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“A Week of Science at Sea Aboard the Research Vessel Melville.”

Day 1: What Floats Your Boat: Introduction to Boats and Buoyancy

Grade Level: 5- 8 

Authors: Benjamin P Neal, PhD Candidate, Scripps Institution of Oceanography, NSF GK-12 Fellow, and Jerry Ruiz, Dana Middle School, Point Loma, California. 

Lesson Summary: "Any floating object displaces its own weight of fluid." – Archimedes  

 This lesson introduces students to concepts of buoyancy, and how ships use this buoyancy to float and carry a load. They will do a hands-on exercise in buoyancy by loading and sinking small "boats" in a desktop aquaria. They will record and compare the recorded weights of both “cargo” and the amount of water needed to sink the same boat in this exercise, in order to compare densities of different substances, and to illustrate how boats can bear loads that may be larger in volume, but must be less in mass than their displacement of water.  
Note that this if the first lesson in a series of five lessons with accompanying videos, collectively entitled “A Week of Science at Sea Aboard the Research Vessel Melville.” The video for today is called “Life on Board a Research Vessel” and can be found in a low-resolution version on YouTube from this link http://calechoes.wordpress.com/video/. This video is most appropriate, but not required, if watched before beginning the buoyancy exercise, as it is intended to be also be an introduction to the whole five-day series. Following the video, solicit student questions, and then begin the exercise below. 

Additional supporting information from the original cruise in September 2010, such as the blog entries and student inquiries, can be found on the CalEchoes cruise website http://calechoes.ucsd.edu/.  For additional general information on the activities of the Scripps Institution of Oceanography, which sponsored this cruise, see http://scripps.ucsd.edu/. 
Total Estimated Lesson Duration: One hour.
Key vocabulary: Buoyancy, density, mass, displacement.  

Learning Objectives:

· Students will learn that the volume of water required to sink a small boat is approximately equal to the displacement of that boat when loaded.
· Students will be able to describe Archimedes' principle and how a boat floats in relation to its mass, volume and surface area. 

· Students will be able to measure volume of a cargo, and from this and the mass of the cargo, measured above, will be able to calculate payload density and to compare the densities of different substances to the density of water. 
Content Standards:

California State Science Content Standards: 

8th grade: Focus on Physical Sciences: 

Section 8: Density and Buoyancy 


“All objects experience a buoyant force when immersed in a fluid. As a basis for understanding this concept: 
a. Students know density is mass per unit volume. b. Students know how to calculate the density of substances (regular and irregular solids and liquids) from measurements of mass and volume. 

c. Students know the buoyant force on an object in a fluid is an upward force equal to the weight of the fluid the object has displaced. 

d. Students know how to predict whether an object will float or sink.”
National Science Education Standards

CONTENT STANDARD E: Students should develop abilities of technological design, and students should demonstrate thoughtful planning for a piece of technology or technique. Students should be introduced to the roles of models and simulations in these processes.

CONTENT STANDARD E: Students should develop understandings about science and technology, and understand how science often advances with the introduction of new technologies. Solving technological problems often results in new scientific knowledge. New technologies often extend the current levels of scientific understanding and introduce new areas of research. Creativity, imagination, and a good knowledge base are all required in the work of science and engineering.

Ocean Literacy Principles
Interdisciplinary Principle 7f: The ocean is largely unexplored. Ocean exploration is truly interdisciplinary. It requires close collaboration among biologists, chemists, climatologists, computer programmers, engineers, geologists, meteorologists, and physicists, and new ways of thinking. (Boats are required for ocean exploration, and this exercise illustrates the basic physics principles of boats.)
Teacher Instructions:
Background: This lab illustrates Archimedes' principle (the hydrostatic principle) - that a body immersed in a fluid is subject to an upward force (buoyancy) equal in magnitude to the weight of fluid it displaces. This is one of the most basic principles of fluid dynamics. Boats of all sizes, from the small demonstration boats in this exercise all the way up to large ships, rely on this displacement of water to remain floating. This activity illustrates the displacement of water, and allows for measurement on a small scale of the amount of mass that it takes to achieve sinking, which is equal to the mass of displaced water.  Students can furthermore investigate how different shapes affect this level of buoyancy, and predict the differing buoyancy and stability outcomes of these different shapes. 

The lesson, like the other four in this series, can be related to the CalEchoes research cruise on the R/V Melville and to the accompanying daily videos by relating the measured displacements in the lab exercise to the specifications of the ship (below). This comparison could be used to illustrate the principle of displacement roughly increasing as the cube of length (i.e. a five foot boat will displace approximately twenty-five times as much water as a one foot boat of the same general shape). For example, more advanced students could be asked to mathematically compare how much larger the Melville is in terms of displacement, and then how much larger it is in terms of length. These two figures will illustrate the principle of displacement increasing as a square of the length, as shown in a comparison of the ratios of length to displacement for the two boats. For grades 5-7, the specifications of the R/V Melville can be used to explain units and unit conversions (such as feet to meters), or can be used simply as an example of how to describe a real vessel. 

