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Special Report ____________________________________________ _ 

Flow Dynamics for Radiologists 
I. Basic Principles of Fluid Flow 

C. W. Kerber, Department of Radiology, University of California, San Diego 

D. Liepsch, Fachhochshule Jl1unchen, Munich, Germany 

Biorheology, the study of physiologic fluid flow 
in live organisms, is a rapidly expanding science. 
Hemobiorheology more specifically studies blood 
flow in normal and diseased vessels (1-1 0). De
spite our intimate and daily association with flow
ing blood, angiographers generally have paid little 
attention to fundamental fluid dynamics and in
stead have concentrated our efforts on the ana
tomic depiction of disease through gray-scale 
images. 

In fact , fluid flow is one of the basic foundations 
of all life. It also is fundamental to neurointerven
tional technique and treatments. Unfortunately, 
in living systems, fluid flow is difficult to study 
and model. When one attempts direct visualiza
tion of flow in either a live patient or an experi
mental animal, that flowing fluid all too soon 
changes or stops. Experimental problems are 
compounded in the head and neck, where vessels 
have focal dilatations, have many teleologically 
unexplainable curves, are visually opaque, and lie 
for much of their course within dense bone. 

Most basic knowledge about flow and fluid 
comes from the engineering sciences, from stud.:. 
ies that have used rigid, nontapering tubes, ideal 
(newtonian) fluids, and constant flows ( 11-19). In 
the head and neck, we have exactly the opposite 
conditions: (a) the arteries are filled with nonnew
tonian fluid (blood becomes less viscous as it 
increases in velocity or as it is subjected to more 
shearing) (20-24); (b) the tubes are viscoelastic 
rather than rigid (8, 25, 26); and (c) the fluid does 
not flow at a constant rate but rather pulsates 
with a complex waveform. Complicating matters 
even more, the waveforms are different in various 
parts of the cardiovascular system (1-3, 27). 

Although radiologists frequently believe that 
current imaging techniques give information 
about flow, in actuality our techniques almost 

never do. Angiography provides elegant and pre
cise anatomic detail but tells us nothing about 
the quantity of flowing blood. Doppler ultraso
nography gives reliable data about velocity wave
forms (28-31 ), but to date its flow information 
often is not reproducible. Magnetic resonance 
seems to offer real promise, and techniques are 
now being studied that should allow a noninvasive 
means of quantitating global flow in a specific 
artery not only overall , but also individual intra
arterial slipstreams (32-38). Because those indi
vidual slipstreams seem to be important in the 
production of atherosclerosis and berry aneu
rysms (8, 39), being able to visualize them may 
give us a noninvasive way to predict patients at 
risk. 

We can build a foundation for understanding 
this complex science by considering three ques
tions: What is fluid? What functions do fluids 
perform (why do they exist)? What happens when 
fluids flow? 

What is Fluid? 

Most simply, fluids are materials that pour and 
flow (Fig 1 ). They are indifferent to their contain
er's shape. Almost anything that is not a solid is 
a fluid ; that is, either a gas or a liquid.a In our 
world, the most common fluids are air and water. 

Most classical rheologic studies have been car
ried out with Newtonian, waterlike fluids . When 
a fluid has no memory for a prior event and its 
viscosity does not change when a stress is applied 
to it (for example, when it is made to flow) , it is 
considered Newtonian. Blood is not Newtonian; it 
becomes less viscous or thinner when it is 
sheared, as for example when it is made to pass 
through a capillary. This property is called thix
otropy. The most common everyday thixotropic 
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Fig. 1 . Pouring fluids and solids. A fluid 
is most easily defined as what it is not: 
anything that is not solid. Fluids pour, con
forming to the shape of the container that 
holds them. The most common fluids are 
water, a liquid, and air, a gas. Fluids are 
continua and when moved from one con
tainer to another remain as much as possible 
a cohesive unit. 

A, This liquid stream moves faster the 
farther it falls , because gravity accelerates 
it. If the fluid is to stay together (to be 
continuous), its stream diameter must nar
row. This is an apparently simple but pow
erful concept. 

B, Pouring divided or powdered solids 
(salt, for example) shows the difference. The 
salt particles are not continua. The crystals 
do not attempt to conform to the container, 
nor do they stay together. 

