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2. Medical Aspects

depends on the gradient and the posi n of the spin. If a second gradient pulse with
the opposite sign is used after a given time, the phase shift can be compensated if the
individual spin has not changed its  sition. Stationary spins always have the same
magnetization as before, following 2 bipolar gradient pulse. A moving spin, for
example the spin of a blood molect , causes an entirely different situation. In this
case, the phase shift of the first pulse nnot be fully compensated for since the spin is
located at a different position. This se shift is dependent on the spin velocity. With
knowledge about that dependency, 1  velocity of blood flow can be determined by
measuring the phase of the MR signal.

Scanning coronary arteries requires a triggering of the slice with a specific phase in the
cardiac motion. This is usually « ne with measurements of the pulse and a
corresponding adjustment of the scanning area.

2.2.3. Future Development

MRI cannot yet match the spatial resolution of conventional angiography. This applies
to both the measurement of a velocity field, and the scanning of geometries. The
development in MRI is towards sho r acquisition times and higher resolution. These
two contrary objectives require new pulse sequences and improved gradient
performance as well as advanced software for the post-processing of the data.

A problem encountered when imagii  small vessels, especially the coronary arteries, is
the respiratory movement, which degrades the images. A relatively new technique is
called navigator monitoring. Navig or echoes are used to monitor the diaphragm
position. The images can be gated to breathing motions. This technique is relatively
new and not applied in routine medical applications yet. It allows the elimination of
most respiratory noise in the images. This is expected to improve visualization of the
arterial wall and the lumen of small eries (smaller than Smm), such as the coronaries,
considerably.

2.3. Diagnostic Parameters for medical application

Diagnostic Parameters for medical plication have one main objective; they must be
brief. One or two significant numb ; are acceptable, as well as a significant graph. A
whole list of numbers and a long ar ysis are impractical and would not be accepted.
Up to now, the judgement of ather. a is made only by its geometry. The presence of a
reduced lumen inside the blockage is established and with this information, the decision
on a treatment is made.

An improvement of this diagnostic method could be the consideration of the actual
parameters. Of particular interest concerning the atherosclerotic potential before and
especially after a treatment are two flow parameters.

The first one is the shear stress. Hi 1 shear stress is believed to be a possible cause for
vessel damage. Shear stress also seems to play a role in the deposit of plaque. There
are opposing views. Some say atheroma occurs in areas of intense shear stress [9]. In a
more recent publication, it is s ted that low shear stress is believed to be a
haemodynamic risk factor [22]. The second flow parameter is the turbulence.
Atherosclerotic plaque is often found at sites of turbulent flow [10]. The destruction of
blood cells might be caused by hiy turbulence intensities. Damage of the arterial wall
can be another consequence of high turbulence intensity.










3. Fluid Dynamic Aspects

3.2. Conceptual Model

The assumptions and simplifications 1 de in both the numerical and the experimental
modeling are explained with respect to the resulting accuracy. There are three main
assumptions which impose clear restrictions on the models, and three more which have
a minor influence.

e The modeling is done with a laminar flow regime. This first main assumption is
very close to reality, as the arterial blood flow is laminar in most parts of the
circulation. This simplification is 1ite restrictive in respect to this thesis, as most
of the turbulent flow develops i zones of arterial diseases like atherosclerosis.
Furthermore, the turbulence intensity is a potential parameter of interest, as stated
in section 2.3.

e The blood flow is assumed to be steady in the model. This simplification places
quite a heavy restriction concerning general fluid dynamic effects. With regards to
this thesis, the consequences are believed to be not that drastic. The unsteady
effects are not believed to have a major influence on the qualitative results of this
research, as mainly the maximum velocity in the velocity field and the pressure loss
is used in the analysis.

e The non-Newtonian behaviour of 1e blood is not considered. Blood is modelled as
a Newtonian fluid. This is the third main assumption. Plasma alone is often
modelled as a Newtonian fluid with good accuracy. Blood, as a suspension of red
cells in plasma, certainly does not have a Newtonian behaviour for low shear rates.
For higher shear rates, however, the assumption made is close to reality. The
consequences of this simplification on this thesis are believed to be minor. Final
certainty will only be achieved with a corresponding experiment.

e The branching and bending of the arteries is not considered. The arteries are
modelled as single and straight pipes. This assumption is reasonable for the
corresponding zones of interest 1 the circulatory system, such as single arteries

;> only slightly bent. The flow at bifurcations, which are potential
atherosclerotic risk zones, is esp  ally influenced by unsteady flow effects.

e The complex and individual ; >metry of each single atheroma can not be
considered. Characteristic, simple geometries are used as blockages in the models.

e The flexible walls of the arteries are not considered. The walls are modelled as rigid
walls. This assumption is believed to have no further influence, as the flexibility of
the walls only has an influence on the flow in the unsteady case.

