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Abstract:

An estimate of the difference between the Poiseuillian viscosity and the apparent viscosity at a given
shear rate was made for blood under steady flow conditions. Shear stress-shear rate (viscometric) data
for blood under steady flow conditions were used along with some numerical methods to obtain the
difference between these two viscosities. The difference is significant at low flow rates and high values
of the apparent viscosity.

Experimental work was done on oscillatory flow of blood at different frequencies of oscillation in rigid
circular tubes. An apparatus was built so that oscillatory pressure and flow could be measured. The
apparatus was tested with Newtonian fluids, such as glycerol solution, water, saline and plasma
because the theory of oscillatory flow for a Newtonian fluid is understood very well.

Different red cell suspensions such as red blood cells in plasma, red blood cells in Dextran solutions,
red blood cells in albumin-saline and hardened red blood cells in 0.5% Dextran 40 solution were used
for the experimental work. Flow in two rigid circular glass tubes 400 and 776 microns in diameter was
investigated. The experimental suspension hematocrit was usually about 45%, although 36%
hematocrit was also used.

Experimental results showed that all pressure-time curves were sinusoidal for frequencies of oscillation
of 0.5 hertz through 3 hertz. (The flow-time curves were always sinusoidal because of the inherent
nature of the apparatus.) The pressure-flow data are summarized in this thesis and they are explained in
terms of the known properties of blood and other red cell suspensions. These properties are the
rheological data of blood, the visco-elasticity of blood, the aggregation of red blood cells and the
deformation of red cells.

Red blood cells in high molecular weight Dextran solutions aggregate more strongly than they do in
plasma. Hence, suspensions consisting of red blood cells in such Dextran solutions need higher
pressure gradients to maintain the same flow compared to pressure gradients needed by red cells in
plasma. From the experimental work with red cells in saline solution and hardened red cells in saline, it
was concluded that red blood cell aggregation is significant process in oscillatory blood flow when the
tube diameter is 400 microns.
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ABSTRACT

An estimate of the difference between the Poiseuillian v1scos1ty
and the apparent viscosity at a given shear rate was made for blood
_under.steady flow conditions. Shear stress-shear rate (viscometric)
data for blood under steady flow conditions -were used along with some

numerical methods to obtain the difference between these two viscosities.

"The" difference is significant at low flow rates and high values of the
apparent viscosity. :

. Experimental work was done on oscillatory flow of blood at

- different frequencies of oscillation in rigid circular tubes. An appa-
. ratus was.built so that oscillatory pressure and flow could be measured.
The apparatus was tested with Newtonian fluids, such as glycerol solu-
tion, water, saline and plasma because the theory of oscillatory flow
for a Newtonian fluid is understood very well.

Different red cell suspensions such as red blood cells in
p]asma, red blood- cells in Dextran solutions, red blood cells in
albumin-saline and hardened red blood cells in 0.5% Dextran 40 solution
were used for the experimental work. Flow in two rigid circular glass
: tubes 400 and 776 microns in diameter was investigated. The experi-

- -~.mental suspension hematocrit was usually about 45%, although 36%
hematocrit was-also used. :

Experimental results showed that all pressure-time curves were
- sinusoidal for frequencies of oscillation of 0.5 hertz through 3 hertz:
(The flow-time curves were always sinusoidal because of the inherent
nature of the apparatus.) The pressure-flow data are summarized in this
thesis and they are explained in terms of the known properties of blood
~and other red-cell suspensions. These properties are the rheological
data of blood, the visco-elasticity of blood, the aggregation of red
blood cells and the deformation of red cells.

Red blood cells in high molecular weight Dextran solutions ag-
gregate more strongly than they.do in plasma. Hence, suspensions con-
sisting of red blood cells in such Dextran solutions need higher pres-
sure gradients to maintain the same flow compared to pressure gradients
. needed by red cells in plasma.. From the experimental work with red
cells in saline solution and hardened ved celis in saline, it was con-
cluded that.red blood cell aggregation is s1gn1f1cant process 1n
.oscillatory blood flow when the tube diameter is 400 microns.
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INTRODUCTION

This study is an attempt toﬂwork.tpwards the solutions of some- -

- of the probTems involved in blood flow. The entire thesis is divided

into two seetions. ~Section A-deals with»steady flow and Section B deals

w1th osc11]atory f]ow When the pressure and the flow are independent

‘of t1me the f]ow is termed as steady f]ow When the pressure and the

f]ow are some per1od1c functions of time, the flow. is termed as oscil-

. 1atory flow “The work shown in this thesis deals with such Flows in -

e“rigid circular- tubes.

r

General Discussion

'The'basic function of the human circulatory system is to:provide

;nOUrishnent~tdfvarious parts of the body-and to'remove waste materials.

