the master curve at the reference temperature (T0¼293.2 K).
Fig. 4a shows nearly constant viscosities of 0.152 Pa s and
0.174 Pa s for the PAA200 and PAA400 fluids, respectively, in the
shear rate range of 1o _γ=s�1o1000. The shear viscosities of these
diluted polymer solutions are similar since these are essentially

determined by the viscous solvent. Fig. 4b shows the dynamic
shear viscosity (η0) and G0/ω2 as a function of ω. Note that as ω-0,
η0 tends to the steady shear viscosity when _γ-0 as it should,
despite the different rheometer used. A two-mode plus solvent
model was used to fit G0 and η0 and the details of the linear
viscoelastic spectra determined at T0¼293.2 K are shown in
Table 2.

The fitted two-mode model (solid lines) overlaps the rheologi-
cal measurements shown in Fig. 4b and it is clear that, within the
measured frequency range, a two-mode Oldroyd-B model is
adequate to represent the linear viscoelastic behaviour of the
Boger fluids. The solvent viscosity, ηs¼0.126 Pa s, corresponds to
the dynamic viscosity of the Newtonian solvent used in the
preparation of the fluids. Using the parameters of the two-mode
model presented in Table 2, an average relaxation time can be
calculated as

λ¼ 1
ηp

∑
2

k ¼ 1
ηkλk; ð4Þ

where ηp ¼∑ka solventηk, leading to λ¼130 ms for the Boger fluid
PAA200 and λ¼197 ms for the Boger fluid PAA400.

The extensional behaviour of the solution was measured at the
reference temperature (T0¼293.2 K) using a capillary break-up
extensional rheometer (Haake CaBER 1, Thermo Scientific). The
characteristic relaxation time in extensional flow was determined
by fitting the experimental data of log[D(t)] vs. time in the region
of elasto-capillary balance which obeys the following equation
(Entov and Hinch, 1997):

D
D0

¼ eð� t=3λÞ; ð5Þ

where D0 is the diameter of the filament at the reference time t¼0
and D is the diameter at the time t. The measurements were
performed using two circular plates with a diameter of 6 mm.
As shown in Fig. 5 the experimental data were fitted and the
relaxation times obtained were λ¼104 ms for the shear-thinning
fluid PAA1000 (cf. Fig. 5a), λ¼86.7 ms for the PAA200 Boger fluid
and λ¼97.7 ms for the PAA400 Boger fluid (cf. Fig. 5b).

The two methods used to determine λ lead to slightly different
values, as expected. However, since the values obtained are of the
same order of magnitude, this gives some reliability to the results
obtained with the Boger fluids. The relaxation time determined in
extensional flow is thought to be more appropriate for the flow
under study, since the flow around the cylinder is strongly
dominated by the extensional stresses on the wake of the cylinder.
Therefore, in the remaining of this paper, the relaxation time
determined using the CABER device will be used. We note,
however, that the relaxation time obtained for the semi-diluted
shear-thinning fluid is much smaller than the value that can be
estimated from the flow curve (Fig. 3). The onset of shear-thinning
usually occurs at a shear rate which is approximately the inverse
of the relaxation time. From Fig. 3 we can estimate a relaxation
time in shear of the order of 20 s, which is more than two orders of
magnitude higher than the relaxation time determined in the
CaBER device and also a bit too high. For the shear-thinning fluid
the true relaxation time is likely to lie between these two values so
that the relaxation time used in the remaining calculations of this
study should be viewed as a rough estimate, and the De values
calculated are most probably too small.

4. Governing equations and numerical method

The experimental results were simulated using an implicit
finite-volume method with a time marching pressure-correction
algorithm (Oliveira et al., 1998). The governing equations

Fig. 3. Steady shear viscosity of the shear-thinning fluid (PAA1000). The symbols
represent the experimental data measured at different temperatures and the solid
line the fit by a Carreau model.
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describing the isothermal laminar flow of an incompressible fluid
are the mass conservation

∇Uu¼ 0; ð6Þ
and the momentum equation

ρ
∂u
∂t

þ∇Uuu
� �

¼ �∇pþ∇Uτ; ð7Þ

where u represents the velocity vector, ρ the fluid density, t the
time, p the pressure and τ the extra-stress tensor, which is given as
a sum of a Newtonian solvent with a polymeric contribution
ðτ ¼ τsþτpÞ. For Newtonian fluids, the polymeric contribution
is null, τp ¼ 0, and the Newtonian solvent component τs is
defined as

τs ¼ ηsð∇uþ∇uTÞ ¼ 2ηsD; ð8Þ
where ηs is the constant solvent viscosity and D is the deformation
rate tensor.

