Introduction

Chapter 1
Fluids all around us

1-1. Everyday experiences

Yesterday, | had a big day. | traveled to a conference on fluid mechanics, and my
mind was on fluids. No, | didn’t think about my presentation for the conference, which is
much about little, but about all my encounters with fluids along the way, which are
everywhere but go unnoticed. Upon getting up from bed, on my way to the bathroom, |
realized that | was breathing, putting a fluid into my lungs and then getting it out again,
and this to oxygenate the blood flowing inside my veins. To brush my teeth, | squeezed
toothpaste out of its tube, brushed those ivories around the mouth and rinsed with water
from the tap. Now, why was it that | had to squeeze the toothpaste out of its tube and
that it did not flow until | put the pressure on it? And, what path did my tab water take
from the municipal well to the house? How many filters, pumps and valves did it go
through? The shower felt good; nothing wakes the body better than a beating rain of hot
water to open those pores. Gravity nicely took the used water down the drain and out to
the reclamation facility through a sewer system. How many more pumps along the way?
A few | suspect, since there is a hill to climb between my house and the treatment facility.
At breakfast, | made my morning brew with the coffeemaker. Heat turned the water into
steam, and up the little pipe it went, fell over the coffee grounds, percolated through
them and landed into the glass pot below. After pouring it into a cup (Figure 1-1) by tilting
the pot a certain angle so that the coffee did not flow too quickly or too slowly, | stirred
milk into the coffee, and it eventually flowed down my throat.

Figure 1-1. Morning fluid. (Photo by the
author- eventually)

Once on the road by car to the airport, | started thinking about how many fluids
were used to make this vehicle run. Besides the liquid fuel taken from the “gas” tank with
a little pump and injected into the cylinder for the mighty explosion before being expelled
under pressure through a sound-muffling device to the outdoors, my engine uses oil for
its lubrication, which passes through a pump and a filter, and water laced with an anti-
freeze for its cooling. The circuit of the latter includes yet another pump and a radiator. |
was not going too fast to save fuel, and a big truck passed me, splashing my windshield
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with dirty residual water on the road, which | promptly rinsed with a squirt of windshield
wiper fluid. A bump on the road made the vehicle jerk a bit, and it reminded me about
tire pressure.

| eventually made my way to the airport and got onto my plane to fly across the
country. The airplane accelerated with a roar until it had enough lift under its wings to
become airborne. It did this thanks to a set of powerful jet engines, expelling combustion
fumes fast enough to generate a thrust that could propel this big machine and all its
people, luggage and fuel at a speed many times that of my little car. And, how did the
plane take off exactly when it did? The pilot used a hydraulic system to activate a pair of
flaps that created extra lift at the appropriate time. Once airborne, | looked outside the
little window, which was very thick to resist a significant pressure difference with the
outside, and admired waves lapping on the seashore, intermixed with the wake of a
passing ship, which was spewing dark smoke up into the air. Near the horizon, as we
headed inland, stood an array of wind turbines gently spinning in the sea breeze. A few
hours later, | noticed that my ears were hurting a little, telling me that cabin pressure was
rising, a sure sign that we were on our way down. The airplane landed safely with its flaps
triply extended for the greatest possible lift at the lowest speed, a high-drag configuration
for sure. After a little drive into town by taxi, in which the ventilation fan was making a
horrible noise, | arrived at the hotel where the conference was being held and lost no
time in finding the bar where colleagues were congregating. | ordered a beer, which the
bartender slowly poured into a tall glass, and | enjoyed watching the bubbles rise to the
floating foam and the condensation run down on the outside making my fingers wet. A
waiter passed with hors d’oeuvres, piping hot from the oven, so hot that | had to puff over
the one | took to cool it before ingesting it. Time passed in good company, and | soon
retired to my room. To help fall asleep | counted how many fluid encounters | had during
the day but fell asleep before | could get to the end.

Well, ok, | realize that only an engineer could possibly find pleasure in detailing
seemingly unimportant fluid details. The fact is, however, that whether we are aware of
them or not our lives are nearly constant encounters with fluids, naturally and by human
design. It is no wonder that, out of the four primary elements discerned by the ancient
philosopher — earth, water, air, and fire — three of them are fluids'. We spend our lives
literally bathed in fluids. Put simply, fluids are vital to our existence. And, when we look
for signs of life outside our planet, we first look for water.

