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SINGLE CAPILLARY TUBE VISCOMETER
SPECIFICATION
FIELD OF INVENTION

This invention relates generally to the field of measuring the viscosity of liquids,

and more particularly, to a method of isolating the surface tension and yield stress
effects when determining the viscosity of a liquid using a single scanning capillary tube
viscometer.

BACKGROUND OF THE INVENTION

As disclosed in A.S.N. 09/708,137, the effects of surface tension and yield
stress can be isolated in the viscosity determination of a test fiuid that is flowing
through a scanning capillary tube viscometer. In particular, the scanning capillary tube
viscometer disclosed therein basically comprises a U-shaped tube where one portion
of the U-shaped tube is formed by a capillary tube. One leg of the U-shaped tube
supports a falling column of fluid and the other leg supports a rising column of fluid
Furthermore, movement of either one or both of these columns is monitored, hence
the term “scanning.” It should be understood that the term “scanning,” as used in this
Specification, also includes the detection of the change in mass (e.g., weight) in the
column of fluid. Thus, all manners of detecting the change in the column mass,
volume, height, etc. is covered by the term “scanning.”

As also discussed in A.S.N. 09/708,137, in order to measure liquid viscosity
using that U-shaped scanning capillary tube viscometer, the pressure drop across the
capillary tube has to be precisely estimated from the height difference between the t\A{o
fluid columns in the respective legs of the U-shaped tube. However, under normal
circumstances, the height difference, Ah(f), contains the effects of surface tension and

yield stress. Therefore, the contributions of the surface tension (Ah) and yield stress

(7,)to Ah(t), have to be taken into account, or isolated; using a U-shaped scanning

capillary tube viscometer, Ah(f) is equal to hy(f) - hy(1).

In addition, in the U-shaped scanning capillary tube viscometer of A.S.N.
09/708,137, the capillary tube remains completely filled with the test fluid during the
test run such that the gas-liquid interface of the falling column never passes through
the capillary tube. However, there remains a need for accounting for, or isolating, the
surface tension and yield stress in viscosity measurements when using a scanning
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capillary tube viscometer wherein the viscometer comprises a single capillary tube and
wherein the test fluid in the single capillary tube is continuously decreasing during the
test run such that the gas-liquid interface of the falling column passes through the
capillary tube.
SUMMARY OF THE INVENTION

An apparatus for detecting the movement of a fluid at plural shear rates using
a decreasing pressure differential. The apparatus comprises: a capillary tube having
a first end and a second end, wherein the capillary tube has a sample of the fluid
therein and wherein the capillary tube is positioned at an angle greater than zero
degrees with respect to a horizontal reference position; the second end is arranged to
minimize surface tension effects thereat; a sensor for detecting the movement of the
sample of fluid over time (e.g., a column level detector, a mass detector, etc.) while the
sample of fluid moves through the capillary tube; the first end is exposed to
atmospheric pressure creating a pressure differential between the first end and the
second end, wherein the sample of fluid moves through the capillary tube at a first
shear rate caused by the pressure differential, and wherein the movement of the
sample of fluid causes the pressure differential to decrease from the first shear rate for
generating the plural shear rates.

An apparatus for determining the viscosity of a non-Newtonian fluid over plural
shear rates using a decreasing pressure differential. The apparatus comprises: a
capillary tube having a first end and a second end, wherein the capillary tube has a
sample of the fluid therein and wherein the capillary tube is positioned at an angle
greater than zero degrees with respect to a horizontal reference position; the second
end being arranged to minimize surface tension effects thereat; a sensor for detecting
the movement of the sample of fluid over time (e.g., a column level detector, a mass
detector, etc.) while the sample of fluid moves through the capillary tube; the first end
being exposed to atmospheric pressure creating a pressure differential between the
first end and the second end, wherein the sample of fluid moves through the capillary
tube at a first shear rate caused by the pressure differential, wherein the movement
of the sample of fluid causes the pressure differential to decrease from the first shear
rate for generating the plural shear rates, and wherein the sensor generates data
relating to the movement of the sample of fluid over time; a computer, coupled to the
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sensor, for calculating the viscosity of the sample of fluid based on the data relating
to the movement of the sample of fluid over time; and wherein the sample of fluid
comprises a trailing edge forming a gas-fluid interface and wherein any surface tension
present at the gas-fluid interface is considered constant overtime. A method for
detecting the movement of a fluid at plural shear rates using a decreasing pressure
differential. The method comprises: disposing a capillary tube having an upperfirstend
and a lower second end, at angle greater than zero with respect to a horizontal
reference position; arranging the lower second end of the capillary tube to minimize
surface tension effects thereat; entering the fluid into the first end of the capillary tube
to create a sample of fluid in the capillary tube and then closing the upper end of the
capillary tube from atmospheric pressure to maintain the sample of fluid therein;
exposing the first end to atmospheric pressure to create a pressure differential
between the first end and the second end, wherein the sample of fluid moves through
the capillary tube at a first shear rate caused by the pressure differential, wherein the
movement of the sample of fluid causes the pressure differential to decrease from the
first shear rate for generating the plural shear rates; and activating a sensor, positioned
adjacent to the capillary tube, for detecting the movement of the sample of fluid
through the capillary tube.