For the numerical calculations of the shear-thinning viscoelas-
tic fluid, a generalized Newtonian fluid (GNF) was used based on
the Carreau viscosity model. The numerical calculations with this
GNF model do not describe accurately the flow in the vicinity of
the cylinder, where elastic effects are more relevant, but are able

to predict with good accuracy the flow far from the cylinder under
fully developed flow conditions, where the shear viscosity is more
relevant.

In the numerical predictions using the Carreau model the
polymeric contribution to the extra-stress tensor is neglected,
τp ¼ 0, and the shear-thinning viscosity function is introduced
via the τs term

τs ¼ 2ηð_γÞD; ð9Þ

with the function ηð_γÞ given by the Carreau model (Eq. (3)).
For the numerical calculations of the Boger fluid flow, the

polymeric contribution is included and the fluid is described using
the Oldroyd-B model, given by

τpþλ
∂τp
∂t

þ∇Uuτp
� �

¼ ηPð∇uþ∇uT Þþλðτp U∇uþ∇uT UτpÞ ð10Þ

where ηP is the shear viscosity of the polymer. The fitted para-
meters of the Carreau and the Oldroyd-B models were described in
Section 3.

The numerical method is based on a time-marching version of
the SIMPLEC pressure correction algorithm formulated for collo-
cated variables (Oliveira et al., 1998). The discretization of the
governing equations is based on central differences for diffusive
terms and on the CUBISTA high-resolution scheme (Alves et al.,
2003) for the convective terms both in the momentum and in
constitutive equations. The computational domain was mapped
using non-orthogonal block-structured meshes. Extensive sets of
calculations were carried out by Ferreira (2006) to estimate the
numerical uncertainty and select an adequate mesh to provide
mesh independent results. To generate the mesh the flow domain
was divided into 24 blocks and within each block the cells were
concentrated near the cylinder region and channel walls, as
illustrated in Fig. 6, for AR¼8.
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Fig. 4. Material functions of Boger fluids PAA200 and PAA400 in (a) steady shear flow (the symbols represent the experimental data measured at different temperatures);
(b) small amplitude oscillatory shear flow. The solid lines represent the fits by the two-mode Oldroyd-B model.

Table 2
Linear viscoelastic spectra for the Boger fluids.

Mode k PAA 200 PAA 400

λk (s) ηk (Pa s) λk (s) ηk (Pa s)

1 0.030 0.020 0.031 0.031
2 0.38 0.008 0.50 0.017
Solvent – 0.126 – 0.126
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5. Results and discussion

The viscoelastic fluid flow around a confined cylinder was
characterized using flow visualizations and detailed velocity field
measurements using PIV. The experiments were carried out at an
average temperature of 293 K, and ranged between 291.7 K and
294.7 K. The experimental work was conducted with the three
viscoelastic fluids previously described: shear-thinning PAA1000,
Boger PAA200 and Boger PAA400. The experiments were carried
out for AR¼16, 8 and 2 using the shear-thinning fluid, whereas for
the Boger fluids the experiments were restricted to the AR¼16
geometry. The selection of the Boger fluids, i.e., constant viscosity
elastic fluids, allows the isolation of viscoelastic effects, without
the added complexity of shear-thinning effects.

A thorough experimental and numerical investigation of New-
tonian fluid flow around a confined cylinder for AR¼16, 8 and
2 was presented in Ribeiro et al. (2012). Some of the previous
results are used in this work to provide a reference scenario to
compare with the viscoelastic fluid flow.

The flow characteristics of Newtonian fluids depend on two
geometrical ratios (AR and BR) and on the Reynolds number (Re),
here defined as

Re¼ ρUR
η

; ð11Þ

where U is the bulk upstream velocity (U¼Q/Hh), R is the radius of
the cylinder and η is the shear viscosity of the fluid. For the shear-
thinning fluid the viscosity in Eq. (11) is evaluated at the char-
acteristic shear rate _γ¼U/R.

The flow of viscoelastic fluids is also characterized using the
Deborah number (De), which represents the ratio of a character-
istic time of the fluid (λ) and a characteristic flow time scale (R/U):

De¼ λU
R
: ð12Þ

The Deborah numbers calculated were based on the relaxation
time of the fluid measured in the CaBER, as previously discussed.