B]ood the f1u1d f1111ng the c1rcu1atory system, is a suspension of

uffvar1ous types of non-spherical, deformable part1c1es (red blood -cells, -
“}#whwte ce]ls,'p1ate1ets).1ntan aqueous solution (plasma). - While the
:suspending med1um (plasma) has Newtonian rheological properties, the

”"suspensten'is a non=Newtonian f]aﬁd,(5).'5Thelparameter which has the

greatést influence on the suspehSion 'flow properties is the hematocrit

- which is.the volume of red.b]ood cells per unit volume of whole blood.

R .. _ Volume of red>cei1s % 100
Hematocrit VoTume of whoTe blood

Normal]y, the hematocr1t is about 42- 46% but ¥t can vary considerably'

from norma] values in patho]og1ca1 s1tuat1ons
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In the human circulation system, blood is pumped from the heart ‘

through értéries, arterioles, capillaries, venules and veins, which
return the blood to the hearf. The microéircu]atibn consists of the
arterioles, capillaries and venules. The vessels are interconnected,
forming networks (5,19). The size of thé vessels through which blood
flows vary from about 2-10 microns to 25,000 microns (5,19). The pres-
sure drop across the human circu]atién is about 100 mm of Hg but about
80% of 1tkexist§ across arterioles and capillaries. In-vivo experiments
have :shown that there are substantial regions of flow oscillations
_throughout the microcirculation. Hence oscijiatory flow exists in the
entire circulatory system.
| In;vitro,'steady flow experiments'have been used to determine
the fheo]ogica] properties of blood. It is found that under Tow shear.
rates, bTood acts like a Casson fluid (which has a yield stress, and a
shear-dependent viscqsity) (3). Af Tow shear rates, red blood cells
tend to rever;ib]y aggregate. The aggregates are formed only by join-.
fng tqgéther.the f&ces.of the red cells. The iength of the aggregates
(rqu]eaux) varies inverse]y with the shear rate (5). This kind of
“phegomenon can occur in the tiving cﬁrcuiatory-system and also in the
experimental work. This phenonenon is reversible (5). At high shear :
rates réd blood cells a}e di;persed-and tend to deform. Redvblobd ce11

aggregation_at Tow shear rates and red blood cell deformation at high.

shear rates may exert their rheological effects through a common
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mechanism, shear-dependent changes in .the effective cell volume. The

‘effective cell.volume is the fundamental determinant of blood viscosity

(7). Apparent viscosity of blood is thus a function of shear rate and

Figdré I-1 shows the fe]ation between apparent viscosity and shear rate.
Some 1n—v1tr6, oscillatory flow studies have been performed,

mostly in large diameter tubes and oscillatory viscometers. The results

from these studies have not been related to flow mechanisms of blood,

and the interpretation-of the data is often clouded by prior assumptions

about the flow naturé'of the b]dod,(e.g;,-the flow response component
in phase with the flow driving function is assumed to be purely viscous

while the component 90° out of phase with the driving function is

" dssumed to be purely elastic).

Steady flow is discussed in Chapters II through VI. Oscillatory

flow js discussed in Chapters'VII through XII.




 SECTION A -

STEADY CONDITIONS
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II. STATEMENT OF THE PROBLEM

This section deals with steady flow. The rheo]ogfca] data (the
relationship Between the shear stress and the shear rate).can be
obtained for blood at different hematocrits using viscometers such as

the concentr1c cy11nder viscometer and the cone and plate v1scometer

'Such data can be’ used to obtain the relat1onsh1p between the bulk aver-

age velocity and the pressure drop for steady flow of blood in rigid
circular tubes.
Ih reporting the results of blood flow studies, the data are

sometimes given in terms df the viscosity calculated from the

‘Poiseuillian equation for steady,'uniform'1am1nar flow of a Newtonian

fluid through a tube. The viscosity calculated by this equat1on is

called the Po1seu1111an v1scos1ty

P = ga‘(-dx)
Where Np = the Poiseuillian Viscosity
R = outside radius of tube
U = bulk average velocity-

dE' pressure gradient per unit length of tube

This equation. is valid only for Newtonian fluids and conse-

quently its use with blood flow data is invalid, especially at Tower

_flow rates.

This Poiseuillian Viscosity is-sometimes -compared to the appar-

ent viscosity obtained from viscometric data. This comparison will not
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be valid, even for practica]'duestions, if the blood flow is Tow enough

so that the blood is very non-Newtonian. However, no measure of errqr’

dué to the use of the Poiseuillian Viscosity has been reported, and the .

“purpose of this work was to provide values of this-errdr under various

steady flow conditions. The difference between the Poiseuillian Vis-
cosity and the apparent Viscdsity, for a given steady blood flow,

reflects the magnitude of the non-Newtonian behavior of blood.
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from the Pofseui]]%én equation and that measured by the experimental

‘the work done through 1969 (5).

