This is an

NUMERICAL AND EXPERIMENTAL INVESTIGATION OF A NON-NEWTONIAN
FLow IN A COLLAPSED ELASTIC TUBE

FRANZ X. TANNER"™, ABDALLAH A. AL-HABAHBEH', KATHLEEN A. FEIGL!, SAMSUN
NAHAR?, SHAIK A. K. JEELANIZ, WILLIAM R. CASE% AND ERICH J. WINDHAB?

'Department of Mathematical Sciences, Michigan Technological University, Houghton,
MI 49931-1295, USA
2Laboratory of Food Process Engineering, ETH Zurich, 8092 Zurich, Switzerland

*Corresponding author: tanner@mtu.edu

Received: 16.7.2012, Final version: 10.10.2012

ABSTRACT:

Simulations are performed to investigate the flow of a shear-thinning, non-Newtonian fluid in a collapsed elas-
tic tube and comparisons are made with experimental data. The fluid is modeled by means of the Bird- Carreau
viscosity law. The computational domain of the deformed tube is constructed from data obtained via comput-
er tomography imaging. Comparison of the computed velocity fields with the ultrasound Doppler velocity pro-
file measurements show good agreement, as does the adjusted pressure drop along the tube’s axis. Analysis of
the shear rates show that the shear-thinning effect of the fluid becomes relevant in the crosssections with the
biggest deformation. In fact, the maximum shear rate is about a factor of thirty larger than its corresponding
maximum value in the undeformed tube, and the viscosity is reduced by a factor of two. The effect of the shear-
thinning behavior has also been compared with identical simulations carried out for a Newtonian fluid.

ZUSAMMENFASSUNG:

Es werden Ergebnisse von Simulationen vorgestellt, um das FlieRen eines scherverdiinnenden, nicht-Newton-
schen Fluids in einer kollabierten elastischen Rohre zu untersuchen. Zusatzlich werden Vergleiche mit experi-
mentellen Daten gemacht. Das Fluid wird durch ein Bird-Carreau-Viskositatsgesetz modelliert. In der Simulati-
on wird das Gitter fiir die deformierte Rohre aus Daten, die mittels Computer-Tomographie gewonnen wurden,
konstruiert. Der Vergleich des berechneten Geschwindigkeitsfeldes mit den Ultraschall-Dopplergeschwindig-
keitsprofilen zeigt eine gute Ubereinstimmung, genauso wie der angepasste Druckabfall entlang der Réhren-
achse. Die Analyse der Schergeschwindigkeiten zeigt, dass der scherverdiinnende Effekt des Fluids im Quer-
schnittsbereich bei den groRten Deformationen relevant wird. Tatsdchlich ist das Maximum der Scherge-
schwindigkeit um einen Faktor 30 groRer als das entsprechende Maximum bei der nichtdeformierten Rohre. Die
Viskositat wird um den Faktor zweireduziert. Der Einfluss des scherverdiinnenden Verhaltens wird mitden Simu-
lationen fiir ein Newtonsches Fluid verglichen.

RESUME:

Des simulations sont entreprises afin d’étudier I'écoulement d’un fluide non Newtonien rhéo-amincissant dans
un tube élastique collapse, et de comparaisons sont faites avec des données expérimentales. Le fluide est modé-
lisé au moyen de la loi de viscosité Bird-Carreau. Le domaine de calcul du tube déformé est construit a partir de
données obtenues par imagerie tomographique digitale. La comparaison des champs de vitesses calculées avec
les mesures de profil de vitesses par ultrason Doppler présente un bon accord, et il en est de méme pour la chu-
te de pression le long de I'axe du tube. L’analyse des vitesses de cisaillement montre que I'effet rhéo-amincis-
sant du fluide devient important dans la section possédant la plus grande déformation. En fait, la vitesse de
cisaillement maximum est a peu prés un facteur trente plus grande que sa valeur correspondante dans un tube
non déformé, et la viscosité est réduite d’un facteur deux. L’effet du comportement rhéo-amincissant a aussi
été comparé avec des simulations identiques faites pour un fluide Newtonien.

Key woRrps: computer simulation, computer tomography, collapsed elastic tube, OpenFOAM®, shear-thinning
fluid, ultrasound Doppler velocimetry
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Figure 16:

Pressure curves for the non-
Newtonian and Newtonian
simulations (The flow is
from right to left).
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agrees very well with the factor of 7 found in
Nahar et al. [4] for the experiments, which cal-
culated the average shear rate in the deformed
tube using Equation s, in which u, and R were
determined as follows. First, the cross-sections
obtained from the tomography measurements
have been approximated numerically, which
allowed the determination of the average veloc-
ity u, from the flow rate. Then, an equivalent
tuberadius, R, has beendetermined suchthatthe
equivalent circular area is equal to the one of the
corresponding deformed cross-section. Using
this approach, the area of the cross-section at x
=50 mm has been estimated tobe A =105.7mm?,
which is a factor of 0.34 smaller than the cross-
section of the undeformed tube. The excellent
agreement in average shear rates between sim-
ulation and estimation confirm that the rudi-
mentary method of determining the estimated
average shear rates from the experimental data
is accurate for this level of tube deformation.

