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Coronary Arteries

• Supply oxygenated blood (oxygen and nutrients) to the heart muscle i.e., 
myocardium

•  Left coronary artery (LCA)

o Supplies blood to the left atrium and left ventricle i.e., heart's main pumping 
chamber

o Typically larger than RCA

o Two main branches: left anterior descending (LAD) artery and left 
circumflex (LCx) artery

o “Widowmaker" artery 

•  Right coronary artery (RCA)

o Supplies blood to the right atrium, the right ventricle, a portion of the 
septum, and atrioventricular (AV) node

o Typically smaller than LCA

• Size

o ~3 𝑐𝑚 (Aorta) → ~4 𝑚𝑚 (Aortic sinus) → ~100 µ𝑚 (Branches) → 
~10 µ𝑚 (Arterioles) → ~5 µ𝑚 (Capillary bed)
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Coronary Artery Disease
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• Build-up of atherosclerotic plaque in the coronary arteries

o Fats, cholesterol, calcium and other substances in the blood

• Local diameter reduction i.e., CA stenosis

• Restriction in the flow of oxygen-rich blood to the myocardium

• Increased blood velocity in the stenosis upstream

• Additional loading on the calcified plaque

• Plaque rapture triggers blood clot

• Sudden blockage of oxygen-rich blood supply to the myocardium 
downstream a CA branch i.e., myocardial infarction or heart attack



Diagnosis and Treatment

• Fractional Flow Reserve (FFR)

o Ratio of maximum achievable blood flow through a blockage (area of stenosis) to the maximum achievable blood flow in the same vessel 
in the hypothetical absence of the blockage

FFR =
Pressure distal to the lesion (blockage)

Pressure proximal to the lesion (blockage)
=

𝑃𝐷

𝑃𝐴

o Correlates with the degree of blockage of the artery (mild, moderate/intermediate or severe)

o The ‘‘normal’’ ratio is expected to be 1 → no stenosis

• Invasive procedure done through a standard diagnostic catheter at the time of a coronary angiogram or cardiac catheterization

o  Gold Standard

• Useful in the assessment of “intermediate” blockages (CAD) to determine the need for angioplasty, stenting or  CABG

o FFR < 0.75 → Ischemia-producing stenosis → Revascularization

o FFR > 0.80 → Non–ischemia-producing stenosis → Medical Therapy

o 0.75 > FFR > 0.80 → Gray zone → Revascularization vs. Medical therapy

• Alternative: non-invasive FFR-CT

o Numerical simulations (CFD/FSI) on patient specific geometries from CT imaging
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Diagnosis and Treatment (Cont’d…)

• Coronary artery bypass grafting (CABG)

o Rerouting blood around arterial blockages using a graft

o Typically sourced from another part of the patient’s body

• Percutaneous coronary intervention (PCI)

o Minimally invasive 

o Insertion of a balloon catheter into the affected coronary artery

o Balloon is then inflated to reopen the vessel using coronary stent

• Surgical planning: virtual surgery/stenting

o Assessment of intervention outcomes in priori using numerical simulations (CFD/FSI)
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Numerical Simulations of Coronary Arteries

• Wide applications in the analysis of cardiovascular system

o Examining the hemodynamics of both healthy and diseased vessels e.g., Fontan hemodynamics

o Development and evaluation of vascular medical devices e.g., mechanical circulatory support devices (blood pumps)

o Aiding in surgical planning, and forecasting the outcomes of interventions e.g., stenting

• Infrequent applications to predict the pulsatile flow and pressure fields within 3D coronary vascular networks

o Intricate relationship between coronary vascular dynamics and the interplay between the heart and the arterial system

o Coronary blood flow diminishes during ventricular contraction (systolic phase) as intramyocardial pressure rises, exerting a compressive 
force on coronary vessels

o In contrast, coronary flow increases during ventricular relaxation (diastolic phase), when intramyocardial pressure decreases, reducing the 
extravascular compressive force

o Realistic simulation requires integrated models that account for both the heart and arterial system, as well as their dynamic interactions

• In the past, majority of 3D studies typically prescribed coronary flow instead of predicting

o Unrealistic pressure modeling

o Traction-free BCs regardless of whether the wall are rigid, compliant or subject to cardiac motion
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BCs for the Numerical Simulations of Coronary Arteries

• Explicitly coupled analytic boundary condition models require

o Subiterations within each time step 

o The use of small time steps dictated by the stability of explicit time 
integration schemes

