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Abstract:

A tank-tube viscometer and its novel viscosity equation were developed to determine flow characteristics of
non-Newtonian fluids. The objective of this research is to test capabilities of the tank-tube viscometer and its
novel non-Newtonian viscosity equation by characterizing rheological behaviors of well-known polyethylene
oxide (MW 8000000) aqueous solutions as non-Newtonian fluids with 60-w% sucrose aqueous solution as a
reference calibration fluid. Non-Newtonian characteristics of 0.3 - 0.7 wt% polyethylene oxide aqueous solu-
tions were extensively investigated with the tank-tube viscometer and its non-Newtonian viscosity equation
over the 294 - 306 K temperature range, and 55 - 784 s-1 shear rate range. The 60-w% sucrose aqueous solution
was used as a reference/calibration fluid for the tank-tube viscometer. Dynamic viscosity values of 60 w% sucrose
aqueous solution were determined with the calibrated tank-tube viscometer and its Newtonian viscosity equa-
tion at 299.15 K, and compared with the literature values.

Zusammenfassung:

Ein Wasserbad-Röhren-Viskosimeter und seine neuartige Viskositätsgleichung wurden entwickelt, um die Fließ-
eigenschaften von nicht-Newtonschen Fluiden zu bestimmen. Die Zielsetzung dieser Forschung ist, die Ein-
satzfähigkeit des Wasserbad-Röhren-Viskosimeters und seiner neuartigen nicht-Newtonschen Viskositätsglei-
chung zu testen, indem das rheologische Verhalten von bekannten wässrigen Polyethylenoxidlösungen
(Mw 8000000) (als ein nicht-Newtonsches Fluid) mit Hilfe einer wässrigen 60 Gew.%-Saccharoselösung (als
Kalibrationsfluid) charakterisiert wird. Die nicht-Newtonschen Eigenschaften einer wässrigen 0.3 - 0.7 Gew.%-
Polyethylenoxidlösung wurden mittels des Wasserbad-Röhren-Viskosimeters und seiner nicht-Newtonschen
Viskositätsgleichung im Temperaturbereich von 294 bis 306 K und im Schergeschwindigkeitsbereich von 55 bis
784 1/s ausgiebig untersucht. Die wässrige 60 Gew.%-Saccharoselösung wurde als Referenz-/Kalibrationsfluid
für das Wasserbad-Röhren-Viskosimeter verwendet. Die Werte der dynamischen Viskosität der wässrigen
60 Gew.%-Saccharoselösung wurden mit dem kalibrierten Wasserbad-Röhren-Viskosimeter und seiner Newton-
schen Viskositätsgleichung bei 299.15 K bestimmt und mit Literaturwerten verglichen.

Résumé:

Un viscosimètre réservoir-tube ainsi que sa nouvelle équation de viscosité ont été mis au point afin de déter-
miner les caractéristiques d’écoulement de fluides non Newtoniens. L’objectif de cette recherche est de tester
les aptitudes du viscosimètre réservoir-tube et de sa nouvelle équation de viscosité non Newtonienne, en car-
actérisant les comportements rhéologiques de solutions aqueuses bien connues d’oxyde de polyéthylène (MW
8000000) qui servent de fluides non Newtoniens, et d’une solution aqueuse contenant 60% en masse de sucrose
qui sert de fluide de référence pour la calibration. Les caractéristiques non Newtoniennes des solutions aque-
uses d’oxyde de polyéthylène avec des concentrations de l’ordre de 0.3-0.7% en masse ont été beaucoup étudiées
avec le viscosimètre réservoir-tube et son équation de viscosité non Newtonienne dans une gamme de tem-
pératures allant de 294 à 306 K et une gamme de vitesses de cisaillement allant de 55 à 784 s-1. La solution aque-
use de 60% en masse de sucrose a été utilisée comme un fluide de référence/calibration pour le viscosimètre
réservoir-tube. Les valeurs de la viscosité dynamique de cette solution ont été déterminées avec le viscosimètre
réservoir-tube et son équation de viscosité Newtonienne à 299.15 K, et ont été comparées avec les valeurs de la
littérature.

