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’ ABSTRACT ‘ . ol
4 ' .a '/ ‘i ’ T vy

An experimental investigation is presented for both gieady ¢
and pulsatile flow of blood tﬁrough the aorta. A mixture o% gl}cerﬁne
and water was used as a blood m0del The effect of vary1ng the significant
paramete-§ Reynolds Number, Re, unstead1ness parameter. a, and normalized .
velocity fluctuation, A, is revealed through the1r'4hf1uence on the mass | L
flow ratios; the mass flow ratios y‘%n =1, 2, 3, 4, 5) being the ratios
of the mass flows in the r1ght subclavian, right carot1d, 1eft carotid,
left subclavian and thorac1c aorta, respectively, to the total mass floyx

An experimenta] apparatus and an art1f1c1b)’¥orta were
‘ des1gned and cons*ructed to simulate the phys1o]ogica] range of theag
parameters One type of rigid art1f1c1a1);orta was exam1ned

For pulsat1le flow, v, was &ound to be 1ndependent of the.
unsteadiness parameter, a, in the range 10 < a < 20, and was found a
to be a gecreasing function fh the lowest range 8<acg 10 Furthermzre,
y]‘was found: to be a decreas1n9 function of both the Reynolds Number and
the normalized velocit\y fluctuation up to the range of Re = 1500. For

hrger Re. As for steady flow, L] 15 a decreasing funt:uor\ of Re only. |

Tha mass ﬂpw ratio, Yoo, showeq the same dependence as n
“ except ttm *lt was. mra ftrongly 1nﬂuetmd by Re and not as stronmr o
“ 1nﬂgemed by the normalized velocity ;mcmesan. Themass flw
| 'ira o Ty amaﬁm samﬁnpchdm:a as ’Y’l' m mass. flow ratio,.. - f'-j*ie ”fj‘
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' The mass flo\.*aﬁo Y54 representinf the conti&atim o*' the

flow of blood fo the body from the aortic arch‘l'was found to be i o

I k

1ndependent of the uns’cead1ness parameter at *east in the range 5

10 < a < 20 for a given Re. Within the experimental accuracy ob.;el&ed

the dependence of vg on A could not be evaluated. A \
|

- , A visuaHzation technique revealed the ex1stence of fm &

-~ v oy

1nterdependent regions of separation far both stgady and forward
: AR ~
‘ puISatﬂe flow. The formation of vort1ces was obshved 1n the sepaw
*
! ’ reg'lon of the main branch and doub]e helicoidal f]ow was obser\'é in .'5'

' branches four and five of the artificial aorta.k T N b ‘

I’
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CHAPTER I .
‘, INTRODUCTION e
[] ' A

1.1 Introdudtory Remarks

An important cause of death is diseases and defects of
the cardiovascular system. Thus fundamental research into this
system 1s being pursued. * The flow of blood through the vessels

' 1s one of the aspects of this system well suited for engineering
\research. It is essentially a problem in fluid mechanics, albeit
a rather complicated one. |

]
.The purpose of this thesis 1is to ascertain the dependance

.

of the flow rate in the downstream branches‘pf a certain artifictal
Vs

aorta on the non-dimensional parameters: Reynolds number, unsteadiness
parameter and velocity fluctuation parameter. The high degree of
complexity of the physical laws and equations describing blood flow

necessitate that the study of this problem is experimental rather than

anajytical. !

1.2 The General Description of the Aorta and Its Funct1on in

/\
the Blood Circulatory System S

The aorta is the great trunk artery that carries blood from

the heart to be distributed by branch arteries through the body. The
sorta s a wide tube with thick walls wh1ch are largely composed
of elgst1c tf&suel and ke any other e]astic structura. its cepacity '
1s d:tmnined larw.v by the pressure of the Blood 1t coptains, |
When blood s expelled dur1ng ventr1cnlnr systole, ghg f

i



aortic pressure fises, the aorta is distended and so accommodates a
large part of the blood expelled, the remainder escaping through the
arterfes. During ventricular diastole, the tension in the aortic

wal]§ maintains the flow of blood onwards through the.arteries.

and the aorta diminishes in size until i1t is again distended at

the next heart beat. In this purely passive Way the aorta (and to

a less extent fts larger branches which are similar 1n structure)
converts the intermittent flow from the heart into .a continuous

though pulsating flow in the arteries. As can be seen in Figure

1.1* the b!ood passes from the aorta into the main branches, The
arteries divide repeatedly until they become capillaries. (See

+ Figure 1.2*), With each subd1v1510n..thé arterial lumen becomes
‘shaller éﬁd tbe artérial wall becomes more predom1nant]y'muscular.

By the contraction br relaxation of their ngcular walls, ‘the arte-

ries (particularly the smhller branches or arterioles) are capable

of great varfation in calibre, and 1t 1s this calibre which largely. .
determines the proportion of the total card1ac output d1str1buted | ///
to the 1ndiv1dual organs. S ' J/J'

. Moreover, the tota] cmﬁm& output could be 1nfluenced by
arterial disenses. mtchsll and Schwartz? state that arteru'l dis-.
orders are known by such names as nrtariosc‘lerosis, nthemm, md »
athemsclemsis. The most widely adopted term, atheroiclmna |
-wm be used 1n this thesis, It will rcfar to the buﬂc!up of mw

"nndlgr ﬁbms plqg\m uMch occ‘luclq :m vmcl and dbstroy &M

?' ‘ : ,' o i _33%::)?& ]
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elasticity of its walls.

¢

1.3 The Cardiovascular System*

. The hutpan cardiovascular sys?em consjst§vof two pumps.
connected in series with £wo c1r£;1ation§ as showd in Figure 1.3.‘
The left ventricle pumps fresh]f oi&genatéﬁ blood thrqugh the.aorta
into the systematic ¢irculation which leads to arteriég going to
the head, internal organg Aﬁd 11mbs . ﬂAs the various organs are
perfused with this oxygen-rich blcod, oxygen 1s dfffused fromlthe :
blood into the cells of the aorgans. As the blaod bekomes depleted
of fts oxygen supply it returns to tﬁe right atrfum gnd'\

‘right ventricle by means of lesser and greater veins The
right ventricle pumps the blood thrOugh the gylmonary c1rcul§01on
(lungs) where oxygen from the atmosphere is diffused into the blood.
fhe oxygenated blood then centinues on'to the left atrium and left
ventricle by means of the pulmonary veins and the cyclé thus~coﬁt;;ues.
Tﬁe two veﬁtrib]es work in unison, both discharging their = °
*load of blood simultaneously into’ theﬂ' outlets or‘ arter1es. Thisg
' phasq of the heartbe@t the expulsmn of the blood by gontréction of
the veptricles, s cmgd systale, Thq Phase 1n which the ventricles
| ara f11ad with b]ood, each from its m atrium, 15.clled dlastole,
» ‘The. ’left and right vsntricles wst pump An equnl volm af blood
) over ’ period of tim, e L ‘ S 4 '_ ,
% Tl seetigh somes” ma the. nmm sirvey i mm:a’" N AT

1! borm the. 11'5" expl
s A f'*, wmmmm ]
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1.4 Litera‘ture Survey | ¢
As mentioned previously the blood flow problem 1ies in -
~a wide and comp]icated field. At the present time, the exact
neture of blood flow in the human ascend1ng'aorta is not known. , , '\ﬂ‘

Particularly the elastic deformations of the' vessel make.

a theoretical approach very difficult. Theoretical considerations

-

as well as\u]ts obtained from experiments by J.G. Porjé3,
confirm the supposition that the effects of viscésity and elasticity

L]

are of secondarj' order of magnitude and that. the eguations valid \
for calculation of nonviscous flow will#therefore g1ve a reasonable
. approximation of the calculation of instantaneous flow in the ascen-

ding aorta. Fully devellped'ﬂow can only emst in the flow field

distant from the Qnds of the tube where end effects are negligible.
Atabek4 consideredu these end effects in developi,ﬂg an 1nlet length
theor»/for periodic flow in tubes wit;wigid walis,

. Kuchar and Ost:rach5 cons1dered entrence effects associated

with laminar flows of v1scpus fluids 1in c1rcular elastic tubes. Of
particular 1nteres§)ms their derivation of the signiﬁcent d,imen-'- o
sfonless ;';arenetérs, ,Cn;apter.,l-‘l of pre;eni nork'.rev.iews'4 these dimen- .
s19nless pgmuetersg o T : R o
g , k. The problem becoug even ugre complex in 't caseof -
,:.f,fgbmnghed vessels end. cénseqwnﬂy. mst qf the mx 1n this gm :
e 1; mq mn ""', [Mp of exnerimentel mde'l; mngr than Qdop'tmq

v




G.S. Malindzak Jr.6 discussed the derivation of a system
of mathematical equations to describe thé transmission and reflection
of arterial.qressure pulses in the Mammalian cfrculatory system. His
théofetica] analysis involves calculation of incident and reflected
wave\parameters derived from dependence -of time, spécé}and pressure
data. Specifically, the paper describes the theoretical basis for
numerical analysis resultihg 1n values for rgflected energy, phase
velocitfes i{n the aorta, as well as experiments in which such analysts
has been applied in the anesthetized dog.

