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Effects of the Velocity Waveform of the Physiological Flow on the 
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The periodicity of the physiological flow has been the major interest of analytic research in 

this field up to now. Among the mechanical forces stimulating the biochemical reaction of 

endothelial cells on the wall, the wall shear stresses show the strongest effect to the biochemical 

product. The objective of present study is to find the effects of velocity waveform on the wall 

shear stresses and pressure distribution along the artery and to present some correlation of the 

velocity waveform with the clinical observations. In order to investigate the complex flow 

phenomena in the bifurcated tube, constitutive equations, which are suitable to describe the 

rheological properties of the non-Newtonian fluids, are determined, and pulsatile momemtum 

equations are solved by the finite volume prediction. The results show that pressure and wall 

shear stresses are related to the velocity waveform of the physiological flow and the blood 

viscosity. And the variational tendency of the wall shear stresses along the flow direction is very 

similar to the applied sinusoidal and physiological velocity waveforms, but the stress values are 

quite different depending on the local region. Under the sinusoidal velocity waveform, a 

Newtonian fluid and blood show big differences in velocity, pressure, and wall shear stress as 

a function of time, but the differences under the physiological velocity waveform are negligibly 

small. 
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Nomenc la ture  
f : Periodic function 

p "Pressure IPa] 

q ~ Index of Carreau model 

t :T ime  [s] 

u : Velocity vector EPa] 

j" : Shear rate ~l/s] 

A : Characteristic time Es] 

z/ • Apparent viscosity EPa.s] 

r/o " Zero shear rate apparent viscosity [Pa 's ]  

r/~ : Infinite shear rate apparent viscosity [Pa.s] 
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r : Shear stress EPa] 

I. Introduction 

Atherosclerosis is a disease which is related to 

way of life, with major risk factors being dietary 

fat and blood cholesterol, high blood pressure 

and smoking. Its harmful effects become apparent 

through occlusion of arteries, resulting in ische- 

mia or infarction of tissues downstream. Atheros- 

clerosis has its major ill-effects through restric- 

ting mean blood flow to particular organ. The 

influence of atherosclerosis is apparent in flow 

patterns in and beyond a stenotic lesion in an 

artery and in the pressure pattern downstream 

(Nichols et al., 1990). It is believed that atheros- 

clerosis in the artery is related to the biochemical 



Effects o f  the Velocity Waveform of  the Physiological Flow on the Hemodynamics in the Bifurcated Tube 297 

products that are released by the mechanical 

stresses and biochemical reaction on the arterial 

wall. The mechanical stresses of  blood flow are 

transmitted to the wall by blood pressure, wall 

shear stresses and turbulent motion. 

The periodicity of the physiological flow has 

been the major interest of  analytic research in 

this field up to now (Milnor, 1989). However, 

interaction between blood flow and endothelial 

cells on the wall may be one of major factors in 

the pathogenesis of arterial disease. Among the 

mechanical forces stimulating the biochemical re- 

action of endothelial cells on the wall, the wall 

shear stresses show the strongest effect on the 

biochemical product. Pressure and wall shear str- 

esses are related to the velocity waveform of the 

physiological flow and the blood viscosity. The 

physiological blood flow in the artery shows a 

periodicity but the velocity and pressure wave- 

forms are very irregular. The objective of present 

study is to find the effects of  velocity waveform on 

the wall shear stresses and pressure distribution 

along the artery and to present some correlation 

of the velocity waveform with the clinical obser- 

vations. 

2. Governing Equations and Waveform 

2.1 Governing  equat ions  

The following continuity and momentum equa- 

tions in index notation are used for the numerical 

analysis. 

0us 
ax~ = o  ([) 

/ ~u~ , Ou~ \ _  ~p . ~r~j 
P ~ [ - ± U ~ x f ] - - - - a x [ ~  9x, (2) 

w h e r e  p, p, ,ug and  ru  are dens i t y ,  pressure,  ve lo -  

c i t y  vector and shear stress tensor, respectively. 