A 
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-
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liquid is ketchup. b Conversely, liquids that be
come more viscous when sheared are termed 
rheopexic. Some complex fluids are both viscous 
and elastic. Silly Putty (40) and blood are exam
ples (Fig 2). 

Fluids have mass. As a result, they have inertia 
and will resist motion. When set into motion, the 
system will then have energy, and the fluid will 
be able to do work. Whether that work is useful 
or damaging to the organism depends on the 
organism's ability to channel it effectively. 

Finally, fluids have a peculiar and useful prop
erty called viscosity. Viscosity is simply each 
individual particle's attraction to its neighbor and 
particles' resistance to shearing stresses, to being 
pushed past each other. We know from experi
ence that molasses is more viscous than water. 
It takes more energy to make it flow than water. 
We could supply that energy by a stronger pump, 
or we could put energy into the molasses in the 
form of heat and thus lower its viscosity. One 
way or another, more energy is required. 

What Functions Do Fluids Perform? 

In most situations, a fluid's value lies in its 
ability to be an efficient method of transport. 
Whether it floats a coal barge from one river town 
to another, whether water or freon is heating or 
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cooling your home, or whether blood is trans
porting oxygen and metabolites, fluids are a most 
efficient means of transportation. Although blood 
handles bulk transport of nutrients, metabolites, 
and wastes, it carries energy, too. It transports 
that energy in the form of heat, from our core to 
the skin, where it is radiated away. 

What Happens When Fluids Flow? 

Flowing fluids are all about energy and forces 
and work. To develop our understanding further, 
we must ask how those forces are applied to the 
system, how the energy is transferred from one 
point to another, and what work gets done on 
the container (the arteries) during the transfer. If 
we consider the following eight characteristics of 
fluid flow, we will have a good foundation for 
understanding the phenomena we encounter in 
the human body. 

Forces 

Newton's first law (the law of inertia) states 
that a body will stay at rest unless some force is 
applied to it. So, for a fluid to flow, some outside 
force must be applied to set it in motion. We 
generally apply force to a fluid with a pump. 
Once it begins to flow it will continue to move 
until another force damps its movement. The 
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force required to get it to move is expressed in 
Newton's second law: If we wish a certain accel
eration, and if the fluid has a certain mass, simply 
multiplying the acceleration desired (or measured) 
by the mass of the fluid will give us the force 
required. Once that fluid is moving, it can do 
work that is useful or damaging, depending on 
factors to be considered later. c 

Energy Conserved 
Fluids flow in such a way as to conserve 

energy. Bernoulli found that if friction is ignored, 
when fluid enters a pipe with parallel walls, it will 
exit from the other end essentially unchanged in 
flow velocity, flow volume, or pressure. This 
concept is worth looking at in detail. Consider a 
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Fig. 2. Both Silly Putty (shown here) and 
blood are complex, non-Newtonian fluids. 
They do flow , but not in a laminar way . 
They have a property called viscosity , are 
elastic, and at the same time have a memory 
for prior events. 

A, Being plastic, and having memory, the 
Silly Putty can be formed into a sphere. 

B, Over time, and with force (here, grav
ity) the apparent solid flows, though slowly , 
because of its high viscosity . 

C, Pulled (or sheared) slowly , it will 
change form (creep) and has some elasticity . 

D, Pulled (or sheared) rapidly , its elastic 
limit is easily overcome, and it fractures. 

tube of certain diameter with fluid flowing 
through it at a constant rate (Fig 3). The fluid will 
exert some pressure on the wall. If we place a 
constriction in the pipe, the fluid velocity will 
increase as it travels through the constriction. If 
we measure the pressure at the constriction we 
will find the pressure decreased. This principle is 
used in a gasoline engine carburetor to suck liquid 
gasoline into a rapid ly flowing air stream. The 
lower pressure in the constriction helps the gas
oline vaporize. 

Let us now allow the same fluid to pass 
smoothly into a pipe larger than the original 
diameter. For the total fluid flow to remain con
stant, the velocity must decrease. What is not 
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Fig. 3 . Bernoulli's principle. Assume that 
a fluid enters the system (here, a pipe) at a 
certain pressure and certain velocity . If we 
make a narrowing in the pipe, the velocity 
of the fluid will increase. As the velocity 
increases, the pressure decreases. 

This narrowing has a common practical 
application. If a small tube leading from a 
gasoline tank is tapped into the narrowing, 
and the flowing fluid is air, the low pressure 
will suck gasoline into the air. Furthermore, 
the low pressure there will help vaporize the 
gasoline. 