5.1. Shear-thinning fluid – PAA1000

5.1.1. Flow patterns
The effect of De on the flow patterns at the symmetry plane

(z/R¼0) is illustrated in some representative photographs shown
in Figs. 7, 8 and 9 for AR¼16, 8 and 2, respectively, obtained using
long-time exposure streak photography. The vertical and horizon-
tal lines inside the cylinder are a guide to the eye to highlight
possible flow asymmetry. For all AR at low De, symmetric flow
patterns are observed upstream and downstream of the cylinder
(cf. Figs. 7a, 8a and 9a). Beyond a critical Deborah number, Dec,
which depends on AR, an elastic instability occurs upstream of the
cylinder, near the forward stagnation point, as seen in Figs. 7b–d,
8b–d, and 9b. At these critical flow conditions, we observe the
onset of steady upstream asymmetric flow instability, which is
particularly noticeable on the right side of the images. For AR¼16
and 8, the instability appears at DecE0.04, whereas DecE0.4 for
AR¼2, suggesting that the end walls have a stabilizing effect. Note
that the inherent uncertainties of the experimental technique
based on the visual inspection of the flow pathlines only provide
an estimate value of Dec. In all cases the flow asymmetry
magnitude increases with De. Far upstream of the cylinder, the
flow is symmetric, which highlights the influence of the cylinder
on the onset of elastic instability. Then, as De is increased further,
the steady asymmetry intensifies and the flow eventually becomes
time-dependent. Again, we remark that the relaxation time used
in the calculation of De for the shear-thinning fluid is probably too
small; therefore it comes as no surprise that the values of Dec for
the shear-thinning fluid are so small.

In order to illustrate the extension of the elastic instability
along the spanwise direction, Fig. 10 shows the projected pathlines
at different z-planes along the cylinder axis for De¼0.31, Re¼0.47
and AR¼8, which corresponds to a flow condition under the
steady asymmetric regime. In the middle plane (z/R¼0), the flow
is distorted towards one side of the cylinder in the cross-stream
direction (here to the right side), but as we approach the end wall
(z/R-8), the flow asymmetry progressively spans to both sides of

z x

y

Fig. 6. Zoomed view of the mesh used in the numerical simulations for AR¼8.

Fig. 5. Diameter of the filament measured as a function of time using the CaBER device for (a) shear-thinning fluid PAA1000; (b) Boger fluids PAA200 and PAA400.
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the cylinder. The same pattern also occurs for AR¼16 and 2, but
the corresponding plots are not shown for conciseness.

Fig. 11 shows the influence of AR on the extent of the elastic
instability at constant De. For DeE0.14 and Re¼0.14, the elastic
instability is clearly noticeable for AR¼16 (and similarly for AR¼8 –

not shown), but for AR¼2 the flow is still symmetric. Therefore, for
the same flow conditions the elastic instability is intensified as AR
increases, although for large AR there is no significant influence, as
demonstrated by the similar Dec values for AR¼16 and 8.

When the flow rate is increased further, leading to higher
Deborah numbers, but still at relatively low Reynolds numbers
(Reo1) the flow asymmetry intensifies until the flow eventually
becomes time-dependent, with a periodic behaviour. Fig. 12 shows
a sequence of instantaneous pathlines visualized for AR¼8 at
De¼0.39 and Re¼0.72, where we can clearly observe the flow
unsteadiness. The same phenomenon is also observed for AR¼16
and AR¼2 at high De. We note that for small values of Re, as those
reported in this section, the Newtonian flowwas shown previously
to be perfectly symmetric and steady (Ribeiro et al., 2012), and
thus the steady asymmetric flow and the unsteady flow at higher
De reported here are due to the elasticity of the fluid.

5.1.2. Velocity field
Fig. 13 shows the influence of AR upon profiles of the stream-

wise dimensionless velocity component, u/U, measured along the
centreline (y/R¼0 and z/R¼0) for the shear-thinning fluid at

various De. We also compare these results with the corresponding
numerically computed velocity profiles for a Newtonian fluid
under creeping flow conditions and a Carreau Generalized New-
tonian fluid, to highlight the influences of viscoelasticity and
shear-thinning effects. The numerical results obtained with the
GNF model at the same Re are not able to predict accurately the
velocity profile near the cylinder, where elastic effects are domi-
nant, but are able to predict adequately the fully developed
velocity far from the cylinder, where the shear flow and viscous
shear stresses are dominant.