The shear stress tensor in Eq. (2) may be ex- 

pressed as a function of the shear rate as Eq. (3). 

au~ , Ous \ axT) (3) 

where 7] denotes the apparent viscosity. 

A constitutive equation that expresses the ap- 

parent viscosity of blood as a function of the 

10°~  
• : Exp. (Biro [5]) 
~" : Exp. (Skalak:[6]) 

"~ - -  : Carreau model t~ 10-1 
• . --- : Newtonian model 
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Fig.  t Apparen t  v iscosi ty o f  human  b lood  as a 

funct ion o f  the shear rate 

shear rate is required to take into account the 

non-Newtonian viscosity of blood. Among many 

constitutive equations reported in the literature 

the Carreau model is used to express the apparent 

viscosity of blood as a function of  the shear rate 

(Yoo et al., 1998 ; Benerjee, 1992). 

22 ---- r /~,+ ( r io - -  r/~) [ 1 + ( ~ )  zJ ':% 1) (4) 

where j,, 720, and r/~ denote the shear rate, the 

apparent viscosity at zero shear rate, and the ap- 

parent viscosity at infinite shear rate, respectively. 

A and q in the model represent the characteristic 

time and index of the model, respectively. Rheo- 

logical values of blood as a non-Newtonian fluid 

are taken to be ~7o=0.056 Pa.s, r1~=0.00345 Pa.s, 

and A=3.313 s and q=0.356 based on the ex- 

perimental data reported in the literature (Yoo et 

al., 1998). Experimental data and rheological mo- 

dels are presented in Fig. I (Biro, [982 ; Skalak et 

al., 1981). For the first phase of numerical com- 

putation the blood viscosity is assumed as a 

Newtonian fluid with viscosity of 0.00345 Pa 's ,  

and for the second phase the viscosity is assumed 

as a non-Newtonian fluid with rheological values 

of the Carreau model described above. 

2.2 Veloc i ty  w a v e f o r m  

2.2.1 Phys io log ica l  ve loc i ty  w a v e f o r m  

The abdominal aorta, the carotid arteries, the 

coronary arteries, and peripheral arteries such as 

the illiacs and the femoral are the favored sites for 

the development of atherosclerosis. The repeated 
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ejection of  blood by the heart generates pressure 

and flow waves in the arteries and these pulsa- 

Right subclav ian a r~y  Innomi~late artery 
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Fig. 2 Pressure and velocity waveforms in different 

arteries recorded in a human body 

tions are transmitted throughout  the arterial tree. 

The traveling wave speed and the change in their 

shape and ampli tude of  waves are determined by 

the blood vessels, and differences of  vascular size 

and distensibility throughout  the system (Milnor,  

1989). 

Figure 2 shows the pressure and velocity wave- 

form in the aorta and main branches recorded in 

a human body. Velocity in arteries was recorded 

by an catheter- t ip  electromagnetic flow meter. 

2.2.2 Sinusoidal waveform 

The velocity wavetbrms in a human body are 

similar to the repetitive and asymmetric waveform 

as like physiological  flow in the Fig. 2. For-  

tunately, these can be expressed numerical ly as 

the sum of  sinusoidal waveform. Especially, the 

sinusoidal waveform is defined as the fundament-  

al harmonic  number (k = 1) of  physiological  flow 

and is exerted a dominant ly  influence upon the 

flow pattern. Thus, in order  to observat ion the 
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Fig. 3 Sinusoidal velocity wavelbrm for numerical study 
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hemodynamic changes which it follows first in 

change of the waveform, these were simplified as 

sinusoidal waveform in Fig. 3. 

In the present study four different groups of 

velocity waveform are selected to compute the 

velocity waveform effects on the wall shear str- 

esses and pressure distribution. 

