
Physics 6C Lab | Experiment 5

Fluids and Thermodynamics

APPARATUS

Shown in the pictures below:

• Electric tea kettle for hot water

• Temperature sensor

• Copper can with attached tube and quick-disconnect

• Rubber bands or tape to tape temperature sensor to metal can

• Low-pressure sensor

Not shown in the pictures above:

• Computer and ScienceWorkshop interface

• Tall container with tubing and quick disconnector for pressure-versus-depth measurements

• Meter stick

• 1000-ml beaker

• Rectangular aluminum and brass blocks

• Spring scale

• Acculab digital scale

• Vernier calipers

• 50-, 100-, and 200-g masses

• Barometer in room

• Paper towels and/or sponges in room to clean up splashed water
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INTRODUCTION

In this experiment, you will measure the pressure of water as a function of depth, investigate
the buoyant force exerted by water on submerged objects, and use ideal-gas-law properties of air
to deduce and calculate the coldest possible temperature, called absolute zero. (More properly,
one should say absolute zero is the lower limit of cold temperatures, since absolute zero can be
approached but not reached.)

PASCAL’S LAW

Pressure, by definition, is force per unit area. In SI units, pressure is measured in Newtons per
square meter, which is also called Pascals (Pa). Atmospheric pressure is approximately 100,000 Pa
or 100 kilopascals (kPa). The pressure sensor used in this experiment reads in kPa.

To determine the variation of pressure with depth, consider a cylindrical slab of liquid of cross-
sectional area A and height x.

(The slab need not be a circular cylinder; the cross-sectional area can have any shape as long as
the sides are vertical.) We consider only the case in which the liquid is incompressible and has
constant density ρl. The mass of liquid in the slab is equal to the density multiplied by the volume
— ρlAx — while the weight of the liquid is ρlgAx. Thus, the pressure P exerted by the liquid on
the bottom of the slab is equal to the weight divided by the area,

P = ρlgx, (1)

and we see that the pressure is proportional to the depth x. This result is known as Pascal’s Law.

ARCHIMEDES’ PRINCIPLE

Archimedes’ Principle tells us that an object completely or partially submerged in a fluid (liquid or
gas) experiences an upward buoyant force. The buoyant force is equal in magnitude to the weight
of the fluid displaced by the object. Suppose we place a rubber duck in a bathtub of water. The
duck is less dense than the water, so it naturally floats. If we push down on the duck, though, we
feel some “resistance” as the duck enters the water. This “resistance” is the upward buoyant force
exerted by the water on the duck. We also observe that the duck sweeps aside — or displaces — a
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certain amount of water to make room for itself. When the duck is completely submerged in water,
the displaced volume of water is equal to the total volume of the duck.

In general, to determine the magnitude of the buoyant force that a liquid exerts on a submerged
object, we must consider how much of the object (of total volume V ) lies below the liquid surface.
Since only the submerged portion of the object displaces liquid, we see that the displaced volume of
liquid is equal to the object’s submerged volume. If we call the displaced volume Vd, then the mass
of the displaced liquid is ρlVd, and the weight of the displaced liquid is ρlgVd. From Archimedes’
Principle, the magnitude of the buoyant force B must be equal to this weight:

B = ρlgVd. (2)

For an object completely submerged in the liquid, Vd = V . However, for an object only partially
submerged, Vd < V .

When an object suspended from a spring scale is lowered slowly into a liquid, the forces acting on
the object are the (upward) spring force Fs, the (upward) buoyant force B, and the (downward)
gravitational force or weight W . Since the object is essentially stationary, these three forces must
balance: ∑

Fy = Fs +B −W = 0. (3)

Therefore, the reading of the spring scale is

Fs = W −B. (4)

This reading is known as the apparent weight of the object. Calling ρo the density of the object,
we see that W = mg = ρogV . From this result and Eq. 2, it follows that

Fs = ρogV − ρlgVd = (ρoV − ρlVd)g. (5)

THE IDEAL GAS LAW

Experimentally, it is found that any sufficiently rarefied gas satisfies the ideal gas law :

