It’s a Blast!

Air Pressure and Sound

http://en.wikipedia.org/wiki/Pressure

http://en.wikipedia.org/wiki/Sound#Sound_pressure

http://en.wikipedia.org/wiki/Vacuum

Objectives:

Students will examine:

· Increase in Air Pressure by

· Conducting tests to confirm that increasing air pressure can create a force by using air cannons

· Predicting the outcome of balloon hockey pucks

· Sound by

· Conducting tests to confirm sound is the movement of air using tuning forks and a cup of water

· Predicting the outcome of sound using “thunder tubes”

· Vacuum by

· Conducting tests to confirm a vacuum can keep objects stationary with toilet bowl plungers

· Predicting the outcome of a several objects (marshmallows, balloons, water, and buzzers) in a vacuum chamber

Background Information:

Pressure

· Pressure (symbol: 'P') is the force per unit area applied on a surface in a direction perpendicular to that surface.

· Gauge pressure is the pressure relative to the local atmospheric or ambient pressure.

Mathematically:


where:

p is the pressure, 

F is the normal force, 

A is the area. 

· Pressure is a scalar quantity, and has SI units of pascals; 1 Pa = 1 N/m2.

· Pressure is transmitted to solid boundaries or across arbitrary sections of fluid normal to these boundaries or sections at every point. It is a fundamental parameter in thermodynamics and it is conjugate to volume.

The SI unit for pressure is the pascal (Pa), equal to one newton per square metre (N·m-2 or kg·m-1·s-2). This special name for the unit was added in 1971; before that, pressure in SI was expressed simply as N/m2.

Non-SI measures such as pound per square inch (psi) and bar are used in some parts of the world. The cgs unit of pressure is the barye (ba), equal to 1 dyn·cm-2. Pressure is sometimes expressed in grams-force/cm2, or as [[kg/cm2]] and the like without properly identifying the force units. But using the names kilogram, gram, kilogram-force, or gram-force (or their symbols) as units of force is expressly forbidden in SI. The technical atmosphere (symbol: at) is 1 kgf/cm2.

Some meteorologists prefer the hectopascal (hPa) for atmospheric air pressure, which is equivalent to the older unit millibar (mbar). Similar pressures are given in kilopascals (kPa) in most other fields, where the hecto prefix is rarely used. The unit inch of mercury (inHg, see below) is still used in the United States. Oceanographers usually measure underwater pressure in decibars (dbar) because an increase in pressure of 1 dbar is approximately equal to an increase in depth of 1 meter. Scuba divers often use a manometric rule of thumb: the pressure exerted by ten metres depth of water is approximately equal to one atmosphere.

The standard atmosphere (atm) is an established constant. It is approximately equal to typical air pressure at earth mean sea level and is defined as follows:

standard atmosphere = 101325 Pa = 101.325 kPa = 1013.25 hPa.

Because pressure is commonly measured by its ability to displace a column of liquid in a manometer, pressures are often expressed as a depth of a particular fluid (e.g., inches of water). The most common choices are mercury (Hg) and water; water is nontoxic and readily available, while mercury's high density allows for a shorter column (and so a smaller manometer) to measure a given pressure. The pressure exerted by a column of liquid of height h and density ρ is given by the hydrostatic pressure equation p = ρgh. Fluid density and local gravity can vary from one reading to another depending on local factors, so the height of a fluid column does not define pressure precisely. When millimeters of mercury or inches of mercury are quoted today, these units are not based on a physical column of mercury; rather, they have been given precise definitions that can be expressed in terms of SI units. The water-based units still depend on the density of water, a measured, rather than defined, quantity. These manometric units are still encountered in many fields. Blood pressure is measured in millimeters of mercury in most of the world, and lung pressures in centimeters of water are still common.

Presently or formerly popular pressure units include the following:

· atmosphere 

· manometric units: 

· centimeter, inch, and millimeter of mercury (torr) 

· millimeter, centimeter, meter, inch, and foot of water 

· imperial units: 

· kip, ton-force (short), ton-force (long), pound-force, ounce-force, and poundal per square inch 

· pound-force, ton-force (short), and ton-force (long) 

· non-SI metric units: 

· bar, decibar, millibar 

· kilogram-force, or kilopond, per square centimetre (technical atmosphere) 

· gram-force and tonne-force (metric ton-force) per square centimetre 

· barye (dyne per square centimetre) 

· kilogram-force and tonne-force per square metre 

· sthene per square metre (pieze) 

	Pressure Units

	 
	
Pascal
(Pa)
	
Bar
(bar)
	Technical atmosphere
(at)
	
Atmosphere
(atm)
	
Torr
(Torr)
	Pound-force per
square inch
(psi)

	1 Pa
	≡ 1 N/m2
	10−5
	1.0197×10−5
	9.8692×10−6
	7.5006×10−3
	145.04×10−6

	1 bar
	100,000
	≡ 106 dyn/cm2
	1.0197
	0.98692
	750.06
	14.504

	1 at
	98,066.5
	0.980665
	≡ 1 kgf/cm2
	0.96784
	735.56
	14.223

	1 atm
	101,325
	1.01325
	1.0332
	≡ 1 atm
	760
	14.696

	1 torr
	133.322
	1.3332×10−3
	1.3595×10−3
	1.3158×10−3
	≡ 1 Torr; = 1 mmHg
	19.337×10−3

	1 psi
	6,894.76
	68.948×10−3
	70.307×10−3
	68.046×10−3
	51.715
	≡ 1 lbf/in2

	
	
	
	
	
	
	


Example reading:  1 Pa = 1 N/m2  = 10−5 bar  = 10.197×10−6 at  = 9.8692×10−6 atm, etc.

Note:  mmHg is an abbreviation for millimetres of mercury.

As an example of varying pressures, a finger can be pressed against a wall without making any lasting impression; however, the same finger pushing a thumbtack can easily damage the wall. Although the force applied to the surface is the same, the thumbtack applies more pressure because the point concentrates that force into a smaller area. Pressure is transmitted to solid boundaries or across arbitrary sections of fluid normal to these boundaries or sections at every point. Unlike stress, pressure is defined as a scalar quantity.

The gradient of pressure is called the force density. For gases, pressure is sometimes measured not as an absolute pressure, but relative to atmospheric pressure; such measurements are called gauge pressure (also sometimes spelled gage pressure).  An example of this is the air pressure in an automobile tire, which might be said to be "220 kPa", but is actually 220 kPa above atmospheric pressure. Since atmospheric pressure at sea level is about 100 kPa, the absolute pressure in the tire is therefore about 320 kPa. In technical work, this is written "a gauge pressure of 220 kPa". Where space is limited, such as on pressure gauges, name plates, graph labels, and table headings, the use of a modifier in parentheses, such as "kPa (gauge)" or "kPa (absolute)", is permitted. In non-SI technical work, a gauge pressure is sometimes written as "32 psig", though the other methods explained above that avoid attaching characters to the unit of pressure are preferred. 

