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Introduction 
 
A classic, life-science-themed fluid dynamics scenario is blood flow through a constriction.1,2   Physics teachers 
traditionally ask students if the pressure experienced by the blood in the constriction is greater, lesser, or the same 
as before the constriction.  The conventional approach to resolving this question calls upon the equation of 
continuity, as well as the Bernoulli equation.  Biological systems, however, experience a resistance to flow, and a 
consequential pressure drop, that is often better described by Poiseuille’s law.  Within this apparent conflict, 
which approach is correct?  This paper argues that Poiseuille’s law is the more appropriate choice for most 
biological examples and encourages a Poiseuille-first approach to teaching fluid dynamics in classes designed for 
life science majors.   
 
The Case for a New Approach  
 
A review of the chapters on fluids in commonly-used physics textbooks3 shows that, after introducing hydrostatic 
pressure and buoyancy, each one emphasizes the Bernoulli and continuity equations as the primary descriptors of 
fluid dynamics.  For instance, streamlines of air pass over the wings of an airplane more quickly than under the 
wings, leading to a pressure gradient that produces a lift force.  Mounting evidence4-7 suggests, however, that 
Bernoulli’s equation alone cannot completely describe airplane lift, curving soccer balls, floating Ping-Pong balls, 
water-spray, and other classic examples.  Coanda and Magnus effects, turbulence, vortices, and entrainment play 
vital roles in these systems.  Bernoulli’s equation, far from playing the lead role in fluid dynamics, is merely a 
single cog in a larger network of important mechanisms.   
 
As teachers are beginning to adopt Introductory Physics for the Life Sciences (IPLS)8-10 curricula, their emphasis 
shifts towards the physics principles applied to biological systems.  Fluid systems receive greater attention in the 
classroom and biological examples include blood pressure and cell wall tension, flow in circulatory and 
respiratory systems, transport via diffusion and osmosis, and viscous drag forces that resist the forward motion 
of swimming organisms. As I will demonstrate, these systems typically have low Reynolds numbers and exhibit 
pressure drops consistent with Poiseuille.  
 
While the Bernoulli principle has a place of its own as a simple, intuitive explanation for various phenomena, it is 
a limited lens through which to view the rich complexities of the true-to-life fluid dynamics associated with 
biological cases. The growing emphasis on life science applications heightens the need for teachers to use 
examples that rely on more realistic viscous and turbulent fluid properties.  A Poiseuille-first approach to 
teaching fluid dynamics should be the natural choice because it is a more accurate representation of these 
systems.   
 
The Physics of Pressure Gradients 
 
According to the equation of continuity and Bernoulli’s equation, as blood enters a constriction, its velocity v 
increases and the pressure P in the vessel decreases (Fig. 1a).  If this occurs on a level, horizontal plane, then 
gravitational effects are ignored and the change in pressure from Region 1 to Region 2 (ΔP21 = P2 – P1) can be 
written as 

 
∆𝑃!" =

!
!
𝜌 𝑣!! − 𝑣!! ,           (1) 

 
where ρ is the mass density of the fluid.  In this case, ∆𝑃!" is a negative value, indicating a pressure drop.  When 
the blood exits the constriction into Region 3, its velocity decreases and the pressure in the vessel increases, as 
indicated by a positive value of ∆𝑃!". The net result is that the pressure is the same at both the entrance and exit 
of the vessel in the absence of resistive energy losses. 



 
Fig. 1: (a) Flow through a constricted pipe and (b) flow through a non-constricted pipe.  Particle velocity is indicated by vector 
length and a gauge sensor indicates vessel pressure.  The pressure and velocity change due to the Bernoulli principle in Fig. 
1(a) and the pressure change due to Poiseuille’s law in Fig. 1(b).  
 
Real fluids, however, are not resistance-free.  For instance, take a straight tube of length L and constant radius r 
(Fig. 1b).  When accounting for resistance, a real fluid experiences a linear pressure drop from one end of the pipe 
to the other.  This is described, in its simplest form, by Poiseuille’s equation (or the Hagen-Poiseuille equation):  
 
∆𝑃 = 𝑄 ∙ !!"