Far from the cylinder, the measured velocity profiles are fully
developed and the shear-thinning behaviour of the viscoelastic
fluid is clear from the lower centreline velocities (plug like
behaviour), when compared to the Newtonian velocity profiles.
The numerical predictions obtained with the GNF model confirm
that the upstream and downstream lengths of the rectangular duct
are sufficient to achieve the fully developed velocity profile with
the shear-thinning flow. The experimental results show that as the
flow approaches the cylinder, the velocity decreases up to the
forward stagnation point and this effect is spatially more far
reaching at higher AR and De. Comparing the experimental results
with the GNF predictions for the fully developed velocity, for the
two highest AR (AR¼16 and 8) the deceleration starts upstream of
x/R¼�15 (not shown) whereas for AR¼2 the deceleration starts
at x/RE�8 (cf. Fig. 13). The development lengths required for
the downstream flow redevelopment increase with De, for all AR
under study, in agreement with the results obtained by McKinley

Fig. 7. Long-time exposure streak photography: effect of elasticity on the flow patterns at the symmetry plane (z/R¼0) for AR¼16, using the PAA1000 shear-thinning fluid.
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et al. (1993). For similar values of De, for example DeE0.26–0.3
and for AR¼16 and 8 the flow redevelopment only occurs at
x/R415, while for AR¼2 the velocity redevelopment occurs at

x/RE10 (cf. Fig. 13). Thus, the length required for velocity recovery
downstream of the cylinder is influenced by De, increasing
progressively as viscoelasticity increases, and is also influenced

Fig. 8. Long-time exposure streak photography: effect of elasticity on the flow patterns at the symmetry plane (z/R¼0) for AR¼8, using the PAA1000 shear-thinning fluid.

Fig. 9. Long-time exposure streak photography: effect of elasticity on the flow patterns at the symmetry plane (z/R¼0) for AR¼2, using the PAA1000 shear-thinning fluid.
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by AR, decreasing as the degree of confinement increases, which
suggests that the end walls have a stabilizing effect, as already
observed in the flow visualizations.

As AR decreases up to AR¼2, the fully developed centreline
velocity increases, due to geometric confinement. A similar effect
also occurs with Newtonian fluids, with the maximum fully
developed dimensionless velocity occurring for a square channel
(AR¼2), for which a dimensionless velocity u/U¼2.096 is obtained
(cf. Fig. 13c), in agreement with the analytical solution for New-
tonian fluid flow in a rectangular channel (White, 1991).

The velocity profiles measured near the end walls, along the
line at z/R¼(AR�1) and y/R¼0, are presented in Fig. 14. The
chosen plane, z/R¼(AR�1), corresponds to the location of a local
maximum velocity for Newtonian fluids (Ribeiro et al., 2012).
Fig. 14 also includes numerical predictions for the corresponding
Newtonian fluid under creeping flow conditions (Re-0) and
numerical predictions obtained with the GNF model at the same
Re as in the experiments.

For the higher AR investigated (AR¼16 and 8) and upstream of
the cylinder, in this near end-wall region the flow accelerates until
there is a maximum velocity, which is reached between �5r
x/Rr�3, followed by a significant reduction of the velocity, due to
the approaching cylinder. The acceleration starts well upstream of
the cylinder, at x/RE�15. A similar effect also occurs for New-
tonian fluids under creeping flow conditions as shown by the full
lines corresponding to the numerical predictions. Downstream of
the cylinder there is also a velocity overshoot, before the fully
developed velocity profile is asymptotically approached at x/R415
(for Newtonian creeping flow there is flow symmetry upstream

Fig. 10. Long-time exposure streak photography: flow patterns obtained with the PAA1000 shear-thinning fluid at different planes along the z-direction for De¼0.31,
Re¼0.47 and AR¼8.

Fig. 11. Long-time exposure streak photography: flow patterns obtained at the
symmetry plane (z/R¼0) as a function of AR using the PAA1000 shear-thinning
fluid at DeE0.14 and ReE0.14.
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and downstream of the cylinder, due to the flow reversibility).
In contrast, for AR¼2 the velocity decreases (upstream of the
cylinder) and increases (downstream of the cylinder) monotoni-
cally until the fully developed velocity is approached. As for the
centreplane z/R¼0, and in contrast to what happens for AR¼16
and AR¼8, the deceleration upstream of the cylinder starts closer
to the cylinder at x/RE�8 and the downstream fully developed
velocity is already achieved at x/RE10.

The differences between the experimentally measured and
numerically computed velocity profiles for the GNF model show that
for AR¼16 and 8 the increasing magnitude of the velocity peaks with
De is due to the elasticity of the fluid, since the GNF model is purely
viscous. For AR¼2, the elasticity of the fluid leads to an increase of
the required length to achieve the fully developed velocity.

Comparing the velocity profiles near the end walls with those
at the centreplane, and for all AR, the fully developed velocity
decreases as expected. It is important at this stage to remind the
reader that the higher De cases plotted in Figs. 13 and 14 are
asymmetric close and upstream of the cylinder (De4Dec).