Gauge pressure is the relevant measure of pressure wherever one is interested in the stress on storage vessels and the plumbing components of fluidics systems. However, whenever equation-of-state properties, such as densities or changes in densities, must be calculated, pressures must be expressed in terms of their absolute values. For instance, if the atmospheric pressure is 100 kPa, a gas (such as helium) at 200 kPa (gauge) (300 kPa [absolute]) is 50 % more dense than the same gas at 100 kPa (gauge) (200 kPa [absolute]). Focusing on gauge values, one might erroneously conclude the first sample had twice the density of the second.

In a static gas, the gas as a whole does not appear to move. The individual molecules of the gas, however, are in constant random motion. Because we are dealing with an extremely large number of molecules and because the motion of the individual molecules is random in every direction, we do not detect any motion. If we enclose the gas within a container, we detect a pressure in the gas from the molecules colliding with the walls of our container. We can put the walls of our container anywhere inside the gas, and the force per unit area (the pressure) is the same. We can shrink the size of our "container" down to an infinitely small point, and the pressure has a single value at that point. Therefore, pressure is a scalar quantity, not a vector quantity. It has a magnitude but no direction associated with it. Pressure acts in all directions at a point inside a gas. At the surface of a gas, the pressure force acts perpendicular to the surface.

A closely related quantity is the stress tensor σ, which relates the vector force F to the vector area A via
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This tensor may be divided up into a scalar part (pressure) and a traceless tensor part shear. The shear tensor gives the force in directions parallel to the surface, usually due to viscous or frictional forces. The stress tensor is sometimes called the pressure tensor, but in the following, the term "pressure" will refer only to the scalar pressure.

Types
· Explosion or deflagration pressures
· Explosion or deflagration pressures are the result of the ignition of explosible gases, mists, dust/air suspensions, in unconfined and confined spaces.

· Negative pressures
While pressures are generally positive, there are several situations in which a negative pressure may be encountered:

· When dealing in relative (gauge) pressures. For instance, an absolute pressure of 80 kPa may be described as a gauge pressure of -21 kPa (i.e., 21 kPa below an atmospheric pressure of 101 kPa). 

· When attractive forces (e.g., Van der Waals forces) between the particles of a fluid exceed repulsive forces. Such scenarios are generally unstable since the particles will move closer together until repulsive forces balance attractive forces. Negative pressure exists in the transpiration pull of plants. 

· The Casimir effect can create a small attractive force due to interactions with vacuum energy; this force is sometimes termed 'vacuum pressure' (not to be confused with the negative gauge pressure of a vacuum). 

· Depending on how the orientation of a surface is chosen, the same distribution of forces may be described either as a positive pressure along one surface normal, or as a negative pressure acting along the opposite surface normal. 

· In the cosmological constant. 

Hydrostatic pressure is the pressure due to the weight of a fluid.
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where:

ρ (rho) is the density of the fluid (i.e., the practical density of fresh water is 1000 kg/m3); 

g is the acceleration due to gravity (approximately 9.81 m/s2 on earth's surface); 

h is the height of the fluid column (in metres). Other units can be used if the rest of the units used in the equation are defined in a consistent way. 

Stagnation pressure is the pressure a fluid exerts when it is forced to stop moving. Consequently, although a fluid moving at higher speed will have a lower static pressure, it may have a higher stagnation pressure when forced to a standstill. Static pressure and stagnation pressure are related by the Mach number of the fluid. In addition, there can be differences in pressure due to differences in the elevation (height) of the fluid. See Bernoulli's equation (note: Bernoulli's equation only applies for incompressible flow).

The pressure of a moving fluid can be measured using a Pitot tube, or one of its variations such as a Kiel probe or Cobra probe, connected to a manometer. Depending on where the inlet holes are located on the probe, it can measure static pressure or stagnation pressure.

There is a two-dimensional analog of pressure -- the lateral force per unit length applied on a line perpendicular to the force.

Surface pressure is denoted by π and shares many similar properties with three-dimensional pressure. Properties of surface chemicals can be investigated by measuring pressure/area isotherms, as the two-dimensional analog of Boyle's law, πA = k, at constant temperature.
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Sound

Sound is generally known as vibrational transmission of mechanical energy that propagates through matter as a wave that can be audibly perceived by a living organism through its sense of hearing. For humans, hearing is limited to frequencies between about 20 Hz and 20000 Hz, with the upper limit generally decreasing with age. Other species may have a different range of hearing. As a signal perceived by one of the major senses, sound is used by many species for detecting danger, navigation, predation, and communication. In Earth's atmosphere, water, and soil virtually any physical phenomenon, such as fire, rain, wind, surf, or earthquake, produces (and is characterized by) its unique sounds. Many species, such as frogs, birds, marine and terrestrial mammals, have also developed special organs to produce sound. In some species these became highly evolved to produce song and (in humans) speech. Furthermore, humans have developed culture and technology (such as music, telephony and radio) that allows them to generate, record, transmit, and broadcast sounds.

The mechanical vibrations that can be interpreted as sound can travel through all forms of matter: gases, liquids, solids, and plasmas. However, sound cannot propagate through vacuum. The matter that supports the sound is called the medium. Sound is transmitted through gases, plasma, and liquids as longitudinal waves, also called compression waves. Through solids, however, it can be transmitted as both longitudinal and transverse waves. Sound is further characterized by the generic properties of waves, which are frequency, wavelength, period, amplitude, intensity, speed, and direction (sometimes speed and direction are combined as a velocity vector, or wavelength and direction are combined as a wave vector). Transverse waves, also known as shear waves, have an additional property of polarization. Sound characteristics can depend on the type of sound waves (longitudinal versus transverse) as well as on the physical properties of the transmission medium.

Sound propagates as waves of alternating pressure deviations from the equilibrium pressure (or, for transverse waves in solids, as waves of alternating shear stress), causing local regions of compression and rarefaction. Matter in the medium is periodically displaced by the wave, and thus oscillates. The energy carried by the sound wave is split equally between the potential energy of the extra compression of the matter and the kinetic energy of the oscillations of the medium. The scientific study of the propagation, absorption, and reflection of sound waves is called acoustics.

Noise is often used to refer to an unwanted sound. In science and engineering, noise is an undesirable component that obscures a wanted signal.

The speed of sound depends on the medium through which the waves are passing, and is often quoted as a fundamental property of the material. In general, the speed of sound is proportional to the square root of the ratio of the elastic modulus (stiffness) of the medium to its density. Those physical properties and the speed of sound change with ambient conditions. For example, the speed of sound in gases depends on temperature. In air at sea level, the speed of sound is approximately 343 m/s, in water 1482 m/s (both at 20 °C, or 68 °F), and in steel about 5960 m/s. The speed of sound is also slightly sensitive (a second-order effect) to the sound amplitude, which means that there are nonlinear propagation effects, such as the production of harmonics and mixed tones not present in the original sound (see parametric array).

