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Thomas Young 1773 ð1829

Both a practicing physician and 

professor of  physics

Other early students of  blood circulation:

Borelli, Hales, Bernoulli, Euler, Poiseuille, Helmholtz, 
Fick, é

As science developed, so did specialization and the study of  the 
cardiovascular system became separated from physical science.*

*CG Caro, TJ Pedley, RC Shroter, WA Seed; The Mechanics of Circulation; Oxford University, 1978

History
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The Cardiovascular System

ÂThree Major Elements ðHeart, 

Blood Vessels, & Blood

ÂThe Heart - cardiac muscle 

tissue

ÂPumps blood throughout the 

body 

ÂFour chambers

ÂRight atrium

ÂRight ventricle

ÂLeft atrium

ÂLeft ventricle
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Circulation

Pulmonary circulation: path 
of  blood from right 
ventricle through lungs and 
back to heart

Systemic circulation: path 
of  blood from left ventricle 
to body and back to heart

Rateof  flow through 
systemic circulation = flow 
rate through pulmonary 
circulation
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Cardiac Cycle
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The Fluid: BLOOD

Whole blood~7% of  human body weight:

~45% Redblood cells

~2% Platelets                                                                                                                

~1% White blood cells                                                                                                                   

~52% Plasma

Blood

vessel

Red blood cells

Plasma

White blood cells

Platelets
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Cardiovascular Flows

Â Pulsatile (periodic) flows: heart rate dependent ð

Womersley#

Â Internal (confined; undeveloped) flows

Â Moving visco-elastic boundaries (chamber /vessel 

walls; heart valve leaflets)

Â Non- Newtonian (two phase with deformable 

elements)

Â Multi -scale (100 mm to 1micron) 
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Cardiovascular Flows

Â Multi -scale

Â Laminar flows: Peak Re~6000 (non-diseased 

resting states ðpeak vel ~1.2 m/s; dia ~25mm)

Â Transition to low Re turbulent (peak ~ 30,000) 

flows (exercise and/or diseased states - vel ~5m/s)

Â Very low Re flows in capillaries: ~ 0.001 (two phase 

with deformable elements; vel ~1mm/s;             

dia 10 micron) 
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2D PCMR ðHealthy Human LV
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Identifying Features of BAV

Courtesy of  Northwestern Radiology

BileafletTrileaflet
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Â Aortic valve

Â Lies betweenleft ventricle and
aorta

Â Pulmonicvalve

Â Lies betweenthe right ventricle
andpulmonaryartery

Â Mitral valve

Â Lies between left atrium and
ventricle

Â Tricuspidvalve

Â Lies between right atrium and
ventricle

Heart Valves
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Heart Valves
Â Heart valvesmaintain unidirectional blood flow in the heart

Â Open and closepassivelydue to pressuredifferential

Â Native heartvalvesmay malfunction due to congenitalbirth defectsor disease

Â Valve stenosis(narrowing of valve area)or regurgitation (unwantedbackflow through closedvalve)

Aortic Valve
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Heart Valve Disease

Â Heart disease is leading cause of death in 

developed nations

Â In US, 2.5% of population has heart valve diseases

Â In developing countries, 2.3% of children have 

Rheumatic Heart Disease

Â 1% of population are born w/bicuspid aortic valves  

Č early calcification of valves
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Six Decades of Progress, buté.
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Serious Problems and Complications 

Associated with Prosthetic Heart Valves

Â Thrombosis and thromboembolism

Â Anticoagulation related hemorrhage

Â Red cell damage and hemolysis

Â White cell damage

Â Tissue overgrowth

Â Damage to endothelial lining of  

vessel walls in the vicinity of  the 

prosthesis

Â Leaks caused by failure of  valve to 

close properly

Â Infection

Â Tearing of  sewing sutures

Mechanical Valves

Â Calcification of  Valve

Â Adverse immune reaction

Â Structural failure / Wear and tear

Â Perivalvular and paravalvular 

Leakage

Â Tisue overgrowth

Â Infection

Â Tearing of  sewing sutures

Bioprosthetic Valves
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The Bileaflet Mechanical Valve

Â Trend of implantation: 

55% bioprosthetic valves vs 45% mechanical valves

Â The bileaflet mechanical valve design is the valve 

of choice (>90% of implantation)
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BMHV Complications
Â Despiteevolution and advantagesof BMHVs, complicationsareknown to exist

Â Major complicationsareplateletactivation and thromboembolicevents

Â Clot formation and detachment

Â Clot formation in BMHVs haveseriousconsequences

Â Experimentshaveshown restriction of normal motion of leafletsdue to thrombus1

Â Detachedemboli may lead to vesselocclusionðresulting in strokeor death

Clot

1 Baumgartner et al., Circulation, 1993.
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Flow Characteristics through BMHVs

Â Pulsatile, turbulent flow

Â Complicated geometries and flow 

fields

Â Moving objects / Fluid structure 

interactions

Large scale features Small scale features

Â Flow through narrow gaps

Â Complex 3D vortical structures 

and regurgitation jets

*

* Courtesy: Medtronic Inc.
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Hinge region

Leaflet ear

Housing

~ 500mm

Large scale CFD solver Micro scale CFD solver

Overall Multi-Scale Approach
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Forward flow 

Sinus region

Leaflets

~ 25 mm



Wallace H. Coulter School of Biomedical Engineering
Georgia Institute of Technology College of Engineering and Emory University School of Medicine

Single-Phase Flow Validation
Â Model single-phasefluid flow through 23mm St. JudeMedical (SJM) valve

Â In aortic position

Â Results compared to experimental Particle Image Velocimetry (PIV) data of
flow through an in vitroflow loop1,2

Â Usedblood analogfluid, samekinematic viscosityaswhole human blood (3.5e-6 m2/s)

Â Compareaxial velocity for steadyand pulsatile flow valve (meanflow)

Â Re = 750for laminar regimeand Re = 5000for turbulent regimefor steadyflow

Â Comparemeanflow fields and RMS valuesfor pulsatile flow

Â Compareinstantaneousvorticity contoursfor pulsatile flow through valve

Computational model of  experimental in vitroflow loop setup

1Ge et al., Journal of  Biomechanical Engineering,2005.
2Dasi et al., Physics of  Fluids, 2007.
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SJM Valve Computational Geometry

Computational model of  experimental in vitroflow loop setup
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SJM Valve Computational Geometry 

Transparent view of fully open leaflets

Interior view showing fully open leaflets fitting into butterfly hinge geometries

28
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Comparison with Experimental Data: Leaflet Opening

Experimental Computational
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Comparison with Experimental Data: Acceleration

Experimental Computational
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Comparison with Experimental Data: Peak Flow

Experimental Computational
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Comparison with Experimental Data: Deceleration

Experimental Computational