A method for determining the viscosity of a non-Newtonian fluid over plural
shearrates using a decreasing pressure differential. The method comprises: disposing
a capillary tube having an upper first end and a lower second end, at angle greater
than zero with respect to a horizontal reference position; arranging the lower second
end of the capillary tube to minimize surface tension effects thereat; entering the fluid
into the first end of the capillary tube to create a sample of fluid in the capillary tube
and then closing the upper end of the capillary tube from atmospheric pressure to
maintain the sample of fluid therein; exposing the first end to atmospheric pressure to
create a pressure differential between the first end and the second end, wherein the
sample of fluid moves through the capillary tube at a first shear rate caused by the
pressure differential, wherein the movement of the sample of fluid causes the pressure
differential to decrease from the first shear rate for generating the plural shear rates;
activating a sensor for detecting the movement of the sample of fluid through the

capillary tube and generating data related to the movement of the sample of fluid over
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time; and calculating the viscosity of the sample of fluid based on the data relating to "
the movement of the sample of fluid over time while assuming that any surface tension
present at a trailing edge of the sample of fluid, which forms a gas-fluid interface, is
constant over time.

An apparatus for determining the viscosity of the circulating blood of a living
being over plural shear rates using a decreasing pressure differential. The apparatus
comprises: a portable unit comprising a capillary tube therein, wherein the capillary
tube has an upper first end and a lower second end, and wherein the capillary tube is
arranged to obtain a portion of the circulating blood of the living being through the
second end; and an analyzer unit for immediately receiving the capillary tube
containing the portion of the circulating blood; the analyzer comprises: a capiliary tube
support for positioning the capillary tube in the analyzer unit at an angle greater than
zero degrees with respect to a horizontal reference position; means for exposing the
upper first end to atmospheric pressure to create a pressure differential between the
first end and the second end, wherein the blood in the capillary tube moves through
the capillary tube at a first shear rate caused by the pressure differential, and wherein
the movement of the blood causes the pressure differential to decrease from the first
shear rate for generating the plural shear rates; a collector under which the second end
is placed for receiving blood that flows out of the capillary tube, wherein the second
end is arranged for minimizing surface tension effects thereat; a sensor for detecting
the movement (e.g., a column level detector, a mass detector, etc.) of the blood in the
capillary tube over time for generating data related to the movement over time; a
computer, coupled to the sensor, for calculating the viscosity of the blood based on the
data related to the movement over time; and wherein the pbrtion of the circulating
blood in the capillary tube comprises a trailing edge forming a gas-fluid interface and
wherein any surface tension present at the gas-fluid interface is considered constant
over time.

A method for determining the viscosity of the circulating blood of a living being
over plural shear rates using a decreasing pressure differential. The method
comprises: providing access to the blood of a living being; exposing a lower end of a
capillary tube to the blood of the living being to allow the blood to substantially fill the

capillary tube toward an upper end; closing off the upper end to atmospheric pressure
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to maintain the blood in the capillary tube; positioning the substantiall'y-filled capillary
tube at angle greater than zero with respect to a horizontal reference position;
arranging the lower end of the capillary tube to minimize surface tension effects
thereat; exposing the upper end to atmospheric pressure to create a pressure
differential between the first end and the second end, wherein the blood moves
through the capillary tube at a first shear rate caused by the pressure differential,
wherein the movement of the blood causes the pressure differential to decrease from
the first shear rate for generating the plural shear rates; activating a sensor for
detecting the movement of the blood through the capillary tube and generating data
related to the movement of the blood over time; and calculating the viscosity of the
blood based on the data relating to the movement of the blood over time while
assuming that any surface tension present at a trailing edge of blood, which forms a
gas-fluid interface, is constant over time.
DESCRIPTION OF THE DRAWINGS

The invention of this present application will be readily appreciated as the same
becomes better understood by reference to the following detailed description when
considered in connection with the accompanying drawings wherein:

Fig. 1 is a functional diagram of a test fluid flowing in a single capillary tube
viscometer (SCTV) having a capillary tube and with a column level detector for
monitoring the movement of the test fluid;

Fig. 2 is an enlarged view of a prior art capillary tube that forms a meniscus
under normal conditions;

Fig. 3 is an enlarged view of the portion identified in Fig. 1 showing the
projection that prevents the meniscus from forming at the bottom of the capillary tube;

Fig. 4 is an isometric view of a preferred fluid collector used in the SCTV,;

Fig. 5 is a graphical representation of the height of the column of test over time
in the capillary tube;

Fig. 6 is a graphical representation of the height of the column of the test fluid
in the capillary tube over time that exhibits yield stress;

Fig. 7 is a functional diagram of the SCTV of Fig. 1 but using a different method
of minimizing surface tension effects by submerging the output of the capillary tube;
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Fig. 8 is an isometric view, in partial cut-a-away, of a blood viscosity determining
apparatus that uses the SCTV;

Fig. 9 is an enlarged side view of a hand-held portion of the blood viscosity
determining apparatus using the SCTV,;

Figs. 10A-10B depict the procedure for obtaining blood from a living being using
the hand-held portion of the blood viscosity determining apparatus; and

Fig. 11 is an isometric view of the capillary tube used in the blood viscosity
determining apparatus.

DESCRIPTION OF THE PREFERRED EMBODIMENT OF THE INVENTION

Referring now in detail to the various figures of the drawing wherein like
reference characters refer to like parts, there is shown at 20 in Fig. 1, a single capillary
tube viscometer (SCTV)that basically comprises a capillary tube 22 that is positioned
at an angle greater than zero degrees with respect to a horizontal reference position
24 (e.g., the capillary tube 22 is oriented in a vertical or leaning position). The upper
end 26 of the capillary tube 22 is exposed to atmospheric pressure and the second -
end 28 of the capillary tube 22 is positioned closely adjacent a receiving device 30 (a
collector, cup, etc.). A detector 32 monitors the position over time of a column of fluid
34 that is formed in the capillary tube 22; although this detector can monitor either the
rise of the column of fluid 34 in the capillary tube 22 or the fall of the column of fluid 34,
the preferred method is to detect the column of fluid 34 as it falls.

