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acetylating the platelet enzyme cyclo-oxygenase at its active
site. PGE1 and PGI2 stimulate the platelet enzyme adenyl cy-
clase to convert platelet ATP to cyclic-AMP, which is a potent
inhibitor of platelet aggregation. Theophylline inhibits the
platelet enzyme phosphodiesterase, which breaks down cyclic-
AMP to AMP. Theophylline, in combination with PGE1 or PGIZ,
maintains a high level of cyclic-AMP in the platelets and so
potentiates the effects of PGE1 and PGIZ.
Samples of platelet-rich plasma were exposed to shear

stress in a specially-designed rotational viscometer for 5
minutes at 23°C. Platelet response was characterized by the
following measurements made before and after exposure to
shear stress:

1) the particle count, which is used to indicate shear-

induced platelet aggregation and lysis,

14C-radiolabelled serotonin in the

2) the level of
plasma, which is used to indicate that the platelet
release reaction and/or lysis has been induced,

3) the level of the enzyme lactic dehydrogenase in the
plasma, which is used to indicate shear-induced
platelet lysis,

4) the ability to aggregate in response to ADP, which
indicates platelet functional capacity, and

5) the ability to aggregate in response to collagen,

which provides additional information on platelet

functional capacity.
Results of the ASA study indicate that pretreatment

iii



of the platelets with 50 uM ASA before exposure to shear
stress caused little or no effect on shear-induced platelet
aggregation and lysis. These results also indicate that for-
mation of thromboxane AZ is not important in shear-induced
platelet aggregation.

The ASA pretreatment caused a small reduction of shear-
induced serotonin release at stress levels equal to or
greater than 200 dynes/cmz, but not at lower stress levels.
It was concluded that ASA does not cause a significant sup-
pression of the response of platelets to the effects of shear
stress.

The results of the PGEl-theophylline study, using
final concentrations of 1 uM and 100 uM, respectively, were
very similar to those of the PGIZ-theophylline study, using
final concentrations of 0.01 uM and 500 uM, respectively.
Both of these drug combinations caused a large reduction in
the'platelet aggregation response to a mechanical stimulus
(shear stress) and to chemical stimuli (ADP and collagen).
Thus, over a wide range of conditions, PGE1 (or PGIZ) and
theophylline were much more effective than ASA in inhibiting
platelet aggregation.

It was also observed that the PGE1 (or PGIZ)-theophyl-
line pretreatment caused an increase in shear induced plate-
let lysis and serotonin release at stress levels equal to or
greater than 150 dynes/cmz. This indicates that the PGE1 (or
PGIZ)-theophylline pretreatment caused increased platelet
fragility.
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ABBREVIATIONS AND SYMBOLS

This 1list is not exhaustive; however, other abbrevi-

ations are defined in the text.

AA rate of change of light absorbance (LDH assay)
ADP adenosine diphosphate

ATP adenosine triphosphate

ASA acetylsalicylic acid (aspirin)

ATC average total count (Scintillation samples)
cAMP cyclic-adenosine monophosphate

°C degrees Centigrade

14, carbon 14

mCi millicurie

cm centimeter

EDTA ethylenediaminetetraacetate

gm gram

ng nanogram

5-HT serotonin (5-hydroxytryptamine)

K dimensionless radius (Ri/RO) for viscometer
L length of cylindrical portion of bob

LDH lactic dehydrogenase

ml milliliter



ul microliter

M molar concentration (moles/liter)

mm millimeter

uM micromolar

um micrometer or micron

nm nanometer

g -NADH reduced nicotinamide adenine dinucleotide
0D optical density

P pressure

PC sample plasma count (scintillation samples)
PGEl prostaglandin E1

PGI, prostaglandin I,

PPP platelet-poor plasma

PRP platelet-rich plasma

Ry outer radius of viscometer bob

R, inner radius of viscometer cup

RPM revolutions per minute

S total surface area of cup and bob

sd standard deviation

SEM standard error of the mean

S/V surface to volume ratio for viscometer (cm-l)
Theo theophylline

TCF temperature correction factor (LDH assay)
uv ultra-violet (light)

mv digital torque voltage readout (mv)

xii



mV digital motoyr speed readout (mv)

RPM
T shear stress (dynes/cmz)
} shear rate (sec-l)
Q rotational velocity of viscometer (sec'l)
i viscosity
0 fluid desnity
Subscripts
ANN refers to couette region of viscometer
cc refers to cone-cone region of viscometer
cp refers to cone-plate region'of viscometer
i initial OD--refers to PRP
f final OD--refers to aggregated sample
PRP PRP sample’
T sheared sample
0 unsheared sample
SAL saline control sampie

xiii



I. INTRODUCTION

A. Background and Objective

Platelets are anuclear blood cells that have an essen-
tial physicochemical role in normal hemostasis (the arrest of
bleeding). The physical function is accomplished by plate-
lets adhering to each other to form aggregates that physi-
cally occlude openings in the blood vessel wall. The chemi-
cal function is accomplished by the release, or secretion, of
chemical constituents from the platelets that aid blood co-
agulation (1).

