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INTRODUCTION

An enigma characteriszes the concept of bleood viscosity at the
present tinme, azince several investigators have demonstrated an anoma
lous behavior of blood flow under certain dynamiec conditions. Signif-
icant deviations of the viscosity coefficient of a single bleod sample
have been reported in such instances. The flow conditions at which
these anomalous changes ocour are precisely those which would bs pre-
dicted in the periphersl vascular bed, where any aberrant alterations
in bleod vissosity would be of significance to the organism. Por
instance, it has been demonstrated that under low pressure heads of
flow (low linear velocity) blood exhibits an umsually high specific
viecomity. It is in the peripheral vascular bed that the linear
velocity of blood {low is slowest, and if this factor is of import
ance one would anticipate a disproportionately high visccus resist-
ance in thie region. It has also been observed that a blood semple
flowing through a capillary tube will undergo s decreass in its
specific viscosity in tubes under 0.3 mm. in diamster."*) This obsere
vation is penerally aceepted by physiologists, and the phenimenon is
sited as an economy to the organism, since visecus resistance is ADPIO=
odably reduced fm what it would be if this did not veewr. Unfortu-
nately, the velocities of flow employed were not measured, but there
ie presumptive evidence that they were high. The establishment of
phyeiologic velocities of flow in such narrew tubes may influence the
magniinde of blsod viscosity. Such information would be of more phye=
iologie significance than any which exists at the present tims,
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The objective of this study is to determine the behavior of blood
flow in single cylindrical capillary tubes, with emphasis on the
changes in whole blood viscosity which ccour in cach tube when the
linsar velocity of flow duplicates as nearly as possible that which
nay exist in individual blood vessels of similar dismeter.

Theoretic basis of viscous flow. When pressure ie applied to ome
end of a fluid mass contained in a horisontal tubulsr conduit, motion
is established which will immediately cease if the pressure is with-
drawn. If a constant pressure is sustained, & state of uniform fiuid
motion will result in which all the liquid particles move at & sone
gtant veleoelly relative to one ancther and in a path parallel to the
&xis of the tube. This is known as laminar {low.

Since the maintenance of laminar flow in a eylindrical tube
dopends upon an applied external force, this system must present a
continual impedance to flow requiring snergy expenditure to overcoms.
Two possible sources of this impedance may exist in the system
described, There ls a fluidesolid interfece at the immer wall of
the tube, and it is conceivsbls that the resistance to flow nay be
concentrated on this area. It wes first showm by Gmlulh(m in 1798
that the physical nature of the solid had no influence on the megni-
tade of this resistance, and it is sccepted at the present time that
those surfaces which are 'wet! by & fluld substance bind 2 molscular
layer of the fluid and that the linear welocity of this monomoleculer
film is sero.
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The other source of resistance could be within the fluid mass ite
salf, arising from matnal interference of the molecules of the liquid,
Teaac Yewton(3) was the first to state this concept of intrafluid or
viscous resistance. He recopnised thet a contimous exbermal fme‘
mist be exerted upon & fluid to maintain wniform velocity of motion.
Purthermore, he observed that motion imparted to one portion of a
fluid mess tended to be propagated to the entire mass, and hs sttribe
uted thess phenomena to a 'lack of slipperiness! between particles p:
the liguid. It is this lack of slipperiness which is termed the vige
gosity of a fluid,

There iz an spparent anslogy betwesn viscoeity and solid friction
but this is more obvious than real. 8olid friction is independent of
the velocity with which two solid objects slide past one enother and
of the area in contact. It is determined solely by the force existe
ing between the two objects at right angles 0 the direction of motion.
A constant pressure applied to one solid object will cause, not unde |
form velocity of motion, tut uniform stceleration of motion with re-
spect to another.

The magnitude of viscous resistance, on the other hand, is
directly proportional to the veloeity with which two flnid particles
move with respect to one another (the velooity gradient). It ias
directly proportional to the area of contigwous fluid surfaces,
inversely proportional to the thiclkmess of the finid £film and inde-
pendent of the force sxerted at right angles to the mcdls of flow;



theredore it differs frem wolid friction in &1l respects emoept that
both yepresent a foree asting %o oppose motion, ,

. The viseosity of a flndd muy be definmed ss that preporty Yy which
it tends to resist deformetion and flow, It 12 manifest as o finlte
foree arising within the moving fluid muss and eoting as a shear stiwes
bobween contiguons {1uld lamellse., Its direstion of astion will be in
the opposite direction to that of flow, and its magnitods will be
directly proportional to the linear velooity of flow. ¥When undfom
laminar (low ocours, the force tending to maintein flew will be exactly
balanced by the viscous resistance within the finid, regardless of the
physical nature of the tabular conduit,

Beganse the viscosity of s fluid ig dependent upon the velocily
gradients botween contimons fluid lamellae and io tharefore contine
ually varying with different flow rates, it does nob serve as & usedul
concepts However, ly using the viscosity comcept as a basio postalate,
1% is pussible to defioe & property of viseous fluids which doss have
& practioal meaning. This pwoperty is the viscosity coefficient. As
the word coefficient impliss, 1% is a ratio. It is the ratlo of shesr
stress developed within 2 moving fiuid mags te the welocity of flows

M av

T o shear strese

AV = veloolty gradient
Ageerding %o the busic consept of vissosity, this satio is always s
congtant for 8 given viscous flaids

#i‘ii%#(}t)



The viscosity coefficient may be defined as the force necessayy
%o areste a unlt velocity gradient between twp finid lamellss of unit
area separated from one ansother by & contimuous fInid phase of umit

thiclkmass,
M+ RS
In the G. Ou 8. mystem, this is represented as,
Ul - (1 -snfilke o

Ons such unit is called a polsss Water ab 20°C. has 2 viscosity
woefficient of apprecimately cno cantipoiss (1100 poiss). The
a.a.agwn-ummwmmﬁnum.m
larly those engaged in mesearch on Wood viscosity. It is casler %o
visgallise a yatlo of the viscosity coefficiant of Mlond to that of
water, and such a vetic is tormed the spesific viscosliy of blood.

Tidlising the ooncept of visoous flow outlined above, o mathoe
matical deduction of the volume of flow per unit of time through a
aylindrical tube was mede in 1856 hy Wisdemamnd) and in 1360 vy
Hagenbech®), Working indepsndently of asch other, they both
arrived abt the same equation, which has beooms known aa Polssuille's
Low 11 honor of the Fresch physician and researcher wio coatributed
wxact wperimental data on the fow of water in narrew cylindrical
tubess The mathematical dednstions nrree ontively with hip empistoal
date, collectad from 1830 to 1852, and slace the comsepts of visocous
larinar flow o o firm Ssandetion,



Peiseudllets Law for flow in & aylindrical tubet

Q n% | eveos (2)
expresses volume [low per unit time, 4, e a fumocidon of ihe radius,
Ry of the tubej the length, L, of the tubej the drop in laterd
M,P,munmmmwmmqywm
liquid. It should be re-emphasized that this Law 4is based on the
agsumption of viscous laminar flow. The above varlables influence
volmetrie rate of flow only insefar as thay effect total vissoup
resistance in this flow gystem. ‘

Using this axpresslon, 1% is possitle to measire the viscosity
coafficient of & liguid in & capillayy tubes

,rz‘ﬂnh" ‘ , ‘anu»:(j)

It is by substitation in this foowmla that the viscosily coefficient
of water has besn caleculsted from the precise data of Polssuille.
Eince the variables R and 1 are particularly diffieu)t to measure
in eapdllary tabes, it is customary $o ocompare water Clow with the
flow of Wood i the sme tubs. The fuctor, Rb/L, Sins besomes &
constant for the purpose of comparison and may bs ooubined with the
sonstant, 77/8, to give a single constaat, K.
a’mm‘wmﬂmmmmﬂzw,wmhm

‘ngﬁxdg : ewosa (k)

Pw = preasure head foy watey flow
Gr o volume flow of water 1n wdt thw



end & sinllar exprepaion may be set up for the viscoslty soelficient
at‘blnd.’fzb # in the seme capillary tubei

’25***2 sxenn B
Ph = pressure head for Wlood fiow |
Qp = volume flow of btleod in wrld time

1f & constent pressure head iy used in each instanse (Pg = Py)
the ratio of Wleod visconity scefflcient to weter viscosliy coaffie
olent (specific viscosity of tlood) may be copressed:

(O, *
Yzw l.e "’E‘ .a#a‘a(ﬁ}

On the other hand, a constant volumetrie rate of Llow nay be
eptablished in each instance (G » Qp)s in which case the specific
vigoosity of Wlood may be expressed:

DR '
nw x~§ - sanss (T

That is, the specifis viscosity of bleod is slwply s ratio of weter
flow to blood Llow 4L pressure head is held constanmb, ar the ratie of
blood pressure head 0 weter pressure head if volumetric flow is held
constant batween two oonsecutive determinations.
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Although other methods exist for measuring the viscosity coeffie
clente of fludds, the qylindrical capillary tube spprowimates physico-
logio conditions of {lew most olosely and has been almost universally
sdopted for Wsed viseosity deterdnations. For parposss of this
investipation, @0 othey netiods nsed bde desoribed.



Review of the literature

Fram the foregoing sketch it san be vesn that the theoretical
aspects of laminar flow reached theiy present sccepted fomm by 1860
with the deductions of Hagenbach and Wiedemsnn. The basic conoepts
of fluid viscosity, however, mist be cvedited to Hewbton, 150 years
earlier. In the early part of this interim & large body of experie
M&QMWMMMWWM’
French hydranlie enginceres Because of their preceoupation with
industrial problems, most of their work imvelved flow in oconduite
whose dimensions are not spplicable to the vasoular bed. The remilts
obtained in these larger tubss differ from Lhose which would be pro-
dicted from Polseuille's Law for reasons that are beyond the scope of
the present discussion. _

The firet experimental data to asuppoert Hagenbach's hypothetical
formula wore mipplied by 1839 by Hagen.(®) Three twase wubes wers
used of 2.5, h.ih, and 5.80 m. dlmmeters. Water flow was tested ab
different temperatures and under differont pressure heads, The volike
motric vate of flow was determined by weighing the efflux over a given
perded of time. According to this data,

<] u[-%&‘_’ (A {&)
where the gymbols have the sume meaning as in formmla (2). He
suggested that the trus valoe of the radius expoment was four. This
work, although brief sad inemact, reprosente the first capiricsl cone
Pigmation of the mathemstical laws of leminar fluw which were moon to



be developed,

Podseuille's e¢laborete experimsnte during the emsuing twenly years
wore %0 add s polish %o this phase of flow in narvew tubes which has nol
dimeed in 120 years, Polseuildel?), wosking as & physicisn and a medie
¢al researcher, spproached the problem of eapiliary flow from a physide
loglc ampeot. Ho was amtlons to deal with tubes whose dlimmeters were
in the rance of astusl blood vessels and uged glass capillary tubes
vhose exact dimenslons could be moasured under & mlorogoope. From &
large mmber of tubes, seven were finedly melessted on the basis of
theiy uwnifam bore end clreulsr cross section, These tnbes varied in
dimsster from 0.65 ma. to 0.005 mme, five of them being lsss than
02 nme in dlmwter. Bach tube was fused at one end to a calilwrated
reservoir, and the Dlow volume per umit tims was detemined by timing
the menisoug past two sorateh marks on this reservair. As o source of
preesure head he used comressed aiy in & 60 liter sepper chanber pProw=
tected from temporature change. Pressure was recorded with either a
neroury or water manometer.

