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We report a simple, inexpensive and user-friendly capillary viscometer based on the measurement of
pressure drop in capillary tubing using the principle of ideal gas law. Viscosity is an important physical
property of a fluid that provides molecular information of the fluid's behavior under flow conditions.
Measuring viscosity, however, generally requires relatively large fluid volume samples and is expensive
with commercial viscometers. Microfluidic viscometers at different levels of complexity can measure
fluids at different flow rates with a small sample volume but the cost of commercially available
microfluidic viscometers is still high. The reported capillary viscometer is cost-effective, uses small
amounts of sample fluid and can measure viscosity under various shear rates. According to the Hagen—
Poiseuille equation, the pressure drop of laminar flows in a capillary at a given flow rate is proportional to
the viscosity of the fluid. When an enclosed air volume is connected to the upstream of the capillary, the
pressure drop can be calculated with the change of the connected air volume, which is reflected by the
displacement change of the air-liquid interface in the connecting capillary to the enclosed air volume.
Based on these principles, the viscometer was assembled with readily accessible materials, and required
no internal sensors or extensive programming. Measurements were successfully performed for five
liquids including water, acetone, 2% fat milk, glycerin 30% and glycerin 40%. Except for acetone, the

difference between measured and known viscosity was within 4% and highly consistent, well within the
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Accepted 21st August 2018 13% uncertainty errors of readily accessible laboratory materials. Overall, the simple viscometer was
easily assembled with low cost materials, was portable and accurate, and provided an alternative to

DOI: 10.1035/c8ra06006a expensive commercial viscometers. Finally, the simple capillary viscometer was a good outreach project

rsc.li/rsc-advances for K-12 students to understand fluid behavior.
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Introduction

Viscosity is an important physical property of a fluid that
provides information about molecular interactions of the fluid's
behavior under flow conditions. For any application requiring
a fluid to perform a task, it is imperative to know the viscosity of
the fluid. Technically, viscosity is a measure of its resistance to
gradual deformation by shear stress which is colloquially called
the “thickness” of a substance. The resistance of fluids in
response to the increase of shear stress is constant for New-
tonian fluids such as water or is shear thickening or thinning
for non-Newtonian fluids such as whole blood. Viscosity
measurement of Newtonian fluids is less complex compared to
non-Newtonian fluids for which viscosity should be measured
under various shear rates.

Conventional viscosity measurements are generally per-
formed with well-established viscometers including:** (1) tube-
type capillary or orifice viscometers that measure the time to
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discharge the sample fluid through a section of capillary or
orifice structure, (2) falling-body viscometers that measure the
time for a sphere ball or a needle to fall through a sample fluid,
(3) oscillating or vibrational viscometers that measure the
movement of a oscillator or damping of a resonator immersed
in sample fluid, and (4) rotational viscometers that measure the
drag torque of a rotating cylinder or cone disk spinning in
sample fluid at a variable speed. The first two types of viscom-
eters measure the timing of the fluid or a falling object generally
driven by gravity and sometimes by external force, therefore
often measure viscosity under one flow condition. The latter two
types of viscometers generally can measure the viscosity
proportional to driving forces at various shear rate conditions. A
decent tube-type or falling body viscometer costs hundreds of
dollars and takes at least 5 mL of sample fluids, while the
rotational viscometer costs more but can use less sample
volume. Modern viscometers are digital and able to measure
viscosity at different shear rates, which often cost more.