In their normal state platelets are discoid in shape
with an individual cell volume of 5-12 ums. Normal platelet
counts are approximately 300,000 per ul of blood, but can
vary a.great deal from person to person. In contrast, there
are approximately 5,000,000 red blood cells pér ul of blood,
with an individual volume of about 90 ums, while white blood
cell counts are about 5,000 per ul of blood, with cell
volumes in excess of 250 ums.

Unfortunately, the properties of adhesion, aggrega-

tion, and secretion that make platelets useful in the arrest

of bleeding also predispose platelets to form thrombi (clots)

in blood vessels, on artificial heart valves, and on the sur-
faces of prosthetic devices used in clinical medicine (2).

1
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Thus, conditions that subject platelets to interactions with
foreign surfaces and/or relatively high shear stress are
likely to promote the formation of platelet thrombi (3-13).

There is evidence that certain drugs, called anti-
platelet agents, alter platelet behavior in a way that re-
duces platelet adhesion, aggregation, and secretion while
causing no significant adverse effects on hemostasis. These
drugs may be beneficial in reducing the incidence of thrombo-
sis, or other platelet-mediated circulatory complications,
including atherosclerosis.

The objective of this study was to investigate the ef-
fects of antiplatelet agents on the functional and biochemi-
cal responses of platelets subjected to well-defined shear
stress fields produced by a specially-designed rotational
viscometer. The antiplatelet agents used in this study in-
clude aspirin (acetylsalicylic acid, or ASA), prostaglandin
El (PGEl), prostaglandin I2 (PGIZ, or prostacyclin), and
theophylline (1,3-dimethylxanthine). The molecular struc-

ture of the antiplatelet agents is shown in Figure 1.

B. Effects of Antiplatelet Agents
on Platelets

Before discussing the effects of antiplatelet agents,
a brief review will be given on the basic platelet reactions
involved in adhesion, aggregation, and secretion. It should

be noted at the outset that many of the biochemical mechanisms
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Figure 1. The molecular structure of the antiplatelet agents



involved in platelet reactions are poorly understood.

In conditions of disturbed flow in arteries all the
pathways that are involved in thrombus formation may come
into play, leading to the formation of a platelet-rich mass
with fibrin and red cells associated with it (14). The known

pathways of platelet aggregation include the following:

1) The release of endogenous platelet ADP which
directly causes circulating platelets to aggregate
by an unknown mechanism (15).

2) The formation of thromboxane AZ, a potent platelet
aggregating agent, which is discussed below in more
detail.

3) The formation of the enzyme thrombin from prothrom-
bin, a plasma clotting factor. Thrombin catalyzes
the formation of fibrin from fibrinogen and causes
platelet aggregation by a mechanism that is unknown,
but is independent of released ADP and the throm-
boxane A2 pathway. Thrombin also stimulates the
platelet release reaction and formation of thrombox-

ane A, (14).

The platelet release reaction involves the active se-
cretion of dense granules which contain serotonin, ADP, and

2), and a-granules which contain the proteins

calcium (Ca+
g-thromboglobulin, platelet factor 4, smooth muscle growth

factor, fibrinogen, and others (16). Thus, the release



reaction stimulates and potentiates platelet aggregation.

As shown in Figure 2, the thromboxane A, pathway in-
volves primarily the synthesis of prostaglandins. In plate-
lets there is a lack of free fatty acid precursor available
for prostaglandin synthesis since fatty acids are almost en-
tirely bound to phospholipids and triglycerides, which are
components of the platelet membrane (17). Thus, formation of
prostaglandins must be preceded by the activation of phospho-
lipase A, (and possibly triglyceride lipase). Phospholipase
A,, an enzyme found on the platelet membrane, can be acti-
vated by many different stimuli that cause a perturbation of
the cell membrane, including slight chemical or mechanical
stimulation.