The detector 32 may comprise a column level detector for detecting the
movement (e.g., the height, h,(t)) of the column of fluid 34 in the capillary tube 22, such
as a charge-coupled device (CCD). The details of such types of detectors are
disclosed in A.S.N. 09/439,745 and A.S.N. 09/573,267, both of which are assigned to
the same Assignee as the present invention, namely Visco Technologies, Inc., and,
therefore, the details of these detectors are not repeated here. Furthermore, although
not shown in Fig. 1, but disclosed in these other applications, the detector 32
communicates with a computer for processing the data collected by the detector 32.

It should be understood that the column level detectoris by way of example only
and that a variety of sensors could be used for the detector 32. Another examiple of
such a detector is a mass detector (e.g., a precision balance or load cell) upon which

the receiving device 30 is placed. Thus, instead of having a level detector closely
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adjacent the capillary tube 22, the mass detector would detect the changing mass over
time as the fluid flows out of the capillary tube 22 and into the receiving device 30. The
mass detector generates data regarding the movement of the fluid through the capillary
tube, e.g., the mass detector would transmit data related to the changing mass, m(t),
to the computer. Thus, instead of a height vs. time curve (Figs. 5 and 6), a
corresponding mass vs. time curve could be generated from such data; and from that
mass vs. time data, the viscosity of the fluid can be determined.

In addition, the lower end 28 of the capillary tube 22 is juxtaposed to an
upperwardly facing projection 36. This projection 36 may reside in the receiving device
30. The purpose of the projection 36 is to prevent the surface tension effect that
normally would occur when the lumen containing the fluid is open (see Fig. 2). In
particular, as shown in Fig. 3, the projection 36 separates the lower level of the falling
column of fluid 34, thereby preventing this lower level from forming a meniscus 38 (Fig.
2) as would normally occur at the opening of the capillary tube 22.

The receiving device 30, as shown most clearly in Fig. 4, basically comprises
an inner circular wall 35 that divides the collector into a central portion 31 and an
annular portion 39. The central portion 31 comprises the projection 36 over which is
positioned the lower end 28 of the capillary tube 22. As the fluid fills the collector 30,
the fluid 34 can spill over the top of the inner circular wall 35 and into the annular
portion 39.

Unlike the U-shaped scanning capillary viscometer of A.S.N. 09/708,137 where
the test fluid completely fills the capillary tube 22 during the test run, the present
invention comprises a capillary tube 22 that is initially filled but is increasingly
evacuated during the test run such that the gas-liquid interface of the falling column 34
passes through most of the capillary tube 22. As a result, this effectively can be
modeled as a capillary tube whose length is continuously decreasing with time, i.e.,
L(t).

The operation of the invention 20 of the present application also begins with the
conservation of energy equation, in terms of pressure, as set forth in A.S.N.
09/708,137, except that: it is assumed that the surface tension (ST) at point 1 (Fig. 1)
is independent of time, t, through the capillary tube 22 and activated in the opposite
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direction of gravitational force, and that there is no effect of surface tension at point 2
since the point 2 is far from point 1 that is affected by surface tension:

1 ) | B
B35 P+ pgh(d)= B+ = oV + pghy(6)+ AR() + pghhy, (1)
where:

P, = P, = hydro-static pressures at points 1 and 2 respectively and which equal a
constant;

L =density of the test fluid;

g = gravitational acceleration;

V=V, =flow velocities at points 1 and 2 respectively, and which equal a constant;
h,(t) = the height of the column of fluid in the capillary tube 22;

h,(t) = the height of the column of fluid at point 2 = 0;

AP (t) = the pressure drop across the capillary tube 22; and

Ahgy, = the contribution of Ah, resulting in the additional height difference due to
surface

tension in the capillary tube 22.

As a result of the above assumptions and definitions, Equation (1) reduces to:

AP(2) = pg(m(D) - ARy,), @)

where A#,, = constant.

Where no surface tension and no yield stress, 7, 0CCuUrs, the falling column 34

of test fluid would have a height vs. time characteristic as shown in Fig. 5. However,
in actuality, as shown in Fig. 6, where as time goes to infinity a constant separation
between the level of the test fluid column and the reference level, h,, occurs and is

known as known as Ah_ which can be attributed to surface tension Ah and/or yield

stress T,-

If the test fluid experiences yield stress, Ty, there is a relationship between (5

and the pressure drop across the capillary tube 22 that can be expressed using a
model, e.g., a Casson model or a Herschel-Bulkley model, wherein this expression is
defined as:



WO 03/008936 PCT/US02/22732

_— AP(:(OO)RC
= 2L, () (3).

where,

AP () = the pressure drop across the capillary tube 22 at the end of the test run; and
R. = capillary tube 22 radius; and

L.() = that portion of the capillary tube 22 length that contains the test fluid at the end
of

the test run.

Depending on whether the test fluid experiences yield stress or not, L (~) has
a certain value due to the surface tension. If the test fluid does not experience yield
stress, then AP(~) = 0, i.e., h,(=) = Ahg; if, on the other hand, the test fluid does
experience yield stress, then h,(~) > Ahg, i.e., AP (=) = non-zero value.

If the height of the column of fluid 34, h,(t) is defined in terms of the number of
pixels of the detector 32, then the following pixel values can be assigned by way of
example only:

The height of the column of fluid 34 at point 1 = pixel #4500;
The height of the reference level h, (at point 2)= pixel #500; and
The initial height of the column of fluid = pixel #5000.