Let us continue our original pipe experi
ment by next expanding the tube so it is 
larger than the inlet pipe's size. The fluid 
then flows more slowly. What is not intui
tively apparent is that the pressure in the 
pipe will increase beyond the baseline. The 
arrows below are actually vectors. Their 
lengths indicate relative velocity . Pressure 
changes are shown above the pipe in the 
gauges. 

Remember, Bernoulli 's principle ignores 
the effects of friction. 

intuitively apparent is that simultaneously the 
pressure increases too. In summary, Bernoulli's 
theorem states that for perfect fluids, the total 
energy in the flowing system remains constant 
despite changes in velocity or pressure. 

Energy Lost 

In the real world, no system is perfect; every
thing runs down. Mechanical energy is lost, usu
ally to heat and noise. 

Fluids tend to flow smoothly, but if we increase 
the fluid's velocity beyond a certain value for the 
system containing it (see the discussion of Rey
nolds numbers and viscosity, below), the smooth
ness of flow suddenly departs, there is random 
motion of fluid particles, heat is produced, and 
the energy needed to pump the fluid increases 
dramatically. When this happens, the flow is 
termed turbulent. 

Second, in human arteries there may be some 
impediment in the fluid's pathway, such as an 
atherosclerotic plaque. The impediment may not 
result in true turbulence, but drag is produced. 
Drag is simply a resistence to flow caused by the 
impediment. The drag generates heat, and some 
mechanical energy is lost. Under certain condi
tions, the constriction may produce regular ed
dies. These become damped as they pass down
stream. Known as eddy shedding, these disturb
ances usually produce a bruit (Fig 4). 

Ultimately the explanation for these losses lies 
within the fluid itself; fluid particles have an 
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intrinsic stickiness, which we call viscosity. New
ton described viscosity as a lack of slipperiness 
between adjacent layers of a moving fluid. It is 
this internal attraction of the particles to each 
other that must be overcome if fluids are to flow. 
To overcome viscosity, energy is required. En
ergy requirements are minimal when fluids flow 
in a laminar fashion. 

The Principle of Continuity 

This principle bears repeating, because it is a 
critical one to understand and remember: Fluids 
are continua, not discrete entities. Unlike a crystal 
of salt that can be mechanically divided into 
smaller and smaller pieces, fluids tend to stay 
together whether they are contained by a pipe or 
vessel , whether they lie adjacent to a gas or a 
different fluid , or even when they are flowing 
within the same fluid. The most common exam
ple of continuity is water flowing from a faucet. 
The stream narrows as the water accelerates 
under the effect of gravity, but the water stream 
tends to stay together. The principle also explains 
how a stream of a liquid can pass through a body 
of the same liquid. A cold spring entering the 
bottom of a sun-warmed lake can be felt by a 
swimmer. Such an invisible stream holds together 
surprisingly well until dispersed by the currents 
and by the friction of the tube's edges against 
the stiller and warmer water. This powerful prin
ciple explains more subtle fluid behavior too, 
especially at bifurcations (Fig 5). 
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Fig. 4. This is an accurate elastic transparent model of a nearly 
normal human carotid bulb. The patient had a small atheroscle
rotic plaque at the carina. Regular eddies are produced as the 
fluid passes this plaque. The eddies are damped as the fluid flows 
downstream. Termed eddy shedding, this kind of disturbance 
usually produces an audible bruit. The slipstreams have been 
made visible by injecting isobaric colored dyes. The phase is peak 
systole. 

Slipstreams (or Streampaths) 

A problem becomes immediately apparent 
when we consider what happens within the flow
ing stream itself. Unless there is some disturb
ance, the interactions within the stream are gen
erally invisible. Our goal is to make the flow 
visible without disturbing it; we need to see the 
grain in the stone. Visualization is made possible 
by isobaric dyes, particles, or small bubbles ( 41-
44) or, more elegantly, by using the coherent 
light from a laser and measuring the Doppler shift 
as the particles move (45, 46). 

When there is no flow disturbance, when the 
tube walls are rigid, and when the fluid is New
tonian, the fluid flows as a series of sleeves 
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passing over each other. The fastest sleeves are 
in the center, the slowest away from the center 
near the wall. Disturb the flow momentarily or 
stop it; it will not matter. When the flow begins 
again, the motion of the sleeves resumes. The 
pathways of the fluid in sleeves have been termed 
slipstreams or streampaths. 