1-2. What’s going on?
Let us go back now and consider several of the previous everyday experiences and

look “under the hood” so to speak. Why is it, for example, that as we inhale, we don’t re-
breathe the stale air that we just exhaled? Indeed, if this were to happen, we would choke

1 count “fire” as a gas, fully aware that the philosopher retained this element for its heat.
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pretty quickly unless we constantly turned our heads, breathing from the left and exhaling
to the right! A quick examination reveals that exhaled air shoots out of our mouth as a
jet, as can be seen when someone exhales smoke (Figure 1-2), but the air we inhale comes
from all around the mouth. It is thus not the same as the air we just exhaled, and we can
breathe a sigh of relief that we won’t choke on our own exhaust. Besides this, the
atmosphere around us is most often in a complicated but healthy state of motion.

Figure 1-2. Smoke blowing from a
smoker’s mouth. Note the formation of a
jet. Whenever we exhale, our breadth,
too, forms a jet, but the air we inhale
comes from all around the face. Thus, we
don’t re-breathe the same air. (Photo
credit: http://hubpages.com/hub/

Smoking-the-Electronic-Cigarette)

And what about the mundane task of pouring water into the coffeemaker? Have
you ever noticed that you can pour a liquid more or less quickly depending on the tilt of
the pitcher? As we will learn later (Sections 10-4 & 12-1), there is in hydraulics an intimate
relationship between the speed at which a relatively thin sheet of water flows over a
hump (called a weir) and the water level on top of the hump. By controlling the tilt of the
pitcher, we control the water level and, with it, the flow of water. Roman engineers, who
had no real concept of speed? because they couldn’t clock time on the scale of the second
and minute figured this out intuitively when they designed freshwater aqueducts and
evacuation sewers.

And, why is it that we stir our coffee to mix the milk in it? After all, what we seek
to do is to intermingle milk particles with coffee by breaking the milk patch into many
smaller blobs, but instead our swinging spoon generates a broad circular motion in a
circular cup that in principle should only create solid-body rotation and no breakup of the
milk patch. The reality is that friction along the wall of the cup creates an unstable
situation and our gentle vortex degenerates into chaotic motion, which eventually
accomplishes the desired effect. Essentially the same occurs in a washing machine, where
the broader motion of the tub with water and clothes degenerates into many little swirls
that bring detergent in the water in close contact with dirt on the fabric. The rule is that,
with some energy input, motion can cascade from a broad scale to micro distances. We

2 For an insightful history of hydraulics, see the Rouse and Inse (1963) and brief overviews in introductory
chapters of Sturm (2001, Section 1.5) and Chaudhry (2007, Introduction).
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will see in a later chapter (Sections 6-2 & 6-3) that there is such a thing as a turbulent
energy cascade.

Fluids are ubiquitous in technology as well. Our everyday technology that most
relies on fluids is perhaps the gas-driven automobile, for it runs on a liquid fuel (called
“gas” in the United States but more aptly called “petrol” in other English speaking
countries) and oxygen from air intake, needs water for cooling, oil for lubrication, another
oil for communicating torque in the transmission, expels combustion fumes in a muffler,
pushes air for thermal comfort, and has a body shaped to reduce air drag. At home, our
refrigerators and air conditioners cycle a refrigerant fluid between compressed and
expanded states to move heat, while our dishwashers and clothe washers agitate soapy
water to clean their contents. Air transport would not be possible without a good
understanding of lift and drag forces as well as engine thrust. Even the laptop computer,
which comes as dry as can be, includes a little fan to expel the heat generated by its circuit
board.

III

1-3. Only two kinds of fluids

Despite the multitude of fluids that surround us and help us through our daily life,
it doesn’t take a rocket scientist to realize that fluids come in only two basic types, gas
and liquid, with air and water being the most common examples. We all know the
difference: Gases fill whatever space is given to them whereas liquids fall to the bottom
of a container or channel, and form a well-defined surface (Figure 1-3).

Figure 1-3. An example of a liquid surface,
the White River in Vermont, USA. (Photo by
the author)

Watching the movements of a liquid’s surface seems to provide pleasure. Who
hasn’t thrown a pebble in a pond to cause radiating ripples or enjoyed watching surf
crashing on the beach? Or, who hasn’t been playful in the bathtub once as a child? | was
never as naughty as Calvin (Figure 1-4), but | do admit to having spilled water a number
of times.
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Figure 1-4. An active child generating movement of the free surface of a liquid.
© Bill Watterson, reproduced with permission.

