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Fluid systems
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From Wikipedia: Respiratory system
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Fluid systems

Urinary system

From Wikipedia: Urinary system
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Fluid systems

Cardiovascular system
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From Anatomy & Physiology, Connexions Web site

Tassos Natsakis tassos.natsakis@aut.utcluj.ro Modelling in Biomechanics



Fluid systems

Cardiovascular system

e Pressure in vessels
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From Anatomy & Physiology, Connexions Web site
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Fluid systems

Cardiovascular system

e Pressure in vessels
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Fluid systems

Cardiovascular system
e Pressure in vessels
. N e Blood flow rate
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Fluid systems

Cardiovascular system
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Fluid mechanics

Basic principles

Daniel Bernoulli 1700-1782
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Fluid mechanics

Basic principles

Incomplressible flow equation

u2 P
— 4+ gz + — = constant
2 P
Daniel Bernoulli 1700-1782
/
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Fluid mechanics
Basic principles

Incomplressible flow equation

u? P

— 4+ gz + — = constant
2 P

w: fluid flow speed

g: gravitational acceleration
z: elevation

p: pressure

p: fluid density

Daniel Bernoulli 1700-1782
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Fluid mechanics

Venturi effect
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Fluid mechanics

Venturi effect
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Fluid mechanics
Venturi effect

S
h

—

1 2
u? P
— + gz + = = constant
2 P

We assume incompressible flow, therefore equal flow ra
(Conservation of mass) '
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Fluid mechanics

Venturi effect

S
h

—

1 2 g
u? P
1 + gz + = = constant i

We assume incompressible flow, therefore equal flow ra
(Conservation of mass) '

Ql =wmA = uAy = Q2
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Fluid mechanics
Venturi effect

u p
— + gz + — = constant
2 P

We assume incompressible flow, therefore equal flow ra‘iée ‘
(Conservation of mass) € (Y
Q1= u Ay = upAy = Qo )
If area decreases, velocity increases. Bernoulli says pressure must =
drop.
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Fluid mechanics
Basic principles

Incomplressible flow equation

u? P

— 4+ gz + — = constant

2 P

fluid flow speed
gravitational acceleration
elevation

pressure

fluid density

T/ RE -

Daniel Bernoulli 1700-1782

Which fluid property does Bernoulli neglect?
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Fluid mechanics

Navier-Stokes equations
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Fluid mechanics

Navier-Stokes equations

Vi=0

Sir George Stokes

10/31‘
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Fluid mechanics
Navier-Stokes equations
Vi=0

ou

P T piNVu = —Vp+ uV?*i + pF

Sir George Stokes

10/31‘
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Fluid mechanics

Navier-Stokes equations

Vi = 0 (conservation of mass)

Ju
— — 2 —
p—= +puVu = —=Vp+ uV=u+ pF

ot
Claude-Lois Navier
Sir George Stokes

10/
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Fluid mechanics

Navier-Stokes equations
Vi = 0 (conservation of mass)

Ju e S
P T piNu = —Vp+ uV?*i + pF

(Newton's second law F=ma)

Sir George Stokes

10/31‘
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Fluid mechanics

Navier-Stokes equations
Vi = 0 (conservation of mass)

Ju e S
P T piNu = —Vp+ uV?*i + pF

(Newton's second law F=ma)

We don't understand these fully!

Sir George Stokes

10/31‘
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Fluid mechanics

Reynolds number
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Fluid mechanics

Reynolds number
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Fluid mechanics

Reynolds number
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Fluid mechanics

Reynolds number

du
P ot

+ puNVi = —Vp + pV2i + pF
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Fluid mechanics

Reynolds number

ou

Por + puNVi = —Vp + pV2i + pF

For Re «1:
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Fluid mechanics

Reynolds number

p(9 + puNVi = —Vp + pV2i + pF
For Re «1:
Ou + Vp = +uV3i
Par ot p=TH
12/
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Fluid mechanics

Reynolds number

p(9 + puNVi = —Vp + pV2i + pF
For Re «1:

8 22
pat + Vp = +uVau

For Re >1:
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Fluid mechanics

Reynolds number

ou
PoF + puNVi = —Vp + pV2i + pF
For Re «1:

8 27
pat + Vp = +uVau

For Re >1:

pf)t + puViu = —Vp
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Fluid mechanics

Reynolds number

ou
PoF + puNVi = —Vp + pV2i + pF
For Re «1:

8 27
pat + Vp = +uVau

For Re >1:
pé)t + puViu = —Vp

Either of these are much simpler to compute
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Fluid mechanics

Reynolds number in cardiovascular system
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Fluid mechanics

Reynolds number in cardiovascular system

e Ascending Aorta:
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Fluid mechanics

Reynolds number in cardiovascular system
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Fluid mechanics

Reynolds number in cardiovascular system
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Fluid mechanics

Reynolds number in cardiovascular system
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Fluid mechanics

Reynolds number in cardiovascular system
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Fluid mechanics

Reynolds number in cardiovascular system
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Fluid mechanics
What about biology?

