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1. Introductory Comments
Blood, being a fluid with suspended particles, may be postulated as following several principles common to such

fluids. In ﬂigh shear we observe the Fahraeus-Limdqvist, or axial accumulation, effect. With lower shear we have roulesu
fi

iy

formations, with cells flowing as a Sack of coins, united by sowe yet unknown adhesive. The cell often deforms in small

vessels, where a hydrodynamic lubrication sodel may be apgropriate for flow
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For rigid spheres Einstein obtained
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But for small spherical droplets, 6.1. Taylor replaced the concentration's multiplier by

V- 8 VAR TR S
.8 # e *

. 2
wiich may be wmultiplied by a peosetric factor which surpasses unity for assymetric particles. # correlation has been

determined for yield stress
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with € representing fibrinogen concentration and HCT the hematocrit, or voluse ratio of solids in blood, shich is usually
f

{
p.174, Fuller, Dulgy, D.,Theory and Practice of Lubrication for Engineers, New York: Johm Wiley {1336).

2
pp. 135-157, Caro, [.B., Pedley, T.J., Schroeter, R.C., & Seed, W.A., The Mechanics of the Circulation, Oxford{19/u);

Weinbaum, 5., Biofluid Heat and Mass Tramsfer, Fall Semester, 1981 Course in The Lity College of the Lity University of

New York, MESS06. T
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2. Erythrocyte Rouleau Aggregation Phenosenon
Norgal whole blood, being a heterogemous fluid, has red celis which agoregate at low shear rates, forming
"rouleaux”, erythrocyles which are assesbled as a roll of coins [see figure.] This is believed to result in viscosity

increases. This is important for sany normal and pathological situatioms.
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Figuwe 2-1: Rouleau Phenosenon,
(Goldsmith § Mason opere citato;
Unpublished Computer Approximations,
Columbia Bioemgineering Imstitute,
all rign.s reserved by instifute.l
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3. Fahraeus-Lindqvist Effect
Robin Fahraeus and- Torsen Lindqvist from the Pathologival Institute in Uppsala, Sweden stated

18

Nearly one hundred years have passed since the Fremch physician Poisewille  took up for comsideration the
important probles of the resistance of the hloodstreas in the narrow parts of the vascular system. As experizental
difficulties arose with blood, his fundamental investigations were confined to experiments with water and
different fluids in glass capillaries. He found, a5 is well known, that the time of efflux of a given volume of

- fluid is directly as the lemgth of the tube, inversely as the difference of pressure at the two ends and inversely
25 the fourth power of the diameter. ..,.with water... agreed very well with the law of Poiseuille...The law of

1
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Figwe 3-13. fAparatus of
Fahraeus and Lindgvist,

[opere citate.)

This is known as the Fahraeus-Lidgvist or axial accumulation effect, This effect ocours only at high rates of
shear, It may be related to the occurance of a cell-free layer near the tube wall. This has been verified via high-speed
photography of blood flow in glass tubes (in yitro) and in blood vessels of mamsals (in vive.) Blood accumulates at the
axis 50 pronouncedly that if blood is mot drawm from the center of the vessel, the hesatocrit, or volume fraction of cells

12 13
in blood, may differ by a fourth. This may be explained via the cell-free marginal layer model

10 .
Poiseuille, fmales de Chimie et de Pwsiol., vii, S01843); Compt. Repd. d. Seances De L'Acad. Sci., xvi, SBC1BA]

i1
R Fahragus, & T Lindgvist, The Viscosity of Blood in Narrow Capillary Tubes, pm.J.Physiol., 9, [19311, pp.562-563,

12
Cooney, opere citato, pp.54-58,
3

This axial accumulation could limit interaction of the cells to their surrourdings, such as the trapsport of oxygen
and carbon diowide.
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4, Effect on Artificial Organs

Analysis of red cells is mecessary for correct design of internal and extermal artificial trgans, Since
erythrocytes may behave unusually, certain conditions must be compensated for or aveided in design. At high rates of shear
we have the Fahraeus-Lindgvist effect. Mhile, at low rates of shear, we have rouleaux formation, Both can be detrimemtal
- and thus the sedian shear rates wust be chosen. frtificial orgams include external devices such as heart-lung and kidney-

16
dialysis machines, as well as internal organs such as artificial kidneys and hearts.