!!!
= 𝑄 ∙ 𝑅,               (2) 

 
where η is the dynamic viscosity11 of the fluid, Q is the flow rate, and R is the resistance.12  Flow rate Q is a 

volume flow per unit time, with the unit 𝑚
!
𝑠, which relates a cylindrical pipe’s cross-sectional area to the 

average fluid velocity 𝑣:13 

 
𝑄 = 𝜋𝑟!𝑣.            (3) 
 
The typical textbook approach to the example of a blood vessel constriction is to apply Bernoulli’s equation.  This 
approach suggests that the blood pressure before and after the constriction is the same.  Yet Poiseuille’s equation 
dictates that the pressure must drop!  How do we resolve this contradiction? 
 
Bernoulli is relied upon repeatedly in textbooks, published physics exercises, and classroom demonstrations.  
Most textbooks emphasize the Bernoulli and continuity equations early in the chapter and place Poiseuille’s law 
at the end.  In fact, some texts relegate viscosity and the associated pressure drop to an optional section, 
suggesting it is minimally important.  We are not the first to note this issue. Hellemans et al.14 introduced a 
classroom experiment nearly 40 years ago that combined the two laws and showed the limitations of Bernoulli.  
Ten years later, Badeer and Synolakis15 pleaded with the authors of college physics texts to include a combination 
of Bernoulli’s and Poiseuille’s equations, as well as a discussion pertaining to them.  I revive these prior authors’ 
arguments in the context of the constricted artery and extend them to the entire cardiovascular system. 
  
Two additional mathematical terms can help establish when Bernoulli and Poiseuille are best applied.  The late 
Steven Vogel, an inspiring and insightful educator and biomechanics researcher, lends insight through his love of 



the dimensionless ratio.16 He takes a ratio of the dynamic pressure (Bernoulli) to the average Hagen-Poiseuille 
pressure drop: 
 

𝐵/𝐻𝑃 = !!!!

!"!"
.                (5) 

  
This provides a means of determining which principle dominates.  As a rough guideline, if B/HP ≳ 10, then the 
viscosity-related pressure drop is only a tenth of the dynamic pressure, and Bernoulli’s equation dominates the 
scene.  If B/HP ≲ 0.1, then viscosity dominates the situation and the physics is best described by Poiseuille’s Law.  
Generally, if the fluid velocity is small, the fluid viscosity is high, and the pipe radius narrow, then Poiseuille’s 
law will come to the forefront. 
 
Another helpful quantity is the Reynolds number Re.   Re for fluid flow in a pipe can be written as 
 
𝑅𝑒 = !!!"

!
,                (4) 

 
with all variables defined as before.  Within a cylindrical pipe, if Re ≲ 2000, then the flow is laminar, which is a 
necessary condition for Poiseuille’s Law.  If Re ≳ 4000, then the flow is turbulent, and Poiseuille’s law is no longer 
applicable.17 The Reynolds number provides an important criterion to the application of Poiseuille’s law.18   
 
The Importance of Poiseuille’s Law in Blood Flow 
 
To determine the value of each principle with regards to blood flow, I met with several experts, including many 
colleagues who teach anatomy and physiology and Dr. Jonathan Lindner19, cardiologist and Professor of 
Medicine at Oregon Health and Science University.  In one respect, physics texts make a wise decision by 
separating Bernoulli’s principle and Poiseuille’s law into distinct cases.  For instance, anatomy and physiology 
professors emphasizedΔ𝑃 = 𝑄 ∙ 𝑅, and the cardiologist naturally discussed Poiseuille-dominated measurements 
and Bernoulli-dominated measurements as distinct.   
 
One of the most important cardiovascular concerns, as discussed by Dr. Lindner, is stenosis, the constriction or 
narrowing of a blood vessel or valve in the body (e.g. blood flow through a constriction). A common form of 
stenosis is the atherosclerotic narrowing of coronary arteries, a primary concern in cardiovascular care. Figure 2 
shows typical values20 for both healthy and constricted coronary arteries.  

 
Fig 2: Selected values for a healthy and constricted coronary artery, adapted from Herman20.   
The constricted radius represents a 75% blockage for the purposes of the following example. 

 
The average velocity of blood flow in a typical, healthy coronary artery is calculated with equation (3): 

𝑣 = !
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=
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!
!
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= 0.08 !

!
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The Vogel number for flow through a coronary artery is then: 
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and the Reynolds number is  
 

𝑅𝑒 = !!!
!
=

!"#" !"
!! !.!" !! !∙!.!!"!

!.!!" !"∙!
= 85. 