The phospholipids of platelets contain much arachi-
donic acid. Once released by phospholipase A,, arachidonic
acid is acted on by the membrane-bound enzyme cyclo-
oxygenase, which incorporates oxygen to form the cyclic endo-
peroxides PGG2 and PGHZ. In an aqueous medium, these endo-
peroxides spontaneously decompose (with half-lives of about
5 minutes) to form more stable prostaglandins like PGDZ,
PGEZ, and PGan (17). 1In the presence of specific enzymes,
the endoperoxides are converted to a variety of products.

An isomerase and possibly a reductase form PGE2 and
PGFZa from the endoperoxides. In platelets the predominant
product of the endoperoxides is thromboxane AZ’ formed by

thromboxane synthetase. Thromboxane A2 is a labile metabolite
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7
(with an aqueous half-life of about 30 seconds) that contracts
blood vessels and, as mentioned previously, is a very potent
aggregating agent. As shown in Figure 2, thromboxane A, also
induces platelets to release their granular contents.

The lining of arterial blood vessels also possesses
the lipase activity necessary to liberate arachidonic acid
and cyclo-oxygenase to synthesize the endoperoxides (17,18).
The blood vessel walls contain the enzyme 6,9-oxycyclase
(prostacyclin synthetase) which converts the endoperoxides to
prostacyclin (PGIZ). PGI2 activates the platelet enzyme
adenyl cyclase which converts platelet ATP to cyclic-AMP
(cAMP). Phosphodiesterase, another platelet enzyme, breaks
down cAMP to AMP:. Cyclic-AMP is a very potent inhibitor of
platelet aggregation--the mechanism of its action is not
clearly understood, but cAMP appears to modify passive and/or
active transport of Ca+2 and so acts to reduce the level of
available Ca“l'2 in the platelet cytoplasm (19,20). Ca+2 is
necessary for energy-requiring processes of platelets such as
aggregation, secretion, and contraction. By raising the level
of cAMP in the platelet, PGI2 is a very potent inhibitor of
aggregation.

Moreover, PGI2 has been reported to have an inhibitory
effect on platelet phospholipase (21,22) and platelet cyclo-
oxygenase (23). These effects are related to the ability of
PGI2 to increase cAMP in platelets (24). To summarize, most

antiplatelet agents inhibit platelet aggregation by preventing
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the synthesis of thromboxane A, or by increasing the level of
cAMP in the platelet.

Some other points of interest concerning PGI2 include
the following findings. In addition to the local production
of PGI2 throughout the vasculature, the lung continuously re-
leases Small amounts of PGI2 into the circulation (25,26).
PGI2 can be inactivated by lung prostaglandin dehydrogenase,
or PGDH (27), but PGI2 is not a substrate for the active up-
take mechanism responsible for transport from the circulation
to the intracellular enzyme PGDH (24,28). About 50% of the
PGI, released from the. lungs (of dogs) is inactivated in one
circulation through peripheral tissues (29). PGI2 formation
. helps to explain the "fact" that contact with healthy vascu-
lar endothelium is not a stimulus for platelet aggregation
(24).

Aspirin, or acetylsalicylic acid (ASA), inhibits the
formation of thromboxane A2 by irreversibly acetylating the
enzyme cyclo-oXxygenase at its active site (30-32). This
effect is long lasting because platelets are unable to synthe-
size new protein (33) and cannot replace the acetylated
cyclo-oxygenase. Therefore, the inhibition will be overcome

only by new platelets coming into the circulation. In vivo

ASA also inhibits PGI2 formation, but the cyclo-oxygenase of
vessel walls is reported to be less sensitive to ASA than
that of platelets (34). Also, endothelial cells of the ves-

sel wall recover from ASA inhibition by regeneration of



cyclo-oxygenase (35,36).

PGE,, though much less potent than PGI,, also stimu-
lates the enzyme adenyl cyclase to elevate the level of
cAMP in the platelet (19,37,38). However, PGE1 does have
other effects, such as altering membrane fluidity, membrane
Ca+2 conten;, and the activity of adenylkinase (38). The pre-
cursor for PGE1 synthesis is dihomo-y-linoleic acid. Since
the phospholipids of platelets contain much arachidonic acid
but hardly any dihomo-y-linoleic acid, it is unlikely that
PGE1 is formed in the platelet in significant quantities (39).
When administered intravenously, PGEl is largely inactivated
upon passing through the lung (38,40).