Sound pressure is defined as the difference between the actual pressure (at a given point and a given time) in the medium and the average, or equilibrium, pressure of the medium at that location. A square of this difference (i.e. a square of the deviation from the equilibrium pressure) is usually averaged over time and/or space, and a square root of such average is taken to obtain a root mean square (RMS) value. For example, 1 Pa RMS sound pressure in atmospheric air implies that the actual pressure in the sound wave oscillates between (1 atm [image: image4.png]
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Pa), that is between 101323.6 and 101326.4 Pa. Such a tiny (relative to atmospheric) variation in air pressure at an audio frequency will be perceived as quite a deafening sound, and can cause hearing damage, according to the table below.

As the human ear can detect sounds with a very wide range of amplitudes, sound pressure is often measured as a level on a logarithmic decibel scale. The sound pressure level (SPL) or Lp is defined as
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where p is the root-mean-square sound pressure and pref is a reference sound pressure. Commonly used reference sound pressures, defined in the standard ANSI S1.1-1994, are 20 µPa in air and 1 µPa in water. Without a specified reference sound pressure, a value expressed in decibels cannot represent a sound pressure level. 

Since the human ear does not have a flat spectral response, sound pressures are often frequency weighted so that the measured level will match perceived levels more closely. The International Electrotechnical Commission (IEC) has defined several weighting schemes. A-weighting attempts to match the response of the human ear to noise and A-weighted sound pressure levels are labeled dBA. C-weighting is used to measure peak levels.

Examples of sound pressure and sound pressure levels

	Source of sound
	RMS sound pressure
	sound pressure level

	 
	Pa
	dB re 20 µPa

	immediate soft tissue damage
	50000
	approx. 185

	rocket launch equipment acoustic tests
	
	approx. 165

	threshold of pain
	100
	134

	hearing damage during short-term effect
	20
	approx. 120

	jet engine, 100 m distant
	6–200
	110–140

	jack hammer, 1 m distant / discotheque
	2
	approx. 100

	hearing damage from long-term exposure
	0.6
	approx. 85

	traffic noise on major road, 10 m distant
	0.2–0.6
	80–90

	moving passenger car, 10 m distant
	0.02–0.2
	60–80

	TV set – typical home level, 1 m distant
	0.02
	approx. 60

	normal talking, 1 m distant
	0.002–0.02
	40–60

	very calm room
	0.0002–0.0006
	20–30

	quiet rustling leaves, calm human breathing
	0.00006
	10

	auditory threshold at 2 kHz – undamaged human ears
	0.00002
	0


Equipment for generating or using sound includes musical instruments, hearing aids, sonar systems and sound reproduction and broadcasting equipment. Many of these use electro-acoustic transducers such as microphones and loudspeakers.

Vacuum

A vacuum is a volume of space that is essentially empty of matter, such that its gaseous pressure is much less than standard atmospheric pressure. The Latin term in vacuo is used to describe an object as being in what would otherwise be a vacuum. The root of the word vacuum is the Latin adjective vacuus which means "empty," but space can never be perfectly empty. A perfect vacuum with a gaseous pressure of absolute zero is a philosophical concept that is never observed in practice, partly because quantum theory predicts that no volume of space can be perfectly empty in this way. Physicists often use the term "vacuum" slightly differently. They discuss ideal test results that would occur in a perfect vacuum, which they simply call "vacuum" or "free space" in this context, and use the term partial vacuum to refer to the imperfect vacua realized in practice.

The quality of a vacuum is measured in relation to how closely it approaches a perfect vacuum. The residual gas pressure is the primary indicator of quality, and is most commonly measured in units called torr, even in metric contexts. Lower pressures indicate higher quality, although other variables must also be taken into account. Quantum mechanics sets limits on the best possible quality of vacuum. Outer space is a natural high quality vacuum, mostly of much higher quality than what can be created artificially with current technology. Low quality artificial vacuums have been used for suction for millennia.

A large vacuum chamber
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Vacuum has been a frequent topic of philosophical debate since Ancient Greek times, but was not studied empirically until the 17th century. Evangelista Torricelli produced the first artifical vacuum in 1643, and other experimental techniques were developed as a result of his theories of atmospheric pressure. Vacuum became a valuable industrial tool in the 20th century with the introduction of incandescent light bulbs and vacuum tubes, and a wide array of vacuum technology has since become available. The recent development of human spaceflight has raised interest in the impact of vacuum on human health, and on life forms in general.
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Light bulbs contain a partial vacuum because the tungsten reaches such high temperatures that it would combust any oxygen molecules, usually backfilled with argon, which protects the tungsten filament

Vacuum is useful in a variety of processes and devices. Its first common use was in incandescent light bulbs to protect the tungsten filament from chemical degradation. Its chemical inertness is also useful for electron beam welding, chemical vapor deposition and dry etching in the fabrication of semiconductors and optical coatings, cold welding, vacuum packing and vacuum frying. The reduction of convection improves the thermal insulation of thermos bottles. Deep vacuum promotes outgassing which is used in freeze drying, adhesive preparation, distillation, metallurgy, and process purging. The electrical properties of vacuum make electron microscopes and vacuum tubes possible, including cathode ray tubes. The elimination of air friction is useful for flywheel energy storage and ultracentrifuges.

High to ultra-high vacuum is used in thin film deposition and surface science. High vacuum allows for contamination-free material deposition. Ultra-high vacuum is used in the study of atomically clean substrates, as only a very good vacuum preserves atomic-scale clean surfaces for a reasonably long time (on the order of minutes to days).

Suction is used in a wide variety of applications. The Newcomen steam engine used vacuum instead of pressure to drive a piston. In the 19th century, vacuum was used for traction on Isambard Kingdom Brunel's experimental atmospheric railway.
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Outer space is not a perfect vacuum, but a tenuous plasma awash with charged particles, electromagnetic fields, and the occasional star.

Much of outer space has the density and pressure of an almost perfect vacuum. It has effectively no friction, which allows stars, planets and moons to move freely along ideal gravitational trajectories. But no vacuum is perfect, not even in interstellar space, where there are only a few hydrogen atoms per cubic centimeter at 10 fPa (10−16 Torr). The deep vacuum of space could make it an attractive environment for certain processes, for instance those that require ultraclean surfaces; for small-scale applications, however, it is much more cost-effective to create an equivalent vacuum on Earth than to leave the Earth's gravity well.

Stars, planets and moons keep their atmospheres by gravitational attraction, and as such, atmospheres have no clearly delineated boundary: the density of atmospheric gas simply decreases with distance from the object. In low earth orbit (about 300 km or 185 miles altitude) the atmospheric density is about 100 nPa (10-9 Torr), still sufficient to produce significant drag on satellites. Most artificial satellites operate in this region, and must fire their engines every few days to maintain orbit.

Beyond planetary atmospheres, the pressure of photons and other particles from the sun becomes significant. Spacecraft can be buffeted by solar winds, but planets are too massive to be affected. The idea of using this wind with a solar sail has been proposed for interplanetary travel.

All of the observable universe is filled with large numbers of photons, the so-called cosmic background radiation, and quite likely a correspondingly large number of neutrinos. The current temperature of this radiation is about 3K, or -270 degrees Celsius or -454 degrees Fahrenheit.