It should be understood that using the detector 32, there can be at'least 10,000 data
points obtained for h,(t). With so many data points, the following equation for the

velocity of the column of fluid in the capillary tube 22, namely, I7c using a Casson

model, for example, can be solved for a number of unknowns:

1 1

e ) S (B ) A3 ()

C c c

where:
AR(0) = pe(h(1)- ARy): ()
Le(t)= hy(t) - hy (6); and
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. _AR(=)-R, _ pg(h(»)-h,-Ah,)-R,
Y 2L(w) 2((w) - 7,)

Using a curve-fitting method (e.g., the Microsoft Excel Solver), Equation (4) can then

be solved for the 3 unknowns k, Ah,, and 7,; in fact, Equation (4) can also be solved

for R, the radius of the capillary tube 22; alternatively, it should be understood that the
value of R could also be obtained directly from the manufacturer of the capillary tube
22 without the need to solve Equation (4) for that value. The k value is known as a
consistency index and it is used in capillary viscometry.

With k, Ahg,, 2';,, and R, obtained, and since h,(-) is also determined by the

detector 32, these values can be entered into the following equations for ¥, the shear

rate at the wall of the capillary tube 22, and for 7, the shear stress at the wall of the

capillary tube 22:

.1 [RAP, RCAPC(OO)]2 -

= e W2 "\ 2L()
_RAPR() 8

“=rh @

Once the shear rate and the shear stress are known, the test fluid viscosity, 77,

can then be determined according to the following equation:

=== (9).
=5 (9)

10
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One exemplary application of the SCTV 20 is in determining the viscosity of the
blood of a living being.

In Fig. 8, there is shown a blood viscosity determining apparatus 120 that uses
the SCTV 20. The apparatus 120 comprises a hand-held portion 122 and an analyzer
portion 124. The hand-held portion 122 initially contains the capillary tube 22 and
permits blood to be withdrawn from the living being and into the capillary tube 22. The
hand-held portion 122 is then immediately interfaced with the analyzer portion 124 and
the filled capillary tube 22 is released into the analyzer portion 124. With the filled
capillary tube 22 inserted into the analyzer portion 124, the SCTV 20 is formed and the
blood viscosity analysis begins immediately.

In particular, the hand-held portion (Fig. 9) comprises a body 126 that may be
ergonomically contoured to facilitate handling by a technician. The body 126 includes
an internal passageway 128 into which a substantial portion of the capillary tube 22 is
inserted at the factory; only a small portion 129 of the capillary tube 22 projects out of
the base 130 of the hand-held portion 124. To insert the capillary tube 22, & release
button 132 at the top of the hand-held portion 124 is depressed. This action spreads
a pair of clamp surfaces 134A and 134B that open the passageway 128 and permits
insertion of the capillary tube 22. Upon releasing the release buiton 132, the capillary
tube 22 is secured in the hand-held portion 124.

The hand-held portion 124 also includes a window 134 through which the
technician can view the level of blood as it rises (as will be discussed later) towards the
top end138 of the capillary tube 22. When the technician sees the blood level in the
window 134, the technician depress a plug button 140 which inserts a plug (not shown)
into the top end 138 which is open. This stops the entry of any more blood into the
capillary tube 22 and the filled capillary tube 22 is now ready for insertion into the
analyzer portion 124.

The analyzer portion 124 comprises a housing 142 that contains the column
level detector 32, the receiving device 30 and a capillary tube support 144 (having an
upper support arm 144A and a lower support arm 144B); the computer and any
supporting electronics, power supplies for the detector 32 may also be contained within
the housing 142 although it is not required. The housing also comprises a door 146
for providing access to the capillary tube 22 and receiving device 30 to allow these

11
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items to be discarded and a new receivihg device 30 to be inserted in preparation for
a new viscosity test run.  The analyzer portion 124 also comprises a drop hole 148
through which the capillary tube 22 passes when released from the hand-held portion
122, as shown in Fig. 8.

A start button 150 is activated by the technician once the capillary tube 22 is
installed in the analyzer portion 124. Depressing this start button 150 basically does
two things: firstly, it removes the upper portion 152 (Fig. 11) of the capillary tube 22
that contains the plug (not shown); a score line 154 is created in the capillary tube 22
at the factory before it is inserted into the hand-held portion 122. When the start
button 150 of the analyzer 124 is depressed, a force is applied to the upper portion 152
of the capillary tube 22, thereby causing the upper portion 152 to separate from the
remainder of the capillary tube 22 containing the blood. This action exposes the new
upper end of the capillary tube 22 to atmosphere and thereby allowing the column of
blood 34 therein to fall towards the receiving device 30. Secondly, depressing the
button 150 also initiates the column level detector 32 to monitor the falling column of
blood 34 over time to begin the SCTV viscosity analysis described earlier. A read-out
display 154 provides the technician with all of the viscosity-related data. Thus, the
analysis used to determine the blood viscosity is in accordance with the previous
discussion for the SCTV 20.

Although not shown, the removal of the upper portion 152 may be accomplished
by having a support arm, similar to the support arms 144A/144B, that engages the
upper portion 152 and applies slight pressure to separate it from the remainder of the
capillary tube 22 at the score line 154. Once separated, this upper portion 152 is
retained by the support arm and is removed at the end of the test by the technician
when he/she is removing the capillary tube 22 and receiving device 30.

Once the test run is complete, the capillary tube 22 is removed, along with the
receiving device 30 and properly and safely discarded. A new receiving device 30 is
placed therein in preparation for the next viscosity test run.