Fig. 15 shows the spanwise evolution of the measured profiles
of the streamwise velocity at several values of z/R (cf. Fig. 2) taken
on the y/R¼0 centreplane for all AR and at DeE0.12, correspond-
ing to symmetric flow for AR¼2 and asymmetric flow for AR¼16
and AR¼8. As for the Newtonian fluids, the fully developed
velocity is higher on the centreline and decreases as the flow
approaches the end walls for all AR.

For AR¼16 and 8, in the profiles closer to the centreplane (up to
z/R¼12 for AR¼16 and up to z/R¼4 for AR¼8) the velocity profiles
are similar to that at z/R¼0, except for a slight decrease of the fully
developed velocity. Near the end walls (z/RZ13 for AR¼16 and
z/RZ6 for AR¼8), both upstream and downstream of the cylinder,
a velocity peak is observed at x/RE�4 and x/RE4. The exact
locations of the velocity maxima upstream and downstream of the
cylinder depend on De. The changes observed in the velocity
profiles behaviour closer to the end walls are related to the
influence created by the presence of those walls, which is similar
to that seen for Newtonian fluids (Ribeiro et al., 2012). However,
for viscoelastic fluids it is enhanced by fluid elasticity, which is also
responsible for flow asymmetry absent from the corresponding
Newtonian creeping flow case. For AR¼2 the velocity profiles
upstream and downstream of the cylinder are monotonic (no near
wall maximum velocity peaks), in agreement with the observations
at the centreplane.

Figs. 16 and 17 show transverse profiles of the normalized
streamwise velocity at two upstream (x/R¼�6 and �2) and two
downstream locations (x/R¼2 and 6) at the symmetry plane
(z/R¼0), for DeE0.03 and 0.3. These figures pertain to AR¼8
and 2, respectively, thus representing the high and low AR cases
(the results for AR¼16 and AR¼8 are similar). The lines represent
the numerical predictions for the corresponding Newtonian fluid
under creeping flow conditions (Re-0). It is important to remind
the reader that the flow for the higher De (DeE0.3) and AR¼8 in
Fig. 16 is asymmetric, since De4Dec. However these asymmetries
are not visible in Fig. 16 because the upstream profile closer to the
cylinder is at x/R¼�2 and at this distance the local steady
instability is still not strong enough to influence significantly the
velocity profiles, and hence only half profiles are shown.

For AR¼8 and far upstream of the cylinder, at x/R¼�6, the flow
is slightly influenced by the presence of the cylinder (Fig. 16a), due
to the flow deceleration already reported in Fig. 13 with regard to
the symmetry plane (y/R¼0). At this same location (x/R¼�6) and
for AR¼2 (Fig. 17a) the influence of the cylinder is nearly negligible,
as shown previously in Fig. 13c. At x/R¼�6 the velocities are always
higher on the symmetry plane than near the side walls. For AR¼8
the effect of the approaching cylinder occurs earlier with the
increase of De. This also happens for AR¼2, but still closer to the
cylinder, i.e., at |x/R|o6. Thus the effect of the cylinder is shown
again to occur earlier as AR increases.

Closer to the cylinder, e.g. at x/R¼�2 (Figs. 16b and 17b), the
flow is now significantly influenced by the presence of the cylinder
for all AR investigated and the velocities are higher at y/RE1–1.5
than at the symmetry plane as the former corresponds to the gap
between the cylinder and the side walls. As can be observed in
Figs. 16b and 17b for DeE0.3 the velocity peaks occur at |y/R|E1.5
while for DeE0.03 the velocity peaks occur at |y/R|E1.3, regard-
less of AR. Thus, at x/R¼�2 the location of the velocity peaks
depends on De, and is found to be closer to the side walls as well as
more pronounced when De increases.

Figs. 16c,d and 17c,d show that the redevelopment of the
velocity profile downstream of the cylinder occurs further down-
stream for the higher De, in agreement with the profiles showed
earlier in Fig. 13b and c for the streamwise velocity along the
centreline. Downstream of the cylinder, at x/R¼2, the flow is still
influenced by the bluff body for AR¼8, regardless of De, and the
streamwise velocities are higher near the side walls than at the
symmetry plane. At this location, the velocity peak occurs at

Fig. 12. Long-time exposure streak photography showing the flow patterns obtained with the PAA1000 shear-thinning fluid for AR¼8, De¼0.39 and Re¼0.72, at the
symmetry plane (z/R¼0) and at three different instants along the flow oscillation cycle.
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|y/R|E1.2, regardless of De. For AR¼2 the velocity is higher on the
symmetry plane for lower De, (cf. Fig. 17c for De¼0.027), but when
De increases further the velocities become higher near the side
walls. Thus, at this streamwise location (x/R¼2) and at lower De,
the effect of the duct confinement overlaps the effect of the
presence of the cylinder. Moving downstream to x/R¼6 (Figs. 16d
and 17d) the flow is still dependent on De, and the velocity field is
still developing, in agreement with the observations of Fig. 13.