With the advancement of microfluidics, sample volume
consumption can be substantially lower by using rheology-on-a-
chip (ROC) technologies for viscosity measurement, which has
other advantages over conventional viscometers such as
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minimizing inertial effects and measurement time, providing
direct visualization and the potential for portability.>® One
example is the viscometer/rheometer-on-a-chip (VROC®)
developed by RheoSense, which embeds sensors within
a microchannel that reads the pressure drop as a test liquid
flows through.” The VROC device measures sample as low as 20
uL with 2% accuracy, but its cost is above ten thousand US
dollars. Other microfluidic viscometers in literature provide
cheaper solutions and generally use some form of comparator
to measure viscosity of an unknown fluid with a reference fluid
of known properties by observing their interactions within the
comparator. The difference in devices comes from the
complexity of the comparators, which can be a single micro-
channel comparator,® a comparator with a flexible membrane in
a microchannel,” a comparator composed of 100 micro-
channels, or the comparison of flow distance between sample
and reference liquid in microchannels activated by a degassed
poly(dimethylsiloxane) space. A more sophisticated device used
at oil sites is a vibrating wire viscometer built for high pressure
and high temperature conditions that would be experienced
deep in earth." Thorough reviews of microfluidic viscometers
are provided in recent literatures,'> which summarizes different
types of microfluidic viscometer based on the sensing and
measurement of pressure drop,”**** flow rate," surface tension
including but not limited to droplets,'®"” co-flowing steam,®
diffusion,* particle image velocimetry (PIV)" and viscosity
indexer.?® Overall, microfluidic viscometers at different level of
complexities can measure fluids at different flow rates with
a small to medium sample volume. For commercially available
microfluidic viscometer such as VROC®, sample consumption
is minimum, but the cost is still high.

Here, we report a simple capillary viscometer based on the
pressure drop of laminar flow inside capillary tubing measured
with the ideal gas law principle. It is the first that, to the best of
our knowledge, ideal gas law was applied for viscosity
measurement. The simple capillary viscometer was assembled
with readily accessible materials including simple syringe
pumps, capillary tubing and laboratory syringes, and required
no internal sensors or extensive programming. Less than 1 mL
of each sample fluid was required to measure its viscosity.
Except for the case of volatile acetone, the difference between
the measured and known viscosities was within 4% and highly
consistent. The simple capillary viscometer has served as a good
outreach project for K-12 students to understand and measure
fluid behaviors.

Theory

The schematic setup of the capillary viscometer is shown in
Fig. 1. Syringe #1 containing the sample fluid was mounted on
a syringe pump that pumped the sample fluid at various flow
rates, while syringe #2 containing the enclosed air was fixed on
a syringe pump that did not move during measurement. Three
segments of capillary tubing of known radius, r, were connected
with a Y-connector. Sample fluid in syringe #1 was connected
with the first segment of capillary tubing to the Y-connector,
and pumped through the second segment of capillary with
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Fig.1 Schematic of the capillary viscometer's working principle. Three
segments of capillary tubing of known radius, r, were connected with
a Y-connector. Sample fluid in syringe #1 was connected with the first
segment of capillary tubing to the Y-connector and pumped through
the second segment of capillary with flow (CF) of know distance, L,
while the third segment of capillary under measurement (CM) was
connected to an enclosed volume of air in syringe #2 fixed on
a syringe pump.

flow (CF) of know distance, L, while the third segment of
capillary under measurement (CM) was connected to an
enclosed volume of air in syringe #2 fixed on a syringe pump
that did not move during measurement. Before the test started,
syringe #2 was adjusted on the pump and then fixed so that an
air-liquid interface in CM was maintained and recorded within
the range of the measuring ruler, and the air volume was
recorded. When pump #1 was started, the pressure drop in CF
was reflected by the displacement change of the air-liquid
interface in CM.

The viscosity measurement is based on two well-known
principles: (1) the ideal gas law principle to measure the pres-
sure drop through capillary by measuring the change of air
volume, and (2) the Hagen-Poiseuille flow equation to calculate
the liquid viscosity based on the pressure drop in capillary at
a fixed flowrate. The ideal gas law principle is described as:

PV =nRT (1)

Assuming nRT remains constant for the enclosed air volume
at a constant room temperature, eqn (1) follows the Boyle's
equation where the product of pressure and volume is equal at
both the initial and final states:

PV = (Py+ AP) (Vo — AV) = Pyl (2)

Therefore, pressure drop can now be written:

Vo
AP= Py(—L——1
O(VOfAV ) )

where the initial pressure P, is simply the atmosphere pressure.
Hence, change in air volume allows for the calculation of the
change in pressure. Eqn (3) can be rewritten as a function of air-
fluid interface displacement Alcy = initial — lcompressed i CM:

fe ) ()

AP =P)| —————
0 (VO — ’TCVCMZAICM

where rcy is the inner capillary radius of CM.
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Pressure drop of fluid flow in CF is related to viscosity with
the following Hagen-Poiseuille flow equation:

8uLcrQ

AP = 5
TCVCF4 ( )

where rcr is the capillary radius of CF, the same as that of CM.
Similarly, there is also some pressure drop in the metal Y-
connector branch from the split to the connection to CF.
Therefore, we rewrite eqn (5) as:

8uQ (Laj1 N _4) ©)

T rcF Im

AP =

where Lcy, Ly, are the length of CF and the metal Y connector
branch, respectively, and rcg, 1y, are the inner radii of CF and
the metal Y connector, respectively. Rewriting eqn (6) and
combine with eqn (4), viscosity can be calculated using with the
following equation:

Vo
o TCPO (Vo — ’TCVCMZAICM B 1) (7)
H= LCF L
8o G+ %

Eqn (7) can also be simplified as

C Vo
9 <V0 ~Coblw 1) (8)

and C, = Trey’. By measuring the

m=

'TCPO

I
r'cr Tm
air-fluid interface displacement Al.,, under a set flow rate Q,
the viscosity of the sample fluid can be simply calculated using
eqn (8).

The relative error in the viscosity determined by eqn (8)
arises from the measurement uncertainties of the variables
involved in this equation. The uncertainty of the flow rate, Q, is
given by the syringe pump manufacturer as 1%. The reading
error of the air-liquid interface displacement, Al.,m, is esti-
mated to be about 0.5%. The uncertainty in the determination
of atmospheric pressure P, is 0.5%. The rest of the measure-
ment uncertainty mainly comes from the errors of the readily
accessible materials including the inner diameters of the
capillary tube, rcym and rey, and the metal Y connector, rp,.
While accuracy of these inner diameters was not provided from
manufactures, caliper gauge was used in the lab and the vari-
ations were measured to be about 0.8%. The uncertainty in
length is about 0.5%. The uncertainty in the determination of
the initial gas volume V, is about 1%. Using the familiar error
propagation formula,

where C; =

AC1 APO ALCF ArCF AL A}’m
4 4— = 7.9% 9
Cl Po Lcr * r'cr Lm I'm » O

ACz ArCM
=2——=1.6% 10
Cz rem ’ (10
A/L AC] AQ AV() ACZ A(AICM)

SE_ 2 42270 2x2 ATEM) _ 30, 11
o Cl Q V() Cz AICM ’ ( )
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one finds that the relative error in viscosity determination does
not exceed 13%.

Materials and methods
Materials

Standard BD syringes (Becton, Dickinson and Company) of
1 mL were used to hold the fixed volume of air and the sample
fluid, respectively, as syringe #1 and syringe #2 in Fig. 2. One
Genie Touch syringe pump (Lucca Technologies) and a NE-300
Just Infusion™ Syringe Pump (New Era Pump Systems Inc.)
were used to hold both syringes, which were capped with Luer
couplers (L22, Instech Labs), connected with Tygon microbore
tubing (0.020” ID or the radius 7. is 0.254 mm, Cole Parmer),
and joined with a metal Y connector (22ga, Instech Labs) with
a fixed length, L,,, for the metal branch. The length of the CM
between syringe 2 and the original air-liquid interface mark is
recorded as Ilingea, and the length of the CF connecting the
output of the metal Y connector and the waste reservoir is L.. A
relatively large (3 15/16” width SEOH Plastic) square weight dish
was used as the waste reservoir. The water in the reservoir barely
covered the end of CF, so that the change of hydrostatic pres-
sure because of liquid level variation was minimized, and the
surface tension of potential liquid drop forming at the end of CF
was eliminated. The length from syringe 1 to the metal Y
connector did not affect the overall displacement of the air-
liquid interface. Different length L. were used for the different
fluids. Finally, a measuring tape was used in place of the ruler.
Acetone, glycerin and 2% fat milk were purchase from grocery

Syringe 1
(sample fluid)

Y Connector

]

: % Fluid-gas
X 5 5
LS o2 interface
o0 %
# N Syringe 2 1

A
=¥

Fig. 2 Setup of the simple capillary viscometer that includes two
syringes with Luer couplers on two syringe pumps, three segments of
capillary tubing, a metal Y-connector, a metal ruler and a waste
reservoir.
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store. All Tygon tubing were disposed after use, and the Y
connector were thoroughly rinsed with bleach then DI water for
re-use.

