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Abstract


The objective of this experiment was to examine the pressure-flow dynamics in a round tube coiled around a cylinder.  A horizontal tube connected to an elevated water tank allowed water to flow past a liquid monometer and through a coiled tube.  Three liquids, water, 10% sucrose, and 20 % sucrose, were allowed to flow through the tube wrapped around cylinders with diameters of 0.288, 0.2878, and 0.110 meters.  A graph of the ΔP (the difference between the pressures at either end of the tube) versus the flow rate, Q, showed a linear relationship where Q increases as ΔP increases.  A graph of the Euler number versus the 1/DeanNumber2 also showed a linear relationship where two different linear regression trends lines existed for each solution when only one should have existed due to the dimensionless variables that were plotted.  After analysis, it was found that these two linear regressions were not significantly different with 95% confidence.  Thus it was determined experimentally that the Dean number is a dimensionless number that is not affected by varying solutions or diameters of curvature.  This also held true for the Reynolds number.

Objective

· To experimentally determine a relationship between the change in pressure and the corresponding flow rate in a tube wound around a cylinder
· To prove the relationship between the Dean number and Euler Number
Hypothesis


Since the Dean number is a dimensionless parameter, it should not vary with the same fluid while varying the diameter of curvature, DCurvature.  In addition, the relationship between the Dean number and Euler number should be the same for an fluid at varying diameters of curvature.
Introduction and Background

The objective of the experiment is to determine a relationship between flow rate and pressure drop for flow in curved tubes experimentally as well as to prove a relationship between the Euler and Dean numbers. 


The Reynolds number
 relates the flow through a straight pipe and is given by Equation 1, where dtube is the inner diameter of the tubing U is the fluid velocity.  However, since the experiment involved flow through a pipe that was curved around a cylinder of varying radii, the Reynolds number was not applicable. 


[image: image24.wmf]2

2

2

*

Re

*

)

(

*

*

8

m

r

tube

r

P

Eu

D

=


Equation 1
A new dimensionless parameter, the Dean number
 (Equation 2), where diametertube is the inner diameter of the Tygon® tubing and diametercurvature is the diameter of the cylinder, which the tubing is wound round. The Euler number
 was found to be a function of the Dean number. Equation 3 shows the Euler number, where (P is the pressure drop across the cylinder ( is the density of fluid and U is the velocity of the fluid.
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Equation 3
Materials, Apparatus and Methods


A water tank was set up with 5/16’’ ID tubing as shown in Figure 1 below. The tube was wound round a cylinder with varying radii so as to measure the pressure-flow relationship in curved tubes. A fluid manometer was used to calculate the pressure drop across the cylinder during fluid flow. 

Figure 1: Experimental set up cylinder upright. 
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Figure 1: This shows how the water tank and cylinder was set up during the experiment, as well as the direction of fluid flow around the cylinder.

After ensuring that there were no air bubbles in the tube and that the end of the tube was always at the same height, a series of pressure flow measurements were conducted. The flow rate was measured by collecting the flow in a graduated cylinder for 5 seconds, and the pressure drop was measured by taking the height of fluid in the fluid manometer. 3 trials of each flow rate were performed with water, 10% and 20% by weight of sucrose solution. For 10% sucrose solution, the cylinder was also placed sideways to determine if there was any influence of gravity on fluid flow through curved tubes (Figure 2).
Figure 2: Experimental set up of cylinder lying sideways.
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Figure 2: This shows the experimental set up when the cylinder was lying sideways together with the direction of fluid flow around the cylinder.

Table 1 shows the cylinder parameters used for the experiment. There were 2 large cylinders, the red and white bucket as well as one small cylinder, the measuring cylinder. The inner diameter of the tubing used was 5/16 inches and the total length of tubing was 51 feet.  It is also important to note that the length of the tubing that was actually wound around the cylinder was approximately always the same at 45 ft while the remaining six feet was used to go to and from the cylinder.
Table 1: Cylinder Parameters

	
	Diameter of Curvature (m)
	Number of Coils
	Maximum Height of Coils (m)

	Red Bucket
	0.288
	15
	0.60

	White Bucket
	0.2878
	15
	0.60

	Measuring Cylinder
	0.110
	35
	1.40


Table 1: This shows the cylinder parameters used in the experiment.

