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ABSTRACT

Vane rheometers are often used to ob-
tain rheological flow parameters. In this
work, an analysis of the flow phenomenon
inside such device is made using the finite
volume method utilizing the OpenFOAM
2.1.1. In particular, the shaft torque is cal-
culated at different angular velocities and
the effect of hydrodynamic pressure is an-
alyzed separately and compared to the ef-
fect generated by viscous stress. The out-
come of the overall analysis is that the ef-
fect of hydrodynamic pressure constitutes
more than 80% of the shaft torque, leav-
ing less than 20% of the torque to viscous
stress.

INTRODUCTION

The vane rheometer consists of an im-
peller rotating in a baffles—cylinder geom-
etry. The one of the objective of this ge-
ometrical configuration is to eliminate slip
between the sample and the solid bound-
aries of the rheometer’?. However, with
rotation, the impeller’s vane blades will
both push and drag the fluid, resulting
in non—uniform hydrodynamic pressure ex-
erted on the blades. Thus, in addition to
the viscous shear stress, this pressure will
influence the measured torque registered
by the rheometer (i.e. influence the shaft
torque). As such, the main question be-
comes: How significant is this influence?
Is there a direct relationship between the
output of the vane rheometer and the fluid
apparent viscosity n, or will the effect of
hydrodynamic pressure distort or damage
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this relationship? Or more to the point,
can the results of the vane rheometer be
trusted to give an accurate information
about the fluid apparent viscosity?

The objective of the current work is to
analyze the complex flow phenomenon in-
side an arbitrary vane rheometer with a
special focus on the hydrodynamic pres-
sure and its effect on the shaft torque.
With this aim, the CFD software used is
the OpenFOAM. It is licensed under the
GNU General Public License (GNU GPL)
and is available at www.openfoam.org,
without charge or annual fee of any kind.
The benefits of having a GNU GPL li-
censed code over a closed commercial code,
is that the user has always a full access to
the source code, without any restriction, ei-
ther to understand, correct, modify or en-
hance the software. OpenFOAM is written
in C++. As such, an object—oriented pro-
gramming approach is used in the creation
of data types (fields) that closely mimics
those of mathematical field theory®. For
the code parallelization and communica-
tion between processors, the domain de-
composition method is used with the Mes-
sage Passing Interface (MPT)%.

A modified version of the simpleFoam
solver was programmed in this work. The
modifications were done so it could han-
dle a so—called single rotating reference
frame approach® (SRF). In this solver, the
three dimensional momentum equation as
well as the continuity equation are solved
in parallel to obtain the velocity and hy-
drodynamic pressure profiles throughout



the geometry. More precisely, the pres-
sure velocity coupling is handled with a
Semi—Implicit Method for Pressure—Linked
Equations (SIMPLE) procedure® using a
modified Rhie-Chow interpolation for cell
centered data storage’.

MATERIAL MODEL

In this work, the Herschel-Bulkley
model is applied (the effect of Newtonian-
and Bingham model is well reported
elsewhere').  With this, the constitutive
equation used consists of the Generalized
Newtonian Model® or in short GNM. The
GNM is given by T = 2né&, where the
terms T and 7 are the extra stress tensor
and the apparent viscosity, respectively®.
The term € = (VU + (VU)") is known
as the rate-of-deformation tensor and U
represents the velocity!%!!.

Oldroyd*? used a von Mises yield cri-
terion for flow to describe the Bingham
fluid. Using such approach (with the above
mentioned GNM), the flow behavior of the
Herschel-Bulkley model model can be de-
scribed with

T
5

2né for T:T/2>1]
0 for T:T/2<7]

(1)
(2)

where the apparent viscosity (or equally,
the shear viscosity) is given by

(3)

For incompressible (i.e. V- U = 0) three
dimensional flow, where the GNM is valid,
it can been shown! that T : T/2 is the
shear stress 7, while v/2¢€ : € is the shear
rate 7. The term 7y is the yield stress | Pal,
k is the consistency index [ Pa - s"], while n
is the power-law exponent (unit less).
Because of the nonlinearities in the gov-
erning equation and because of the inher-
ent discontinuity in the constitutive equa-
tion, a computer simulation of Herschel-
Bulkley flow is difficult. As the yield sur-
face is approached, the presence of 7 in
the denominator of Eq. (3) makes the ex-
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tra stress tensor T unbounded. Further-
more, while simulating the velocity field
U, the location of the yield surface is un-
known prior to calculation. To overcome
these difficulties, a regularized version of
the Herschel-Bulkley model Eqs. (1)—(3) is
used in this work!.