Robert H. Cox7 reviewed the Tinearjzed wave propagation
¢ model which can be used‘to predict both transmissibn characteristics
and hydraulic fluid 1mpedance values upon system input parameters
Most of the models considered the propagation of small, axisymmetric,
harmonic disturbances through an incompressible, Newtonian fluid “
contained w1th1n a distensible tube of lopg length.
o s J W. Amyot et al measured the sequential velocity dgve]op- :
‘ment in the ascending aortg using a confcal hot~f11m probe 1n six
anesthetized dogs. SGQantia} velocity deve]ogwents during gystole
are’ presented and 1ns‘t€htancous volumetric ﬂbws ore obtnined from |
‘the 1ntegrated pmfﬂes. ‘The calculcted flows arg 1n agrgement with o
standard measurements of cardiac output. The measuremeqts show gut S
'\ mgxim reversg ﬂow occurs at tha- en& systole men the dd;mﬂe §.
‘mtch s qbsewed in aort*lc Pressure. trase. Nansyﬁmtrx was obsgmd e
N "vin tha ;gqugnm‘l vqlgcw pmfﬂes* during t"f“‘&’fi;rly pliam ot 5’“‘5

.mm nmly'@m%ric pmfﬂas ‘a he ﬂw celerateds.
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Dopald L. Fry et 217 derived a mt‘ethod of Qetennining the

1nstantaneous aortic blood velocity from the Nav1er Stokes equation

- Experimental support for the derived formulae was obta1ned in a flow

" This model has been set up and studied on @n ana]og computer. A .

model and in a 1iving animal aorta. - ~
, \ Marrill p. Spencer and A.B. Denison]0 presented the exact |

blood fT‘ow curves of the aorta and established their validity by

\their reldtionship to the dlfferentlal presswes astirig a]ong )

that structure.. They pointed out some ar‘acts that may be fntro-’

duced into flow curves when recorded wnder certain conditions which

cons:?ably alter the norma] physical Ccharacteristics of the arterial

systef.

/ . o
.. |

A M.F, Snyder et al” devised a model of the. human systematﬁ‘c
»
arterial treq basgd on a lumped-parameterncircuit approximate form, S

»

feature of this sfmulatmn is the g’lvision

! '1r cross-sectiona'l area - or wnat th tmﬁ’ﬁ‘qual-volume" o o
modeﬁﬂg. _The simulated pressur_p and flow wa‘“ wps' ohtained with |

Athe model compare favourgbly with dqtq reconggyﬁf_x'ihg norma] "\ ’."""Tﬁff

adult humang and exhim such well-Kf own featu(es"as distal de]ay R N

.“"qnq peaking of pressure pulses.\‘ The pmd1cted gortic input 1mpedance

. .»depandency qn frequenc.y checkg ne]] agginst‘{ meas,ur,f\,




1.5 Objectives of the Thesis -

\

" The most sophisticated blood flow in arteries seems to be

within the aorta It is the punpose of this thesist® study the flow

through the main branches of one such bifurcation and to find out

“what influences the mass flow ratios Y1 Yoo 73, Y4 and yg throughout

the artificial aorta, particularly when the significant dimensionless
v : ‘

parameters are varjed.

In additfon to the dimensionless numbers used by Rodkiewicz

‘and Howelilz, it was decided to incorporate the characteristic values

intféahced by Ito]3v Furthermore a modified DEan nbmber Km (product

of the Dean number and a constant) will be introduced. 4& T

,,,,,

Some qualita¥1ve observations of flow characteristics in a

bifurcation will be made using the vﬁsualization techni&ue used
" ‘

"by Rodkiewicz and Roussel T

! 4



!
‘, ! .]‘ i i N
, [Pl ‘A!‘ ot

‘}';] Y‘?‘ 3, This model app]ies to the mecrocircu]atlon (large arteries ;
‘,

10

\ .
- CHAPTER II | . y
THE MATHEMATICAL MODEL °
/%/ Introductory Remqgks : o B .
,%; The solutfon of the mifhemat1ca1 model to encompass’

v
-‘/? and completeﬂy describe the physical processes occurring through-
;! out the blood circulation system is. not possible at the present

£ time. The mathematical model is described in the next sectfon,

"' . and {s subject to the following assumptions.
{

fl. Blood 1is considered to be a homogeneous incompressible’

'ﬁ : 3 Newtonian flnid withla constant vfscosity

\ :‘i 2. The vesse] will be considered to be oircular.

‘ é LfV 3~_ The' tube wa11s of the bifurcation will not be flex1b1e.
\%ﬁw‘. -.4*‘ The tube will be considered to be externa]]y constrained '

" fn such a manner that no*longitud1nal displacement or motton

n”f'f"ﬁ‘ B 'h of the btfurcation wa11 occurs.,

% T ‘

e .

and veins), but. not to the m1croc1npulet10n (pntenies,

A “15;{‘.5;{j captllar1es, §nd venules) ;"';u x:‘jg_‘» ;hl_n,vf.;*.‘ﬁ?{.g

. ny



! R r'e wT . K
i ' , ‘ ‘ '
o | ’. Kuchar and Osyt:r"ac;h5 and Kuchar and scala'® developed the
- ‘ . A Lo : o .
: following non-dimensional parameters for pulsating flow 1n region 1.
: e
. Ry
Reynolds' Number, Re = 5 .
e e
v B . l ‘ ber. = ._L_\ o
, . Strouhal Number: S = UTo | . ) !
. . ) . . Ro ‘ !
| Length Réti.o, L'e =T g
o | : éuler'Number, E = —é%
. b . i ‘ ) pu
\. ~ I\
’ ' . l} .
. The tmsteadineSf parameter s deve]oped by Kuchar and; Scala
 is as follows; b L ' |
, o =/ Re xS x -e/b—.‘l Lgo
. s o= R?;"Sg’;f,Le, i "UT;XT S
‘v..‘,/'.'{f.' | |
If th puT
Gt
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a=o/8 (2.4)

In this regfon, 1t should be noted that Re is calculated at the

?

. "
L]

entrance to the bi urcation.
‘ Rodkiew tz and Howell] considered thréé parameters.iRe, a, and
A where a, 1n equation (2. 4). fs a modified form of the unsteadiness para-
meter used by Kuchar"and Scalals
~ Regfon 2, which is comgbsed of the matn arch (upper and lower

-~

aortic arch) of the art1f1c1a1 an?ta. s considered to have a constant
. 7
cross- sectfon Examination of s@Vera] X-rays showed that though a change 1n

diameter along the arch Tength dqes exist this deviatfon was neglected.
"‘“ The prncedfng qpnsuderations concerning pipe flow are valid only

for straight btpek 'Dlp cquQd éﬁpes there exists a secohdary f]ow]6 7

l because the particle7/neanidyﬁ flow axis which have higher ve]ocity are
acted upon by.a larger centr1fugal force than thes slower particles near

. the-walls. This ]eads to the emergence of a secondary flow which is directed
outwards in the centre and inwards (1.e. towards the centre of curvature)
near the wall, ' ;

The characteristic dimensionless variable, which determines the

influence of curvature in the lam1nqr»casé. 1; the Dean Number'a‘]?. K.
. .

K~ PRefl +42.5)

\ The coordinate system empioyed to study region 2 1s sﬁown in

Figure 2.2. The z gx1s_ <€E§5Pend1cular-to the plane of the page.




vlﬁ "
r , 14
13 w19 0
rar (er V)t oag (o V) + =~ (pv,) =0 (2.6
. ™ - z
Defining the arch length of the tube centerline as vgi’si
‘ s = RO ' (2.7)
and introducing the following characteristic values used by‘H. ItolB:
V'S .
= - E. -
r 5 s Va Q(area
“ L
i V v _ "
T TR (2:8)
.
Vs
= z 14 L] 2 ]
vlz v ¢ ]
A

~ where, Va‘ 1s average velocity, and § 1s 1in rang}e 0< $5_ 1;, substi-

tuting into th% continuity equation (2.6’). -assuming p to be constant,

L

the equation‘is reduced to the followirig non-dimensional form

1

.

-3 i—'

Fvn,orti—g— ;(vnﬂ(vzn@ '

) v s .
Consider the mindimensional Yarameter -9-6- the 1eading
coefficient of the second term of the above: equation. Sinca s » Re
- and R.- ROR/R tMs pamter can be expressed as .

' (]

L, : »
L3 ’ &



R 0
2 L} 9
R (2:9)

2.3.2 The Momentum Equations

» The momentum equations governing steady flow 1n

cylindrical coordinates are given by R

-

2
oV vV, v y EY)
r r.¢ .o r 1 3P
Y §r+—$57$— r*tY; iz "pawt ot
2 2 4
vy av yr 'y Vv "V
| R 1 r 2 r}
+v{ AN R RN 24 (2.11)
a? T Or T 2T 7T 7R 2
‘ —5~+-viavz+v BVZ- 13 4 g &
Yeart T30t V2 05z %
PV, o , oty a%
{——2—+-.~—-z-+—-2-——-§~+ }
vy, 9y y.v vy, (
3 r .. 12P
vr?%*'% 1h"—?"""*vz?fi! pag T 9 * * |
2 2 2
vy ay ¥ ay, . oy 8y
1 ] ; 2 %y }
+ - .+ 4 - —
{ gr¢ I ;* R i at

Lat P‘ P/Pm,. where P"f » chnmctarimc Pmsurg. to be dsmmnd

12 3 '
V,) + 2 (V.) = 0 2.10
Fa$(¢)+a?(z) (2.10)

- AR
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. Substituting (2.7) and (2.8) {nto momentum equations (2.11),
and dividing the first and the second by v2/s3, and.the third equation

by \Ia v/sz, the equatfons are reduced to the following non~d1men§10nal // ‘

forms .
‘ /
2 2 ¢2 r (2 /
V. V¥, oV vest v v p s 3 /
L o et AT e R o IR
"or 1 3 Ve r z a7 pV ar ;2 r ./'
* 2' ‘i‘li'.‘.
2 2 R
+3Vr+lavr-vr+[v2]]aVr—Ta_\&%aVr. :,/ I
3F2 F 3? Y'Q- 52 Vaz f‘q- 3$2 r a$ a? - ‘|
oW, V. oV ) P s2 3, %Y
Vo—2e 2,y Lo (ref g3 vy, 42,
"ar 7T % 2% a7z pv 9z :f ' or
2 2
aV. 2 V. 9V \
1 "2 v 1 4 4
t=—2 4 [ —3+t—% (2.12)
r ar s°v —F_f 3" 3z

Mo Ny Tl oW i Preriep
"W T T i ) Py T
: 2 .
| 2 g W 9
TR R
COH‘SM;?\ xha d1nn:1pnic's; gmpiﬁgs of gfqmtéﬁﬁa(znz). | \

IS X k] tar = 3 B 4
FELA BN : P ongke
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|
Defining .
\
sz - vaZ s2./\,2 -
which can be writtén as ;
: N
. ) ,
1,2 1 2 D/2,-5" R
= g [Re 1( ] (2.13)
U S I & 7k
and since the Dean Number s defined as K = % Requi
from which o |
' R
1 5.2
K2 = J Re > (2.14)
— .