Key words: tank-tube viscometer, Newtonian viscosity equation for a tank-tube viscometer, non-Newtonian
viscosity equation for a tank-tube viscometer, polyethylene oxide aqueous solutions, sucrose aqueous solution,
shear-thinning fluids
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1 INTRODUCTION
Rheological data are indispensable in the design
of pumps, compressors, heat exchangers, packed
columns, fluidized beds, distillation columns,
pipelines, decanters and many others. Rheologi-
cal properties are utilized in the quality control
of consumer products. Certain materials are
more acceptable to consumers if they have spe-
cific rheological properties [1]. In order to fully
determine viscosity values of a fluid, careful
experimentation is required. Temperature and
pressure affect viscosity of the fluid. Effects of
pressure on viscosity of a fluid are negligible at
pressures less than 40 atm. However, viscosity of
nongaseous fluids is not significantly affected by
pressure [2]. Viscosity of Newtonian fluids is
determined by measuring the shear stress at one
known shear rate, whereas that of all non-New-
tonian fluids is determined at more than one
shear rate.

There are two main groups of viscometer:
One type of a viscometer is designed so that a fluid
flows through a tube, channel or orifice, while the
other type of a viscometer is constructed so that a
fluid is sheared between moving surfaces [3 - 5].
Several forms of viscometers have been con-
structed for the determination of viscosity from
the knowledge of the pressure drop-flowrate rela-
tionship for a tube. The flow may be achieved sim-
ply as a result of gravitational head. This type of
viscometer is not very suitable for measurements
with non-Newtonian fluids, not only because of
the non-uniform shear stress across the vertical
tube section, but also because the rate of flow
through the vertical tube varies with time as the
level falls. To overcome these shortcomings, a con-
stant velocity of a fluid through a vertical tube is
maintained by pressure from a gas reservoir. For
this type of a viscometer, the length to the diam-
eter ratio of a tube normally exceeds 50 to elimi-
nate the end effects of a tube [5].

Although a few capillary tube viscometers
(sometimes called extrusion rheometers) are
commercially available, it is common practice to
construct them in the laboratory. Several capil-
lary tubes with a range of lengths and diameters
are needed. Tubes with internal diameters from
0.794 mm to 6.35 mm should probably cover nor-
mal needs [6]. 

Many researchers used various types of vis-
cometers to measure viscosity of fluids. James et

al [7] reported a consistent set of high precision
viscosity data for water at various temperatures
and for 20, 30 and 40 per cent sucrose aqueous
solutions. These were obtained using a glass cap-
illary viscometer with an extensively flared capil-
lary to neglect the kinetic energy correction term
for this viscometer. These data are recommended
as reliable standards for capillary viscometer cali-
bration. Sirivat [8] described the results of an
experimental investigation on the flow of a non-
Newtonian fluid between rotating parallel disks.
These results are qualitatively different from
those exhibited by linearly viscous fluids in that a
narrow layer of exceedingly high velocity gradi-
ents appear in the non-Newtonian fluid. Jimeneza
and Kostic [9] developed, designed, and fabricat-
ed an innovative, Couette-type viscometer/rheo-
meter with the main objective being to measure
viscosity and elastic properties of low-viscous,
non-Newtonian, and visco-elastic fluids, like
dilute polymer solutions. Shackelton and Green [1]
fabricated an on-line viscometer that has no mov-
ing mechanical parts. Measurements of the dif-
ferential pressure developed along the measure-
ment section and the temperature of the fluid are
combined with the axial velocity of the test fluids
to determine their mass/volume flow rates and
viscosity values of both glucose syrup and melted
chocolate. Chocolate exhibits non-Newtonian
and glucose syrup exhibits Newtonian behavior. 

This paper describes a tank-tube viscometer
and its novel viscosity equations developed for
application to Newtonian fluids as well as non-
Newtonian fluids. The test materials include a
sucrose aqueous solution that exhibits Newton-
ian behavior, and well-known polyethylene
oxide (PEO) aqueous solutions that exhibit shear-
thinning non-Newtonian behavior. The 60-w%
sucrose aqueous solution was used as a calibra-
tion/reference fluid for the viscometer. 

2 THEORETICAL BACKGROUND

2.1 NEWTONIAN FLUIDS
The Newtonian model describes a fluid in which
the shear stress in the radial direction trz is direct-
ly proportional to the shear rate dvz/dr. For the
case of a fluid flowing in a tube of radius r, the
shear stress can be expressed in terms of a veloc-
ity gradient dvz/dr. The proportionality m in Eq. 1
is called the viscosity of the fluid.