Flow in esgh tnbe was eshaustively studied over a wide pressure
and temperature range. A dlstel frapment from each tube was then
removed and flew again etudied in the shortened tude, thug introdusdng
ths varieble of length inte the fnvestigation whils keoping dismter
congbant. The finid which he studied in preatest detall wao wates,
although meroury and aloshol-wuler mixbtures also wore tested. A
mwmwhmmmwmwmmwm



tub oletting and othar technicel difficultles prevented him from
pursuing this further,

Poiseuille's observations led him %0 formmlate three laws of
flow in narrow capillary tubsss

de Law of Pregsures. In the same tubm, the volmetrie rate of
flow is proportional te the pressure gradient, providiag that
a cortain minimal twbuler length is exsoeded, which incresses
with the radiuse

2o Law of Dimeters. 7The volumetrds rates of flew thwsugh two
tuboe, sl other variables belnz equal, are related %o esch
othar as the fourth power of the dlameters.

3. Low of Langth. In the same tuhe, the volumetvic rate of
20w ip inversely proportional to tho longth of the tubay
providing that the length excesds the critical minimal wvalue
raferred %o in the Law of Pressurea,

In addition, the volumetrie vate of flow was seen to be greatly
angmented Yy inopeasine the tempercture of Tlowy and the influence of
teoperature on flow was owrefully studisd,

The above lawe of flow could be integrated into a generel mathow
matdonl foreulla,

Q@ = Xombh cassa 9

whave X repressnts s preportdonality cometant depundent upon the
teporature of flow, and the other symbols have the sams msaning as
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in forenls (1), The value of £ st o given constant tesgperasture won
dstarmined Ly substitution in the equation,

luw ‘ nqggeﬁmg

and for water at 10°C. was found to equal 183.783. Therefore, at
10%0e; the flow of water in narrow tubss nay e expressed,

Qnm.m'l'n‘ﬂa 6'0‘0(“}

Podssuillo tested this oquation in four tubes of 0.1h2, 0,085,
OGSy and 0,29 . dlemster and found that it was correct in each
instance,

By solving for K in fomwla (0) ot different temperetures of
fiow fvam 0°C. to L5°Cs; Podssuille arrived ab & gsneral oquation far
flow at any temperature in this partdeular renget

@ = 836,724 (1 + 0,03367937 + 0,00022099362%) POBAL . (12)

The aotual meaning of the proportiocnalily constent @id not ’
booene evident until Wiedemamn's and Hagenbaoh's treatment of viscous
100,85} 14 15 now recopnised to inslnde the constast /B and the
viscosity coefficlent,M.

Using Polseuille's data, Hagembuch calculsted the vissosity
cvefficiant of weter as equal o 1.3351 centipodees at 10°C. It is
currently listed ag 1.3007 sentipodocs,

A an exanple of the epplicability of Polsenille's gensral
spirical foremla (% ), wo can apply it to data obbained in one of
our glags tubss for wuter flow.



Tube Gt
= 0.0500 ome
Ay ei.wé
P = 20,15 mm, Hz at 0°C.
T = 35,0°C.

By subgtitution in equation (12), celoulsted volumetric flow volums
squals 80.6 cu.mm./sec. and observed flow volume squale 82.8 cu.mu./sec.
The experimental work of Peiseuille closed the chapier on the
laminer flow of water in narrow tubss. The attempt to verify or refute

these laws insofar as blood flow in narrow tubes is concerned eceuples
the remainder of this historical aseccount.

At the begimning of this phase of the diseussion, it is necessary
%0 emphasize two aspects of Poissuille's work which should be borme in
mind in applying these lawe to blood flow. His law applies only to
tubes above a certain critical length, which increases with the radiuse
Chart 1 is & plot of volumstric rate of flow as a function of pressure
in a tube 0.k mm. in diameter, but whose length is less than this oriti~
¢al minimel valus. The data are Poiseuille's snd are included in Table 1.
Over the wide pressure range which he has employed a significaut devia-
tlon is observed from the rectilinear relation which would be predicted
from Poiseuille's Law., However, in the nsrrow range in which physio-
logic velocities of flow oocur, no such deviation is observed. There-
fore, oo long as low velocities are employed, we may assume no signifie
cant error due to insufficient tubular lengbh. Secondly, his laws are
based on studles in tubes of very narrow dimmsters. Work conducted in
tubes of large diameter may conceivably lead one to an entirely



Chart 1

A plot of pressure-flow data in two tubes which are
too short for the application of Polseuille's Law of
Pressures. Hote the curvilinear relation between pressure
and flow and how this is more marked in the shorter tube,
However, in the physiologic flow range indicated by under-
scoring there is no appreciable deviation from linearity,
aeven in the shortest tube,
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different formla for blood flow in eylindricel tubes, assocciated
primerily with the existence of turbulent flow,

With the exseption of the single determinaltion on ox bleod,
attempted by Poiseuille, the earliest experiments to determine the
Jawe governing blood flow in narrow cylindrical tubss were conducted
1n 1873 by Duncen and Gamges.'®) Thay used a method similar to that
devised by Poiseuille, except that their glass tubez wers allowed te
empty into the atmosphere. Pressure was supplied by 2 cunpressed air
source. The tubes they employed were relatively larges in diameter
and are far too short for strict application of Polseuille's law,
partioularly since they used high velocitiss of flow, They were
unable to confirm Poisouille's law even with dietilled woter, finding
that flow varied with the square rather than the fourth power of the
dismeter. Fresh arterial and venous blood from a calf waz forced
through these tubes at & mean linear velosity of about 90-100 em./sec.,
wvhich is far in excess of a phyaiologic veloecity for vessels of similar
diameter. The observed specific viscosities were excecdingly low (2.3)
for arterial blsod in & tuba 0.9209 mm. diameter and 1.3 for fresh
vencus blood in a tube 1.259 mm. diameter; however, no hematocrits are
reported and no mention is made of the pressure or sbsence of hemolysis.
Bacause of the high flow velocity atlained and the lerge dismeter of
the tubes, it is felt thet thess authors are working with an entirely
different flow situstion than cenfronted Poissuille and that their
results have limited physiclozic significzance for peripheral blood
£low,
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Ewald{?) conducted a more rigorous seriss of determinations on
blood flow in capillary tubes, The value of the constant K in
Poissullle’s law was determined by substituting observed values in

the equation,

2L
K 3
- =

He called this constant the 'flow coefficient'! of the fluld gubw-
gtance. We have already seen that this consbant contains the viscosity

coefficient according to the relation, ‘
Ko< —

Tz

and therefore is an expression of the fluidity of a substance, fluidity
being the reciproecal of the viscosity coefficlient.

By comparing the bloed 'flow coefficients’ and the water 'flow
coefficients’ in his data, one may c¢aloulate that his observed specific
viscosity for mman blood ranged from 3.8-5.9, He does not comment
eponr any error in lolseuille's law when applied to blood flow,

Lcwy‘le} in 197 extended Bwald's work and concluded with him that
Polseulllie*s law was yoasonably aceurate for blsod flow in horizontal
tubes, so long as they were of adequate length and providing that red
cell sedimentation was avoided.

mttettls(3) canmilated the carotid arteries of dogs and placed
cepillary tubes in direst cammmication with the vasoular bed. Fres~
sure head of flow was varied by partial oecclusion of the carotid artery.
He also concludsd that Polseuillets law adequately expressed the
behavior of bleod flow in capillary tubes.
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In 1896, Nicolls(}2) undarteck a theeretical spproach to the
problem of intvavascular viscosity and eoncluded that blood in the
vascular tree could not have a viscosity cosfficlent greatly in
excess of distillad weter snd still setisfy the known dmamics of the
elrculation. He began with the equationt for the viscesity coafficient
darived by Ha@mb&eh,(g)

M = T4 x p/BGL
or 1| = K2 X B/BVL, if one sets Q =TRV wheve V
represents the linoer velocity in cm./sece

Since P/L was felt to be exceedingly small in the corotld artesy, he
conelnded that 7’1 migt also be exgesedingly emall and assumed that it
was not magh preater than the visgosity coeffisient of water. He then
Proceaded to compare water fiew and that of defibrinatsd ox blood in
fluss c'apﬁla.wy tubes and oheerved specific blocd viscosiiles of S0,
537, and .1 at 33°, 32°, ond 16° respechively., Tube dimensions and
pressure hesd of flow were not stated and no cooment wes made on thie
spparent deviation from the predicted valunes.

Homerous limited studies of blood viscosity elterations in disge
ease states began to appear in the ferman and Prench litevaiure from
1890, None of them schieved the bagie scope we are interested in and
no reliatle quantitative deta wers scmumilateds Burtom-Opitz,¢3)
using a gravity flow viscosimster, demonstrated alterationa in blood
specific viscosity due to certain procedures sich as saline infusion,
intravenous water injection, and alcohol ingestion, Hirsechy (1h)
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in 1900, atitempted S0 establish a normal specific viscosity ranpe fuv
Trmans, but his normal valuos range from 2 - 9 and are valueless.

Derming snd Vateon(™®) in 1906 made the first extensive applica-
tion of hlmod viscosity determinations to clinical medicime; however
they contribtuted to & basic misunderstanding of tleod specific vis-
comity. Thay used s verticsl oylindrionl capilliary tube (pravity
M)mﬁahmmhrﬂ.munmﬁmmﬁdwwm
ture gonstant, haviag noted that a one degrwe rive in temperature
caused a 2% drop im specifio visovalty. The tubes thay empleyed for
mosh of theiy woric waa 20 em, iong snd Ou6 vm, in diamesters They
also used & tube 0,3 mme in dlameter and moted that the specifle vis-
sosity of & single blood nample was far higher when measured in this
tubs than 1% was vhen detemtined in the larger tude. This tendency
was greatly mugmented with btlood samples of higher hemstoorit. This
observation gave impetus to work in Oerman laberatories on the change
in specific viscosity of a single blood smupls under diffarent prep-
oure heads of {low. ,

Hons38) was the firet to demomstrste a rise in the specifis vise
gosity of & blood sample sz the pressure head of {low was redised. In
31910 he reported s series of determinations on delilwinated dog's
beod. %o capillary tube dimensions are piven; however, his technique
conslste of foroing blood and water through & tube under identioal
pressure heads and weasuring the relative volums of effiux. A single
smnle of dog's Wood wan found to inorease in specific viscosily from
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2.67 to 2.89 as the pressure head was decreased from 608 mm. Hg to
90 mm, Hge If the sample was centrifuged and some plasma withdrawm,
the concentrated whole blood inereased in specific viscosity from 6.84
to 7.6k as pressure head declined from 650 me. Hz to 56 mm. Hg.
Rothmann'*7) in 191k veported a series of hlood flow determina~
tions in two glass oapillary tubss of 0.Lh65 mm. and 0.100 mm, in
dismeter, The apparatus used was rather cumbersowe, although imagine-
tive; and allowed him to measure the ascceleration of the menisocus as
pressure head was contimiously raised in a uniform manner. For a
Iluid having a constant viscosity coefficlent, a congtant acoslera~
tion of flow should result as the pressure gradient is increased.
This was found to be reasonably accurate for a glycerin-water mixture,
in the tube O.465 mm. in diameter. Hirudinized frog's blood behaved
in the same mamner as the glyverin-water mixture in this larger tubs,
indicating little change in the viscosity coefficient over a fairly
wide range of pressure head {(0-100 om. water). Defibrinated dog's
blood, however, showed an BOZ decrease in the viscosity coefficient
as the pressure head was elevateds This latter observation was tmw
of both hirudinised fyog's bleood and defibrinated dog's blood when
forced to flow through the tube 0,100 mm. in dimmeter. The parcentage
drop of speeific viscosity was larger in the narrowest tubs and with
hlood of highest hematocrit. Unfortunately, no contrels for this
narrowey tubs were given using 2 glycerin-water mixtures At no time
was the flow of pure water tested, nor wasz the per cent consentration
of the glycerin-water mixture stated, so it is lmpossibls to calonlats



fyom thess date the exact megnitude of the viscosity ceefficients
observed. The lengths of the npuilm tubes were not included
either, so no date on presmire gradient m' available from this
worlte Rothmann concluded that the viscosity coefficient of blsod,
unlike that of pure fluids, is a variable factor dependent upon the
pressure head of flow, It tends to be higher at low pressure heads
of flow, and this tendency is emaggerated in bloods of high hemato-
erit and in tubes of narrower diameter than O.h65 mm. The term
"appareit viscosity® or "effective viscosity® is used to &Mba
thig phenomenon. | *