Combining eqaationsl2.14 and 2.13 usfng equation 2.7 gives
KZ=kéc
where ~ q .

3.2 ;
C-Q_RE% | - (2.8) v

Sirge the radial pressure gradient term cannot be neglected, choose

! o \?z ,\,....,.'.....; o, ; ",":'th%A:"lr'
Lo e

" . i . . 1 . . 1 [
H .y

- . o N 1 . : o % P . oo PR S L)

v ! N . g . ; N f g TR
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so that :
2
P s
g - | (2.17)
pV! : |
o
Let ‘ '
A - ["2] ‘ '
« ; r ;3- R : (2.18)

then body forces in the radial momentym equation are very smqil
P4

when fr » 1.

Let

V v

thén body forces 1n the azimuthal momentun equatfon are very small

ﬁhén f¢ » 1, i.e. Va 1s very large and/or s is very small. 4

: Y
Equations (2.16) and (2.13) show that o
1 Prer 1 ' . o
: vﬂ KI’l Y - ‘ o

*4

Thus the final form nf :he non~d1men519mlized momentum )

gquationsis T B
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’ CHAPTER III

THE EXPEREMENTAL MODEL

The arterial system‘is, at its sirpgl_zsLm/

duits carrying fluid from a source pump to the capillaries. That
this system defies e]egant and éécurate ahalysis canﬂbe attributeé‘
largely to the ‘fact that the pump never de]ivers a stroke which 1s
egactly the same as any other stroke~ no two aartas have exactly the
same dimensions and mechanical properties; no system of branches ever
exactly duplicates any other §ystem of branches; all of the tubes are,
tapering and ‘are made of materials which exhibit non-linear behaviour,
~and they are filled with fluid which s non—homogene:t;*hqg anomalous

in Sehaviodr.

ﬁ%e Range of Study |
| The expressions forlthe 'Reynolds number and unsteadiness
.parameter as described by equations (2.3) and (2 4) have been develoﬁed
It s now necessary to deterhine the range of these parameters for the
‘ hysiologfcalwcase. To do this, the following data has been g]eaned
from w1ntrobe2°, Tuttle and Schottenusz‘, and Bell, Davidson, and
Scarhoroughzz | o S o
1 B'lood density varies from 1.048 %0 1,066 gm/un Co

2 The rehﬁve viscos*lty of blood nith respgct to distmed

/,,.,

Il

m\tgb varies fmm 3 5 to 5.4, o -
Lo ..}\,;3 Thg kinmtig yismm gf‘ qmmeq nter cquals 0 010027
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4. Referring to‘Figure 8ﬁ], for the case in study where
2.1 <D< 3, the migighm‘veloc1ty is approximately 13
cm/sec and the maximum is 20 cm/sec. ??
5. Using the Nomogram (Figure 3.2) for Determining Normal
Aortic Diameter (Aortic Arch) from P.D. Dr. E.‘St'reh]er26
the diameter is found to vary from 2.1 cm dp‘to a'maximum

of 3 cm.

6. Human pulse rate varies from 50 to 100 beats per minute.
Substitution of this data into equations (2.3) and (2.4)

yields the following ranges of study}
528 < Re < 1823 L (Ba)

C 9.47 < a < 19.14 (3.2)
R ,
The flow from the heart will be approximated as a sinusoidql
type flow as illustrated in Figure 3.3.
- The normalized velocity fluctuation is defined by the

fbllowing expressione
Y A e (3.3)
| 7‘<where u ts mean velocity and U' 1s the fluctuating component of

x};;svglocity 'Kuchar and 59,1,15 rsp0rt the,Ph¥§1910919a1 range f°' ?”f ' |




Iooor

Venures
VeNes
Vend cava

2’
i

Figure 3.1: Schematic Graph,Showing: Broken Line, the Changé:r
in Relative Total Cross-Sectional Area (on a .
Logarithmic Scale) of the Vascular Bed; Solid Line,’
the Mean Veloqity in the D1fferent Cateqories of
.“Vessel by A.C. Burton ’
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! | .2
. ’Q\._ '
T<a<z (3.4)
Ne1t1n924‘found that a 36.7% glycerol aqueous solution
was a good hydraulic analogue for blood. The specific gravity of ‘
this mixture is 1.10 and the viscos1ty is 4.5 centipoise. . Calcu-
latiions of these quantities are in’ Appendix A. This viscasity falls
| w1th1n the range accepted for human blood (3.5 to 5.4 cp.) and the : K
ecific gravity is reasonably close (1.048 to 1 .066). L
| Substituting the kinematic viscosity of the blood ana]dgue
” \bx= 0.045/1.1) and the main branch diameter (D = 2. 8 cm, =
1 113") ‘of the experimenta] model into the relationships for Re and

! aylelds the fo]lowing relationships:

Re=185.2xQ R € X - .
: Ca=17887% "(3~6)~ B
e , Hhere w 1s measured Jn qycles per minute and Q 1s measured 1n.v

K ““' et S " . . h‘
\f W .r',

,; ;w“ -

;‘f‘g ]1ters/min!‘
"lv A' ' ‘
“ supsﬂtuﬂnﬂ equations (3 5) and (3 s; 1nto (3 ’l) !m,d (3 2)




.In the experiments the required‘range of the horﬁalized
velocity fluctuation, A, was couered‘by the use of different sized
cams. In Appendix B the 1nterdependence of the length of the pfston

E stroke, 1, the velocity fluctuatfpn,“x, the flow rate, h, and the

]

pulse rate, w, is outlined. The‘relationshfp 1s:

/T . . v
. 1= 0.770 AQ/w , (3.9)
‘where 1‘1s measured 1n:1nches. " '
‘ ‘ “ | .
3.2 Description of the'Apparatus . Ty

'3.2.] Overall Description of the Apparatus

Figures 3.4 and 3. 5 show the 1ayout and a photograph of
the apparatus, respaétive]y The. apparatus can be divided tnto three

sect10n3° o W e o

1." The flow untt, - . ,'«, ? ' L
. ’ - N R
AR 2, The flnw rate measurement unft, ;o N

s

'ffFVm memusmﬂmq h;;%r. ~fﬁvw gisf




27

3

/Q..r.ﬁ .

-

1n0ke smededdy :¢pg aunbpy

A
- ﬁ UO IS IUIG
¢« o
L[ 0ALTSIY - ” ...”Mwe«nﬁum .
syuey Tl saspei ”r_.m,_"-ﬁuum ,
JUdWBLNSe A o 7104IU0) MO 4 L. N .
- mmmn-»mX[ .
w9jmey0y,
110 I
2140y R3S FISTS £
Jui I
i C3HUN LIS (ng
i Kydeuboroyd i 4 .
i pue ,‘ - o
uo(leAsas )
- — OOAIUL
4313mouey ] -
v aqnL-ft »
b ’ |
J

SYURL PeIH IueISU0)




28

>y

m3mm8a< UO M3[A [R10]

1G°E UNBEJ




~N

twelve feet in length and as straight and horizontal as possible.

The length ratio of the apparatus was
Lo = R,/L = 0.0038

as compared to the value of 0.0193 calculated by Dr. Kuchirs. The
inlet tubing was suspended by twine from a separate stand to appro-
x1m3‘e the physfological case in that a certain degree of radfal
movement is possible. In addition, the bifurcation was set on
three rolls and levelled.

The constant head tanks were made of plexi-glass and manu-
factured in the machine shop of the Mechanical Engineering Department
of the U. of A The tanks were designed and ]ocated in such a way
that the flow 1ines from the bifurcation to the constant head tanks
were all approximately of equél length. The wefrg of the constant
head tanks were adjusted fo the\same constant level (See Figure 5.6)
to obtain the desfred pressure, at the bifurcation. It was maintaified
by measurmg with a level set.* Pressure upstream of the bifurcation

inlet was measured using a U-tube mynometer,

i
L3

* Level set, from the Civil Enginearing Departnent of the U, of A.

1




twelve feet in length and as straight and horizontal as possible.

The length ratio of the apparatus was
Le = Ry/L = 0.0038

as cémpared to the value of 0.0193 calculated by Dr. Kuchars. The
}nlet'tub1ng was suspénded by twine from a sgparate'stand to appro-
ximgte the physiological case 1n that a certain degree of radfal
movément s possib]e:i?}ﬂ addition, the bifurcation was set on
three rolls and levelled.
’ The constant head tanks were made of plexi-glass and manu -
factured in the machine shop of Fhe Mechanical Engineering Department
of the U. of A. The tanks were designed and lgcatéd in such a way
that the flow 1ines from the bifu}cation to the constant head tanks
were all approximately of equal length. The wefrs of the constant
\\ head tanks were adJuéted to the same constant level (See Figure 3.6)
\fto obtain the desired pressure at the bifurcation. It was maintained
by muuring with a level set.* Pressure upstream of the bifurcation

/

met was measurad using a U~tube manometar.

v
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3.2.2 The Flow Unit

! located close to the reservoir

A centrifugal pump*
(See Figure 3.4 and 3.5) was connected Tn.serfes with a rotameter*z,
a damping tank (See Figure 3.7) and a pulsétfon unit. The Calibra-
tion of the rotameter 1s shown in Appendix D. The damping tank
was m&de of three 1nch internal dfameter plexi-glass tube and a
height of ten inches. One third of this damper was filled with mix-
*, so that the remaining air cushion absorbs the waves from
the gylsator. A cam-driven piston-cylinder arrangement provfded
the :}nusoidal flow. The cylinder was made of four inch I.D.’stainless
steel pipe, poth ends of which were threaded to facilitate disassemb]y_
sh 1d any repair or alteraﬁion be necessary. The biston was equipped
w13; a leather cup seal and the cam fbllower was a roller-type. To cover |,
the range of study, as defined by‘the dfmension1ess‘paraméters Re, @,

and A, varfous cams were used.