(1)

The laminar flow of fluids in circular tubes is ana-
lyzed by means of the momentum balance [10]
to obtain Eq. 2. The detailed derivation of Eq. 2 is
shown in the papers [11 - 12]. The cylindrical coor-
dinates are used to describe positions in a verti-
cal tube of the tank-tube viscometer. 

(2)

where L is the length of a vertical tube, r the den-
sity of a fluid, g the acceleration of gravity, h the
level of a fluid in a reservoir tank at a drain dura-
tion t, and Pg gauge pressure at the top surface
of a fluid in a reservoir tank. The following Eq. 3
is obtained by making the unsteady-state mass
balance around the reservoir tank of a tank-tube
viscometer.

(3)

where vzm is the average velocity of a fluid flow
in a vertical tube. Equation 4 is derived with Eqs.
1, 2, and 3. The detailed derivation of Eq. 4 is
shown in the papers [11 - 12]. Viscosity values of a
Newtonian fluid can be calculated using Eq. 4, if
levels of a fluid in a reservoir tank of a tank-tube
viscometer at different drain durations are
known.

(4)

where H is the initial level of a fluid in a reservoir
tank or height of a reservoir tank, when the reser-
voir tank is filled up, R the inside radius of a cylin-
drical reservoir tank, R0 the inside radius of a ver-
tical tube.

However, a change in the level of a fluid in
the reservoir tank at a given drain duration is very
small. Often it is very difficult to read the change
in the level of the fluid in the reservoir. Hence, the
level of the fluid in the reservoir at a given dura-
tion time is described in terms of accumulated

amounts of the fluid drained from the reservoir
tank (see Eq. 5). Making a mass balance of the
fluid around the reservoir tank of the tank-tube
viscometer derives Eq. 5. Although both the h
value (the level of the fluid in the reservoir) and
the m value (accumulated amounts of the fluid
drained from the reservoir tank) are a function of
t (drain duration), the relationship between h and
m (see Eq. 5) is independent of drain durations.

(5)

where m is the accumulated amount of a fluid
drained at t. Equation 6 is obtained by substitut-
ing h value of Eq. 5 into Eq. 4. The left-hand side
of Eq. 6 contains accumulated amounts of the
fluid drained from the tank-tube viscometer,
while the right-hand side of Eq. 6 contains drain
durations. Therefore, Eq. 6 allows us to calculate
the viscosity of the fluid if the total mass of the
fluid out of the reservoir at known drain duration
is given [11 - 12].

(6)

The left-hand-side values of Eq. 6 are easily cal-
culated by substituting both amounts of viscous
fluids drained from the tank-tube viscometer
and their density values at a given temperature.
Eq. 6 can be simplified to obtain Eq. 7, if the length
of the vertical tube of the tank-tube viscometer
is relatively much longer than the initial level of
a fluid in the reservoir, and amounts of the fluid
drained from the reservoir are relatively small.

(7)

2.2 NON-NEWTONIAN FLUIDS
Paints, consumer products, and some food prod-
ucts are considered as non-Newtonian fluids,
which mostly follow the power law model. The
power law model describes a fluid in which the
shear stress in the radial direction trz is directly
proportional to (dvz/dr)n, as shown in Eq. 8. For
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the case of a fluid flowing in a tube of radius r,
the shear stress can be expressed in terms of a
velocity gradient dvz/dr. Substituting Eq. 8 into
Eq. 2 produces Eq. 9. 

(8)

where k is the consistency index of shear-thin-
ning fluids and n the flow behavior index of
shear-thinning fluids.

(9)

Equation 10 is obtained by separating the vari-
ables r and vz of Eq. 9, integrating the resulting
equation, and by applying the boundary condi-
tion vz = 0 at r = R0.

(10)

(11)

The average velocity vzm is obtained with Eq. 10,
as shown in Eq. 11. Substitution of Eq. 11 into Eq. 3
and integration of the resulting equation pro-
duce Eq. 12.

(12)

Equation 13 is obtained by substituting h value
of Eq. 5 into Eq. 12. The right-hand side of Eq. 13
contains accumulated amounts of the fluid
drained from the tank-tube viscometer, while
the left-hand side of Eq. 13 contains drain dura-
tions.

(13)

Equation 13 can be simplified to obtain Eq. 14, if
accumulated amounts of a fluid drained from the
reservoir are relatively small in comparison with
the initial amount of the fluid in the reservoir.