As listed in Table 1, the maximum shear rate
forthe Newtonian caseisy, . =647s", whichis
4 % less than the maximum value for the non-
Newtonian case. A more detailed comparison
between Newtonian and non-Newtonian shear
rate behavior along the cross-section x = 50 mm
is shown in Figure 15. As can be seen, the shear
rates of the Newtonian fluid are larger through-
out most of the cross-section, except possibly at
the walls. The largest difference occurs at the z-
coordinate z = 9 mm, where the Newtonian
shearrateis approximately 26 % higherthan the
non-Newtonian one. However, as is seen from
Figure 2, this relatively large difference in the
shearrateleadstoaninsignificantchangeinthe
viscosity, which explains the small differencesin
the velocity commented on in the previous sub-
section.

4.3 PRESSURE DROP COMPARISON

Inthe experiments, the pressure drop in the tube
was measured over a distance of 910 mm, of
which the middle 320 mm correspond to the
deformable elastic tube, and the remaining part

had a cylindrical cross-section with a radius of 10
mm. (Recall that only 180 mm of the most
deformed part of the elastic tube was simulat-
ed.) The total pressure drop was measured to be
1256 Pa. The simulation pressure drop over the
entire computational domain of 180 mmwas 587
Pa, as can be seen from Figure 16 or Table 1. The
dashed lines in this figure correspond to the the-
oretical pressure drop for a power-law fluid in an
undeformed tube given in Equation 2. According
to Bird et al. [12, page 176] this pressure drop is
given by

Ap=

n
3n+1) 2,
n ﬂ_nR3n+1 =

(6)

where L is the length of the tube, Q is the volu-
metric flow rate. Note that for a Newtonian fluid
with n = 1 and « = 17, Equation 6 reduces to the
Hagen-Poiseuille equation Ap = 87, QL/(7R4).

Figure 16 shows that the slope of the non-
Newtonian simulation pressure curve is the
steepest at x = 50 mm where the tube exhibits
the largest deformation. The theoretical pressure
of the non-Newtonian fluid in an undeformed
tubeis shown bythedashedlinesatthetubeinlet
and outlet. These lines are tangential to the sim-
ulation curve, which is an indication that Equa-
tion 6 accurately describes the pressure gradient
for the non-deformed portion of the tube. To
account for the pressure discrepancy between
the experiment and the simulation, the pressure
drop in the remaining undeformed part of the
pipe of the experiment is taken into considera-
tion via Equation 6. The total length of this unde-
formed pipe is 730 mm, which leads to a pressure
drop of 560 Pa, leading to a total simulation pres-
sure drop of 1147 Pa. Given the fact that in the
experiment there are several pipe connections
over which the pressure drop is larger than pre-
dicted by Equation 6, the agreement between
simulation and experiment is excellent. Also
shown in Figure 16 is the pressure curve of the
Newtonian calculation. As is seen, the pressure
drop is 644 Pa (cf. Table 1), which is almost 10 %
largerthanforthe non-Newtonian case.Sincethe
non-Newtonian fluid under consideration is
shear-thinning, its viscosity is smaller or equal to
that of the Newtonian fluid. Thus, the viscous dis-
sipation of the Newtonian fluid is larger, which
accounts for the larger pressure drop.
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5 SUMMARY AND CONCLUSIONS

The flow of a non-Newtonian fluid through a col-
lapsed tube has been simulated using an open
source CFD solver and a deformed tube geome-
try. The simulation results have been compared
with experimental data, and additional insights
have been obtained by considering local quanti-
ties for shear rates and viscosities. The geometry
of the deformed tube has been reconstructed
from computer tomography image analysis. The
velocity profiles obtained from the simulations
have been compared with corresponding ultra-
sound Doppler velocity profile measurements at
various cross-sections. There is generally good
agreement between simulation and experiment,
especially given the rudimentary approximation
tothe geometry used in the simulation. The dou-
ble peaks of the velocity profiles in the collapsed
part of the tube were well reproduced. These
double peaks are a consequence of the bow-tie-
shaped cross-sections where the fluid follows the
path of least resistance and flows fastest furthest
away from the wall.

The shear-thinning effect of the fluid be-
comes relevant in the cross-sections with the
largest deformation. The maximum shear rate is
about a factor of thirty larger than its corre-
sponding maximum value in the undeformed
tube, which reduces the viscosity by a factor of
two. Similarly, the average shear rate in the most
deformed cross-section is a factor of 7.3 larger,
which is in good agreement with the estimate
derived from the experimental data. Also, the
pressure drop across the tube was well predict-
ed by the simulation after appropriate pressure
corrections have been added for the non-de-
formed portion in the experimental setup.

In orderto better assess the non-Newtonian
behaviorofthisfluid the sameflow has been sim-
ulated for a Newtonian fluid. It was found that
there are significant differences in the shear
rates at locations where the tube was strongly
deformed, These differences are significant
enough to cause sufficient shear-thinning which
is reflected in the velocity profiles, and leads to a
10% increase in the pressure drop for the New-
tonian fluid.
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