Vacuum is primarily an asphyxiant. Humans exposed to vacuum will lose consciousness after a few seconds and die within minutes, but the symptoms are not nearly as graphic as commonly shown in pop culture. Robert Boyle was the first to show that vacuum is lethal to small animals. Blood and other body fluids do boil (the medical term for this condition is ebullism), and the vapour pressure may bloat the body to twice its normal size and slow circulation, but tissues are elastic and porous enough to prevent rupture. Ebullism is slowed by the pressure containment of blood vessels, so some blood remains liquid. Swelling and ebullism can be reduced by containment in a flight suit. Shuttle astronauts wear a fitted elastic garment called the Crew Altitude Protection Suit (CAPS) which prevents ebullism at pressures as low as 15 Torr (2 kPa). However, even if ebullism is prevented, simple evaporation of blood can cause decompression sickness and gas embolisms. Rapid evaporative cooling of the skin will create frost, particularly in the mouth, but this is not a significant hazard.

Animal experiments show that rapid and complete recovery is the norm for exposures of fewer than 90 seconds, while longer full-body exposures are fatal and resuscitation has never been successful. There is only a limited amount of data available from human accidents, but it is consistent with animal data. Limbs may be exposed for much longer if breathing is not impaired. Rapid decompression can be much more dangerous than vacuum exposure itself. If the victim holds his breath during decompression, the delicate internal structures of the lungs can be ruptured, causing death. Eardrums may be ruptured by rapid decompression, soft tissues may bruise and seep blood, and the stress of shock will accelerate oxygen consumption leading to asphyxiation. 
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In 1942, in one of a series of experiments on human subjects for the Luftwaffe, the Nazi regime tortured Dachau concentration camp prisoners by exposing them to vacuum in order to determine the human body's capacity to survive high-altitude conditions.

Some extremophile microrganisms, such as Tardigrades, can survive vacuum for a period of years.

Historically, there has been much dispute over whether such a thing as a vacuum can exist. Ancient Greek philosophers did not like to admit the existence of a vacuum, asking themselves "how can 'nothing' be something?". Plato found the idea of a vacuum inconceivable. He believed that all physical things were instantiations of an abstract Platonic ideal, and he could not conceive of an "ideal" form of a vacuum. Similarly, Aristotle considered the creation of a vacuum impossible — nothing could not be something. Later Greek philosophers thought that a vacuum could exist outside the cosmos, but not within it.

The philosopher Al-Farabi (872 - 950 CE) appears to have carried out the first recorded experiments concerning the existence of vacuum, in which he investigated handheld plungers in water. He concluded that air's volume can expand to fill available space, and he suggested that the concept of perfect vacuum was incoherent. 

Torricelli's mercury barometer produced the first sustained vacuum in a laboratory.

In the Middle Ages, the catholic church held the idea of a vacuum to be immoral or even heretical. The absence of anything implied the absence of God, and harkened back to the void prior to the creation story in the book of Genesis. Medieval thought experiments into the idea of a vacuum considered whether a vacuum was present, if only for an instant, between two flat plates when they were rapidly separated. There was much discussion of whether the air moved in quickly enough as the plates were separated, or, as Walter Burley postulated, whether a 'celestial agent' prevented the vacuum arising — that is, whether nature abhorred a vacuum. This speculation was shut down by the 1277 Paris condemnations of Bishop Etienne Tempier, which required there to be no restrictions on the powers of God, which led to the conclusion that God could create a vacuum if he so wished. 

[image: image11.jpg]



The Crookes tube, used to discover and study cathode rays, was an evolution of the Geissler tube.

Opposition to the idea of a vacuum existing in nature continued into the Scientific Revolution, with scholars such as Paolo Casati taking an anti-vacuist position. Building upon work by Galileo, Evangelista Torricelli argued in 1643 that there was a vacuum at the top of a mercury barometer. Some people believe that, although Torricelli produced the first sustained vacuum in a laboratory, it was Blaise Pascal who recognized it for what it was. In 1654, Otto von Guericke invented the first vacuum pump and conducted his famous Magdeburg hemispheres experiment, showing that teams of horses could not separate two hemispheres from which the air had been evacuated. Robert Boyle improved Guericke's design and conducted experiments on the properties of vacuum. Robert Hooke also helped Boyle produce an air pump which helped to produce the vacuum. The study of vacuum then lapsed until 1855, when Heinrich Geissler invented the mercury displacement pump and achieved a record vacuum of about 10 Pa (0.1 Torr). A number of electrical properties become observable at this vacuum level, and this renewed interest in vacuum. This, in turn, led to the development of the vacuum tube.

In the 17th century, theories of the nature of light relied upon the existence of an aethereal medium which would be the medium to convey waves of light (Newton relied on this idea to explain refraction and radiated heat). This evolved into the luminiferous aether of the 19th century, but the idea was known to have significant shortcomings - specifically that if the Earth were moving through a material medium, the medium would have to be both extremely tenuous (because the Earth is not detectably slowed in its orbit), and extremely rigid (because vibrations propagate so rapidly).

While outer space has been likened to a vacuum, early physicists postulated that an invisible luminiferous aether existed as a medium to carry light waves, or an "ether which fills the interstellar space". An 1891 article by William Crookes noted: "the [freeing of] occluded gases into the vacuum of space". Even up until 1912, astronomer Henry Pickering commented: "While the interstellar absorbing medium may be simply the ether, [it] is characteristic of a gas, and free gaseous molecules are certainly there".

In 1887, the Michelson-Morley experiment, using an interferometer to attempt to detect the change in the speed of light caused by the Earth moving with respect to the aether, was a famous null result, showing that there really was no static, pervasive medium throughout space and through which the Earth moved as though through a wind. While there is therefore no aether, and no such entity is required for the propagation of light, space between the stars is not completely empty. Besides the various particles which comprise cosmic radiation, there is a cosmic background of photonic radiation (light), including the thermal background at about 2.7 K, seen as a relic of the Big Bang. None of these findings affect the outcome of the Michelson-Morley experiment.

Einstein argued that physical objects are not located in space, but rather have a spatial extent. Seen this way, the concept of empty space loses its meaning. Rather, space is an abstraction, based on the relationships between local objects. Nevertheless, the general theory of relativity admits a pervasive gravitational field, which, in Einstein's words, may be regarded as an "aether", with properties varying from one location to another. One must take care, though, to not ascribe to it material properties such as velocity and so on.

In 1930, Paul Dirac proposed a model of vacuum as an infinite sea of particles possessing negative energy, called the Dirac sea. This theory helped refine the predictions of his earlier formulated Dirac equation, and successfully predicted the existence of the positron, discovered two years later in 1932. Despite this early success, the idea was soon abandoned in favour of the more elegant quantum field theory.

The development of quantum mechanics has complicated the modern interpretation of vacuum by requiring indeterminacy. Niels Bohr and Werner Heisenberg's uncertainty principle and Copenhagen interpretation, formulated in 1927, predict a fundamental uncertainty in the instantaneous measurability of the position and momentum of any particle, and which, not unlike the gravitational field, questions the emptiness of space between particles. In the late 20th century, this principle was understood to also predict a fundamental uncertainty in the number of particles in a region of space, leading to predictions of virtual particles arising spontaneously out of the void. In other words, there is a lower bound on the vacuum, dictated by the lowest possible energy state of the quantized fields in any region of space.