Figs. 10A-10B depict the sequence for obtaining the blood from a living being.
For example, a sufficient amount of blood from a human being can be obtained by first
pricking the finger 10 of the individual with a lancet 12 (Fig. 10A) and then positioning
the open, exposed end 129 of the capillary tube 22 onto the blood 14 that emanates

12
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from the blood vessel (Fig. 10B). The blood 14 wicks up into the capillary tube 22. As
it does, the technician watches the window 134 and when he/she sees the blood level
in the window 134, he/she depresses the plug button 140. The process continues as
discussed earlier.

Without further elaboration, the foregoing will so fully illustrate our invention that

others may, by applying current or future knowledge, readily adopt the same for use
under various conditions of service.

13
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CLAIMS

1. An apparatus for detecting the movement of a fluid at plural shear rates using
a decreasing pressure differential, said apparatus comprising:

a capillary tube having a first end and a second end, said capillary

tube having a sample of the fluid therein and wherein said capillary tube

is positioned at an angle greater than zero degrees with respect to a

horizontal reference position;

said second end being arranged to minimize surface tension
effects thereat;

a sensor for detecting the movement of said sample of fluid over
time while said sample of fluid moves through said capillary tube;

said first end being exposed to atmospheric pressure creating a
pressure differential between said first end and said second end, said
sample of fluid moving through said capillary tube at a first shear rate
caused by said pressure differential, said movement of said sample of

fluid causing said pressure differential to decrease from said first shear

rate for generating said plural shear rates.

2. The apparatus of Claim 1 further comprising a fluid collector positioned under
said second end and wherein said fluid collector comprises a projection that is closely
positioned to said second end, said projection separating said sample of fluid as it
passes through said second end to minimize surface tension effects.

3. The apparatus of Claim 1 wherein said capillary tube is positioned vertically
with respect to said horizontal reference position.

4. The apparatus of Claim 1 wherein the fluid is a non-Newtonian fluid.

5. The apparatus of Claim 1 wherein said movement of fluid comprises a falling
column of said sample of fluid and wherein said sensor monitors the changirig height
of said falling column of said sample of fluid over time, said height being defined as the
distance between the top of said falling column of said sample of fluid and said
horizontal reference position.

6. The apparatus of Claim 5 wherein said apparatus further comprises a
computer, said computer being coupled to said sensor and wherein said computer

14
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calculates the viscosity of the sample of fluid based on said changing height of said
falling column of said sample of fluid over time.

7. The apparatus of Claim 1 further comprising a fluid collector positioned under
said second end and wherein said second end is submerged in fluid accumulating in
said fluid collector to minimize surface tension effects.

8. An apparatus for determining the viscosity of a non-Newtonian fluid over
plural shear rates using a decreasing pressure differential, said apparatus comprising:

a capillary tube having a first end and a second end, said capillary

tube having a sample of the fluid therein and wherein said capillary tube

is positioned at an angle greater than zero degrees with respect to a

horizontal reference position;

said second end being arranged to minimize surface tension
effects thereat;

a sensor for detecting the movement of said sample of fluid over
time while said sample of fluid moves through said capillary tube;

said first end being exposéd to atmospheric pressure creating a
pressure differential between said first end and said second end, said
sample of fluid moving through said capillary tube at a first shear rate
caused by said pressure differential, said movement of said sample of

fluid causing said pressure differential to decrease from said first shear

rate for generating said plural shear rates, said sensor generating data

relating to the movement of said sample of fluid over time;

a computer, coupled to said sensor, for calculating the viscosity

of the sample of fluid based on said data relating to the movement of the

sample of fluid over time; and

wherein said sample of fluid comprises a trailing edge forming a
gas-fluid interface and wherein any surface tension present at said gas-

fluid interface is considered constant over time.

9. The apparatus of Claim 8 further comprising a fluid collector positioned under
said second end and wherein said fluid collector comprises a projection that is closely
positioned to said second end, said projection separating said sample of fluid as it
passes through said second end to minimize surface tension effects.
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10. The apparatus of Claim 9 wherein said collector comprises:

a container having an inner compartment over which said second
end is disposed; and

an annular compartment surrounding said inner compartment for
forming an overflow chamber.

11. The apparatus of Claim 10 further comprising a fluid collector positioned
under said second end and wherein said second end is submerged in fluid
accumulating in said fluid collector to minimize surface tension effects.

12. The apparatus of Claim 11 wherein said collector comprises:

a container having an inner compartment in which said second
end is disposed; and

an annular compartment surrounding said inner compartment for
forming an overflow chamber.

13. The apparatus of Claim 8 wherein said capillary tube is positioned vertically
with respect to said horizontal reference position.

14. The apparatus of Claim 8 wherein said computer comprises an equation
representing the velocity of said sample of fluid through said capillary tube over time,
said computer using said data relating to the movement of said sample of fluid to solve
said equation to determine shear rate at the wall of said capillary tube.

15. The apparatus of Claim 14 wherein said computer uses said data relating
to the movement of the sample of fluid to determine shear stress at the wall of said
capillary tube.

16. The apparatus of Claim 15 wherein said computer uses said determined
shear rate and said determined shear stress to determine said viscosity the sample of
fluid.

17. The apparatus of Claim 8 wherein said movement of fluid comprises a
falling column of said sample of fluid and wherein said sensor monitors the changing
height of said falling column of said sample of fluid over time, said height being defined
as the distance between said trailing edge of said falling column of said sample of fluid
and said horizontal reference position.