~of blood, the blood vessel size and the pressure drop across the blood

‘blood at varying hematocrits in pulmonary circulation. He used the
PoiseuiT]ian eqdétion in his work. .Addjtiona1 examples of such usage

of the Poiseuillian equation can also be found in literature.

Ll | R SO - § L

ITI. REVIEW OF PREVIOUS WORK

Poiseuille may have'doné the first work on blood (5). He him--
self found that complex fluids such as blood do not necessarily obey
the Poiseuillian equation which is discussed on P. 6. Othef workers

also found that deviations exist between _the pressure drop calculated

work on blood. Fahraeus and Lindquist performed some of the classical
studies of blood flow in tubes. Scott-Blair and Merri]] also worked
with blood using capi]]ary-vjscometers. The .details of such individual

works are not summarized in this thesis. Fung (12) gives a review of

Work published in recent years by Agarwal (1)'and Lipowsky (15)
shows that they used the Poiseuillian equation for calculating the

apparent viscosity of blood. Lipowsky (15) indicates that the velocity

vessel were measured and the Poiseuillian equation was used to calculate

the apparent viscosity. Agarwal (1) reports the relative viscosity of

An attempt has been made here to show the magnitude of the error
between viscosity calculated from the Poiseuillian equation and the

apparent viscosity under the same flow éonditibns.




iV. THEORY AND CALCULATIONAL PROCEDURE

For a Newtonian fluid, thé relationship between the pressure and
ﬁhe flow can be derived from the law of Conservation of Momentum for
steady, ]aminar flow through a circular tube. The re]ationshfp obtainéd
can bg.expressed by the Poiseuillian equatidn. This is discussed on P.
6. The viécosify dérivéd from such equation is termed the Poiseuillian
vfscosity. This section describes the calculational pfocedure for cal-
culating the difference between the Pdiseui]]ian viscosity and the
appérent viscosity. . |

The relationship between the shear stress and the shear rate
'(the viscometric or rheological data) at three different blood hemato-

. crits were obtained with the help of the concentri; cylinder viscometer
| and the cone and‘p1éte viscometer. The data are plotted and shown in
Figures V—1'thf6ugh V-3. The details of the viscometric apparatus ahd

~ the procedures are not described here. The data for a given blood
hematocrit were divided into several shear rate ranges and an analytica]
"expression for each range was obtained. Either the linear or the non-
Tinear regression analysis was generé]]y used in this process. The

data are represented as

G = f(T)
where G = shear rate
T = shear stress
. du _. ~ ' '
or - -a—l;“ f(T) : ' ’ : (])

~ where u = velocity of fluid at radius r
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Table V-2 summar1zes the ana]yt1ca1 express1ons for different ranges at
different b]ood hematocrits.
The relationship between the shear stress and the pressure drob
per unit length of the tube for steady, dniform_]aminar'f1ow of any

fluid through a circular tube can be expressed as

T=-2r . | (2)

dx

where %§-= pressure gradient per unit. length of tube

r = radial coordinate

1ong1tudina1.coordinate,

X
This equat1on is der1ved by s1mp11f1cat1on of the momentum
equations for such flow" s1tuat1on
The,bu]k average velocity U is given by

volumetric flow rate
cross~sectional area

: OF 2rur dr
or U .
- O? 2wy dr

—'%2~ OF ur dir

U:

c
L

or

where R = outside radius of tube

. Integrating by parts and using the boundary.conditions,
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u=20 ' at r =R

U=y | atr=0
=-l- _.g_l‘l- 2 i .
U= 0}‘,( ) r2 ar : | (3) -

Using r as an independent variable, the equétions (1), (2) and
'(3) were solved simultaneously by numerical methods and the relation-
ship between U and the pressure drop was obtained for different 51ood
hematocrits. The computer program of the numerical method is shown in
.'Appendix A. _

The Poiseuillian equation was used to calculate the Poiseuillian
Visco;ity, .
‘Np - g%'(_%g)
where Np = Poiseuillian Viscosity
Apparent viscosity was simultaneously calculated by the defini-
" tion, | '

=1
Na "G

Np and N, were ca]cu]aﬁed at a given wall shear stress and the
'd¥fferehce bétween the two was calculated simultaneously by computer.

It.may be rémarked that for a Newfonion fluid,

~ where ¢ = viscosity, a constant.
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Using equations (2) and (3), it can be shown that

dp _ 8ul
dx ~ RZ

" The difference between Np and Na is plotted against Na and the
graph is shown in Figures V-4 and V-5. Uiand the hematocrit are the
-barametersvon the graph.