Figure 3 shows four groups of velocity wave- 

form: representing (a) change of velocity gra- 

dient for the same period, (b) change of time du- 

ration of systole and diastole for a given period, 

(c) change of the peak velocity values, and (d) 

change of wave period, so called the Wormersley 

number effect. 

2.2.3 Simplified physiological waveform 
The most effective way of expressing hemo- 

dynamic waveform numerically is by dissecting 

them into their component frequencies. The phy- 

siological velocity waveform of any shape is equi- 

valent to the sum of a series of sinusoidal waves. 

Under the steady-state oscillation any wave can 

be represented as the sum of a set of sinusoidal 

waves whose frequencies are all integral multi- 

ples of the frequency of repetition of the wave. 

Fourier's theorem states that any periodic func- 

tion f ( t )  is equal to the sum of an infinite series 

of terms. 

f ( t )  =Ao+ Y, (Ak cos kwt+Bk sin kwt) (5) 
k=l  

The sinusoid defined for k =  I is the fundamen- 

tal harmonic and the second harmonic is describ- 

ed by the term when k=2,  and so on. 

In the present study four different groups of 

physiological velocity waveform are selected to 

compute the wall shear stresses and pressure dis- 

tribution. 

Figure 4 presents four groups of physiological 

velocity waveform: depicting (a) change of ve- 

locity gradient, (b) change of time duration of 

systole and diastole, (c) change of the peak ve- 
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Fig. 4 Physiological velocity waveform for numerical study 
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locity values, (d) change of wave period, that is, 

the Wormersley number effect. 

3. Flow Passage  and Numerica l  
Analys is  

A straight circular tube whose inside diameter 

of 10mm and 200mm long and a bifurcated 

circular tube which is modelled for the femoral 

artery with inside diameter of 10 mm and bifurca- 

tion angle of 60 degrees are selected for the flow 

passages. Geometric shapes of the two flow 

passages are shown in Fig. 5. 

The governing equations are discretized with 

non-staggered grid systems using finite volume 

method. In the non-staggered grid system the 

velocity components such as u, v. and w in the 

momentum equations are calculated for the same 

points that lie on the grid points of the pressure, 

,0. This grid system not only simplifies the dis- 

cretization equations but also reduces the memory 

spaces required for computation efficiently. How- 

ever, it may bring out the chequerboard oscilla- 

tion in the calculation of pressure field. Oscilla- 

ting problem is removed by adapting Rhie-Chow 

algorithm (Rhie and Chow, 1983). The fully 

implicit scheme is utilized to solve the physiolog- 

ical flow problem, where time step is set to be 

0.01 s. The HYBRID scheme is adapted for dis- 

cretization of convective term and the SIMPLE 
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Fig. 5 
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algorithm for treating pressure term in the mo- 

mentum equations (Patankar, 1980; Yoo et al ,  

1996). The STONE method is used to obtain the 

iterative solution of the finite volume discretiza- 

tion equations (Stone, 1968). 

In order to obtain the good solutions of transi- 

ent flow, during the four cycles calculations are 

conducted and the convergence criteria is set to he 

1 × 10 -6 of the relative error to the flow velocity. 

The pressure boundary condition is imposed on 

the outlet boundary condition, it's used to the 

outflow boundaries where the surface pressure is 

known, but the detailed velocity distribution is 

not. This condition is suitable when it is desired 

to know the flow rate for a particular pressure 

drop across a piece of equipment (Yoo, et al., 

1996: CFX 4. 1, User Manual, 1996). 

4. Results  and Discuss ion  

4.1 Developing unsteady flow 

For a given sinusoidal velocity waveform at 

inlet the velocity waveform in a tube varies its 

peak value depending on the axial and radial 

locations and time. 