EXPERIMENTAL

The vane rheometer used in this work
is shown in Fig. 1. Its rotating geometry
consists of a shaft (i.e. a rod) connected to
four blades. The stationary part consists
of a cub that contains the test material.

Figure 1. The vane rheometer under
consideration.

The thickness of each blade is 1.0 mm.
The edge-to—edge diameter of the blades
(including the shaft diameter) is 28.0 mm.
The diameter of the shaft is 6.0 mm. The
diameter of the cub is 30.0 mm. The height
of the (rotating) blades is 40.0 mm, while
the height of the cub is 110.0mm. The
clearing at the bottom is 30.0 mm.

The number of cells used in generating
the vane rheometer is 201,396. The mesh is
generated with a native OpenFOAM mesh
utility called blockMesh, and the mesh
quality is checked with another Open-
FOAM utility, named checkMesh. More
than 98% of the cells are hexahedra, while
the rest consist of prisms.

The no-slip boundary condition (i.e.
the Dirichlet boundary condition) is used
at all wall boundaries. However, at the top
of the rheometer (i.e. at/near the bound-
ary between atmosphere and liquid), the



boundary condition consists of i, - VU =
dU/0z = 0 (i.e. the Neumann boundary
condition).

In this work, the yield stress 7y is set
equal to 0.1 Pa, while the power-law ex-
ponent n is equal to 0.5 (1.e. shear thin-
ning fluid) and the density is set equal to
p = 990kg/m?. The difference between ex-
perimental cases rests only in difference in
the consistency index k, set equal to 0.1,
1 and 10 Pa-s". During a single rheolog-
ical test, the impeller angular velocity w
range from 0.1 to 0.6 rps (i.e. from 0.6 to
3.8 rad/s), while the cub is stationary.

CALCULATION OF TORQUE

To calculate the shaft torque, the stress
acting on the impeller system has to be
obtained. This is done by calculating the
traction vector'®!! applied to the shaft and
the four blades connected to it, given by
t=n-o0 =n-(—pl+T). The terms
o, p and I are the total stress tensor, hy-
drodynamic pressure and the unit dyadic,
respectevly !0l

Here, the traction vector is split into
two components, namely one for the vis-
cous stress t, = n-T = n- (2n€) and
the other for the hydrodynamic pressure
t, = n- (—pI), the sum being of course
the total traction t = t, + t,. The term
n is the unit normal vector pointing out-
ward from the solid boundary of the im-
peller system (i.e. pointing into the fluid).
After obtaining the viscous traction vector
t,, the torque by viscous stress can be cal-
culated with®

Tn:/ r x t,dA (4)
imp

The integration is over the impeller system,
namely the shaft and the four vane blades
connected to it. The term r is the vector lo-
cation of the solid boundary of the impeller
system and the integrand dA is in terms of
surface area. The torque in the axis of the
shaft is calculated by 7, = T, -i,, in which
1, is the unit vector in the axis of the shaft
(i.e. here the z—axis).
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In the same manner as above, the
torque by hydrodynamic pressure is calcu-
lated with!

Tp:/ rx t,dA (5)
imp

The torque in the axis of the shaft is T, =
T, -i, and the computed total shaft torque
is then T'" = T, + T,,. The computed to-
tal shaft torque 7T is the same as the mea-
sured torque!. Here, the total shaft torque
T will also be designated as total torque
for simplicity. For the same reason, the
shaft torque by hydrodynamic pressure 7,
will be designated as pressure—torque and
the shaft torque by viscous stress T; as
viscous—torque.

RESULTS

The aim of the current work is to cal-
culate the shaft torque at different angular
velocities w and compare the effect of hy-
drodynamic pressure p to the effect of ap-
parent viscosity 7. With this specific ob-
jective, one should keep in mind that there
is a direct relationship between the ap-
parent viscosity 1 and the viscous-torque
T,="T, -1, byr xt, =n2r x (n- &)
in Eq. (4). There is also a direct relation-
ship between the hydrodynamic pressure p
and the pressure-torque 7, = T, - i, by
rxt,=—plrx(n-I)=pmxr), used
in Eq. (5).