Both approaches to model the arterial blood flow use the same assumptions. To
achieve comparability of the results of both models the boundary conditions, fluid
parameters and geometrical dimensions are kept as similar as possible.

3.3. Model Validation Problem

Two different approaches to model arterial blood flow are done, an experimental
investigation and a numerical simulation. These two were unfamiliar to both, the
author and the Department of M hanical Engineering of the University of Cape
Town. The accuracy and reliability of the two models must therefore be checked
thoroughly.
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4. Experimental Modeling

The area ratio between the settling chamber and flexible pipe i1s about 960, while the
ratio between the flow area in the set ng chamber and the test pipe is about 29. Inside
the settling chamber, the mean air velocity drops down to 0.015m/s (for a volume flow
rate of about 47litres/min), an almost negligible speed. The straightening section, the
first part of the main pipe, is filled v h straws to suppress radial and circumferential

velocity components.

Main pipe section

Flanged to the straightening section is a Sm length of PVC pipe to enable the build up
of the laminar velocity profile. The it diameter of the transparent pipe is 46mm, the
outer diameter is SOmm. Both ends « the pipe are equipped with 70mm flanges each,
that are attached with four 6mm bol  The entire pipe, including test section and end
section, is shown as seen from the end in figure 4-4.

Figure 4-4: PVC pipe

Test section

The various blockages are inserted in  a 0.12m length of PVC pipe. This pipe section
can easily be changed by unbolting the connecting flanges. Four test sections are built
to make the process of measuring and building a blockage more convenient. Both ends
of the pipe are equipped with 70mm 1 ages that are attached with four 6mm bolts.

End section
The last section of the pipe system is 0.8m long. Both ends of the pipe are equipped
with 70mm flanges that are attached with four 6mm bolts.
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5. Numerical Modeling

The two different grids are shown in figure 5-11a and figure 5-11b.

Figure 5-11a: grid in simulation Nc ) Figure 5-11b: grid in simulation Nol0b

The computational time required for the two simulations differs very much as the total
number of cells is different. Simulation No10 with 28752 cells takes around 3.8h CPU-
time and simulation No10b with 40224 cells takes around 9.2h. The maximum velocity
in simulation No10 is at 0.84m/s and the one in Nol0b is at 0.86m/s. This is a small
variation of 2.3%.

The influence of the number of cells 1 the radial direction is therefore also small.

5.3.6. Length of the Blockage

The influence of the length of the b ckage, with constant reduced area A*=0.48, is
obtained with three simulations. Simulation 7b models a blockage of L*=0.11, while
simulation 8b models a blockage of L*=1, and simulation 9 models a blockage of
L*=2_ All three simulations use exactly the same total number of cells (35712) in the

. T \ y i 1 with inc h "t
blockage, just as experienced in the experiments. A magnification of the calculated
flow in the blocked area is shown in 1 : following figures 5-12 to 5-14.

51






























Tk



al









Pr






or¢









Appendix C — Experimental Data

Experiment No 0-1

Late 18.04.

Time 6:30r~

T ambient 20y L

U 4.328V

(flowrate=0)

Flowrate 15.3cm

Axial z3

Location

Location X 23] 22] 20 -17] -15] -10 0 10| 15| 17 20] 22] 23
r_...,lL |

| voutage [V] 5.551 5.66| 5.86{ 6.03 I} 622] 628| 6.03; >o0] 542| 497 48| 4.97
lvelocity [m/s] 0.324| 0.386] 0.519[ 0.657/ (1] 0.842] 0.908| 0.675| 0.386| 0.261| 0.101}| 0.058| 0.101
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Appendix D — Numerical Results