1-4. Definition of a fluid

But what is a fluid, really? How can we define one? First, let us say what it is not:
A fluid is not a solid! Solids can be deformed under forces but, under constant forces,
retain their shape, deformed or not. In contrast, a fluid continues to deform under a
constant force, like water running down a river bed under the action of gravity. Upon
closer examination, however, it appears that not any force can cause a fluid to flow. The
pressure at the bottom of a swimming pool does not cause its water to move. The type
of force that is able to make a fluid flow but not a solid is a shear force, that is, a tangential
force. Here is thus a formal definition of a fluid:

Definition: A fluid is a substance that cannot resist a shear force without motion.

Petroleum is a fluid because it can’t stand up as an immobile column (Figure 1-5); it spills!
It does not stop spilling and flowing until it is laterally confined by the solid boundaries of
a tank. A solid iceberg ripped a hole in the hull of the Titanic, but the ship sank because
seawater poured into the hole causing her to lose buoyancy.

Figure 1-5. The so-called Lucas Gusher,
petroleum shooting more than 45m (150ft)
from the ground near Beaumont, Texas in
1901. Petroleum is a fluid; it cannot stay
straight up as a column. (Photo courtesy of
the American Petroleum Institute)
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A practical way to distinguish between solids, liquids and gases is to note that a
solid remains in place if it is supported from below, a liquid if it is supported from below
and from the sides, and a gas if it is contained from below, the sides and the top.

1-5. Density and compressibility

Because of their tendency to move around, fluids have properties that tend to
vary from place to place, and the most useful properties are those that can be defined
locally. Mass, for example, is a concept rarely used in fluid mechanics because a point of
fluid has no mass, but mass per volume is a really useful quantity. It bears the name of
density.

Definition: Density is mass per volume.
In the metric system, density is expressed in kilograms per cubic meter (kg/m3), while in
the British system it is expressed in pounds per cubic foot (Ib/ft3), with 1 Ib/ft3 being worth
16.02 kg/m3. Occasionally, the inverse is used.
Definition: Specific volume is volume per mass.

Unlike a gas, which can be compressed or decompressed under changing pressure,
a liquid hardly changes its volume under changing pressure. At the limit, we can define an
incompressible fluid:
Definition: An incompressible fluid is one with density that does not vary with pressure.
Liquids are not perfectly incompressible, of course, but for most practical applications
they can be considered as such. Hence, we can tabulate the densities of common liquids

(Table 1-1).

Table 1-1. Density and thermal expansion coefficient of common liquids.

Liquid Density Density at Thermal expansion
in kg/m?3 inlb/ft® | Temperature coefficient

Water 999 62.43 15°C/59°F 2.5x10%/°C
Seawater 1028 64.17 10°C/50°F 1.7x10%/°C
Crude petroleum (average) 869 54.3 16°C/60°F 1.0x 103 /°C
Automobile gasoline 737 46.0 16°C/60°F 9.5x 10™* /°C
SAE 30 oil 912 56.9 15°C/59°F 7.0x 10* /°C
Mercury 13,600 849.1 15°C/59°F 1.8x10%/°C
Milk 1035 64.6 15°C/59°F like water
Beer (varies with type) 1010 63.1 10°C/50°F like water
Vodka 915 57.1 15°C/59°F 4.5x10%/°C
Ethanol 789 49.3 15°C/59°F 7.5x10* /°C
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Note that density of water is nearly 1 kg per liter, which is not by chance. The
kilogram was initially defined as the mass of one liter of water. The density of liquids
varies slightly with temperature because of thermal expansion: Under rising temperature,
the same mass of a liquid occupies a greater volume. The notable exception is water
under 4°C, which expands as temperature falls toward the freezing point of 0°C. In
guoting the density of a liquid, it is important therefore to state at which temperature it
corresponds. For moderate variations in temperature 7', the density o of a liquid may

be approximated by a linear relationship:
p(T) = py1-a(T ~T)] (1-1)

in which p, is the density at temperature 7, and « is the coefficient of thermal

expansion. Values for a selection of liquids are given in Table 1-1 above. Thermal
expansion is not to be confused with compressibility, the former being a function of
temperature and the latter a function of pressure.

