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I. Intro (1,2) 

Blood plays a crucial role in the function of the human body and the maintenance of 

homeostasis.  Homeostasis is when the body resists changes in order to maintain internal 

stability.  For example, when body temperature drops below a certain level a person might start 

shivering, or when somebody starts exercising and depleting the oxygen in their blood at a faster 

rate than when resting, they will begin to breath faster and their heart rate will increase in order 

to distribute more oxygen throughout the body.  (1) 

The circulatory system is responsible for transporting oxygen to cells throughout the body, 

regulating temperature, transporting nutrients and cellular wastes, clotting, and other functions.  

Due to this, blood is a complex fluid that has specific qualities in order to fulfill all of these 

needs.  Blood is composed of erythrocytes, leukocytes, and platelets.  Erythrocytes are red blood 

cells that contain the hemoglobin protein that carries up to four oxygen molecules.  This 

component of blood is what is responsible for gas exchange throughout the body.  Additionally, 

leukocytes are the white blood cells that are responsible for immune functions and platelets are 

the what allow blood to coagulate.  These three components are suspended in the liquid portion 

of blood called plasma. (2)   

II. Circulatory System (4,16,1) 

  In order for blood to be distributed throughout the body, it follows the circulatory system.  

Starting at the heart, blood is pumped to the lungs in order to exchange carbon dioxide in the 

blood for oxygen, then it returns to the heart.  From there it is pumped throughout the body 

through arteries, arterioles, capillaries, venules, veins, and then back through the heart.  The 



 Tieu 2 

 

difference between arteries and veins is that the blood flowing in arteries is moving away from 

the heart while the blood in veins is returning to the heart.  These large blood vessels mostly 

function as pathways for blood to be transported to other parts of the body. (4)  

The majority of gases, nutrients, and cellular wastes are exchanged at the capillary level.  

For each successive level of vessels starting at the arteries, smaller vessels branch out until they 

become capillaries.  The total cross-sectional area of the capillaries is about 6000 cm
2
 versus 

arteries that have a total surface area of about 40 cm
2  

(16).  While this number may seem large in 

comparison, capillaries have to be heavily abundant throughout the body otherwise certain 

tissues would not get the nutrients that they need. The branching network ensures that each cell 

will be close enough to a blood source.  Eventually they join back together to form veins and 

direct blood back to the heart.  

 

Figure 1 shows a basic model of how blood vessels change throughout the circulatory system 

(4). 

One of the most important structural characteristics of arteries is that they are highly elastic.  

This allows the diameter, and thus localized blood volume, of the arteries to increase 
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immediately after the heart pumps, thus maintaining a more stable pressure in these vessels.  As 

a result, the amount of blood circulated throughout the body from each beat of the heart is 

maximized and the heart does not have to work excessively hard.  For example, if arteries were 

not elastic, blood pressure would be significantly higher after each heartbeat, but not as much 

blood would be pumped through the vessels.  The heart would have to compensate by pumping 

faster so that cells receive the oxygen they need. (1) 

III. Blood Physics (1,4,8,9) 

Even though capillaries have the smallest diameter of about 5-10 micrometers compared to 

arteries with diameters that can be larger than 10 millimeters and veins that range in diameter 

from 1 up to 15 millimeters, they have lower pressure.  This is due to the vast branching network 

of the capillaries.  Arteries contain about 10% of total blood volume while capillaries contain 

about 15%.  The rest of blood volume, about 70%, is contained in the veins.  This pressure 

gradient is what facilitates the flow of blood throughout the entire body.  Due to the increase in 

volume of all of the capillaries in relation to the arteries, resistance of blood flow decreases.  As 

the volume gradually increases in the capillaries, the pressure decreases, thus velocity decreases.  

This gives cells and blood enough time to transfer nutrients, wastes, and oxygen through 

diffusion.  Velocity and pressure decrease even more as blood moves from capillaries to veins.  

Since pressure in veins is so low and blood has to work against gravity in the lower extremities, 

some veins have valves that prevent the backflow of blood when the heart is at rest, and they 

ensure that blood continues to move in one direction.  (1)(4) 
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Figure 2: The relationship between (a) vessel diameter, (b) total cross-sectional area of the 

vessels, (c) average blood pressure, and (d) velocity of blood flow throughout the circulatory 

system is shown. 