Experimental process

The general experiment started with filling the capillary con-
necting the sample syringe #1 and the Y connector, the Y
connector and the CF by starting the pump #1 while blocking
with finger or tape the branch of Y connector to be connected to
the CM. When the sample fluid was observed coming out to the
waste reservoir, the filling was completed and pump #1 was
stop. Next, one end of the CM was connected to the Y connector
branch that was previously blocked, and a measuring tape was
placed along the CM. By pumping the fluid in syringe #1 slowly,
the air-liquid interface in CM was gently positioned in accor-
dance with the ruler until a satisfied air-liquid interface was
reached. Pump #1 was then stop and the CM was connected to
syringe #2, and the initial position of the air-fluid interface was
recorded. To test that there was no air leakage in the experi-
mental setup, the sample fluid was pumped at a random flow
rate for a few seconds to notice the displacement of the air-
liquid interface and then stop. If the air-liquid interface
returned to within a few mm of the original position, no air
leakage was assumed. The difference of a few mm between the
new and previous positions of the air-liquid interface was
constantly observed presumably due to surface tension in the
tubing. The setup with displacement observation was set for
experiment.

To prove the versatility of this measurement strategy,
different Newtonian fluids were measured: tap water, acetone
(Semiconductor grade, Alliance Chemical), milk 2% fat (Gar-
elick Farms® Dairy Pure®, CVS), glycerin 30% and glycerin 40%
diluted from natural pure vegetable glycerin (Earth's Care, CVS).
The experiments were performed at different time with various
initial conditions such as room temperature and length of CF.
The initial values and fluid information were summarized in
Table 1. For viscosity measurements, the sample fluid was
pumped at a set of flow rates ramping from 0.1 to 1 mL min ™/,
step of 0.1 mL min~". At each flow rate, the air-liquid interface
was dislocated then stop at a new equilibrium position within
tens of seconds to a few minutes. The higher the flow rate, the
bigger change of volume and the longer time it took to reach the
new equilibrium position. It was also found that the bigger the
initial air volume, the more distance the air-liquid interface
moved and the longer the equilibrium time. Displacement was

View Article Online

Paper

recorded if the air-liquid interface went back to the original
position after pump #1 was stop. For better accuracy, each
flowrate was run five times and the displacement was recorded
to provide an average.

Results

The measured displacement Al vs. flow rate for five sample
fluids is shown in Fig. 3A-E. Each data point with its error bar
(standard deviations) was an average of five measurements. The
measurement results clearly show that the displacement
increased almost linearly with the increase of flow rate. It is
worth to note that the maximum displacement at 1 mL min "
flow rate vary from less than 6 mm for least viscous sample fluid
acetone to about 75 mm for most viscous sample fluid 40%
glycerin. Linear fit was then imposed to the data. The linear
trend lines fit the measured displacement points well except for
a few points for the cases of acetone and glycerin 30% in Fig. 3B
and D, correspondingly. The error bars for acetone are larger
than those for other fluids. The data points for glycerin 30%
fluctuated especially within the flow rate range from 0.4 to 0.8
mL min~' presumably due to experimental errors.

The comparison between the experimentally measured and
theoretically calculated displacements based on known viscos-
ities of the sample fluids is shown in Fig. 3F, which also shows
the fluctuation of the displacements at various flow rates. To do
this, the ideal gas law principle was used to calculate the
theoretical displacements based on known viscosities. The
theoretical displacements were calculated by rearranging eqn
(8) to:

VoprQ

Alt:um = A A A~
Ci(nQ+ Ci)

(12)

As shown in Fig. 3F, the difference between measured and
theoretical displacements normalized to the theoretical values
of the case of acetone was generally higher than 10%, it reaches
its peak of near 30% at 0.7 mL min~" and its lowest is lower
than 5% at 0.2 mL min~". While the difference percentage of
water also fluctuated during the first 4 flow rates, it dropped to
around 5% at later flow rates. For other fluids, it remained
below 7.5% throughout all the flow rates.