=
U=5

where U = reduced velocity




V. RESULTS AND DISCUSSION

Figures. V-1 through V-3 show the'viscometric (rheological) data.
Tab]e V-2 summarizes the f1tt1ng of the rheo]og1ca1 data into the
ana]yt1ca1 express1ons . Figures V-4 and-V-5 show the results of the
_ ¢a1cu1ations It is seen that the d1fference between the Po1seu11]1an
V1scos1ty and the apparent v1scos1ty is s1gn1f1cant at 1ow bulk average
velocity and at high values of hematocr1ts;‘ When the apparent viscosity
it about 6 centipoise and hematocrit is about 42% and reduced velocity

-1,'the difference between the Poiseuillian Viscosity and "

is about 1 sec
the apparent viscosity is about 0.5 centipoise (which is about 8% of
the actual value of the apparent viscesity). |
Table V-1 shows the comparison of resu]ts.obtained from litera-

“ture (15) and those obtained by this work. It should be noted that
results obtained by Lipowsky (15) represent in-vivo experimental data
and results shown in this thesis represent in-vitro experimental data.
In Table V-1, the tube hematocrit is estimated from the resu]ts of
Barbee (5). These tube hematocrits are not the experimental retu]ts

of L1powsky (15). The 1ast two columns show the correspond1ng results
from the graphs shown in F1gures V- 4 and V-5. Although the error
between:the Poiseuillian Viscosity and the apparent'viscpsity is not
Very significant, the estimated apparent viscosity is much jower than
that:obtained by Lipowsky (15) ‘

Some add1t1ona1 examp]es of the use of the Po1seu1]11an
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TABLE V-1

" GOMPARISON OF RESULTS OBTAINED.FROM LITERATURE (15) AND FROM THIS -WORK

" Vessel , : :
Size Estimated Reduced - Apparent Estimated Estimated
(Avg.) Tube Velocity Viscosity Apparent (Np - Na)
(15) Hematocrit U (15) (15) Viscosity Difference
microns  percentage sec"l_ centipoise centipoise centipoise
33 - 28 10-20 9-4 3 0.1
38 30 5-20 20-8. 3.3 - 0.1
: 2-4 . 25-15 3.6 0.15
43 3] 9-20 30-10 3.3. © 0.1
48 32 6-20 20-7 3.3 0.1
58 34 15 25 3.3 . 0.1
-39 - 30 - _ 8-20 25-7 3.3 0.1
50 9-20 11-7 3.3 0.1

- 32.5
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TABLE V-2
FITTING OF RHEOLOGICAL DATA INTO ANALYTICAL EXPRESSIONS

Temperature 37° C

Hematocrit " Range - Analytical Expression
(M) 25.4 "0 < T <'0.004683 G=20
0.004683 < T < 1.0 G = (6.238T"°> - .4268)2
1.0 < T < 33.06 G = 33.005T!-07332
T > 33.06 G = 43.29T
(2) ~ 35.8 0 <T < 0.01302 G=0
. 0.01302 < T <1.04 G = (5.944T7-05 - ,678)2
1.04 < T < 37.2 G = (-.7027 + 5.9447°5 +
T>37.2 : .0463T)2 )
G = 37.174T
(3) 46.5 0 < T < .04285" G=0 . :
> : 0.04285 <.T < 1.42 . G = (4.93105T-°% -~ 1.02074T)2
1.42 < T < 42.25 G = (-1.3727 + 5.13697°5 +
‘T >42.25 .065T)2 .
‘ G = 28.40917
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Viscosity can be found in the 1iferatufe and the errors are significant

at Tow values of reduced ve1ocffies and hemétocrits.




VI. CONCLUSIONS AND RECOMMENDATIONS

1. The difference between the Poiseuillian Viscosity and the
apparentAviscosity.is significant at Tow va]ues'df reduced velocity (the
ratio'of bulk aVerage've]ocity.and tube diametek)~and at Tow values of
bematgcrﬁts. - |

.‘ 2. In}vitro experimental results are shown in this thesis. If

the actual experimental work'is in-vivo, the results may differ, for

" reasons which are still unknown.

3. Iffthe actual experimental work is in-vitro, the uée of the
Poiseuillian equatibn should be m&dé on]y'at high reduced velocities
such as 30 sec”! or more. |

4. Additional examples of usage of the Poiseui]1%an Viscosity

may be found. from Titerature survey and the errors can be estimated.




SECTION B

OSCILLATORY CONDITIONS




VII. STATEMENT OF THE PROBLEMS

This section dea]s-With oscillatory flow of blood. Figure VII-1
gives  some idea of'the-naturé of oscillatory flow of blood in the human
' circ&latory systeﬁ (18). The rate of heart beats qua]]y varies from
| about 60-70 beéts per minute at rest to about 160-170 beats per minute
at péak cérdiac output. Thﬁé the useful range of frequencies of oscil-
lation is about 1 to 3 cycles per second. 'Table VII-1 summarizes some
typical values of ﬁean préssﬁre drop per unit length of the vessel at
various lbcations (25,26).