Theophylline (1,3-dimethyl xanthine) is an inhibitor
of platelet phosphodiesterase (19,37). The effects of theo-
phylline alone are small, but in combination with PGI, or
PGE,, theophylline maintains a high level of cAMP in the
platelets. Thus, theophylline potentiates the anti-aggrega-
tion effects of PGI2 and PGEl.
C. Effects of Shear Stress on Platelets

The Rice University (Ruska) rotational viscometer was
used by Anderson to subject platelet-rich plasma (PRP) to
graded levels of shéar stress (41-43). Platelet response was
characterized by measurements of electronic particle counts,

the aggregation response to exogenous ADP, the release of
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14C-radiolabelled serotonin, the uptake of 14C-radiolabelled
serotonin, and the release of lactic dehydrogenase (LDH).

Anderson found that the particle counts of sheared
PRP samples, which were interpreted to be primarily a meas-
ure of shear-induced aggregation, decreased dramatically with
shear stress. A stress level of 150 dynes/cm2 for a 5
minute exposure time resulted in a particle count of only
one-third that of the initial unsheared count. The platelet
aggregation response to exogenous ADP, which was considered
to be an indicator of platelet functional capacity, was sig-
nificantly impaired as shear stress increased. A 5 minute
exposure of PRP to a stress of 150 dynes/cm2 resulted in a
50% decrease in the aggregation response of the sheared
platelets compared to unsheared platelets. Increased levels

of 14

C-serotonin in the supernatant plasma of sheared samples
were interpreted as being indicative of stimulation of the
platelet release reaction, since normal platelets take up

and store serotonin in their dense granules and these gran-
ules are secreted during the platelet release reaction. The
threshold shear stress required to stimulate serotonin re-
lease was found to be 75-100 dynes/cm2 for a 5 minute expo-
sure time, and the amount of serotonin released increased

14C-serotonin

monotonically with shear stress. The uptake of.
by platelets, which was considered to be additional evidence
of platelet functional capacity, was significantly reduced

by exposure to a stress of 150 dynes/cm2 for 5 minutes.
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Increased levels of LDH, a metabolic enzyme in the platelet
Cytoplasm that is not released during the release reaction,
were interpreted as being indicative of platelet lysis. For
a 5 minute exposure, a threshold stress of about 125 dynes/
cm2 was found for lysis, and the extent of platelet lysis was
observed to increase approximately linearly with shear stress.

The effect of exposure time of stress was also studied
by Anderson. A 30 second exposure time resuited in higher
stress thresholds necessary to stimulate serotonin release
and lysis compared to the 5 minute exposure time. In addi-
tion, the shear-induced reduction in the particle count, the
reduction in the aggregation response to ADP, and the reduc-

tion in the 14

C-serotonin uptake all were less for the 30
second exposure time. Anderson also determined that the ef-
fects of platelet interactions with foreign surfaces were not
significant compared to the effects of shear stress on plate-
lets for stress levels greater than 50 dynes/cm2 and exposure
times of 5 minutes.

Others from the Rice Bio-Medical Laboratory have also
studied the effects of shear stress on platelets. Lemuth
used the Rice (ROM-8) viscometer to shear PRP and found a
threshold for platelet lysis of 150-200 dynes/cmz, as indi-
cated by acid phosphatase release (44,45). Glover studied
the coagulation dynamics of recalcified PRP and found that

exposure to stresses of 30-150 dynes/cm2 for 5 minutes re-

sulted in a large reduction in the crosslink density and
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strength of a platelet-fibrin clot. Glover's findings also
indicate that shear stress may activate the coagulation
mechanism (46,47). Brown also studied shear stress effects
on PRP with the Rice (ROM-8) viscometer and observed some re-
lease of 3H-labelled adenine, indicating platelet lysis, for
all stress levels above 100 dynes/cm2 for an exposure time of
5 minutes (48,49). Brown also observed serotonin released
for all stresses above 50 dynes/cm2 and greatly reduced par-
ticle counts for stress levels greater than or equal to 100

dynes/cmz. Colantuoni used a capillary viscometer to subject

PRP to shear stress for very small exposure times (10-3
seconds). For these small exposure times, a stress threshold
of 7,000 dynes/cm2 was required to stimulate serotonin re-
lease, while 15,000 dynes/cm2 was required to stimulate lysis
and a measurable reduction in particle count (50).

Researchers from other laboratories have also investi-
gated the effects of shear stress on platelets. Klose sub-
jected PRP to shear stresses of 0.1 to 8 dynes/cm2 with a
cone-and-plate rotational viscometer and found aggregation
was induced for stresses above a very low threshold (51).
Rieger used a rotational viscometer to subject PRP to low
levels of shear stress (less than 5 dynes/cmz) and did not ob-
serve shear-induced platelet aggregation; however, aggregation
response induced by exogenous aggregating agents was enhanced
by shearing (52).