18. The apparatus of Claim 17 wherein said computer represents the pressure

drop across said capillary tube, AP, as given by:
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AP(t) = pg(hl(t)— Ahm),

where
p = the density of the fluid;

g = the gravitational constant;
h,(t) = the height of said falling column;
Ah, = said surface tension present at said gas-fluid interface.

19. The apparatus of Claim 18 wherein said capillary tube has a radius, R, and
an effective length, L(t), said effective length corresponding to said height of said

falling column.
20. The apparatus of 19 wherein said computer represents the yield stress of

said fluid, 7, as:

_AP(»)-R,
by = ZLC(oo) ’

where
AP (=) = said pressure drop across said capillary tube after a long period of time; and
L.(=) = said effective length of said capillary tube after a long period of time.

21. The apparatus of Claim 20 wherein said computer utilizes an equation for

the velocity of said sample of fluid through said capillary tube,_V—c , as:

RZ

) ) )

where K is a consistency index.
22. The apparatus of Claim 21 wherein said computer uses a curve fitting

method to solve said velocity equation for Ahg,, kand 7.

23. The apparatus of Claim 22 wherein said computer calculates the viscosity
of said fluid, 77 , as defined by:
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n=—_——,
Y

where 7,, is the shear stress at the wall of said capillary tube and is defined as:

RAP(2) g
T, =——"""F",
v @) "

where 7, is the shear rate at the wall of said capillary tube and is defined as:
2
R.AP, RAP(w)
2L, (1) 2L (w) | °

24. A method for detecting the movement of a fluid at plural shear rates using

, 1
yw—k

a decreasing pressure differential, said method comprising:

disposing a capillary tube, having an upper first end and a lower
second end, at angle greater than zero with respect to a horizontal
reference position;

arranging said lower second end of said capillary tube to minimize
surface tension effects thereat;

entering the fluid into said first end of said capillary tube to create
a sample of fluid in said capillary tube and then closing said upper end
of said capillary tube from atmospheric pressure to maintain said sample
of fluid therein;

exposing said first end to atmospheric pressure to create a
pressure differential between said first end and said second end, said
sample of fluid moving through said capillary tube at a first shear rate
caused by said pressure differential, said movement of said sample of
fluid causing said pressure differential to decrease from said first shear
rate for generating said plural shear rates; and

activating a sensor, positioned adjacent to said capillary tube, for
detecting the movement of said sample of fluid through said capillary
tube.
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25. The method of Claim 24 wherein said arranging said lower second end of
said capillary tube to minimize surface tension effects thereat comprises positioning
a fluid collector under said second end and positioning an upwardly-directed projection
closely adjacent said second end in said fluid collector.

26. The method of Claim 24 wherein said capillary tube is positioned vertically
with respect to said horizontal reference position.

27. The method of Claim 24 wherein the fluid is a non-Newtonian fluid.

28. The method of Claim 24 wherein said movement of fluid comprises afalling
column of said sample of fluid and wherein said sensor monitors the changing height
of said falling column of said sample of fiuid over time, said height being defined as the
distance between the top of said falling column of said sample of fluid and said
horizontal reference position.

29, The method of Claim 28 wherein said method further comprises calculating
the viscosity of the sample of fluid based on said changing height of said falling column
of said sample of fluid over time.

30. The method of Claim 24 wherein said arranging said lower second end of
said capillary tube to minimize surface tension effects thereat comprises submerging
said second end in fluid accumulating in said fluid collector.

31. Amethod for determining the viscosity of a non-Newtonian fluid over plural
shear rates using a decreasing pressure differential, said method comprising:

disposing a capillary tube, having an upper first end and a lower
second end, at angle greater than zero with respect to a horizontal
reference position;

arranging said lower second end of said capillary tube to minimize
surface tension effects thereat;

entering the fluid into said first end of said capillary tube to create

a sample of fluid in said capillary tube and then closing said upper end

of said capillary tube from atmospheric pressure to maintain said sample

of fluid therein;

exposing said first end to atmospheric pressure to create a
pressure differential between said first end and said second end, said
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sample of fluid moving through said capillary tube at a first shear rate

caused by said pressure differential, said movement of said sample of

fluid causing said pressure differential to decrease from said first shear

rate for generating said plural shear rates;

activating a sensor for detecting the movement of said sample of
fluid through said capillary tube and generating data related to the
movement of said sample of fluid over time; and

calculating the viscosity of said sample of fluid based on said data
relating to the movement of the sample of fluid over time while assuming

that any surface tension present at a trailing edge of said sample of flhid,

which forms a gas-fluid interface, is constant over time.

32. The method of Claim 31 wherein said arranging said lower second end of
said capillary tube to minimize surface tension effects comprises positioning a fluid
collector under said second end and positioning an upwardly-directed projection
closely adjacent said second end in said fluid collector.

33. The method of Claim 31 wherein said arranging said lower second end of
said capillary tube to minimize surface tension effects comprises positioning a fluid
collector under said second end and wherein said lower second end is submerged in
fluid accumulating in said fluid collector to minimize surface tension effects.

34. The method of Claim 31 wherein said step of disposing a capillary tube
comprises vertically positioning said capillary tube with respect to said horizontal
reference position.

35. The method of Claim 31 wherein said step of calculating the viscosity of said
sample of fluid comprises the steps of:

(a) representing the velocity of said sample of fluid through said
capillary tube as a velocity equation;
(b) using said data relating to said movement of said sample of

fluid to solve said velocity equation to determine shear rate and the

shear stress at the wall of said capillary tube; and

(c) calculating the viscosity of said sample of fluid from said shear

rate and said shear stress.
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36. The method of Claim 31 wherein said movement of fluid comprises a falling
column of said sample of fluid and wherein said sensor monitors the changing height
of said falling column of said sample of fluid over time, said height being defined as the
distance between the top of said falling column of said sample of fluid and said
horizontal reference position.