Specs of the Research Vessel Melville are:

	Tonnage (carrying capacity):
	2,516 tons 

	Displacement:
	2,991 tons

	Length:
	279 feet (97 m)

	Beam:
	                                                                                                          46 feet (14 m)

	Draft:
	16 feet 6 inches (5.0 m) (maximum)
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Materials:
· "BOATS" (at least two different sizes, one per station or group): A variety of "boats" can be made by cutting plastic or paper beverage containers in half lengthwise with a knife. A nice sized boat can be made from a 1-liter soda bottle, and another can be made from cutting a half-gallon paper juice container in half lengthwise, and these will show very different stability and loading characteristics. At least two different sized boats are needed for comparison, but a variety can be experimented with, using differently sized bottles and containers. (Note: can also use commercially produced bath toys, or other open containers like Tupperware or other kitchen containers.)  A flat “barge” shape will be more stable, and have greater carrying capacity. Be imaginative, as a variety of boats will make the stations more engaging. 
· TUBS OF WATER (One per station): Desktop basins or aquariums capable of holding enough water for the “boats” described above to float freely and to eventually sink. Provide a large enough basin for groups to work together as needed.  Additional water from the tap or from another tub will also be needed. 
· WEIGHTS (One set per station): Small individual weights which can be counted for calibration are needed. These can take many forms, such as rounded landscaping stones, coins such as quarters (a potential theft risk!), small lead fishing weights, lemons (for large boats), or glass craft beads of similar weight. The type of weights needed will vary depending on the size of the “boats” you make. There must be sufficient weight at each experimental station to sink the "boat" at that station. A standardized count of these can be calibrated to give the mass, if the weights are all the same (such as quarters), or the entire mass can be recovered after the sinking and weighed on a balance. 

· One graduated cylinder per station capable of holding enough water to sink the boat at that station.  
· Sharpies for giving the boats fun and interesting names.
· Data sheets for recording the capacities of the boats. An example of this follows at the end of this lesson. Each team will record the amount of cargo and the amount of water needed to sink the boat at each station. Print on waterproof paper if possible. 
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Examples of the variety of bottles that can be used for this exercise, and the resulting boats. 
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Examples of the loads that can be used, showing coins, stones, and fruit. 
Exercise procedure: 

Introduction: 

Introduce by stating that one of the principle issues for vessels such as the Melville simply is staying afloat, and that the aim of this exercise is to explore the idea of floating, or buoyancy, in water.
Data collection: 

The first step is to procure plastic or paper juice bottles, scissors, knives, and water tubs. If appropriate older students can make their own boats, while for younger students it is appropriate to make these ahead of time.  Allow variety and creativity in designating the cuts on the bottles, as these variations will be evaluated for load-carrying affect later in the exercise. Also collect the cargo materials, and an appropriately sized graduated cylinder for each boat. Test this by sinking the boat with water before the exercise.  Also be sure the amount of cargo is well in excess of the amount needed at each station.  Try out the loading a few times yourself beforehand to understand the filling, weighing, and recording procedures. 
Arrange one tub on each desk, with access all around if possible. Fill with water, and take appropriate water retention steps if needed (such as a spare tub under the first to catch spilled water). Place the boat and cargo at each station as well. 

Each team will get one data sheet, and it is best to designate a single “data collector.” Emphasize the importance of systematic data collection, with legible handwriting, the recording of units, and any notes relevant to the recording. This recording and comparison of data is one of the key messages for this exercise, especially for the lower grades. 

Have the students fill the boats slowly for best results, one weight at a time.  Allow for conversation about loading procedures and balance.  Instruct them to cease filling when water begins filling the boat. After sinking, one student will reach in and remove the boat and weights, and the weights will be recorded as to number (in the case of standardized units), or the whole cargo will be weighed on the balance.  This will be recorded by the note taker. 
Fill the graduated cylinder at each station to a designated level (usually full). Instruct the groups to record this amount. Return the empty boat to the tank, and begin filling  the boat with the water (slowly!), until it begins taking on water again and sinks. Read the amount left in the graduated cylinder, and record this figure. Calculate from this how much was put in the boat and record this as well. If there is no graduated cylinder available, this phase can be performed with a standard beaker and a balance. To do this carefully fill the boat with water while from the beaker while it is out of the tank, to the maximum level before it starts to spill out of the boat, and then transfer this water to a pre-tared beaker and measure the weight of this amount of water.  This is not exactly the same figure as the prior method, as there may be differences introduced by the shapes of the boats, but it is a close approximation of displacement if the boats are all nearly the same shape. 
Make sure all measurements are recorded for that station, and then move on to the next station and repeat the procedure.  Each stations takes about eight minutes. 
Data processing: 