¥, Hess{1®) mupported this conclusion in & publication in 1918
and extended Rothmarm's observations using the same t.uhniﬁm pre=
viously desoribed. No tube dimensions are stated, but the pressure
head was veried over a very wide range. Again, it i» impessible to
determine pressure gradients and linear velocity of {low from the
published data. Hess explained the conflict between his and Hothmanmn's
resultes and those of previous investigators by pointing out that the
pressures which were enployed in earlier investigations were high
enough to give & msar-linear relation between pressure and the specific
viscosity. Hirthle, for example, used pressures ranging frem 99 =~ 207
mm. Hg, while Ewald used pressure heads in excess of 300 mm. Hg., Hesp
eontends that their data aré not ineonsistent with his own when this
factor is taken into consideration. No physiologic significance was
attached to this obssrvation. Its main interest centered sbout the
implications on Yechnicque of capillary viscosimetry.
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Except for mmerous clinical pepers and a series of publications
concerned with the influsnce of hematoerit on blood viscosity, ™)(20X(ZL)
no further work on the flow pattern of blood in narrow tubes was pre~
pented until 1931. In that year, Fihrasus and Id.nﬂqﬁst(?“) -zmblilhd
an investigation on the alterations of blood viscosity whioh coour ag
& funotion of diameter in very narrow glass tubes. They were aware
of the apparent influence of pressure head on hblood specific viscosity
which Hese(18) and Rottmenn(1") nad damonstrated and sscordingly
amployed & 100 mm. Hg end to end pressure head; but, becanse their
tubes varied in length, the pressure gradient varied from one tube to
another, &ince no data on volumetric flow are presented, it iz mot
possible to caloulate the mean velooity of flow which these investige-
tors achieved in their capillary tubes; however, a comparison of
pressure gradients in their respective tubes and in wessels of similayr
dismeter iy listed in Table 2. Data for blood vessels are H. Greents(22)
and are approximate. They are based on the assmmmption of a constant
specific viscosity of blood of 4.5, whish is about twice the specific
viscosity whioh Flhprasus and Lindgvist report in their smallest tubes,
Therefore, even if the pressure gradients were equal in the two
instances, the linesr velosity of flow in Fihrasus' tubes would be
almost double that ealeulated for bleod vesssls. Aetually, the presswre
gradients employed in Pihraeus' work were two to thres times that
reported by Green, and this suggests that FPihreeus was working with
blood flowing at & mean velocily conslderably in excess of physiclogic
for vessels of similar diameter.
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They reported a progressive decresse in tha mpecific visoosity of
& single blood sample as 1t passed through progrsesively narrower tubes.
In extending their interpretation to conditions in the vascular bed,
they state that "the vesistance to the flow of hlsod in the artericles
{and in the small veins) is considerably less than would be the case if
the streaming of the bleod followed the law of Poiseuille o « % This
conclugion overlooks the fact that linsar welocity in the arterioles
is exesadingly slow, which on the basis of the German workera' researches
would suggest just the opposite sffect.

Ascerding to Fihresus and Lindqvist(1)(23) the physteal basis for
their result is to be found in the suspension stability of bloods They
‘bﬂieva that in tubes under 0.3 mm. in dismeter red oells tend to
aggregate in the exial streem of {lowy thereby creating s relatively
cell-free plasma =one peripherally. This behavior is felt %o reduce
the effective viscosity coefficient of whole blood towards that of
plasma., Evidence wes also presented that the hematoorit in emall cap=
1llary tubes is decreaved when hlood is forced through thems This was
determined by aspirating blood through capillary tubes and determining
the hematoorit of the blood sample contained within the tube upon
cessation of flow,

Wiler( 28} nas regently reported a decrease in the v:l.#eaaiw
coefficient of a blood sample as tubular diameter is progressively
decreased from 2,0 cm. %0 0,076 mm., However, in each capillary tube,
the viscosity coefficient is cbeerved %o rise as limear velocity is
decreased, This tendendy is exagperated below average linear
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veloaities of 5 em./sec. vegardless of tube dismeter. The viscosity
goefficients which are charted are extraordinarily high, and even in
the smallest tube the magnitude of the specific viscosity varies
from 3.8 - 4.3 at 15°C.

The prevailing opinion regarding blood flow in narrow tubes may
be summarized by stating that the specific viscosity of blood is con~
sidered to be an inconstant value dependent upon both the limeay
velocity of flow and the dismeter of the tube thromgh whish flow is
ocourring. Because of this, the classic equation of visoous laminar
flow, Poiseuille's Law, ig not considered to be applicable to hleod
flow in narrow capillary tubes or in the small vesssls of the cardio-
vasoular system.
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METHODS

ALl previous work on blood flow in glags tubes has been done
using viscosimesters which will maintain either a constant pressure
head of flow or a consistently changing pressure head and measuring
the volume of blood which flows in a unit of time. This is then
compared with water flow at the same ;arés#um head, and the specific
visocosity of blood is emloulated according to formula 7 (Page 7).

This congtant pressurs technique has been adopted for part of
this investipations however the bulk of the work reported here is
based on another approash. Blood or water is foreed through a
gapillary tube at a known volumetric rate of flow and the pressure
head generating this flow is measured gontimwougly. The epecific
viscosity muy then be caleulated sccording to formula 8 (Page 9).
The reason for using this procedure is that different blood samples
may be compared at identicsl linear velocities of flow, which is not
possible 4if one uses a constant pressure viscosimeter. Changes in
specific viscosity due to changes in linear velocily of flow are
eliminated by this method, and the influence of hematocrit may bs
more accurately evaluated. Alse, any tendemgy for c¢lot formation is
minimiged in this spparatus. Instead of resulting in progressively
gslower flow and enhangement of clot formation, as occurs in a constant
pressure apparatus,; any clot fermation tends to cause a rapid incresse
in pressure head and a ®blowing-out® of the impediment.

Regardless of the method used in collecting the data, they are
presented in the form of a pressure~flow plot for each smmple tested.



25

In each tube, a series of such plots has been determined and the
specific viscosity data may be derived from these graphs rather than
from isolated determinations,

Gonstant Flow Toohniquer

The apparatus is arranged as diagramed in Figure 1. Volumetric
rate of {low is controlled by meane of a constant rate injector
mechine to which is atteched any of three calibrated syringes. By
interchanging thess syringes it is possidle o cover a {low range
from 0.3-200 cu.mm./sec.

Volumetric Flow. The injector machine (Model D-1150.0, Martin
Hubbard) uses a Graham variable speed transmission which drives a
threaded piston at a constant number of r.p«: The exact linear
velocity of this piston is controlled by varying the contact points
of three tapered rollers to a conical drive shafi, contact at the
narrow end resulting in low welocity. A diel on the machine houeing
has 40 velocity settings, esch of which delivers & constant volumetyic
rate of flow from a given syringe,

Because of the friction tranmmission principle, the instrument
was calibrated against a wide renge of pressure head:. The extremes
of §~200 mn, Hg produced nc change in linear velocity of the screw-
threaded piston. The volumetric output of each syringe was tested
over the entire range of dial settings, thess calibration data appear-
ing in Table 3 and plotted in Chart 2.

Capillary tubes. The capillary tubes employed in thiz study are
of three types. Hypodsrmic needle tubing ranging in diameter



Figure 1

Uonstant flow apparstuss The syringe (d) is clamped to the
injector machine and the sorew-threaded piston (e) is droughb in
apposition to the ayringe plunger. Linear veloclity of the screw
thresd is regulated by the velocity dial (a) and (b). Pressure
is recorded via stopeock (g) and a lead or glass tubdng (h) as
flow commences through the capillary tubs (i). The capillary
tube discharpes below the surface of saline in the reservoir (J).
The standing pressure head at the tube's exit must be subiracted
from the observed preseure head at (g).

Bamples zre stored in capped hWypodermic eyringes in the
water bath and are introduced into the calibrated syringe vis
the stopoock {e). Rapid changing of bleod samples is thorefore
possible.
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Chart 2

(a) Plot of disl ssbting-volume rete of flow for
each syringe over the emtire velocity dial range. The
inset is regraphed in 2b.

(b) Large scale plot of the inset in 2a. Most of
the work reported utilizes this flow range.
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from 0.20 mm. 0 0.58 mm. has proven to be satisfactory although the
exact dismeter is difficult to esteblish {tube dimensions ave listed
in Table h)e For this reason only glass capillaries whose bores can
be observed and measured have been utilised for more quantitative work.

Specially made silicon borste precision bore tubes were supplied
by Figher and Porter Company. They were cast in molds about a wire
of known diameter, and this wire was withdrewn after ceecling hed
occurred. Each tube was approximately seven centimeters in length,
and a soall cone was ground in each end to avoid turbulence at the
entrance and exit of the capillary bore. The measured length of the
eapillavy bore excludes this conical region. The diamster of each
tube was determined by filling the lumen wiih a transiucent coutvast
mediun, immersing the entire tube in cedar oil (refractive index 1.51)
and measuring the width of the colored column with an ocoular miorometer.
A etylus of known external dimmeter was inserted into the lumen of
several tubes and lts dismetor measured with the ocular micrometer as
a check on the accuragy of the technigue. The dismeters of these tubes
are measurable within three microns by this technique and are listed in
Table Ls Uniformity of bore and crogs-sectional area also were checked
by this method and no detectable variation in either factor sould be
demonstrated.

Because neither the hypodermic tubing nor the precision bore glass
tubing extend down to the dismeter range used hy Fahrasua, a technigue
was devised using ordinary soft glass tubing heated end drawn out o
any deglred dlameter. The dimensions of these tubes were measured
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under the ocular micrometer in the same mamner as were the precision
bore tubes. Since the bores were not uniform, they were measured
avery 2 millimeters along thelr entire length.

411 tubes were fixed in rigid communication with the syringe-
veservolr Uy means of a Luer-Lok adapter and were arranged to die=
charge under the surface of saline ieep£ in a separaite container that
was immersed in the constant temperature bath. This gliminated any
surface tension effect at the efflux end of the capiliary tube.

Temperaturs, The entire flow system including most of the
syringe was immersed in s constant temperature vwat&r bath. Tempera-
ture wes kept within a 0.5 temperature range for esch experiment
and within & vange of 35° %o 37° for the ressarch ss & whale. A
maximm error of 2§ may occur in each experiment with this degree of
temperature control. |

Presgure Head, The latersl pressure head of flow was determined
by recording from the side amm of & three-wsy stopcock arranged as a
Tetube and interposed inte the flow system just proximal to the capile
lary tube. A mercury mencmeter was used in the first five experiments.

However, excesesive volume displacement into the mancmeter system tended
to dilute the bleod in translt through the capillary and also necessi-~
tated an excessive time for pressure gtabilization. A Sanborn electro~
nanameter proved more effective in eliminating both of ihase objections,
although requiring more careful attention in setting up an exact zere
reference base line,
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It is necessary to know the effective pressurs head with great
sccuragy. Fallurs to do this mey easily lead one to an erronecus
impreszion of blood viscosity changes for reasons which will be
explained, OCorrections mmst bs mads for position of the manometer
garo, capillarvity of the manometer and the standing hiead of saline ab
the effinx end of the caplllery tube. The saline reservelr wes
sufficlently large in erese-ssctional area @o as 0 result in an
increase of saline hsad of only 2«3 mm. water during sach experiment.
I% was pessiltle te aubtomstically correct for this saline hesd when
using the S8anborn manocmeter by ralsing or lowering the itransducer
element until 1t was at ths level of the saline in the reserveir.
This level was meintained throughout the experiment as the mere
reference plans, (See Fige 1)

Presmure records were 1un continvously while flow was beling
maintained. There was & zere reference line at ths begimning and
end of each series of runs and preéssure standards were mede against
& mereuyry or mtﬁr manometer at the end of eash flow determinatione
The meximum error observed in standardising the manometer in this
mermer was 10% although errors of 1~3% were the rule. Table § lists
the results of ocalibration of the Sanborn mancmeter induced by pro-
gressive increments of pressure from the machine's own mersury manome—
eter. The most likely source for the discrepancy between the mereury
manomster and the Banborn is the error in resding Lhe mercury mancm=
eter. Comparison of seversl pressures recorded by the Sanboyn is
undoubtedly more accurate.
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The maximm pressure hesds which could be recorded by the Banborn
were approximately LS50 mm. Hg s illustrated in Chart Je

All pressures were calculated as preseure gradients and expressed
as mm. Hg per cm, length of tuba, Thisz is the only logicel way to
handle this variable,

Flow Samples. Distillad water has been used almest without
exception for the control liquid, This mest be kept dust-free for
work in the smaller tubes. In tubes grester than 0.L ma, diemeter,
this comtamination has no obvious effect and ordinary tap water may
be ueed as o standard. A LOF or LY glycercl-water mixture has alse

been used as a comtrol fluid. Semples of the pressure~{low curves
which are obtainable with water are illustrabed in Chart 4. EBach
plot is representative of a separate tube.

