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Introduction

The Evaporation Laboratory is designed to help students understand evaporation.  It is a simulation environment that is easy to set up and provides causal explanations as well as numerical results.  We have designed it for flexibility, so that it can be used in demonstrations, in classroom activities, or by students exploring on their own.  This manual is intended to help you, the teacher, make the most of the software.



Section � REF _Ref358357193 \n �2� provides a brief overview of the laboratory.   Section � REF _Ref358357328 \n �3� describes some activities that we had in mind when designing the software that you might find useful as a starting point for developing your own activities.  Section � REF _Ref358357405 \n �4� provides some practical hints for using the software.  Section � REF _Ref358357452 \n �5� provides an overview of the models used in the software – we know that not having this information can be very frustrating, although the material towards the end of this section should be considered optional reading. Section � REF _Ref358357704 \n �6� describes some things we would like to do with this Laboratory and future software like it.  We would greatly appreciate your feedback, both on the current software and these plans.

Overview of the Evaporation Laboratory

The Evaporation Laboratory enables students to carry out experiments with a simulation that should help them learn how evaporation works: What causes it, what changes it causes, what parameters are relevant, and  so on.  Evaporation is a useful process to explore by simulation because it acts so slowly – it takes hours for even small changes to become noticeable.  While experiments with physical liquids are important, using them as the only source of insight does not provide the kind of immediate feedback that often promotes learning.   By contrast, four simulated hours passes in less than a minute on a 90 MHz Pentium, enabling a student to perform a variety of experiments quickly.  The simulation also includes conditions that would be hard to duplicate in a classroom setting: the tops of mountains, deserts, and cups made of unusual and expensive materials (i.e., titanium, diamond).    Finally, this simulation includes a unique feature: It provides conceptual explanations of the behavior as well as numerical graphs.  These conceptual explanations are designed to help students reach a deep understanding of the phenomena more quickly than if they only had numerical data to work with.



The Evaporation Laboratory supports a particular experimental scenario: There is a catalog of cups that you can put water in, and there is a catalog of environments corresponding to places you can leave the cup for a few minutes or a few hours.   You set up a simulation by selecting a cup and an environment,  modifying their parameters if appropriate, and selecting the time to wait.  Certain physical parameters of the situation are automatically monitored.  When the simulation is finished, the changes in these monitored parameters can be examined via graphs.  A qualitative summary of what happened during the simulation can also be explored, using a hypertext interface, to explore the causal structure of the situation.  These explanations can be saved to a file for further comparison and study.

�Some suggested explorations 



In designing this software we have kept the architecture as simple as possible because we wanted it to be useful for teachers with different styles and needs.  For instance, depending on circumstances, students might be working with the laboratory on their own, in small groups, or as part of a classroom discussion.   We expect that you will come up with many good ideas of your own; what is below are some suggestions to help get you started.  Section � REF _Ref358377815 \n �3.3� summarizes the entries in the default catalogs, which can be useful in guiding students in creating interesting scenarios.



What can students learn with this laboratory?

This laboratory is designed to help students explore

The causes and effects of evaporation

Some of the causes and effects of heat flow

Properties of the atmosphere, such as saturation pressure, relative humidity, and dew point

Thermal conductivity of materials

Some of the general knowledge that the student should learn is directly available through the explanation system.  For instance, what parameters affect the rate of evaporation can be found via a simple hypertext query.  No background information is available as part of the Laboratory; we expect that you will use other resources to provide such background.  We also deliberately left out any mention of thermal conductivity in the explanation system, so that students will have to uncover this important causal factor on their own.



Some typical types of experiments 

There are many things one can do with the Evaporation Laboratory.  Three particular types of experiments that might be pedagogically useful are:



What happens? Experiment:  Pick a cup and pick an environment and see what happens.  For instance, what happens if you put a Styrofoam cup down in Chicago for a few hours?   These experiments are good to get students thinking about what is happening in the situation and why.  They can also provide a baseline for other experiments that tease out the causal structure of the situation.