By measuring the distance a particle flows 
during a short period we can measure velocity 
vectors for the various slipstreams. It is interesting 
(and elegant) that when all the vectors' leading 
edges are viewed from above, they describe a 
parabola (Fig 6). This parabolic profile does not 
develop instantaneously. Let us measure slip
stream vectors as water enters a tube from a 
large holding tank (as in Fig 7). The slipstream 
parabolic profile develops over a certain distance. 
When fluid enters the tube, essentially all of the 
slipstream vectors are the same, and the flow is 
called entry zone flow or plug flow . Take an 
ultrasound transducer and move its Doppler 
probe across a common carotid artery. Sample 
all through the stream rather than just in the 
center. The peak velocities are essentially equal; 
there is no parabolic profile even though you are 
sampling 30 or 40 vessel diameters beyond the 
carotid origin. Entry zone flow is still present. We 
do not know why. 

Let us now consider how slipstreams interact. 
Assume that fluid is moving in a tube as in Figure 
6A. Notice that at the wall, there is no motion; in 
the center motion is rapid. Although particles 
cannot cross these slipstreams, and although 
there is no visible exchange of fluid from one 
lamina (layer) to the other, the particles do inter
act, transferring energy from one slipstream to 
the next. The slower outer layers tend to retard 
the faster central layers; the faster central layers 
tend to accelerate the slower. This is the effect 
of viscosity. It is possible to measure a gradient 
of velocity between successive laminae. The 
higher this so-called velocity gradient, the greater 
the energy transfer. The amount of energy trans
fer that takes place is termed the coefficient of 
viscosity. It best can be thought of as a measure 
of the amount of drag or impedance to flow that 
one slipstream of fluid exerts on the adjacent one, 
and is more practical for radiologists to under
stand conceptually than mathematically.d 

Viscosity was formerly expressed in units of 
poise (after Poiseuille). As a useful reference, 
water has a viscosity of about 1 centipoise. Static 
human blood at 37°C is about 3.5 centipoise. 
Today a world-wide system of units, the Systeme 
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Fig. 5. The principle of continuity . As
sume a certain flow enters the tube from the 
left. As it passes into the branches, it may 
slow down or speed up depending on the 
branch diameters, but the same volume exits 
as it enters. We have ignored the effects of 
gravity and viscosity in this example, but 
they are easy to factor in. Q indicates vol
ume of flow per time. 

International, has come into general use. The 
Systeme International is a metric-based system 
that allows easy conversions from one equation 
to another. Thus, we no longer use the term 
centipoise and instead express viscosity as new
ton seconds per square meter. e 

The No-Slip Region. In a flowing stream, each 
fluid particle tends to flow by its neighbor, and 
because of the cohesive forces and attractions 
between them, each influences the other. As they 
approach the vessel wall, however, other forces 
come into play. At the wall, for all practical 
purposes, no fluid flow occurs. Regardless of 
whether the container is wetted or not (eg, 
whether it has a hydrophilic or hydrophobic sur
face), when fluid particles lie next to the walls of 
perfect systems, there is no downstream flowing 
motion. This is seen during angiography when 
hyperbaric contrast agent falls against a posterior 
vessel wall. Because carotid flow is not perfect or 
axis-parallel, eventually the contrast agent 
washes away. This region adjacent to the wall is 
called the no-slip or no-flow area. We can con
ceptualize the no-slip region (which may be an 
important factor in atherogenesis) as the region 
where a fluid behaves almost like solid. 

The Boundary Layer. As slipstreams are ob
served even a small distance in from the wall, 
velocities increase rapidly. This region of rapid 
velocity increase, which can be characterized 
mathematically, is called the boundary layer (Fig 
6D). 
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Though usually invisible, slipstreams are real 

and powerful. Slipstreams are the central core of 
the science of fluid dynamics. It is the fluid 
dynamicist's critical problem to find, to see, and 
to study these hidden slipstreams without dis
turbing them. 

Kinds of Slipstream Flows 

Industrial engineers use different kinds of flow 
depending on their needs. A chemical engineer 
wants to move gasoline from one portion of a 
cracking plant to another with no turbulence to 
keep pumping costs minimal. On the other hand, 
a paint chemist wants the maximum amount of 
turbulence to get the quickest pigment mixing 
through the paint solvent, thus reducing mixing 
costs. In the living organism conditions are more 
complex, but survival, in most situations, would 
favor the most efficient flows. 