(14)

(15)

Applying the logarithm to the both sides of Eq. 14
produces Eq. 15 [13]. The left-hand side of Eq. 15
contains accumulated amounts of the fluid
drained from the tank-tube viscometer for a peri-
od of drain duration, while the right-hand side of
Eq. 15 contains the length of the drain tube.
Therefore, Eq. (15) allows us to calculate the con-
sistency index k and the flow behavior index n of
a shear-thinning fluid, if amounts of the fluid out
of the reservoir at known drain duration are given
at various lengths of the drain tube of the tank-
tube viscometer.

3 EXPERIMENTAL SETUP
A wide variety of viscometers such as capillary
type, glass tube type, rotational type, falling ball
type, cup-type, and oscillatory type [5 - 6] are
available for the measurement of viscosity. An
inexpensive viscometer [13] was fabricated, as
shown in Figs. 1 and 2. The viscometer consists of
a rectangular reservoir and a set of long vertical
drain tubes. The equivalent radius and the height
of the reservoir are 55.501 mm and 83.30 mm,
respectively. The radius of the vertical drain tube
is 1.075 mm, and the lengths of the vertical drain
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tubes are 0.20, 0.25, 0.30, 0.35, and 0.40 m. The
ratio of the length to the diameter of the vertical
drain tube of the fabricated tank-tube viscome-
ter is 93 - 186 to neglect the end effects on com-
pletion of final velocity distribution of a laminar
flow in the entrance region of the vertical drain
tube.

The reservoir is made of transparent Plexi-
glas, whereas the drain tubes of the viscometer
are made of stainless steel. The vertical drain
tubes are connected at the bottom of the reser-
voir. Sucrose aqueous solution, and aqueous
solutions of high-viscosity PEO powder (Aldrich,
average molecular weight: 8,000,000) are cho-
sen to test both the fabricated tank-tube vis-
cometer and its viscosity equations, since sucrose
and PEO are soluble in water, and do not inflict
any health hazards. Sucrose and PEO are also
used widely for various food products and indus-
trial products, respectively. The concentration of
sucrose in water is 60 w%, whereas the concen-
trations of PEO in water are 0.3 - 0.7 w%. An elec-
tronic balance placed beneath the end of the ver-
tical drain tube is used to measure accumulated
amounts of aqueous solutions drained from the
reservoir at a given drain duration. A circulator
[3] is used to control temperatures of both the
test fluids and the vertical drain tubes of the vis-
cometer 

3.1 EXPERIMENTAL PROCEDURE
An electronic balance is placed beneath the end
of the vertical drain tube of the tank-tube vis-
cometer, where temperatures of both the vis-
cometer and the test fluids are regulated with
a circulator, as shown in Fig. 1. The ends of the
vertical drain tubes are closed with a plastic cap
to stop the flow of the test fluid, after the drain
tubes are filled with a test fluid by using a
syringe. Thereafter, the drain tubes filled with
the test fluid are attached to the rectangular

reservoir tank, and then the reservoir tank is
filled with the test fluid up to the desired initial
height H of a level of the test fluid in the reser-
voir tank. 

An empty receiving beaker is placed on the
electronic balance, and tared to read accumu-
lated amounts of fluids out of the viscometer.
Reading accumulated amounts of fluids
drained from the reservoir tank at given drain
durations starts with the electronic balance, a
data acquisition software and EXCEL spread-
sheet, when the plastic cap from the end of the
drain tube is removed to allow fluids to flow into
the beaker on the electronic balance. After the
tank-tube viscometer is rinsed with distilled
water for the next experiment, the reservoir
tank is dried with paper towel, whereas the ver-
tical drain tube is dried with acetone. Several
series of experimental data of amounts of flu-
ids drained from the reservoir at various drain
durations are obtained with various lengths of
the drain tube of the viscometer. 

3.2 ANALYSIS OF EXPERIMENTAL DATA
Experimental data of accumulated amounts of a
test fluid drained from the reservoir of a tank-
tube viscometer at various drain durations are
obtained, using an electronic balance, a data
acquisition software, and EXCEL spreadsheet.
The viscometer was kept at a desired tempera-
ture with a circulator, which was equipped with
a cooling and heating element. A series of exper-
imental data were obtained using fluids under
controlled experimental conditions such as fluid
compositions and temperatures of fluids.

Several series of experimental data of
amounts of Newtonian fluids drained from the
reservoir at various drain durations are applied to
the Newtonian viscosity equation (NVE) (Eq. 6).
Left-hand side (LHS) values of the NVE are plotted
against drain durations. A slope of the best-fit
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Figure 1 (left):
A schematic diagram of a
tank-tube viscometer.