• Patient-specific computational models must be

o Both robust and stable enough to handle complex flow characteristics

o Efficiently integrating different computational scales

• Coupling of 3D models with analytical 0D models

o Fully implicit coupling

o Robust and versatile

o Produce physiologically realistic flow and pressure fields 

• Proposed boundary conditions

o Aortic inlet: lumped-parameter heart model or patient-specific flow rate 
profile

o Aortic outlets: three-element windkessel model

o Coronary outlets: lumped parameter coronary vascular bed model
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BCs for the Numerical Simulations of Coronary Arteries (Cont’d…)

• Proposed boundary conditions

o Aortic inlet: lumped-parameter heart model or patient-specific flow rate 
profile

o Aortic outlets: three-element windkessel model

o Coronary outlets: lumped parameter coronary vascular bed model

• Implemented in the finite element method-based tools

o SimVascular: An open-source pipeline for cardiovascular simulations

o CRIMSON: An advanced simulation environment for subject specific 
hemodynamic analysis

• Implementation in OpenFOAM

o Some implementation of three-element windkessel models in old 
versions

o No implementation of coronary LPN
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Aims of the Current Project

• Developement of differential equations describing the relationship between pressure and flow rate for different lumped 
parameter network (LPN) models including single-element resistive (R) model, two-element windkessel (RC) model, three-
element windkessel (RCR) model, and four-element series as well as parallel windkessel (RCRL) models, and coronary outlet 
LPN model

• Implementation of lumped parameter network (LPN) models including single-element resistive (R) model, two-element 
windkessel (RC) model, three-element windkessel (RCR) model, and four-element series as well as parallel windkessel 
(RCRL) models for the evaluation of the outlet pressure boundary condition in larger blood vessels such as aorta in 
OpenFOAM

• Implementation of lumped parameter network (LPN) model for downstream coronary vascular beds for the evaluation of the 
coronary outlet pressure boundary condition in OpenFOAM

• Validation of the implementation against the solution obtained by the numerical treatment of LPNs in MATLAB with the given 
flow rate and network parameters' values for a pulsatile flow in a straight tube
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Windkessel Effect

• Describes how large elastic arteries moderate pulsatile blood flow generated by the heart to maintain a continuous and steady 
flow through the circulatory system

• The term “windkessel,” derived from the German word for “air chamber,” historically referred to the air reservoirs in fire 
engines, which smoothed out intermittent water flow

• In the human cardiovascular system, the aorta and other large elastic arteries act as a “hydraulic accumulator,” damping 
pressure fluctuations and ensuring consistent blood supply during both systole and diastole

o Large arteries, such as the aorta, contain elastin fibers in their walls, which enable them to stretch during systole to store energy as the 
arteries accommodate the incoming stroke volume

o During diastole, when the heart is at rest, these arteries recoil, releasing the stored energy and maintaining blood flow despite the lack of 
cardiac ejection

• The “windkessel effect” arises from the interplay between the compliance of large arteries and the resistance of smaller arteries 
and arterioles

• Reduces pulse pressure by absorbing the systolic surge and maintaining diastolic flow, ensuring stable organ perfusion 
throughout the cardiac cycle
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Elements of Windkessel Models

• Vessel Resistance (R): Resistance encountered by blood as it flows through the network of blood vessel

• Vessel Compliance (C): Elasticity and ability of blood vessels to expand and contract during the cardiac cycle

• Blood Inertia (L): This accounts for the momentum of blood as it moves through the heart and circulatory system
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Element Electric Circuit Hydraulic/Physiological 

Circuit

Circuit Symbol Dimensions

Resistance (𝑅) 𝑉 = 𝐼𝑅𝑒 𝑃 𝑡 = 𝑄 𝑡 𝑅 𝑀𝐿−4𝑇−1

Compliance (𝐶) 𝐼 = 𝐶𝑒

d𝑉

d𝑡
𝑄 𝑡 = 𝐶

d𝑃 𝑡

d𝑡
𝑀−1𝐿4𝑇2

Inertance (𝐿) 𝑉 = 𝐿𝑒

d𝐼

d𝑡
𝑃 𝑡 = 𝐿

d𝑄 𝑡

d𝑡
𝑀𝐿−4



Differencing/Discretization Scheme

• Any function 𝑓 𝑡  can be discretized using FDM with a time-step size of Δ𝑡

• 𝒪 Δ𝑡  i.e., first-order backward difference approximation of derivatives at 

𝑛𝑡ℎ time step can be given as:

ฬ
d𝑓 𝑡

d𝑡 𝑛
=

𝑓𝑛−𝑓𝑛−1

Δ𝑡
    &    ฬd2𝑓 𝑡

d𝑡2
𝑛

=
𝑓𝑛−2𝑓𝑛−1+𝑓𝑛−2

Δ 𝑡2

• 𝒪 Δ𝑡2  i.e., second-order backward difference approximation of derivatives 

at 𝑛𝑡ℎ time step can be given as:

ฬ
d𝑓 𝑡

d𝑡 𝑛
=

3𝑓𝑛−4𝑓𝑛−1+𝑓𝑛−2

2Δ𝑡
    &    ฬd2𝑓 𝑡

d𝑡2
𝑛

=
2𝑓𝑛−5𝑓𝑛−1+4𝑓𝑛−2−𝑓𝑛−3

Δ𝑡2
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Single-Element Resistive Model

• Contains only a distal resistance 𝑅𝑑 and a distal pressure term 𝑃𝑑

• The relationship between flow rate and pressure is given by:
𝑃(𝑡) = 𝑅𝑑𝑄(𝑡) + 𝑃𝑑

• The pressure at the 3D domain’s outlet at 𝑛𝑡ℎ time step can be given as:
𝑃𝑛 = 𝑅𝑑𝑄𝑛 + 𝑃𝑑
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2-Element Windkessel Model
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• Contains a distal resistance 𝑅𝑑, a capacitance 𝐶, and a distal pressure term 𝑃𝑑

• The relationship between flow rate and pressure is given by:

𝑃 𝑡 = 𝑅𝑑𝑄 𝑡 + 𝑃𝑑 − 𝑅𝑑𝐶
d𝑃 𝑡

d𝑡

• First-order backward difference approximation of pressure at 𝑛𝑡ℎ time step:

𝑃𝑛 =
1

1 +
𝑅𝑑𝐶
Δ𝑡

𝑅𝑑𝑄𝑛 + 𝑃𝑑 + 𝑅𝑑𝐶
𝑃𝑛−1

Δ𝑡

• Second-order backward difference approximation of pressure at 𝑛𝑡ℎ time step:

𝑃𝑛 =
1

1 +
3𝑅𝑑𝐶
2Δ𝑡

𝑅𝑑𝑄𝑛 + 𝑃𝑑 − 𝑅𝑑𝐶
𝑃𝑛−2 − 4𝑃𝑛−1

2Δ𝑡



3-Element Windkessel Model
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• Improves a 2-element windkessel model by considering 𝑅𝑝  

• The relationship between flow rate and pressure is given by:

𝑃 𝑡 = 𝑅𝑝𝑅𝑑𝐶
d𝑄 𝑡

d𝑡
+ 𝑅𝑝 + 𝑅𝑑 𝑄 𝑡 + 𝑃𝑑 − 𝑅𝑑𝐶

d𝑃 𝑡

d𝑡

• First-order approximation of pressure at 𝑛𝑡ℎ time step:

𝑃𝑛 =
1

1 +
𝑅𝑑𝐶
Δ𝑡

𝑅𝑝𝑅𝑑𝐶
𝑄𝑛 − 𝑄𝑛−1

Δ𝑡
+ 𝑅𝑝 + 𝑅𝑑 𝑄𝑛 + 𝑃𝑑 + 𝑅𝑑𝐶

𝑃𝑛−1

Δ𝑡

• Second-order approximation of pressure at 𝑛𝑡ℎ time step:

𝑃𝑛 =
1

1 +
3𝑅𝑑𝐶
2Δ𝑡

𝑅𝑝𝑅𝑑𝐶
3𝑄𝑛 − 4𝑄𝑛−1 + 𝑄𝑛−2

2Δ𝑡
+ 𝑅𝑝 + 𝑅𝑑 𝑄𝑛 + 𝑃𝑑 − 𝑅𝑑𝐶

𝑃𝑛−2 − 4𝑃𝑛−1

2Δ𝑡



4-Element Series Windkessel Model
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• Includes an inductor in the main branch of the circuit

• Accounts for the inertia to blood flow

• The relationship between flow rate and pressure is given by:

𝑃 𝑡 = 𝑅𝑝 + 𝑅𝑑 𝑄 𝑡 + 𝐿 + 𝑅𝑝𝑅𝑑𝐶
d𝑄 𝑡

d𝑡
+ 𝑅𝑑𝐶𝐿

d2𝑄 𝑡

d𝑡2
+ 𝑃𝑑 − 𝑅𝑑𝐶

d𝑃 𝑡

d𝑡

• First-order approximation of pressure at 𝑛𝑡ℎ time step:

𝑃𝑛 =
1

1 +
𝑅𝑑𝐶
Δ𝑡

𝑅𝑝 + 𝑅𝑑 𝑄𝑛 + 𝐿 + 𝑅𝑝𝑅𝑑𝐶
𝑄𝑛 − 𝑄𝑛−1

Δ𝑡
+ 𝑅𝑑𝐶𝐿

𝑄𝑛 − 2𝑄𝑛−1 + 𝑄𝑛−2

Δ𝑡2
+ 𝑃𝑑 + 𝑅𝑑𝐶

𝑃𝑛−1

Δ𝑡

• Second-order approximation of pressure at 𝑛𝑡ℎ time step:

𝑃𝑛 =
1

1 +
3𝑅𝑑𝐶
2Δ𝑡

𝑅𝑝 + 𝑅𝑑 𝑄𝑛 + 𝐿 + 𝑅𝑝𝑅𝑑𝐶
3𝑄𝑛 − 4𝑄𝑛−1 + 𝑄𝑛−2

2Δ𝑡
+ 𝑅𝑑𝐶𝐿

2𝑄𝑛 − 5𝑄𝑛−1 + 4𝑄𝑛−2 − 𝑄𝑛−3

Δ𝑡2
+ 𝑃𝑑 − 𝑅𝑑𝐶

𝑃𝑛−2 − 4𝑃𝑛−1

2Δ𝑡



4-Element Parallel Windkessel Model
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• Includes an inductor in parallel to proximal resistance

• Accounts for the inertia to blood flow

• The relationship between flow rate and pressure is given by:

𝑃 𝑡 = 𝑅𝑑𝑄 𝑡 + 𝐿 1 +
𝑅𝑑

𝑅𝑝

d𝑄 𝑡

d𝑡
+ 𝑅𝑑𝐶𝐿

d2𝑄 𝑡

d𝑡2
+ 𝑃𝑑 −

𝐿 + 𝑅𝑝𝑅𝑑𝐶

𝑅𝑝

d𝑃 𝑡

d𝑡
−

𝑅𝑑𝐶𝐿

𝑅𝑝

d2𝑃 𝑡

d𝑡2

• First-order approximation of pressure at 𝑛𝑡ℎ time step:

𝑃𝑛 =
1

1 +
𝐿 + 𝑅𝑝𝑅𝑑𝐶

𝑅𝑝Δ𝑡
+

𝑅𝑑𝐶𝐿
𝑅𝑝Δ𝑡2

𝑅𝑑𝑄𝑛 + 𝐿 1 +
𝑅𝑑

𝑅𝑝

𝑄𝑛 − 𝑄𝑛−1

Δ𝑡
+ 𝑅𝑑𝐶𝐿

𝑄𝑛 − 2𝑄𝑛−1 + 𝑄𝑛−2

Δ𝑡2
+ 𝑃𝑑 +

𝐿 + 𝑅𝑝𝑅𝑑𝐶

𝑅𝑝

𝑃𝑛−1

Δ𝑡
+

𝑅𝑑𝐶𝐿

𝑅𝑝

2𝑃𝑛−1 − 𝑃𝑛−2

Δ𝑡2

• Second-order approximation of pressure at 𝑛𝑡ℎ time step:

𝑃𝑛 =
1

1 +
3 𝐿 + 𝑅𝑝𝑅𝑑𝐶

2𝑅𝑝Δ𝑡
+

2𝑅𝑑𝐶𝐿
𝑅𝑝Δ𝑡2

𝑅𝑑𝑄𝑛 + 𝐿 1 +
𝑅𝑑

𝑅𝑝

3𝑄𝑛 − 4𝑄𝑛−1 + 𝑄𝑛−2

2Δ𝑡
+ 𝑅𝑑𝐶𝐿

2𝑄𝑛 − 5𝑄𝑛−1 + 4𝑄𝑛−2 − 𝑄𝑛−3

Δ𝑡2

+𝑃𝑑 −
𝐿 + 𝑅𝑝𝑅𝑑𝐶

𝑅𝑝

𝑃𝑛−2 − 4𝑃𝑛−1

2Δ𝑡
−

𝑅𝑑𝐶𝐿

𝑅𝑝

−5𝑃𝑛−1 + 4𝑃𝑛−2 − 𝑃𝑛−3

Δ𝑡2



LPN Model of Downstream Coronary Vascular Beds
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• Represents the impedance of the downstream coronary vascular networks 
absent in the 3D computational domain

• The model has an arterial side, a venous side, and a junction between them 
modeling the effect of intramyocardial parameters

• The arterial side consists of a coronary arterial resistance 𝑅𝑎, coronary arterial 
compliance 𝐶𝑎, and coronary arterial microcirculation resistance 𝑅𝑎−µ

• Similarly, the venous side consists of a coronary venous resistance 𝑅𝑣, 
coronary venous compliance 𝐶𝑣, and coronary venous microcirculation 
resistance 𝑅𝑣−µ

• Myocardial compliance 𝐶𝑖𝑚 represents the compliance of the myocardium, 
which affects the flow and pressure in the coronary arteries