Next, the viscosities of sample fluids were calculated using
eqn (7) for each of the five measured displacements at each flow
rate and plotted in Fig. 4A. Each data point in Fig. 4A was the
average of five measurements and the error bars shows the

Table 1 Initial values and information provided for the experiment
Known viscosity

Temp. (°C) (107% Pa's) P, (Pa) V; (mm?®) Linitia1 (Mmm) Ly (mm) T'm (Mm) L. (mm) re (mm)
Water 24 °C 0.9107 10 1325 307.1 245 8 0.2023 216 0.254
Acetone 25 °C 0.31
2% fat milk 20 °C 1.6
Glycerin 30% 25 °C 2.5748
Glycerin 40% 26 °C 4.1971 296.0 200 206

30444 | RSC Adv., 2018, 8, 30441-30447
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Fig. 3 Displacement of air—fluid interface corresponding to different flowrates of different fluids including (A) water, (B) acetone, (C) 2% fat milk,
(D) glycerin 30% and (E) glycerin 40%. The difference between measured and calculated displacement (F) is normalized to calculated values. Error
bars represent the standard deviation of 5 measurements. Each data point was the average of five measurements and the error bars shows the

standard deviations.

standard deviations of the five measurements. Known viscosi-
ties of the sample fluids were plotted as the straight lines in
Fig. 4A since the viscosities of the Newtonian sample fluids stay
the same under different shear rates, in this case the flow rates.
The results (Fig. 4A) show that the measured viscosities were
relatively consistent and close to the known viscosities for all
sample fluids. To further quantify the accuracy of our
measurements, the difference between measured and calcu-
lated viscosities for each flow rate were normalized to known
viscosities and plotted in Fig. 4B. The comparison in Fig. 4B
shows similar discrepancy of viscosities with those of
displacements in Fig. 3F, which shows less than 7.5% of
difference between measured and known viscosity for the
measured data except for some data points of water and most
data points of acetone where bigger discrepancy was noted.
The final measured viscosity for each sample fluids was
calculated by taking the average of the calculated viscosities at
different flow rates in Fig. 4A. For water, the final measured
viscosity was 0.901 x 10° Pa s, 4.09% different from known
value of 0.9107 x 102 Pa s at 24 °C. This measurement result is
similar to the accuracy of commercially available viscometers
and demonstrates that the capillary viscometer is reliable. For
acetone, the final measured viscosity is 0.261 x 107> Pa s,
15.73% different from the known value of 0.31 at 25 °C. The big
difference is presumably due to the facts that, although the
PTFE Tygon tubing has excellent compatibility with acetone,*

This journal is © The Royal Society of Chemistry 2018

acetone is a volatile fluid and it is hard to measure over time
while maintaining its original properties. For 2% fat milk, the
measured viscosity is 1.645 x 107> Pa s, 2.79% different from
known value of 1.6 at 20 °C. For 30% glycerin and 40% glycerin,
the measured viscosities are 2.522 x 10~ ° Pa s and 4.079 x 10 °
Pa s, respectively, which are 2.04% and 2.82% different from
known values of 2.575 x 107> Pa s and 4.197 x 10> Pa s,
respectively. Fig. 4C shows the normalized difference of the
measured to known viscosities of all five sample fluids. These
measurement results fall within the 13% uncertainty as
analyzed in the Theory section except for the case of the volatile
solvent acetone.

Based on the results in Fig. 4, it is concluded that the
capillary viscometer based on ideal gas law can be used to
approximate viscosities of Newtonian liquids with relative high
accuracy (equal or less than 4% error) except for the volatile
solvent acetone. Approximately 5 mL of each sample fluids was
consumed for measurements over the 10 flow rates with 5
measurements at each flow rate to calculate the final viscosity.
With the current setup described in the Materials section,
measurements of a sample liquid at one flow rate in the range of
0.5-1 mL min~" could be used to estimate liquid viscosity of
within 10% accuracy, which would consume less than 1 mL of
sample liquid. The accuracy could be improved to be within 4%
if measurements were to perform at multiple flow rates, which
would consume up to 5 mL of the sample fluid.

RSC Adv., 2018, 8, 30441-30447 | 30445
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Fig. 4 Measured viscosity of five sample fluids. (A) Comparison of calculated (dots) and known (lines) viscosity of different fluids at various flow
rates. (B) Normalized difference between measured and known viscosity. (C) Overall difference of the measured and know viscosity normalized
to known values. Each data point in (A) was the average of five measurements and the error bars shows the standard deviations.

