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ABSTRACT

This paper deals with the rheological study of refined bleached and deodorized grade palm oil,
mineral oil and the effects of blending mineral oil with palm oil. This rheological study precedes
the work done to investigate how hydraulic system performance and its dimensionless parameters
are affected by palm oil properties. The aim of this initial work is to provide an equation to predict
the apparent viscosity of the oils with better accuracy as a function of temperature and shear
rates. The apparent viscosity of pure Shell Tellus 100, pure refined bleached and deodorized palm
and their blends were measured over a temperature range of 30-100°C and shear rate range of
3.9-131.6s". It was observed that all oil samples viscosities were affected by shear rate and
temperature. Therefore, a modified Andrade’s equation was proposed. Viscosity data were fitted to
the modified Andrade’s equation for constant shear rate range of 3.9-131 657 It was found that the
modified Andrade’s equation fits well with the experimental data where all the coefficient of
determinations (R’) were greater than 0.98000.

1.0 INTRODUCTION

The effect of temperature on viscosity has been the interest of researchers in
universities and manufacturers of lubricant oils until recent years [1, 2]. The
subject seems simple but the contribution is very significant. This is because
viscosity is an important energy transfer property and it is also one of the most
basic physical properties in the design of hydraulic systems or hydromachines.

107




Jurnal Mekanikal, Disember 2003

However, lack of an accurate model that is valid for all liquid makes it difficult to
predict the effect of temperature on viscosity.

This initial study examines a few commonly used mathematical models
developed and extended by Vogel-Fulcher, Arrhenius and Andrade [3, 4], as well
as develops a model that uses empirical data to predict liquid viscosities over a
wide range of temperatures. The study starts with the Vogel-Fulcher model which
is an empirical equation applicable to a wide range of temperatures.

Vogel-Fulcher’s model is one of the earliest attempts of predicting liquid
viscosities and has the least sound theoretical basis. Later theories based on the
principals of statistical mechanics have done little to improve the accuracy of the
Vogel-Fulcher’s liquid viscosity predictions. Since all of the current models are
in error by as much as thirty to fifty percent, the viscosities predicted can only be
used for prediction purposes. These calculations, however, are still useful as long
as the temperatures involved are below the boiling point and the liquid molar
volume. In industrial applications, empirical formulas are generally used for more
accurate predictive results.

As mentioned previously, among the famous and old viscosity-temperature
law is the Vogel-Fulcher relationship [35, 6, 7]:

n= Mo exp [K/T-Tw )] (1)

Equation (1) requires at least three data points. Published viscosities, for one
or more viscosities value at different temperatures, have limited value when
viscosities are needed at temperatures other than those published ones. To avoid
this from occurring, another equation was required to represent the experimental
data. For most liquids at temperatures below the normal boiling point, the plot of
In m versus 1/T or In m versus In T is approximately linear [8]. Hence, most
regressions are presented in the form as mentioned. A simplified form of
Equation (1) can be written according to Arrhenius type relation [9]:

E

= AeXt )

Using the natural logarithmic format and higher-order polynomial in 1/T to
give better accuracy, the modified Andrade’s equation can be shown as [10]:

B C D E
In =A+—+—+—7+—+ ... 3
M) ~Si— - fl- (3)

2.0 EXPERIMENTAL METHODS

In this study, the refined bleached and deodorized palm oil grade were obtained
from Kempas Edible Oil, Pasir Gudang, Johor. Shell Tellus 100 (hydraulic fluid)
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was obtained from a local oil supplier in Kuala Terengganu. Blends of 75%, 50%
and 25% refined, bleached and deodorized palm oil with hydraulic oil were
prepared by weight (% wt). Viscosity measurements were performed with Couette
type viscometer at atmospheric pressure. Details of the Brookfield (Stoughton,
MA, USA) viscometer model DV -1+ used for the measurement is shown in the
appendix.

8 ml of oil sample was measured by using a graduated cylinder and was then
poured into a disposable sample chamber (Figure 1). The loaded disposable sample
chamber was placed into a thermo-container by rotating the chamber until it
dropped and locked in place. Spindle SC4-18 was attached to the spindle extension
with care and then the viscometer was slowly leveled down until the spindle
immersed inside the disposable sample chamber.

Extractor pliers

Disposable %‘{Am’%’i
sample chamber

LN

Spindle SC4-18

. _ Thermo container

Figure 1 Couette type viscometer [11]

Great care was taken to avoid direct contact between the spindle surface and the
inner surface of the disposable chamber. Therefore, they were separated by a thin
layer of oil. The viscometer was set to 1.5 minutes for stoppage time after it was
allowed 20 minutes to achieve the test temperature controlled by a temperature
controller. This step was then repeated for each increment of 10°C from ambient
temperature until 100°C.

There were three or four discrete shear rates ranging from 3.95 to 131.64s™
selected for each temperature from ambient temperature to 100°C. The torque (%),
spindle speed (rpm) and apparent viscosity (centiPoise) were recorded.