• Whereas, intramyocardial pressure 𝑃𝑖𝑚(𝑡) is the time-variant pressure exerted 
by the heart muscle on the coronary vessels

o Represented by either the left or right ventricular pressure, depending on the 
location of the coronary arteries

o The left ventricular pressure is used for the left coronary arteries, and the right 
ventricular pressure for the right coronary arteries 



LPN Model of Downstream Coronary Vascular Beds (Cont’d…)
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• Coronary venous microcirculation compliance 𝐶𝑣 can be removed from the original model to simplify the numerics

• Intermediate pressure 𝑃𝑖(𝑡) taking into account the veinous side and intramyocardial parameters can be given as:

𝑃𝑖 𝑡 = 𝑅𝑣−μ + 𝑅𝑣 𝑄 𝑡 − 𝑅𝑣−μ + 𝑅𝑣 𝐶𝑎

d𝑃 𝑡

d𝑡
+ 𝑅𝑣−μ + 𝑅𝑣 𝐶𝑖𝑚

d𝑃𝑖𝑚 𝑡

d𝑡
+ 𝑃𝑣 − 𝑅𝑣−μ + 𝑅𝑣 𝐶𝑖𝑚

d𝑃𝑖 𝑡

d𝑡

• The overall pressure P(t) at 3D domain’s outlet is:

𝑃 𝑡 = 𝑅𝑎−μ + 𝑅𝑎 𝑄 𝑡 + 𝑅𝑎−μ𝑅𝑎𝐶𝑎

d𝑄 𝑡

d𝑡
+ 𝑃𝑖 𝑡 − 𝑅𝑎−μ𝐶𝑎

d𝑃 𝑡

d𝑡



LPN Model of Downstream Coronary Vascular Beds (Cont’d…)
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• First-order approximation of pressure at 𝑛𝑡ℎ time step:

𝑃𝑖,𝑛 =
1

1 +
𝑅𝑣−μ + 𝑅𝑣 𝐶𝑖𝑚

Δ𝑡

𝑅𝑣−μ + 𝑅𝑣 𝑄𝑛 − 𝑅𝑣−μ + 𝑅𝑣 𝐶𝑎

𝑃𝑛 − 𝑃𝑛−1

Δ𝑡
+ 𝑅𝑣−μ + 𝑅𝑣 𝐶𝑖𝑚

𝑃𝑖𝑚,𝑛 − 𝑃𝑖𝑚,𝑛−1

Δ𝑡
+ 𝑃𝑣 + 𝑅𝑣−μ + 𝑅𝑣 𝐶𝑖𝑚

𝑃𝑖,𝑛−1

Δ𝑡

𝑃𝑛 =
1

1 +
𝑅𝑎−μ𝐶𝑎

Δ𝑡

𝑅𝑎−μ + 𝑅𝑎 𝑄𝑛 + 𝑅𝑎−μ𝑅𝑎𝐶𝑎

𝑄𝑛 − 𝑄𝑛−1

Δ𝑡
+ 𝑃𝑖,𝑛 + 𝑅𝑎−μ𝐶𝑎

𝑃𝑛−1

Δ𝑡

• Second-order approximation of pressure at 𝑛𝑡ℎ time step:

𝑃𝑖,𝑛 =
1

1 +
3 𝑅𝑣−μ + 𝑅𝑣 𝐶𝑖𝑚

2Δ𝑡

𝑅𝑣−μ + 𝑅𝑣 𝑄𝑛 − 𝑅𝑣−μ + 𝑅𝑣 𝐶𝑎

3𝑃𝑛 − 4𝑃𝑛−1 + 𝑃𝑛−2

2Δ𝑡
+ 𝑅𝑣−μ + 𝑅𝑣 𝐶𝑖𝑚

3𝑃𝑖𝑚,𝑛 − 4𝑃𝑖𝑚,𝑛−1 + 𝑃𝑖𝑚,𝑛−2

2Δ𝑡

+𝑃𝑣 − 𝑅𝑣−μ + 𝑅𝑣 𝐶𝑖𝑚

𝑃𝑖,𝑛−2 − 4𝑃𝑖,𝑛−1

Δ𝑡

𝑃𝑛 =
1

1 +
3𝑅𝑎−μ𝐶𝑎

2Δ𝑡

𝑅𝑎−μ + 𝑅𝑎 𝑄𝑛 + 𝑅𝑎−μ𝑅𝑎𝐶𝑎

3𝑄𝑛 − 4𝑄𝑛−1 + 𝑄𝑛−2

2Δ𝑡
+ 𝑃𝑖,𝑛 − 𝑅𝑎−μ𝐶𝑎

𝑃𝑛−2 − 4𝑃𝑛−1

2Δ𝑡
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• Files: Header (.H) and Source (.C)