&

" A varfable speed D.C. motor®? was used to power the cam,
" Ta produce. the des1red range of pulse rate, a 30:1 worm gear reducer*4

was 1nstalled to transm1t power from the‘motor to the cam, F1gure 3. 8

'*1 Centrifugal pim 'Jabsco“ hronze se]f-pr1m1ng motor pump untt.
- madel 11810-0003, 1/4 H.P. D,C, mtor. Elactrical mdustries
atda. Emnmn, B b N

*2 Rotameter, Model 10A 35654, Max. flow |
. im 2.7 USGPM,’ Fi:chgr ,
j —and Portm" Ltd., Edmonton, .A’lbqrtg, . &t ? ) R

e

. Fo e

- ® 2 hps, 0.0, Hotm'. m«; a p.sm. Genmi mg. i Led., -
Ednuntan, Alb cr&g ; N P

*‘ nmm odel 1 a2
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‘Flgure 3. 11) The fivs‘ tanksmre dssigngd to Approximate thc dis-

s a photograph of the flow unit and Figure 3.9 is close-up view
of the same unit with a typical cam in place.

| The flow rate, and conseéw@hfly Re was éontrolled by
three valves, two (A and B) located at the outlet of the pump ,

and a third (C) located on the\by—pass.
4

[

3.2.3 .The Flow Rate Measurement Unft

The flow was led from the constant head tanks to graduated
' i

vessels by surgical tubing as shown in Figure 3.10. Flow rates weré
determined in each branch of the aorta By simultaneous]y closing the -

drains of the measurement tanks and measuring the. elapsed time to

collect a given quantity of fluid (vary1ng from 2 to 6 liters).

,
U +

uv L
' i

3.2.4 Test Section - C - : >

The epoxy resin b1fu?cat10n, shown 1n Figure 3.15 part (H).
was used for flow visualizat1on., A detailed description of the
deve]opment of the 9rt1f1c1al aprta fo1]ows 1n the sqction 3 4.

The inlet to the test section was a 1 25-1ngh 1.0 plastic
pipe while the. 1.0. of the b1furcat1on was 1.102 1nches (2.8 cm )
l-;ach btfurcmon bmnch d1schqrg¢d Into a constant head tank (Sse

chargmof ﬂqid fromf tha bifurcation into %ve 1nf1n1tﬂy largg

;e msemghs. Fout rcsgrvom mrs qf aqaa‘l sm. The ﬂfth tanl;

was 'lnrger becquse 1t was mnﬂgct;d m
'rhg 1nm to ‘qh tunk m mmq f@r
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3.3 The Exper1menta1 Fluid

- Water was chosen as the experimental fluid for the first
part of the experimental work where qualitative observations were
made of the flow characteristics in the bifurcation. |

Foq decreasing the surface\tens1on an agentﬁi::as added
to the water. This was done to ease the flow over a weM, between
internal walls of the bifurcation and constant head tanks made of
plexi-glass. The¥viscosity was mea§ured with a Cannon-Fenske
viscometer*? at 72°F. |
‘For the quantitative experimental studiés a ‘mixture of
.water and glycerol was chosen as the experimental flgiq. To simulate
more closely real blood fiow, the author adopted Heiting'§24 recom- .

mendation that a 36.7% glyceroléaqueous solution was a good hydraulic

analogue for blood.

. 3.4 Descrjpt1on bf the Deyelopment of tﬁe‘Arttficiqlwﬂqrta
' | ' A sketch of the aortic arch,. giving the réIeQant dimensfions,
7was ODta1ned from Dr. N R Kuchar, Further asaistance was received |
from Dr, Kocandrle, Dr, Kubac and Dr. R.D. Laurenson. As a result
'lof this nssistance an qrt1f1c1a1 aortic arch was designed (See -
| ,_F*Igure 3. 12) This design created ‘a bgsts for. the preparatfon of
- " a model, F1gure 3, 13 shows the bgsic steps 1n th@ constwction Of ﬁe |

thnrt1c arqh.. < - T |
* S e of Flgure 3,13 shows. the baste pm mchmed to the

‘1
¥

dimnn$1ons nf Lniet Aﬂd main outlet branch of tha gorgic arch, The purt Bg Y




was machined out of aluminum.
The two ha]ves of the model shown in part C were obtained
us1ng part B - Figure 3.14 shows part C in detafl. The spaces of |
the cutting were fikled with soldering tin.
The box shown 1n part D was designed to enable easy re-
moval of the epoxy-resin cast aorta shown in part E. The cast aorta,
as shown in part E, was used 4!5 productien of several paraffin models,
’part F. These models were repeatedly dipped 1into the Apex Latex* and
\ dried so that Subsequent ]ayers bullt up a flexibie wall of an aortic et
arch. After drying the paraffin from 1ns1de was melted out in hot ' | C .
water hfs Way a final product of flexible aorta (part G) was
) obtained'with the same Ingide dimenstons as part E.
| Part E was-worked further by mf111ng, grinding and polishing.
The two ha]f bifurcations were fina11y bolted together and/or sealed | RN

with chloroform to form part H, the fina] test section This was
"r}transparent and used 1n the v1sua112ation experiments AN final
‘tYPeS are shown Tn Figure 3. ]5 The g]ass mode1** (Part I) was used
g _1n preliminary studies.
‘ | Unfortunately a flexfble qnd trensperent mode] could not

be developed bea'yse of lack of suiteb]e materials. However, 1t o Ab' " ';»y%
would be d¢s1pgﬂie fn furtber studies in this field to deve]op such t« @'a.i{if?f$;

~an Aortie ercn.
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3.5 Flow Visualization

Reéin parbicles and the "“Hydrogen bubble technique" were used by
previous inVestigators ﬂpr flow visudl{zation (Rodkiewicz - Hogg;?\and
Rodkfewlcz -<Rou§sel). The hydrogen bubble technique appears to be much
more efficfent. The disadvantage of thfs method {s that water must be used
as the experimental fluid. If a water:g]ycerine mixture {s used, the con-
ductance, and therefore, the production of bubbles decrea§es.

A tungsten Wire of 0.002 inch diameter was used as a cathode and
a copper ring was used as an ahode. The follbwing equations describe the

\ "reactfons which take place. The oxfdation potentials of tungsten and capper

are +.12V and ~.34v, respectively,
“Anode: Cu + 2 OH™ + Cu (OH)2 +2e

/S

o

Cathode 2 W+ 26+ H (gas)
Water equ111br1um HZO 2 H 4 OH

The hydrogen bubble techn1que utilizes the electrolysis of water
‘ to fntroduce hydrogen into the flow. These bubb]es. formed at the f1ne~w1re '
§ ‘cathode are swgpt off by ‘the flow. The bubbles produced were 0.001 Inches 1n -
l_‘ disameter and have a maximum vertical velocity, due to buoyancy effects, of ‘
. 0.0011 fps and reach b velocity of 98 percent of the flutd velocity within 1 s,
s explatned by W. Davis anid R.M, Fox?®

The wtrc has, due to its sjze) an 1nstgnif1cant1nfluenca qn the flow

accqrding to Rodkiewicz - Roussel.

1tself. Thl: constitutes one of the best ndvuntuges of this method, wbicb also
; providca ] arlat flexibility to yield qualitative and quantitative rasults.
- Quniitattvo reaults can be obtained by cbntinuous{y produc1n9 bupblaa.
' ‘nh success of this visualization method fs highly dependent on
X correct mnimﬂen AtMrply compm sheet of powerful 1ight and dark
‘backgrounds are ¢ Othcr 11ght, mu}n must be awpmnd., AN

b
L %
L v . N i A
AL ' . - ok : ‘
+ . : v
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The tungsten wire and the copper ring were bufit-in to a specfal
e]ectrode hous tng (Figure 3.16). The electrode housing was designed so that:

1. The wire could be replaced.
2. It could rotate about its axis in order to generate
sheets of bubbles 1n any of the diametrical planes.
The electrode housing was located as shown in F1;ure 3.n.

The generation unit, which allows the operator to have
complete and precise centrol of the frequency and ;he duration of
the pulse producing the bubbles, is shown 1n F193res)3.l7 and 3.18.

‘From this generation unit the‘e]ectro]¥s1s DC current 1is brought to
these electrodes. The main part of this genefetion unit is the |
constant DC potential power supp y*]

When the switch 1} turned on by;the pulse generator*2 which
is driven by the Wide Range Oscillatok*3. 360 volts are applied be-
tween the two electrodes, The oscillator regulates the frequeney of
the pulses, while the pulse unit conf&ols their duration. ‘ﬂ.reeersing
switch was installed so that the wire could be cleaned.

The,photographe of the sfeadj flow streamlines were taken
with a reflex camera*’ loaded with high speed f1lm (Kodak Tri-X Pard,

h .
ASA 400). A movie camera*” (Kodek 16 mm, Tri-X, Reversal Fiin, Type 7278)

. L]

*1 Lambda Regulatéd Power Supply. Model ¢ 882". Lambda Electronics Corp.
*2 Pulse Generator, Iype No 1217 ¢, General Radio Company.