Figure 6 shows the developing unsteady veloc- 

ity waveform along the centerline for a given fun- 

damental velocity waveform applied at inlet. Due 

to the developing flow nature in a tube the peak 

velocity values exceed the velocity values at inlet 

resulting in the highest values at exit. For a given 

sinusoidal velocity waveform, the peak velocity 

values increase rapidly during the intial time step 
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but asymptotical ly afterwards. It was found that 

the velocity waveform approaches  the asymptotic 

peak value alter four cycles showing the relative 

error  of  less than 0 . 0 8 ° ,  compared  to the previous 

peak value. Table  1 presents the peak velocity 

values and the relative errors for the developing 

unsteady flow. Fo r  the fol lowing numerical  study, 

four cycles of  the velocity and pressure waveform 

are employed.  

] 'able 1 Peak velocity and relative error for the 
developing unsteady flow 

period peak velocity relative 
(cycle'.; (m/s)  e r ro r  (%) 

I 0.1566 reference 

2 0.1728 9.38% 

3 0.1744 0.92% 

4 0.1745 0.08% 

(II) Exit region 
0.2 

0.175 

0.15 

0.125 
E 

0.1 

_~ 0.075 

>~ 0.05 

0.025 

0 

0.2 

0.175 

0,15 

0.125 

:,, 0.1 

0.075 

>~ 0.05 

0.025 

0 

0.2 

0. t 75 

0.15 

~ 0.125 

>, 0.1 

_~ 0.075 

>~ 0.05 

0.025 

0 

( I ) Middle region 

o : wave S 1 

0,25 0,5 0.75 
t ime ( s )  

(a) Velocity 

o : wave S 1 
p ~ :. wave s2 

0 75 

o : wave sl 
~ : w-dve $2 

i i 

0.25 0.5 
t ime ( s )  

(c) Pressure 

i i 

0.25 0.5 
t ime ( s )  

(e) Wall shear stress 

0 7 5  

0,2 

0.175 

0.15 

~ 0.125 

o.~ 

0,075 

~> 0.05 

0,025 

0 

0.2 

0.175 

0.15 

~ 0.125 

:,, 0.1 

_~ 0.075 

>~ 0.05 

O, 025 

0 

0.2 

0.1 75 

0.15 

~-~ 0.125 

>, 0.1 

0.075 

0.05 

0.025 

0 

o :. wave s l  
p ~ . wave $2 

i i 

0.25 0.5 0 75 
time (s)  

(b) Velocity 

o : wave s l  
p z~ . wave $2 

0.25 0,5 0 75 
t ime ( s )  

(d) Pressure 

o : wave $1 

0.25 0.5 
t ime ( s )  

(f) Wall shear stress 

0.75 
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Fig. 8 

v 

0) 

5 

0.8- 

,a & & & 

0,4 --.L~--- a 

0,2" 

-e--  : wEtve S 1 

O" - -~  : wave s6 
-e-  : wave $7 

-0.2 
0.05 

z cirec~on (m) 

(a) Ist acceleration phase (t=O.O9s) 

0,8 

t 

0,1 0.15 0.2 

0,6 

0,4 

~ /  --e-- : wave  S 1 

- ~ -  : wave  s6 

~ -  : wave  s? 

o.2~~ 
0 - e - e - m - v , - - e - _  o :~ n 

-0.2 , ~ = 
0 0,05 0.1 0,15 0.2 

z diredion (rn) 

(c) 2nd deceleration phase (t=O.46s) 
0,8 

0.6 

0.4 

0.2 

0 

-0,2 

[ ~ \ . / /  _o- : wave sl 
~ - - -  : w a v e  $ 4  

--,~- : wave s5 

0 Ct05 0,1 0.15 0.2 
z airec~on (m) 

(e) Ist acceleration phase (t=O.O9s) 
0.8 

-~-  : wave s I 
: Wave $4 

0.6 ~ : wave $5 

0.4 

0.2 

0 ' - " ~ - r a - - e - . . ~  -,.e-..--a.-~.a-.- 

-0.2 , , .... ~ , ~- 

0 0.C6 0, I 0.15 0.2 
z direc~ior, (m) 