o windkesselOutletPressureFvPatchScalarField.H

o windkesselOutletPressureFvPatchScalarField.C

• Definition of a header guard using the preprocessor directive

• Include the base class: fixedValueFvPatchFields.H

• Declare the namespace: namespace Foam

• Define enumerations

o For windkessel models

o For differencing scheme

• Other necessary includes in the source file



Windkessel BCs: Class Declaration

23/01/2025CFD with Open-Source Software  |  Muhammad Ahmad Raza
22

• Declare the class as a subclass of the base class

o Encapsulates the properties and methods required for the 
windkessel model

• Declare windkessel parameters, state variable, LPN 
configurations, and time index as private data

• Runtime type information



Windkessel BCs: Default Constructor
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• Accepts a patch and an internal field as input, allowing for the 
basic setup of the boundary condition

• Initializes the object with default values is defined to assign 
predefined values to the class variables



Windkessel BCs: Dictionary Constructor

23/01/2025CFD with Open-Source Software  |  Muhammad Ahmad Raza

• Provides additional functionality by enabling the initialization 
of the class with a dictionary, which can contain additional 
parameters for configuring the boundary condition

• Initializes the object from a dictionary allows for more flexible 
parameter initialization by extracting values directly from a 
dictionary, typically used for user input. 
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Windkessel BCs: Dictionary Constructor (Cont’d…)
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• Read user-specified windkessel model, and print model properties



Windkessel BCs: Dictionary Constructor (Cont’d…)
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• Read and print user-specified differencing scheme



• Supports the mapping of an existing object onto a new patch, 
which is useful when the simulation mesh is modified

• Maps an existing field onto a new patch facilitates the copying of 
the boundary condition from one patch to another, with an 
optional field mapping operation

• Copies the relevant properties, such as the windkessel parameters, 
historical pressure and flow rate variables, and the model selection

• Allows the boundary condition to be reassigned to a new patch, 
ensuring that all the properties are appropriately transferred

Windkessel BCs: Mapping Constructor

23/01/2025CFD with Open-Source Software  |  Muhammad Ahmad Raza
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Windkessel BCs: Copy Constructor
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• Allows the creation of a new object based on an existing instance

• Includes a method to construct and return a clone, ensuring that an 
identical copy of the object can be created when needed

• Creates a duplicate field, acceptind an existing object as input 

• Copies all its properties, including windkessel parameters, pressure 
and flow rate history, and model type

• Essentially a direct duplication of the object’s state, enabling the 
creation of identical copies when necessary



Windkessel BCs: Another Copy Constructor
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• Facilitates the creation of an object by setting a reference to an 
internal field, ensuring proper data linkage

• Copies all the class properties

• Ensures that the internal field reference is updated

• suitable for scenarios where the internal field needs to be modified 
or reassigned without altering other properties of the object
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Windkessel BCs: Member Function Declaration
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• Two important member functions: evaluation and utility functions

• function: Responsible for updating the 
coefficients of the boundary condition based on the flow rate and 
pressure histories and model parameters

• function: Responsible for outputting the boundary 
condition data to an output stream

30



Windkessel BCs: updateCoeffs() Member Function
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• Check of if the coefficients are updated

• Retrieve/compute essential data: time step size, flux through the 
patch, pressure, total patch area

• Check if the time has advanced

• Update flow rate and pressure histories

31



Windkessel BCs: updateCoeffs() Member Function (Cont’d…)

23/01/2025

• Check the time index

• Switch to the selected windkessel model

• Switch to the selected differencing scheme

• Calculate the pressure value using discretized LPN equations

CFD with Open-Source Software  |  Muhammad Ahmad Raza
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Windkessel BCs: updateCoeffs() Member Function (Cont’d…)
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Windkessel BCs: updateCoeffs() Member Function (Cont’d…)

• Calculate the final value of outlet pressure and apply the implicit 
update

• Call the base class function to finalize the update

23/01/2025CFD with Open-Source Software  |  Muhammad Ahmad Raza
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Windkessel BCs: write() Member Function
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• Call the base class function

• Write the common, model-specific, and scheme-specific properties



• Write flow rate and pressure histories necessary for a perfect 
restart of the simulation

• Write the boundary field value entry

Windkessel BCs: write() Member Function

23/01/2025CFD with Open-Source Software  |  Muhammad Ahmad Raza
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Windkessel BCs: Runtime Type Selection and Usage
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• Register the boundary condition in the namespace by defining the 
boundary field type for the class

