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Abstract. Viscous characteristics of a Newtonian fluid is described by the
dynamic (absolute) and the kinematic viscosity coefficients. The dynamic vis-
cosity coefficient expresses the required applied force per unit area of the one
laminar plane of the fluid in order to move it with respect to the adjacent, at an
unit velocity. The Kinematic viscosity coefficient is the ratio of dynamic viscosity
coefficient and the density of the fluid. This paper presents two simple software
procedures for determination of the kinematic viscosity coefficient of real fluids.
In addition, the laboratory experimental measurements of some oils’ viscosities
were done to confirm the proposed procedures, and are presented in the paper as
well. The authors intended for the procedures to be used for educational purposes
at the college level entry.
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1 Introduction

All fluids are real fluids, as an ideal fluid is an imaginary non-viscous substance which
does not display surface tension. In the nature, no such fluid exists, however there are
fluids with higher or lower viscosity coefficients.

Viscosity is the measure of the diffusion of momentum due to the microscopic molec-
ular nature of the real fluids [1]. The effect of the momentum is production of resistance
to the shearing motions within the fluid. Therefore, this resistance is a frictional force
with the origins in interactions among molecules building the fluid. The net frictional
force dissipates organized, macroscopic forms of energy, which is kinetic energy in the
flow field, and converts it into disorganized, microscopic form of energy, which is heat.

It was shown by Stokes that the frictional force on a sphere moving with constant
velocity in a fluid, depends on the sphere’s diameter, velocity, and the shear viscosity.
The dependence is obtained by solving the equations of motion for the translational
flow of fluid around a rigid sphere assuming stick boundary conditions. If slip boundary
conditions are assumed, the frictional force is smaller [2]. This is known as the Stokes
law, and the frictional force is often called the drag force, to distinguish it from the
mechanical friction.
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This contribution is limited to the Newtonian fluids, which are fluids that do not
change their viscous characteristics when a force is applied [3]. All oils are Newtonian
fluids. However, viscous characteristics depend on time and temperature. Since the aim
of this study is to present procedures for real fluid model or simulation in order to
determine viscosity coefficients of engine oils and oils of similar consistencies, the
viscous characteristics of analyzed oils weakly depend on both, the time and temperature
parameters.

Furthermore, the analyzed fluids are assumed to flow in a laminar motion, which
means that the particles of the fluid are grouped and move in regular parallel paths [4].
These paths are not interrupted by any constant flows in the perpendicular direction.
That said, the instantaneous deformations of the laminar planes caused by the passing
of the object between the planes are small turbulences which do not change the overall
direction of the flow of the fluid.

Viscous characteristics of a Newtonian fluid is described by the dynamic (absolute)
and the kinematic viscosity coefficients. The dynamic viscosity coefficient expresses the
required applied force per unit area of the one laminar plane of the fluid in order to move
it with respect to the adjacent, at an unit velocity. The Kinematic viscosity coefficient is
the ratio of dynamic viscosity coefficient and the density of the fluid. The usual notation
of the engine oil viscosity is of the form: XW-NN, where X indicates the flow rate at
zero degrees, whereas NN indicates the kinematic viscosity coefficient at 100 °C.

This paper presents two simple software procedures for determination of the kine-
matic viscosity coefficient of real fluids, oils. First procedure is a model done in the
MATLAB software, and the second procedure is a simulation done in the Flow Vision
software. Both software procedures were developed in accordance with the principles
of the Ostwald viscosimeter [5]. The Ostwald viscosimeter is a manual apparatus for
determination of viscosities of solutions of known densities. It is a glass U-tube with
two bulbs connected by a capillary. One measures the time of the flow of a solution
of unknown viscosity between two markings, and does so again for a standard sample.
Solving the equations of motions for the unknown solution and the standard sample gives
the ratio of the viscosities equal to the ratio of the densities times the ratio of flow times
[6]. That said, manual measurements could result with an error due to individual read-
ings, so recently the Ostwald viscosimeter was modified into digital electro-viscosimeter
[2]. Furthermore, [8] proposed the Ansys software solution of the manual Ostwald vis-
cosimeter. However, in this contribution a mathematically simpler approach is proposed.
This approach relies on the same base principle of the Ostwald viscosimeter, but does not
require the sample solution for comparison. By modelling a closed ball-beaker system,
in which the ball is moving thru a liquid, the ball’s movement allows for determination of
the viscosity of a fluid, due to the principle of relative motion. In addition, the laboratory
experimental measurements of oils’ viscosities were done to confirm the results of the
procedures, and are presented in the paper as well. To eliminate manually measuring
the flow times, which could result with an error, an Arduino probe was programmed to
measure the time parameter in the laboratory setup. The authors intended for the proce-
dures to be used for educational purposes at the college level entry, but can be used as
an initial step of the maintenance of a vehicle as well, as proposed in [9].
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2 The Model