 Both measurements need to be converted to comparable masses. For the cargo, this method will vary according to the type of cargo; if using standard-sized objects, then the number required for the sinking need only be multiplied by the unit weight for a total weight, and if irregular objects like stones are used, then the collection should be extracted from the water, and weighted en-masse on a balance.  For the water weight, there are also two methods. First, if a graduated cylinder is not available, then the boat can be propped securely on a flat surface, and filled with water until it spills out, and then this amount can be placed on the balance and weighed. If a graduated cylinder is used, then the water should be poured out from a known amount into the dry boat floating in the basin, until the boat fills with water and sinks or capsizes. The amount dispensed should be recorded and then converted to mass by this formula: 1 cubic centimeter = 1 gram. Note that this is the basis for this standard unit of measurement. 
Discussion points: 

For a given vessel, the two figures obtained above for the weight of water needed to fill the hull and the weight of the cargo correspond roughly to displacement and the tonnage, or effective cargo load, of a vessel. These two figures are often different in this case because simply because water fills a hull more evenly than cargo, but should be fairly close. In real life, the tonnage is often much less due to much of the buoyancy in a vessel used for support of the engine and other systems.
There is also a difference in the space needed for different substances, as a function of density. The density of water, as stated above, is 1 cubic centimeter (same as I milliliter)= 1 gram. The density of lead, often used for ballast in real ships, is 11.34 grams per cubic centimeter. Students can figure out both the density of their cargos (like stones) by measuring volume by noting the increase in a known amount of water in a large graduated cylinder when their amount of stones are immersed.  This can be compared for different cargos, for example stones and coins, to obtain different calculated densities. 
Hull shape is a significant factor in both cargo capacity and stability. Students may notice that certain shapes are tippy (like these round bottles) when no cargo is present, but that they become more stable when half loaded. Encourage these observations. Have at least one flat bottomed or square boat to make comparable observations.
Instructional Strategies/5 E model:
ENGAGE-- Engage the students by doing a demonstration with one of the smaller boats. You can make the analogy of each weight you add being a person in the room, calling out names, and asking if one more person can fit in the boat. (Hint - put all the weight in the stern of the boat so that it will sink faster, and then the students will achieve better results when they do it, if they load the boat evenly. Direct the student's questions towards real-world estimates of the amount of weight needed, using correct units, e.g. "three kilograms." Also allow the students to engage with the boats, first by naming them themselves and writing that name on them, and second by putting the boats in the water before loading and pushing gently down on them, in the front and in the back, to get an idea of the distribution of displacement. 

EXPLORE--Allow the students to load and sink the "boats" themselves, in a controlled way, adding the measured weight slowly, and allowing the boats to stabilize after each addition. Tell them not to drop the weights in, but rather to carefully place them in order to maximize the "loads" of each "boat". Then remove this weight from the water, weigh it on a balance (or count the number of standardized weights) and record his amount on the data sheet. 

EXPLAIN--Have each student group report their data out load, in response to asking about each individual boat. Write out and display the differences from each group, and (if appropriate) discuss the basic statistics of the data (i.e. median, mean, standard error). 
ELABORATE-- Group responses will likely vary - and you can discus why these figures varied (e.g. perhaps they did not distribute the weight in a similar fashion), discussing both the effect of the shape of the boats and how this affects buoyancy, as well as the general idea of displacement and conversion from a known weight to a given amount of fluid (water).  

EVALUATION--Discuss these concepts with the students, in particular emphasizing connections between buoyancy (an upward force), displacement (a mass calculated from the amount of water contained in the vessel), and effective load (the amount of mass or "units" of cargo that the boat is able to carry before sinking). 
==========================================================================

Support supplemental material:

Data sheet follows on next page. Print on waterproof paper if possible. 
Answer Key: Note that there is no correct answer key, as the boats will all be individual and unique in size. However, answers between groups can be compared for consistency on the board, and the answers for cargo loading should be compared to the maximum theoretical load result from the water loading exercise. For more advanced classes, these two datasets can be used as example datasets for teaching analytical concepts of mean and variance, and for plotting exercises. Note that the datasheets have additional columns for this analysis on the right. Use only the portion appropriate for the age group. 

Mean displacements from all groups can also be compared as a function of measured length, whereupon students will discover that length is NOT a good sole indicator of displacement, because boats come in very different capacities within a given similar length range. Also students will also note that the volume of cargo is usually somewhat less than that of the volume of water needed to sink the vessel, as it is very difficult to load the boats evenly. Student group answers can also be compared between repetitions of the same boat by the same group (to assess within group repeated measures variation).

A simple displacement to length ratio can also be calculated, and can be compared for different hulls. Note that the actual D/L formula for nautical architecture is more complicated, but this is a good proxy or comparison.  A plot of these figures would reveal that displacement increases roughly as a square of the length, for similarly shaped hulls. 
	BOAT NAME
	# AND TYPE OF UNITS USED TO SINK
	WEIGHT PER UNIT
	WEIGHT NEEDED TO SINK (DIPLACEMENT)
	LENGTH (NOTE UNITS)
	DISPLACEMENT / LENGTH RATIO
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