Laminar Flow. Laminar flow is flow at any 
velocity at which the slipstreams pass over each 
other smoothly and without disturbance. The 
leading edge of the velocity vectors traces a 
parabola. Laminar flow can be defined mathe
matically (see note d). Laminar flow is seen in 
efficient and well-run fluid dynamics laboratories 
and is rare elsewhere in the world. 

Turbulent Flow. Increase the flow beyond a 
certain point, and the smoothness suddenly and 
violently departs. Slipstreams become ragged and 
disorganized and there is great energy loss. The 
best analogy is the pool at the base of a waterfall: 
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c 
Fig. 6. Slipstreams and slipstream vectors 
A, We have introduced isobaric particles into fluid flowing in a trough . The fluid 

flows left to right. We photographed the particles with a slow shutter speed. Thus, 
the rapidly flowing particles show as a linear blur, whereas the stationary particles 
remain sharp. We can measure the length of the blurs and, knowing the shutter 
speed, calculate a velocity vector for the fluid pathway (slipstream) that particle is 
in . 

B, If the velocity vectors of fluid particles adjacent to each other are plotted, 
they form a parabolic curve when the flu id is Newtonian . The vector arrow lengths 
represent both velocity and direction. The measurement is done by tracking isobaric 
particles ' travel during a known time over a known distance on a television or 
movie screen or by laser Doppler anemometry. The movement and the vectors are 
shown diagrammatically in two dimensions. 

C, Remember though that arteries are three-dimensional. Flow is best conceptualized as a series of concentric thin sleeves, the 
central-most having the highest velocity . The vectors taken together create a paraboloid. 

D, The no-slip area and boundary layer. Near the wall , there is no motion. Fluid acts almost as a solid in this region . As distance 
increases from the wall , slipstream velocities increase rapidly . For practical purposes, the thickness of the boundary layer is the distance 
from the wall to the velocity vector that is moving about 1% as fast as the fastest vector in the center of the stream. 

J) ) ~ 

Fig. 7. Development of parabolic veloc
ity profiles. A large volume of fluid is present 
in the tank at the left. A small pipe is led 
from the inferior portion of the trough , and 
fluid is allowed to flow from the tank into 
the tube . If one measures velocity vectors 
across the tube's diameter near the begin
ning of the tube, all of the velocity vectors 
are essentially the same. This is called entry 
zone flow or plug flow . As fluid progresses 
down the tube, it assumes the parabolic flow 
velocity pattern characteristic of Newtonian 
flow. It is interesting that when an ultrasound 
probe samples the carotid artery 20 to 30 
diameters from the aorta (its entry zone) that 
entry zone flow is still seen. 

There is scant forward flow, but massive random 
fluid motion. 

Perfect laminar flow-and the other extreme, 
frank turbulence-are relatively rare. Most fluids 
behave otherwise. The swirls in a river, clouds 
passing overhead, and the mirage over a hot 
asphalt road are not quite smooth; neither are 
they frankly turbulent. In fact , the vast majority 
of flow in our world occurs in a transition region 

that is neither smooth nor turbulent. How can we 
best understand this complexity? 

This transitional region at which fluid flow 
changes from smooth, efficient flow into frank 
turbulence has been little studied, for it is difficult 
to characterize. However, it is critical to the life 
sciences, because many biologic processes and 
flow phenomena occur in this region . Hussain 
( 4 7) and Liepsch ( 48) have defined types of flow 
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as laminar (fully axis-parallel), nominally laminar, 
highly disturbed, and fully turbulent. 

We have come to use additional modifiers to 
characterize disturbed flows. If the disturbance of 
flow has a rhythm or periodicity to it, we use the 
term harmonic disturbed flow. An example is the 
eddies that are shed downstream from an athero
sclerotic plaque (Fig 4). If the flow seems more 
chaotic, as in model aneurysms (49) we recom
mend the term chaotic disturbed flow (Fig 8). 
This indicates that the velocity fluctuations are 
irregular (50). This type of flow is extremely rare 
in the normal arterial system. Normally we ob
serve a periodic flow created by the pulse wave. 
A precise description for this flow was given by 
Lieber (5.1 ). 