To determine the kinematic viscosity coefficient, a simple setup was imagined: A small
homogeneous rounded rigid body, the ball, falling in a glass tube filled with fluid. The
width of the tube relative to the radii of the ball is such that the effects of the tube walls
are neglectable. In a slip model, the motion of the ball is just translatory from the top of
the tube to the bottom of the tube. In a stick model, the ball rotates in between lamellar
planes of the fluid, changing the direction of the spin, while moving translatory from the
top to the bottom of the tube.

In the following analysis of the real fluid, the forces acting on the ball are considered
immediately after the ball is set in motion.

2.1 Assuming Slip Boundary Conditions

The forces acting on the ball of the mass m and radii r, moving in the fluid are: The
gravitational force F, ¢ directed downwards, the buoyant force F p directed upwards, and
the drag force Fp directed upwards. The equation of motion considering the magnitudes
of the acting forces is then:

ma=Fg—Fpg—Fp (D)

By definition, the gravitational force equals mg, where g is gravitational constant.
The buoyant force depends on the density of the fluid oy and the volume of the ball V},
as prVpg. The Stokes law for the real fluid, assuming slip boundary conditions, gives
the drag force on the ball as 67 nr,v, where 7 is the kinematic viscosity coefficient and
v the ball’s velocity. Therefore, Eq. (1) becomes:

ma = mg — prVpg — 6T NIHV 2)

To simplify the Eq. (2), all constants are written as « = Fg — F and 8 = 67 nrp.
Now, the Eq. (3) is of the form:

ma = o — By (3)
To obtain the velocity of the ball in dependence of time, the further is applied:

dv dv 1
T T Py &)ldsdt _m(a pv) @

Solutions of the Eq. (4) were obtained in MATLAB software using the procedure
shown in Fig. 1.

The duration of the procedure was set on + = 2s. When the magnitude of the
gravitational force equals the sum of the magnitudes of the buoyant and the drag force
acting on the ball, the ball stops accelerating and further has constant velocity called
terminal velocity vr. While the ball is moving at vr, it is possible to determine the
kinematic viscosity coefficient 5. For paraffin oil, common oil and glycerol, the results
of the procedure are presented in Table 1, where f7 is the time required to achieve the
terminal velocity vr.
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Fig. 1. Block diagram of the ball’s motion in the fluid, while assuming slip boundary conditions
(slip model)
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Table 1. Kinematic viscosity coefficients of real fluids obtained with the slip model

Fluid vt (m/s) tr (s) n (Pas)

Paraffin oil 0.650 0.1926 0.13350
Common oil 1.400 0.4712 0.04870
Glycerol 0.074 0.0061 0.98700

2.2 Assuming Stick Boundary Conditions

In a real fluid the ball rotates while overall moving translatory. The rotation of the ball
is caused by interaction of the ball with the lamellar planes of the fluid (as if the ball
is falling in between window curtains). These interactions cause the changing spin of
the ball’s rotation as well. As a reaction, the lamellar planes also deform slightly and
shortly, which is commonly known as turbulence. Therefore, the Stokes law for the real
fluid assuming stick boundary conditions, gives the drag force to be:

/ 1
Fp = 6mnryy + EC,O;,SVZ (5

where C is a drag coefficient and for a small homogeneous rigid rounded object C = 0.5,
and S is the surface area of the ball.
Inserting Eq. (5) in the Eq. (1), gives:

1
ma = mg — prVpg — 6m NIy + ECp;,sz (6)
Let the y = %C,obS as all parameters are constants and it simplifies the writing.