Can we use such equations for blood flow?
What are the assumptions of these equations?
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Fluid mechanics
What about biology?

Can we use such equations for blood flow?
What are the assumptions of these equations?

e Incompressible fluid
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Fluid mechanics
What about biology?

Can we use such equations for blood flow?
What are the assumptions of these equations?

e Incompressible fluid

e Developed flow
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Fluid mechanics
What about biology?

Can we use such equations for blood flow?
What are the assumptions of these equations?

e Incompressible fluid
e Developed flow

e Fixed walls
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Fluid mechanics
What about biology?

Can we use such equations for blood flow?
What are the assumptions of these equations?

Incompressible fluid

Developed flow

Fixed walls

Steady flow

Tassos Natsakis tassos.natsakis@aut.utcluj.ro Modelling in Biomechanics




Fluid mechanics
What about biology?

Can we use such equations for blood flow?
What are the assumptions of these equations?

Incompressible fluid

Developed flow

Fixed walls

Steady flow

No obstructions
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Fluid mechanics
What about biology?

Can we use such equations for blood flow?
What are the assumptions of these equations?

Incompressible fluid

Developed flow

Fixed walls

Steady flow

No obstructions

Circular cross-sections
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Fluid mechanics
What about biology?

Can we use such equations for blood flow?
What are the assumptions of these equations?

Incompressible fluid e Blood is rather compressible

Developed flow

Fixed walls

Steady flow

No obstructions

Circular cross-sections
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Fluid mechanics
What about biology?

Can we use such equations for blood flow?
What are the assumptions of these equations?

e Incompressible fluid e Blood is rather compressible
e Developed flow e Developing flow

e Fixed walls

e Steady flow

e No obstructions

Circular cross-sections
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Fluid mechanics
What about biology?

Can we use such equations for blood flow?
What are the assumptions of these equations?

e Incompressible fluid e Blood is rather compressible
e Developed flow e Developing flow

e Fixed walls e Elastic walls .

e Steady flow £

e No obstructions

Circular cross-sections
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Fluid mechanics
What about biology?

Can we use such equations for blood flow?
What are the assumptions of these equations?

Incompressible fluid Blood is rather compressible

Developed flow Developing flow

Fixed walls Elastic walls .

Steady flow Pulsative flow

No obstructions

Circular cross-sections
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Fluid mechanics
What about biology?

Can we use such equations for blood flow?
What are the assumptions of these equations?

Incompressible fluid Blood is rather compressible

Developed flow Developing flow

Fixed walls Elastic walls .

Steady flow Pulsative flow

Bifurications

No obstructions

Circular cross-sections
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Fl

uid mechanics

What about biology?
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Can we use such equations for blood flow?
What are the assumptions of these equations?

Incompressible fluid Blood is rather compressible

Developed flow e Developing flow
Fixed walls e Elastic walls
Steady flow e Pulsative flow

Bifurications

No obstructions

Circular cross-sections * Veins are rather elliptical~)




Fluid mechanics
What about biology?

Can we use such equations for blood flow?
What are the assumptions of these equations?

Incompressible fluid Blood is rather compressible

e Developed flow e Developing flow
e Fixed walls e Elastic walls
e Steady flow e Pulsative flow
* No obstructions e Bifurications !
e Circular cross-sections e Veins are rather élfip‘ti([:'éi;%
. . . — . 14 /31
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Fluid mechanics
What about biology?

Can we use such equations for blood flow?
What are the assumptions of these equations?

Incompressible fluid Blood is rather compressible

e Developed flow e Developing flow
e Fixed walls e Elastic walls
e Steady flow e Pulsative flow

Bifurications

No obstructions

Circular cross-sections * Veins are rather elliptical~)

Rise of empirical equations!