5.2. Boger fluids

5.2.1. Flow patterns
Fig. 18 shows the effect of De on the flow patterns observed

for the Boger fluids at the central plane (z/R¼0) for AR¼16
(PAA200 in Fig. 18a and PAA400 in Fig. 18b). The range of De
studied with these fluids (0.01oDeo0.14) is below that for the
shear-thinning fluids and so the flow remains symmetric upstream

Fig. 13. Streamwise velocity profiles along the centreline (z/R¼0, y/R¼0) for the
shear-thinning fluid as a function of De (symbols) and comparison with numerical
predictions with the GNF model (dashed lines) and inertia-less Newtonian flow:
(a) AR¼16, (b) AR¼8, and (c) AR¼2.

Fig. 14. Streamwise velocity profiles along the line z/R¼AR�1 and y/R¼0 for the
shear-thinning fluid as a function of De (symbols). Comparison with numerical
predictions with the GNF model (dashed lines) and inertia-less Newtonian flow:
(a) AR¼16, (b) AR¼8, and (c) AR¼2.
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and downstream of the cylinder. Fig. 18 includes the correspond-
ing streamlines predicted numerically using the Oldroyd-B
model, which agrees with the experimental data. The higher
viscosities of the Boger fluids reduce the maximum flow rates
achievable in the rig, thus limiting the values of De that can
be studied.

Symmetric flow upstream and downstream of the cylinder was
also observed in the spanwise direction, as shown in Fig. 19 for

PAA200 Boger fluid at De¼0.13, including the corresponding
streamlines predicted numerically using the Oldroyd-B model,
which are in agreement with the experiments.

The comparison with the experimental data shows good
agreement, and it is found that in this range of flow conditions
the influence of fluid elasticity is not significant in qualitative
terms. However, at higher flow rates the elastic effects are
enhanced and the onset of elastic-driven flow instabilities is
expected to occur, as observed in the experiments of McKinley
et al. (1993) and Shiang et al. (2000), and in the large-scale parallel
simulations of Sahin (2013).

5.2.2. Velocity field
Fig. 20 shows the streamwise dimensionless velocity profiles

along the centreline (y/R¼0, z/R¼0) for AR¼16, using both
PAA200 and PAA400 Boger fluids. The symbols represent the
experimental data and lines represent the corresponding numer-
ical predictions obtained with the Oldroyd-B model. Careful
inspection shows that the experimental velocity profiles for both
Boger fluids are similar and they only start to differ by a small
amount downstream of the cylinder at the higher De achieved
numerically (also plotted in Fig. 20), and for that reason the results
presented below only refer to the Boger fluid PAA200. The small
differences observed between the results of Boger fluids PAA200
and PAA400 are primarily due to the difference between their
viscosity ratios (β, ratio of the solvent to total viscosities) and
similarly for the two fitted Oldroyd-B models used in the simula-
tions. The good agreement between the experimental results and
the numerical predictions for DeE0.13 validates the numerical
calculations for AR¼16. Consequently, to further explore the
influences of AR and elasticity, numerical computations using the
Oldroyd-B model were carried out for the AR¼8 and 2 cases, as
discussed next.

Fig. 21 shows the influence of AR upon the dimensionless
streamwise velocity along the centreline (y/R¼0, z/R¼0) for the
PAA200 Boger fluid and as a function of De. Fig. 21a includes
the experimental results (symbols) and numerical predictions
obtained with the Oldroyd-B model fitted to the PAA200 Boger
fluid (full lines) for AR¼16, whereas Fig. 21b and c only shows the
numerical predictions for AR¼8 and AR¼2, respectively. Fig. 21
also includes the numerical computations for Newtonian fluid
flows (dashed lines) at the same flow conditions as for the PAA200
Boger fluid, i.e., with the same density, shear viscosity and for the
same mean velocity (i.e. same Re) in order to isolate the influence
of elasticity on the velocity field.