Blocd for this investigation omme from two sources. lost of thw
work in the larper tubes (0.6 mmu. - O mm. dlameter) required a
fairly large volume of blood for sach series of determinations. For
this dimmeter rangs Red Croes blood which was free from visible
hemolysis was found to be matisfactory. This blood was trealed in an
identioal mamner with fresh blood.

Fregh venousg blood, drewm withoubt stasis iato a heparinised
myrings, was used for 2ll the work in the narvower diameier rangs.

No other antiecoagvlant was used than the heparin coating the syringe.
The heparin contained 1,000 Provisional Internationsl uniis per 6Ge
Blood was stored by oapping the ayringe and lmuersing this in the con-
stant temperatare bath, so that the blood sample was below the swrface
of the bath,



Chart 3

Damonstration of maximm pressure limit of the Sanboyn
electromancmeter., Pressure«flow curves are for watey,
25% glyeerol, 70% glycerol, and hleod of hematocrit k3. The
tube used was IIX. It is ovidznt from this that L50-500 mm.
Hg is the maydmum attainable pressure head which can be
tolerated by the transducer elemenb.
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Hematoorits were dons in duplicate in a centrifuge developing
1,600 &. and were spun down to constant volume. Duplicates checked
within 20,5 units in all cases.

. Precedure., The entire flow system from syrings to capillary tube
was flughed with saline thres times, The capillary tube was filled
with the heparin solution and allowed to stand for 20 mimutes o an
hour. Blood was then intreduced into the calibvated syrings and dis-
charged via the capiliary tube. Two to five oo's, were used to flush
the system in this mamner before any determination was attempted.

Arbitrayy volumetric flow rates (dial setiings) were chosen for
sach tube in order 0 embrace a physiclogic velocity of flow. Pressure
head was recorded throughout sach determination. Runs usually were
dons in duplicate, but checks were so olose in most instances that ome
reading would suffice.

Thus, & given blood smmple was forced through a capillary tube at
eagh m“.‘ four or more volumetric rates of flow; the pressure head across
the tube being recorded in each instance. The pressure gradient was
then caloulated, as was the average limear velocity of flew. A plot
was constructed of linear weloecity of bleod flow an a funetion of
pressure gradient., A similar plot was made for water, and a comparigon
between the two at any velocity of flow in the observed range was
greatly facilitated, These plots; which were set up 0 test
Polssuille's Law of Pressures, form the bagie data for this phass of
the investigation.



Songtant Presgurs Teohniques
Volume Flow. Two calibrated blood reservoirs were used in this

method., A 5 oc. graduated pipette was used for blood flow in the
diameter range 0.58 mme = O.L0 mm. Below this diameter, volumetric
rate of flow was so slow that an appreciable errcer due to rved cell
sedimentation ocourred. Therefore, a 0.20 ¢c. graduated pipetts was
employed for this range. The pipettes were arranged as diagramed in
Figure 2 and the meniscus timed between the twe end calibrations with
& marmally operated stopwatch,

Tubings The capillary tubing employed in this technique was the
game as that used in the constant flow procedurs. However, more obser-
vations wers made in the precision bore capillary tubes by this methed.
The tubes were fastened to the calibrated reservoir by & rubber conneo-
tion and an interposed T~tube whose internal diamester was in excess of
1 mm. This Tetube facilitated the filling of the flow system, but dld
not appreciably impeds flow because of its relatively large diamster.

Temperature. Temperature was controlled as befors. All flows
were corrected to 35"C. by use of Poissuille's ampirical tesperature
correction fastor, (1+0.0337F + 0.00022172), where T is the temperature
in degrees centigrade.

Pressure Head. Pressure head of flow was ssteblished by pumping
alr into the reserveir from s hand bilb until & desired pressure was
attained. Progressive releass of alr then allowed ons to measure flow
st sucoessively lower pressure heads, At the conclusion, the pressure
was again raised in the system and a ¢heck run was made to mle out



Figure 2

Diagram of constant pressure apparatus. A calibrated hori-
zontal pipette (a) is immersed in the water bath. It is comected
&t ons end to a 20 liter gless air chamber by means of stopcocks
{b) and (c). These are arvanged %o permit air to be forced into
the chamber from a hand bulb and the pressure to be recordsd by
elther & mercury or water manometer. At the other end the pipette
is comnnected to 2 cepillary tube (8) via an interposed T-tube (d).
This facilitates the introduction of finid inte the pipette without
interfering with flow.

The capillary tube is arranged to discharge below the surface
of saline contained in the reservoir (f), and s pressure correction
mst be made for this standing head of saline.

Blood is stored in cappsd, heparinised syringes which are
immersed in the water bath, It is introduced into the pipette via

the stopeock, plastic filling tube, and the T=tubs (d).
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clot formation in the capillary tubs. Bither a water mansmeter or a
mercury manometer was used. Pressure head at no time varied more than
1.5 mm, of water during a single determination. The pressure was
recorded at.*hh- beglmting and end of @ach run; and the average was
used for further caleulations. Corrections for the capillarity of the
manometer as well as the 200 cu. mm. pipette were necessary to caleulate
accurate pressure gradients. |

Flow Samles, Water and blood were cellected and stored as
described for the constent flow techmique. Hematocrits were alse dome
in identieal fashlon.

Procedura. Pressure was built up in the air chamber by foreing
in air with a hand bulb via stopeocks {b) and (¢). Btopeock (¢) was
then turned to slmt off the alr chamber-mancmeter gystem from the rest
of the apparatus,

The pipette reservoir (a) and capillary tube (e) were filled with
the heperdin solution and allowed to remain filled for 20 mimutes teo
one hour. This solution was then forced out of the flow system by
brdefly opening stopeocks (b) and () to the air chamber. Stopeosk
() waa again closed and stopeock (b) turned to commnicate with the
atmosphere via the hand bulb. The pipetts was now filled with bleod.
At the begiming of each experiment or in changing from one sample to
amother, seversl washe-cuis were made through the espillary tubes

As the bleod menisous passed seratoh mark #f1 on the pipette during
£4114ing, stopeock (b) was turned to commnicate with stopoook (¢) thue
creating an alr pocket between the surface of the blood and stopeock (e).
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An additional wolume of bilood was now forced into the pipetie and
stopeock (h) was closed. Flow commenced immediately bthrough the capile
hnf tube due to the compression of air in the aforementioned air
pocket, Thus, no stagnation of hleed in the capillary tube was allowed.
Stopooek {c) was now turned as dlagramed im Figure 2, and flow comtirmed
under a;mxzmn’s; pressure head, The m was timed from mark #1 o

mark #2, pressire and tewperature were recorded, the pressure was
reduced via the air bulb and another run was started.
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HESULTS

The results are presented under tiree main headingsf The Law of
Pressuree, The Law of Diameters, and The Law of Hematoorit. In the
section dealing with the law of pressures two techniques were used
which will be known as the Constant Pressure Technique and the Constant
Flow Technique. The experiments in this section will be subdivided
agecording to the technique by which the date weres obimzined.

The Law of Fressures.

Regardless of the technique employed %o gather data, the same basioc
information eventually is obtained; namely, temperature of flow, tubular
dimenzions, volumetric rate of flow and the pressure head. From these
data a plot may be constructed of average linear veloeity of flow ae &
function of the pressure gradient. All the data in this section are
presented in such graphic form acoompanying the discussion of the experiw
ment. Tables of data are included in the appendix,



Constant Flow Technigue.
Experiment No, Lt Chart 55 Table &
This experiment is presented as an illustration of 4 seriouns

pitfall in the measuremsnt of blood specific viscosity and may serve
to explain some of the discrepancy between the resulls reported here
and those of previous studics.

Ageording to Poissullle's Law of Prespures, the velocity of a
viscous fluid should be a rectilinear function of the pressure
gradient, so long as lui.w flow sxistss and the plot of these
functione should intersect both axes al zere. Failure to observe
this relation in & tubs of proper dimensions could only mean (1) that
the fluid is not obeying the laws of laminar flow or (2) that there
is an error in technique.

In Experiment No. 1, (Chart 5a), the flow curve for water is
seen to be a perfectly straight line, However, it does not intercept
the pressure axis at sers, ut at mimus one mm. Hg. BSimdlarly, each
of the blood flow curvei in Experiment No. 1 are seen to be perfectly
straight lines with a camon intercept on the pressure axis of mims
ons mm, Hg, Since the pressure gradient ranges up to 36 mm. Hg/em.
in this experiment, such an error may not seem significant, As a
matter of fact, if one had failed to plot these flow curves and had
calonlated the specific viscosity of hleod by comparing pressure
gradients of hlood and water at each of several velociiies of ilow,
one would gain an erromecus impression. Blood specific viscosity, so
ealoulated, wuld rise to infinity at a linear velooity of 5§ om./ese.
This is llustrated in the lower right gradient of Chart 5a.
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The water flow plot is the control. The viscosity ceefficisnt of
water does not change at low linear velocities of flows so that falluve
of the watexr flow lins %o interssct the axis zt zaro implies srrors in
techmique, The net effect of suol errors in this ingtance is an
Qb.irndpnam gradient that is 1 mm, Hg lower than the actusl pres-
sure gradient, Thus, an errer ~3.5 mm. Hg has ocoturred in reuding the
pressure head of flow. Since the water flow plot is linear this idenw
tical errcr has sacurred with each reading, The same applies to the
blood flow curves. It is necessary to correct empirically the recordsd
pressure head of water flow by 43,5 mm. Hg in each instance, and so
doing shifte the lins upwards in parsllel fashion so that it intercepts
the axds at sero. The blood flow data must be treated in the some man-
nery elnce the technique was identical ﬁth that for weter flow,

The result of cerrecting the pressure heads, based on the water
flow control plot, is to cause the three lines to iatercept at zere.
There is, therefore, na uhahga in the ratio of blood pressure gradient/
water pressure gradient over all cbserved velocities of flow. The
specifie viscowily of the blsed samples is constant under the ezperi-
mental conditiong.

An empiricel correction of pressure head of flow, based on the
kmown behavior of water flow, is less desirabls than acourate technique
and instrumentation; severtheless, it is legitimete and necessaxy in
order to obtain a tirue éanup‘a of Wloed viscosity behavier.



Experiment No. 2: Chart 5(b); Table 6

The gonditions of this experiment are identisal with those in
Experiment Wo. 1+ The blood samples are from a freshly expired
Red Cross domor's bottls in which no visible hemolysis had oocurred
Flasma withdrawn from this bottle was used as 2 diluent for the con=
centrated bleod sample which remained. This pexmitted one to make
up samples having a wide hematoorit range. To avoid unnecessary
somplexity, only three of the six bleod samples are plotteds The
others are also linear and have a sero intercept on the presmure
axis,

L3



Experiment No. 3t Chart 5(c); Taule 6

The observations in the previous experiments were not antiole
pated on the basis of existing reports in the literature. As a
£inal check on thelr validity s mixture of appreximately 45¢ zlycercl
muurmudlapauynmmnqﬁd-

Several blood sawples were prepared as before and tested in the
same tube as the glycerol-water mixture. As may be seen in chart 5{(a),
there is no qualitative difference between the pressure~flow plot of
such a control and the blood samples, each of them being linear with &
gerv intercept.