Following the same steps done for the slip model, one obtains:

dv_l ) 7
E—;i(a—ﬁV—VV) @)
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Solutions of the Eq. (7) were obtained in MATLAB software using the procedure
shown in Fig. 2.

The duration of the procedure was set on # = 2. The results of the procedure are
presented in Table 2.

alfa

Fig. 2. Block diagram of the ball’s motion in the fluid, while assuming stick boundary conditions
(stick model)

Table 2. Kinematic viscosity coefficients of real fluids obtained with the stick model

Real fluid vr(m/s) tr (s) n (Pas)

Paraffin oil 0.160100 0.4500 0.13400
Common oil 0.248000 0.6500 0.04880
Glycerol 0.006083 0.0745 0.98758

3 The Simulation of the Real Fluid

To simulate the real fluid two softwares were used, the FlowVision and the Solidworks.
The SolidWorks software was used to create a domain where the ball is moving. This
domain was created using real life parameters of a glass beaker which was later used
in a laboratory setup (presented in the Sect. 4). On the other hand, the FlowVision
software allows simulation of the real fluid movement where parameters are adjusted
for the movement of the observed ball, and separately for fluid behavior. Note that the
simulation assumes stick boundary conditions.

First step was to set a physical model by adding a hydrostatic layer and specifying
the following parameters: gravity vector, g-point, and stratum (thickness and density).
The second step was to create a substance, which is the real fluid, by setting parameters:
aggregative state, molar mass, density, viscosity, and specific heat capacity. All the
parameters that were set correspond to the real fluids used in the later experiment. The
next step was to determine fluid behavior. FlowVision enables description of physical
model of motion with the Navier—Stokes theorem which is embedded in the software.
The turbulence can be realized by setting in the “Physical processes” window: “Motion”
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to “Navier—Stokes model” and “Turbulence” to the desired model. The following step
refers to the moving ball and adjusting parameters of radii, subdivisions, mass, and
translation. In the FlowVision software, the ball can move in any direction of the 3D
space, so the remaining settings were set in order to control the direction of the ball’s
motion. In the end, the ball was positioned in the Cartesian coordinate system at the very
top of the previously inserted graduated beaker, as shown in Fig. 3.

Upon setting all mentioned parameters, simulation was started. Results of the simula-
tion for the three real fluids, paraffin, common oil and glycerol, are presented in Table 3.
Additionally, the kinematics of the ball was inspected. The time dependencies of the
ball’s velocities in the three analyzed fluids are shown in Fig. 4, Fig. 5 and Fig. 6. As
seen in the figures, the ball is accelerating for the time ds until it reaches definite termi-
nal velocity vz, which is constant for the rest of the simulation. This indicates that the
simulation reflects the physical situation well.

Properties window Ll x|
Apply Rollback
+ Reference values [ (Temperature=273; Pressure=101 000‘
= Gravity vector (X=0; Y=-9.81; Z=0)
X 0
Y -9.81
z 0
= g-Point (X=0; Y=5;Z=0)
X 0
Y 0
z 0
g-Density 0
= Stratum [Count=1]
= [0] (g-Thickness=25; g-Density=1258.3)
g-Thickness 25
g-Density 12583

Fig. 3. FlowVision simulation of the ball moving in a glass beaker filled with a real fluid

Table 3. Kinematic viscosity coefficients of real fluids obtained by the simulation

Fluid Molar mass Specific heat (J/kg K) n (Pas)

Paraffin oil 0.4368 2140 0.13400
Common oil 0.8760 535 0.04880
Glycerol 0.0920 4320 0.98660
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Fig. 4. Time dependence of the velocity of the ball in the paraffin oil
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Fig. 5. Time dependence of the velocity of the ball in the common oil
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Fig. 6. Time dependence of the velocity of the ball in the glycerol

4 The Laboratory Setup

To test if the simulated real fluid was real, experimental measurements of the kinetic
viscosity coefficients were done. The laboratory setup, shown in Fig. 7, followed the
simulated situation: a glass beaker of radii R = 0.024 m and height H was filled with the
real fluid. The time parameter df was measured with the Arduino programmed probe.
The probe gave the time required for the ball to pass the fraction of the path ds = 0.025 m
of the overall distance H . In addition, when the d¢ became constant, it indicated that the
ball was moving with constant velocity. The terminal velocity vy was equal to distance
over a sum of times. Characteristics of the ball were known and were:

Density p, = 1380 kg/m?,
Mass m = 6.244 - 10~*kg,
Radii r, = 4.762 - 1073 m,
Surface area S = 7.126 - 1075 m?2.