.Experimental work was done to understand some of the character-
istics of oscillatory blood flow in rigid, circular glass tubes. These
~characteristics are the pressure gradient-flow fe]ationéhip undér
osci]]atory‘cdnditions, the values of the hematocrit of blood, the
possible effects of deformation and aggregation of red blood cells, etc.

It may also be possible to calculate the pressure gradient-flow
relation for blood under osci]]étory'conditions using the momentum

equations (equations of motion) and the rheological data (obtained from

'ﬁsteady flows in viscometers). But such ‘data may prove to be inadequate

for such calculations, because the chargeteristic times for red cell
aggregation and red cell deformation are comparable to-the times of flow
oscillation. In addition, viscbe]asfic effects may be important.

Hence this section involves:

(i) the experimental work done on oscillatory flow.
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FIGURE VII-1. NATURE OF OSCILLATORY BLOOD FLOW
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VII-1

VALUES OF MEAN PRESSURE DROP AT VARIOUS LOCATIONS (25,26)

20,000

Dimensions
Pressure Drop
Type of Diameter Length Per Unit Length
Blood Vessel microns mm mm Hg/mm
“Large Artery 10,000 600 -0.0183
‘Terminal- Artery . 1,600 110 -0.173
Arterioles 40 2 -15.0
Capillaries - 16 1 -15.0
Venules " 60 : 2 -4.5_‘
Main Vein 4,000 100 ~0.05
Large Vein 20,000 600 -0.00834
Descending Aorta 16,000-20,000 . - -7.01 x 107
Venae Cavae [ 23.16 x 1074
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‘(ii) the discussion of the calculational procedure for pressure-.

1

flow relationship -under oscillatory condit%onS'using the steady visco-

metric data.
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VIII. REVIEW OF PREVIOUS WORK

The Tliterature oﬁ pulsatile blood flow has been deséribed by
several authors, such as McDonald (16), Bergel (6) and Attinger (2).
WOmersley'(27) defived the theory of oscillatory flow fof a Newtonian-
fluid 1n_a.c1rcq1ar,tube. Some of the results of his theory are sum-
marizedon P. 36.

Tables VIII-T and VIII-2 summarize some of the details of the
expefimenta] work done by Sevi]]a-Larrea (195, Singh (20) and Thurston
(22,23). * These tables summarize the tube diameters, the frgquencies
of,oéci]]ation, the flow amplitudes, hematocrits, the pressure -ampli-
'tudes, etc., used by these workeré.

'Sevi]&a-Larrea (19) studied pulsatile flow of blood using high
| $peed microé%hematdgraphy. He measured the pressure wifh the help of
pressure transducer.but for- the measurehént of flow, he measured the red
blood cell -velocity profiles. He did.not measure the flow with the help
of a displacement transducer or some other flow measurement device. It
a1so.seem5'that the apparatus was not tested with a Newtonian fluid,
{;é., the apparétus should have been checked to show that for such
f]uids the éxpefimenta] and theoreticél‘results agree with each other.

.Sihgh (20) used an eiectromagnetic flow meter to measure oscil-
latory f]oQ. His pressure measuring method was designed so that he
could eliminate the éntrance effects of the tube. He had two pressure
taps in hi§ tubes (1660u, 3240u). These taps were-p]aced'suffiéient]y

far from the ends of the tube so that end effects were negligible. His
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TABLE VITI-1

SOME -OF THE DETAILS ABOUT THE PREVIOUS WORK
DONE ON OSCILLATORY BLOOD FLOW

Capillary- Number of
Tube Length  Tubes "in
Diameter of Tube Parallel- Hematocrit Temperature
Worker e cm N percentage °C
Sevilla-Larrea 0.004 6.5 1 - 5,10 25
(19) 20,40 - .
0.007 . 10.0 1 5,10 25
. 20,40
Singh (20) 0.0608 7.5 1 40 23
. 0.166 70.0 1 40 23
0.324 100.0 1 40 23
Thurston (22) 0.086 11.14 - 6 46 21.
Thurston (23) 0.043 . 0.654 50 46 - 24
R L 0.0610 0.984 50 46 24
0.0788 1.236 32 46 24
0.094 - 1.401 - 12° 46 24
0.132 1.993 8 46 24 -
0.1918 2.86 . 5. 46 24 -
0.398 5.86, - 2 46 24 -
0.70 13.16 1 46 24