Fig. 8. Human carotid artery, transparent 
elastic model , slight left anterior oblique view. 
Arrows show a bulbous posterior communi
cating artery aneurysm. Isobaric dye injection. 
Note the random irregularity of the dye stream 
in the aneurysm. Frequently, we found no 
mixing (depending on the Re). Many dye 
streams left the aneurysm and passed cohe
sively and nonturbulently into a particular 
carotid branch, and the disturbed flow became 
laminar again . 

This kind of flow is termed highly dis
turbed. The disturbance is probably best ex
plained with chaos theory and seems to be 
rare in the human vascular system. 
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In the human body, highly disturbed flow is 
found normally at bends and bifurcations. In fully 
developed turbulent flow, the velocity fluctua
tions move in all directions and do not disappear 
locally or over time, but in highly disturbed flow, 
the velocity fluctuations decrease over time or as 
the fluid progresses downstream. Radiologists 
often misuse the term turbulence. What we are 
seeing and hearing during sonography, and are 
attempting to describe, is in fact disturbed flow. 

The Poiseuille Principle f 

Poiseuille studied the effects of pipe lengths 
and diameters on fluid flow (52). He found that if 
the length of a pipe were decreased, all other 
things remaining constant, fluid flow would in-
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crease. For example, if the length of a pipe is 
decreased by 10%, we can expect a 10% increase 
in fluid flow. However, changing the diameter of 
a pipe causes a disproportionate change in flow. 
In quantitating the change, he found that diameter 
increase yields a fourth-power increase in flow 
volume. Thus if we double the diameter of a 
catheter, we will increase the quantity of contrast 
agent delivered 16-fold (ie, 24

). 

The Reynolds Number 

Reynolds (53) proposed a formula that allows 
comparison of the two fundamental opposing 
forces in flowing fluids: inertia and viscosity. His 
experiments showed a relationship between ve
locity, diameter, density, and viscosity. He found 
that multiplying the fluid's velocity by its density 
by the diameter of the vessel, and dividing by the 
fluid's viscosity gave a constant. This constant 
'has been subsequently named the Reynolds num
ber, abbreviated Re. 9 This important concept al
lows the rheologist both to manipulate study 
systems to optimize them and to understand real
time physical events better. For each particular 
system studied, the Re at which turbulence begins 
can be measured. For example, in a smooth, 
perfectly cylindrical rigid tube, an Re greater than 
2300 leads to turbulence. Below an Re of 2300, 
flow in that system is laminar, even if there are 
some disturbances. 

In our world, Reynolds numbers have a 
tremendous range-from one through 
100 000 000 000 000 (1014)-as shown by the 
following examples (from Vogel [19]). 

Gray whale swimming at 10 m/ s 
Dragonfly flying at 7 m/ s 
Red cell in carotid artery , about 6 em/ s 
Sperm advancing the species at 0.2 mm/ s 

300 000 000 
30 000 

200 
0.03 

It is a common misconception that at one 
specific Re, all fluid flows will become turbulent. 
In reality, the Re is an average and is specific for 
a particular system. 

Development of a familiarity with the ranges 
of Re is important for understanding biologic 
systems. In the center of the carotid artery, for 
instance, Re is about 200. However, this is a 
calculation based on average flow. It is occasion
ally useful to calculate an instantaneous or local
ized Re for a small sample of flowing fluid, for 
example, at the end of diastole and near the wall. 
This will become important as complex arterial 
flows are more fully studied (54-56). At an Re of 
200, inertial forces predominate; at Re of 1 to 2 
(ie, in the capillary bed, near the arterial wall, or 
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near some bifurcations) , viscosity and viscous 
forces predominate. 

Conclusion 

The actual study of fluid flow is complicated. 
Even more, it is messy . It is difficult for the 
experimenter to do a neat experiment with liq
uids, because tubings do come apart, usually at 
the most inopportune time, almost invariably 
damaging delicate measuring equipment and 
floors of the laboratory, and sometimes even 
inconveniencing the neighbors on the floors be
low. However, the visual appreciation of the re
sults of those research efforts shows an elegant, 
complex, and fascinating dynamic. The images 
appeal aesthetically to all, but especially to radi
ologists, physicians who are predominantly visu
ally oriented. Because we are primarily visually 
centered, we have placed the formulas as notes 
at the end of this article. We emphasize, however, 
that the basic principles are expressed best with 
mathematical formulas. Ultimate understanding 
and the proof of any new idea come by measur
ing, then by putting numbers on our observations. 