Results

The table shown below, Table 2, gives the values for each of the three flow rates for each solution, water, 10% sucrose, 10% sucrose sideways, and 20% sucrose; the viscosity of the solutions, water, 10% sucrose, and 20% sucrose were determined to be 0.797, 1.039, and 1.666 mPa*sec, respectively.  In addition to the flow rates, after careful analysis of the data gathered, it was determined whether the flow rates were turbulent or laminar.  Laminar flow was defined as a flow whose Reynolds number was below 2300.  Even though the Reynolds number is not an appropriate value for this experiment, it can still be used because the Dean number is simply the Reynolds number times a scalar value related to the diameter of the tube and curvature.

	Flow Rate (ml/s)
	Water
	
	10% Sucrose
	
	10% Sucrose Sideways
	
	20% Sucrose
	

	1
	18.244
	Turbulent
	17.956
	Turbulent
	15.167
	Turbulent
	14.156
	Laminar

	2
	15.344
	Turbulent
	14.400
	Laminar
	11.433
	Laminar
	11.404
	Laminar

	3
	8.911
	Laminar
	9.867
	Laminar
	6.233
	Laminar
	8.478
	Laminar


Table 2: This table shows the three flow rates and whether or not it is laminar for each of the four solutions, water, 10% sucrose, 10% sucrose sideways, and 20% sucrose.


Figure 3 shown below is a graph of change in pressure versus the flow rate for each of the solutions.  The graph shows that the flow rates achieved in the experiment hold consistent with theory that as flow rate increases, the change in pressure also increases for the same solution.  When a linear regression was performed for each of the four solutions, it shows that there was a relatively high degree of linearity in the values of flow rate and the related changes in pressure.  In the pressure-flow measurements, the cylinders were turned to the side to determine whether gravity had a significant effect on the pressure and flow rate values.  It was determined that for the 10% sucrose and 10% sucrose sideways solutions, the slopes of the linear regression were not significantly different from each other within 95% confidence, shown in Table 3.
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Figure 3: This graph for delta P versus Q verifies scientific theory that as the flow rate increases, the change in pressure also increases.  In addition, the graph shows a relatively high degree of correlation between the (P and Q for each of the four solutions.

	(P versus Q
	Coefficients
	Lower 95%
	Upper 95%

	Water
	475.9791906
	408.7728939
	543.1854873

	10% Sucrose
	535.3287151
	469.0963351
	601.5610952

	10% Sucrose Sideways
	597.4506294
	530.1845575
	664.7167014

	20% Sucrose
	700.2999927
	587.9511877
	812.6487977


Table 3: This table shows that the slopes of the 10% sucrose and 10% sucrose sideways solutions are not statistically significantly different from one another.  This tells that gravity does not have a significant effect on the pressure-flow rate relationship for any fluid.


In addition, since the relationship between pressure and flow rate in tube with a radius of curvature is similar to Poiuseille’s Law for a straight tube.  However, the major difference is that the change in pressure is dependent upon the flow rate and some function of the diameter of the tube and the diameter of curvature.
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Figure 4 is a graph of the Euler number versus the Dean number.  This was used to determine whether a relationship between the two numbers existed.  Since both numbers are dimensionless, they data should collapse onto one curve however it is apparent that it does not, as shown in Figure 4.  The data seems to slope downwards in a power trend that was not to the first power.   Since the data did not fit on one curve, each solutions’ respective data was graphed as shown in Figure 5.  Again for each solution, it is represented graphically that all the data did not fall within one curve for each solution rather there exists two unique sets of data which may have a correlation to the different diameters of curvature.  This is depicted graphically and mathematically by observing that the linear regression coefficient was close to 0 (no significant relationship exists between two sets of data).  However, Table 4 shows that the three solutions, water, 10% sucrose and 20% sucrose, had slopes that were not statistically different from each other in a 95% confidence.
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Figure 4: This graph of the Euler number versus Dean number shows that the all the data does not collapse on one curve.  This is because it is apparent that the data is scattered randomly and also because the value of the linear regression coefficient is low at 0.3187.
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Figure 5: This graph of the Euler number versus the Dean number shows that a relationship between the two dimensionless parameters does not exist and that there are two unique sets of data for each solution which maybe because of the different diameters of curvature.
	