Chart %

(a) Pressure-flow plots of water and two blood samples
in a tubing 0,51 mm. in diameter. Flow was at room tempera~-
ture and the velocity extended over & 20 em./sec. to
100 om,/sec. rangs. A mercury manometer was employed.

{b) Pressure~flow plote of water, plamma, and three
blood samples in a tube 0.51 mm. in diemeter. Flow was at
room temperature and the velocity range is the same ag in
(a)s A mercury mancmster recorded pressure.

{¢) Pressure-flow plots of water, plasma, LOF glyeerel,
and thres bleod samples in a tube 0.51 mm. in dismeter. Flow
eonditions were identical to those in charts (a) and (b).
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Experiment No. Lt Chart 6(a)s Table 7

The previous experiments were conducted st reom temperature in
tubing 0.5 mm. in diamster and at high lines» velocitiss of flow.
This experiment is designed to extend the observations to a lower
velocity in & narrower tube and employ a physiologic temperature.

A #25 hypedermic needle was sslscted and pressurs was recorded
with the mercury manometer. By using a 10 co. eyringe, velocities
as low as 11 cm./sec. were observed in this tube,

The bleod was sampled as bafore. 7Two blood samples, &« plasma
sample &nd & water control are presented in chart 6(z).

L8
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Experiment Mo, St Chart 6(b); Table 7

The condibtions in the previous experiment are duplicated in this.
The results for three blood samples and & plasma sample are seen to be
identicel with those in Experiment No. L. A% the highest velocities
of flow, the mercury menometer was not allowed sufficient time to
equilibrate, Congidersble trouble was also encountered because of the
exoessive dlsplacement of blood inte the manometer systéem resulting in
both wastage and hemodilution, Because of this, the mercoury manometer
vas sbandoned and a Sanborn electromanometer substituted for all
further work with the constant rate injector machine.

The underscored velocities in Chart 6(b) indicate the approximate
physiologic velocity in a bloocd vesssl of similar diameter.



Chart 6

(a) Pressure~flow plots of water, plasma, and two bleod
samples in & tube 0,25 mm. in dimseter, Flow temperature was
37°C. and the velocity was varied from 10 om./sec. to 110 cm./ssc.

{b) Pressure~flow plots of water, plasms, and three hlood
samples in a2 tube 0.25 mm. in diameter. Flow eonditions weye
identical with those in (a), howsver insufficient time was
allowed for manemetey stabilization at the highest velocities of
flowe
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Experiment No. 63 Chart 7, Table 8

In this experiment & tubsroulin syrings was used as & bleod reser-
voir, and pressure was recorded by the Sanborn ele¢tromsnometer. The
game tube was employed as in BExperiments No's. L and %,

Duplicate fresh blood samples of Hot. 40.7 and [1.7 were used and
the linear velocity of flow was varied over a range from 10,3 om./sec. -
1.2 em./sse. This embraces the m:z:logic range for a vessel 0.25 mm.
diameter.

In this experiment the blood flow plot, if extrapolated as a
straight line, would intercept the pressure axis at +0.36 mm. Hg.

This implies that & pressure of 0,36 mm. Hg/em. tube would need to be
spplied before {flow would commence. In a tube whose dismeter is

30 = 4O times that of & red cell, this seems improbable; therefore, the
plot is extrapolated to sere.



Chart 7

Pressure~{low plot of water and two blood samples in a
tubs 0,25 mm. in diameter. A tuberculin was used
to reduce velocity of flow to & range of 1 em./sec. to
10 em./pec. The temperature of flow was 37°C. Pressure
was recorded by a Sanborn electromanometer.
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Experiment No, 7s Chart 83 Table 9

This was undertsken later in the same day as Bxperiment No. &,
using the ssme blood samples but esploying a hypodermic tubing #27
{0.20 mn. in dlameter). Although the run with Sample I was in errer,
it dewonstrated an exceedingly interssting point. The entire deterw
nination of Sample I was completed and the pressure gradients calou=
lated when it was moted that thay were umsually high for a tube of
this diameter. The behavier was not as it is in ¢lot formation when
there is & rapid, but transient, increase in pressure head., Iu this
case the partiel oocluaion was permanent, The sppareius was dipw
assenbled and the tubs inspected under the microscope. A% the distal
and, a solid plece of material was observed wedged in the lumen, It
was vemoved after much menipnlation of the stylus, and the remainder
of the experiment was conducted with a patent tube. The effect of
this partial cceclugion on the hlpod flow curve of Sample I is obvious
in Chart 8. Normslly the flow curves for I and II would bs super-
imposed, as they are in Experiment No., 6, Chart 7. Marked as the
effect was on the slope of the ourve, no deviation from linearity is
observed over a velocity range that may be premmed to be physioclogic
for a vessel of this diamster. In addition the intercept was at zere,
as it was for II and the water control.

Of additional interest in this experiment is the observation that
mspmiﬁcmaiwﬂfblmmmusuh which i on the high
side rather than the low for blood of this hematoorit. Yet this tube
is sufficiently narrow to be able to demonstrate the so~called
YPehrasus effect' a decrease in specific viscosity.



Chart 8

Pressure-flow graphs of water and two blood samples in
& tube 0,20 mm. in diameter. The graph for hised sample #1
wag obbained in the presence of a partisl ceclusion of the
lumen, The exact diameter, and hence the exact average
veloeity of flow, cannot be statad for this flow sample,
Regardless of this, the relation is seen to be linear with
& mero intsrcspt.

Blood sample #2, of the same hematocrit as #1, was
studied in the patent tubdng. The water control was alse
obtained in the patent tube. Flow velocity for these latter
two determinations varied from 1 cm./sec. %0 30 om./sec, .
Temperature was kept at 37°C. and pressure was recorded with
the Sanborn manomester.
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Expordment Yo, 0t Chart 95 Table 30

Hypodorsio teblng wis used in the seven preceding muperiments,
It was adequate for comparstive results. Howover, the lumen io nob
visitle) honoe, there is no wiy of moasuring deviations of the
internal disseter; and mmall particles whisch may be present in the
lumen cannot bo geen.

The resilts oblained in & glase tube 0,581 ms. in dlameter are
ghown in Chart 9. Over & wide velooily range, & linear selation is
observed and the intercept 1s at mexo. Blood sszple IT follows the
game pattern, althourh its hamatoorit was not measureds



Chart 9

Pressure~fiow data for a water sample, plasma sample,
and two blood samples are plotted in this chart. The tube
is a precision bore glass tube 0,58 mm. in diameter.
Temperature is constant at 36°C. Flow velocity ranges
from 10 om./sec. to 42 em./ssc. and pressure is recordsd

with a Sanborn menometar.
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Experiment No. 93 Chart 103 Table 11 and 12

In this experiment a precision bore glass tubs 0,338 mm. in
dismeter was employed. Fresh Ulood samples were obtained by veni-
puncture. In Chard 10(a) the results of a fresh blood determination
are compared with a water control and an agueous glycercl contrel,
ueing the 10 e¢. syringe as a blood reservoir, Note that the water
gontrol intercepts the presmure axis at mimus 0,04 wm. Hg, implying
an error of mimus 0.3 mm. Hg in recording pressure head, Table ll.

To extend t!u observed velocity range down even further, two
fresh blood samples and a water control were forced through this
tube from a tubereulin gyringe reserveir. %This allowed pressure
hoad measurements at velocities of 6 um./sec. to 0.6 cm./sec. and
the results are presented in Chart 10(b)s The seme pattern as has
been observed before is repeated even at thess extremely low linear
velocities. Table 12,



Chart 10

{(a) Pressure~flow data for water, aguecus glyocerol, and .
blood samples are plotted in this chart. The tubing is a
precision bore glass tube 0,330 ms. in diameter., Temperature
of flow is constant at 35°C. Average velooity of flow varies
from 7 em./sec. to 656 on./sec, and pressure is recorded with
& Sanborn slectromanometer.

{b) The same tube is used in this chart as in Chart 10{a)s
Temperature of flow is constant at 35°C. The velocity {low
has been extended down to 0.6 on./sec. by employing a taberculin
gyringe &5 e bloed resarveir, and the pressure-flow deta of two
blood samples and a water contrel are graphed.
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Bxperiment No, 10t Chart 11 (& and b)g Table 13

Since no glass capillary tubes under 0.3 mm. could be supplied,
amnd since the hypodermic tubing of 0.2 mm. diameter was not sufficiently
acourate in bore, a techmique was devised of directly measuring blood
flow in emaller capillary tubes by an indirect approsch. It will be
doscribed in detall for this experiment only (Figure 3).

A piecs of soft glass tubing 1.0 mm. in internal diameter is
heated over a Bungen {lame and drawn cul 1o a given length, producing
a long tapered approach to & narvow capillary tubing, whose diameter
is relatively constant for only & short length. The tube iz then
broken and the large end filed smooth to £it a brass adapter for a
Luer-Lok comeotion. Water and blood pressure heads are measured in
this tuba, (Ia), as in preceding experiments, and then a distsl frage
ment ia £iled, broken off and saeved. Blood and water pressure heads
are then measured in the shortened tube, (Ib), the differente between
these results and those in the long tube being contrilmuied by the
distel fragment (Iab). The dimensions of this fragment are than deter~
nined under a microscope.

A %ubermmlin eyringe wae used to deliver blood. The pressure
gradients at each disl setting are 1llustrated in Chart 10{a) for
tubes Ia and Ib, From these data, the pressure gradients in tube Iab
were calculsted and are plotted as a function of volumetric rate of
flew, The linear veloecity could only be approximated since ths bore
is not absolutely uniforsm,
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The culeulated hlood Llow and water flow curves in Isb are plotted
in Chard 30{b)s The same linear relation is observed as in previous
experimantes _

Tile the specific viscosity of blooed in this euperiment is
spparontly 2.6, which is far below normal for bloed of fote « LOLT,
thare i reason to saspect the ascuregy of the pressare dats for
tabs Ib, slnoe tubs Tb was found & have several small vod cell embeld
lodged in 4% at the convlusion of the experiment. The msasured
dlameter of 0,0000 ~ 0.0080 is sufliclently omell to cmmse large
errors in pressure meosurenent with particles partially ocesluding
the lumen,



Figure 3 |

This is a schematic drawing of tubes I, III, and"V which
were constructed in order to extend the diameter range below
0.2 mn, Uniform volumetaic rate of flow was established in
tube (a). For this flow yate, a pressure head exists which
nay be represented as Py The broken line represents the
magnitude of this pressure head at different points along the
length of the tube, assuming that it was discharging into the
stmosgphore. If the fragment {sb) was now removed and ths
sane {low rate resstablished, the pressure head across ihs
remaining tube (b) msy be represented as Py, The pressure
head which was effective acyoms tube {(ab) may then be calou-
lated by sablpacting Py from Pge

In ocur experiments, Pg and Pp were measured
with a Sanborn manometer at sach of several volumetrde
rates of flow, From the resuliing pressurve~flow graphs, the
pressure head (Pyy) across tube (ab) may be dotermined for
any desired volmmetriec flow vate within the limita which
were studied.
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Chart 11

} (a) Pressure~flow graphe for water and a blood sample in
tubes Iy and Ipe The tube which was studied is listed on sach
pressure~flow graph just preceding the smmple description.
Temperature was constant at 36°C, and pressure was recoprded
with a Sanborn slectromsnomater.

