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Okay…So Sprinklers Don’t Water in Squares

Problem A: Positioning and Moving Sprinkler Systems for Irrigation

Summary


Our solution focused on the following: total coverage of the field, minimal reconfiguration work, and uniformity of watering.  Based on the implications of the given parameters, we determined that a point source is infeasible and a mainline water source is more sensible.  It is also assumed that a pipe set consists of 20 meters of total pipe that can be utilized in segments attached to the main line.  We needed to cover a rectangular area with circular distributions, reconciling the problem of overwatering with the need to cover the corners.  Anticipating overlap and using the problem specifications, we found an ideal and feasible radius of coverage.  Calculations based on these constraints led us to the use of two ten-meter pipe segments used on different halves of the field.  These two segments could be used in many ways, but angling them towards the corners minimized the amount of water dispersed off the field while preserving coverage of the corners.  These V-configurations were symmetric over the main line and identical configurations were placed on the same half of the field.  Covering the corners left some unwatered areas near the center, which was remedied by the use of vertical pipe segments covering these regions.  After including the mirror images, we were left with four configurations.  Together, they covered the entire field.  A schedule was produced that only required one configuration change per day.  Given that most schedules require two configuration changes per day, our scheme required half the effort of a typical schedule.


Having achieved both total coverage and minimal reconfiguration work with uniformity in mind, we used a detailed computer model to add uniformity evaluations to our analysis.  Investigation of sprinkler overlap produced a uniformity of 73% with extreme values applying to only 7% of the field.  This analysis also revealed that the water dispersed off the field was only 2% of the total volume.  The overwatering was uniform, providing tolerance for all possible wind directions.  In all, our analysis indicated that our model effectively met all goals.
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Introduction


The given problem dealt with the watering of an 80 by 30 meter rectangular field with a hand move sprinkler system, under particular constraints. We understood the problem to be such that a solution must achieve the following goals (in order of importance): the entirety of the field is watered, the amount of time and effort required to effectively irrigate the field is minimal, and the volume of water is dispersed as evenly as possible on the field. In addition, a solution must use these parameters, as laid out in the problem: one pipe set is used, with 20 total meters to be arranged as desired; the pipe set consists of aluminum pipes with an inner diameter of 10 cm and spray nozzles with an inner diameter of .6 cm; at the water source there is a pressure of 420 kPa and a flow rate of 150 L/min; each portion of the field receives at least 2 cm of water in a four day period and never more than .75 cm in an hour.


Our solution addressed the pipe configuration, sprinkler placement, and the scheduling of pipe movement with the aforementioned goals in mind. We began by researching “hand move” sprinkler systems and performing preliminary flow rate calculations in order to predict the distribution for one nozzle. Knowing the potential radii and outflow for the nozzles allowed us to begin constructing and manipulating potential pipe configurations. We then tested these general configurations to determine which of them would produce feasible results, working best with the guidelines. 

Assumptions

The following assumptions were used:

1. Watering the entire field is more important than maintaining uniformity.

2. The nozzle is comparable to commercially available sprinkler heads for 
hand move

irrigation systems.

3. The water source need not be a point source, as we discovered different sources that 
are also commonly used with this type of irrigation system.

4. The pipes in the set have a total length which sums to 20 m, but the pipe segments can 

be used separately.

5. The nozzles disperse the water evenly about their radius.

6. The field is level.

7. It is acceptable to have watering outside the boundary of the field, but it is to be 

minimized.

8. There are no frictional, gravitational, or thermodynamic losses in pressure or flow rate.

9. A table of sprinkler specifications could be applied to our data.

Background

Initially, we researched sprinkler heads. We found a table of agricultural sprinklers recommended for hand move irrigation systems, with nozzle pressures and sizes yielding particular diameters of coverage.
 Regardless of the pressure at the nozzle, the range of diameters of coverage varied from approximately 25 to 37 m with the nozzle diameter of .6 cm. Also, we located a device known as a pressure regulator that has the ability to take a pressure ranging from 140 to 700 kPa and particularize it to a desired pressure for a certain nozzle.
 This was beneficial because it allowed us to control the diameter of coverage within the above range.