In quantum mechanics, the vacuum is defined as the state (i.e. solution to the equations of the theory) with the lowest energy. To first approximation, this is simply a state with no particles, hence the name.

Even an ideal vacuum, thought of as the complete absence of anything, will not in practice remain empty. Consider a vacuum chamber that has been completely evacuated, so that the (classical) particle concentration is zero. The walls of the chamber will emit light in the form of black body radiation. This light carries momentum, so the vacuum does have a radiation pressure. This limitation applies even to the vacuum of interstellar space. Even if a region of space contains no particles, the Cosmic Microwave Background fills the entire universe with black body radiation.

An ideal vacuum cannot exist even inside of a molecule. Each atom in the molecule exists as a probability function of space, which has a certain non-zero value everywhere in a given volume. Thus, even "between" the atoms there is a certain probability of finding a particle, so the space cannot be said to be a vacuum.

More fundamentally, quantum mechanics predicts that vacuum energy will be different from its naive, classical value. The quantum correction to the energy is called the zero-point energy and consists of energies of virtual particles that have a brief existence. This is called vacuum fluctuation. Vacuum fluctuations may also be related to the so-called cosmological constant in cosmology. The best evidence for vacuum fluctuations is the Casimir effect and the Lamb shift. 

In quantum field theory and string theory, the term "vacuum" is used to represent the ground state in the Hilbert space, that is, the state with the lowest possible energy. In free (non-interacting) quantum field theories, this state is analogous to the ground state of a quantum harmonic oscillator. If the theory is obtained by quantization of a classical theory, each stationary point of the energy in the configuration space gives rise to a single vacuum. String theory is believed to have a huge number of vacua - the so-called string theory landscape.
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The manual water pump draws water up from a well by creating a vacuum that water rushes in to fill. In a sense, it acts to evacuate the well, although the high leakage rate of dirt prevents a high quality vacuum from being maintained for any length of time.

Fluids cannot be pulled, so it is technically impossible to create a vacuum by suction. Suction is the movement of fluids into a vacuum under the effect of a higher external pressure, but the vacuum has to be created first. The easiest way to create an artificial vacuum is to expand the volume of a container. For example, the diaphragm muscle expands the chest cavity, which causes the volume of the lungs to increase. This expansion reduces the pressure and creates a partial vacuum, which is soon filled by air pushed in by atmospheric pressure.
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To continue evacuating a chamber indefinitely without requiring infinite growth, a compartment of the vacuum can be repeatedly closed off, exhausted, and expanded again. This is the principle behind positive displacement pumps, like the manual water pump for example. Inside the pump, a mechanism expands a small sealed cavity to create a deep vacuum. Because of the pressure differential, some fluid from the chamber (or the well, in our example) is pushed into the pump's small cavity. The pump's cavity is then sealed from the chamber, opened to the atmosphere, and squeezed back to a minute size.

A cutaway view of a turbomolecular pump, a momentum transfer pump used to achieve high vacuum

The above explanation is merely a simple introduction to vacuum pumping, and is not representative of the entire range of pumps in use. Many variations of the positive displacement pump have been developed, and many other pump designs rely on fundamentally different principles. Momentum transfer pumps, which bear some similarities to dynamic pumps used at higher pressures, can achieve much higher quality vacuums than positive displacement pumps. Entrapment pumps can capture gases in a solid or absorbed state, often with no moving parts, no seals and no vibration. None of these pumps are universal; each type has important performance limitations. They all share a difficulty in pumping low molecular weight gases, especially hydrogen, helium, and neon.

The lowest pressure that can be attained in a system is also dependent on many things other than the nature of the pumps. Multiple pumps may be connected in series, called stages, to achieve higher vacuums. The choice of seals, chamber geometry, materials, and pump-down procedures will all have an impact. Collectively, these are called vacuum technique. Sometimes, the final pressure is not the only relevant characteristic. Pumping systems differ in oil contamination, vibration, preferential pumping of certain gases, pump-down speeds, intermittent duty cycle, reliability, or tolerance to high leakage rates.

In ultra high vacuum systems, some very odd leakage paths and outgassing sources must be considered. The water absorption of aluminium and palladium becomes an unacceptable source of outgassing, and even the adsorptivity of hard metals such as stainless steel or titanium must be considered. Some oils and greases will boil off in extreme vacuums. The porosity of the metallic chamber walls may have to be considered, and the grain direction of the metallic flanges should be parallel to the flange face.

The lowest pressures currently achievable in laboratory are about 10-13 Torr.

Evaporation and sublimation into a vacuum is called outgassing. All materials, solid or liquid, have a small vapour pressure, and their outgassing becomes important when the vacuum pressure falls below this vapour pressure. In man-made systems, outgassing has the same effect as a leak and can limit the achievable vacuum. Outgassing products may condense on nearby colder surfaces, which can be troublesome if they obscure optical instruments or react with other materials. This is of great concern to space missions, where an obscured telescope or solar cell can ruin an expensive mission.

The most prevalent outgassing product in man-made vacuum systems is water absorbed by chamber materials. It can be reduced by desiccating or baking the chamber, and removing absorbent materials. Outgassed water can condense in the oil of rotary vane pumps and reduce their net speed drastically if gas ballasting is not used. High vacuum systems must be clean and free of organic matter to minimize outgassing.

Ultra-high vacuum systems are usually baked, preferably under vacuum, to temporarily raise the vapour pressure of all outgassing materials and boil them off. Once the bulk of the outgassing materials are boiled off and evacuated, the system may be cooled to lower vapour pressures and minimize residual outgassing during actual operation. Some systems are cooled well below room temperature by liquid nitrogen to shut down residual outgassing and simultaneously cryopump the system.

The quality of a vacuum is indicated by the amount of matter remaining in the system. Vacuum is primarily measured by its absolute pressure, but a complete characterization requires further parameters, such as temperature and chemical composition. One of the most important parameters is the mean free path (MFP) of residual gases, which indicates the average distance that molecules will travel between collisions with each other. As the gas density decreases, the MFP increases, and when the MFP is longer than the chamber, pump, spacecraft, or other objects present, the continuum assumptions of fluid mechanics do not apply. This vacuum state is called high vacuum, and the study of fluid flows in this regime is called particle gas dynamics. The MFP of air at atmospheric pressure is very short, 70 nm, but at 100 mPa (~1×10-3 Torr) the MFP of room temperature air is roughly 100 mm, which is on the order of everyday objects such as vacuum tubes. The Crookes radiometer turns when the MFP is larger than the size of the vanes.

Deep space is generally much more empty than any artificial vacuum that we can create, although many laboratories can reach lower vacuum than that of low earth orbit. In interplanetary and interstellar space, isotropic gas pressure is insignificant when compared to solar pressure, solar wind, and dynamic pressure, so the definition of pressure becomes difficult to interpret. Astrophysicists prefer to use number density to describe these environments, in units of particles per cubic centimetre. The average density of interstellar gas is about 1 atom per cubic centimeter. 