3 Wide Range Osc{llator, Model 200 COR, Hewlett: Packard Ltd.

** Canon Camera, Wodel F T, f1.4 50 .

%% Movie Cmm pe: Balex, N 16 Reflex, 10. -~.- - wide angle. aom |

LMS. - -?
i . ' - * ! ,‘ > f "'V""
» ! R " * i

L :

»
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One slide projector (total power 450 W) and one car head-

‘was used for the pulsatile flow studies.

1ight were used to give a collimated sheet of 1ight in the same

plane as the bubble sheet. !
¥ 4
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CHAPTER IV
-
EXPERIMENTS, RESULTS AND DISCUSSION

4.1 Experimental Procedure @

4:1.1 Preliminary Procedure

A desirable inlet pressure in ﬁhe bifurcation was maintained
by the constant head tanks. The liqu1d.co]umn‘he1ght was measured with
the "level set" instrument and maintained at the equivalent of 115 mm Hg
for all measurements.

| At the beginning of each experimental session it was neces-
sary to go through the fo]lowing.procedure:
1. The circulation pump was turned on to circulate the
mixture of glycerine and water for at least 30 minutes
in order to obtain a homogeneous medium. . -
2. The dumping tank was filled to approximately 1/3 ful]
-with the mixture (2/3 left for air).
3. The density of the blood apalogue was checked with the

hydrometer and adjusteo as required.

4.1.2 Actual Experimental Procedure

1. The appropriate cam was installed.

2, ﬂThe centrifugal pump was started and the required

f1ou rgte was set on the rotametér~us1ng valves A

.. andB (Sg%ir1gure 3.4).. Valve B was set approximately 
© and the neédle vglve A was used for fine adJustment,

. l - [
Wt *
!

.
CoEgh . ) N
‘?éy, . . ! . REESRTIR
N . . . . .
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3. The pulsatile unit was set at the desired rotational
| speed and checked with d.stop watch:H“The de-aeration
of the pulsator was dohe using the valve'on the top of
the bu]sator.

4. The drains from the calibrated tanks were closed
simultaneously and the elapsed times to gatﬁer two
liters in tanks 1, 2, 3, 4 and six liters for tank 5
were measured by using five stop watches.

5. The temperature of the solution was measured in the
main reservoir. Thg temperature remained constant at

- 76°F for the dupgtion of the measurements.

6. The flow rates in each branch Q ,-'Q?_. Q3» Q4 Qg» the
mass flow ratio y], Yz Y3» Y4» Yg and total flow Q
were computed. In general there was at most a + 2%
difference between the measured flow rate and the fléﬁ .

) rate given by the rotameter. J ‘ '
. . . .

4.2 Photographic Procedm |
As mntioned in section 3 2,2 mter was used as the pre— ,'

;Vz_r,s ¢ v

) ﬂmm ﬂuid to obtain the photographs of the distributm ,gg the .

. "Hv

“\' -



a7
flow through the artificial ascending aortic arch. The conditions
under the photographs were taken are as follows:
1. Onlykone type of cam, of length, 1 = 0.27 inches
was used.
2. Before taking the photographs, the Re was determined
‘(See section 4.1.2of this chapter). “‘h.

3. A1l photographs were taken with the "Cannon" Reflex

‘Camera of the "Bolex" Movie Camera.

\

4.3 Experimental,Results

A1l of the experimental data are 1isted in Appendix C.

”

4.3.1 Steady Flow , .
~ All the data has been taken using a mixture of glycerine and
water however, photographs were obtained with water albne.< The

-

bifurcation inlet pressure was 115'mm Hg. . The experimental values were

used in plotting Figure 4;] listed in Table C-4a,

- i \
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4.3.2 Mass Flow Ratios as a Function of the Unsteadiness
Parameter and the Reynolds Number

~

The normalized fluctuation component of velocity, A, was
_kept constant at a value of one.

The dependence of M1» Yor Y3s Vg and Y5 On a was examined

at
Re = 800, 1300, and 1800.
The size of cams used‘(different length of stroke, 1), w, a.y
and the experimental values obtained for M '72 Yé Yg» and Yg are '{.E

given in Tables C-4,2, C-4.3, and C-4.4, The data of the reproducibili;y
tests are marked with a comma as 11lustrated 1n Figure 4.4,

Figure 4.3 shows the relation between Yq» YZ’ Y35 Vg and
Ys and a. The Reyno]ds Number was held constant at 1300 and A was

held constant at 1 5 The experimental data are given in Table C~4.]
Y .
4.3.3 Mass F]ow Rat1os as a Funct1on of the Reyno]ds Number
ad anteadiness Parameter

The normalized.fluctuation companent of velocity, A was kept
constant at a value of two, | o

The dependence of Y]' 72, Y3 74, and Yg ON ‘the quno]ds
Number was examined at a = 10, 15, and 19. The data 1n Tables -4, 7, -
€ -4 9 was p]otted in F1qures 4 4a 4.5 and 4.6. | -

| Figure a, 4 shows the variation of 73 (mass flow ratio
‘vassociated w1th right subC1av1an) w?th Re as @ function ofa. - ..

’ T ! '." . '
[ . L e, - v o
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73 (mass flow ratio associated with the left: carotid).

°f '.Y’l a\Tz.!

L “ o 8
Figure 4.5 shbws the variation.of Yy (h@ss'f1ow ratio
associated with the right carotid) with Re as a function of a.

Figure 4.6 represedts the experimental results for Re and

Figure 4.7 shows the variation of 74, (mass flow rat1o

associated with the 1éft subcﬁavian) with Re as a function of o

H

$
Figure 3.8 gives the. var1atron of Y5> (main mads flow ratio

‘associated with the thoracic aorta) with Re as a function of a.

i

‘ i
. '
[

. .
i r

q. 3 4 . The Mass F]ow Rat1os as a Function of the Reynqlds -
<Number. and the Norma]1zed F]uctuating,Co;ponent of

Yelocity . | .

-

—rN

" : The unsteadiness parameter was: kept constant at ‘a = 10,

the branches«ef the bifurcat1on is found 1n section 4. 3 3 The
;dependence of y], 72, 73, 74, and 75 on Re wa§ efamined at A a J, ,
'!_1 5 and 2 The' experimental data aré compﬂed in Tables Cwq 5 |

“ic-4 6 and c-4. 7,‘,.‘ mxp*,;‘é““‘*« o *,;1 . *‘,» i ,l,f‘;l*‘ £

Yy

' Figwes 4 9 4«»10, ‘. 11, 4 12 and 4 13 show th elatfons
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the sinusoidal pulsatile flow, as 11lustrated in Flgure 4.14.

Four separation regions are shown in this sketch. One
1s in the area where the right common carotid artery divides. Another
éf%ar]y_described regfon is seen in the area of the 1nnominatgwartery
at the junction of the right_subc]avtil (Branch 1) and the right
carotid. Thin separations also occurs 1in the left carotid and the Teft
* subclavian (Branch 3 and 4). These regions, however, though difficult
to sight could not be photOgraphed due to light reflection at the
branch edges |

" The flow pattern of the back pulsatile flow s shown

in Figure 4,15, In this situation the separations regions seen iﬁ
the steady\and forward pulsatile flow, do not appear. Howevér, a
separation reg1on does occur Oﬁ’the 1nterna] edge close to right

A
Tnnominate artery.| , ' :

Tﬁe dependénée of the ;teady flow chafacteristics on
| different Reynons Number, is shawn in Figures 4.16, 4,17, 4. ]8 and
' 4 19 From Fiqure 4.20 one can infer the d1str1pution of the :
.stream]?nes in' the aortic arch by fhe sfeady‘f]ow The flow
| distrimytion fn one comp]ete pu1se of the pulsatile flow is shown
1n Figure 4.21, \ |
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 The movie‘pictﬁr¥s in Figures 4.20 and 4.2i were takén\
at approximately the same Reynons Numbers, (Re = 1230, Re = 1180)
and show distinctively the different behaviour of steady and pulsa-
tile flow. f
The appearance of the double-helicoidal f]o¢/1n.the mafn ;'
branch down stream of the lower aortic arch at different Reynolds

Numbers is shown in Figure 4.22. !

4.4 Observations and Discussions,

4.4.1 Mass Flow Ratio

\ .
The study of the d1agrams given 1h Flgures 4.1 through 4.13

leads to the f0110w1ng observations:

a. Mass Flow Rat1o y]

1. Figures-4.2 and 4.3 1nd1cate that T is independent
- of a for a given Re, fin. range of 10 < a <.20, and

decreasmg functwn of o and Re ‘ov.t range of a

(8 < a<10). That is, N .s11ghtly increases as a

decreqses and Af moderately increases as:Re Qeqreases,
’ ~in this fange | |

2. ‘In the particular case af sinusoidal f]ow through o

‘.the aortic arch M. 1s a decreasing“function qf Re (Figure
4.5), for a given x That 319n1f1es 1f a. 1s 1ncreased

and A 15 kept constant. C . '%;? f

[) | .y ‘ | ' : "‘, ."'" 0
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as follows;

: :funct1on w1th 1ncr9a31ng A Tha erendence Qf yz,on A ;.’ ”5‘ '

74

3. It was found (Figure 4.10) that y, 1s a decreas1ng""
function of Re and the dependence of Y1 On A 1s such
}hat T decreases with fncreasing A, for a = constant,

up to Re = 1500. For higher Re, v, is 2 decreasing

Y
funct1on of Re only. .

\
o

4 Egr.steady flow y] 1s a slowly decreasing function

of Re, (Figure 4.1). }

b. Mass Flow Ratio, ¥, R

—p——

The dependencé of Yp» are similar to those of g excepi \\”)

- '

1. For a sinusoidal flow the dependence Y, ©on Re o

4

- (Figure 4.5) is much stronger than the dependence of

/

,‘Re‘(F1gure 4.4) This may be caused by the fact

L}

that the ,epnrat1on region created at the‘Junctiqp of the

e -

1nnom1nate 1s forc1n9 the flow to the n1ght carotid. K %'r' V\
(Branch 2) | e ' o '.~\N‘ ‘f
2. Figurc A 10 indicates that T is a decreas1n9 funct1onn; ‘

of Re,: Abqva a certaip Rey 72 15 a decreasmg

» »f’ ' . ' : , .