Tassos Natsakis tassos.natsakis@aut.utcluj.ro Modelling in Biomechanics



Fluid mechanics

Hagen-Poiseuille flow
Considering steady flow:

~ 8mulQ)

AP = =55
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Fluid mechanics

Hagen-Poiseuille flow

Considering steady flow:

STl
AP=—5"

AP: Pressure drop
w: Viscocity

L: Length

Q@: Flow rate

A: Crossectional area

Tassos Natsakis tassos.natsakis@aut.utcluj.ro

Modelling in Biomechanics




Fluid mechanics
Pressure drop
8TulQ)
AP=—

Systemic circulation

Veins

T
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Pulr y circulation
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Fluid mechanics
Pressure drop

8TulQ)

AP =0

cardiovascular system

, A way to calculate pressure along the

Systemic circulation Pulmonary circulation
Left Large [ Small |Capillaries Veins Right | Large | Small  |Capilaries| Veins
ventricle| Arteries | Arteries / ventricle| Arteries | Arteries /
Arterioles Arterioles
120
100 |
:E’ N
E s f
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2 60 \
173
D
o
o 40 - ‘\ﬂ.\\
o
o
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20 F \ VVWVV\/W
BN
M"\_\
ol
—— Oxygenated blood —— Deoxygenated blood
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Blood characteristics
Fahraeus-Lindqvist effect

Blood viscosity drops at very small diameters (capilaries)
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Blood characteristics
Fahraeus-Lindqvist effect

Blood viscosity drops at very small diameters (capilaries)
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Blood characteristics
Fahraeus-Lindqvist effect

Blood viscosity drops at very small diameters (capilaries)
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Blood characteristics
Fahraeus-Lindqvist effect

Based on the Hagen-Poiseuille flow equation:

4
TR*AP
He =301
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Blood characteristics
Fahraeus-Lindqvist effect

Based on the Hagen-Poiseuille flow equation:

B TR*AP
He= 300

ite: Effective Viscocity

R: Radius AP: Pressure drop
(: Volumetric flow rate

L: Length of capillary

18/31‘
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Fluid mechanics

Developed and developing flow

Hagen-Poisseuille can be used for “fully developed flow"
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Fluid mechanics
Developed and developing flow

Hagen-Poisseuille can be used for “fully developed flow"

Irrotational Velocity Developing Fully Developed
flow region Boundary Layer Velocity Profile  Velocity Profile

H§?¥ = __;\:i} _____

:

L J

~ Y-

= oy ]

\d

ML
i

—b —

Fully developed region

Hydrodynamic entrance region

Modelling in Biomechanics
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Fluid mechanics

Developed and developing flow

Hagen-Poisseuille can be used for “fully developed flow"

Irrotational Velocity Developing Fully Developed
flow region Boundary Layer Velocity Profile  Velocity Profile

:“‘*ﬂ% — = =
R A=

> —b —

L J

¥
.

Hydrodynamic entrance region Fully developed region

= 0.06Re, laminar flow and Re > 50

= 0.693Re, turbulent flow
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Fluid mechanics

Flow in elastic walls

ANIMA RES

Studio for 30 medical animatio

Anima RES youtube channel
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https://www.youtube.com/watch?v=S2vZtPXV7A0

Fluid mechanics

Flow in elastic walls
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Fluid mechanics

Flow in elastic walls

2090h = [y (p(z) — pe) 7(x)sinbdo
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Fluid mechanics

Flow in elastic walls

2090h = [y (p(z) — pe) r(x)sinbdo

_oge  r(x)—re  7(T)
€pp — — — = —1
E To To
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Fluid mechanics

Flow in elastic walls

2090h = [y (p(z) — pe) r(x)sinbdo

o T(x)— 10

r(z)

= —_—— = — _]_
€o E TO 7“0
(2) = ro 1= 22 (pa) — )|
rT)=T"To Ehp De
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Fluid mechanics

Flow in elastic walls

2090h = [y (p(z) — pe) r(x)sinbdo

o T(x)— 10

O

€op = — =
E To
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Fluid mechanics

Flow in elastic walls

2090h = [y (p(z) — pe) r(x)sinbdo

ogg r(x)—10 T(T)