• Note the method to prescribe the windkessel outlet pressure 
boundary condition in 0/p dictionary of the OpenFOAM case
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Implementation of Coronary BCs: Headers & Includes

23/01/2025

• Files: Header (.H) and Source (.C)

o coronaryOutletPressureFvPatchScalarField.H

o coronaryOutletPressureFvPatchScalarField.C

• Definition of a header guard using the preprocessor directive

• Include the base class: fixedValueFvPatchFields.H

• Declare the namespace: namespace Foam

• Define enumerations

o For differencing scheme

• Other necessary includes in the source file

CFD with Open-Source Software  |  Muhammad Ahmad Raza
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Coronary BCs: Class Declaration
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• Declare the class as a subclass of the base class

o Encapsulates the properties and methods required for the 
coronary LPN model

• Declare LPN parameters, state variable, LPN configurations, and 
time index as private data

• Note the changes to handle intramyocardial pressure time-series 
data

• Runtime type information



Coronary BCs: Constructors
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• 5 constructors (similar to windkessel BC)

• Default constructor

• Dictionary constructor

• Mapping constructor

• 2 copy constructors



Coronary BCs: Dictionary Constructor
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• Initializes the object from a dictionary

• Allows for more flexible parameter initialization

• Typically used for user input

• Provides default values if the entries are not found

• Read differencing scheme



Coronary BCs: Handling 𝑃𝑖𝑚(𝑡) Data
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• Extract path to the file containing intramyocardial pressure data 
within in dictionary constructor

• Load the 𝑃𝑖𝑚(𝑡) data from the specified file

• Helper methods to handle 𝑃𝑖𝑚(𝑡) data

• Intramyocardial pressure time-series data in file

• Time-pressure value pairs



Coronary BCs: Reading 𝑃𝑖𝑚(𝑡) Data
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• Loading 𝑃𝑖𝑚(𝑡) data • Expanding environment variables in the file path



Coronary BCs: Interpolating 𝑃𝑖𝑚(𝑡) Data
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• Helper function designed to compute the interpolated value of 
intramyocardial pressure at current time

• Achieved using a dataset, which must be pre-populated 
with time-pressure pairs

• Get the start and end time from the data set

• Calculate the effective time to handle periodicity

• Perform the linear interpolation

• Data set is repeated after every time period (periodic behavior)

• Final returned value is multiplied by the scaling factor, useful when 
using the same pressure data as 𝑃𝑖𝑚(𝑡) for both LCA and RCA 
(Default value: 1)



Coronary BCs: Member Functions Declaration
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• Two important member functions: evaluation and utility functions

• function: Responsible for updating the 
coefficients of the boundary condition based on the flow rate and 
pressure histories and model parameters

• function: Responsible for outputting the boundary 
condition data to an output stream



Coronary BCs: updateCoeffs() Member Function
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• Check of if the coefficients are updated

• Retrieve/compute essential data: time step size, flux through the 
patch, pressure, total patch area

• Check if the time has advanced

• Update flow rate and pressure histories



Coronary BCs: updateCoeffs() Member Function (Cont’d…)
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• Check the time index

• Switch to the selected differencing scheme

• Calculate the pressure value using discretized coronary LPN equations



Coronary BCs: updateCoeffs() Member Function (Cont’d…)
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• Calculate the final value of outlet pressure and apply the implicit 
update

• Call the base class function to finalize the update



Coronary BCs: write() Member Function
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• Call the base class function

• Write the common, and scheme-specific properties

• Write flow rate and pressure histories necessary for a perfect 
restart of the simulation

• Write the boundary field value entry
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Windkessel BCs: Runtime Type Selection and Usage

• Register the boundary condition in the namespace by defining the 
boundary field type for the class

• Note the method to prescribe the coronary LPN outlet pressure 
boundary condition in 0/p dictionary of the OpenFOAM case
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LPN BCs: Directory Structure & Compilation

•  file: Contains various includes

•  file: Contains paths to the source files for both BC 
(windkessel and coronary LPN)

• Can be compiled using:  

• BC library created within the user library directory i.e., 
: 

• Can be added in the of the OpenFOAM case while 
using



Test Case: Master Directory Structure
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• Contains:

o All the BC files (Source and Header)

o A master OpenFOAM test case for both windkessel and 
coronary BC (Total cases: 11)

o MATLAB script for postprocessing

o Bash scripts to create directory structure from the master 
directory, and delete the already created structure (if 
required)

o Bash scripts to run and clean all the cases one by one



Test Case: solids4foam Case Directory Structure
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Test Case: Geometry
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• Generated using  script

• For windkessel BCs: A simple cylindrical representation of aorta (𝐷 = 30 𝑚𝑚, 𝐿 = 4𝐷)