(g) 2nd deceleration phase (t=O.46s) 

0,8 ~ l t  ~ - -  : wave 81 

2e 0.6 ~ + : wave s6 
r, ~ : wave $7 

- 0 .  i r i 

0 0.05 0.1 0,15 

z clrection (m) 

(b) Ist decelerat ion phase (t=O.28s) 

0.8 
£ ~  --a- : wave s 1 

D6 ~ : wave s6 
- e -  : wave  SZ 

0,4 

0.2 

o ~-z-_~Z!--!_ ~. ~ -7, 

-0.2 

0.2 

0.05 0.1 0.15 0.2 

z ctrec~ion (m) 

(d) 2nd acceleration phase (t=O.65s) 
0.8 

~ : wave sl  

0.6 1 ~  ~ : wave s4 
: wave s5 

"°iI -0,2 
0 

i i 

0.05 [3.1 0.15 

z clireclJon fin) 

02 

(0 1st decelerat ion phase (t=O.28s) 

0.8 
--e- : wave S 1 

0,6 ~ : wave s4 
~ : wave s5 

0.4 

o . . . . . .  

-0.2 
0 0.05 (11 0.15 0.2 

z direcl~on (m) 

(h) 2nd acceleration phase (t=O.65s) 

Wall  shear stress dis t r ibut ions along the flow direction for s inusoidal  velocity waveform from sl through 

s7 in the circular tube 

Copyright (C) 2003 NuriMedia Co., Ltd. 



Effects of  the Velocity Waveform of  the Physiological Flow on the Hemodynamics in the Bifurcated Tube 303 

1.2 

-~ 0.8 

0.6 

~ 0.4 
.~ 0.2 

0 

-02 

-0,4 

( I ) Outer  wall ~'  ,'., ( I I )  Inner  wall 

; wave sl 
~ :  wave s2 
~e.- : wave S3 

0.04 0.05 0.C:6 0.07 
z drection (m) 

(a) 1st accelerat ion phase  (t=O.O9s) 

1,2 

(3_ 
0.8 

06 
4:= 

i 0.4 
0,2 

~ 0 

• -0,2 

-0.4 

- e - -  : w a v e  S ]  

: w a v e  s 2  

- - , a - -  : ' N a v e  $ 3  

0.04 0.05 0.06 007 
z 6rection (m) 

(c) Ist decelerat ion phase  ( t=0 .28s )  

] 2  

£L v 0,8 

0.6 £ 
13 0.4 

~ 0.2 
t~  

N 0 
- 0 . 2  

--0.4 

- e - - :  W a v e S 1  

: w a v e  $ 2  

-. a - -  : wB.ve $ 3  

0.04 0.05 006 0.07 
z direction (m) 

(e) 2nd decelerat ion phase (t=O.46s) 

l ~ : w a v e  S 2  

0.8 .-a-- : wave S3 

0.6 

0.4 

O.2 ~ 

-0. 2 ,-'--~-9- 

-0.4 
0.04 0.08 0.08 0.07 

z direction (m) 

(g) 2nd accelerat ion phase (t=O.65s) 

eJ 

tn 

# 

itl 

1.2 

1 

0.8 

0.9 

0.4 

02  

0 

-02 

-0.4 

v~ve st 
- e -  : wave s2 

: ' , , ~ v e  S 3  

006 

(h) 
1.2 

l 

0.8 

0.6 

0.4 

0.2 

0 

-0.2 

-0.4 

0.07 0.08 009 
z ctrection (m) 

Ist accelerat ion phase  (t=O.O9s) 

~-]t ~ : wave s1 
--~-: wave s2 

~e 

(d) 
1.2 

1 

o 8  

0.6 

0.4 

o.2 

o 

-o,2 

-o.,i 

0.06 0.07 0.08 0.09 

z direction (m) 

