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Abstract

This study presented the image scanning U-tube viscometer technique to measure the whole blood viscosity. Two
different constitutive models, power law and Casson, were selected to calculate blood viscosity. Results were compared with
rotating viscometer. They had a good agreement at higher shear rates. Three constitutive models power law, Casson and
Carreau Yasuda models were applied to blood viscosity data and used to simulate transient blood height in the U-tube.
Comparison of the U-tube simulation and the actual experiment showed that Carreau Yasuda model is the most accurate
model for whole blood viscosity measurement.
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1. Introduction

Blood viscosity is one of the most essential hemo-
dynamic parameters which can establish the flow system of
whole  blood  in  vessels.  Alteration  in  the  blood  viscosity
leads to a two-fold opposite change in blood flow (Chen et
al., 2006). Many physiologic factors contribute to elevated
whole blood viscosity including male gender, obesity, high

sodium intake, aging and African race (Dormandy, 1970).
Elevated  whole  blood  viscosity  leads  to  rapid  growth  of
atherothrombotic  lesions  and  augmented  rate  of  plaque
rupture (Simone et al., 1990).

In fact, blood is a non-Newtonian fluid (Jung et al.,
2013; Kanaris et al., 2006). Therefore, its viscosity changes
the whole shear rate at the same location of artery in any
time.  The  viscosity  always  changes  because  of  pulse  wave
velocity from cardiac systole and diastole. The viscosity of
blood becomes high when its shear rate is low as a result of
cardiac diastole. On the contrary, the viscosity is low as the
shear rate is high. Generally, no tool in any clinic can measure
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the  viscosity’s  whole  shear  rate.  Rotating  viscometer
measures blood viscosity only a shear rates a time and not at
low  shear  rate.  As  blood  will  coagulate  after  having  been
taken out from artery for more than three minutes, this creates
the  limit  of  time  in  blood  viscosity  measurement  with  the
rotating viscometer (RV) (Baskurt et al., 2009).

Scanning  capillary  tube  viscometer  (SCTV)  was
developed  in  order  to  measure  the  viscosity  of  the  whole
blood shear rate using the flow through the capillary tube.
Power law model was selected to calculate the correlation of
viscosity and shear rate (Kim et al., 2000). Results from the
SCTV were in accordance with RV at high shear rate. On the
other hand, at the lowest shear rate, results from each method
were different which meant the condition was affected with
rheological yield stress (Kim, 2002). As a result, the viscosity
of whole blood shear rate could not be illustrated with power
law model. Casson model (Jung et al., 2014) was developed
after that to simplify the viscosity of whole blood shear rate
with the yield stress. Then HB model was also implemented to
describe the rheological yield stress (Kim et al., 2009). Light
transmission slit rheometer (LTSR) was selected to measure
blood  viscosity  (Sehyun  et  al., 2005). Red blood cell was
studied with laser light. The laser’s pressure and intensity
according  to  time  were  used  to  calculate  the  aggregation
index and viscosity. Pressure-scanning microfluidic hemo-
rheometer developed using Casson and HB model showed
excellent agreement with reference value (Lee et al., 2011).
However,  Casson  model  showed  better  agreement  with
reference value than HB model.

Nowadays,  image  processing  technique  is  applied
worldwide. Blob detection is one of the techniques in image
processing  methods  (Rosenfeld  et  al.,  1998).  It  uses
mathematical methods that detect object regions in a digital
image that are different in properties of brightness or color.
Blob detection is used to obtain regions of interest for further
processing  such  as  histogram  analysis  to  select  varying
levels of blood in U-tube.

This  research  showed  the  blood  viscosity  using
U-tube  and  blood  flow  movement  with  image  processing
technique.  Two  models,p  law  and  Casson,  were  used  to
calculate the relationship between viscosity and shear rate.
The blood viscosity from the calculation was used in three
models, power law, Casson and Carreau Yasuda (Fung, 2013).
Results showed the accuracy of rheological models in blood
behavior detection, and the blood viscosity will be used to
calculate the blood flow past the carotid bifurcation in stroke
patients (Pratumwal et al., 2014).

2. Materials and Methods

2.1 Description of instruments

Image scanning U-tube viscometer schematic diagram
is  shown  in  Figure  1.  There  is  a  U-Tube,  three  ways  for
direction change of blood flow, a ruler scale and a marker for
blood level calibration in image processing program and a

D700  cannon  camera  for  blood  flow  record.  The  U-tube’s
inner  diameter  was  2.4  mm.  The  distance  from  the  top  to
bottom of the marker was 70 mm. There was also an air heater
to control blood temperature at 37°C which is normal human
body temperature.