PV = nRT, (6)

where P is the pressure, V is the volume, T is the absolute temperature, n is the number of moles
of gas, and R is the universal gas constant (8.314 J/mol K). Historically, the different dependencies
codified in this equation were named after the scientists who discovered them:

• Boyle’s Law: P is inversely proportional to V (if T is held constant)

• Charles’ Law: V is directly proportional to T (if P is held constant)

• Gay-Lussac’s Law: P is directly proportional to T (if V is held constant)

MEASURING ABSOLUTE ZERO WITHOUT RISKING FROSTBITE

If we take different types of gases in various volumes — say, a liter of hydrogen, a cubic meter
of helium, 500 cubic centimeters of air, a cubic centimeter of chlorine, etc. — and measure the
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dependencies of pressure P on Celsius temperature T at constant volume, we would obtain curves
such as those shown below:

In each case, the pressure-versus-temperature relationship is linear at sufficiently high temperatures
(i.e., the ideal-gas behavior); but as the temperature is reduced, each gas eventually deviates from
the straight-line relationship. At sufficiently cold temperatures, the gas liquefies. However, the
extrapolation of the linear part of the pressure-versus-temperature curve in each case intersects the
temperature axis at the same point T0 — the temperature we call absolute zero — irrespective of
the type of gas or its initial pressure and volume.

Thus, we can take any gas (e.g., air), measure its pressure dependence on Celsius temperature
at convenient values near room temperature, extrapolate the curve, and determine the value of
absolute zero. For example, if we measure P = mT + b, where m is the slope of the P vs. T curve
and b is the pressure at zero degrees Celsius, then the extrapolated intercept on the axis where
P = 0 is the Celsius temperature of absolute zero:

T0 = −b/m. (7)

(If the chosen gas were very “non-ideal” at room temperature and atmospheric pressure, then we
might need to reduce the pressure until its behavior approaches the ideal limit.) In this experiment,
we will be using air at pressures near atmospheric and temperatures between the boiling and freezing
points of water.

EQUIPMENT

In the first part of this experiment, pressure is measured by a small pressure sensor box which con-
nects to one of the analog plugs of the Pasco interface. The sensor box sends a voltage proportional
to the pressure toward the interface. The interface then converts the analog voltage to a digital
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signal and sends it to the computer. You can enter the pressure into tables, graph it, and so forth.
The actual gas or liquid pressure is delivered to the pressure port of the sensor box by a plastic
tube with a “quick-disconnector” piece which fits into the port.

Since you will now be dealing with water, be very careful not to get it on the computer, the keyboard,
or the interface box. The tall container has two stopcocks; the lower one has a hose with a quick-
disconnector on the end. Make sure both stopcocks are closed, and hook the quick-disconnector to
the pressure sensor box. (The stopcocks are closed when their T-handles are turned perpendicular
to the direction of liquid flow, and open when the T-handles are parallel to the liquid flow.) Place
a plastic meter stick into the container so you can read the depth of water in centimeters.

INITIAL SETUP

1. Plug the cable from the pressure sensor box into analog channel A of the signal interface.

2. Turn on the signal interface and the computer.

3. Call up Capstone and choose the “Graph & Digits” option. In the “Hardware Setup” tab,
click on channel A and select “Pressure Sensor, Low”. A pressure sensor symbol appears
under analog channel A.

4. In the digits box, click “Select Measurement” and choose “Pressure (kPa)”.

5. Add some water to the tall container, and place the beaker to catch water from the upper
stopcock. Use a small piece of hose from the upper stopcock to the beaker. The pressure of
the full column will shoot water over the beaker if the upper stopcock is fully opened. The
hose from the closed lower stopcock should be connected to the pressure sensor box.

6. Click the “Record” button, and check that you are obtaining gauge pressure readings. (The
gauge pressure is the pressure exerted by the water, and is equal to the difference between
the absolute and atmospheric pressures. Equivalently, it is equal to the pressure above atmo-
spheric.) When you open the lower stopcock, the pressure increases. Although the trapped
air in the tube should prevent any water from getting into the sensor, take caution not to
disconnect the quick-disconnector from the pressure sensor before turning off the stopcock.
Allow some water to drain out of the tall container into the beaker while observing the pres-
sure reading. The reading should, of course, decrease as the water drains out. Stop recording
and click “Delete Last Run” to discard this data set.