Figure 2:
Single vertical capillary
viscometer.



ple experimental data of accumulated drain
amounts of 60-w% sucrose aqueous solution at
various drain durations, as a set of experimen-
tal data shown in Fig. 3, are applied to the non-
Newtonian viscosity equation (NNVE) (Eq. 15) to
calibrate the viscometer, as shown in Fig. 4. Left-
hand side (LHS) values against the right-hand -
side (RHS) term containing a variable length of
the drain tube in Eq. 15 are plotted, as shown in
Fig. 4. The average LHS values of the NNVE and
their standard deviations for the 0.20-m drain
tube, the 0.25 m drain tube, the 0.3 m drain tube,
the 0.35 m drain tube, and the 0.4 m drain tube
are shown in Tab. 1. The slope value and the
intercept value of the plot are 0.99 and 1.79,
respectively. The flow behavior index n and the
flow consistency k of 60 wt% sucrose aqueous
solution at 299.15 K are obtained from the slope
value and the intercept value. The flow behav-
ior index n and the flow consistency k of 60 wt%
sucrose aqueous solution at 299.15 K are 1 and
41.7 mPa·s with the calibrated viscometer and
its NNVE.

Quintuple experimental data of accumulat-
ed drain amounts of 60-w% sucrose aqueous
solution at various drain durations, as a set of
experimental data shown in Fig. 3, are also

applied to the New-
tonian viscosity
equation (NVE) (Eq.
6), after the viscome-
ter is calibrated with
the NNVE and the 60
wt% sucrose aqueous
solution as a calibra-
tion fluid. Left-hand
side (LHS) values of

straight line passing through the origin of the rec-
tangular coordinates is obtained through the lin-
ear least squares method. A viscosity value is cal-
culated by substituting a density value of a fluid,
the diameters of both the reservoir tank and the
vertical drain tube, and the length of the vertical
drain tube into the slope value (see Eq. 6).

Several series of experimental data of
amounts of shear-thinning fluids drained from
the reservoir at various drain durations are
applied to the non-Newtonian viscosity equation
(NNVE) (Eq. 15). LHS values against the right-
hand-side (RHS) term containing a variable
length of the drain tube in the NNVE are plotted.
A slope and an intercept of the best-fit straight
line are obtained through the linear least squares
method. A flow index n value and a consistency
k value of a shear-thinning fluid are calculated
with the slope value and the intercept value,
respectively.

4 RESULTS AND DISCUSSION

4.1 SUCROSE AQUEOUS SOLUTION
Figures 3 through 12 are obtained with experi-
mental data at atmospheric pressure. Quintu-

51413-6Applied Rheology
Volume 17 · Issue 5

0

0.002

0.004

0.006

0.008

0.01

0 5 10 15 20 25 30 35

Drain Duration, s

Dr
ai

n 
Am

ou
nt

, k
g

 0.20 m
 0.25 m
 0.30 m
 0.35 m
 0.40 m

3.86

3.88

3.90

3.92

3.94

3.96

3.98

4.00

4.02

4.04

4.06

4.08

2.05 2.10 2.15 2.20 2.25 2.30

RHS Variable Terms of NNVE

LH
S 

Va
lu

es
 o

f N
N

VE

Drain Tube 
Length, m 

Average LHS  
Value, 1/ln(s) 

Standard Deviation 
for LHS Value, 1/ln(s) 

Standard
Deviation % 

0.20 4.0484 0.0073 0.1808 
0.25 3.9931 0.0042 0.1062 
0.30 3.9526 0.0040 0.1014 
0.35 3.9165 0.0031 0.0780 
0.40 3.8888 0.0092 0.2353 

0

0.001

0.002

0.003

0 5 10 15 20 25 30 35

Drain Duration, s 

LH
S 

Va
lu

es
 o

f N
VE

 0.20 m
 0.25 m
 0.30 m
 0.35 m
 0.40 m

Figure 3 (left above):
Drain amounts of 60 wt%
sucrose aqueous solution
against drain durations at
299.15 K, using a set of
experimental data out of
quintuple experimental
data.

Figure 4 (right above):
Quintuple experimental
data of drain amounts at
various drain durations,
applied to non-Newtonian
viscosity equation (NNVE)
for the calibration of the vis-
cometer to determine
behavior index n and consis-
tency index k of 60 wt%
sucrose aqueous solution at
299.15 K.