 One vital factor that affects blood flow is viscosity.  Viscosity is a property of fluids that 

is related to internal friction caused by fluid layers moving past each other.  In blood, viscosity is 

proportional to resistance and inversely proportional to flow, meaning that high blood viscosity 

increases resistance and decreases blood flow.  Blood viscosity is usually dependent on 

interactions between red blood cells and plasma proteins.  More specifically, red blood cells 

experience friction when the move past each other in vessels.  This is more significant than the 

effects of plasma proteins because cells are larger than the molecules found in plasma.  

Sometimes, red cells stick together and form small chains, further increasing the viscosity of 
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blood.  Since these molecules are given more time to interact at lower velocities, viscosity 

increases when velocity is low.  Additionally, blood is slightly compressible since blood cells 

can compress and change shape to squeeze through capillaries.  This makes blood a non-

Newtonian fluid as opposed to a Newtonian fluid where “viscosity is independent of flow 

velocity” (8). 

 Another factor that can affect blood viscosity is temperature.  When fluids are at a lower 

temperature, they become more viscous as the fluid has a lower kinetic energy and molecules do 

not readily move past each other, thus increasing friction between molecules.  In the body, these 

changes in temperature are most evident in the extremities where velocity is already lowered due 

to vessel size.  In these areas, changes in blood flow are even more significant and may have 

detrimental impacts on a person’s health. 

 Lastly, a common factor that affects blood flow is simply the amount of water that is 

present in a person’s blood.  If they are dehydrated, there is more friction caused by blood 

contents restricted to a lower volume, leading to an increased viscosity.  It has been found that, 

when a person is dehydrated, their blood viscosity when the heart pumps increased by about 

9.4%; when the heart is momentarily at rest between beats, blood viscosity increases by about 

12%. (9) 

IV. History of Blood (6,5,7) 

Until about the mid 1600’s, people lacked significant knowledge about the functions of blood 

and ways that blood could be used to help sick people (6).  Up until this point in modern 

medicine, most of what cultures knew about blood was that it was a life force, thus blood became 

symbolic of life and death (5).  Naturally, blood played important roles in religion in many 

cultures.  One of the most notable instances of a culture’s use of blood was the Aztecs and their 
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belief that blood sacrifice would appease the gods and cause good weather and bountiful crops.  

It is estimated that a few thousand humans and animals would be sacrificed each year for this 

purpose.  The people were often prisoners of war and would have their beating heart cut from 

their chest as they lie strapped to a sacrificial stone (7). 

V. History of Blood in Medicine (10,11) 

Before the advancements of modern medicine and before doctors had an accurate 

understanding about how the body worked, one of the first treatments that they would resort to 

was bloodletting.  The practice may have been made more common by Hippocrates’ in about 

460-370 BC and his idea that illness was caused by an imbalance of the four humors that made 

up the body.  The four humors were blood, phlegm, black bile, and yellow bile (10).  Naturally, 

if there was an imbalance of blood, the way to get bring it back to its natural levels was to 

participate in bloodletting.  Even in medieval Europe, bloodletting was still being used as a 

treatment for a variety of illnesses such as smallpox and epilepsy.  Often these procedures 

consisted of using a sharp pointed tool or a blade to nick an artery or vein, but leeches would 

sometimes be used.  

 Eventually, the church began to disprove of the practice, so barbers began performing 

these procedures for people in addition to their normal haircuts.  People carried this practice on 

for many years.  In fact, the death of George Washington has often been attributed to blood loss 

after he had about 5-7 pints of blood drained in less than 16 hours in response to a sore throat 

(11).  Despite the medical knowledge that patients did not often benefit from bloodletting, people 

probably continued to live with the idea that this treatment was valid and turned to it when they 

felt ill.  It is possible that people with certain diseases did benefit from this treatment, which may 

have helped people continue to believe that bloodletting was effective.  One disease that still uses 
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bloodletting as a treatment is hemochromatosis, which is the buildup of iron in the body. 

Periodic blood draws, are used to limit this accumulation.  Now, blood is used much more 

practically.  From blood transfusions to blood tests that allow people to be tested for hundreds of 

diseases, medicine has advanced to help thousands of people every day.   

VI. History of Modeling Blood Flow (14,17,15,18,20) 

Fluid modeling first began in ancient civilizations that had to solve various flow problems for 

various activities like sailing or planning irrigation systems.  Between 285 and 212 B.C., 

Archimedes studied buoyancy and applied these laws to objects that could float and be partially 

submerged.  He developed a screw pump that converted the potential energy of the fluid into 

mechanical energy of the screw.  The pressure change caused by the turning of the screw caused 

the fluid to move against gravity.  Its concept was revolutionary and allowed for low bodies of 

water to be transported into irrigation ditches that were higher up.  His works were likely the 

early forms of differential calculus that would later be used for more advanced modeling. 