	Coefficients
	Lower 95%
	Upper 95%

	Water
	-0.0550
	-0.1285
	0.0186

	10% Sucrose
	-0.0391
	-0.1179
	0.0398

	10% Sucrose Sideways
	-0.4240
	-0.5964
	-0.2516

	20% Sucrose
	-0.0870
	-0.3130
	0.1390


Table 4: This table shows that the slopes of the water, 10% sucrose, and 20% sucrose were not statistically different from one another.  This contributes to the hypotheses that this may be because of the different diameters of curvature affect the values of the Dean number; when in theory, they should not affect the Dean number.


After it was discovered that the Euler and Dean numbers were not linearly related, a theoretical relationship between the two was determined to be:
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Equation 4
This was done by solving for the fluid velocity in the Dean number formula and then plugging that into the Euler number formula therefore obtaining a resultant formula directly relating the Euler and Reynolds numbers.  Thus, it can be seen that the Euler number is inversely proportional to the square of the Dean number.

The graph shown below, Figure 6, is a graph of the Euler Number versus 1/DeanNumber2.  Even after the linearization, a strong linear relationship does not exist for the water, 10% sucrose, and 20% sucrose solutions; however for the 10% sucrose sideways, a strong linear relationship does exist thus implying that gravity may have a strong influence on the Dean number.  Again, as in Figure 5, it is apparent that two unique sets of data are present for water, 10% sucrose, and 20% sucrose solutions possibly corresponding to the different diameters of curvature.  In addition, Table 5 shows that slopes of the water, 10% sucrose, and 20% sucrose solutions are not statistically different within 95% confidence.
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Figure 6: This is a graph of the Euler number versus 1/De2 which should linearize the data however a strong linear relationship does not exist for the water, 10% sucrose, and 20% sucrose solutions yet does for the 10% sucrose sideways implying that gravity may affect the Dean number.
	 
	Coefficients
	Lower 95%
	Upper 95%

	Water
	3314401.6
	-463865.4
	7092668.6

	10% Sucrose
	1961353.3
	-465990.7
	4388697.3

	10% Sucrose Sideways
	7114003.6
	6128443.0
	8099564.3

	20% Sucrose
	916204.2
	-282816.0
	2115224.5


Table 5: This table shows values of the slopes and the 95% confidence interval for each of the solutions.  From this, it shows that the slope of the water, 10% sucrose, and 20% sucrose solutions are not statistically different from one another.


Figure 7 shown below shows the graph of the Euler Number versus 1/DeanNumber2 for just the water separated by the two distinct diameters of curvature.  In addition, Table 6 shows the slope and its 95% confidence levels for each diameter of curvature.  It is apparent that for the water solution, since the 95% confidence intervals do not lie within each other, there are two separate sets of data.  This could be because of the nature of the low viscosity of the water of 0.797 mPa*s, the two higher flow rates were turbulent thus having little resistance to flow.  It should be noted that the Dean and Euler numbers are only valid for flow rates that are laminar.  Figure 8 shows the graph of Euler number versus 1/DeanNumber2 for only laminar flow rates for water of approximately 8.9 ml/s.  This graph separates the two sets of data by the diameters of curvature, 0.288 and 0.110 m.  In addition, Table 7 shows the values and 95% confidence levels for the each of the two slopes.  From analysis of Table 7, it is evident that for only laminar flow, there exists no statistically significant difference between either diameter of curvature for the water solution.
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Figure 7: This graph for water of Eu versus 1/De2 shows the separation of the two sets of data according to the diameter of curvature.
	Water
	Coefficients
	Lower 95%
	Upper 95%