..

; cs stmng as that of ?1 an A as shovm 1n ﬁ@um , i

L ‘ ‘
'a’ e jﬁ" *:‘“
um ﬂw Raﬂa.,'m




d. Mass Flow Ratfo, 4

K . L

The same situatfon occurs as 1in section (a) except for the
diagram, 74'versus Re, (Figure 4.12). Here T4 1s not so clearly a dec-
reasing functfon of X as was the case for Y12 Yo and y;. The dependence of

Y4 ON A 1s not apparent and cannot be determined without further testing.

'

. ‘MK*“
e. Mass Flow Ratfo, Y5

1. Figures 4.2 and 4.3 1nd1cate that 75 is not a function

of a for a given Re ‘ '
2. For the sinusoidal flow through the ma{n branch of
_the artificial aor;ﬁ, Y5 1s not a function of a, and

75 is a function of Re only. The velocity fluctuat1onN
a befn’(ept ‘constant, C

3. Figure 4 13 1nd1cates that ygis not a decreasing
| function of A as was the case for y], Yo» and 3 The
. ’ dependence of Y5 on A is not apparent and cannot be
dgternined without further testing, o
4. In steady flow, g is a funct1on of R&. - .
In prev1ous sgctmns the results wm desqr‘l‘bed and the

1nterpmtation of the phys1¢a] maaning can bg drawn n the foﬂowing R

way as 1nd1cned b,y br, Kut:hqr* e
‘ | m\en the ggometr} of 'tha Mfurcatiom
,u,aan!t the qucﬁ gf as;m numhﬂr, K‘. Wil

1&-;.3 § . 4"‘1
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‘As a resu]t the centrifugal force will aid in dr1v1ng .blood 1into
the head and arms. The pressure” gradient at the centre zone of the
aort1c arﬁh will create secondary flow from the 1nternal to the
external wall of the aortic arch. This occurs where the first three

branches (innominate aorta, left carotid, and left subclavian)are

’

ﬁ 'located.

)

. This wou]d indicate that the f]ow ratios of the first four

branches (the upper extremities) decrease w1th 1ncreasing Re, at the
I
.wexpense of the flow ratio of the main branch. In summary it appears
]

that as the Reynolds Number increases the mass flow ratios of flow to

the first four branches decrease and the f]ow rat19 of the main branch

*

1ncreases correspondineg That 1s, as the total blood flow is

1ncreased A smallef portion is diverted tQ the upper extrem1t1es

4.4.2 ﬁeam.m:‘f_“’.‘ - ' gooon
Se' r_A1on Created b the_Stead Flo
’ Pulsatile F]ow '

-and Forward

. In this particu1ar caae, the photographs and observat1ons |
. clear]y prove the existgpce of four 1ﬂterdependent separatieh regions.
”3;11; ” 1. The largest separation region 1s in area of 1nternal

N '*;““‘ | ua]l of upper and Jower aortt*il‘ch and continugs 1hih

pr ends 1n the vicinity o?tthe upper th;jf¥i‘.

L e m teminmon gf N!s mgm,‘ 1s‘d1mcun % dqtermine.

" "!e
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Lo

‘nq. :asur<dglf whs mpmsibie, In general on1y qﬂi]itative

It can be seen from Figures 4.17 thfough‘4.21 that
by increasing the Reynolds Number, point X of thé"

separation’ (Figure 4,15) s moved further along the

" internal wall . upstream and its thickness.T5 becomes

greater’ The cross- sectional shape of the separation
region could not be. detennided and the shape shown has
been assumed._ Observation of the secondary flow how-

ever seems to indicate a profile of this shape.

o
2. The other recognizable separation occurs in the area

of Junct1on offyhe 1nnom1nate, From the~photographs men-

E tioned“above it can be found that by 1ncreasing Qhe

Reynolds Number the po1nt Y af 'the separat?pn moves '
further along the wall of the 1nnominate qijﬁrgam. and ' '}ﬂ

d I

the thickness T2 becomes larger. “The taig fthe Sepa- /;%/
. )

ratlon moves the. s;M\ as point Y Ago the up n#qm with ' / &
lv'l./*,‘ N ‘/m’ # R R ""%‘ ‘ J [/

,1ncreasing Re ! : ; ? V'V“w' J‘ﬂwwh# oo
e n /'r/n/ PO (

3. The two smaller separat1on reg1ons appe&h 1n brahchesfthree*

/ “\( R ,
and foyr onfy’e n&ght walls ‘of these branches (Figure 4, 14 and -

ﬂ,}gﬁgg E‘fé};k:ra n thicknesses 13'and %}“are(so smalthhat L

outy be ohtained due to smg]lness Qf=’h
~.‘/ . ,_s '



*were found to agree to withig ¢ 2%, j-, o -

Y tans. hqgau;e the f1ow throygh ;he bifurcggion 1s high}y
T thg resistance I ,th brm:h,f } [RERTOREE

Point of separation Z is moved downstream and thé separation region

became more convex. o N , v

A vgrtex formation was seen in the areq.at the end of the

mafn branch. Its occurrence can be seen ‘in Figure 4. 21.

L

Inside the main branch and branches of the 1eft carqtid

and left subc]av1an the doub]e helicoidal flow was observed. In

) .

the‘area downstream of the lower aortic anch, as the flow entered the head
tank. photographs were taken perpendicular to the cross-section of ., . )

the main branch, In this particular cross-section the axis of double-< .

he]icoida] flow is oriented.as shown 1n Figure 4, 22 or as sketched
in F1gure 4. 14 (Section EHE) This kind of flow 1s typfcal of flows

@

1n curved pjpes as exp]a1ned by’ H. Séhlichtfng]6

4.5 Limitation of the Apparatus ¥

. Several test runs wece repeated to check 1ﬁ ‘the test runs

were reproducible. The results were as fo]]ows~ B
. : The results of the check of the experimenta] sensitivity |
.,h ) “ ' s

" The reproduc1$111ty is direct]y propertional ‘to the care | .,

‘ ;tQ Obta?" precisaay the same 1evel »for a]f‘f1ve constant head

The v1sua’lmmnwecnnjqn Qe gm,‘ugclgss balm Re q 600. ».

j L A ! it
tng nce of ‘the




,fReyJ;]ds Number, énd,ﬁor hormaljzed véloci;ylflgctuation,‘the experi-

» mental findiﬁbs can be ‘summarized as follows:

)

A

\’l’.

2.

79

CHAPTER V
© 7 CONCLUSIONS

.For the physfelogical range of unsteadiness paramefer,

' s )~

.The mass .flow ratio, N LETJ

.

“

a. Not-a function of a for a given Re in range of

10 < a < 20, . | ” o . - : "‘

— o
.

. “ & i ‘ N '.
b, Inverse1y‘pr0portiona1 to a in the Towest range - . \ !
ol

#

(8 sa <°]0)f0r a given Re. : RN

C. A decreaslng function Qf both Re and A, for hf y \>

l a = constant up to the range of Re = 1500 Forw"wf . L \

_increased Re, y] is a decreasing function of Re on]y. iR \
w . |

In steady Tow, a déereas1ng funqtion-of Re,\
e ‘
The mas; flow ratio, Yo has same dependences &s 74, . y

- ; R
except as follqws- , “‘-17t’“nff”V‘ﬂ"‘[*" bﬁf. f |
N \- L | ‘.' ‘

N&'hé d'épg[fdency of 72 on Re 13 mﬂg’e PPOHOUIIGQC‘NI '

ﬂhissmjgnt \g caused by the seperatiqn created'1n

1"
e
»

il

g dnm@



: . e gt
4. The mass flow ratio Y4 has the same dependences as

-

y] except the dependence on A is not apparent and can-
not be determined without further testing

5. ReSu]ts of the other mass flow ratios 1ndicate a
‘dependence on As however F1gure 4.13 shows no discern-
able trend perhaps due to the limitation of the expe-

‘rimental sen51t1v1ty It s shbwn however, that;z§///,//

is a function of Reynolds Number )he mass flow ratio

Ys is not a funct1on of a at. least tg range 10 < a‘< 20 lf )

for a given Re. - f »

»

o . 6, There exist four 1nterdependent separation regﬂons

| SIS L A

in the steady and forward pu]satlle flows.

| SR Ly
| ' 7. Nith back pu]sat1]e flow, all separat1ons mentioned above, i ; .
seem to dlsappear and are replaCEd by ¢n located at the S
-Qutside wah justa befpre the innomma branch L
, 8..2A visua]izatlon technque praoved the rtex fﬁrmation i,;‘ 1&;‘. .
) R ,,“ "‘observed in the separated region of the main brapsh ESENE
‘ o ‘Vf! under lower aortic arch ‘ ':‘ , | : ':T»’ﬁr‘f |
| ‘ fd; ;';?m The dbuble he11c01da1 flow has hﬁpﬂ observed in brqnqhes »i;*' o
g pigk{‘;fi; ,4 and 5 1n.safady_and fOFWapd pulsati]e f1ous.!;€j E ﬁ;»;xf: iﬁﬁ

»": | ! : " 4.5':'

1, It u0uld be of interegm to obtain ciegrer phgtqgrgphs-*

I,P\xn. e

by 4 m&ms Wil | jfi’xn




b .