In setting up a What Happens? experiment,  it’s often a good idea to create a situation that is much like one’s everyday circumstances.   This enables students to associate behaviors and parameter values with their intuitive knowledge.   



Relevance of Factor experiment:  Given a baseline simulation, create another simulation that is just like the baseline except that it has one element changed.  Then compare the results of the two simulations to see what effect the change had.  For instance, does increasing the temperature of the water lead to more or less evaporation?  



The causal explanations in the Inspect window provide considerable guidance in creating these experiments, because they mention what parameters affect others.  However, they do not say what direction the effect takes, or if it is significant, or which of two competing effects dominates in a particular circumstance.  Relevance of Factor experiments are needed to tease out this information.



Achieve Result experiment:  Given a baseline simulation and a desired result that doesn’t occur in the baseline, figure out how to change the initial state of the baseline to create a new simulation in which the desired result comes about.  For instance, can one get a higher evaporation rate in Chicago than in Las Vegas?   This kind of experiment should help students gain a better intuitive grasp of the magnitudes of various physical effects.

Catalog information

Here is a summary of the information in the catalogs most relevant to designing good experiments.  Most, but not all, of this information is available to the student through the interface.

Cup information

Every cup is cylindrical,  5 cm in diameter and 10cm high.    The amount of water in the cup can range from zero to 196 grams.  A zero mass means that there isn’t water in the cup.  When there is no water in the cup, the simulator won’t report values for other parameters of the water.  With 196 grams of water the cup is full.  If there is water in the cup, then the  temperature of the water in each cup is 20( C by default, and can range in initial value from  10( to 90( C.  



Where they differ is in the material they are made of.  The primary factor in a cup is the thermal conductivity of the material.  As you can see from the table below, thermal conductivity varies quite radically across the chosen materials.�  



Material�Thermal Conductivity (cal/cm^2K)��Styrofoam�0.0001549��Cardboard�0.000272��Oak�0.0007285��Pyrex�0.00435��Titanium�0.0663��Tin�0.2653��Copper�1.70955��Diamond�2.358��



�



Environment Information



All temperatures are in Centigrade, all pressures are in millibars, and all relative humidities are in percentages.  The table shows the default values for each parameter and the ranges they may vary over.





�Chicago�Salt Lake City�Las Vegas�Boston��Temperature�40�12�44�29��Min�10�-9�22�15��Max�40�21�46�38��Relative Humidity�43�43�5�46��Min�33�23�5�32��Max�95�95�50�95��Pressure�992�867�934�1023��Min�985�866�931�1007��Max�998�883�938�1023��



�

Hints for using the Evaporation Laboratory

These hints are drawn from a combination of what we had in mind in designing the software and informal observations of people trying out the software in non-classroom settings.  We appreciate any additional suggestions you may have based on using the software with students.



Suggestions for getting students going quickly

While the ability to change parameter settings is provided, many illuminating comparisons can be carried out by comparing simulations based on different choices of catalog items.   The catalog items were designed with this in mind.   The advantage of this technique is that two choices (cup, environment) suffice to describe a set of initial conditions, which simplifies simulation setup and recording data.

It may be helpful for students to understand the causality in simulations that contain only a single kind of behavior (i.e., where the behavior summary contains only one interval, so that the same set of processes is going on the entire time).  Comparing moderate and high temperature scenarios, or two moderate temperature scenarios, works best for this. 

Once students have a solid causal theory of evaporation itself, helping them see the interactions of evaporation with other processes is a good next step.   With high thermal conductivity cups it is easy to set up situations where (a) the water quickly warms up to near the ambient temperature and (b) the water first sheds heat to the environment, then draws heat from it, after a brief period where the temperatures are equal.�

A good opportunity to make sure that students are keeping track of the physical meaning of the simulation is when one of the behaviors they are comparing involves the water disappearing.  If you choose a diamond cup in Las Vegas, drop the mass of the water in the cup to 6 grams, and crank both the temperature in Las Vegas and of the water in the cup to maximum, all of the water will evaporate in about 1.4 hours.   All data recording for properties of the water stop as soon as the water no longer exists.   This means for instance that the final times on some of the graphs will be different than it will be on others.