Figure 5 (left below):
Left-hand side (LHS) values
of Newtonian viscosity
equation (NVE) for various
drain tubes and durations
with 60 wt% sucrose aque-
ous solution at 299.15 K.

Table 1:
Average left-hand side
(LHS) values of non-New-
tonian viscosity equation
(NNVE), and their standard
deviations and standard
deviation percentages,
using quintuple experimen-
tal data of 60 wt% sucrose
aqueous solution at
299.15 K.



the 0.2 m drain tube, the 0.25 m drain tube, the
0.3 m drain tube, the 0.35 m drain tube, and the
0.4 m drain tube are shown in comparison with
the literature value 41.7 mPa·s, as shown in Tab.
2 and Fig. 6.

4.2 POLYETHYLENE OXIDE AQUEOUS
SOLUTIONS
Quadruple experimental data of accumulated
drain amount versus drain duration for the 0.5
wt% PEO aqueous solution at 294 - 306 K are
applied to the left-hand side (LHS) and the right-
hand side (RHS) variable term of the Non-New-
tonian viscosity equation (NNVE) (Eq. 15), as
shown in Fig 7. The average LHS values and their
standard deviations for quadruple experimental
data obtained from the 0.20-m drain tube, the
0.25 m drain tube, the 0.30-m drain tube, the 0.35
m drain tube and the 0.4 m drain tube at the aver-
age temperatures of 294.74, 298.96, 301.62, and
305.23 K are shown in Tab. 3. The standard devi-
ations of the temperatures in Tab. 4 are 0.04 - 0.11
K in comparison with the literature standard
deviation 0.3 K [4].

The slope values and the intercept values
of these plots are obtained from Fig. 7. The flow
behavior index n and the flow consistency k of
0.5 wt% PEO aqueous solution are obtained
from the slope values and the intercept values
of these plots. Flow behavior index values n of
0.5 wt% PEO aqueous solution are plotted

the NVE are computed with accumulated
amounts of 60-w% sucrose aqueous solution
drained from the reservoir at various drain dura-
tions (see Fig. 5). LHS values of the NVE are plot-
ted against drain durations (see Fig. 5). The slope
of the best-fit line is obtained through the linear
least squares method. The slope of this plot
increases with decreased lengths of the vertical
drain tube of the viscometer. The viscosity value
is calculated from the slope of the best-fit line by
substituting the density value of the 60 wt%
sucrose aqueous solution as well as the diame-
ter and the lengths of the drain tube of the vis-
cometer into the slope value. 

Viscosity values of 60 wt% sucrose aqueous
solution obtained with quintuple experimental
data at 299.15 K are compared with that from the
literature [14] (see Fig. 6). The error percentages
of the experimental dynamic viscosity values of
the 60 wt% sucrose aqueous solution obtained
from the calibrated viscometer in comparison
with the literature viscosity value for the 0.20-m
drain tube, the 0.25 m drain tube, the 0.3 m drain
tube, the 0.35 m drain tube, and the 0.4 m drain
tube are shown in Tab. 2. The viscosity values
obtained from this study are very agreeable with
that from the literature viscosity value at 299.15
K with an average error of -0.16 % (see Fig. 6) in
comparison with the literature accuracy ± 1 % [4].
The average viscosity values and their standard
deviations of quintuple experimental data for
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Figure 6 (left above):
Comparison of average quin-
tuple experimental dynamic
viscosity values with litera-
ture viscosity value of 60
wt% sucrose aqueous solu-
tion at 299.15 K.

Figure 7 (right above):
Quadruple experimental
data of drain amounts at
various drain durations,
applied to non-Newtonian
viscosity equation (NNVE) to
determine flow behavior
index n and flow consistency
index k of 0.5 wt% PEO
aqueous solution at
294 - 306 K.

Figure 8 (left below):
Flow behavior index versus
temperature for 0.5 wt%
PEO aqueous solution at
294 - 306 K, using quadru-
ple experimental data.