(14)(17) 

 The next major development for fluid modeling occurred when Leonardo da Vinci, who 

lived from 1452 to 1519, formed the equation for the conservation of mass in situations with 

one-dimensional steady flow.  He also explored concepts of waves, jets, and situations with high 

and low drag.  He had hundreds of accurate drawings about the behavior of fluids that helped 

future scientists with the mathematical modeling of these patterns (14).  Additionally, when Isaac 

Newton, who lived between 1642 and 1727, defined what a Newtonian fluid was, he made it 

possible for many other mathematicians to derive other equations about fluid flow.  His most 

famous work Mathematical Principles of Natural Philosophy was published in 1687 (18).  This 



 Tieu 8 

 

work stated the fundamental three laws of motion and defined the concept of gravity. These laws 

are the foundation of physics and are have many applications throughout physics. 

Somebody who began to directly apply mathematical modeling to fluid flow in the body 

is Daniel Bernoulli, who lived from 1700 to 1782.  When he began learning about fluid 

mechanics while trying to pursue the medical degree that his father expected from him, Bernoulli 

took advantage of the book On the Movement of Heat and Blood in Animals to further his 

research on the topic (15).  The book compared the human heart to a pump that would cause 

blood to flow like a fluid through the circulatory system.  Using the principles of conservation of 

momentum and conservation of energy, Bernoulli was able to explain the inverse relationship 

between pressure and velocity when the streamline is decreased.  Bernoulli discovered how to 

measure blood pressure and explained that a “moving fluid exchanges its kinetic energy 

for pressure”, eventually deriving the equation , where “p” 

represents pressure, “ρ” represents the density of the fluid, and “u” represents it velocity (19).  

These concepts were explained in 1738 when he published his book Hydrodynamica (20).  There 

are many restrictions on this model though:  points 1 and 2 lie in streamline; fluid is 

incompressible; fluid has steady flow; and the fluid experiences no friction.  If the fluid is 

incompressible, it has a constant volume, and thus constant density.   
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Figure 3 shows an application of Bernoulli's equation when vessel diameter is constricted. (20) 

One model that has slightly less restriction in its model for fluid flow is Poiseuille’s equation, 

which takes changes in viscosity into account.  Jean-Louis-Marie Poiseuille lived from 1799 to 

1869 and was a French physician who discovered the relationship between blood vessel diameter 

and flow velocity.  He did this by using air pressure to force water through glass tubes that were 

the size of capillaries because, at the time, anticoagulants had not been created to keep blood 

from clotting outside the body and actual blood could not be used (22).  His equation is for flow 

rate is given by  where “L” 

is the length of the vessel, “R” is the 

radius of the vessel, “ ” is the blood 

viscosity, and “P” is pressure (23). 

 

Figure 4 shows the contraption that 

Poiseuille used to study the 
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relationship between vessel diameter and blood flow (21). 

 

When studying for his doctorate, he published The Force of the Aortic Heart in 1828 and would 

later publish many more articles for science journals (21).  Most of his works related to blood 

flow and nonturbulent fluids.  Today, new combinations of these equations are being used to 

encompass more factors that could affect blood flow.  In the future, it is hoped that a more 

accurate equation to model blood flow will aid in the treatment and research of different 

circulatory diseases that are fatal to many around the world. 

VII. Derivation of Bernoulli’s Equation (26) 

Conservation of Mass: 
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This can be plugged back into the top equation to give: 
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We can use the derivative operator to modify the conservation of mass equation - 
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Conservation of Momentum: 

Newton’s Second Law can be used to further modify the conservation of momentum 

equation: 
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Momentum equations for 1-D motion can be simplified with some assumptions: 

• 0
t

∂
=

∂
 because flow is steady 

• 0
x

gρ ≃ because only small changes in gravitational potential energy occur within blood 

vessels in small distances 

• Fviscous  

• ρ is constant 

These assumptions can be used to simplify the equation for conservation of momentum to 

Bernoulli’s: 

( )
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u u p
u g F
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In this equation,
o

p  is the stagnation pressure as the velocity approaches zero, or the max 

pressure that can be obtained. 