Simulation No2
Pre-processing file

/I *** noblolamless1Pre : Flo++ input file
/1 *** for simulation of TURBULENT pipe ow
/I *** without any blockage
/1 *** half the number of cells in
// *** all 3 directions are used

i

[ 4 Mesh generation e dede e de s e de e de s v e de s e de e de v e e e e de e
/1 = cylindrical coordinates
/I *** number of cells: 000
/I *** number of vertex: 10659
/I *** number of boundaries: 2160
csys 1
mcrea 0 0.023100360180592500.91 1
plty hwire
view 1 023
cp
bview 2
bzone 1 b
bzone 2 f
view 1023
// *hk Fluid type deﬁnition e e e e e Fe e e e e e de e de e e e v e e fede e de et
// energy on
turb off
/] tref 273
pref 100000 1
/l *** Material properties and initial condi ns ***
dens const 1.18
visc const 1.85e-5
initial stand 0 0 0.476 0 20 0.001 0.001
/I =** Cell and boundary group definitions ********
/1 *** homgene inlet velocity profile
/I *** axial velocity w=0.476m/s
bgdef 1 inlet
10004 1. ) 0.001 0.001
/1 *** outlet
/[ *** pressure boundary
bgdef 2 outlet
1
/ / bk Solution COﬂtrOl e e s e v e v v e v s e e e e e e e s e e e e e e v e e e e
iter 300 50
conv 0.001
monit 4
/1 *** Writing data for the solution stage **********
vmerge all
wmesh
wdef
/I *** Save the modelling status ****** i
save
view 1023
plty hwire
bp
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Appendix D — Numerical Results

Simulation No 3
Pre-processing file

/I *** nobloimedcel : Flo++ input file

/1 *** for simulation of turbulent pipe flow
/I *** without any blockage

/1 *** medium large number of celis

[/ *** with rough walis

M e s h g e n e r ati 0 n Fedr i de i e e s Al e e e e el e el e e
// *** cylindrical coordinates
/I *** number of cells: 36000
csys 1
mcrea 0 0.023100 36024 05.921500911
plty hwire
view 1023
cp
bview 2
bzone 1 b
bzone 2 f
view 10 23
/1 Fluid type definition *****ninasimncnos
// energy on
turb on
/] tref 273
pref 100000 1
/I *** Material properties and initial condi ns ***
dens const 1.18
visc const 1.85e-5
initial stand 0 0 0.476 0 20 0.001 0.001
/1 *** Cell and boundary group definitiong ********
/I *** homgene inlet velocity profile
/1 *** axial velocity w=0.476m/s
bgdef 1 inlet
1000.476 1 20 0.001 0.001
/I *** nressure boundary
bgdet _ outlet
1
// *hk So'ution Contr0| Fedede ek drde e dede e e de e i e e e e e e e el e el e
iter 500 50
conv 0.001
monit 4
/1 *** Writing data for the solution stage **********
vmerge all
wmesh
wdef
/1 *** Save the modelling statug * i
save
view 1023
pity hwire
b
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Appendix D — Numerical Results

mcrea 0 0.023 10 0 360 24 5.1 5.92 15
view 101
plty hwire
cp
cset all
vmerge all
/[ ***** Create boundary cells
/I *** Inlet
cset none
cnum off
cset xyzr 0 0.023 0 360 0 0.04
" hsurf
bview 1
bface 1 b
view 101
/I *** Outlet
cset none
cset xyzr 0 0.023 0 360 5.88 5.92
bview 2
bface 2 f
view 101
plty hwire
cp
cset all
// ek Fluid type definitlon AR TARA AT AR A AR A ARAAA Ak hhd
turb off
pref 100000 1
/I *** Material properties and initial conditions ***
dens const 1.18
visc const 1.85e-5
initial stand 0 0 0.476 0 20 0.001 0.001
/I *** Cell and boundary group definitiong ********
bgdef 1 inlet
1000.476 1 20 0.001 0.001
bgdef 2 outlet
1
// ik Solution control dedede dokeded et dekekokededede dokekedokokeokokek eodededkek ok
iter 500 50
conv 0.001
monit 4
/1 *** Writing data for the solution stage **********
vmerge all
wmesh
wdef
/] *** Save the modelling statusg *******#xwiioo
save
view 1 0 23
plty hwire
bp

Simulation No 8b
Pre-processing file

/I *** block-d2-11b : Flo++ input file
/1 *** simulation of flow with ring2
/I *** di=32mm (d2)

/I *** |=46mm

D-12



Appendix D — Numerical Results

reset

// kK M esh g enerati on AEARRARAAARAARAA AR AR AR AAhkddd
/I *** cylindrical coordinates