Bernstein, Marzec, and Johnston studied PRP subjected
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to shear stress by two different devices: a Fleisch Hemo-
resistometer for low stresses (50 dynes/cmz) and long expo-
sure times (1-60 minutes) and a jet device for high stresses
(106 dynes/cmz) and very short exposure times (10_5 seconds).
Compared to the jet device, shearing in the Fleisch device
resulted in much less release of serotonin, but more release
of platelet factor 4 (53,54). Since platelet factor 4 is a
platelet-specific protein contained in the a-granules, these
findings indicate that different mechanisms and different
stress thresholds may be involved in the release of a-granules
and dense granules.

Hung subjected PRP to shear stress in a rotational
viscometer with three different configurations--that is,
three different surface-to-volume ratios (55). Hung observed
that a sevenfold increase in the surface-to-volume ratio was
associated with increased lysis, which is contrary to the ob-
servations of Anderson. Differences between the experiments
of Hung and Anderson include the part of the instrument
rotated. The viscometer used by Anderson rotated the outer
cylinder, whereas Hung rotated the inner cylinder. Rotation
of the inner cylinder. Rotation of the inner cylinder tends
to cause instability in laminar flow followed by transition
to Taylor vortex flow, and as the rotational rate increases,
turbulence. Thus, at a given stress, stronger secondary

flows, which promote surface interaction, would be expected
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in the apparatus of Hung. However, it should also be noted
that as the viscometer surface-to-volume ratio is increased,
the gap widths in the viscometer are decreased. This, in
turn, promotes stability and reduces secondary flow. A
second difference between the work of Anderson and Hung is in
the viscometer surface exposed to PRP. Hung used a stainless
steel inner cylinder and glass outer cylinder, whereas the
surfaces of Anderson's device were siliclad hard-anodized
aluminum. Hung reported a threshold stress level for plate-
let lysis of 165 dynes/cm2 for a 5 minute exposure, which is
consistent with the results of Anderson.

The results of shear stress studies of several differ-
ent researchers are correlated in Figure 3. The points in
Figure 3 on the platelet curve are the thresholds for measur-
able serotonin release. The area below the platelet curve
represents the regime in which materials (surface) interac-
tions have a large effect on platelet response. The area
above the curve represents the regime in which platelet re-
sponse is due in large part to shear stress effects.

Figure 3 includes a curve for red cells that displays
the threshold for shear-induced hemolysis (56). Comparison
of the two curves shows that red cells are more resistant
than platelets to shear stress at long exposure times,
whereas the converse relationship is obtained at small expo-

sure times. This finding is qualitatively consistent with
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clinical observations (57). For example, in malfunctioning
prosthetic heart valves (which have an exposure time of 1072
to 10-3 seconds) platelet survival is often nearly normal
despite severe hemolysis. 1In extracorporeal circulation
(where exposure time is 0.1 to 1 second) platelet response is
more pronounced than red cell response.

Finally, estimates of shear stress levels in cardiac
valves are shown in Figure 3 (58). The estimated stress in a
normal (natural) valve, which is designated on the figure as
a circular orifice, falls well below the locus for blood cell
damage. However, some prosthetic valves are in the region of
significant blood cell damage. The extent of cell damage
would not necessarily be expected to be high, because only
the blood cells that pass near a solid surface are subjected

to the maximum shear stress.



II. EXPERIMENTAL METHODS

A. The Viscometer

1. Description of the viscometer

The prototype of the viscometer used in this study was
developed at Ricé University by O'Bannon and MacCallum to
study the effects of shear stress on red blood cells (59,60).
As shown in Figure 4, the principal components of the head
of the viscometer are a stationary inner cylinder (bob) and a
rotating outer cup, both of which are made of series 7075T6
aluminum. As shown in Figure 5, there are three distinct
shearing regions in the viscometer. The central region,
which contains 72% of the sample fluid volume, consists of
concentric cylinders. The bottom portion, which contains 14%
of the volume, forms a cone-and-plate region. The top por-
tion, which contains 14% of the volume, forms a cone-and-cone
region that minimizes the specimen-air interface. The three
viscometric regions are designed to produce a uniform level
of shear stress throughout the sheared sample. Essentially,
the uniform shear stress is achieved by designing very small
gaps and matching the cone angles to the gap of the concen-
tric cylinder region. The specifications of the viscometer

are shown in Table 1. A summary of the theoretical
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development and design criteria is contained in Appendix A.