We mentioned pressure in the context of the compressibility, but what is it really?
Pressure is the normal (= perpendicular) force per unit area exerted by the surrounding
fluid or by a boundary against which the fluid leans. The more one pushes on a gas or
liquid, the greater the pressure is exerted on it.

Definition: Pressure is a normal force per unit area.

It is counted positively in compression. In the metric system, pressure is expressed in
Pascals (Pa), with 1 Pa equal to 1 Newton (= the force unit in the metric system) per square
meter (N/m?), while in the British system it is most often expressed in pounds per square
inch (psi), with 1 psi being equal to 6,895 Pa or 6.895 kPa. We will elaborate on pressure
in the next chapter but for now we only need to know that it is a force per area.

Observations reveal that, to a high degree of approximation, the density of a gas
increases proportionally to its pressure. The coefficient of proportionality, however, is not
a constant but depends on temperature. And, how does density vary with temperature?
For this we hold the pressure constant and note that density decreases with rising
temperature, because heat expands a gas: The higher the temperature of a gas, the
greater the volume it occupies, and, because density is mass per volume, the lower the
density. It turns out that the relation is simple inverse proportionality if we care to adjust
the reference (zero) value of temperature. Thus, with a suitably shifted temperature, the
density of a gas is expressed as the equation of state:

p
0D=— & D_ROZ 1-2
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in which p (Greek letter ‘rho’) stands for density, p for pressure, and T for absolute

temperature. The R factor is a constant that depends on the nature of the gas. Values of
R for the most common gases are tabulated below.

Table 1-2. R-values for common gases (with J = joule and BTU = British Thermal
Unit, the unit for energy in metric and imperial systems, respectively).

Gas R R
in J/kg-°C in BTU/Ib-°F

Nitrogen 296.8 0.2296
Oxygen 259.8 0.2010
Air (78% nitrogen - 21%oxygen — 1% other) 286.9 0.2220
Hydrogen 4,124 3.191
Helium 2,077 1.607
Water vapor 461 0.357
Carbon monoxide 296.8 0.2296
Carbon dioxide 188.9 0.1462
Methane 518.3 0.4010
Propane 188.5 0.1459

The temperature T in Equation (1-2) is called the absolute temperature. Its zero
is the temperature at which the fluid would be compacted into a point, with infinite
density, admittedly an unachievable state. It is defined as

o Absolute temperature in degrees Kelvin = temperature in °C + 273.15

o Absolute temperature in degrees Rankine = temperature in °F + 459.67.

A gas that obeys Equation (1-2) is called an ideal gas, and in practice all gases away from
their condensation point behave reasonably well as ideal gases. The major exception is
steam, which is water vapor at pressures and temperatures not too distant from
condensation. The relations between density, pressure and temperature for steam are
best obtained from tables and charts.

The most familiar manifestation of gas compressibility is sound. Sound is
transmitted across the air via pressure signals called acoustic waves. When we speak we
form in our throat and modify in our mouth pressure signals that compress and
decompress the air, at rates on the order of several thousand beats per second (kiloHertz,
kHz). The pattern of compression/decompression is transmitted from air to adjacent air,
without net air flow, across the room and into our listener’ ears where it vibrates the ear
drum, from which our listener’s brain deciphers the meaning. Acoustic musical
instruments are objects that transform vibrations into compression waves of the ambient
air in some melodious fashion. Non melodious sound is called noise. Noisy things, like
thunder, explosions, helicopters, and jet engines, generate much agitation of the air, and
this turbulence in turn compresses and decompresses ambient air in a disorganized
fashion. A muffler is a device that reduces the noise from an otherwise loud exhaust. It is
interesting to note that, although ubiquitous in the air, sound waves do not affect the
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weather. The fellow calling for prayers at the top of the minaret and the siren of a fire
truck do not change the weather.

In water, it is harder to imagine sound waves, but they exist there, too, because
water is slightly compressible. The stiffness of water (that is, it requires a high pressure to
make only a small change to its density) makes the sound waves propagate much faster
in water than in air. Underwater acoustic signals are vital to dolphins and whales as they
use them for orientation and communication. The sonar is an instrument that is the
underwater equivalent of the radar; while the radar uses electromagnetic waves in the
air, the sonar uses acoustic waves in the water.