• For coronary LPN BCs: A simple cylindrical representation of LCA (𝐷 = 3 𝑚𝑚, 𝐿 = 4𝐷)

• Mesh:

o Hexahedra cells: 72000 

o Maximum aspect ratio: 7.05029367

o Maximum non-orthogonality: 29.075478

o Maximum skewness: 1.01487831

o Difference only in the scale or size of the domain for aorta and LCA



Test Case: Simulation Setup
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• Physics of the simulation ( Directory)

o Type: Fluid ( )

o Mesh dynamics: static ( )

o Material: Blood [Newtonian, 𝜌 = 1060 𝑘𝑔/𝑚3, 𝜈 = 3.77 × 10−6 m2/s] 
( )

o Turbulence properties: ( )

o RAS Properties: Laminar (  )

o Fluid model: ( )

• Discretization schemes ( Dictionary)

o Time:  

o Gradient:  

o Divergence: 

o  Laplacian: 

o Interpolation:

o Surface-normal gradient: 

• Solution algorithm ( Dictionary)

o U solver: PCG with DIC preconditioner

o p solver: PBiCG with DILU preconditioner

o Algorithm: PIMPLE



Test Case: Simulation Setup
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• Physics of the simulation ( Directory)

o Type: Fluid ( )

o Mesh dynamics: static ( )

o Material: Blood [Newtonian, 𝜌 = 1060 𝑘𝑔/𝑚3, 𝜈 = 3.77 × 10−6 m2/s] 
( )

o Turbulence properties: ( )

o RAS Properties: Laminar (  )

o Fluid model: ( )

• Discretization schemes ( Dictionary)

o Time:  

o Gradient:  

o Divergence: 

o  Laplacian: 

o Interpolation:

o Surface-normal gradient: 

• Decomposition ( Dictionary)

• Solution algorithm ( Dictionary)

o U solver: PCG with DIC preconditioner

o p solver: PBiCG with DILU preconditioner

o Algorithm: PIMPLE



Test Case: Inlet Flow Rate BC
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• Dictionary:

o Walls: No-slip

o Outlet: Zero-gradient

o Inlet: Time-varying inlet flow rate from file



Test Case: Outlet Pressure BC
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• Dictionary (Walls: Zero-gradient, Inlet: Zero-gradient, Outlet: windkessel model)



Test Case: Outlet Pressure BC (Cont’d…)
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• Dictionary (Walls: Zero-gradient, Inlet: Zero-gradient, Outlet: Coronary LPN model)



Test Case: Simulation Control
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• Dictionary



Test Case: Results (Resistive)
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Test Case: Results (WK2)
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Test Case: Results (WK3)
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Test Case: Results (WK4Series)
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Test Case: Results (WK4Parallel)
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Test Case: Results (Coronary LPN)
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Test Case: Results (Comparison)
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Conclusion
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• The complexities of coronary hemodynamics, including the distinct systolic and diastolic flow phases and the influence of 
intramyocardial pressure, have been effectively addressed through the implementation of specialized LPN models

• Windkessel models, encompassing various configurations of resistive, capacitive, and inductive elements, were derived to simulate the 
unique physiological characteristics of blood flow in larger blood vessels, known as windkessel vessels such as aorta

• The coronary LPN model has been distinguished from traditional windkessel models by incorporating elements that account for 
intramyocardial compliance and the time-varying pressure experienced during the cardiac cycle

• This differentiation has enabled the simulation of out-of-phase flow and pressure relationships that are characteristic of coronary 
circulation

• The numerical implementation has been validated against standard solution of ODEs describing respective LPNs obtained through 
MATLAB, demonstrating a high degree of consistency and accuracy

• The backward finite differencing schemes employed for temporal discretization have shown robustness in solving the ordinary 
differential equations governing the LPN models

• The implementation has been structured to accommodate modularity, enabling future extensions and modifications to the boundary 
condition models



Future Work
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• Patient-specific CFD simulations of a complete coronary artery tree with windkessel BCs applied the aortic outlets and coronary LPN 
BCs applied at coronary outlets

• Investigating the suitability of developed boundary conditions for the FSI simulations in solids4foam toolbox

• Incorporating a more detailed heart model (For inlet BC and to evaluate intramyocardial pressure)

• Estimating and optimizing LPN model parameters

• Improving the computational efficiency of the implemented method

Note: The code would be under process and updated. The latest updates on the ongoing development and implementation of a framework 
for the patient-specific CFD and FSI simulations of coronary arteries in OpenFOAM and solids4foam toolbox will be available on the 
author’s GitHub profile (https://github.com/MA-Raza)

https://github.com/MA-Raza


Thank You!!!
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