Case 1: k=10 Pa -g"

Fig. 2 shows the computed shaft torque
as a function of angular velocity w when
the consistency index is k 10 Pa - 8",
yield stress is 79 = 0.1 Pa, power-law ex-
ponent is n 0.5 and density is p
990kg/m?. Two torque values are shown
in this figure. Ome is the total torque
T = T,+1T,, while the other torque value is
the viscous—torque T;,. The difference be-
tween the total torque 7" and the viscous—
torque 75, is of course the contribution by
hydrodynamic pressure 7},. This is clearly
indicated in the figure.

From Fig. 2, it is clear that the majority




of the total torque T originates from the ef-
fect of hydrodynamic pressure p, reflected
in relatively high 7},. That is, the effect
of hydrodynamic pressure constitutes more
than 80% of the overall torque T registered
by the rheometer. This highlights the im-
portance of understanding what influence
the hydrodynamic pressure p during a mea-
surement.

5= 0.1 Pa; k = 10 Pa.s™; n = 0.5; p = 990 kg/m®;
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Figure 2. Shaft torque values 7;, and
T =T, + T, as a function of w.

Figure 3. An example of a simulation
result for the case shown in Fig. 2.

As an example of a single simulation re-
sult from the case of Fig. 2, then in Fig. 3
is a result that applies at w = 0.5rps.
The left illustration demonstrates veloc-
ity vectors U, including streamlines at the
height z = 50mm (relative to the bot-
tom of the cylinder). The right illustra-
tion shows iso-plots of the hydrodynamic

pressure. For this last—mentioned illustra-
tion, the red surface represents 20 Pa gage,
while the blue surface represents —20 Pa
gage. In this work, the hydrodynamic pres-
sure is calculated in terms of gage pressure
(also gauge pressure) and not in terms of
absolute pressure.

Case 2: k=1 Pa-g"

Fig. 4 shows the same type of result as
for Fig. 2, in which now the consistency
index is £k = 1 Pa - s". Other material pa-
rameters are the same as in Fig. 2 (i.e. Case
1). Compared to the previous case (Fig. 2),
the effect of the hydrodynamic pressure p
(represented with 7},) is about the same,
relatively speaking. That is, the effect
of hydrodynamic pressure constitutes more
than 80% of the overall torque T registered
by the rheometer.
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P -

Total t)rque,-r.j:Tp/_)'/
/ Pressure torque Tp —

Viscous torque T

.___._.._.Ju.—I-‘

0O 01 02 03 04 05 06 07
Shaft angular velocity o [rpm]

N w
Do w o

e

o
)

Shaft torque x 10 [Nm]
o

0

Figure 4. Shaft torque values 7;, and
T =T, + T, as a function of w.

Case 3: k=0.1 Pa-g"
Fig. 5 shows the same type of result as

for Figs. 2 and 4, in which now the con-
sistency index is £ = 0.1 Pa-s". Other
material parameters are the same as in
Figs. 2 and 4. Compared to the previous
cases, the effect of the hydrodynamic pres-
sure p (represented with 7},) is now even
higher in generating the total torque 7.
That is, the effect of hydrodynamic pres-
sure now constitutes close to 90% of the
torque T registered by the rheometer. The
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reason for this increased effect of hydro-
dynamic pressure p for such low viscous
case (i.e. k = 0.1 Pa-s") is well explained
elsewhere!.

1= 0.1 Pa; k=0.1 Pa.s"; n = 0.5; p = 990 kg/m°;
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Figure 5. Shaft torque values 7;, and
T =T, + T, as a function of w.

CONCLUSIONS

The majority of the total torque 7" from
the vane rheometer originates from the ef-
fect of hydrodynamic pressure p and not
directly from the apparent viscosity 7.

As the apparent viscosity 7 decreases
(here, by the reduction in consistency in-
dex k), the effect of hydrodynamic pressure
p increases. A physical explanation of this
peculiar behavior is available elsewhere!.
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