As image processing program which can be run on
window was developed to determine the level of the blood
that changed through time in U-tube as shown in Figure 2.
The moving zone of blood is detected and the brightness and
color of digital are used to obtain the height of blood change.
The  video  files  from  the  camera  were  analyzed  with  this
program to show results in the relationship between the level
of blood in U-tube and time. These results were the input
data for the viscosity of blood whole shear rate calculation.
The advantage of image scanning U-tube viscometer is that it
requires only 2 cm3 of blood sample. Each sample was tested
for two minutes. Blood level change in U-tube was recorded
into video files with 50 frames per second to detect h1(t) and
h2(t) level change of blood flow in U-tube.

2.2 Testing procedure

First,  turn  on  the  video  camera,  computer  and  air
heater. After that, inject blood into the U-tube via inlet fluid
channel; try to make h1(t) higher than h2(t), with both of the
levels  between  the  top  and  bottom  of  the  image  marker.
Another  blood  sample  was  transferred  to  a  test  cup  of
rotating viscometer (Brookfield model DV-II, spindle SC4-21,
sample volume 8 cm3, viscosity range 0.025-0.5 Pa.s and lower
shear rate limit 9.3 sec-1) to measure its viscosity to compare
with the viscosity derived from the image scanning U-tube
viscometer.

Then connect three-way valves with the left and right
side of the U-tube. At this stage, the blood would find its
equilibrium within 1 minute and 30 seconds. A video file was
recorded  by  a  digital  camera,  analyzed  with  the  image
processing program which was developed for this experi-
ment. The results from the program were in pixels position

Figure 1. Schematic diagram of image scanning U-tube viscometer.
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according to time and converted to h1(t) and h2(t) as shown in
Figure 3. These data were computed for blood viscosity.

2.3 Data analysis

2.3.1  Blood flow analysis

Blood in U-tube shown in Figure 1 had different levels.
Before the experiment, one side of the U-tube’s walls was dry
while another was wet. At this point, the effect of surface
tension and yield stress of blood appeared when its level
changed to find equilibrium as a result of gravity. This could
be a reason why the levels of the two sides of the U-tube were
not the same.

Conservation of energy was included in the mathe-
matical model that illustrated the flow behavior in the U-tube.
The  assumptions  were  the  quasi-steady  flow  and  the

constant of surface tension for the liquid-solid surface. The
governing equation is as follows (Jung et al., 2014).

     2 2

1 1 1 2 2 2

1 1

2 2 stP V gh t P V gh t P t g h            

(1)
where P1 and P2 are the static pressure on each side of

U-tube, g is gravity acceleration, sth  is the distance of height
from surface tension,  P t  is the pressure drop across U-
tube,  is density of blood, V1  and V2 is blood velocity at
each side of U-tube. Pressure drop across U-tube and forms

1 2 atmP P P  and 
1 2

V V

      1 2 stP t g h t h t h     (2)

2.3.2  Mathematical procedure with constitutive models

The power law and Casson Model were selected
to calculate the viscosity, power-law model is a simple consti-
tutive model that shows good description of fluid behavior
across the range of shear rates to which the coefficients were
fitted while Casson model also considers yield stress in term
of blood viscosity.

1) Power law model
Power law is a non-Newtonian fluid model that

does not consider the yield stress. The relationship between
viscosity and shear rate of power-law model can be written as
follows

1nm    (3)
where  is the apparent viscosity,   is the shear rate, m and
n are the power-law constants model which are derived from
fitting curve from image scanning U-tube viscometer.

Hagen-Poiseuille flow provides relationship for the
pressure  drop,  flow  rate  and  blood  viscosity.  For  non-

Figure 2.  Image processing program was developed to determine the level of the blood.

Figure 3.   th1 and  th2 according to time.
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Newtonian fluids, viscosity changes with shear rate when
applied with power law model to above relation that satisfies
for  Newtonian  fluid.  The  pressure  drop  can  be  written  as
follows (Kim et al., 2002).
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The above equation can be integrated as follows.
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Equation 7 was used for curve fitting of the experimental data
 1h t  and  2h t  to determine power Law index, n, and

consistency index, m. MATLAB R2010a was used in the
curve fitting. After that the shear rate and blood viscosity
could be calculated as follows.
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1nm    (9)

2) Casson Model
Casson model is a shear thinning fluid with yield

stress term that explains blood viscosity behavior and could
be described with following equation.

y k     when y  (10)

0 when y  (11)
where y  is yield stress and k is a Casson model constant.
The velocity profile in U-tube can be described using Casson
model with integration of shear rate as follows.
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Equation 12 was used for curve fitting of the experimental data
    1 2( ) /d h t h t dt  to determine the three unknowns,

sth , k and yh  using MATLAB R2010a. At this point, the
shear rate and blood viscosity can be calculated as follows.
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3. Results and Discussion

After measuring the blood levels in U-tube viscometer,
with  the  image  processing  program  and  plotting  height-
versus-time graph as shown in Figure 3, the experimental data
would be used to find blood viscosity from power law model
in Equation 7 and the power law constant by curve fitting. The
constant would be used to calculate the shear rate and blood
viscosity in Equation 8 and 9, respectively. The results were
plotted into graph shown in Figure 4. The viscosity at low
shear rate was higher than at high shear rate.