We began with the consideration of a point source water supply. This implied that regardless of the placement of the point source, all segments of the pipe must be attached to the point source. We dismissed this notion because knowing the flow rate (150 L/min) and the range of areas for a sprinkler (derived from the range of diameters of coverage), we noted the following: with one sprinkler head, the outflow from the sprinkler (which is the flow rate) onto the largest possible diameter of coverage exceeds the maximum water application of .75 cm. Because of this, we knew that the flow rate must be divided by using multiple sprinkler heads. However, when using a point source, we knew that all pipe configurations are confined to a 20 m radius emanating from the source. Increasing the number of sprinkler heads to reduce flow rate per sprinkler must cause a coverage overlap. However, the reduction in the amount of output volume due multiple sprinkler heads is not enough to compensate for an overlap. Note the following calculations with conversions.
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(Eq. 1)

where N = number of sprinklers, 




R = radius of coverage in cm, and A = application of water in 
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Assuming that R is the maximum allowable radius (13.5 m), when N = 1, A = .838, which is more than the maximum of .75. When N = 2, A = .420, however, because there must be some overlap, that area will have an application value of 
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, which is exactly equivalent to .838, exceeding the maximum. In general, when you add a sprinkler, it must lie within the restricted 20 m radius, and therefore you will have a region that is watered by every sprinkler head, and thus the application value will be divided and multiplied by the same value. Therefore, the point source configuration can never satisfy the application constraint of a maximum of .75 cm/hr in the field.

In researching existing hand move irrigation systems, we encountered systems that utilized a main line running beneath the surface of the field.
 By using this main line as the water source, the pipe set could be used in multiple segments anywhere along a main line. In order to allow the above ground pipe’s sprinklers to reach the entire field and maintain adequate spacing, we decided to use a main line running lengthwise (80 m) across the middle of the field. The line source allowed us to use non-connected pipe segments, which permitted the use of more sprinklers with less overlap. Because more sprinklers could be used, the outflow of one sprinkler could be reduced to a permissible amount. For example, using four sprinklers produces the following application value from Equation 1: A = .210. Using a line source configuration, it is possible to place the sprinklers so that no region is being watered by more than two sprinklers at the same time. Therefore, the maximum application value for any part of the field would be 
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, which is .420 cm/hr, well below the maximum allowed value of .75 cm/hr.


Knowing that separating the pipe into segments along the main line made it possible to avoid over-watering, we began to search for a desirable configuration. Using all segments of the pipe connected together in one segment is not ideal, as shown in the previous calculations. Thus the pipe segments must be separated but still allow coverage at the edge of the field when sprinkler heads are placed on the end of the pipes. So although multiple separated pipe segments are needed, too many would result in segments not long enough to allow width coverage of the entire field. Two segments each of 10 m guarantees complete width coverage, whereas three or more segments do not easily do the same. It is desirable to have the most sprinkler heads possible on each pipe so that the flow rate is minimized and the field is not over-watered. However, only two sprinkler heads can be placed on a single pipe segment because any more requires a multiple overlap, also exceeding the maximum application value. These two sprinklers should be placed as far apart as possible in order to cover more of the field at one time. Thus one sprinkler head is placed on either end of a pipe segment furthest from the main line and because there are two segments on the field, four total sprinkler heads are used. 

The next step was to select a value for the radius from the range of potential values. Because there would be areas of the field not being double-watered at the same time, we desired the highest possible application rate that still permitted overlap in other regions. Assuming the above configuration is used, the only overlap that can occur is a double overlap. Thus the maximum application value that can be used is .75 cm/hr divided by two. Using A  = .375 and the number of sprinklers N = 4 in Equation 1 we derived 13.8 m for our radius R, which falls in the permissible range according to the table for our sprinkler heads. Knowing the radius of coverage, the number of sprinkler heads, and a general pipe placement, we began to design our particular configuration.