17 ' ‘
The Fahraeus-Lindgvist Effect, may be accounted for under certain comditions. In the words of Professor
Leonard, ta; and a student of
his: "the effects of particle shape, deformability, and interaction with other particles must be considered before

predictions of the radial drift phenosenon can be accurate evough guantitavely to be of real value in the design of
18
artificial organs and plassa cell separation devices,®

The effect of rouleawx on artificial organs is as follows: Normally, in a small vessel, 3 small differemce in
pressure (.82 torr) is sufficient to induce flow (e.g.:capillary 52 {4 in diameter and 8.5 cm. in length). 1f, however

there are 588 such vessels in a system, 10 torr would be needed to restart halted flow. This would result in injury due {0
' 19

lack of oxygen, which is tramsported by erythrocytes.  This must thus be compensated for in design,

Perhaps the ideas of this paper are best comcluded by this rather lengthy quote from artificial heart

resgarchers at Goodyear:

Considering that more pecple die from cardiovascular related causes than all other rauses combined, there seews
to be little guestion but what [sic] the artificial heart, whem fully developed, will be regarded as the major

—————l—

16
Coomey, opere citato ,pp. 302-430,

17
also descriptively called radial drift, or axial accumuiation -~ acousulation at the center of a vessel

18
RY Repetti, § £ F Leonard, Physical Basis for the Axial Accumulation of fed Blood Cells, in Chemical Enpireering in

Medicire, Chemical Engingering Progress Symposiuw Series, E.F.Leonard, d., 62, no. 66, [19663, pp. 86,

19
Middleman, opere citato, pp.83-84.
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5. Haemoviscological Cosputations

31 Correlation From Experimental Data

LCE FILE IS MLAB.LOS.

LEAVE THIS SESSIDN WITH THE COMMAND 'EXITY,
LT S3(X)=}r2
ESORTAU=LIST(. 801, .2,.3,.45,,55,.75,. 85)
#50RTRRTESLIST(R,.2,.25,.5,.7, 1. 5,2.2})

¥DATA COL {= 53 ON SGRTRATE;DATA COL 2= S0 ON SORTAU
#CT  STRESS (RATE)=MLHRATEPOWER+INISTRESS
*+INISTRESS=03; MU=, 33 POMER=. 77

¥FIT (M), POWER, INISTRESS), STRESS TO DATR

(... DISCONTINUED FOR BREVITY....]

BEEIN ITERATION 4

BEBIN ITERATION 4.1, SUM OF SCUARES= , 4430908-2

FINL, NORWAL ERROR  DEPENDEDCY
POWWETER WALLES: STRNDARD ERRORS:  VALLES:

48269 AlNSE] L9013 W

40949 SBIBIES-1  LTEEIZE  POVER

- 2465181 .3078Be-1  LBRMGI  INISTRESS
CONVEREED

"

RY ERROR= , 3350836-1 Tt () '+

FINGL St OF SOURRES= ., M91218-2
# 0F ITERATIONS USED=4- -
#TTYDRAW DATA & ( STRESS ON DATA COL 1)
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Figure 5~f: Haemoviseology Curve—Fitting Computations
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L8 FILE IS MLAB.LDG.
LERVE THIS SESSION WITH THE COMMAND'EXITY,
#CT GTRESS(RATE)=, AUCBRRATE, 410949 -, 24651381
#TT NEWTSTRESS (RATE)=MUsRATE+INISTRESS
#INISTRESS=2; M=, 81
SFIT{M, INIETREES), NEWTSTRESS T0 PBINTS(STRESS, 169:500)
L.. DISCWTIHED FBR BREVITY....]
FINAL NORMAL ERRBH DEPENDENCY
PARAMETER VALUES: STANDARD ERRDRS:  VALLES:

« 48519482 » 202935084 881798 W

2. 59994 « 1297348~} 831792 INISTRESS

COWERSED
RS ERROR= . 148875

FINAL S8 OF SRES= 13, 8723

§ OF ITERATIONG LSED=2 = (5% 3”’-0
¥TTYDRAW POINTS (NEWTSTRESS, 100:600) 1" (STRESS ON 100:400)

. I+Il.ll+ll.ll+lllll+ lllll +lllll+.llll+.l!'l+llIll+lll.I+.lll-l
B.33 + z
L.e2
't L%J
4,88
3.31
+ lllll +lllll+ll...+lIll + ll.l+lIllI+l.l.l+lll l+ l.ll+...l'.
100, 240, 389, 528, 868 aos,
= T L]
Figure 5-2: Haemoviscological Linearisation for frtificial Organ Shear Rates
26 a7
viscosity of water is given by the Columbia Physiolony Syllabus Cars  indicates shear rates of 1999/s as typical in

-2
vivo, at which he states the insignificance of nomNewtonian properties, and a viscosity of J-4mNsm . The lirear model

36
Physiology Syllabus, Colwumbia University in the City of New York, College of Physicians and Surgeons(1981), Sed.,
g 198,
a7

opere citato, p.17E.
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