Vacuum quality is subdivided into ranges according to the technology required to achieve it or measure it. These ranges do not have universally agreed definitions (hence the gaps below), but a typical distribution is as follows:

	Atmospheric pressure
	760 Torr
	101.3 kPa

	Low vacuum
	760 to 25 Torr
	100 to 3 kPa

	Medium vacuum
	25 to 1×10-3 Torr
	3 kPa to 100 mPa

	High vacuum
	1×10-3 to 1×10-9 Torr
	100 mPa to 100 nPa

	Ultra high vacuum
	1×10-9 to 1×10-12 Torr
	100 nPa to 100 pPa

	Extremely high vacuum
	<1×10-12 Torr
	<100 pPa

	Outer Space
	1×10-6 to <3×10-17 Torr
	100 µPa to <3fPa

	Perfect vacuum
	0 Torr
	0 Pa


· Atmospheric pressure is variable but standardized at 101.325 kPa (760 Torr) 

· Low vacuum, also called rough vacuum or coarse vacuum, is vacuum that can be achieved or measured with rudimentary equipment such as a vacuum cleaner and a liquid column manometer. 

· Medium vacuum is vacuum that can be achieved with a single pump, but is too low to measure with a liquid or mechanical manometer. It can be measured with a McLeod gauge, thermal gauge or a capacitive gauge. 

· High vacuum is vacuum where the MFP of residual gases is longer than the size of the chamber or of the object under test. High vacuum usually requires multi-stage pumping and ion gauge measurement. Some texts differentiate between high vacuum and very high vacuum. 

· Ultra high vacuum requires baking the chamber to remove trace gases, and other special procedures. 

· Deep space is generally much more empty than any artificial vacuum that we can create. However, it is not High Vacuum with respect to the above definition, since the MFP of the molecules is smaller than the (infinite) size of the chamber. 

· Perfect vacuum is an ideal state that cannot be obtained in a laboratory, nor can it be found in outer space. 

	
	pressure in Pa
	pressure in Torr
	mean free path
	molecules per cm3

	Vacuum cleaner
	approximately 80 kPa
	600 Torr
	70 nm
	1019

	liquid ring vacuum pump
	approximately 3.2 kPa
	24 Torr
	
	

	freeze drying
	100 to 10 Pa
	1 to 0.1 Torr
	
	

	rotary vane pump
	100 Pa to 100 mPa
	1 Torr to 10−3 Torr
	
	

	Incandescent light bulb
	10 to 1 Pa
	0.1 to 0.01 Torr
	
	

	Thermos bottle
	1 to 0.1 Pa
	10−2 to 10−3 Torr
	
	

	Near earth outer space
	approximately 100 µPa
	10−6 Torr
	
	

	Vacuum tube
	10 µPa to 10 nPa
	10−7 to 10−10 Torr
	
	

	Cryopumped MBE chamber
	100 nPa to 1 nPa
	10−9 to 10−11 Torr
	1..105 km
	109..104

	Pressure on the Moon
	approximately 1 nPa
	10−11 Torr
	
	

	Interstellar space
	approximately 1 fPa
	10−17 Torr
	
	1


[image: image14.jpg]


Vacuum is measured in units of pressure. The SI unit of pressure is the pascal (symbol Pa), but vacuum is usually measured in torrs (symbol Torr), named for Torricelli, an early Italian physicist (1608 - 1647). A torr is equal to the displacement of a millimeter of mercury (mmHg) in a manometer with 1 torr equaling 133.3223684 pascals above absolute zero pressure. Vacuum is often also measured using inches of mercury on the barometric scale or as a percentage of atmospheric pressure in bars or atmospheres. Low vacuum is often measured in inches of mercury (inHg), millimeters of mercury (mmHg) or kilopascals (kPa) below atmospheric pressure. "Below atmospheric" means that the absolute pressure is equal to the current atmospheric pressure (e.g. 29.92 inHg) minus the vacuum pressure in the same units. Thus a vacuum of 26 inHg is equivalent to an absolute pressure of 4 inHg (29.92 inHg - 26 inHg).

A glass McLeod gauge, drained of mercury

Many devices are used to measure the pressure in a vacuum, depending on what range of vacuum is needed. 

Hydrostatic gauges (such as the mercury column manometer) consist of a vertical column of liquid in a tube whose ends are exposed to different pressures. The column will rise or fall until its weight is in equilibrium with the pressure differential between the two ends of the tube. The simplest design is a closed-end U-shaped tube, one side of which is connected to the region of interest. Any fluid can be used, but mercury is preferred for its high density and low vapour pressure. Simple hydrostatic gauges can measure pressures ranging from 1 Torr (100 Pa) to above atmospheric. An important variation is the McLeod gauge which isolates a known volume of vacuum and compresses it to multiply the height variation of the liquid column. The McLeod gauge can measure vacuums as high as 10−6 Torr (0.1 mPa), which is the lowest direct measurement of pressure that is possible with current technology. Other vacuum gauges can measure lower pressures, but only indirectly by measurement of other pressure-controlled properties. These indirect measurements must be calibrated via a direct measurement, most commonly a McLeod gauge. 

Mechanical or elastic gauges depend on a Bourdon tube, diaphragm, or capsule, usually made of metal, which will change shape in response to the pressure of the region in question. A variation on this idea is the capacitance manometer, in which the diaphragm makes up a part of a capacitor. A change in pressure leads to the flexure of the diaphragm, which results in a change in capacitance. These gauges are effective from 10−3 Torr to 10−4 Torr.

Thermal conductivity gauges rely on the fact that the ability of a gas to conduct heat decreases with pressure. In this type of gauge, a wire filament is heated by running current through it. A thermocouple or Resistance Temperature Detector (RTD) can then be used to measure the temperature of the filament. This temperature is dependent on the rate at which the filament loses heat to the surrounding gas, and therefore on the thermal conductivity. A common variant is the Pirani gauge which uses a single platimum filament as both the heated element and RTD. These gauges are accurate from 10 Torr to 10−3 Torr, but they are sensitive to the chemical composition of the gases being measured.

Ion gauges are used in ultrahigh vacuum. They come in two types: hot cathode and cold cathode. In the hot cathode version an electrically heated filament produces an electron beam. The electrons travel through the gauge and ionize gas molecules around them. The resulting ions are collected at a negative electrode. The current depends on the number of ions, which depends on the pressure in the gauge. Hot cathode gauges are accurate from 10−3 Torr to 10−10 Torr. The principle behind cold cathode version is the same, except that electrons are produced in a discharge created by a high voltage electrical discharge. Cold cathode gauges are accurate from 10−2 Torr to 10−9 Torr. Ionization gauge calibration is very sensitive to construction geometry, chemical composition of gases being measured, corrosion and surface deposits. Their calibration can be invalidated by activation at atmospheric pressure or low vacuum. The composition of gases at high vacuums will usually be unpredictable, so a mass spectrometer must be used in conjunction with the ionization gauge for accurate measurement. 