PROCEDURE PART 1: PRESSURE

1. Click on the table icon on the right side of the screen and drag a new table to your work
space. Click “Select Measurement” on the first column of the table and choose “Pressure
(kPa)”. Click “Select Measurement” on the second column. In the “Create New” option,
choose “User-Entered Data”. You will be entering the water depth in this column. Feel free
to Change the title of this column.
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2. On the bottom of the screen, click “Continuous Mode” and change this to “Keep Mode”.

3. Pour water into the container until it is about 75 cm deep. Note that the stopcock to the
pressure sensor is 3 cm from the bottom, so you need to subtract 3 cm from all of the
meterstick-level readings. Be sure to convert the level readings to meters before typing them
in. Open the stopcock to the pressure sensor.

4. Click “Preview” to initiate the sensor. Then click “Keep Sample” to have the pressure reading
added to the table. Enter the depth reading in meters (3 cm less than the meterstick reading)
in the second column of your table. Take pressure readings at each of the following marks on
the meter stick: 75, 70, 65, 60, 55, 50, 45, 40, 35, 30, 25, and 20 cm.

5. For the final entry, type in zero for the depth. Close the lower stopcock, disconnect the hose
from the sensor, and click “Keep Sample” to record the gauge pressure of the atmosphere
(which should be zero). Again, the stopcocks are open when their T-shaped tops are aligned
with their tubes, and closed otherwise. Click the “Stop” button to end the data run.

6. Click the “Select Measurement” botton on the y-axis and choose “Pressure (kPa)” and put
your depth recordings on the y-axis. Click the “Apply Selected curve fits...” tool and select
“Linear”. A box should appear that tells you the slope and y-intercept of the best-fit line.
According to the equation of pressure versus depth (P = ρlgx), the slope of the graph should
be ρlg. Since the density of water is 1000 kg/m3, ρlg = 9800 N/m3. However, the pressure
readings were taken in kPa, so we expect the slope to be 9.8 kN/m3 (kN = kilonewtons).
Record the experimental value of the slope in the “Data” section, and compare it with the
theoretical value.

PROCEDURE PART 2: BUOYANCY

In this part, you will determine whether the buoyant force exerted by water on a submerged block
depends on the density of the block.

1. Using the Vernier calipers, measure the dimensions of the aluminum block, and calculate its
total volume.

2. Pour water into the beaker until it is almost full. Attach the aluminum block to the spring
scale with its longest dimension vertical, and lower the block very slowly into the beaker.
Record the reading of the spring scale when the block is 1/5, 2/5, 3/5, 4/5, and fully sub-
merged in water, using the 1-cm marks along the block as a guide, and convert these readings
into weight (in SI units of Newtons). Determine the displaced volume of water for each case.

3. Using the known densities of aluminum (2700 kg/m3) and water (1000 kg/m3), plot the
apparent weight Fs of the block as a function of the displaced volume of water Vd. (Recall
that the apparent weight is equal to the reading of the spring scale converted into SI units of
newtons.) Make a best-fit line through your data points, and calculate the slope of this line.
How well does your graph obey a linear fit? Determine the theoretical slope of the line from
Eq. 5, and compare it with your experimental value.
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4. Repeat steps 1 – 3 with the brass block (of density 8400 kg/m3).

5. Based on your results above, comment on whether the buoyant force depends on the density
of the block.

PROCEDURE PART 3: IDEAL GAS AND ABSOLUTE ZERO

1. Safety Considerations: When the experimental steps below call for “hot water”, use hot tap
water or water heated by the electric tea kettles to 70 – 80 ◦C: hot to the touch, but not
scalding hot. Use great care not to spill or splash water on the keyboard or other computer
equipment. Clean up any splashed or spilled water immediately with a sponge and/or paper
towels.

