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Abstract
Allowing students in hydrogeology courses to perform pumping tests provides a practical background potentially useful in the students’ future careers. Conducting full-scale groundwater pumping tests for instructional purposes, though, normally requires access to a groundwater well and full-scale pumping equipment.  A logistically more feasible alternative for many instructors would be to conduct a “miniaturized” pumping test in the classroom.  Such a test has been conducted with inexpensive materials in a tank.  The “aquifer” material is fine sand, approximately 15 cm thick and saturated within about 2 cm of the surface.  The pumping test is conducted for approximately an hour during class time.  Teams of students are assigned to take drawdown measurements from specific piezometers and to control and measure flow rates.  Analysis of the collected data is conducted by the students using a demonstration version of AQTESOLV.  Values for hydraulic conductivity (K) from the test are compared to values measured for a sample of the same sand using a fabricated constant-head permeameter.  The K values typically match within a factor of 2-3.  An assessment of students’ confidence in their understanding of key concepts related to pumping tests was conducted.  The assessment was based on questions administered twice; once after a lecture on the pumping test methodology but prior to the hands-on activity and once after the hands-on in-classroom pumping test, indicates an improvement in the students’ ability to later apply the methodology. 
 
Introduction
Any field procedure in hydrogeology is much more meaningful to students when they can actually perform it.  Recent studies have emphasized experiential learning to support understanding and retention of concepts and practices (Gleeson, et al., 2012).  Pumping tests are a fundamental data collection exercise for hydrogeologic studies and normally require a well and full-scale pumping equipment.  Vick and Buchwald (1981) described an inexpensive approach to allowing undergraduate earth science students to conduct pumping tests in the field.  Unfortunately, many instructors for undergraduate courses in hydrogeology may not have access to field facilities, or the weather may be prohibitive at the appropriate time during the course.  An alternative is to conduct a “miniaturized” pumping test in the classroom.  I have been conducting such a test in a classroom stream table for over five years using materials that cost less than $50.  I have also fabricated a small constant-head permeameter for under $30.  The students are able to participate in data collection and analyze the data they collect.  The introductory class is the first exposure to hydrogeology for undergraduate students, including geology, civil engineering, and environmental science majors.  

Pumping test materials and setup
The test is conducted in a portion of a stream table that is approximately 4.5 m long and 1 m wide, though it could be conducted in a small plastic wading pool set up with a water inlet and a side drain.  The tank is filled with fine sand, typically available as “play sand.”  The sand is arranged so as to be approximately 15 cm deep and saturated with water.  The tank configuration allows water to flow through the saturated sand.  Flow is allowed to equilibrate before the test.  The water free surface is about 2 cm below the surface of the sand.  

The well is a piece of slotted 5-cm-diameter polyvinyl chloride (PVC) well screen with one end sealed.  The 30-cm-long screen was a sample available from a well materials supplier, but could also be made or obtained from a local driller.  Piezometers are constructed of 12 mm diameter copper tubing with a fine nylon mesh covering holes drilled in the copper.  The piezometers are placed at varying distances (usually 10-25 cm) from the pumping “well” (see Figure 2 for typical layout).  The well and piezometers fully penetrate the fine sand.  A small electric fountain pump is used to extract water via flexible tubing that includes an in-line valve for flow control.  Note that if the test is conducted at table-top level (which makes operations and readings much easier), a siphon effect could be used to extract the water from the well.  Because of the difficulty in obtaining depth to water readings within such a small piezometer, a thin wood “skewer” is stuck into a small cork that is placed into the piezometer.  The skewer has color-coded marks every 1 mm rather than numbers so the students can easily make readings.  Materials, shown in Figure 1 and listed in Table 1, were acquired for less than $50.
Table 1. Materials used for pumping test and permeameter
	

	Pumping Test

	Fountain pump

	Tubing to fit pump

	Barbed valve

	Graduated cylinder 

	Slotted screen

	1.2 cm (0.5 in) Copper tubing with numerous holes drilled

	Garden fabric (to wrap copper tubing)

	6 mm (1/4 in) corks

	Small wood skewers

	Plastic wading pool with inlet and outlet ports added

	Play sand

	Permeameter

	10 cm (4 in) long, 2.5 cm (1 in) inside diameter threaded pipe

	Two 2.5 cm to 1.3 cm (1 in to ½ in) reducers

	Two 1.3 cm (½ in) threaded to barbed connectors to match tubing

	Tubing

	Two PVC end caps, one as constant elevation inlet, one as constant elevation outlet (drilled/tapped with outlet elbow)

	Graduated cylinder

	Garden fabric (as screen to hold sand sample inside pipe)

	Stand to hold inlet, outlet, and permeameter at various heights



Test and analysis procedures
Before the pumping test is conducted, the pump is primed.  The students are broken into teams of about 2-4 and assigned to either monitor a piezometer or to measure and manage the pumping rate.  The size of the demonstration physically limits the number of teams, so the process works best with 7-15 students.  Those teams have notebooks and stopwatches.  The students record the static water levels.  The pump is started and flow is measured using a graduated cylinder and water levels in the piezometers are measured at increasing intervals from 15 s at the start to every 5 min toward the end of the test, though the rate of change is relatively slow so students can easily make and record the measurements.  The duties for measurement and recording are rotated among the members of each team so that all of the students get to participate.  With the sand used in my demonstration, sustainable flow is approximately 60-80 mL/min.  There is often fluctuation in the pumping rate due to the drawdown in the well, despite the team’s best effort to maintain a uniform flow.  These flow rates provide measureable drawdowns of 10-20 mm in the piezometers. The test is run for at least an hour.  Though not typically done due to time constraints, recovery data may be collected as well.  The analysis of recovery data would be a useful check on the values determined for the pumping test, particularly if the flow rates during the pumping test had substantial variability.  Figure 2 shows students conducting the pumping test.