(b) Prossure~fiow graph for water and hlsod in “ube Iabe
The data for this chart were taken fyrom Chart 11{a) as
desordbed in the protococl.
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Experiment No. 1is Chart 12; Talle 1h

The tubing in this experiment was prepared by & method identioal
to that used in Experiment No, 10, The diameter of the distal fragaent
was measured &8 0,105 mm. « 0,110 ma, A fresh blood sample was studied
uveing a tuberoulin syringe for delivery, and the Sanborn mancmeter was
used for recording pressure head. The pressurs gradient of water flow
was detemined first in tube IIIy (Chart 12a). Heparin solution was
then permitted to stand in the flow system for twenty mimutes. This
way flashed out with 2 ce, of blood befors the blood pressure gradiente
were recorded for tube IIT, (Chart 12a). The tube was then filed and
fragment III,), wes broken off. Pressure gradients for bleod flow in
tube ILIyp were determined immedistely. Hemoscl was used to flush the
gystam of any adherent red cells and the water control in tmbe IIIy
was determined (Chart 12a). Al the conclusion of the experiment the
tube was inspected under the microscope and found fres of red cells.

The data for tube IXIgh were then arranged as before and are
samarized in Chart 12(b). Two interesting features are noted, There
48 & linsar pressure-flow relation in this narrow tubs which intercepts
the axis at sero. Also, theve has hoen no slteration of the spenifiec
vissosity (he?7) from that which would be expected in lerger tubss.



Chart 12

(a) Pressure~flow graphs for water and a bilood sampls in
tubes ITIg and ITIp. The lines are described as in the pre-
ceding chart. Temperature was constant at 37°C. and pressure
was recorded with a Sanborn electromanometere

(b) Pressure~flow graph for water and & blood sample in
tube ﬂx‘b.
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Experiment No. 12: Chart 13; Table 15
Another tube was prepared as in Experiment No. 10. The distal
fragment in this case was 0,140 mm. ~ 0.162 mm,. in dismster. A
fresh blood sample was studied in exactly the same mammer as in the
last experiment. The resultis of the tlood and water flows in tubes
Vg and Wy ave dlagremed in Chart 13(a). From this chart the date
for tube Vgb are taken as in the two preceding experiments (Chart 13b).
Again a linear function with a sero intercept is obmerved. The
specific viscosity of this blood sample is L8, which constitutes &
good check with Experiment No, 1l.



Chart 13

(a) Pressure~flow graphs for water and a blood sauple
in tubes ¥y and Vhe The lines are described as in Chart 1l.
Temperature was consgtant at 37°C. and pressure was recorded
with a Sanborn elestromanometer.

(b) Pressure-flow graph for water and hlood in tubs Vgpe
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Experiment No. 13: Table 15

Since Fahrasus was rather positive about the mechanism accounting
for his observed decrease in specific viscosity, namely, a decrease in
hematoerit and a streaming of red cells down the axisl core of flow,
and since the dscrease of specific viscosity has not been observed in
this work, it scemed desirable to test his hypothesis. Experiment
No. 12 is devised to test the suspension stability of blood flowing
in 2 narrow capillary tube at different linear velocitiss.

The hematoorits of two 10 ¢c. hlood samples wers determined in
the usual fashion, Successive volumes were then discharged from &
tuberculin ayringe through tubs IITy directly into a Wintrebe hemat-
sorit tube., Duplicate runs were performed at each of several velaw-
metric rates of flow, Only half the blood volume contained in the
syringes wes discherged in this mannerj the remainder was éiacwdad.-
Table 16 sumarives the resulis. Over a wide range of volumetrioc
flow no significant deviation in the hematocrit of the efflux is
obgerved for either sample.

As an adjunct 4o this experiment, strobescopic pictures have
been obtained of bleod flow in a capillary tube 130 microns in
diameter. An example is illustrated in Plate I.









M of Constant Flow Techniqus.
The vesults obtained in seven capillary tubes with a diameter

range of OS5l mu, ~ 0,105 mm, are not in apvord with previous lite
erature on two major pointe, No smignificant variation in the
specific viscosity of bleod was observed in any of these tubes as
a funotion of linear wvelocity of flow., HNor iz the specific vig-
gosity significantly affected by a deorease in tube dimseter below
0.3 mm, in the low velooity range studied. Evidence is sulmitted
which suggests that in tabes of this mige st plysiclogic velesitiss
of flow blood bshaves as & viscous fluid regardless of its red cell
contents |

h



Constant Pressure Technique.
In view of the consistent results obtained using the constant

rate injector spparatus it would seem to be umnedessary to under
take the same basic inquiry ueing a different method if 4t were mob
for the fact that there is a disorepancy between results reported
in the litersture and those presented here., Therefore, it was
declded to examine a series of bleod samples utilizing a constant
pressure head as the energy source for flow, since this is the
method generally employed, with the hope of destermining the basis
for the differences in results. '

The data are presented in graphic form, as in the preceding
pection, and tables of untreated data are included in the sppendix.

75



Experiment ¥o. 1lit Chart 14 Table 17

The tubs used in this experiment was a precision bore tube,
0.0l mm, in dismeter. Hlood flow was maintained in this tube
between the velocity extremes of 7 cm./see. to 0.6 om./ssc. Iy
using a water manmmeter to sustain pressure head. Becauss of the
glow rate of flow, & 200 cu. mm. pipette was used for s blood res-
ervoir, Thie pipette exsrte a capillarity of 18 mm. of water which
acts to oppose the pressure head within the air chamber. In addie
tion, the manometer has a capillarity of 10 om. of water which acts
in the same dirsction as the pipette capillarity. Therefore, 28 ecm,
of water must be subtracted from each observed pressurs head in
order o give the actual head which is available to maintain flow.
This correction has been made for each ebservation in the graphs.

Two fresh blood samples were studied and thelr flow curves
are compared with a water control in Chart 15. The seame linear
relation is observed as deseribed in the first section. Note the
intercept of Q.08 mm. Hz.
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Experiment HWo. 15¢ Chart 15; Tables 18 amd 19

The flow of four blood samples was gtudied in a glass tube of
0.338 ma. in diameter. Thres of these samples (Het. L5.2, 38.05,
and 38) utilized the water manometer as a source of pressure head,

The velocities ranged from 7 om./sec. to 0.7 om./sec. for this group
and over this range & linear rejation was observed betwsen pressure
and flow.

The fourth sammple had & hematoorit of 60.6. It was & fresh
hlood sample from which the plasms hed been withdrawm after forty
ninutes of sedimentation had cccurred. When the water manometer
was used to supply the pressure head, the flow was so prolonged that
oonsiderable sedimentation was observed in the bleod ressrvoir.
T’rm-nfara; a mercury manometer was substituted which extended the
maociomm attainable pressure head from 300 mm. water to 300 mm. Hg.
Under this inereased pressure head, the velocity of flow extended
from 9.3 om./ses. to 3.9 om./sec., which is in the same range as tha
other three samples. The flow ocurve for this ssmple is compared with
those of the other bloods in Chart 16{a) and is reproduced in Chart 16(b)
on a more suitable scele.

At the same pressure head the velecity of flow of hlecd sampls I
is less than half that attained by the other samples, and errers in
technique gould eapglly arise due to clot formation or red cell sedimen-
tation. By sdjusting the pressure head to give the same linear velocity
of flow, these objections are largely overcome,
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Experiment No. 16¢ Chart 163 Tsble 20

The smallest precision bore glass tube which could be supplied
was 0,309 mm. in dismeter. In this experiment three fresh blood
samples of normal hematocrit wers stnudied in this tube using the
water manometer %0 supply pressure head,

The results plotted in Chart 17 follow the same pattern as has
been observed before., However, in a tube this small, the velcclity
range is limited when using the water mancmeter. Bscause of this
the meroury manometer has been used in the final twe experiments.
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Experiment Mo. 17s Chart 17; Table 21

Two fresh blood ssmples, one of normal hamatoorit
and one slightly elevated, were forced through the
narrowest precision bore tube undeyr a head of pressure
supplied by ths mercury manometer. Duplicate runs
were made in each instance.

The results are plotted in Chart 18, The average
velooity of blood flow is extendsd up to 1h om./mec.
by use of this menometer. The graphs are linear and
have a zero intercepi.

83



Chart 17

Pressure~-{low data are plotted for a water control and
two blood samples in the sams tubs as was employed in Chart 16,
4 meroury manometer was used %o supply the pressure headj
gt-hrn;.ge, the flow conditions are identical with those in
hﬁﬂ L]



PRESSURE GRADIENT, mm. Hg. /cm.

CHART 17

Experiment No. I7
Tube G
D=0309 mm.
L=7.32 cm.
10.0 T=35°C
9.0
8.0F
70
60
5.0
4.0
3.0
o
2.0" Ufer
v, ¥
1.OF
I i (] 1 1 i 1 |
2 4 (3) 8 10 12 14 16

MEAN LINEAR

VELOCITY, (cu.mm./sec.)




85

Experiment Ho. 18: Chart 183 Table 22

Since no glass tubing under 0.309 mm. was obtainable, hypodermic
tubing was used to extend the range down to (.25 mm, dlameter. This
was the same tube nsed in Experiment No. 6. In the present sxperi-
ment, the mercury manometer was used to supply the pressurs head,
whereas in Experiment No, 6 the pressure head was recorded by the
Sanborn manometer. It is noted that ths velocity-pressure curve for
water is superimposed in the two experiments, conatituting a check
on the securasy of the measuremants.

One sample of fresh blood was studied. The 200 cu., mm. pipette
was used as in previous experiments and duplicate determinations of
flow were made at each pressure head, As may be seen in Chart 19,
the pressure~{low relation ie linear and has a sero intercept, which
confirms the resulis cbtained using the constant flow technique for
this tube.



Chart 10

Pressure-flow graphs of a water and bleod sample are
shown in this chart. The tubing was 0,25 mm. in diameter,
temperature was 35°C. and the pressure head was supplied
by & meroury mancmeter. All determinations are in duplicate.
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Summary of Constant Pressure Technique:
In all instanges where flow and pressure were cavefully

econtrolled, a linear relation has been observed between the
two variables over a physiclozic velocity range in tubes
which vary in diameter from O.hOL mm. %o 0.25 mms The inter-
cept of this line has not always been exacily at zerc, but
the deviation is no greater than plue 0.2 mm, Hg. In those
instances where the meroury manometer was employed 1o malne
tain pressure head the intercept was always at sere, however,



es

The Law of Dismeters.

In view of the findings in the first seotion of this worik, tlhwe
validity of the law of diamsters would be predicted for bleod flow,
According to this law, the pressure gfadimh of {low ghould vary
in inverse proportion to the fourth power of the diameter, other
factors being constantj or, the volumetric rate of flow should vary
in direct proportion to the fourth power of the dimmeter, other
factors remaining constant. Both possibilities have been tested
with -eithar & water control or an agueous glycercl control in
standard gauge hypodermic tubing. Blood samples have then been
tested in the same tubing and their behavior compared with that of
the control fluids. Data are plotted with the abmoimea representing
the dismmeter of the tube in mm. (mamfacturer's statement) while the
ordinate represents either the pressure gradient or the volumetric
rate of flow. Tables of untreated data are included in the appendix,



Experiment No, 193 Chart 193 Table 23

In thig experiment hypedermic tubing was chesen which covered
s diameter range from 0.0 mm. %o 0,25 mm, The constant rate injector
apparatus wae used with a 20 ce. syringe and the Sanborn elsctro-
nanometer recorded pressure head.

An arbitrary pressure head was chosen for the entire experiment.
8ince sach tube was of equal lengbh, this assured a constant pressure
gradient in each tubing. Volumetric flow was varied until this pres-
sure head was achieved, and the {low was then caloulated frem the
gstandard flow curves for the 20 ce. syringe. 4 single blood sample
was used throughout the experiment. As a control, distilled water
was ueed in gimilar experiments.