-

aorta and 1mprove the illumination (for 1nstance from
' N all four s1des) nn remove reflected 119ht from the side
| walls branches, K "}' , et
2. Repeat the same tests with the art1f1c1a1 flexible aorta
(a f]ex1b1e aorta was developed by the author with the Do .
| assistance of Mr. 'Golls) and- resu]ts oompared with those I

e, obta1ned in this thesis.' "' ” : | ..
\ ' i)

,31 Repeat the tests performed y;ing redesigned aortas with |

’

d1fferent geometry, malnly with differeht curvature of ¢ to

1.aortic arch to study how the curvature&wou]d 1ﬁf]uence ;' }
) 4
”~thﬁrdependence of mass flow to the branches, (Dean number, -

“’, . s N '

L] Lt

| K, d‘ Moeﬁfied Dean number, Km, versug:mass flow) e g?‘i‘
- 4. Tests sheu]d be performeq wh@ch will bftter samulate »‘t : "
‘ cond1t1ons for "rea1" f]ow through the;aorta.‘ This d&ta |
w R obtajined can then be’ comparej~w1th resu]ts obtained (rmn ; o
| | sinusoiddﬂ f]ow. | | RANEY

L. ' |

§, ,Finaf]y simulate the exper1m n;s "1n vitro“ "

.
.
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4 T T Y - Voo s
' APPENDIX. A L L S
* ' . ‘ o
\ SPECIFIC GRAVITY AND VISCOSITY OF’ IR .
. X L . . o ' e
RN o THE B D ~ : SRR
| . L LOQ ANALOGUE R S
A . C o .
Th1s appendix 1s’ a condensation of the detaﬂed studies \L

\

done by Rodkiewicz Howe]l v‘m wh'lch the foll,owing physica]

: constants have been‘obtamed . R e
‘ | 1. The blood analogue uped was a. mh(ture of‘ g]yceriné
. “’" o and water of wm‘ch 36 7% was cﬂycer‘lne by vcﬂume
. 2, The speciftq grav1ty of g]ycerﬁne measured Mth ' .
,‘ * " an Exax Heavy Liqum Uydrometqr. wps 1 270, 4' \ SO
-4 . P . N
w3 -Ttne Spec1f1c gravl,ty of the mixture 1s as fonqws -
< Uiy, _.367 (1 270)51» 6’33 . 800) b o v.f’{
A 466 1 633 ( ‘ ‘ . -
. N %, .= 1,099 { \
M . - . .
4. The weight percent Gf glycerine of mixture . - .
! : ) ! ‘ i466 n‘ \ / | ’ ' bl ;‘t ‘
» =109 42.4% L . :
! / P ,;m . s ~ \ )
o This 42.4 14, of the glycerine and 57.6 b, of the water
P e . : .
© 0 were we1ghted for each 100" 1b. m1xture. The value I 1 of
A \ “the @jxturgms chqekad w1th the. Exax Hegvy L1qu1d L .
O ﬂ,ydrometgr before each nxperiment vas carried out, - This "

\ L L \mix;um pm: a viscoﬂty of thg blm,\dqlnguipf 45 .} r}‘
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e | APPENDIX B R
| PISTON STROKE CALCULATIONS .
»
‘The.length of the pistonlstrokelwas varied byjusiné cams
of different sizes, so that the effeét of changes in the normal i2ed
Ve]ocity fldcfﬁation could be studied. The f]uctuat1on‘component._
A is ﬁfso dependent on the pulse rate, w and the flow rate, Q:
The‘va1ue of A will change if w or Q is chanéed, even
though the cam 1s\n0f changed. |
The relationship between Q, w,.A, and the length of
§§roke 1 is determined as follows:
?» Cons1de§ the instantanéous flow rate simulated on F1gure
3.3. I@Lcan be described as equal to
{
' 2n -
\ Q+%ﬂME0  | ‘,‘mm
whéra: Q;“1s fluctuating component of the”fléﬁ.rqte,’ “‘
T 1s the time requ1red to complete one pulse, . .

Y
t 1s the time var1ab1e. h .

f’ﬁns1nce Q and Q' are diregtly proport1onal to the ve]ocity,

U, and fIUCtuating anponent of VQ]OC"ty. Ul. '“'. is POSSﬂﬂe to write
¢

’ . '1‘ ‘Jgj

. , g ) . : ‘ | l
» Angq-lg—— ' | . | o ‘,,
~ [ s , , . '.‘ ) , ) . l . K 'j: /
Vv : -
sn thgt A ? ‘
R ] - . K
' ' Q' = AQ. v




J a S . \s ¢
NS a N
o . . - | | q 88 »
v : . Yy :
“"  _ Therefore, the instantaneous I]ow rate bécomss )
-

QD+ st 39 t]
(V]

-

The required swept volume of the piston equals the shaded

-

area of F‘tgure 3.3.
o The required swept volume becomes H Jr

oy

T,

~

N
. : T T “a T L

M o 2t '0,., \Q o 2T e
2 oo 2‘ 7y ©0S (To‘-z +-29~2n-cos o ‘ |

ety

gt
v e if'
P R

G
.




. " ‘ R 8%
s . R
The time required for ene p®ise equals, the reciprocal of
. .. r 0
the pulse rate. C,
. , -
Therefore . .
T, -1 (B.4)
R N .
Substituting equation (B.4) into equation (B.3), the
required swept volume becomes ‘ i < (/\
4 : ’
; X ‘
22 I ()
' ’ S C
The required length of stroke 1s obtained when the vo]pme
is d1v1ded by the crosspsectional area of the piston (giameter = 4,
inches and applying the appropriate conversion féctor$u

That fis, - ' o

A \'I %-Q-Xm 025(1pch)3 S SN

1 -+ | !
- m (Z) (1nch) N
- ’1% 0.77 v"—g'(,tnch), R (8.6}

x ??"j Ihe‘minimum 1 was found to be. .

-* o
el » w' .
L I
L] ‘c
» v . ]
. ,,;.4’ ,
,
: .
Ry o
! v . . -
' " L
o - L 1
o Tein
m; >t PR ‘-:‘;;
Vi g o i
N At
AN +




) r

and the maxfmum 1 was found ‘to be
- .

2 %9.84
s 0477 g_zg__

1max = 0.541 inches.

.. .

\

(8.8)
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LI ‘ Table C-4.a .. : o
) v e FYNT

| Depéndenée Mass F]ow Ratio§ on Re for Steady Elow"’ - .

«af Mixture jG]ycer'Tne +.Water) at a Static 'Pressure of 115 mﬁ Hg .
- ‘ . .
) ‘ N . K » '
R oM Y2 3 Ja T

S —_— — > |

+ 3704 - 129 196 S as7 . 96¢.333

' 3 . ' ' ‘ . \.
463.0 +.132 81/ .88 .190 356 .

55576 - 127 . .169 . 145 184 . 313

648.2 123 . 88 . 182 - a73 .389
7408 az6  asi-.. a8 L0 are. 410

/ 08334 ., 022 80 a3 - 70, .419
9260 o .1’20" o 147[' M0 e s
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TabTe Cc-4.1
Dependence of Mass Flow Ratfos on
a for Re = 1300 and ‘)\ ~ 1.5
" 4
1 (Ins.) w a s T Y, Y3 74- g
0.35 23.11 8.58 .118 137 124 ' 167 .465
*0.35 23,11 8.5 .17  .136  .126~ .168  .460
033 2451 8.8 .4 a3 122 166 .460
0.31 26,09 9.2/ .14 133 121 .65  .467
07 w96 978 g ‘s~;pa7 119 165 .465
0.7 29.96 978 .12 ~A33 121 164 465
0.5 32.36 048’ a4 a3 a21 a6 462
0.23 3507 ‘g;gg' AN a3 e e 487
%.23  35.17 . 10.58  .112 130 .120  .165  .465
0.20 - '40,95“ 37 n3 a2 163 467
0.18  M.A N9 22 a3 NN (I
, 01 s AN 030 2z 6 AT
" w05 53.93 J12 0t 29 J20 166 LA79
ez e 1AM a3 a2 a6 ae
0.10  80.90 16.06 .11 .13 123 163 .467
0.8 10112 17.93 .14 132 123 162 465
*0.08 10112 - 1i,g; AW 3 a2 a8 A
0.07 115.67 19.i15 113 ' Jd22 .62 467

[

-~

J33

. ‘e Q= 7.00 Vter/uin,

A ®
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Table C-4.2
Dependence of Mass Flow Ratios on-
/ a fpr‘Re = 800 and A = 1
A
1(ins) w a N Y2 Y3 Yq \[
005 2203 838 .23 .49 13 a7 410
o0 2 8.69 . .122 . o _ras 409
0.3 2584 9.03 - A% .88 03 74 409
002 27.66 940 "-128 .49 a3 173 408
0.M 30.18 7 9.81- - .125 .148 133 173 .409
0.10 33.20  10.69 121 147 132 AN AN
0.09 36.88  10.83 123 .148 133 172 410
0.08  41.50 11.5] 122 147 - 133 AN .410
0.07 47.42  12.29 J23 149 132 .169 A4
0.06 66.33  13.28 124149 135 173 416
0.05 66.40  14.56 124 M8 =134 AN 412
o,b) 83.00  16.29 123 148 134 AN A4
0.03 110.66 19.29 123 147 133 173 409

Q = 4.31 liter/min.
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)
n Table C-4.3
Dependence of Mass Flow Ratios on
a fﬁ: Re = 1300 and A = 1
1(tns)  w a Y VIR R Ys
Ner”
0.25 21,56  8.30 .14 131 .126  .165"  .452
023 23.43 8.63 .08 .3 .18 165 466
020  26.95  9.28 N2 129 - 020 162 ~.A487
0.18 2994 978 .10 .31 .20  .161 487
0.16  35.93 10.71 .10 .13 . .121  .162  .462
0.13 4146 11.49 .14 .33 124 163 .464
011 49.00 1249 4 132 123 62 460
0.10 “53.90 1314 .15 135 123 .161  .469
0.09 59.88 13.83 .16  .13¢  .125  .162  .460
0.08  67.37 14.67 .16  .133  .123  .162  .462.
\