Many properties of space approach non-zero values in a vacuum that approaches perfection. These ideal physical constants are often called free space constants. Some of the common ones are as follows:

· The speed of light approaches 299,792,458 m/s, but is always slower 

· Index of refraction approaches 1.0, but is always higher 

· Electric permittivity ((0) approaches 8.8541878176x10-12 farads per meter (F/m). 

· Magnetic permeability (μ0) approaches 4π×10−7 N/A2. 

· Characteristic impedance (Z0) approaches 376.73 Ω. 

Preparing for your class:

It is important that the materials are not placed with the students.  It will distract the students, and you will spend your entire 90 minutes trying to control them.  Instead, there are 6 continers to for each experiment (students work in pairs, so enough if you have 12 students).  After you have spent a minute or two discussing the experiement and the students’ results, you can hand out the materials for the next experiment as they put the materials back into the container.  Then, the distraction is limited to exchanging the materials.  If your students are very distract, pick up the materials, discuss the results, give the directions for the next activity, and then hand out the materials.

This lesson plan is designed for 90 minutes working with your students.  If your class is meeting for 60 minutes, you will need to present all of the activities except the stomp rockets during the first meeting, and the stomp rockets and discussion during the second meeting.  You will have about 30 minutes remaining during your second meeting to present the next unit.  If your class is meeting 120 minutes, you will need to bring your second program along.  You will be able to finish this unit in the first 90 minutes, and you will have 30 minutes to present the next unit.

For each pair of students:

· Tub 1: 

· 1 air cannon

· at least 15 color plastic cups

· Tub 2: 

· 1 large balloon puck

· plastic puck base

· small clear tube (~ 4cm)

· black rubber stopper

· balloon

· rubberband holds the balloon on the stopper

· 1 small balloon puck

· 1 balloon pump

· Tub 3:

· 2 tuning forks (one large and one small)  The large tuning forks work best for the water experiment.

· 2 rubber balls

· 2 clear plastic cups (you can fill them with water now, or wait until the experiment

· Tub 4 

· 2 thunder tubes

· Tub 5

· 2 data sheets

· 2 pencils

· 1 vacuum chamber box

· bell jar

· bell jar platform with O ring

· T-tubing with one-way valve

· Syringe

Set up demonstration:

· Toilet Bowl Plungers

Set aside:

· Extra balloons

· Container with water

· Small rubber bands

· Paper towels

· Objects for vacuum chamber

· Small plastic container (for water)

· Small balloon

· Marshmallow

· Buzzer and battery in a small piece of bubble wrap

The Demonstration

Vacuum – 5 minutes

· When students enter, select two people to help you participate.  For demonstrations, you need to be aware of the following:

· Select different people each week.  If you need to, record who participated each week, to make sure every child in your class has the opportunity to be selected.

· Keep gender in mind and try to have equal numbers of each gender.  If you need an odd number of volunteers, pick one gender this week, and two next week.

· Keep ethnicity (race) in mind.  If your class is 2/3 Latino, be sure to select 2 Latinos.

· When you select your students, be aware that girls are often relegated to the inactive volunteer (holding, watching, etc.) rather than the active volunteer (thrower, jumper, etc.)  Be sure to balance out the active participants between boys and girls and among the different ethnicities.

· We endeavor to provide equal opportunities for all our students, but sometimes we are totally unaware of only selecting girls to hold and boys to do because of culture.  We therefore just need to keep track of these things.

· Hand each volunteer a toilet bowl plunger.

· Ask volunteers to press it to the floor.

· Ask volunteers to pull plunger straight up (Note: take care that they don’t hit themselves in the chin when the plunger releases from the floor).  All the students will want to try.  Have them line up in two lines.  Give each student 2 or 3 attempts.

· Ask the class to thank all the volunteers today with a round of applause.

Introduction to Concepts in Air Pressure

Air Pressure: – 5 minutes or less

In this introduction, you discuss with your students that they will be exploring that even though we can’t see it (usually) the air is made up of lots of molecules of different gasses, like nitrogen, oxygen, carbon dioxide, water vapor, and trace gasses.  Have the students fan themselves.  We feel the “breeze” because millions of these molecules are slamming into our face.  There are so many molecules, in fact, that at sea level, there is almost 15 pounds of air pressing down on every square inch of the Earth at sea level.  Our bodies are being pressed by 15 pounds on every square inch!  

BRIEFLY describe that we will be exploring air, changing the number of molecues changes creates high and low pressure.  Sound also changes the concentration of air molecules as they travel, so creating minature high and low pressures that hit our ear drums and our brain interperts that as sound.

We will be using different delicate scientific instruments to further explore Air Pressure and Sound.

Air Pressure 
Air Cannons (20 minutes)

· As a demonstration for the class, build a pyramid with 15 plastic cups (base of 5 cups).  When you have completed the pyramid, show students the air cannon.  

· Ask the students to guess how far the can be and still knock down all 15 cups.

· The students will build the pyramid and try to blast the pyramid over with the air cannon.  

· Each time, they take a step further away.

· Who can be the furthest away and still knock over the cups?

· The students will probably shoot bolus of air at each other.  I always allow that after the experiment.

· Hand out the air cannons and cups.

· Allow the students about 15 minutes with the air cannons.

· Ask the students how strong they think the air is.

Balloon Hockey Pucks (20 minutes)

· Collect all the air cannons and the cups.

· Show them the balloon hockey pucks.  Notice the two different sizes.

· Ask the students which 

· Demonstrate how to fill the balloons. 

· Remove the balloon with the black rubber stopper from the puck.  

· Insert the balloon air pump into the rubber stopper that still has the balloon attached.

· Pump quickly to fill balloon.

· Twist the stem of the balloon to capture the air inside.

· Remove the pump from the rubber stopper.

· Insert the small tube attached to the puck into the rubber stopper. 

· When the students are ready, untwist the balloon stem

· This works best on the floor (if hard rather than carpet).  Partners can position themselves about 5 feet apart and begin pushing the pucks back and forth to determine which travels better, the large or small puck.

· Collect all the pucks, pumps.  Which puck travelled better?  (Usually, students find the larger is more stable – bigger surface area for the air to lift.)

Sound

Tuning Forks (10 minutes)

· Ask students what is sound?

· Tell the students that since air is gas, and gas has low density and viscosity, we will use something that is higher density and viscosity to “see” sound.

· Show the students the tuning forks.

· Demonstrate 

· How to hold the tuning forks by the stem.

· How to strike them using the rubber ball.

· How to hear by waving close to ear.

· How to hear by pressing them against the mastoid bone (bone behind the ear) or the frontal bone (forehead).  Students will need to press fairly hard for the sound to travel through the bone.

· Demonstrate (with an empty cup) how to strike the tuning fork with the rubber ball and put the prongs into the cup while only touching the stem of the tuning fork.

· Distribute the tuning forks, cups and water to the students.  Allow students about 7 minutes to work with the tuning forks.

· Collect the materials.

· Quick discussion that the air acts the same way as the water.  We just can’t see that, but we certainly can hear it!