2. Determining Absolute Zero: You will be producing a graph of pressure as a function of
temperature, then extrapolating the graph to zero pressure to determine the value of absolute
zero.

a. Fill the electric tea kettle with water from the faucet in the lab room. Connect the
low-pressure sensor to the tube from the cylindrical copper can, fix the thermometer
sensor to the can using rubber bands or tape, and submerge the can in the water inside
the kettle.

b. Get a new Capstone page. Set up the “Temperature Sensor” and “Pressure Sensor,
Low” in channels A and B of the interface, and have them take data once per second
(change the sample rate at the bottom of the screen to 1 Hz). Turn on the tea kettle
and start recording data. Record until the pressure changes by about 8 kPa, then stop
recording and turn off the kettle. (The data should look linear.) While recording you
can perform the next steps below.

c. During or after recording your data, you can set up the calculation for your graph.
You will plot a graph of temperature versus pressure. The pressure sensor measures
deviations from the ambient atmospheric pressure in kPa. But since you need the total
pressure, you will have to add the ambient atmospheric pressure to your reading. Read
the barometer in the room, and convert the reading to kPa. The conversions below may
help:

1 bar = 105 Pa = 100 kPa. (8)

1 atm = 1.013× 105 Pa = 101.3 kPa = 0.760 m of mercury. (9)

d. Select your data using the “Highlight range of points...” tool. Click on the “Apply
selected curve fits...” tool and choose “Linear”. A box should appear telling you the
slope and y-intercept of the best-fit line.

e. Add the ambient atmospheric pressure to the y-intercept value of your best-fit line. Use
the slope obtained from the best-fit line and this new y-intercept to calculate the estimate
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of absolute zero, T0 = −b/m. Calculate your experimental error using the known value
of absolute zero.

DATA

Procedure Part 1:

3. Pressure at depth of 0.72 m =

Pressure at depth of 0.67 m =

Pressure at depth of 0.62 m =

Pressure at depth of 0.57 m =

Pressure at depth of 0.52 m =

Pressure at depth of 0.47 m =

Pressure at depth of 0.42 m =

Pressure at depth of 0.37 m =

Pressure at depth of 0.32 m =

Pressure at depth of 0.27 m =

Pressure at depth of 0.22 m =

Pressure at depth of 0.17 m =

4. Pressure at depth of 0.00 m =

5. Slope of line (experimental) =

Slope of line (theoretical) =

Percentage difference in slope of line =

You may print the data table and graph showing pressure as a function of depth.
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Procedure Part 2:

1. Dimensions of aluminum block =

Volume of aluminum block =

2. Reading of spring scale when aluminum block is 1/5 submerged =

Reading of spring scale when aluminum block is 2/5 submerged =

Reading of spring scale when aluminum block is 3/5 submerged =

Reading of spring scale when aluminum block is 4/5 submerged =

Reading of spring scale when aluminum block is fully submerged =

Displaced volume of water when aluminum block is 1/5 submerged =

Displaced volume of water when aluminum block is 2/5 submerged =

Displaced volume of water when aluminum block is 3/5 submerged =

Displaced volume of water when aluminum block is 4/5 submerged =

Displaced volume of water when aluminum block is fully submerged =

3. Slope of best-fit line =

Theoretical slope of line =

Percentage difference in slope of line =
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4. Dimensions of brass block =

Volume of brass block =

Reading of spring scale when brass block is 1/5 submerged =

Reading of spring scale when brass block is 2/5 submerged =

Reading of spring scale when brass block is 3/5 submerged =

Reading of spring scale when brass block is 4/5 submerged =

Reading of spring scale when brass block is fully submerged =

Displaced volume of water when brass block is 1/5 submerged =

Displaced volume of water when brass block is 2/5 submerged =

Displaced volume of water when brass block is 3/5 submerged =

Displaced volume of water when brass block is 4/5 submerged =

Displaced volume of water when brass block is fully submerged =

Plot the graph of Fs as a function of Vd using one sheet of graph paper at the end of this
workbook. Remember to label the axes and title the graph.

Slope of best-fit line=

Theoretical slope of line =

Percentage difference in slope of line =

5. Does the buoyant force depend on the density of the block?
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