0.07  77.00 15.69 .15 .135 124 w162 .460
0.6 89.83 1693 .14 .133° .22 161 .460
0.0 107.80 17.92 .15 .13 .122  .162  .460
0.4 1370 2074 N5 03B .24 Ll 462

Q ~ 7.01 1iter/min. *

ol



Table C-4.4W

Dependence of Mass Flow Ratios on

a Yor Re = 1800 and A = 1

95

0.35° 2130 824 .14 26 017 62 478
035 230 820 13 a7 9 s 47
033 . 2265 851 .13 a2 .2 .64 475
o3 8.8 A0 126 119 160 .475 . ¢
0.27  27.69 9.40 107 .24 2 .62 .483
*.27 2769, 9.40 ~ .08 126 .16 159 .47
0.25 2990 978 Q07 a2 .7 60 482
0.23 3250 1037 , .07 128 N M5 60 486
*0.23 32,50 10.37 - .108  .122  .11%  .159  .486
0.20  37.38 1090 407 .14 W0 286 475
0.8 4154 - N1 07 Az 4 88 . 482
0.15  49.84 1262 .06 123 .12 160 /.490
.15  49.84 12.62  .107 .23 11 590 .49 -
002 6230 M0 a1 as .6 ;lﬁﬁ A8
0.0 7476 15.46  .09% 127 M8° 162 82
0.08 .»93249 w26 0 a2 a7 a8 a8
.08 9346 17,26 .10 \*.124' M6 s e o
0.06 1.0 9.9 .08 a2 W .3:6’ a8
Q = 9,71 1ter/min. . e
o : ) . ¢
“



Table C-4.5
Depéndenée of Mass Flow Ratios on Re

for a = 10 and X-= 1 .

1(ins) Q(1.p.m,) Re . Y] Y2 Y3 g Ys

—

0.2 937 1736 Ca a6 aw 158 457
%023 9% 1736 .09 az7 .6 59 .470
020 8.5 15095 .12 1327 119 61 462
- 008 7.3 1388 .13 a3 21 .162 462
008 7.3 138 - .12 a1 22 J64 487
015 6.11 N2 AW 36, 122 166 450
0.4 570 106! Mg .41 24 170 445
00F 639 ‘981 .16 .40 125 .65, “w2a

0.12 4.88 905 .17 144 132 170 420

0.11 448  §0 NI N |- B L 3
*0.11 ~4.48 830 21 .48 133 ¢ .169 429
0.0 407 785 24 .8 133 .76 418

.00 407 7% M9 Qs sz a3

f
0.09  3.66 679 Nz’ .5 139 A76 400
.09 -3.66 679 a2z e L7 176 408

“es - 008 326 64 27 -.60 - .13 188 .37

w3 et azm  ae a0 86, 391
AU X O T RN T TR VRN | PO T
V.07 R sw 8 a1 M e L350

LY

iyt 4 g . W i
\ﬁ”ﬁ!’“ ‘ Ao IR » o Do : P . Voo : »V“' e L Y

Ok LI S P S T

. P ) Ve . Y . | , N e ! '
o “‘ 31‘ ® b ? v ’ ' Lo AR
. w = 31.38 revolutions/min, : ST RRPTURY B
I o ” 4ol ; fwl =RV ML, oamr . o b S, : A
. .- R i A By T BN . : ST A .
e T g PUE . ' k &
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Table C~4.6
Dependenc\e.. of Mass Flow Ratios on Re
for a = 10 and A = 1.5
. , ' |
1(1ns) Q(1.p.m.) Re T | Y2 t 'Y3 v 73 s A
0.38 1912 .118 128’ . 119 - 161 476
0.36 1811.4. ..106 126 " SH116 162 .47
0.35 1761 A10 129 1200 163 451
0.34 17107 .08 128 .17, 163 470
0.33 1660 A9 T n60 AT
0.32 .69 16100 2. 129 017 160 . .469
0.31 8.42 1560 ..109 129 19 .164 AN
0.22 /7.3 13585 .12 " .13 g2 .1&5 ¢ 475
0.25 679 1258 .12 ©.130  ».120 166~ .453
*0.25 | 6.79 1258 J14 133 23 67 464
0.23 // 6.24 _ 1157 J09 . 139 21 L1624
*0.23 6.24 1157 13 39 a2 T 166 487
o.zg/ 5.43° 1006 .13 - .143 130 .71 .445
0.1 489 906 .14 + a4 126 122 .43,
4.89 906 116 .44 T 128 an 436
L4017 786~ M3 .47 26° 0 77 .44
A0 75 N3 .48 129 0 74 A0
\ 30 704 120 f}]53' J29  an . 397
©7.3.80 704 M4 L1800 130 . 70 A
3.53 654 124 185 . 37 75 404
¥*0.13 3,63 . 654 120 .84 136 )75 402
012 3,28 604~ 30 .6 3 TV - .34
0.1 2,98 653 321 ., .168 140 186 - .418
[ %01 2,98 563 21 . 166 140,186 ° A6
7700 2. ses T 28 67 44 L1846 o386
CMIe 2 B 24 0700 48,186, 389
PR SRR & o ey :
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Table C-4.
“Dependence of Mass Flow R t?os on Re for
' o a =10 and A = é\
-7
1(ins) Q(1.p.m) Re ‘rr YéT Y3 Y4 Yg
0.47 957  1773.6  .108 125  .120  .165 482
0.46 9.37 1736 13 129 .18 .166 467
0.45  9.17 1698.2 .10 J26 .18 168 477
0.44 -~ 896 1660 13 123 A2 162 - .470
0.43 876  162&7 .10 .128  .118  .164  .472
0.42 855 1585 AN a3 a3 e 418
0.40  8.15 1509 M3 a3 a2 63 465
0.38  7.74 . 1434 N3 an a2 166 64
. 035 7.3 1320 AT6 138 .20 an [ .67
“0.33 672 1245 A0 a3 122 67 L469
'0.32 6,52  1207.6 .12 138 122 " .70 - .464
031 . 631 170 Q5 33 .19 166 % 458
- 0,27 5.5 1019 . .M 136 121 167
0.25 5.09 943 12 128 122 172 A36
%026 509  943. .14 132 126 ‘166 .44
0.23  4.68 868 . .07 137 022 . 70T 433
0.18  3.66 679 .13y .48 130 - 175 409
0.5  3.08 566 . .10 168 128 184 .400
%06 3,08 566 .14 A)s4 183 80 413
004 285 . 58 .3 .84 137 089 A2
.04 288 0 5B ms 61 137 e 5413
S003 2,64 40 23 LA 183 360
LnoM03 2,64 40 21 T 660 46 eles . 384
e S
W'® 31,98 revolutfons/min. ' " Sy
SR : . gt P
o g S - A & s
o t an SR L

N ‘.’436‘\‘3 |
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Table C-4.8 . o
Dependence of Mass Flow Ratios on Re el
e | for a.=15 and A = 2‘
L .
1(ins) Q(1.p.m)  ‘Re " +2 ‘73 s #5
0.20 9.17\“ 1698 A7 a2 a1 161 .44
%020 9.17 © 1698 o M 2 s 4o
: 008 ~ 8.25 1528 .11 .129 .18 .61 - 478
*%0.18  8.25 ' 1528 an .158' M9 61 478
0.15  6.87 - 1274 09 1327\ 28 61 0 .487 .
013 5.9 1104 J16 . 36 .126 166 .470
0.2, 5.50° 1019 A5 /H-& 163 .43]
0.11 5.0 934 20 .42 0 132 ,-.168 440
2001 JEm s s sz amo N 4w
0.10 ~ 4.5 849 .17 gz, az6 66 433
010 458 849 120 a4 29 .73 433
008 42 764 a2 50 3 a74 A3
.09 472 AW a8 A 078 . 418
0.08-  3.66 679 J24 . .186 139, 176 - .393
*0.08  3.66 - 679 25  alf 407 §a7s 390
N A N I R [ B [ A E ,‘.186' 370,
'.;;«0.07 PR 594 a2 63 '.i4o.‘f 182 - . .376
T Veee 2 e gm0z M e g6
/ . *o os 275 59 00, Tam W52 084 376
T ; mﬁ‘ e f} 4 - ‘% v M

m » 70 QZ‘ramlutions/min. e

# i N :
s *wfn,“‘"” .
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Table C-4.9

Dependence of Mass Flow Ratios on Re

A
for « = 19 and A = 2

1(ins) -Q(1.p.m) Re M Yo - Y3 Yy Yg '
S04 1080 1907 100 .19 4 s 510

0.13 9.56 177 IRTTRAT 113 (153 482

0.12 8.82 1635 A3 27 16 .57 LA74

0.1 8.09 1498 409 126 117 159 480
. 0.0 7.3 1361 114 - 128 115 (160 .469

*0,10 7.35 1361 110 .1.28 116 161 485

0.09 - 6.62 . 1226 M8 T 34 28 168 LA64 \

*0.09 6.62 1226 . .116 .13 123 ° 168 467 A

0.08 5.88 - 1090 1200 138 122 .164 463

*0.08 988 1090 . .116 135 7123 168 \.468/

007 55 954 a0 a4 . iz .is0 481

%0.07 . 5.15 954 A6 139 27 72 439

006 4 B7 .9 M9 W a0 A48

\%0.06 441 ‘817, a2 48 a3 70 . 426

005 367 61 .7 ST am g 4l
.05 3.67 681 - a2 150 29 76 A%
0.04 294 - 845 126 72 ' S
T4 290, B a2 am
0,03 220 409 . ;iss,x sy

y
s, :

i [ i :‘T"" i i .
" R T f“[’? » . D e e V-
Lo e AT A T e A
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. APPENDIX D
ROTAMETER CALIBRATION SN

The calibration results for theé rotameter are shown 1n
Figure D.1. ‘The curve obtained is. in linear; the volume rates for

‘ . _ .
intermediate rotameter readings are obtained by 1nterpqlation*

-
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