Shear stresses applied to the oil sample were measured by means of rotating
the viscometer spindle at certain speeds. Correspondingly, the shear rate was
calculated using the following relationship

2 2
2wr,’r,

2 2) 2
x(r.” —n")

y= @
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Equation (4) was derived from the equation of motion and assuming steady
state with no slip condition [12]. The values for 74, 7. and x are 0.874cm, 0.953cm
and 0.874cm, respectively. Shear stress can be calculated by placing the value of
torque (%) into the following relationship

7 = 0.395% Torque(%) 3

The apparent viscosity can also be obtained by placing the value of the spindle
speed (rpm) and torque (%) into the following relationship

Torque (%)

£ e x30.0 (6)
Spindle speed (rpm)

3.0 RESULTS AND DISCUSSION

Mathematica (version 4.2) was used to determine the constants of the modified
Andrade’s equation for all blends. The modified Andrade’s equation (Equation (3))
was truncated, where the constant E and the higher-order terms were eliminated
into the following form:
B C D
In)=A+—+—+— 7
m) T 2 T (7
Oil viscosity is a function of temperature. In addition, the parameters A, B, C
and D change with shear rate. Therefore, by imposing constant shear rate, the
parameters can be determined. In order to determine the equation constants, the
following steps were performed using the Mathematica software:

i. Load the non-linear regression package.

ii. Input experimental data, title, x-label, y-label and set the required equation.

iii. Perform non-linear regression and plot experimental data and best fitted curve.

iv. Calculate the mean square error and coefficient of determination.

v. Show the best-fitted equation constant, mean square error and coefficient of
determination.

Tables 1-5 show the rheological constants for the oil blends under study. As
shown in Table 1, 2 ,3, 4 and 5, the polynomial curve-fitting software was
applied to each oil samples at four different shear rates. Mean square error stands
for the mean of how much of the data spread unaccounted for by the equation.
The temperature range represents the range of temperature, where the modified
Andrade’s equation was fitted into the experimental data.

The experiment has proven that the behavior of Shell Tellus 100, refined
bleached and deodorized palm and their blends exhibit a linear shear stress-shear
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rate relationship (Newtonian behavior) at high temperature (100°C). This
indicates that the shear rate has less effect on viscosity and the viscosity of the
oils depends heavily on the change of temperature. However, at low temperature
(30°C), the shear rate has a larger effect on changes of viscosity for all the oils
being investigated. Shear rate contributes to the changes of viscosity of the oils,
but this effect was less pronounced for pure Shell Tellus 100 when compared to
pure refined bleached and deodorized palm oil.

Based on Ostwald de-Waele power law model, the flow behavior index for the
pure refined bleached deodorized palm oil at 40°C is 0.7820. The corresponding
value for the Shell Tellus 100 is 0.9626. This shows that the Shell Tellus is close
to Newtonian type. However, the palm oil shows pseudoplastic behavior.

From the results of the regression tabulated in Tables 1-4, the lowest
coefficient of determination and the highest mean square error were 0.98014 and
0.00092330, respectively. Meanwhile, for results of the regression tabulated in
Table 5, the lowest coefficient of determination and the highest mean square error
were 0.99963 and 0.00018103 respectively.

As a rule of thumb, a good fit accounts for at least ninety nine percent of the
data variation, where this value corresponds to R? > 0.99000 [13]. Overall, there
was only one reading of coefficient of determination which is less than 0.99000,
occurring at 3 rpm for 100% RBD palm oil. Therefore, by referring to these
coefficients of determination and mean square error values, it can be stated that
the experimental data obtained for the refined bleached and deodorized palm oil
and their blends with Shell Tellus 100 were very well fitted by the modified
Andrade’s equation.

4.0 CONCLUSION

All oil samples being tested were very well fitted by the modified Andrade’s
equation. It was not necessary to use higher-order polynomial in 1/T, since almost
all of the coefficients determined were greater than 0.99000.

The viscosity curve-fitting model has shown a good fitting to natural oil,
mineral oil and their blends oil. This temperature dependence viscosity model
provides an outstanding fit with the highest mean square error of 0.00092330 in
the range of temperatures investigated at specific shear rate. The present study
has made it possible to obtain an accurate viscosity value at different
temperatures by placing the equation constants at specific speed into the modified
Andrade’s equation. Therefore, this temperature dependence viscosity model can
be used to determine the viscosity of oil at various temperatures for a particular
shear rate with better accuracy for specific applications such as the design of
piping system, hydraulic application, rotating machinery lubrication, design of
heat transfer equipment and other specific applications.
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NOMENCLATURE
Symbol Meaning Unit
A,B,C,.D,EK Constants
E. Viscous activation energy (J/mol)
R Gas constant (J/K'lmol‘l)
Tb Spindle outer radius (cm)
re Sample chamber inner radius (cm)
T Temperature (K)
T Temperature infinity (K)
Y Shear rate s
n Apparent viscosity (g.m'l.s'l)
No Apparent viscosity (g.m'l.s'l)
T Shear stress (g.cm'l.s'z)
X Radius at which viscosity was measured (cm)
w Spindle speed (rpm)
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APPENDIX

Brookfield LVDV —I+ viscometer with important accessories

(b)

(a) Spindle extension

(b) Viscometer controller and motor
(¢) Thermosel

(d) Spindle

(e) Temperature controller
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