Ist decelerat ion phase  ( t=0 .28s )  

- ~ -  wave $1 
wave s2 

-e, wave $3 

0.06 0.07 0.08 009 
z direction (m) 

(f) 2nd decelerat ion phase  ( t=0 .46s )  
1.2 

1 

0,8 

0,6 

"~ 0,4 

# 02 

o 

-o.2 

-0.4 

: w a v e  S 2  

- - a -  : v v a v e  $ 3  

0.08 0.07 0,08 0.09 
z direction (m) 

(h) 2nd accelerat ion phase  ( t=0 .65s )  

Fig. 9 Wall  shear  stress d i s t r ibu t ions  a long  the flow direct ion tbr s inusoida l  velocity waveform of  s l ,  s2, and 
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4.2 Sinusoidal unsteady flow 
In the present study wave Sg denotes the sin- 

usoidal velocity wavetbrm and velocity waves 

from sl through s9 are employed tbr the analyses. 

Variations of velocity, pressure and wall shear 

stresses at middle and exit regions of the circular 

tube are presented in Fig. 7. The velocity wave- 

form changes its shape very little, but the pressure 

waveform changes significantly. For a fluid of 

constant viscosity the wall shear stress is deter- 

mined by the velocity gradient. The velocity pro- 

file of the flow changes its shape as the flow 

moves downstream and the same is true for the 

velocity gradient. 

The wall shear stress distributions along the 

flow direction at specific time are presented in 

Fig. 8. The specific time of the sinusoidal wave- 

form is as follows; the first acceleration time ( t :  

0.09s), the first deceleration time ( t :0 .28s) ,  the 

second deceleration time ( t :0 .46s) ,  and the sec- 

ond acceleration time (t=0.65s). The variational 

tendency of wall shear stresses along the flow 

direction is very similar to the applied velocity 

waveform but the stress values are quite different 

depending on the local region. The highest values 

are recorded in the entrance region and the lowest 

values in the exit region. 

The wall shear stresses decrease rapidly as flow 

develops in the entrance region and approaches to 

their asymptotic values. During the first accelera- 

tion and the first deceleration phases the wall 

shear stresses are positive values for all regions, 

while the second deceleration and the second acc- 

eleration phases the wall shear stresses are nega- 

tive values in the developing region. Negative 

wall shear stresses imply that negative velocity 

prevails in the developed wall region during the 

second deceleration and second acceleration ph- 

ases. Differences between the wall shear stresses 

tbr two waves are most pronounced during the 

second deceleration phase. 

The wall shear stress distributions along the 

flow direction for sinusoidal velocity waveform of 

sl, s2, and s3 in the bifurcated tube are presented 

in Fig. 9. Change of the wall shear stress in a 

cycle may be an important factor for the mec- 

hano-transduction. Endothelial cells on the wall 
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experience the wall shear stresses during a cycle 

and biochemical reaction between the blood flow 

and cells is governed by the wall shear stresses. 

Most of research works about the interaction 

between the blood flow and endothelial cells are 

conducted in the steady flow chamber. Under the 

steady flow chamber endothelial cells experience 

a constant shear stresses, while endothelial cells of 

human arteries are exposed to the physiological 

unsteady shear stresses. Therefore, the physiolog- 

ical unsteady flow analysis and in vitro experi- 

ments under the unsteady flow condition should 

be conducted. 

4.3 Physiological unsteady flows 
In the present study of the physiological flows 

velocity wave Pl denotes the physiological un- 

steady velocity wave|brm and velocity waves pl 

through p9 are employed [br the analyses. Due to 

limitation of pages only a portion of results are 

presented in the paper. 