 
For a healthy artery, we see that Vogel’s number suggests that Poiseuille’s law is a more appropriate model to 
consider, and blood flow is laminar, so such a model is applicable.  For an artery constricted by 75%, velocity is 
1.3 m/s, B/HP remains 0.27, and Re is 340.  Flow remains laminar within a constriction, and a Poiseuille-approach 
remains appropriate.  Dr. Lindner confirmed this notion by speaking of an increase in resistance as an artery 
constricts, where the resistance R is a critical piece in Poiseuille’s equation. 
 
To verify these predictions, we should directly compute the pressures involved in each situation.  For a healthy 
artery, the viscosity-related (Poiseuille) pressure drop across the vessel is 
 

∆𝑃 = 𝑄 ∙ !!"
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while the dynamic (Bernoulli) pressure is 
 

𝑃 = !
!
𝜌𝑣! = !

!
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!

!
= 3𝑃𝑎. 

 
The pressure drop across the vessel is more than 4x greater than the dynamic pressure in a healthy artery.  If the 
artery is constricted, then the Poiseuille drop is about 3300 Pa and the dynamic pressure about 900 Pa, again 
Poiseuille-dominated. 
 
What do these calculations suggest and what conclusions can we draw?  The primary pressure change is due to 
viscosity.  A decrease in artery radius leads to a substantial increase in vessel resistance and therefore a large 
pressure drop that the human body must account for.  The reduction in blood vessel area would seemingly lead 
to an increase in blood pressure as the heart works harder to maintain healthy flow rate (about 4-5 L/min for 
most adults).  This is a consequence of equation (2): if the flow rate Q must remain the same even as resistance R 
increases, then the driving pressure gradient ΔP must increase proportionally. Fortunately, the body can 
compensate in other ways; arteries downstream from the occlusion can dilate, increasing the circulatory system’s 
effective area and thereby reducing the resistance to flow.  This self-correction (called autoregulation) is effective 
until an artery is about 70-80% blocked.  At this point, dilation cannot compensate for the blockage and larger 
health problems are imminent. 
 
The human circulatory system, as a whole, is a prime example of Poiseuille’s law in action.  The heart needs to 
provide enough pressure to overcome the resistance of the plumbing that carries blood throughout the body.  As 
arteries branch out to arterioles and then to capillaries, average pipe length and diameter continually change.  
While this may complicate realistic mathematical expressions, the flow rate remains constant (obeying continuity) 
and the pressure steadily drops (obeying Poiseuille’s law).  Fig. 3 shows a simplified schematic of the circulatory 
system, where total cross-sectional area of blood vessels, the speed of the blood through those vessels, and the 
pressure along this route all change.  Though individual capillaries are tiny compared to the aorta and major 
arterial vessels, they are much greater in number, leading to a remarkably large total area and low blood velocity 
through them.  Meanwhile, after the blood is ejected from the heart, the blood pressure steadily drops as blood 
flow faces continued resistance from each vessel downstream, contradicting the Bernoulli principle and 
demonstrating a Poiseuille-dominated system. (See Whitmore et al.22 for a kinesthetic laboratory model of the 
circulatory system that challenges students to grapple with this idea.)  



	 
Fig. 3: (a) Blood is ejected from the heart into the aorta, travels through various major vessels in the circulatory system, and 
returns to the heart via the venae cavae.  (b) The total cross-sectional area of each type of blood vessel varies throughout the 
system. (c) As total area increases, blood velocity decreases by the continuity equation.  (d) Pressure steadily drops, 
demonstrating a Poiseuille-dominated system rather than a Bernoulli-dominated system.  Images and graphs adapted from 
Marieb.21 
 
Conclusion 
 
The fluid dynamics of real biological systems demand deeper layers of physics than the typical introductory 
physics teacher has previously encountered. Though many straightforward Bernoulli principle calculations are 
being applied to simple life science applications, we may actually be inventing unrealistic problems and, in the 
process, losing an opportunity to teach our students how to apply a more appropriate model.  As teachers, we 
need to carefully select our example problems and ensure that they come from sources that have sought input 
from professionals in the fields of biology and medicine. We also need to collaborate with our biology colleagues 
and learn from them how to create truly authentic biology-based physics questions.  The author admits that this 
is not an easy task.  It takes curiosity and commitment to gather knowledge in disciplines we may have 
previously eschewed.  With old explanations faltering and new life science applications taking their place, 
evidence supports the consideration of a Poiseuille-first approach to teaching fluid dynamics.   
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