~ TABLE VIII-2

- SOME OTHER DéTAILS ABOUT THE PREVIOUS WORK DONE ON OSCILLATORY BLOOD FLOW

Some Othér Details

Frequency : :
. of Diameter : Flow Pressure Drop
Oscillation | of Tube . AmpTitude Amp1itude
Worker c.p.s. cm cm3/sec dynes/cm? Nature of Flow
Sevilla-Larrea 0.0 0.004 6 x 107° t% 8 x10°tg | Combination of
(19) 3.6 20 x 10 79 x 10° | steady and _
8.4 0007 | 19 x 1075 to | 4 x 0% to | osclllatory or
60 x 1076 36 x 108 | Puisatiie.
Singh (20) 0.6 0.0608 | 0:08 105 to 1.64 | Purely
. through x 10° oscillatory
10 . :
0.166 0.8 2200 to 4720
0.324 1.6 360 to 1800
Thurston (22) 2 0.086 | ™0 5to 1073 |1 to 2 x 103 | Steady,
_ oscillatory and
_ pulsatile
Thurston (23) - 0.2 - 0.043 | 1076 t0 1071 | 1071 to 100 | Purely
' . through to - oscillatory
200

0.70

0}
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apparatué'was tested for a'Newtonian f]gid. The ratio of pressure
amplitude to flow amp]itude is impedence. 'To analyze his experimental
re;u]fs for blood, he first p]otted'the impedence versus frequency fbn
Newtonian fluids with different vjscosfties, The experimental impedence
for blood at a given frequency was measured and then p]ottea on the same
graph for different frequencieé of oscillation. At a given frequency,

the viscosfty-of a Newtonian fluid, which gives aﬁ impedence equal to.

that df'b]ood, was considered as the.b]ood's,"quivalent viséosity."

_ The results derived with this ‘equivalent viscosity arerhly good for
blood at that frequency of 6sc111ation. Blood .is non-Newtonian and the
predictjdns about blood from a Newtonian fluid theory may not be theo-
retically stnd. Hence, the analysis of his experimenta] results need§
further study.

Thu;ston (22,23) performed both the theoretica]Aand experimental

"work on oscillatory flow of blood. He considered blood as a viscoelas-

_tic fluid. A viscous material is-one whicﬂ flows, when stress is
épp]ied. An elastic maieria] is one which deforms, when sfress is
.applied. Thurston considered blood to show characteristics of both

ltge Qiscous and thé elastic states. He derived the fhedry of oscil-
latory flow for a linear visco—e]aétic f]ﬁia in a rigid circular tube
(23).  The tube is assumed to be fi]ied with a fluid of complex: co-
efficient of viscosity

n* =n' - 1in
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real part:

=
it

=
it

imaginary part
Using the Nayier—Stokes equations with a complex viscosity sub--

stituted for the usual viscous viscosity,-he derived~eqﬂatﬁons for the
complex f]ow.- A Newtonian fluid does not sﬁow aﬁy elastic effect, while
a visco-elastic fluid shows both viscous and elastic effects and they
are represented by the real and %maginary terms in this thebry._ But
such'division of viscosity into two. parts is possible.for a purely .
viscous fluid also.

| His experimental work on oscillatory flow involves a velocity
transducer to measure the oécii]atohy flow. But he did not have:a
stirrer in hfs apparatus so that the red blood cells may sett]e‘and the
hematdcrit of blood may not remain uniform. He also had a membrane in
the feed reservoir which separated the blood from water. - The pressure
- was mea;ured“in that section of feed reservoir which contained water.
His experimental results show thatnthere is a linear re]atithhip
betweenfthe pressure and the flow at lower shear.rates (i.e;, at
Tower flow rates). 'This'obsérvation is in contradiction with observa-
tions of'ﬁany,dther workers (2,3,13), beéausevb1ood is found to be
non-Newtonian at low shear rates and thereiexisté a finite yield stress.
Hence at 1ower.§heaf rates, the re1afionshjp between the pfessure and

- the flow should -be non-Tinear. For these and other reasons, Thurston's
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experimental work needs to be repeated.

| K}fhe (13) éonsidered-b]ood as a polar fluid. In polar fluid
theory; b]ood is considered asia collection 6flpart1c1es and stress- ;
tensor analysis is used to understand the oscillatory flow of blood.
But his work is pure]y,theoreti;é] and Cowin (10) argued that polar |
fluid theory does not adeqﬁéte]y mode] b]ooa fTow in microcirculation.
Also, it is observed that the hematocrit éf blood changes with radial
position ih a tube, but polar fluid theory'does not take into considera-
tion suchla-vdriabi1ity;

It has been‘mentioned on P. 24 that oscillatory flow of blood
.might be predictable from steady flow shear stress—shear rate tvisco-
metric) data.  But such data-may prove tb be inadequate. because of the
visco-elasticity of blood and/or because the kinetics of red cell
deformation are slow compared to the oscillatory time. Hence, some of
_the ideas regardfng visco-elasticity and the red cell aggregation and
deformation are discussed in this chapter.