Velocity, pressure, and wall shear stresses as a 

function of time for physiological velocity 

waveform of pl,  p2, and p3 at middle and exit 

regions are presented in Fig. 10. The pressure 

waveform is quite different from the velocity 

waveform, but the wall shear stress waveform is 

very similar to the velocity waveform. The wall 

shear stress distributions along the flow direc- 

tion [br physiological velocity waveform from pl 

through p5 are presented in Fig. I1. During ac- 

celeration phase (t=0.07s) velocity waveform of 

pl, p2, and p3 show quite big difference among 

different waveforms, meanwhile waveforms of pl,  

p4 and p5 show relatively small difference. Dur- 

ing deceleration phase waveforms behave differ- 

ently showing small difference among pl,  p2, and 

p3 and big difference among pl,  p4, and p5. These 

phenomena imply that the velocity gradient is 

dominant factor during acceleration phase and 

the peak values of the velocity waveform is prev- 

alent factor during deceleration phase. The wall 

shear stress distributions along the flow direction 

for physiological velocity waveform of pl,  p2, 

and p3 are presented in Fig. 12. Similar discus- 

sion may apply to the results of the bifurcated 

tube as discussed tbr the physiological waveform 
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in the circular  tube. 

4.4 Unsteady flows of non-newtonian 

fluids 

In the present study for unsteady flows, effects 

of  the b lood on the velocity, pressure, and wall 

shear stress in the circular  tube are analysed for 

the s inusoidal  and physiological  velocity wave- 

forms. The  analysis is concentrated for the gradi- 
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Newtonian  fluid. 

In order to differentiate the Newtonian  fluid 

flow from blood flow the velocity waves sl and 

pl  are taken as reference waveform and numerical  

results are compared on the same figure. Velocity, 

pressure, and wall shear stress for Newton ian  

fluid and blood as a n o n - N e w t o n i a n  fluid are 

presented in Fig. 15 for the sinusoidal velocity 

waveform of  sl and for the physiological  velocity 

waveform of pl .  Under  the sinusoidal  velocity 

waveform the differences in velocity, pressure, 

and wall  shear stresses of  two fluids are quite 

large, but the differences under the physiological  

velocity waveform are negligibly small. 
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5. Conclus ions  

physiological velocity waveform are negligibly 

small. 

In the present study, effects of the velocity 

waveform of the physiological flow on the he- 

modynamics in the bifurcated tube are studied by 

the using the numerical simulation. The results 

show as fol lows;  
For  a given sinusoidal velocity waveform at 

inlet the velocity waveform in a tube approaches 

the asymptotic waveform after four cycles of the 

applied velocity waveform in the unsteady flow 

analysis. 
Negative velocity prevails in the developed wall 

region of the tube during the second deceleration 

and acceleration phases of  the sinusoidal and phy- 

siological velocity waveform. Also, the varia- 

tional tendency of the wall shear stresses along 

the flow direction is very similar to the applied 

sinusoidal and physiological velocity waveforms, 

but the stress values are quite different depending 

on the local region. In the physiological flow, 

during deceleration phase waveforms behave dif- 

ferently showing big difference among different 

waveforms. These phenomena imply that the ve- 

locity gradient is dominant factor during acceler- 

ation phase and the peak values of the velocity 

waveform is prevalent factor during deceleration 

phase. These change of the wall shear stress in a 

cycle may be an important factor for the me- 

chano-transduction.  Endothelial  cells on the wall 

experience the wall shear stresses during a cycle 

and biochemical reaction between the blood flow 

and cells is governed by the wall shear stresses. 

Therefore, rapidly increment of wall shear stresses 

by changes of  waveforms may strongly press the 

morphology of endothelial cell. And the endo- 

thelial cells may be injured or ruptured by the 

increased wall shear stress. The tendency of ve- 

locity, pressure, and wall shear stress between 

blood and Newtonian fluid for the sinusoidal and 
physiological velocity waveforms are different 

quite. Under the sinusoidal velocity waveform the 

differences in hemodynamics factors of two fluids 
are quite large, but the differences under the 
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