Even the most casual critical analysis of each 
principle described in this introduction brings im
mediately to mind important everyday excep
tions. All of these exceptions are useful in our 
lives and in our profession, but nonetheless, a 
thorough grounding and foundation in the basic 
principles is necessary so that we can advance 
our craft and understand novel observations in 
sonography, magnetic resonance angiography, 
and even angiography. 
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Notes 

• The fundamental differences between solids and liquids 
are explained by the forces and distances involved. A solid 's 
basic building blocks (ie, the nuclear masses) are separated 
by a distance approximately the diameter of the nuclear 
mass and are held together tightly by powerful bonds. They 
are able to vibrate but can slide past each other only when 
a great shearing force is applied. 

A fluid's building blocks or particles are separated the 
same order of distance, but the attractive forces between 
the particles are much weaker. These weaker attractive 
forces allow the particles to slide past each other. 

A gas 's particles are more widely separated than those 
of a liquid's but are still relatively close, usually several 
orders of magnitude of the particles' diameters. In gases, 
the attractive forces are even weaker than those attracting 
liquid 's particles. 

b As a child, you may have thought that the ketchup 
problem was your imagination or your impatience. Remem
ber how you waited what seemed like forever for the 
ketchup to pour from the bottle? Then when it started, it 
came out too fast. Before you could turn the bottle upright, 
it completely covered your french fries. This was not your 
imagination or childlike lack of control ; ketchup 's viscosity 
lessens as it begins to flow. It is a thixotropic liquid. 

c Newton 's first law states that a particle continues at 
rest or in motion until or unless acted on by an external 
force. The second law states that when a force acts on a 
particle of mass, that particle will be accelerated: force = 
mass X acceleration. This is useful in fluid dynamics 
because we can divide the forces into components: gravity 
force + pressure gradient force + viscous force = mass X 
acceleration . The third law simply states that for every 
action there is an equal and opposite reaction . This law will 
become important when we consider the result of a pres
sure injection through the tip of a catheter. 

d Call the difference between the two velocities du. Then 
if we compare this with the difference in radius of the two 
vectors (dr) , we get a function du/ dr. This is the definition 
of a term called shear rate, -y. Thus 'Y = du/ dr. 

We can increase the stress on the fluid by making it 
flow faster. If we measure shear rates at various viscosities 
("ry) , and plot the results, we get a straight line if the fluid is 
Newtonian (Fig 9) 

• The Systeme International uses meters, kilograms, and 
seconds as its basic units, but is coherent throughout, and 
calculations in this system y ield unit quantities. Within the 
system, no conversion factors are required . 
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du 

dr 

vessel wall 

Fig. 9. If we measure velocities of a Newtonian fluid at tw;; 
points in the tube, say at u and u2 , the velocity will be higher near 
the center. 

or 

For example, the unit of force is the newton (N). 

N = 1 kg · 1 m 
s . s 

N = kg· m 
52 

and thus we can express pressure as N/m2
• 

This avoids having to calculate the conversion factor 
for millimeters of mercury to some metric numbers. To get 
an idea of relative magnitudes, a mean arterial pressure of 
100 mm Hg = 13 300 N · m 2

. Other useful conversion 
factors are: 1 em H20 = 98.1 N · m-2 (or about 100), and 
1 poise = 0.1 N · s · m-2

• In this system, dynamic viscosity 
is given in pascal seconds (Pa s) or, more conveniently, 
millipascal seconds (mPa s) and yields an expression of 
force times area. 

r Poiseuille in 1840 proposed the following law: 

QX~XLX8 
LlP = 

4 
, 

1r X r 

where LlP is change in pressure;~ . fluid viscosity (dynamic); 
L, pipe length; Q, flow volume; r, pipe radius; and 1r, 3.14. 

This law was also proposed 1 year before by Hagen, 
and is sometimes called the Hagen-Poiseuille equation. It 
makes the important statement that flow is a fourth-power 
function of radius. 

9 The Re compares viscous to inertial forces in a fluid 
system and is dimensionless: 

pXDXU 
Re = , 

~ 
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where U is velocity of flow (free stream velocity); D, artery 
diameter; J.l, dynamic viscosity; and p, fluid density. The 
number is dimensionless; he found that when each factor 
was changed, it was just as quantitatively effective as 
changing another. 
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