37. The method of Claim 36 wherein said capillary tube comprises a capillary
tube and wherein said step of calculating the viscosity utilizes an expression for the
pressure drop across said capillary tube, AP,, as:

AP(t) = pg(h(2)- Ah,,)

where

L = the density of the fluid;
g = the gravitational constant;

h,(t) = the height of said falling column;
Ahy, = said surface tension present at said gas-fluid interface.

38. The method of Claim 37 wherein said capillary tube has a radius, R;, and
an effective length, L (t), said effective length corresponding to said height of said
falling column.

39. The method of Claim 38 wherein said step of calculating the viscosity further

comprises tilizing an expression for the yield siress of said sample of fluid, 7. , as:

_AP(w)-R,
= 2L ()

where
AP (~) = said pressure drop across said capillary tube after a long period of time; and
L.(=) = said effective length of said capillary tube after a long period of time.

40. The method of Claim 39 wherein said step of calculating the viscosity further
comprises utilizing an expression for the velocity of said sample of fluid through said

capillary tube, I_/: , as:
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R
V==
8k

c

(28050 )35 )

where k is a consistency index.

41. The method of Claim 40 wherein said step of calculating the viscosity further

comprises solving said velocity expression for Ah,,, k and (2

42. The method of Claim 41 wherein said step of calculating the viscosity of said
sample of fluid, 7, is according to:

where 7, is the shear stress at the wall of said capillary tube and is defined as:

_RAP(2) ]
YR ()

where  y is the shear rate at the wall of said capillary tube and is defined as:

RAP. RCAP(oo)JZ
\/ZLc(r)“ 2L,(w) )

, 1
7w_k

43. An apparatus for determining the viscosity of the circulating blood of a living
being over plural shear rates using a decreasing pressure differential, said apparatus
comprising:

a portable unit comprising a capillary tube therein, said capillary

tube having an upper first end and a lower second end, said capillary

tube being arranged to obtain a portion of the circulating blood of the

living being through said second end; and

an analyzer unit for immediately receiving said capillary tube
containing the portion of the circulating blood, said analyzer comprising:
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acapillary tube support for positioning said capillary
tube in said analyzer unit at an angle greater than zero
degrees with respect to a horizontal reference position;
means for exposing said upper first end to
atmospheric pressure to create a pressure differential
between said first end and said second end, said blood in
said capillary tube moving through said capillary tube at a
first shear rate caused by said pressure differential, said
movement of said blood causing said pressure differential
to decrease from said first shear rate for generating said
plural shear rates;
a collector under which said second end is placed
for receiving blood that flows out of said capillary tube, said
second end being arranged for minimizing surface tension
effects thereat;
a sensor for detecting the movement of said blood
in said capillary tube over time for generating data related
to said movement over time;
a computer, coupled to said sensor, for calculating
the viscosity of the blood based on said data related to
said movement over time; and
wherein said portion of the circulating blood in said
capillary tube comprises a trailing edge forming a gas-fluid
interface and wherein any surface tension present at said
gas-fluid interface is considered constant over time.
44. The apparatus of Claim 43 wherein said portable unit comprises:
a hand-held housing having a capillary tube passageway therein;
a releasable clamp for holding said capillary tube in said capillary tube
passageway such that said second end projects out of said hand-held housing; and
a plug insertion means for inserting a plug into said first end of said capillary

tube after a substantial portion of said capillary tube is filled with blood; and
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an ejector for opening said releaseable clamp to permit the transfer of said filled
capillary tube intp said capillary tube support.

45. The apparatus of Claim 44 wherein said capillary tube comprises a capillary
tube and wherein said first end comprises a score line that permits said first end to be
de-coupled from said capillary tube.

46. The apparatus of Claim 43 wherein said sensor comprises a column level
detector for monitoring the changing level of said blood as it moves through said
capillary tube.

47. The apparatus of Claim 43 further comprising a fluid collector positioned
under said second end and wherein said fluid collector comprises a projection that is
closely positioned to said second end, said projection separating said blood as it
passes through said second end to minimize surface tension effects.

48. The apparatus of Claim 47 wherein said collector comprises:

a container having an inner compartment over which said second
end is disposed; and

an annular compartment surrounding said inner compartment for
forming an overflow chamber.

49. The apparatus of Claim 43 further comprising a fluid collector positioned
under said second end and wherein said second end is submerged in blood
accumulating in said fluid collector to minimize surface tension effects.

90. The apparatus of Claim 49 wherein said collector comprises:

a container having an inner compartment in which said second
end is disposed; and

an annular compartment surrounding said inner compartment for
forming an overflow chamber.

51. The apparatus of Claim 43 wherein said capillary tube support positions said
capillary tube vertically with respect to said horizontal reference position.

52. The apparatus of Claim 43 wherein said computer comprises an equation
representing the velocity of said blood through said capillary tube over time, said
computer using said data relating to the movement of said blood to solve said equation

to determine shear rate at the wall of said capillary tube.
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53. The apparatus of Claim 52 wherein said computer uses said data reléting
to the movement of the blood to determine shear stress at the wall of said capillary
tube.

54. The apparatus of Claim 53 wherein said computer uses said determined
shear rate and said determined shear stress to determine said viscosity the blood.