/f *** number of cells: 35712

csys 1

cgro 1

mcrea 0 0.023 10 0 360 24 0 5.054 131

view 101

plty hwire

cp

cset none

cgro 2

mcrea 0 0.016 7 0 360 24 5.054 5.1 4

view 1 01

plty hwire

cp

cset none

cgro 3

mcrea 0 0.023 10 0 360 24 5.1 5.92 15

view 101

plty hwire

cp

cset all

vmerge all

/] ***** Create boundary cells

/I *** Inlet

cset none

chum off

cset xyzr 0 0.023 0 360 0 0.04

plty hsurf

bview 1

bface 1 b

view 101

/I ** Outlet

cset none

cset xyzr 0 0.023 0 360 5.88 5.92

bview 2

bface 2 f

vovl o1

pity hwire

cp

cset all

// kN F'uid type de.ﬁnition HRARRAIAAARA A AR A AR AA R TR hhdd
turb off

pref 100000 1

{1 *** Material properties and initial conditions ***
dens const 1.18

visc const 1.85e-5

initial stand 0 0 0.476 0 20 0.001 0.001

// *** Cell and boundary group definitions ********
bgdef 1 inlet

1000.476 120 0.001 0.001

bgdef 2 outlet

1

// ek Solution control FRRHARERARAAR AT AR AR RRA AR AR A ddk
iter 500 50

conv 0.001

monit 4

/1 *** Wiriting data for the solution stage **********
vmerge all




Appendix D — Numerical Results

wmesh

wdef

/] *** Save the modelling statug *»**#rwrrrrnmnax
save

view 1 0 23

plty hwire

bp

Simulation No 9
Pre-processing file

/] *** block-d2-12 : Flo++ input file
/1 *** simulation of flow with ring2
[ *** di=32mm (d2)

/1 *** 1=92mm

reset

// hw Mesh generation Fededeird dededk A de i de T Aok i s e s e e e e e ek
/I *** cylindrical coordinates

/{ *** number of cells: 35712

csys 1

cgro 1

mcrea 0 0.023 10 0 360 24 0 5.008 131
view 1 01

pity hwire

cp

cset none

cgro 2

mcrea 0 0.016 7 0 360 24 5.008 5.1 4
view1 01

plty hwire

cp

cset none

cgro 3

mcrea 0 0.023 10 0 360 24 5.1 5.92 15
view 10 1

plty hwire

cp

cset all

vmerge all

/1 ***** Create boundary cells

/1 *** Inlet

cset none

cnum off

cset xyzr 0 0.023 0 360 0 0.04
pity hsurf

bview 1

bface1 b

view 101

/I *** Outlet

cset none

cset xyzr 0 0.023 0 360 5.88 5.92
bview 2

bface 2 f

view 1 01

plty hwire

cp

cset all
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Appendix D — Numerical Results

Simulation No 10b
Pre-processing file

/I *** block-11-d1 : Flo++ input file
// *** simulation of flow with ring1
/1 *** di=40mm (d1)

/1 ** 1=46mm

reset

// *hnh M esh g enerati On XA RAARAAAAAARAAARAAAA AR Ahd
/! *** cylindrical coordinates