Once the terminal velocity was obtained, all parameters were plugged into Eq. (7),
which was solved for the only unknown parameter 1. The results of the measurements
are presented in Table 4.
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Fig. 7. The laboratory setup for experimental measurements of kinetic viscosity coefficients

Table 4. Kinematic viscosity coefficients of real fluids measured experimentally

Fluid vy (m/s) tr = dt (s) n (Pas)

Paraffin oil 0.105300 0.4512 0.13860
Common oil 0.248000 0.6500 0.04995
Glycerol 0.005905 0.0738 0.98888

5 Comparison of Results Obtained by the Model, the Simulation
and Experimentally

Kinetic viscosity coefficients of three real fluids were determined by three means, by
modelling, by simulation, and experimentally. As the same setup was used in all three
methods, it is justified to make a comparison of the results obtained. Absolute differences
among the results are presented in Table 5, whereas relative differences among the results
are presented in Table 6, where A, _g indicates the difference between the model and
the simulation, Ay, _g indicates the difference between the model and the experiment,
and the Ag_f indicates the difference between the simulation and the experiment. For
better visualization of the results obtained by the three methods, they are shown in Fig. 8.

As was expected, the model done in the MATLAB Software and the simulation done
in the FlowVision gave almost identical results, the exception being kinetic viscosity
coefficients of the glycerol, with the absolute difference of, that is relative difference
of only 0.1%. Kinetic viscosity coefficients of all tested fluids in laboratory setup are
slightly higher than the coefficients obtained by the model and the simulation. This is
due to the additional turbulence caused by placing the ball in the fluid. However, their
relative differences are all less than 5%, as seen in the Table 6, which is to say that the
modeled and the simulated fluid was done real.
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Table 5. Absolute comparison of the results obtained by the three methods
Fluid MATLAB model |FlowVision | Experiment | Relative differences
simulation
ny (Pas) ns (Pas) ne (Pas) Ay-s |Ay-E |As—E
Paraffin oil | 0.13400 0.13400 0.13860 0.00000 | 0.00460 | 0.00460
Common oil | 0.04880 0.04880 0.04995 0.00000 | 0.00115 | 0.00115
Glycerol 0.98758 0.98660 0.98888 0.00098 | 0.00130 | 0.00130
Table 6. Relative comparison of the results obtained by the three methods
Fluid MATLAB model |FlowVision |Experiment | Relative differences
simulation
ny (Pas) ns(Pas) nEe(Pas) Ay—s |AmM-E |As—E
Paraffin oil 0.13400 0.13400 0.13860 0.00 331% | 3.31%
Common oil | 0.04880 0.04880 0.04995 0.00 2.30% | 2.30%
Glycerol 0.98758 0.98660 0.98888 0.10% |0.13% |0.23%
100
%
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&
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40
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20
10
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Fig. 8. Results given by the model, simulation and experiment

6 Conclusions

Kinetic viscosity coefficients of three real fluids were determined by three means. In all
three methods, the same setup was used: a ball falling in the tube filled with viscous fluid.
Firstly, the model of the real fluid was done in the MATLAB software. Secondly, the
real fluid was simulated in the Flow Vision, upon building the domain in the Solidworks.
Finally, the coefficients were determined experimentally.
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Relative differences among the results revealed the following: The kinetic viscosity
coefficients obtained by the model and by the simulation statistically do not differ, which
indicates that both approaches give solid results. Furthermore, the relative difference
between the results obtained experimentally and the results obtained by the model, as
well as the relative difference between the results obtained experimentally and the results
obtained by the simulation, is less than statistically significant (<0.05). Nevertheless,
this small difference exists due to the fact that additional turbulence was caused while
dropping the ball in the glass beaker while performing the experiment in the laboratory
setup, which was not included in the model/simulation.

However, it can be concluded that the simple model or simulation presented in this
contribution is well to be used to determine the viscosity coefficients of the real fluids
which viscose characteristics do not strongly depend on time.
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