Thunder Tubes (10 minutes)

· Sound pitch and amplitude change according to how those vibrations change the air.  In this experiment, tell the students that they need to discover as many different sounds they can make from the thunder tubes. 

· Hand out the thunder tubes, and let them go!

· Note of caution, students swinging the spring around can hurt another or themselves, although that does create a really cool sound.  You can set up a safe place away from the others that each student can individually try – one at a time.  

· Examples: 

· run fingernails down spring

· shake tube

· hit tube

· cover mouth of tube while shaking

· pat mouth of tube while shaking

· Collect all the thundertubes.

· Discuss that sound travels by compressing and expanding the air rather than they way light travels in waves (bring this up if they have already completed the Light Fantastic).

Data Collection 
Vacuum Chambers (20 minutes)

· Discuss that you have been exploring increase in air pressure (air cannons and balloon hockey pucks) and distoring the air molecules (sound).  In this experient, they will be predicting what will happen when they create a vacuum (or absence of air molecules) using 4 objects

· A balloon (slightly blown up)

· A marshmallow

· Small container of water

· Buzzer making sound

· Before starting the experiment, you need to demonstrate how to operate the vacuum chamber.  Students should practice this before they begin their experiments.  Demonstrate first, hand out the tubs with the materials, then talk the students through this together.  It is important that the jars or platforms are not dropped.  That can ruin the seal, and they won’t work anymore.

· Hook up the tubing to the bell jar top.

· One partner holds the bell jar firmly down on the platform with the O ring.  This partner will hold the bell jar through the entire experiment to keep the bell jar steady while the other partner is pumping out the air with the syringe.  The holding partner needs to place fingertips on the top of the bell jar so both partners can see what is happening to the object while the air is being removed, or the valve is letting the air back in.

· The other partner pulls out the syringe on time.

· The partner holding (and they need to hold throughout the experiment, not just the first pump) checks to see if a seal has been made, and the platform is now stuck to the bell jar.

· The syringe partner then pumps out as much air as possible (it gets hard at the end).

· Release the seal at the top of the bell jar.  Be sure that the bell jar is on the table.  The platform will drop and could be injured if this step is done holding the bell jar.

· Partners will take turns pumping the syringe.

Balloons:

· Connect the tubing to the bell jar.

· Hand out the balloons and instruct the students to turn the bell jar upside down and push the balloon all the way into the bell jar.

· Place the platform on the bell jar (still upside down).

· Pull the syringe plunger and check to see if the platform is connected.  The holder continues to hold the bell jar.

· If it is, place the bell jar right side up on the table, remove as much air as possible.

· Record the results.

· Slowly release the valve at the top of the bell jar.

· Any surprises?

Marshmallows:

· Connect the tubing to the bell jar.

· Hand out the marshmallows and instruct the students to place the marshmallow on the platform.

· Place the bell jar on the platform.

· Pull the syringe plunger and check to see if the platform is connected.  The holder continues to hold the bell jar.

· If it is, remove as much air as possible.

· Record the results.

· Slowly release the valve at the top of the bell jar.

· Any surprises?

Water:

· Connect the tubing to the bell jar.

· Fill the small clear plastic container about ¾ full with water.

· Hand out the water and instruct the students to place the container on the platform.  Warn the students that they need to be very careful not to move the bell jar while pumping out the air.  It could spill the water.  If that happens, give them a paper towel to clean up while you refill their container.

· Place the bell jar on the platform.

· Pull the syringe plunger and check to see if the platform is connected.  The holder continues to hold the bell jar.

· If it is, remove as much air as possible.

· Record the results.

· Slowly release the valve at the top of the bell jar.

· Any surprises?

Buzzer:

· Connect the tubing to the bell jar.

· Hand out the buzzer, battery and bubble wrap

· Instruct the students to hook the buzzer to the battery.

· Place the buzzer on the platform, and notice that it is vibrating on the platform, amplifying the sound.  In order to control for the bell jar vibrating and making noise, the students will place the buzzer on a piece of bubble wrap to insulate the buzzer vibrations from the bell jar, so just the buzzer sound is being tested.

· Place the bell jar on the platform.

· Pull the syringe plunger and check to see if the platform is connected.  The holder continues to hold the bell jar.

· If it is, remove as much air as possible.

· Record the results.

· Slowly release the valve at the top of the bell jar.

· Any surprises?

· As time permits, discuss each experiment in terms of air pressure.

Vacuum Chamber Data Sheet

	Object
	Hypothesis

What do you think will happen when you put this object in a vacuum?


	Result

What actually happened?


	Did the result support your guess?

Did anything unexpected happen?

	Balloon
	
	
	

	Marshmallow
	
	
	

	Water
	
	
	

	Buzzer wrapped in bubble wrap
	
	
	


Vacuum Chamber Data
Name (s): 


	Object

Initial Mass

Initial Size 

     height, width, depth
	Hypothesis

Wt do you think will happen to this object when you put it into a vacuum?
	Results

Final Mass

Final Size

     height, width, depth
	What happened?  Did the results support your hypothesis?  Did anything unexpected happen?

	Suction Cup

Initial Mass __________________

Height ______________________

Width _______________________

Depth _______________________
	
	Initial Mass __________________

Height ______________________

Width _______________________

Depth _______________________
	

	Water

Initial Mass __________________

Height ______________________

Width _______________________

Depth ______________________
	
	Initial Mass __________________

Height ______________________

Width _______________________

Depth _______________________
	

	Balloon

Initial Mass __________________

Height ______________________

Width _______________________

Depth _______________________
	
	Initial Mass __________________

Height ______________________

Width _______________________

Depth _______________________
	

	Marshmallow

Initial Mass __________________

Height ______________________

Width _______________________

Depth _______________________
	
	Initial Mass __________________

Height ______________________

Width _______________________

Depth _______________________
	

	Buzzer

Initial Mass __________________

Height ______________________

Width _______________________

Depth _______________________
	
	Initial Mass __________________

Height ______________________

Width _______________________

Depth _______________________
	


It’s a Blast

Air Pressure and Sound

Permanent

· 5 tubs

· 6 air cannons

· ~100 plastic color cups

· 6 large balloon hockey pucks with attached small clear tubing, rubber stopper with hole, and balloon attached to the rubber stopper with a rubber band

· 6 small balloon hockey pucks with attached small clear tubing, rubber stopper with hole, and balloon attached to the rubber stopper with a rubber band

· 6 balloon pumps

· 16 tuning forks

· 12 rubber balls

· 12 clear plastic cups

· 1 container for water

· 12 thunder tubes

· 6 vacuum chamber boxes

· bell jar

· bell jar platform with O ring

· T-tubing with one-way valve

· Syringe

· 6 Small clear plastic container

· 6 9v batteries

· 6 buzzers

· 6 pieces of bubble wrap 

· 2 toilet bowl plungers

Consumables

· 12 data sheets

· 12 pencils

· Extra balloons

· Extra small rubber bands

· Paper towels

· 12 Marshmallows

· Extra color plastic cups

· Extra clear plastic cups