Discussion

It is worthwhile to mention that the volume consumption of
sample fluid could potentially be further decreased if capillary
of smaller diameter is used. The ideal gas law principle for
pressure measurement was found to able to measure pressure
drop of 500-5000 Pa within 2% accuracy, which corresponds to
about 0.5-5% change of the enclosed air volume. According to
the Hagen-Poiseuille flow eqn (5), 1/16 of the original flow rate
is needed to generate the same amount of pressure drop if the
capillary diameter is half of the original size. Therefore, only 1/
16 of the original sample liquid volume would be needed. Tygon
microbore capillary tubing with ID size 0.010” is commercially
available (Cole Parmer) to replace the capillary with ID size
0.020” used in the current study, which could potentially
decrease 10 times the sample consumption of current study.
The viscosity measurement method can be extended to measure
non-Newtonian fluids as well by varying the flow rate with
a syringe pump and referring to the Hagen-Poiseuille velocity
profile of non-Newtonian fluids available in literature.**
There are a few considerations for future usage of this
capillary viscometer. First, attention should be given to set the
size of the initial air volume. To minimize the travel time of the

30446 | RSC Adv., 2018, 8, 30441-30447

air-liquid interface before the new equilibrium to within tens of
seconds or a minute, the displacement distance in capillary
tubing should be ideally within 50 mm, which corresponds to
around 10 pL of air volume change for capillary tubing with ID
of 0.020”, and 5% change of air volume for initial air volume of
0.2 mL. Second, liquid viscosity is sensitive to temperature,
most commercial viscometers have an accurate temperature
control as a built-in part of the viscometer. The current
measurements were limited to the room temperature using the
simple capillary setup. Temperature control could be added by
using temperature bath or modulating the room temperature to
increase measurement accuracy.

Furthermore, syringe #2 and syringe pump #2 can also be
simply replaced with one long segment of capillary tubing with
a metal plug. For example, for the 0.020” ID Tygon tubing (Cole
Parmer), a 22ga stainless steel catheter plug (SP22/12, Instech
Labs) can be used. This simple replacement of syringe and Luer
coupler with metal plug could further minimize the potential
air leakage within the syringe and between the Luer coupler and
syringe. To observe 50 mm of air-liquid interface displacement,
a segment of capillary tubing of 1 m is sufficient to accommo-
date 5% change of the air volume. The cost to assemble the
simple capillary viscometer is only a few hundred dollars, which

This journal is © The Royal Society of Chemistry 2018
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includes one NE-300 Just Infusion™ Syringe Pump, a Y-
connector, a metal plug, two syringes with Luer couplers and
a roll of capillary tubing.

Finally, this simple capillary viscometer and the pressure
measurement with ideal gas law has served as a good outreach
project for three sophomore high school students, two from the
Thomas Jefferson High School of Science and Technology and
one from the Dematha Catholic High School around the
Washington DC area. The students worked in the lab as
summer interns, and performed pressure or viscosity
measurement of biopolymer solutions (results not shown). The
students were most excited in directly connecting the ideal gas
law they learned in high school classrooms with the under-
standing and measurement of fluid behaviors using an appa-
ratus assembled with simple lab materials.

Conclusions

We demonstrated a capillary viscometer that simply calculates
liquid viscosity with the Hagen-Poiseuille flow equation by
measuring the pressure drop inside capillary tubing using the
ideal gas law principle. Except for the case of volatile acetone,
the viscometer was verified with sample fluids (water, acetone,
milk, glycerin 30% and 40%) within 4% accuracy, well within
the uncertainty errors of readily accessible laboratory materials.
Measurement can also be explored for non-Newtonian fluids as
it is easy to vary flow rate.> The capillary viscometer is a simple
alternative to expensive viscometer in that it can be simply
configured with simple lab materials, requires a small liquid
sample, is cost effective, and is able to measure viscosity at
various shear rates. Finally, the simple capillary viscometer was
a good outreach project for K-12 students in connecting the
ideal gas law the students learned in class with the measure-
ment of fluid behaviors.
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