Momentum equations for 2-D motion can be simplified with some assumptions: 

• 0
t

∂
=

∂
 because flow is steady 

• 0
x

gρ ≃ because only small changes in gravitational potential energy occur within blood 

vessels in small distances 

• ρ is constant 

Where , ,V u v w=< >
�
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Another simplification that can be made is: 

tan( ) ( )( ) ( )( )
dy v

u dy v dx
dx u

θ = = → =  

From here the x-momentum equation can be multiplied by dx in order to simplify it. 
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The same can be done with the y-momentum equation. 
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The derivations of the x and y momentum equations can be added to further simplify into 

the Bernoulli equation. 
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Again, in this equation,
o

p  is the stagnation pressure as the velocity approaches zero, or 

the max pressure that can be obtained. 
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VIII. MATLAB 

 

 

 

 

 

 

 

  

Figure 5 models the change in cross sectional area of a coronary artery with a 5% reduction amount and compares it to the change in cross 

sectional area of an artery with a 1% reduction. 
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For this model, a coronary artery with a plaque formation will be modeled.  As previously 

stated in the blood physics section, velocity increases in the vessel through the restricted area due 

to conservation of mass; more blood must flow through a smaller area so velocity increases.  

Pressure, however, decreases through the narrow section as verified by Bernoulli’s equation.  

Additionally, the plaque formation was modeled to have normal distribution for simplicity.  The 

initial pressure chosen for this model is a constant 20 mmHg, which is the average systolic blood 

 

Figure 6 shows the change in velocity caused by a 5% area reduction in a coronary artery. 

 

Figure 7 shows the change in blood pressure caused by a 5% area reduction in a coronary artery. 
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pressure in the coronary arteries (27).  Again, the beating of the heart was not accounted for in 

this model for simplicity. 

IX. Problems with Blood Flow (1) 

After the significance the structure of the circulatory system is explained, it is easy to 

understand how any factors that affect the diameter of a blood vessel greatly impact blood flow 

throughout the body.  For example, one of the most common issues that people experience is the 

buildup of plaque in arteries.  This restricts blood flow due to the narrowing of vessel walls in 

addition to making them less flexible.  In extreme cases, the artery is blocked completely and 

cells do not receive the oxygen that they need to survive.  Muscle death results if the blockage is 

not treated immediately.  In order for all cells to receive the blood supply that they need to 

function properly, the heart will overcompensate by pumping more.  This increases the amount 

of blood being delivered throughout the body in a certain amount of time, but it also increases 

blood pressure. (1) 

X. Issues that Arise (13,12) 

 Minor changes in blood flow can affect many processes in the body and cause health 

problems.  In minor cases, more stress is simply placed on the heart because more blood has to 

be pumped throughout the body to compensate for the area that is not receiving enough 

oxygenated blood.  If allowed to progress, however, this leads to high blood pressure- called 

hypertension- which can cause a plethora of serious health problems.  In the U.S., about 30% of 

the adult population has hypertension, putting them at risk for strokes and heart attacks (13).  

There are many other common issues that arise due to hypertension (12): 

• Coronary artery disease 

• Enlarged left heart 
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• Heart failure 

• Dementia 

• Mild cognitive impairment 

• Kidney failure 

• Kidney scarring 

• Nerve damage 

• Eye blood vessel damage 

• Bone loss  

Furthermore, hypertension causes vessel walls to weaken in other parts of the body.  

Sometimes, if the condition is serious enough, a bulge, known as an aneurysm, will form in the 

vessel.  Because pressure is highest in the arteries of the body, aneurysms are more likely to form 

in the largest arteries of the body, like the aorta, or in areas with high blood flow, like the brain.  

If the vessel weakens enough, the vessel could rupture and cause internal bleeding (12).  Usually, 

these are life-threatening and will cause death or serious changes that will require months to 

years of rehabilitation. 

 Some lifestyle choices can cause damage to the blood vessels and affect blood flow as 

well.  For example, the chemicals that can be found in cigarettes cause the cells of the blood 

vessels to become inflamed and swell (24).  This increases blood pressure as blood vessels 

constrict, and blood cells are more likely to stick to the vessel walls and form into plaque.  Just 

like with atherosclerosis, this puts excess strain on the heart and can lead to coronary heart 

disease, stroke, and aneurism.  About every one in four deaths in the United States is caused by 

smoking annually, and the best way to reduce this risk is to quit.  Within one year, the risk of 

having a heart attack already decreases dramatically and will improve one’s overall health. 
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 Another disease that can have a major effect on blood flow is diabetes.  Because diabetes 

causes improper absorption of glucose by cells, blood glucose levels are often too high.  This 

causes the blood to become more viscous and “sticky” (25).  As one could expect, this causes the 

heart to work harder, leading to high blood pressure and an increased risk of getting a stroke or 

heart attack.  Similar to with smoking, people can take certain initiatives to prevent the 

development of diabetes in adults and children in order to increase their overall health and 

quality of life. 
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