For all AR, the fully developed dimensionless velocity profile
upstream of the cylinder is independent of flow rate (or De) since
the fluid has a constant shear viscosity and the shape of such
velocity profile is exclusively determined by the shear stress
profile (the second normal stress difference is negligible). How-
ever, the flow upstream is influenced by the presence of the
cylinder, due to the necessary flow deceleration up to the forward
stagnation point, and this effect depends on AR. The deceleration
starts at x/RE13 for AR¼16 and 8, while for AR¼2 it starts at
x/RE5. Downstream of the cylinder, the required length to
achieve the fully developed velocity (the corresponding value is
indicated as dash–dot lines) increases with De and also depends
on the AR. The fully developed velocity is achieved at x/R415 for
AR¼16 and 8 and earlier at x/RE12 for AR¼2, because of
geometric confinement. Note that the fully developed dimension-
less velocity on the centreline is the same for all these constant
shear viscosity fluids and agree with the analytical solutions for
Newtonian fluids in rectangular ducts, as shown previously by
Ribeiro et al. (2012).

Fig. 15. Streamwise profiles of the streamwise velocity component at the symmetry
plane (y¼0) at different values of z/R along the cylinder axis for the shear-thinning
fluid at De¼0.12 and Re¼0.10: (a) AR¼16, (b) AR¼8, and (c) AR¼2.
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Fig. 16. Streamwise variation of the transverse profiles of the streamwise velocity component at the z/R¼0 symmetry plane for the flow of the PAA1000 shear-thinning fluid
at AR¼8 for De¼0.026, Re¼0.009 and De¼0.30, Re¼0.46: (a) x/R¼�6; (b) x/R¼�2; (c) x/R¼2; (d) x/R¼6. The lines represent the numerical predictions for the
corresponding Newtonian fluid under creeping flow conditions (Re-0).

Fig. 17. Streamwise variation of the transverse profiles of the streamwise velocity component at the z/R¼0 symmetry plane for the flow of the PAA1000 shear-thinning fluid
at AR¼2 for De¼0.027, Re¼0.0095 and De¼0.29, Re¼0.43: (a) x/R¼�6; (b) x/R¼�2; (c) x/R¼2; (d) x/R¼6. The lines represent the numerical predictions for the
corresponding Newtonian fluid under creeping flow conditions (Re-0).
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Comparing the Newtonian simulations (dashed line) with the
viscoelastic simulations for De¼1.25 at the same Re¼2.7 (solid
line) we conclude that the viscoelasticity leads to an increase in
the required development length. For AR¼8 and 2, Fig. 21b and c
also shows an increase of the development length with De. We can
also conclude from the various comparisons in Fig. 21 that at these
conditions of low Re, the influence of inertia upon flow develop-
ment length is significantly weaker than that of viscoelasticity.
In addition, the observed increase of the development length with
De agrees with the numerical study of Alves et al. (2001) for 2D
cylinder flow of an Oldroyd-B fluid.

In the numerical investigation of Sahin (2013), the onset of 3D
purely elastic instabilities occurs at De between 1.2 and 1.6. Since
the viscosity ratio of the Oldroyd-B fluid used by Sahin (2013)
(β¼0.59) is lower than the viscosity ratio of the PAA200 Boger fluid
used in this work (β¼0.82), it is expected that the onset of
instabilities in our simulations occurs at a higher critical De.

However, even at De¼3.0, shown in Fig. 21, we were unable to
predict any instabilities in the flow. The modest resolution of the
mesh used in this work, in comparisonwith the mesh used by Sahin
(2013), can also artificially delay the onset of the flow transitions.

Figs. 22 and 23 show the spanwise evolution of the streamwise
profiles of the streamwise velocity component at the y/R¼0
centreplane for AR¼16 and 2, respectively. Curves pertaining to
different values of De are shown. Fig. 22 includes both experi-
mental and numerical data and Fig. 23 includes only numerical
data. For both AR cases, the fully developed velocity is higher on
the centreline and decreases on approaching the end walls, as also
happens for the Newtonian fluid flow (Ribeiro et al., 2012) and for
the shear-thinning fluid flow as shown in Section 5.1. As expected,
the fully developed velocity is the same upstream and down-
stream of the cylinder.

For the AR¼16 geometry (Fig. 22), the velocity profiles are
essentially similar for z/Rr8 and no velocity overshoots are

Fig. 18. Experimental (left) and numerical (right) flow patterns at the symmetry plane (z/R¼0) for AR¼16: (a) PAA200 fluid; (b) PAA400 fluid.

V.M. Ribeiro et al. / Chemical Engineering Science 111 (2014) 364–380 377



observed. At the near end-wall planes (z/RZ12), the streamwise
velocity profiles display a significant overshoot, localized at x/RE
�3, followed by a reduction of the velocity, due to the approach of
the cylinder, as was the case previously shown for the shear-
thinning fluid. A fore–aft quasi-symmetric velocity profile is
observed around the cylinder for the lower De flow case. The flow
upstream of the cylinder is essentially independent of the De for
all planes along the cylinder, in agreement with Fig. 21. However,
downstream of the cylinder the location of the velocity peaks
strongly depends on De, becoming less pronounced and occurring
farther downstream from the cylinder as De increases, thus
breaking the fore–aft symmetry. For the De¼0.09 flow shown in
Fig. 22, the numerical and the experimental data are in reasonable
agreement.