As blood is a non-Newtonian fluid. The effect of red
blood cell was in a chaotic flow in the first period as a result of
its poor arrangement at high shear rate which made it more
difficult to measure the viscosity.

For Casson model, its graph from the experiments was
used to calculate the velocity according to    1 2h t h t  in
Figure 5. The graph was applied to curve fitting with Equation
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12 to obtain the constant value. Then the constant would be
used in Equation 13 and 14 to calculate the viscosity and
shear  rate  of  the  blood  as  shown  in  Figure  6.  When  we
compared the results from Casson and power law models,
it showed that at low shear rate, the viscosity from Casson
model was higher than power law because the Casson model
considered yield stress of blood behavior while power law
did not.

Figure 7 is the relationship between blood viscosity
in whole shear rate from image scanning U-tube viscometer
using  power  law,  Casson  model  and  rotating  viscometer.
Results from rotating viscometer and Casson model were in
good agreement. While results from power law and rotating
viscometer  was  not,  but  they  had  the  same  trend.  This
rotating viscometer can only measure viscosity at high shear
rate  and  measure  only  a  value  at  a  time.  So,  the  rotating
viscometer has a limit as blood will coagulate after having
been taken out from artery for more than three minutes.

Blood viscosity in the whole of shear rate is important
for using the analysis of blood flow in the carotid artery. The
results  show  the  stress  and  the  chance  of  plaque  rupture
(Pratumwal et al., 2014). The result is used to diagnose the
patients with atherosclerosis.

Studying  the  model  of  this  non-Newtonian  fluid
showed  the  behavior  of  blood  flow.  Three  models  were
selected to simulate the flow in U-tube. So, there were three
simulations  according  to  the  three  models.  Firstly,  results
from power law model are shown in Figure 4, as the power
law constant was derived from a following equation.

1nm    (15)
Secondly, the graph in Figure 6 was calculated from

the  Casson  model.  The  curve  was  fitted  with  the  Casson
model equation as follows.

y K





 
 (16)

where K  is a viscosity consistency. Thirdly, the curve from
the  Casson  model  in  Figure  6  was  fitted  by  the  Carreau-
Yasuda model equation as below.
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where a is Yasuda exponent, n is power law index,  is time
constant, 0  is viscosity at zero shear rate and   is viscosity
at infinite shear rate.

The  viscosity  from  U-tube  testing  was  applied  to
analyze blood flow in the U-tube by the three models. The

Figure 4. Relationship between viscosity and shear rate of blood
from power law model.

Figure 5.  Velocity according to    thth 21  .

Figure 6. Relationship between viscosity and blood shear rate from
Casson model.

Figure 7. Viscosity and shear rate of blood using power law, Casson
model and rotating viscometer.
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simulated  conditions  started  from  different  blood  levels
(Figure 8) and then let blood flow under gravity. The flow
simulation had transient problem from multiphase flow with
blood  and  the  air.  The  analysis  used  ANSYS  CFX  V.14.
Results from these three models would be compared with
the  actual  measurement  from  the  image  scanning  U-tube
viscometer.

Figure 9 compares the height of h1 according to time of
the blood flow under gravity from realistic condition, power
law, Casson and Carreau Yasuda. It showed that the most
precise results were from Carreau Yasuda model. With the
information, Carreau Yasuda model could be the most suitable
model for blood flow analysis (Gijsen et al., 1999) and (Chen
et al., 2006).

Figure 8.  Blood level at started and the end of an experiment.

4. Conclusions

This research aims to develop a technique to measure
a  non-Newtonian  blood  viscosity  by  capturing  the  change
of blood level in U-tube using image processing. Firstly, the
relationship between viscosity and shear rate from the power
law  and  Casson  model  were  measured  and  compared  to
rotating viscometer. As a result, the Casson model was the
closest to the results from the RV because Casson model could
illustrate the behavior of blood which is a non-Newtonian
fluid  with  yield  stress  as  a  result  of  poor  red  blood  cells
arrangement.

Secondly, the simulation of blood flow in the U-tube
is analyzed. The results from the Carreau Yasuda model were
the closet to the results from the image processing. For future
work, we should measure the blood viscosity and the geo-
metry  of  carotid  bifurcation  from  MRI  of  stroke  patients.
This information is used to calculated blood flow in carotid
bifurcation to predict the chance of plaque rupture in patients.
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