/1 *** number of cells: 40224

/1 *** ratio 0.02/0.023=0.8696

/1 *** possible combinations to match:
/[ *** 7/8=0.875

// *hnh 13_1 5=0,8667 TR IR Rk hh ki dk
csys 1

cgro 1

mcrea 0 0.023 15036024 05.054 100 9981 1
view 1 0 23

plty hwire

cp

cset none

cgro 2

mcrea 0 0.02 13 036024 5.0545.12
view 1023

plty hwire

cp

cset all

view 00 1

pity hwire

cp

cset none

cgro 3

mcrea 0 0.023 15036024 5.1 59210 0.998 1 1
view 1023

plty hwire

cp

cset all

view 1023

plty hwire

cp

vmerge all

/I ***** Create boundary cells

/1 *** Inlet

cset none

cnum off

cset xyzr 0 0.023 0 360 0 0.04
plty hsurf

bview 1

bface 1 b

view 1 0 23

cp

/[ ** Outlet

cset none

cset xyzr 0 0.023 0 360 5.82 5.92
bview 2

bface 2 f

view 1023

plty hwire







Appendix D — Numerical Results

cset all
vmerge all
/I **** Create boundary cells
[ *** Inlet
cset none
cnum off
cset xyzr 0 0.023 0 360 0 0.04
plty hsurf
bview 1
bface 1 b
101
/I **= Qutlet
cset none
cset xyzr 0 0.023 0 360 5.88 5.92
bview 2
bface 2 f
view 10 1
pity hwire
cp
cset all
// Feded F|U|d type definltion ek Ak dedededdde ke dede ke dehe Ak dehe A ke ke kek
turb off
pref 100000 1
/[ *** Material properties and initial conditions ***
dens const 1.18
visc const 1.85e-5
initial stand 0 0 0.476 0 20 0.001 0.001
/1 *** Cell and boundary group definitions ********
bgdef 1 inlet
1000.476 1 20 0.001 0.001
bgdef 2 outlet
1
// Hedek Solution Contr0| Fede e Yo e e de e e e de e de e e vede Ao dede dede e Aok e e e dede e
restart PREVIOUS
iter 500 50
conv 0.001
monit 4
/[ *** Writing data for the solution stage *********
vmerge all
wmesh
wdef
/] *** Save the modelling statusg *****#*##iiiiiii
save
view 1 0 23
pity hwire
bp

Simulation No 12
Pre-processing file

/I *** block-d3-13-tryPre

/1 di=26mm (d3)

/1 *** |=46mm

reset

// F*hkh M esh generation Fededededede dedede e e de Aedede dedede e dede e de de e dede e e
/1 *** cylindrical coordinates

/1 *** number of cells: 32208

csys 1
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Appendix D — Numerical Results

wdef

/1 *** Save the modelling statug *** i
save

view 10 23

plity hwire

bp

Simulation No 13
Pre-processing file

/I *** block-11d4 : Flo++ input file

/I *** di=20mm (d4)

/] *** 1=46mm

reset

// ek Mesh generation TR R R R AT AR TR A TRk bk bk bk
/I *** cylindrical coordinates

// *** number of cells: 41808

csys 1

cgro 1

mcrea 0 0.023 16 0 360 24 0 5.054 98 1.001 1 1
view 1023

plty hwire

cp

cset none

cgro 2

mcrea 0 0.01 70360 24 5054 5.1 2
view 1 0 23

pity hwire

cp

cset all

view 001

pity hwire

cp

cset none

cgro 3

mcrea 00.023 16 0360 24 5.1 5.92101.001 1 1
view 1 0 23

pity hwire

cp

cset all

vmerge all

/I ***** Create boundary cells

/1 *** Inlet

cset none

cnum off

cset xyzr 0 0.023 0 360 0 0.04

pity hsurf

bview 1

bface 1 b

view 101

/1 *** Outlet

cset none

cset xyzr 0 0.023 0 360 5.82 5.92
bview 2

bface 2 f

view 101

plty hwire

cp

cset all

// Feddk FlUld type dEflnltion TR AR AR R Ik R R W
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Appendix D — Numerical Results

turb off

pref 100000 1

/1 *** Material properties and initial conditions ***
dens const 1.18

visc const 1.85e-5

initial stand 0 0 0.476 0 20 0.001 0.001

// *** Cell and boundary group definitions ********
bgdef 1 inlet

1000.476 1 20 0.001 0.001

bgdef 2 outlet

1

// £33 3 Solutlon COntrOI e v v v e e e e e e e de e e e e e e e A ek e e ok
relaxation 0.50.50.50.20.70.7 0.7

/lsweeps 100 100 100 1000 100 100 100
residuals 0.01 0.01 0.01 0.005 0.01 0.01 0.01
restart previous

iter 500 50

conv 0.001

monit 4

/I *** Writing data for the solution stage **********
vmerge all

wmesh

wdef

/] *** Save the modelling status ******waaa
save

view 1023

plty hwire

bp

P .
General Postrocessing file

/1 *** block : Flo++ post-processing filg *** i

/ FRARA AR AAARAEA AR AR AAR AR AR TR AR R AR AR ARk R R AR A s e e dede e e o ok ok

/I *** Resume from the previous settings
resume

/1 *** Read the results

rresults

/I *** Prepare a contour plot of magnitude velocity and pressure

view -1 023

plty hwire

bp

pltype plane

ploption contour
COLSCALE 10 USER 0 1.7
pnorm 100

ppoi 0025

vload m

cp

COLSCALE 10 GLOBAL
vload p

cp

/I *** next plane

pltype plane

ploption contour
COLSCALE 10 USER 03
pnorm 001

ppoi 00 5.1

vload m

cp
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