The demonstration version of the AQTESOLV pumping test analysis software (Duffield, 2007) is used to analyze the flow and drawdown data (available from www.aqtesolv.com).  As the aquifer is entirely sand without any other layering, the unconfined solutions are used (e.g., Neumann, 1974).  The data are surprisingly good and can typically be matched with type curves quite well.  Figure 3 provides an example of the solution for a recent dataset. 
The hydraulic conductivity (K) results from the pumping test are compared to the results obtained from a fabricated constant-head permeameter constructed from simple materials for under $30.  The materials for the permeameter are listed in Table 1 and shown on Figure 1.  Similar designs have been suggested for use in teaching hydrogeology on a web site hosted by Carleton College (see http://serc.carleton.edu/NAGTWorkshops/hydrogeo/lab_100.html).  The sand is held in a 10 cm-long, 2.5 cm-diameter threaded pipe, with garden filter fabric to prevent the loss of sand.  Fittings on the pipe reduce the diameter to allow a barbed-to-threaded transition fitting to be attached to both ends.  Clear, flexible PVC tubing of appropriate diameter is attached to the barbed fittings and to two reservoirs made with PVC pipe caps.  The pipe caps have been drilled and tapped to allow the insertion of threaded-to-barbed transition fittings for connection of the tubing.  The lower reservoir has another fitting that allows the water to flow out of the lower reservoir which maintaining a constant head in the lower reservoir.  The upper reservoir is mounted at some height above the lower reservoir, with the permeameter (sand-filled pipe) near the lower reservoir.  Water is constantly added to the upper reservoir to maintain a constant head in the upper reservoir (excess water spills over the edge of the reservoir into a sink).  Typically, reservoir height differences of 40-60 cm work well.  This is the head difference driving water through the permeameter.  The permeameter is filled with a saturated sample of the same sand used in the pumping test.  The steady flow rate is measured by the students for the given head differential.  The permeability of the sand is determined by the equation based on Darcy’s Law (Fetter, 2001)
			K = QL/∆hA  			(1)
where Q is the measured flow rate (cm3/sec), L is the sand-filled length of the permeameter, ∆h is the difference in height of the reservoirs in cm, and A is the inside cross-sectional area of the permeameter (in cm2).  K is the hydraulic conductivity in cm/sec.  The K values obtained from the pumping test are typically within a factor of 2-3 of those determined from the pumping test.  

Student outcomes
The students receive several lessons from the “miniature” pumping and permeability testing: 1) the importance of being organized in preparation for the test, 2) the need for teamwork and coordination, 3) the importance of good data collection and recording (since they have to analyze the data), and 4) the abstract concepts discussed in lecture actually work in real life.  To quantify the benefit of conducting the hands-on demonstration, two student surveys were conducted during a recent course.  The surveys assessed student confidence regarding important concepts related to pumping tests.  The first survey was conducted prior to the hands-on demonstration but after the lecture on the methodology, and the second survey was conducted after the hands-on demonstration.  The survey questions are provided in Table 2 and were used for both surveys.  The students were asked to rate their confidence on a scale of 1 to 10 where 10 was completely certain or confident in the concept.   The results indicated an increase in average certainty as indicated in Table 2.  The student confidence prior to the hands-on demonstration was modest, averaging 6.6.  The average student confidence increased to 8.1 following the demonstration.  This would suggest the demonstration reinforced the concepts significantly above what was attained through lecture alone.  The students were also asked if they agreed with the statement “A classroom demonstration of a pumping test would provide a better understanding of pumping test procedures than a lecture.”  Almost all students agreed to some extent with that statement with their responses being essential the same before and after the demonstration.  These laboratory experiences are combined in the class with 1) a field trip to actual well installation sites, 2) a course project that requires the students to think through a site characterization program and well design for a hypothetical but realistic water supply problem, and 3) lectures on the theory and application of hydrogeology.  These are all important parts of an “integrated hydrogeology pedagogy” as described in Gleeson, et al., 2012.  

Table 2.  Changes in student confidence in important pumping test concepts
	

	Question
	Pre Ave.
	Post Ave
	Incr. in Average 

	1. How would you rate your understanding of placement of observation wells relative to the pumping well for a pumping test ?    
	6.0
	7.8
	1.8

	2. How would you rate your understanding of the appropriate frequency of measurement of drawdown in observation wells for a pumping test?
	6.7
	8.2
	1.5

	3. How would you rate your understanding of the importance of maintaining a constant pumping rate for a pumping test?
	7.6
	9.0
	1.4

	4. How would you rate your understanding of the expected changes in drawdown with time during a pumping test?
	6.5
	8.2
	1.7

	5. How would your rate your understanding of the analysis of data from a pumping test in an unconfined aquifer?
	6.1
	7.5
	1.4

	6.  Overall, do you agree or disagree with the following statement:  “A classroom demonstration of a pumping test would provide a better understanding of pumping test procedures than a lecture.”  (Choices were Disagree, Somewhat Disgree, Neither disagree nor agree, Somewhat agree, and Agree)
	Some Agree 9
Agree 4
Disagr 0
	Some Agree 9
Agree 4
Disagr 1
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Figures
Figure 1. Materials used for the miniature pumping test and constant-head permeameter.
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Figure 2. Students conducting pumping test in stream table.  
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Figure 3. Sample AQTESOLV match for data collected during recent miniature pumping test.  Blue line is theoretical fit determined by the software.  Variations (“kinks”) in the theoretical curve due to variations in pumping rate over time.  
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