As the viscometer cup is rotated, a shearing force is
transmitted through the sheared fluid sample to the surface
of the stationary bob. The bob is screwed onto a shaft that
is connected to a torsion spring and torque transducer (Gould
model 761803993). 1In response to the shearing force, the bob
is rotated to the point at which the torsion spring produces
an equal, but opposite, resistance force. The deflection of
the torsion spring is measured by the torque transducer,
which converts angular deflection to an electrical signal.
The transducer output is displayed on a digital voltmeter of
the electronic control unit.

The spring constant, or viscometer constant, was deter-
mined by dead-weight calibration and test shear runs with
0ils of known viscosity. A sample calibration is illustrated
in Appendix A. Knowing the spring (viscometer) constant and
having measured the output of the torque transducer, the
shear stress exerted on the fluid can be calculated.

The rotational speed of the electric motor that drives
the viscometer cup is displayed on another digital voltmeter
of the control unit. During the calibration procedure the
rotational speed of the cup was measured with a hand-held
tachometer (Jaquet's indicator, H. H. Sticht Co., New York,
New York). A proportionality factor relating the motor out-
put (mVRPM) to the cup rotation rate (RPM) was determined

(as shown in Appendix A). Knowing the proportionality



TABLE I

Viscometer Configuration Data

Bob II

Cup inside diameter, cm 7.00075
Bob outside diameter, cm 6.95072
Inside diameter -
Outside diameter °? K 0.993
Cylindrical section gap, cm 0.02502
Angle between cones at top, ecc’ degrees 0.398
Top gap, corrected, mm 0.113
Angle in cone-and-plate section, ecp’ degrees 0.292
Bottom gap, corrected, mm 0.096
Volumes, ml

Cone-and-cone 0.760

Concentric cylinder 3.856

Cone-and-plate 0.734

Total 5.350
Surface/volume, cm * 87
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constant and having measured the speed of the motor, the ro-
tational rate of the cup can be calculated. The rotational
rate of the cup, when taken with the known geometric factors
of the viscometer, enables the shear rate to be calculated
(see Appendix A, eqn. 35).

For a Newtonian fluid, like blood plasma,

uy, where t = shear stress (dynes/cmz)

3
[}

viscosity (poise)
1

=
1}

shear rate (sec

).

-2
[}

So if u is known and ¥ has been measured, then 1 can be cal-
culated. Thus, for a Newtonian fluid with known viscosity,
measurement of y provides a measurement of t that is indepen-
dent of the torque transducer of the viscometer.

The design of the viscometer also provides for measure-
ment of the temperature of the sheared fluid. However, it
was previously determined that viscous heating causes a rise
in temperature of only 2°C at high shear rates (41). Thus,
the temperature of the sheared fluid was not monitored during
the experiments of this study.

The surfaces of the viscometer cup and bob that are
in contact with the sheared fluid are hard-anodized. The
removable cup consists of two pieces -- the cylindrical sec-
tion and the flat bottom plate. The cylindrical section is
equipped with cooling fins to help dissipate viscous heating.

The bottom cone-and-plate configuration of the



viscometer is not exact. The bottom of the bob forms a
truncated cone, instead of a true cone, to allow for filling
and draining of fluid through the sample port valve. Also,
the vertical gap of the cone-and-plate section must be ad-
justed to correct for the difference in the theoretical de-
sign cone angle and the actual measured cone angle. Simi-
larly, the vertical gap in the top cone-and-cone region is
determined by the degree of truncation and the error involved
in machining the cone angles. A more detailed explanation of
this gap correction is contained in Appendix A.

Laminar flow in this viscometric system is strongly
stabilized by centrifugal forces. Consequently, the transi-
tion to turbulent flow occurs at a much higher Reynolds num-
ber in this system than the corresponding system in which the
inner bob is rotated while the outer cup is stationary.
Rotating the inner bob generates centrifugal forces that in-
troduce instability (61). For the bob used in this study
(Bob II), it was previously observed that the transition from
laminar to turbulent flow occurred at a Reynolds number of
about 1500 (41). This observation was verified by this in-
vestigator, with Reynolds number based on the fluid velocity
at the cup surface, the couette (cylindrical) gap width
(0.0250 cm), density (1.0 gm/cms) and viscosity (0.01 poise)
of water. The transition was defined by the sharp break in
the curve plotting shear stress versus shear rate, and

occurred at a shear rate of 23,700 sec_l for water.