Lessner and co-workers (14) studied the visco-elastic properties
of blood using_a‘viscofelastomer under oscillatory conditions. They
“TAeféfﬁined thé're]éxation time spectrum- for b]Qod'over a time range
between 0.3 to 0.8 second. They concluded that red cell dggrégation
processes have characteristic time constants of 0.8 second or less.

Thus;.from‘the relaxation time spectrum, it seems that at Tower fre-

quencies.of oscillation it may be possible to predict oscillatory flow .
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behavior of blood from the steady viscometric data.

But, the red b]ood-ce1ls are also deformable. Work done by’
Evans (1i).and Waugh (24) déscribes the deformation of red blood cells.
They considefed the red blood ce]i as a membrane envelope containing a
low viscosity Ngwtonian fluid (an aqueous solution of hemoglobin). For
the membrane, fhey formulated and experimentally determined four B
material cqnstants. These constants were termed the shear modulus of
e]asticity, the viscosity (in the visco-elastic domain), the yield
"shear," and a-p]astfc viscosity. Below a yield condition, the membrane
js reversibly deformable (visco-elastic), but above the yield condition.
it begins to flow in a vigcous, plastic manner. The red blood cell has
the shapé of-a,Bf—concave disk with a mean diameter of about gight
microns and thickness of about one to two microns (5). It is flexible,
beéausé it is essentially a thin membrane container 1ﬁcomp1ete1y filled
with a fluid. It is a 1fv1ng cell. It is capable of responding to
osmot%c.pressure changes in the susbending media. Waugh (24) and Evans .
(11) found that the t{me to recover the deformation occurred with the
red,b]ood cells may be of the order of 0.3 seconds. Hehce, again, at
Tower fredhency of oséT11at10n, oscillatory flow of blood can be
studied from the steady viscometric daté. But at higher frequency of
;oscillation, ﬁt.may not be possible to do so. ’
Work.done by several workers has been described briefly in this

chapter. From. this discussioﬁ; the present study was made considering.
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‘the following aspects.
“1. A magnetic stfrrer is used so fhat’the concentration of red
blood cells (hematocrit) remains uniform (i.e., cells do not settle) in

-the apparatus reservoirs.

2. A possible inadequacy of the use of an e]ectromagnetié flow-

meter can be avoided. Such flowmeters may record.the same results for . -

* two different oscillatory flows.

3. Pressures are measured by direct contact of the blood with

_ pressure transducers.

4. The experimental.data should be explained in terms of the

‘known properties of blood.




IX. THEORETICAL BACKGROUND

The theory of oscillatory flow for a'Newtbnian fluid in a cir-
cular tube was studied by Womersley (27). His results may be summarized

as follows. When the pressure drop is given by
dp .
ax Pm cos (wt)

amplitude of pressure drop

where Pm =
' w = angular frequency
= 27f
f = linear frequency
t = instantaneous time .
p = pressuré
X = éxia] distance

the flow is given by1

.M :
L 10 .
Q=H—S—Pm?— s1n'(mt+¢)

where R = radius of the tube

viscosity of fluid

u:
1
t-, Mlo . - - ' . 3
The quantities 7;;1 and ¢ have been derived as a function of a, which is
given by
= 3393.0‘5
o= (F22)

= frequency parameter

- where p = density of fluid
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1 : . :
- The quantity M;q represents modulus .of the sinusoidal oscilla-

-tion of vo1ume-f]6W. The quantity ¢ repreéeTts the phase difference

M

between pressure wave and flow wave. Both ?ﬁf-and ¢ can be obtained as

a functioh of « from a table which was constructed by Womersley (27).

Figures IX-1"and IX-2 ine some idea about how the flow amplitude varies

~with the pressure amplitude for different values of a, according to

this theory.

Flow amﬁ]itude

. -Pressure amplitude

1

Mig:
ol




X. APPARATUS AND PROCEDURES

Experimental wdrk-

A. Apparatué
‘ The schehatic diagram of the apparatus is showh"in.Figure X-1.
The apparatus is described by considering one part after anothef;
Scotdh—Yoké. The sinuéoida] signal 1is generatéd with the help
of a scotch-yoke. Figure X-2 and Figure X-3 exp]éin the principle on

which it operates. Basically it converts the circular motion of a. shaft

(which is driven by an electric motor) into the reciprocating (osci1- o

lating) motion 6f a piston, or, in other words, simple harmonic motion
is generated. As showniin Figure X-2,-'when a particle rotates in a
‘circulatory mot%dn and its motibn is projected on the diameter of the
circulatory path, the projected motion on its diameter is called simple
harmonic mofion. This same ana]ogy'can be exactly app]ied to ihe'
‘scotch-yoke. As shown in Figure X-3, a pin (particle) is fitted in
a groove which is drilled-in part A. As part A rotates, the part‘é
6§c111ates.in;the horizontal direction in between the guides (part C).
The oscillatory motion of parf B is imparted tqnthe plunger of a.syringe
wﬁiéh,'in tufn, 1mbarts the oscj]]atdfy éotion to the fluid in the
capillary tube. _Thus; the sinusoidal signal is generated.
The’scotch-yoke is driven by a variable ;peéq electric motor,
through_a'géar box. The motor speed is monitored by an e1ectr0ni§

tachometer and is regu]dted by a feed-back circuit.
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SZhﬁnge (Appendix B). The plunger of the syringe is connected

"to the scotch-yoke (see Figure X-1). The 'syringe pumps blood into and

out of the capillary tube which is fixed in between the two reservoirs.