= — = = -1
o0 E To To
@) =r 1= 22 o) 3|
r(x) =m — — (p(z) —
0 Eh p Pe
d
with: Q = _87; (di) (r(z))*
—4 .
To 8u ,
Results: |1 ~p)| do=-"EQu u
esults 75, P@) —pe)|  dp wg‘;Q T
Tassos Natsakis tassos.natsakis@aut.utcluj.ro Modelling in Biomechanics 22/31‘



Fluid mechanics

Flow in elastic walls
-4

To 8/L
1— -2 _ —_°r
Th (p(z) —pe)| dp o Qdx
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Fluid mechanics

Flow in elastic walls
-4

L= @) =] o=~

Conditions: P= P, at x =0, P = P, at z = L. By integration
over the length
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Fluid mechanics

Flow in elastic walls
-4

L= @) =] o=~

Conditions: P= P, at x =0, P = P, at z = L. By integration
over the length

Eh To -3 To
1= —p)| —|1— 2 (1 —pe
30 7h (p2 —p )] [ (p1 — pe)
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Fluid mechanics

Flow in elastic walls
-4

2 (p(a) —po)| dp= —87/“L4de

1—
Eh T

Conditions: P= P, at x =0, P = P, at z = L. By integration
over the length

Eh To —3 To
37,0{{1—1%(192—19@)] - [1— Th

Q= gfih{ {1—;‘(}1(191—196)}_3— {

Tassos Natsakis tassos.natsakis@aut.utcluj.ro Modelling in Biomechanics



Fluid mechanics

Flow in elastic walls

Q= ZTELh{ {1—%(191—196)}_3— {1—%(102—196)]_3}
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Fluid mechanics

Flow in elastic walls

Q=T [1- 2o o] = [1- -]

We can calculate pressure drop from Hagen-Poisseuille
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Fluid mechanics

Flow in elastic walls

Q=T [1- 2o o] = [1- -]

We can calculate pressure drop from Hagen-Poisseuille

What are the assumptions we made?
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Fluid mechanics

Pulsatile flow

Guelph physics youtube channel
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https://www.youtube.com/watch?v=V01VgmXTiek

Fluid mechanics

Burifications

@) from heart

diminishing logarithmic scale

) bifurcation
arteries

~1-10mm
arterioles

~10-100um I

capillaries
branching <10um
structure (venules/veins)

to heart

mesh structure
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(b)

root segment
po=

segment
Y

¥leaf segment

[« rootnode
» node (bifurcation)
\sleafnode




Fluid mechanics

Blood vessel structure

An artery A vein

A Ca p i I I a ry Thin outer wall

Thick outer
wall
Large lumen
Small lumen Intima has valves
Thick media

Thin medi:
(smooth muscle) in media

Very small Wall is a single
lumen layer of cells

Tassos Natsakis tassos.natsakis@aut.utcluj.ro Modelling in Biomechanics



Fluid biomechanics

How do we combine everything together?

A lot of complex phenomena, bring the models to its limits.
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Fluid biomechanics

How do we combine everything together?

A lot of complex phenomena, bring the models to its limits.
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Computational Fluid Mechanics

Different approaches
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Computational Fluid Mechanics

Different approaches
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e Finite Differences
Method (FDM)




Computational Fluid Mechanics

Different approaches

e Finite Differences
Method (FDM)

e Finite Volumes
Method (FVM)
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Computational Fluid Mechanics

Different approaches

e Finite Differences
Method (FDM)

e Finite Volumes
Method (FVM)

e Finite Elements
Method (EEM)

r\
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Computational Fluid Mechanics

Different approaches

e Finite Differences
Method (FDM)

e Finite Volumes
Method (FVM)

e Finite Elements
Method (EEM)

o Latticexgijﬂt\zmépn
Method (LBM)

- )}
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Computational Fluid Mechanics

Different approaches

e Finite Differences
Method (FDM)

e Finite Volumes
Method (FVM)

e Finite Elements
Method (EEI\/I)

o |attice Boltzmann
Method \QLBM)

J Spherlcal Partrc%

Tassos Natsakis tassos.natsakis@aut.utcluj.ro Modelling in Biomechanics



Computational Fluid Mechanics

Different approaches

https://www.dive-solutions.de/blog/cfd-methods
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Finite Differences
Method (FDM)

Finite Volumes
Method (FVM)

Finite Elements
Method (EEI\/I)

Lattice: Boltzmann
Method \QLBM)

Spherlcal Partrc%
Hydrodynamlcs?
(SPH) X




Coming up next

Musculoskeletal modelling
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Questions?
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