In Fig. 23, corresponding to AR¼2, a slight velocity overshoot is
only observed in the planes closer to the end wall (z/R¼1.5 and
z/R¼1.8) for the lower De downstream of the cylinder near x/RE3.
For all planes illustrated, the length required for the flow redeve-
lopment downstream of the cylinder increases with De, as also
observed for AR¼16, and the velocity profiles are quasi-symmetric
relative to x/R¼0 for the lower De.

Fig. 19. Experimental (left) and numerical (right) flow patterns at different z-planes along the cylinder axis for AR¼16, De¼0.13 and Re¼0.35 using the PAA200 Boger fluid.

Fig. 20. Streamwise velocity profiles along the centreline (y/R¼0, z/R¼0) of the
streamwise velocity component for the flow of Boger fluids PAA200 and PAA400 for
AR¼16. Comparison between experimental (symbols) and numerical predictions
(lines).
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6. Conclusions

An experimental and numerical study was carried out on the
flow past a confined cylinder placed in a rectangular duct with a
50% blockage ratio using a Newtonian, a shear-thinning and two
Boger fluids. The flow was characterized experimentally using
streak photography and PIV to quantify the complex flow field. The
flow conditions investigated ranged from inertia-less and low De

flow up to the onset of time-dependent flow, for aspect ratios
AR¼16, 8 and 2.

The measurements for the shear-thinning fluid show the
appearance of an elastic instability upstream of the cylinder, at a
critical Deborah number, Dec. For low De, the flow is symmetric
relative to the planes y¼0 and z¼0 (the creeping flow of New-
tonian fluids is also symmetric relative to the x¼0 plane). When
De exceeds a critical value, Dec, an elastic instability sets in and
becomes more intense with the increase in De, and the flow
becomes progressively asymmetric but remains steady until it
eventually becomes time-dependent at higher De. At a constant
De, the intensity of the asymmetry decreases when AR decreases,
due to the increasing relevance of viscous effects in the vicinity of
the end walls. The deceleration upstream of the cylinder and the
subsequent velocity recovery downstream of the cylinder depend
also on AR and De. As expected, the shear-thinning viscoelastic
fluid shows a decrease of the fully developed non-dimensional
velocity at the duct axis, compared with the corresponding fully
developed velocity for the constant shear viscosity fluids (New-
tonian and Boger fluids).

Fig. 21. Streamwise velocity component along the centreline (y/R¼0, z/R¼0) for
the PAA200 Boger fluid flow as a function of De: (a) AR¼16; (b) AR¼8; (c) AR¼2.
Comparison between experimental (symbols), numerical predictions using the
Oldroyd-B model (full lines) and numerical predictions for a Newtonian fluid at the
same Re (dashed lines). The dash–dot lines are a guide to the eye and represent the
fully developed velocity in the rectangular duct.

Fig. 22. Streamwise profiles of the normalized streamwise velocity taken at the
y¼0 centreplane at different values of the spanwise coordinate, z/R, for AR¼16 and
for PAA 200 Boger fluid: De¼0.09, Re¼0.20 – experimental (symbols) and
numerical (full lines); De¼1.25, Re¼2.7 – numerical (dashed lines).

Fig. 23. Streamwise profiles of the normalized streamwise velocity taken at the
y¼0 centreplane at different values of the spanwise coordinate, z/R, for AR¼2 and
for PAA 200 Boger fluid: De¼0.5, Re¼1.1 (full lines) and De¼1.25, Re¼2.7 (dashed
lines).
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The results for the Boger fluids are particularly useful to isolate
the elastic effects. Over the range of De studied for the Boger fluids,
the flow patterns are symmetric and steady and the numerical
predictions using the Oldroyd-B model fitted to their rheology
matched very well with the experimental data. The velocity
measurements with the Boger fluids show that for lower De elastic
effects are negligible, but as De increases, the elasticity of the fluid
leads to an increase of the required development length down-
stream of the cylinder, in agreement with the numerical simula-
tions using the Oldroyd-B model. The velocity development length
is also found to increase with an increase of AR.

For all fluids, the velocity peaks encountered near the end walls
are enhanced by an increase in the Deborah number and are
reduced as AR decreases as was previously seen for the Newtonian
fluid (Ribeiro et al., 2012).
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