Model
Beginning with the constraint that the entire field must be watered, and knowing that the sprinklers water in circles, we knew that our sprinklers must be placed in such a manner that their radii would reach the corners of the rectangular field. As mentioned before, we decided to utilize two 10 meter segments of pipe connected to the main line. Because the field is symmetric over the main line, it was necessary to use 5 meters on either side of the line. The following is our plan:
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We considered two 40 by 30 m rectangles and applied the same configuration to both sides in each stage. There are a total of four stages, each existing in order to cover an area that was left uncovered by the other stages. When using the 10 m segments perpendicularly to the main line, a large percentage of water is dispersed outside the boundaries of the field. Because of this, we chose to use vertical segments only when necessary. Instead, we broke each of the 10 m segments into 5 m segments angled towards the corners (Stages A and B). Doing so minimized the amount of water outside the field, and still provided corner coverage for both of the 40 by 30 m regions. Thus we were left with a 5 m pipe segment and a 13.8 m radius to span the distance from each corner to the main line. Once we had covered the corners and minimized the amount of lost water, we were still left with some unwatered regions. These areas could be covered rather easily by the 10 m vertical segments, but, employing the use of only one vertical segment per 40 by 30 m rectangle created an excessive amount of non-uniformity. Thus by using the two different stages with vertical pipe segments (Stages C and D) unwatered regions are covered and there are two well-spaced segments per sub-rectangle, thereby increasing uniformity. 


When all four stages are executed, the cycle will effectively water the entire field. Because there are areas of the field that will only be watered by one sprinkler per cycle, they receive only .375 cm/hr. So it is necessary for these regions to be watered for six hours (totaling 2.25 cm)  in order to reach 2 cm (during the 4 day period), as specified in the requirements. Therefore, it is requisite that each stage be carried out for at least six hours per four day period. 
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To model the scenario, we began by drawing scale representations of each configuration on a whiteboard.  This allowed an initial evaluation of the effectiveness of each scheme. After we decided on the best configuration, we were able to construct a more precise model using a photo editing program called the GIMP
 (GNU Image Manipulation Program).  We chose a scale wherein each pixel represented a square with two centimeters on a side, implying that a one meter line is 50 pixels long.  The image could then be considered a Cartesian coordinate plane, and the coordinates of each cursor position was indicated within the program.  Combining this display with standard utilities for drawing rectangles, circles, and lines meant that we could model our solution with high precision.  For example, configuration C has two vertical pipes with length 10 meters (500 pixels), with centers 26 and 66 meters (1300 and 3300 pixels) from one side.  The program could also be configured to draw perfect circles based on their containing squares.  In this way, positions in our computer simulation follow directly from their sizes and positions in our arrangement scheme.  


After generating precise computer representations of configurations A through D, we were able to overlay them on a single image.  Our computer model resembled a Venn diagram; each region is clearly delimited by an intersection of circles, each contained within one or more circles.  We then filled in each region according to the number of circles that overlap that region.  Each overlap number corresponded with a different shade of gray so that all regions with the same overlap number have the same shade and darker shades correspond to more watering.  This resulted in a map of the field (as shown above) displaying the distribution of water after one watering cycle.  Since the drawing was to scale and had a significant degree of precision, we were able to determine the amount of water that any point on the field would receive.  Also, since each shade of gray was distinct from the others we could determine the total area covered by each watering level.  We used the image editing program to count the number of pixels that had each shade of gray.  Each pixel represents an area of two square centimeters, generating a precise estimate of the area of the field that receives a given level of water application.  Finding the frequency of each level of water application allowed detailed feedback regarding the uniformity of our solution.
Analysis


At the onset of the project the following goals were put forth: the entirety of the field should be watered, the amount of time and effort required to effectively irrigate the field should be minimal, and the volume of water should be dispersed as evenly as possible on the field. Our solution can be tested to show that it addressed each of these issues, and performed well. 


To begin, our configuration was primarily based on covering the entirety of the field. As this was our main concern, we were able to place the pipes and sprinklers and schedule watering in such a way that it guaranteed all parts of the field receive the adequate amount of water. 


As the problem stated, one of the difficulties with hand move irrigation is the time and effort required to move the pipes. In our configuration, it is possible to schedule the pipe placement such that one of the four stages applies to one day. In this fashion, if the sprinklers are let run for at least six hours per stage, all portions of the field will receive the adequate amount in the specified four day period, no portion of the field will ever receive more than the hourly maximum, and only one configuration is required per day.


The third goal, uniformity, was the most difficult to measure. We decided to evaluate our solution’s uniformity based on uniformity of areas of overlap. Our analysis of this uniformity is based on the percentage of overlapping areas that falls within a certain range. The areas of overlap directly generate the application rate and volume for a given area, making this a valid measure of uniformity. In our case, we had values of watering ranging from 1 – 8 that represent the number of sprinklers that watered a certain region. The regions with the values 2, 3, and 4 comprise exactly 73% of the total area. The extreme values of waterings, namely 1, 7, and 8, make up only 7% of the total area.