55. The apparatus of Claim 43 wherein said movement of fluid comprises a
falling column of said blood and wherein said sensor monitors the changing height of
said falling column of blood fluid over time, said height being defined as the distance
between said trailing edge of said falling column of said blood and said horizontal
reference position.

96. The apparatus of Claim 55 wherein said capillary tube is a capillary tube and
wherein said computer represents the pressure drop across said capillary tube, AP,
as given by:

AP(1) = pg(h (1) - Ahy,),

where
p = the density of the blood;

g = the gravitational constant;
h,(t) = the height of said falling column of blood;
Ahg, = said surface tension present at said gas-fluid interface.

57. The apparatus of Claim 56 wherein said capillary tube has a radius, R, and
an effective length, L (t), said effective length corresponding to said height of said
falling column.

98. The apparatus of 57 wherein said computer represents the yield stress of

said blood, T,,as:

_AP(x)-R,
YT oL (0)

where
AP (~) = said pressure drop across said capillary tube after a long period of time; and
L(=) = said effective length of said capillary tube after a long period of time.

59. The apparatus of Claim 58 wherein said computer utilizes an equation for

the velocity of said blood through said capillary tube,fc , as:
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14

S s 4

where k is a consistency index.

60. The apparatus of Claim 59 wherein said computer uses a curve fitting
method to solve said velocity equation for Ahy, kand -,.

61. The apparatus of Claim 60 wherein said computer calculates the viscosity
of said blood,  , as defined by:

where 7, is the shear stress at the wall of said capillary tube and is defined as:

RAR()
=L

wherey, is the shear rate at the wall of said capillary tube and is defined as:
2

. 1| |RAP,  |RAP(w)

P = kW2 () T\ 2L() )

62. A method for determining the viscosity of the circulating blood of a living

being over plural shear rates using a decreasing pressure differential, said method
comprising:
providing access to the blood of a living being;
exposing a lower end of a capillary tube to the blood of the living
being to allow said blood to substantially fill said capillary tube toward an
upper end;
closing off said upper end to atmospheric pressure to maintain
said blood in said capillary tube;
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positioning said substantially-filled capillary tube at angle greater
than zero with respect to a horizontal reference position;

arranging said lower end of said capillary tube to minimize surface
tension effects thereat;

exposing said upper end to atmospheric pressure to create a
pressure differential between said first end and said second end, said

blood moving through said capillary tube at a first shear rate caused by

said pressure differential, said movement of said blood causing said

pressure differential to decrease from said first shear rate for generating

said plural shear rates;

activating a sensor for detecting the movement of said blood
through said capillary tube and generating data related to the movement

of said blood over time; and

calculating the viscosity of said blood based on said data relating

to the movement of said blood over time while assuming that any surface

tension present at a trailing edge of blood, which forms a gas-fluid

interface, is constant over time.

63. The method of Claim 62 wherein said step of arranging said lower end of
said capillary tube to minimize surface tension effects thereat comprises positioning
a blood collector under said lower end and positioning an upwardly-directed projection
closely adjacent said lower énd in said blood collector.

64. The method of Claim 62 wherein said step of arranging said lower end of
said capillary tube to minimize surface tension effects thereat comprises positioning
a blood collector under said lower end and wherein said lower end is submerged in
blood accumulating in said blood collector to minimize surface tension effects.

65. The method of Claim 62 wherein said step of positioning said substantially-
filled capillary tube at angle greater than zero comprises vertically positioning said
capillary tube with respect to said horizontal reference position.

66. The method of Claim 62 wherein said step of calculating the viscosity of said
sample of fluid comprises the steps of:

(a) representing the velocity of said blood through said capillary

tube as a velocity equation;
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(b) using said data relating to said movement of said blood to
solve said velocity equation to determine shear rate and the shear stress
at the wall of said capillary tube; and

(c) calculating the viscosity of said blood from said shear rate and

said shear stress.

67. The method of Claim 62 wherein said movement of blood comprises a
falling column of said blood and wherein said sensor monitors the changing height of
said falling column of said blood over time, said height being defined as the distance
between the top of said falling column of said blood and said horizontal reference
position.

68. The method of Claim 67 wherein said step of calculating the viscosity

utilizes an expression for the pressure drop across said capillary tube, AP,, as:

A.Pc(t) = /)g'(hl (t)" Ahsll)

where
p© = the density of the blood;

g = the gravitational constant;
h,(t) = the height of said falling column of blood;
Ahy, = said surface tension present at said gas-fluid interface.

69. The method of Claim 68 wherein said capillary tube has a radius, R_, and
an effective length, L(t), said effective length corresponding to said height of said
falling column of blood.

70. The method of Claim 69 wherein said step of calculating the viscosity further
comprises utilizing an expression for the yield stress of said blood, z, , as:

_AP(x) R,
= 2L ()

where
AP (~) = said pressure drop across said capillary tube after a long period of time; and
L.(~) = said effective length of said capillary tube after a long period of time.

71. The method of Claim 70 wherein said step of calculating the viscosity further
comprises utilizing an expression for the velocity of said blood through said capillary

tube,_V—c , as:
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sl o) () ) sy

where k is a consistency index.
72. The method of Claim 71 wherein said step of calculating the viscosity further
comprises solving said velocity expression for Ahg,, k and z,.

73. The method of Claim 72 wherein said step of calculating the viscosity of said
blood, 77, is according to:

W

}./W ’

where 7, is the shear stress at the wall of said capillary tube and is defined as:

RAR()
= ———— an
IR R

where y is the shear rate at the wall of said capillary tube and is defined as:

- 1( RAP, RCAP(oo)Jz
"k \/ZLn(t)' 2L() )
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