Reservoirs.and Tube (Appendix B). The reservoirs are connected

to the tube with the help of square plates and screws. The plates are
glued at the ends of the tube;' To prevént leakage, si]iﬁone "form-a-
gasket" (a rubber base adhesive sea]ant)'is app]iéd in between the
square plates and the reservoirs.

The blood inAthe feed reservoir can be stirred by a magnetic

stirrer (Appendix B) to maintain the hemétqcrit of blood uniform.

. B.__Pressure Measurement Device (Appendix B)

'Pfessyre at upstream side (feed side) is measured by\a Statham
P23Dd pressure transducer which is connected to an émp]ifier. . The out-

put of'the amplifier is fed to a Hewlett-Packard oscillographic

.recorder. The pressure in the discharge reservoir is atmospheric.

C. Flow Measurement Device (Aﬁpendix B)

The displacement of the plunger of the_syringe is monitored by

-a displacement. transducer whose output is. fed to an amplifier, which is

connected to the recorder. The displacement transducer measures the
displacement of the -plunger but frdm the displacement sigha] it is pos-
sible to calculate the flow signal.-

If the displacement wave is given by,
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S=5 sinwt.

.m
where S = displacement at time
| t = instantaneous time

w = 2nf |
= angular frequency
f = 1jnear frequency
Sﬁ = amplitude of the wave

then the plunger speed of movement is given by,

" dS .
T Smw cos wt

- The fluid volumetric flow rate from (or into) the syringe is given by,

_ T 42 dS
Q 4 ds dt
where Q = instantaneous flow
dsf= diametér of syringe plunger

* Combining the last two equations,

qQ =

2
dS Smm cos wt

RS

This can also be written as,

Q= Qm cos ot

=T 42
where Qm i dS Smm

Thus, it 1s,possib1e.to~ca1cu1ate fluid flow gmp]ftude from
“syringe plunger displacement amplitude.

Recorder (Appendix B). The Hewlett-Packard model oscillographic
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recorder has two channels. It can record the plunger displacement wave,

and on the other channel it can -simultaneously record the pressure wave.
Procedures .

D. Ca]ibration of the Pressure Transducer-

. The pressure transducer meaéures the pressure in terms of an
output voltage. Hence, it is necessary to calibrate the pressure trans-
ducer. The relationship betweeq the pressufe measured in terms of volts.
and the pressure measured in terms of mm of Hg is termed the calibration
of the pressure -transducer. This calibration was obtained with the help
of a precise mercury manometer (Appendix B). The relationéhip was found
to be linear and it is shown in'Figure X-4. A linear regression analy- :
sis was used to obtain an expression which relates the pressure in volts
to the pressure in mm of Hg.

"P=114.5V + 1.7

where V = pressure in volts

P = pressure in mm of Hg.

E. .Calibration of the Displacement Transducer

This transducer also measures the, displacement of the plunger of
the syringe_in terms of an outpuf voltage. Hence, it is necessary to
obtain the relationship between the:displacement measured-initerms'of :

volts and the d?sp]acément measured in terms of centimeters. This cali-

bration was obtained using a precision.micrometer. The relationship
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used is givgn by,
1 recorder chart division = 0.0685 cm
wheré 1 divjsion corresponds to‘the sensitivity of 10 mv/v/full

scale.

‘F.f'Meééureﬁéht of the éap111ary—Tube Diameter

This was done by performing an experiment- in which water (a
Newtqnian fluid) Qas pumped under steady conditions through the capil-
lary-tube with the help of a syringe.pumﬁ (Appendix.B). . The pressure
drop across the tube at various vo]umefrié rates was measured with the
help .of the‘pressure transducer, which is fixed in the feed reservoir.
The Poiseuillian equation (good for a Newtonian fluid such as water) was

hﬁused to obtain the diameter of the tube.

w2 Q 8l
R Ap T
where Q = volumetric flow

pressure drbp across the tube

Ap
p = viscosity of water
L = length of the tube

ﬁ' radius of the tube

Thds, the radius of the tube can be calculated. Figure X-5
~ shows the graph of the volumetric flow rate against the pressure drop.

From the sTope of the graph, the radius.of the tube caﬁ be ca]cu]afed.


















































































































































