	# of sprinklers
	Area (pixels)
	Area (cm2)
	Application rate
	Volume (cm3)

	1
	199206
	796824
	2.25
	1792854

	2
	1488829
	5955316
	4.5
	26798922

	3
	1262587
	5050348
	6.75
	34089849

	4
	1578806
	6315224
	9
	56837016

	5
	703174
	2812696
	11.25
	31642830

	6
	461310
	1845240
	13.5
	24910740

	7
	153274
	613096
	15.75
	9656262

	8
	78838
	315352
	18
	5676336

	
	
	
	
	

	TOTAL
	5926024
	23704096
	-
	191404809


[image: image11.emf]Areas of Overlap Regions

3%

25%

21%

27%

12%

8%

3%

1%

3%

1

2

3

4

5

6

7

8


The strengths of our solution come on many levels. First, the solution obeys all fixed constraints, as the entire field is watered adequately. There are no conclusions drawn from implausible premises. All given figures, such as pressure, flow rate, and pipe and sprinkler diameter are considered in the calculations or in the selection of a mechanism for the solution. All information incorporated into the model from outside sources (such as the pressure regulator and sprinkler type) was thoroughly researched and cross-referenced if possible. Perhaps the strongest characteristic of our model is found in the work required for its execution. In researching the problem we found that typically, hand move irrigation systems are reconfigured two to three times per day.
 However, with ours, based on the four day cycle (one stage per day), once the pipes are set up for the day, no configuration change is needed until the following day. Also, our model is extremely versatile. Wind is a factor that is typically troublesome for sprinkler irrigation systems. In our calculations we did not account for a wind factor, however, because it was necessary to cover a rectangular area with circles, there is unused water dispersed beyond the field’s boundaries. In our configuration, this buffer zone is relatively uniform about the field. Thus, the area of coverage can be shifted an average of 3 m in any direction due to wind changes and still the field in its entirety will be covered. Further, the total volume of “wasted” water is less than 2% of the total volume dispersed by the sprinklers.

[image: image12.jpg]




Also, because only one stage is used each day for a minimum of 6 hours, there is great flexibility in the starting time and length of watering, and thus different volumes of water can easily be applied to the field. In addition to finding an actual sprinkler that meets the criteria given in the problem, the use of the pressure regulator allows versatility in changing the pressure at each nozzle thereby easily adjusting the nozzle flow rate and the radius of coverage.


Despite our careful planning and calculations, there are some weaknesses in our solution that cannot be completely overlooked.  First and foremost, it appears visually non-uniform. However, our model distributes with approximately 75% uniformity by our measurement, conducted due to the absence of a standard scale. Another related concern is the large volume of water dispersed over certain small regions in the four day cycle. However, because in each stage there is at most one overlap and the stages can be up to a day apart, the areas with multiple overlaps (i.e. receiving a large volume of water) are given ample time before they are re-watered. Additionally, there is a substantial amount of water not reaching the field. This however is unavoidable and this value was minimized and assigned a role in weather variation as described above. Overall, the weaknesses of our solution were necessary sacrifices made in order to best fulfill the goals of our endeavor. 

Stage A





Stage B





Stage C





Stage D





The preceding diagrams represent to-scale models of the four configurations in our model. The lighter line running through the middle of each stage is the main line water source. The circles represent the areas of coverage for each nozzle. The ends of each pipe segment house a sprinkler.





The above diagram shows the water application for the field after a complete watering cycle. Beginning with 1 as the lightest shade, each darker shade represents another sprinkler watering that region. Notice the entire field is watered.





The diagram represents the area and application of water dispersed outside the boundaries of the field. Note that the areas are only watered once or twice.











� http://www.biosystems.okstate.edu/Home/mkizer/ - Data Table Powerpoint (“Sprinkler Irrigation.ppt”)


� http://www.sprinkler.com


� http://www.fao.org/docrep/S8684E/s8684e06.htm


� http://www.gimp.org/


� http://www.bae.ncsu.edu/program/extension/evans/ebae-91-152.html
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