The results are summarised in Chart 19. The results show
deviations from the caleulated curves but both the sontrol and the
bleod sample bshave glmilarly and this is most likely due %0 an
error in the stated dismeter of the tubing, Ia caleoulating the
theoretical curve the stated diammeter in the smallest tube was

talen as a referensds



Chart 19

The volumetric rate of flow of a water sample and a
blood sample is plotted as a function of tubular dlameter
in this chart. Pressure is kept constant in both deters
minations at 2.0 mm.Hg/om. of tubular length. The ebservad
curves are plotted as broken lines.

A theoretical curve, based on Poissuille's Law of
Diameters, has been plotited for each sample. The reference
data for caloulating this curve were talen from the flow
rates in the smallest tubes Both the control and the blood
sample deviate from this theoretiocal curve in the same direc-
tion and by the same percentage.

Erratum:

The labelling of each pair of curves in Chart 19 has been
reverseds The curves from left to right should read as
followss

IT, Calculated curve, Water,

II, Water Control.

I, Calculated curve, Blood,

I’ BlOOﬂ, Hct'j?.o.

The data as listed in Table 23 are correct.
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Experiment No. 201 Chart 203 Table 2k

A constant volumetric rate of flow (10.4 eu.mm./sec.) was maine
tained for each determination in this experiment. Pressure head was
recorded with a Sanborn electromencmster, Three blood samples and
an agquecus glycerol control were studied in each of five lypodernmic
tubes renging in dlemster from 0.58 mm. to 0,20 mm. The tube 0.l mm,
in diaveter was found to be défeatclﬂ after the experiment, but the
data are included.

The blood was obbained from a freshly cellected Red Cross lot
and serial dilutions were made with plasma to obtain hematoorits of
43, 33, and 2k.

Chart 20 {llustrates the results. For each tlood sample &
serlies of pressure gredients is observed, depending upon the
diameter of the tube and the hematocrit, The data for both the
blood samples and the aqueocus glycerol control have been compared
to the theoretic curves derived from Polseuillie’s Law. For the conw
struction of these curves, the stated diameter of the smallest tube
has beesn used as a reference.

As in Experiment No. 19, the control is observed to deviate
from the ideal curve, indicating an error in stated diameter. The
bleod samples deviate fram this curve in the same direction as the
conbrol and by the same per cent.



Charb 20

In thie chart, the pressure gradient of eash of three
blood samples is plotted as a function of the tubular dimme
eter. Volumetric rate of flow was maintained at 10.h on.mm./sec.
for each determination. In addition, the pressure gradient of
an aqueous glycerol control is graphed as a function of tubular
diameter at the same rate of flow. The observed data for blood
is indicated by circlesy that for agueons glycerocl, by squares,

A theoretical curve, based on Poiseuille's Law of Diameters,
has been grephed for each smmple and is represented as & solid
curved line. The data for caloulating this curve were taken
from pressure gradients in the smallest tube.
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of the Law ¢f Diumeters.
Blood and control flulds have been forced thyough hypo-

dermic tubing whose diameter range is 0.0 mm. %o 0.25 mm.
The data for both constant pressure technique and constant
flow technique are plotied as a function of diameter and
campared with a theoretic curve caleulated from Poiseuille's
Law of Diameters. Both sets of data deviate by a small bub
gonsistent amount from the theoretical curve. The direction
of deviation and the percentage chsnge are identical for
blood and the controls. |

2



The Lew of Hematoorite.

Under the conditions of our experiments, the specifie
viscosity of & single blood sample iz a reliable physical
constant, independent of the velocity of flow and the
diameter of the tubing. The major factor which determines
the magnitude of the specific viscosity is corpuscular con-
sentration., Pormila (B), Paze 7 has baen used to caleulate
the specific viscosity of the blood samples investigated in
this work, and these are plotted in Chart 21 as a functiom
of hematecrit.

ok



Chart 21

The specific viscosity of the thirty btlood ssmples and
five plasma samples studied in Part I have been plotted as
a function of their hematoerit. A roughly parabolic relation
is observed, particularly sbove the rormal hematocrit range

of 38 - 1150
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DISCUSSION

In view of disagreement regarding the nature of blood flow in the
vascular bed and in capillary tubes, it was considered that blood flow
patterns in capillary tubes should be analyzed at physiologic linear
velocities of flow. From such a study it should be possible o classify
the blood flow in capillary tubes as either viscous or non-viscous in
nature. Such a distinotion would be important in any further study of
hemodynemics.

Iri order tc meet the oriteria for viscous laminer flow a fluid
mst satisfy one requirement «- 4its viscosity coefficlent must be a
constant st any given tamperature. In other words, the shesr stressee
within the moving fluid mst be directly proportional to the velocity
of flow, s0 long as laminar flow exists. When uniform flow occurs in
& horigontal cylindrical tube, the internal shear stresses csuse an
expenditure of energy which is evident as a decrease in the latersl
head of pressure along the length of the tube, Under these conditions,
therefore, the ratio of the pressure gradient to the average velodity
of flow constitutes a definition of the viscosity coefficient of the
fluid. It is axiomatic that a plot of the average velocity of flow
as a function of the pressure gradient in such a tube be linear and
have a sero inbercept on the pressure axis sc long as viscous laminapr
flow exists.

The pressure-flow data for thirty blood samples have been graphed.
Without exception the plots have been linesr and have intercepted the
pressure axis at sero or within the experimentsl error of the pressure



recording system., Therefore, in each tube studied the viecosity
cosfficient has remained constant over a velocity range which approxi-
metes that ocourring in blood vessels of sgimilar diameter. %o determine
if blood behaves es a viscous flunid it is not enough to demonstrate an
unchanging viscosity coefficient in each ¢of several ecapillary tubess

it mast also be demomsirated that the magnitude of the viscosity
coefficient is not a function of tubular dismeter.

The influence of tubular dismeter on blood flow has been tested
over a diameter range from 500 microns to 200 microns. According to
Poissuille's Law of visoous laminar flow, the volumetyic rate of flow
is a function of the fourth power of the diameter, providing the pres
sure head and viscosity coefficient remain constant. Therefore, the
inflnence of tubular dismeter on the flow of water has been compared
with its influence on blood flow. The flow of each fluid is seen to
be inflnenced in the same mamney, indisating that the viscosity
coafiicient of blood is constant over this diameter range. In addition,
the magnitude of the viscosity coefficient of normal blood has been
deternined in Experiments No's. 12 and 13 of Part I whore flow was
studied in tubes undsr 200 mierons in diameter. The value is within
the normal range in both of these experiments.

Since the viscosity cosfficlent of each of the blood samples
studied was a reliable physical constant and wse independent of linsar
veloulty or tubular diameter, it is demonstrated that blood fiow in
these sapillary tubes is viscous in nature. This is true even though
blocd is not & viscous fluid., It is an unstatille saspension of



deformadle cellpg in & colloid flum phase; howeyer, the deminant
internal shear stresses are viscous in nature when flow occurs undery
the experimental conditions of this investigation. Despite the fact
that bloed samples have veried in hematecrit from 15% to 6L4#, this
viseous flow pattern has been constantly observed. It may be
assumed, however, that there is an upper limit to hematocrit beyond
which viscous flow would not cocur. In thay range mutual interference
of red cells and friction between red cells and the walls of the tube
would undoubtedly sssume an important role in contributing to the
total resistance to {low. Although the present investigations of
blood flow have been sonducted with tubes down to 100 microns in
dlametey without suggesting any deviation from a viscous behavior,

it may be assumed thal thers is a limit Yo tubular dismeter below
which a noneviscous {low pattern msy predominate. However, over the
dameter range and hematoorit range studied here the classic laws of
viseous laminar {low apply equally well to blood flow and the flow of
water.

In this study the major influence on the magnitude of the blood
viscosity coefficient hae been the hematocrit. This has been demon~
strated in Part III where the specific viscosities of blood samples
are plotted as a function of hematoerit. A roughly parabolic relation
is observed. Below the normal hematocrit range, an almost linear
relation sxiste between hematoorit and specific viscosity. Above the
normal hematoerit range of 38 = L5 per cent, equal additional increments
of cell volume result in an accelerated rise in specific viscosity.



The results suggest that in the peripheral vascular bed
different factors are operating to control blood flow than those
which can be demonstrated in capillary tubes. Heretofore, it
has been common prastice to apply the results obtained in investi~
gations invelving ecapillary tubss to flow phenomens ocourring within
livine vessels. F&hruus(}‘} has postulated that the deorease in
blood viscosity observed in vivo has the seme basis as that which
he observed in wery narrow capillary tubes. w{%} has
utilized Rothmannts':7) date to develop & theory of the plastic
nature of tleod fiow in capillary tubes and has applied an empirical
plastic (nmr formula to data secured in perfused vascular beds. |
Poth theordes are thought to be erronsous on the basis of the results
presented here. Additional studies are necessary before any attempt
can be made to correlate the behavior of Hlood flow in eapillary
tubes with flow phenomena in the peripheral vascular beds
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SUMMARY AND CONCLUSION

Although many studies have been conducted to determine the
behavior of bleod flow in the vascular bed and in capillary tubes,
no data are available for blood flow in. narprow capillary tubes at
physiologic rates of flow, In view of the ancmalous nabure of blood
flow which ie thouht to exist in such tubes and the physiologic
interpretations which are based on such studies, it seemed worthwhile
to obtain this information.

The most informative and direct method of analysing blood flow
patterne in single rigid tubes is to plot the average velocliiy of
flow as & function of the pressure gradient. Thls has been done
for thirty blood samples and the plots have been compared with
either a water or an aquecus glycerol control sbtained in the same
tube. The tubes in which flow has heen studied range in diamster
from 800 miorons to 90 microns, and the blood samples had hemsatoorits
which ranged from 15 to &) per cent. In one type of expsriment,
volums rate of flow was contrulled by & constant rate injector
apparatus and the use of hypedermic gyringes of different capacitiea.
The apparatus permits a flow range from O.1 ocu.mm./ssc. to 200 cu.mn./sec.
The pressure head was recorded by using a Sanborn menometer couplad to
a Cambridge direct writing gelvancmeters In another type of experiment,
pregsure head was kept conatant by utilising e compressed air sourcej
and the volumetiric rate of flow was caleulated by timing the flow from
2 calibrated reservoir. Temperature in both procedures was lcept cone
gtant at 35° = 37°C. For esch tube studied; a series of pressure-flow
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plots was constructed for blood and for a viscous control. Without
exception, the blood flow plots were linear and intercepted the
pressure axis at zero or within the allowsbls error of the manometer
gystem indicating a constant viscosity coefficient, Purthemmore, the
magnitude of the viscosity coefficient did not decrease in tubes
under 300 microns in dismeter.

To test Fnhrm*(?‘) conclusions, the hematoerit of effiux from
& tube 140 microns in dismeter has been determined at each of several
velocities of flow, No difference was observed between the hematocrits
g0 cbtained and that of the original blood semple. Elood flow has been
visualized in & glass m’mlBOmicmyinMr and & random digper-
glon of red cells throughout the fluid phase was ¢bserved.

In eonclugion, blood flow in the capillary tubee studied here
wes viscous in nature at physiclogic welocities of flow. These resulis
suggest that the behavior of bleed flow in rigid capillary tubes has
been misinterpretsd by previous workers and that there is no basis at
the present time for explaining the aberrant alterations of viscosity
in vive on the basis of blood flow behavior in capillary tubes. It is
considered that the work on blood viscosity in the peripheral vascular
bed should be re-interpreted since it appears that mechanisms are
operating which are unique %o living vessels,
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Tabls 1

Tube AV

Length = 6,775 nm.
Diameter = 0.1l mm.
Volume = 13340.85 ou.mm.

Tube AVIZ

Length = 1.0 mm.
Diameter = 0.,1l} mm.
Volume = 13340.85 cu.mm.