Frequently asked questions

I asked a question and the explanation system didn’t do anything. �This happens when someone moves the mouse off the question menu and clicks, which the software interprets as “They changed their mind and didn’t want to ask anything.”  It also happens when one has asked the same question twice.  Looking at the list of previously asked questions can reveal which of these is happening.

The sound effects just aren’t appropriate for my classroom.  Can something be done about them?�There is a button on the Simulation Setup panel labeled “Enable Sounds.”  Clicking on it toggles sound off or on.  In some versions of Windows, clicking on this button to turn sound off while a simulation is being generated can lead to that particular sound repeating forever.  We therefore recommend not clicking this button while a simulation is in process.

How can I save the graphs to a file?�There isn’t any facility built into the software yet for doing this.  A simple work-around is to use the “Print Screen” key to copy the contents of the screen to the Clipboard, and then use a bitmap editor (like Paintbrush) to clip out the portion of the screen containing the graph.

How can I copy the numerical data to a file so that I can load it into a spreadsheet program?�Click the “Save” button, and choose the “Param Data” report mode.  This dumps the data from the chosen simulation into a comma-delimited form that can be read by spreadsheets such as Excel.





�Under the hood: The models used

Here we summarize the features of the models used in the simulation that may prove useful in designing activities using it. 



�

Figure � SEQ Figure \* ARABIC �1�: Causal structure of the interactions between the water in the cup and the atmosphere due to the physical processes involved.



Physical phenomena modeled & ignored

The physical processes included are heat flow and evaporation.   Some things we ignore include

All other physical processes, including condensation, boiling, and wind.

Diurnal variation  in solar radiation, temperature, or other atmospheric properties



Although the current catalog for cups only contains cups of the same size and shape, in the underlying simulation cups can be either cylindrical or rectangular, of varying sizes and aspect ratios, and can be open or sealed.   Adding new catalog items could enable students to explore factors like the importance of surface area in evaporation.



Causal structure of the model



The causal model used in conjunction with the mathematical model to generate the simulator is written in Qualitative Process theory�.  You can understand the essentials of it without knowing the details of QP theory.  The causal model is summarized in � REF _Ref387638792 \* MERGEFORMAT �Figure 1� and � REF _Ref387638803 \* MERGEFORMAT �Figure 2�.  An arrow from one parameter to another indicates a causal link between them, in the direction of the arrow.

Arrows with signs attached to them indicate functional relationships.  For example, a change in the heat (aka internal energy) of the water causes a change in its temperature.  Arrows to and from the physical processes in the first diagram indicate causal connections representing differential equations.  For example, evaporation causes the mass of water in the cup (if any) to go down and causes the vapor in the atmosphere to increase.  



�

Figure � SEQ Figure \* ARABIC �2�: Causal structure of the rates for the physical processes involved.



You may notice that certain causal links one might expect appear to be missing (i.e., a connection between the heat of the atmosphere and its temperature, and between the amount of vapor in it and the vapor pressure).  These links are not included in this simulator because the relative size of the cup and the atmosphere means that the effects of the physical processes involved cannot change the heat or amount of vapor sufficiently to change the other atmospheric properties.  On the other hand, as you can see from the simulations and from real life, those processes can cause quite dramatic effects to the water in the cup.



Some notes on the mathematical models used



While we have checked the numerical results for plausibility, we don’t guarantee their numerical accuracy – we don’t have a diamond cup, either.  



Most of the numerical data was drawn from a variety of reference sources.  Some of it was surprisingly hard to find.  For instance, we empirically derived an equation for the dependence of evaporation mass transfer rate from data in  A Practical Treatise on Heat, by Thomas Box,  published in 1869.  The original data was in pounds per square foot per hour evaporated, as a function of temperature.