Figure 9 (right below):
Apparent viscosity versus
temperature for the 0.5 wt%
PEO aqueous solution at 294
- 306 K and 225 - 241 s-1 shear
rate, using quadruple experi-
mental data sets with each
data set containing 5 appar-
ent viscosity values.
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% of AT 

Drain
Tube

Length, m 

Average  
LHS Value, 

ln(1/s) 

SD of LHS 
Value,
ln(1/s) 

SD % of 
LHS Value 

294.74 0.11 0.49 0.20 3.8321 0.0115 0.2998 
   0.25 3.7358 0.0201 0.5374 
   0.30 3.6385 0.0088 0.2428 
   0.35 3.5771 0.0118 0.3294 
   0.40 3.5262 0.0105 0.2968 
       

298.96 0.05 0.19 0.20 3.9852 0.0170 0.4260 
   0.25 3.8781 0.0063 0.1622 
   0.30 3.8043 0.0079 0.2065 
   0.35 3.7336 0.0083 0.2233 
   0.40 3.6961 0.0126 0.3415 
       

301.62 0.08 0.26 0.20 4.0798 0.0052 0.1285 
   0.25 3.9772 0.0031 0.0780 
   0.30 3.9021 0.0047 0.1200 
   0.35 3.8350 0.0017 0.0456 
   0.40 3.7942 0.0068 0.1785 
       

305.23 0.04 0.13 0.20 4.1734 0.0044 0.1063 
   0.25 4.0930 0.0064 0.1558 
   0.30 4.0091 0.0011 0.0274 
   0.35 3.9554 0.0097 0.2447 
   0.40 3.9068 0.0046 0.1171 

Average 
Temperature, 

K

Average 
Flow 

Behavior 
Index, n

Standard 
Deviation of 

n

Standard 
Deviation % of 

n
294.74 0.5133 0.0144 2.8 
298.96 0.5445 0.0192 3.5 
301.62 0.5521 0.0011 0.2 
305.23 0.5919 0.0191 3.2 

Average 
Temperature, K 

Average Apparent 
Viscosity (AV), 

mPa-s 

Standard 
Deviation (SD) 
of AV,  mPa--s SD % of AV 

Predicted AV from 
Ahrrenius 

Relationship, m-Pa-s 

294.74 35.4094 2.0153 5.69 35.2924 
298.96 30.9332 1.5792 5.11 30.9813 
301.62 28.1886 1.3120 4.65 28.5914 
305.23 25.8996 1.0504 4.06 25.7059 

w% of 
PEO 

Average 
Temperature, 

K

Average Flow 
Behavior 
Index, n

Standard 
Deviation

of n

Standard 
Deviation % 

of n
0.3 299.02 0.7299 0.0083 1.1 
0.4 299.02 0.6071 0.0114 1.9 
0.5 298.96 0.5445 0.0192 3.5 
0.6 299.00 0.4780 0.0029 0.6 
0.7 298.95 0.3983 0.0065 1.6 

Drain
Tube

Length, m 

Average 
Experimental 

DV, mPa-s 

SD of Average 
Experimental DV, 

mPa-s 
SD % of Average 
Experimental DV 

Error % of Average 
Experimental DV 

from Literature DV 

0.20 41.8309 0.3146 0.7522 0.1272 
0.25 41.6083 0.2018 0.4849 -0.4057 
0.30 41.5270 0.1643 0.3956 -0.6004 
0.35 41.7564 0.1347 0.3227 -0.0513 
0.40 41.8396 0.3002 0.7176 0.1478 

Figure 10 (left):
Flow behavior index versus
PEO weight % in aqueous
solutions at 298.99 K, using
quadruple experimental
data.

Figure 11 (right):
Apparent viscosity versus
shear rate for the 0.5 wt%
PEO aqueous solution at
294 - 306 K.

Table 2:
Average dynamic viscosity
(DV) values of quintuple
experimental DV values,
their standard deviations
(SDs) and percentages of
SDs, and error % of average
experimental DV values in
comparison of the literature
DV value 41.7 mPa·s of 60-
w% sucrose aqueous solu-
tion at 299.15 K. 

Table 3:
Average quadruple left-
hand side (LHS) values of
non-Newtonian viscosity
equation (NNVE), and their
standard deviations (SDs)
and percentages of stan-
dard deviations for average
LHS values with 0.5 wt%
PEO aqueous solution.

Table 4:
Average flow behavior
indexes of 0.5 wt% PEO
aqueous solution at 294 -
306 K, using quadruple
experimental data.

Table 5:
Average apparent viscosity
values, and their standard
deviations (SDs) and per-
centages of standard devia-
tions for quadruple experi-
mental data of 0.5 wt% PEO
aqueous solution at various
average temperatures, and
apparent viscosity values
predicted from the Ahrre-
nius equation.