1-6. The almost fluids

Nature is not simple, as there exist substances that are neither fluid of solid but
something intermediate. Far from being exotic, these are rather common around the
house, like paint, syrup, toothpaste, and melting butter. Indeed, when does warm butter
cease to be a solid and become a fluid? The transition is rather smooth.

These almost-fluid substances are strange because their characteristics depend on
whether they flow or not. In the tube, toothpaste behaves much like a solid but once
squeezed, it flows out of the tube like a sluggish fluid. The interesting aspect is that
toothpaste requires a finite stress (finite squeeze) before it begins to flow. In other words,
it is a solid under low stress and a liquid under high stress. Fluids of this type are called
shear thinning. Quicksand, a mixture of sand and water, is stiff when we stand on it but
lets us sink into it if we move. Paint is shear thinning, too, but does not require a minimum
stress to start flowing. It is a liquid that can be poured in and out of the bucket but which
flows much better under the applied stress of the brush than left alone on the wall.

Silly putty and cornstarch exhibit the opposite behavior. Silly putty keeps its shape
when hit by a hammer but can be flattened slowly between fingers by a child. A cornstarch
solution stiffens and cracks like a weak solid when disturbed abruptly with a spoon but
otherwise flows on its own when left alone on a sloping surface. Substances such as these
are called dilatant or shear thickening.

Thought problems

1-T-1. In similarity with the story at the beginning of this chapter, examine your daily
activities and consider how many encounters you typically have with fluids in the course
of a day. How many different fluids are necessary in your life on a typical day? And, by the
way, how many encounters with fluids did the author have on his travel day?
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1-T-2. If water reaches its density maximum at 4°C, then a lake in a temperate climate
with air temperatures varying from summer warm (> 15°C) to freezing cold (< —5°C)
should have its heavy bottom water be at 4°C at least at some time of the year. Yet, the
water at the bottom of the ocean is most everywhere near +1°C. Why is that?

1-T-3. In the atmosphere, temperature drops with height at the approximate rate of 1°C
for every 100 meters. Does this mean that density decreases proportionally faster or less
fast than pressure with altitude?

1-T-4. Think of substances around your living quarters and identify a few that behave as
“almost fluids.” For each one, tell whether it is shear thinning or shear thickening.

Quantitative exercises

1-Q-1. What is the density of air at 25°C and standard atmospheric pressure (101,325 Pa)?
By how many degrees Celsius should the temperature decrease to double this value?

1-Q-2. What is the density of helium in a party balloon inside which the pressure is twice
the atmospheric pressure? If the volume of the inflated balloon is 4 liters, what is the
mass of helium contained in it? And, what is the mass of air at ambient pressure for the
same volume? Compare the two. Assume a temperature of 18°C. Standard atmospheric
pressure is given in the preceding problem.

1-Q-3. | went grocery shopping and refueled my car along the way. What causes the
greatest weight on my car, the 12 added gallons of gas in the tank or the combination of
the liquids | bought: 1 gallon of milk, 4 gallons of water and two six-pack of beer? Each
bottle of beer holds 12 fluid ounces (1 fl.oz. = 29.6 mL), and it takes 128 fl. oz. to make a
gallon.

1-Q-4. Vodka is essentially a mixture of ethanol and water with a minute amount of other
substances providing flavor. What are the percentages of water and ethanol in the vodka
for which the density is given in Table 1-1?

1-Q-5. When an ideal gas is kept at a fixed temperature, its pressure and density vary
proportionally to each other. If one were to define the elasticity of an ideal gas under this
condition as the density difference divided by the pressure difference, which of the gases
listed in Table 1-2 is the most elastic?

1-Q-6. Sound speed in the air under typical ambient conditions is 340 m/s, while in
comparison the speed of light may be considered as infinite. On a stormy night, | note
that the sound of thunder reaches me 3 seconds after the lightning strike. How far is the
storm?

10
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1-Q-7. Bats in dark caves navigate with sound waves. Upon approaching a wall, they
detect the echo of their sound. If a bat never gets closer than 15 centimeters from a wall,
what is the shortest time delay between emitting the sound and hearing the echo that
they need to be able to identify? For speed of sound take 340 m/s.
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