�Your feedback is requested

We hope that you find the Evaporation Laboratory useful. This program is the first example of a new type of educational software called Active Illustrations.   As you have seen, Active Illustrations provide conceptual explanations as well as the usual benefits of simulations.  We would greatly appreciate your comments and suggestions, so that we can improve both this program and those which follow. 



The rest of this section describes our current development plans, in case you have any suggestions about how we might make our systems even more useful for you.  All of them are subject to change, of course.



Upcoming Active Illustrations

We plan to develop the following Active Illustrations for exploring fundamentals of physical processes:

Phase Change Processes:  The setting is a collection of containers of varying shapes and sizes, which can be sealed, and heaters and coolers.  The physical processes that can be explored will include condensation, evaporation, boiling, and heat flow.

Harmonic motion: The physical situation is a spring-block oscillator.  Properties of the spring, block, and surface can be varied.  The physical processes that can be explored will include motion, acceleration, static friction, and dynamic friction. 

We also plan to develop Illustrations for interestingly complex systems, including

Atmosphere model:  Think of this as the atmosphere model of Maxis’ SimEarth, without the other aspects of the model but with explanations. This model will be designed for exploring phenomena such as the greenhouse effect.

Steam Engine model:  A piston steam engine, which allows students to vary properties such as the operating temperatures and pressures and the working fluid.

Refrigerator model: A household refrigerator, which, like the steam engine, lets the student vary properties of the system to see how it affects the operation of the refrigerator.

 Coaching

There are many circumstances where a gentle nudge from the program at just the right time might help a student learn better.  In collaboration with Ken Koedinger at CMU, we have been experimenting with software coaches that can provide such assistance, for instance to help a student design an experiment to test their hypotheses.     Currently these coaches are only available in a MUD environment, but we are working on incorporating coaching into the stand-alone software as well.

MUD deployment

The CAETI program is creating a system of MUD-based learning spaces, virtual environments where students and teachers can meet and experiment with simulations and other kinds of software.  These Illustrations will be available in such environments, either as “virtual exhibits” in a museum or through a text-based, “softbot” interface.

Customization and Authoring Environments 

Teachers face intense time demands.  Even so, we think that the ability to customize Active Illustrations and even create new ones could be useful in many cases.  The simplest level of customization is adding new items to the catalogs of an existing Illustration.  The most complex level of customization is creating a new Active Illustration.   We plan to create authoring environments that support such activities, starting with adding new catalog items.   



The reason we think we can make creating new Active Illustrations within the bounds of motivated teachers is that they are mostly created automatically, using artificial intelligence software that uses libraries called domain theories to understand a specification of a physical situation, figure out what phenomena from the domain theory is relevant, figure out the right mathematical models to use in simulating that phenomena, and writing the appropriate code.   Internally the process is complicated, and creating new domain theories certainly is complex.  However, creating a new simulator using  a preexisting domain theory is automatic and rapid – on a 90 MHz Pentium,  it takes about the same time to create a new version of the Evaporation Laboratory simulator than it does to run it on an example.   So if we can create domain theories that are sufficiently robust, the limiting factor will be in automating and assisting with everything else – a daunting task, but if we succeed it will provide a new capability for educators and students.



Acknowledgments

The development of this software was funded by DARPA under the Computer Aided Education and Training Initiative (CAETI).  It uses ideas developed through basic research funded by the Office of Naval Research.   The C++ runtime system was written by Aaron Thomason,  John DeMastri, and Mike Oltmans. Penelope Sibun created the descriptions in the environment catalog.   Katarina Obradovic generated the images of the cups and other associated artwork.

� This data was drawn from Mark’s Manual for Mechanical Engineers.

� In reality the two temperatures are only equal for an instant, but the size of what a simulation considers an instant to be is determined by its internal properties.  Essentially, time is divided into small steps, and what you are seeing in the behavior summary is the size of the smallest step the simulator takes.

� You can find out more about Qualitative Process theory, including technical papers, by going to http://www.qrg.ils.nwu.edu.
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