IIITmnre Time Volume Flow Pressure Time Volume Flow
mm, Hg sec. cu.mm, /sec. mm, Hg sec. cu.mm,/sec,
10%, 10°c,

21753 3828.75 3.48 L.783 3926.75 3.39
50.001 1923.75 6493 6.204 3072.00 o3k
99343 99k .00 13.h2 12.129 1685.50 7.91
148.618 682.00 19.56 24,003 97h.25 13.69
193.010 53775 24.80 49.040 5E.75 - 23,33
387.887 291.50 L5.76 98,832 348.75 38.25
773.790 165.75 80.48 1BL7S - 267,00 L9.96
193,501 224,00 59455
387.972 144,00 92.6L
773. 717 95.00 o.h3
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Table 4

Diameter Length
Needle No, (rome ) (mme )
Hypodermic
18 0.84
20 Ou58Y
B 0.508
a2 0.406
2k 0.3048
2 04250
27 0.203
Precision
bore
A 0,581 72.0
B Ou5hls 715
C 0.500 7063
D 0.L42 7245
E O.LOL 73.C
F 04330 72.8
G 0.309 73.2
Drawm
Capillary
Iab 04906=C.980 11.50
IIT .y 0e105-0,120 2940
Vab 0elli0~0,262 9.k




Table 5

Sanborn Calibration

Attemuation Setting X 100

Attemation Setting X 200

Manometer |Calculated from | Per cent |{llanometer |Galvanometer |Per cent
reading galvanometer error error
me. Hg displacement mm. g mm. Hg
mm. Hg
15 1603 +1L 2,0 242 +0.8
34 3345 ~l.l She0 L83 -10.5
Sl 5L 8L.0 8043 =L.5
i 72,6 <l || 114 Y. 1.6
* 9L ok 1LL 13 -07
1L 111.2 ~245 17h 176 +1.7
134 125 943 20l s+ 204
23L 237 +1.3
26} 263 =0l
#*

¢ Reference pressures
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‘Tube No. 25

Diameter = 0.2540 mm.

Length = 3.8 cm.
Temperature = 37°

Sanborn Electromanometer -

EXPERTMENT NO. 6
SAMPLE NO. I T 11
HEMATOCRIT 41.65 N 140.68 Water
Dial Velocity
Setting )cm./sec. Pressure gradient mm. Hg/cm.
2 1,8 - 1.k 1.5
5 3.3 3.4 3.4 0.61
7 L.67 140
10 6.8 6.7 6.6 1L
15 10.3 9.7 9.6 2.3

7

Table 8




Tube No. 27

mm'_ber = 0.2032 mm,
Length = 2.6 cm,
Temperature = 37°C.
Sanborn electromanometer

EXPERIMENT NO. 7
SAMPLE NO. h i} II III
HEMATOCRIT 41,65 L0.68 Water
Dial | Velocity .
Setting | cm./sec. Pressure gradient mm. Hg/cm.
i 0.86 33 1.0
2 1.85 6.5 2.6 0.6
5 5.19 | 18,0 6.Ls Lok
7 a3k ALES
10 10.68 d2e 26
25 é6.9 26,7
35 38.0 38.L

Table 9




— —— -

Tube A | Temperature = 36°C.
Diameter = 0,581 mm, Syringe No. F-4295
Length = 7.2 cm. Sanborn Electromanometer
EXPERIMENT NO. 8
SAMPLE NO. I I III Iv
HEMATOQCRIT 55 Plasma Water
Flow Rate _
Dial Telocity Pressure gradient mm. Hg/cm.
Setting cm./sec.
5 10.7 2.94 W e | 0,567 0.Lk5
10 203 S.81 2.22 1.08 0.89
Table 10




Tube F ‘
Diameter = 0,338 mm
Length = 7.28 cm.
Temperature = 35°C.
Sanborn Electiromanometer
Syringe No. D-8807

EXPERTMENT NO. g
SAMPLE NO. i v V1
HEMATOCRIT 11 Water Glycerol
Dial Velocity
Setting | em./sec. Pressure gradient mm. Hg/cm.
2 6.7 = 2 2.9
5 16.8 8.9 1.7 849
10 3.1 17.7 3.9 17.2
15 51.5 26.0 6.0 25,2
20 66.9 341 8.2 -
25 - - - L3.1

Table 31




Tube F

Diamter = 00338 M,

Length = 7.28 cm.
Temperature = 35°C,

Sanborn Electromancometer

Tuberculin Syringe

EXPERIMENT NO. 4
SAMPLE NO. I I III
HEMATOCRIT L3.2 54.8 Water
Sﬁﬁng zri].-;:i?: Pressure gradient mm. He/cm.
2 0.67 0.3 0.5 =
5 daB87 0.8 1.3 0.2
7 2,64 p - 1% -
10 3.86 1.5 2.l 0.h8
15 5.80 2.1 3.k 0.7
25 9.7 L. - 5
35 11.6 5.1 2 =

Table 12
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- -
Sample Detin Dial Velocity | Hematocrit | Hemolysis
' No. Setting cm./sece
I 1 (Control) | (Comtrol) LLe? 0
2 5 19 L.l +
3 10 38 Li3.8 "
L 15 57 hhL.3 =
5 5 19 L3.8 rrs
b
II | 1 (Control) | (Control) LS5 0
2 37 L L5 1)e8 +
3 25 o Lo ©
L 15 il 5.2 +
7 5 19 bhe7 o+t

Table 16



Tube E
Dia.meter = 0.)40'4 Te
Length = 7.30 cn.

Temperature = 35°C,
low volume = 200 CU.MMie
Water manometer

EXPERIMENT NO.

b1

SAMFLE NO. I

II

III

IBUMATOCRIT Lk,

&

L5.61

Water

Pressure

Mlow

gradient
m.Hg/cm. cu.m;/s&c.

cm./sec,

SUJMe/53C,

en. /sec.

C‘l.qu/sﬁ Ce Cm.fSGC.

2.7L 8.79
2,08 6013
1.h3 3.98
0.716 1.19
2,84
b
0.635
120
2.45
Lsed
1516
o.?o.

0.475

6478
LeT3
3.07
0.92

6.75
Leh3
0.768
2.36

5620
32
059
1.82

25,69
18,2k
T 00

5465

2.86

Table 17




Tube T

Diameter = 0,338 rm,

Length =

Te

28 cm.

Temperature = 35°C.
Flow voluma = 200 cu.mm.
Water manometer

EXPERINLEY

MO.

15

SANPLE NO.

I

11

ITI

Iv

HEMATOCRIT

38.25

1 LS .2k

Water

Pregsure
gradieat
mm, Hg/ cme

Flow

Cll.nm,
/sec,

Cmof
SECe

ClleTme | cm./
/sec, U sec,

Cu.mnm.
/sec,

cil./

SECe

CU + TiTe
’
, SCCe

133
2116
1.32
00?23
3-90
pRE
2.21
Ye3b
0. 67
0.66

4.83
2Tk
1.L7
008%
u.hl
Yell3
Enhé
1.5k
04 Th6
04735

6.15
3478

+2B
2418
1.19

H:

6.36
Zloll-}-l-
LeT77
2.3
1,38

Le77
1.96
1.18
l. 22
0459

15.77
10448
8460
6,146
L5
2438

17.6
1.7
2459
7421

377

Table 18




Tube F Temperature = 35°C.
Diameter = 0,338 mm. Flow volume = 200 cu.mm.
Length = 7.28 cm. Mercury manometer
EXPERTMENT NO. ] |
SAMPLE NO. v
BEMATOCRIT 60.6
Pressure
gradient Volume flow Velocity
mm. He/‘cme cu,mm,,/sec., cm./sec,
12,90 " 8e3L 930
12.90 8.38 9.34
10.2 6.91 TR THD)
10.1 6.62 7.38
7.96 Se3l 5.92
7.96 5.55 6.19
5.08 3.55 3.96

Table 19




Tube G

Diameter = 0.309 M e
Length = 7432 cn.

Temperature = 3% C.
Flow volume = 2U0 CU,.@Mme
Water manometer

EXPERIMENT WO.

b (

-

4

SAMPLE NO.

II

AT

Vi

HEMATOCRIT

L6.9

L6,

8

LL.L

Water

Pressure
gradient,
mm . He;/cme

Flow

CU ¢NiMie Cmo/r
/secs | sec.

CU.mm.
/sec.

*’)mo,"lr
SeCe

CuL I
/sec.

[
. | Cmy/

SECe

Cil 10T,
/sece

CT!'Q/;
52Ce

2493
2.94
2,06
T2
0667
2. 78
2.82
2,08
2.08
lohiky
1.4h
0.88
0.92
0.60
0.65
2.82
AN
1.93
1.9h
1.08
1.C8
2,86
2.087
1.90
1.92
0.56
0468
1.69
178
1.05
1.08
Q.54

2,13 1 2.82
2.2 | 2.97
L.356 Hke72
0.77 | 1.28
0.72 | C.l1

PO N AW PO
¢ @®
NN O O Oy
&Q\J“LCOI\)WRJ

(G )
o o

0.68
0.21
0.23

L4

L) *
(WS R WS
2

@ G EliE D)
L ]
R

—
-~

FERwW

3415
3ho0ke)
1.89
1.92
0. 89

0,87

11.00
alal o8¢
6,90
T3
290
LS
Slorlu]
5429
3.45
35T
1.25

1he57
1L.69
9.1k
9.31
3085@
3.91
817
8433
La57
L.73
1.67

Table 20




Tube G

Diameter = 0.330 mm.
Leng'th L 7028

Temperature = 35°C.
Flow volume = 200 cuemm.
Nercury manomcter

EXPERIVENT NC.

7

SAVPLE NO.

TV

i v

=

HELMATOCRIT

L2.9

19«5 dater

- |.-.- - wL—-——]b e e e

Pressure
gradient

mie Bg/cme

Mow

Cu. M. /sec.

cm./sec.

Clemr . /SEC,

cm./sec.| cu.m~./sec.c

9456
9456
Le51
LSl

1C.69
10.65

he53

l'!lo] 7
118
6453

609"

6.24
363
Jeil

204 7L
| 21,05 2745
f 13.13 EA Pt
145438 204k

15,81 2065

/
Table 21



Tube No. 25

Diameter =
Length = 2

Temperature = 35°Ce.
Flow volume = 200 CU.ITi.
Mercury nanometer

EXPERIME W NCe

SAMPLE NO. II
VEMATOCRIT fiater
Pressure B
gradient
mm.Hg/cm. cu.mm./sec. | cm./sece cu.mi./sec. | cm./sec.
2646 910
26,6 3148
.l 5486 s Sl
15 175
TeC 3.0
741 845
lie? Uzt
Le? e
14.18 S 62.9
1h.21 32.36 6305
Beli5 17.L8 3Lek
855 17.77 356G
3«87 9435 16.L
44CO 9.L7 8.6

Table 22




Tarle 23

Temperature = 35°

20 cc. Syrinre F=L295
Pressure head = 17 .
Sanborn electromancmeter
Hypodermic tubing 1% - 25

Hg = 2 . ir/cme

EXPERDMELL NO. 19
SAMPLE NO. & , pie
HEKATOCRIT = o 370 Water
Volumetric [low cue/rme/secs
Tube Dial Dial
Dianeter Set Tlow Set Flow
0.8 27.1 1505
0e69 12,1 6845 36 200
0458 Ted 3946 2246 125
051 3e3 18.3 12.3 6945
Calil 1.8 1060 5e5 30.8
0031 Oe7 [ ) 1.9 10.2
0e25 0.3 1.6 1.1 548




Table e

Tuberculin syringe

Dial setting = 30

Velumetric Flow Rate = 10.L: cu. mn./sece
Temperature = 35°

Eypodermic Tubing 20 = 27

EXPERIMENT NO. 20
SAMPLE NC. | 1 II T3 v
HEMATOCRIT = 43.5 33.1 23.7 5% Glycerol h
Tube Diameter Pressure cradient mn. Hg/cme

0203 L1.0 28T 17.3 Lok

0425k TRT 10.7 7.5 - 20.0

0.1406 81 343 2.8 L2

0,508 Tei 0.8 0.4 At

0,584 0.9 Q.7 0.5 0.8