Table 6:
Average flow behavior
indexes of PEO aqueous
solutions at the average
temperature 298.99 K, using
quadruple experimental
data.

against temperatures, using quadruple experi-
mental data, as shown in Fig. 8. The average
flow behavior indexes and their standard devi-
ations at the temperatures 294.74, 298.96,
301.62, and 305.23 K are shown in Tab. 4. Flow
behavior index values n increase with increased
temperatures.

Apparent viscosity values of 0.5 wt% PEO
aqueous solution are calculated with Eqs. 2, 5, 8,
9 and known n and k values obtained from the
NNVE over the temperature range of 294 - 306 K.
Apparent viscosity values of 0.5 wt% PEO aque-
ous solution are plotted against temperatures, as
shown in Fig. 9. The average apparent viscosity
values and their standard deviations of 0.5 wt%
PEO at the average temperatures of 294.74,
298.96, 301.62, and 305.23 K are shown in Tab. 5.
Apparent viscosity values of 0.5 wt% PEO aque-
ous solution decreases with increased tempera-
tures over the temperature range of 294 - 306 K.
The temperature dependence of apparent vis-
cosity values of 0.5 wt% PEO aqueous solution is
correlated very well by the Arrhenius equation,
as shown in Fig. 9.

Flow behavior index values n of various PEO
aqueous solutions at the average temperature
298.99 K are plotted against PEO concentra-
tions, using quadruple experimental data, as
shown in Fig. 10. The flow behavior indexes and
their standard deviations for the 0.3, 0.4, 0.5,
0.6, and 0.7 wt% PEO aqueous solution are
shown in Tab. 6. Flow behavior index values n
decrease with increased PEO concentrations.
Apparent viscosity values of 0.5 wt% PEO aque-
ous solution over the temperature range of 294
- 306 K are plotted against shear rates, as shown
in Fig. 11. Apparent viscosity values of the PEO
aqueous solution decrease with increased shear
rates and temperatures. This observation indi-
cates that the 0.5 wt% PEO aqueous solution be
a shear-thinning fluid. Shear stress values of the
0.5 wt% PEO aqueous solution over the tem-
perature range of 294 - 306 K are plotted against
shear rates, as shown in Fig. 12. Figure 12 also
suggests that the 0.5 wt% PEO aqueous solution
is a shear-thinning fluid, since the curves in Fig.
12 are concave downward.
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5 CONCLUSIONS
A tank-tube viscometer and its viscosity equation
were developed to determine flow characteristics
of non-Newtonian fluids. A sucrose aqueous solu-
tion was chosen as the reference/calibration fluid
for the fabricated tank-tube viscometer and its vis-
cosity equation. The dynamic viscosity values of
60 wt% sucrose aqueous solution, obtained from
both this calibrated tank-tube viscometer and its
Newtonian viscosity equation, are agreeable with
the literature dynamic viscosity value. The viscos-
ity values obtained from this study are very agree-
able with that from the literature at 299.15 K with
an average error of -0.16 %, which is way below
the literature accuracy ± 1 %. 

Non-Newtonian behaviors of 0.3 - 0.7 wt%
aqueous polyethylene oxide solutions at 294 -
306 K were characterized with the various
lengths of the drain tube of the tank-tube vis-
cometer calibrated with 60-w% sucrose aqueous
solution and its non-Newtonian equation to test
capabilities of the tank-tube viscometer in deter-
mining flow characteristics of non-Newtonian
fluids. The range of flow index n values for 0.3 -
0.7 wt% aqueous polyethylene oxide solutions at
294 - 306 K is 0.3 - 0.7. Flow behavior indexes n
decrease with increased PEO concentrations, and
decreased temperatures.

Apparent viscosity values of various PEO aque-
ous solutions decrease with increased shear rates
and temperatures over the shear rate range of 160 -
310 s-1. PEO aqueous solutions containing 0.3 - 0.7 w%
PEO behave as shear-thinning fluids. The tempera-
ture dependence of apparent viscosity values of PEO
aqueous solutions is correlated very well over the
temperature range of 294 - 306 K and the shear rate
range of 225 - 241 s-1 by the Arrhenius equation. Tem-
perature of the viscometer assembly is controlled
with a circulator, where the standard deviations of
the temperatures are 0.04 - 0.11 K in comparison with
the literature standard deviation 0.3 K.
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Figure 12:
Shear stress versus shear
rate for the 0.5 wt% PEO
aqueous solution at
294 - 306 K.