	Diameter = 0.288 m
	4709784
	3327717
	6091851

	Diameter = 0.110 m
	17703750
	13185625
	22221875


Table 6: This table shows the values of the slopes and its 95% confidence levels for the two different diameter of curvature.  From this data analysis, it is apparent that since the 95% confidence intervals do not lie within each other, it suggests that the diameter of curvature directly affects the Dean number and Euler number relationship for water.
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Figure 8: This graph for Eu versus 1/De^2 is for water only at laminar flow.  The graph also shows the separation of the two sets of data according to the two diameters of curvature.
	Water
	Coefficients
	Lower 95%
	Upper 95%

	Diameter = 0.288 m
	389461.4
	-5762822.2
	6541745.0

	Diameter = 0.110 m
	30175476.1
	-93404873.6
	153755825.8


Table 7: This table shows the values of the slopes and its 95% confidence levels for the two different diameter of curvature.  From this data analysis, it is apparent that since the 95% confidence intervals lie within each other, it suggests that the diameters of curvature do not affects the Dean number and Euler number relationship for water at laminar.


Figure 9 shown below shows the graph of the Euler Number versus 1/DeanNumber2 for just the 10% sucrose separated by the two distinct diameters of curvature.  In addition, Table 8 shows the slope and its 95% confidence levels for each diameter of curvature.  It is apparent that for the 10% sucrose solution, the 95% confidence intervals lie within each other, thus the two sets of data are not statistically different from one other.
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Figure 9: This graph for water of Eu versus 1/De2 shows the separation of the two sets of data according to the diameter of curvature for the 10% sucrose solution.

	10% Sucrose
	Coefficients
	Lower 95%
	Upper 95%

	Diameter = 0.288 m
	4292965
	3607501
	4978429

	Diameter = 0.110 m
	6007729
	1628481
	10386977


Table 8: This table shows the values of the slopes and its 95% confidence levels for the two different diameter of curvature.  From this data analysis, it is apparent that since the 95% confidence intervals lie within each other, it suggests that the diameter of curvature does not affect the Dean number and Euler number relationship for 10% sucrose solution.


Figure 10 shown below shows the graph of the Euler Number versus 1/DeanNumber2 for just the 10% sucrose with the cylinders placed sideways separated by the two distinct diameters of curvature.  In addition, Table 9 shows the slope and its 95% confidence levels for each diameter of curvature.  It is apparent that for this solution and setup, the 95% confidence intervals lie within each other, thus the two sets of data are not statistically different from one other.
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Figure 10: This graph for 10% sucrose with the cylinders placed sideways of Eu versus 1/De2 shows the separation of the two sets of data according to the diameter of curvature for the 10% sucrose solution with the cylinders placed sideways.
	10% Sucrose Sideways
	Coefficients
	Lower 95%
	Upper 95%

	Diameter = 0.288 m
	7661602
	6709592
	8613613

	Diameter = 0.110 m
	9383515
	7633533
	11133497


Table 9: This table shows the values of the slopes and its 95% confidence levels for the two different diameter of curvature.  From this data analysis, it is apparent that since the 95% confidence intervals lie within each other, it suggests that the diameter of curvature does not affect the Dean number and Euler number relationship for 10% sucrose solution with the cylinders placed sideways.


Figure 11 shown below shows the graph of the Euler Number versus 1/DeanNumber2 for just the 20% sucrose separated by the two distinct diameters of curvature.  In addition, Table 10 shows the slope and its 95% confidence levels for each diameter of curvature.  It is apparent that for the 20% sucrose solution, the 95% confidence intervals lie within each other, thus the two sets of data for the different diameter of curvature are not statistically different from one other.
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Figure 11: This graph for water of Eu versus 1/De2 shows the separation of the two sets of data according to the diameter of curvature for the 20% sucrose solution.
	20% Sucrose
	Coefficients
	Lower 95%
	Upper 95%

	Diameter = 0.288 m
	2176161
	1099327
	3252994

	Diameter = 0.110 m
	2474048
	-163121
	5111216


Table 10: This table shows the values of the slopes and its 95% confidence levels for the two different diameter of curvature.  From this data analysis, it is apparent that since the 95% confidence intervals lie within each other, it suggests that the diameter of curvature does not affect the Dean number and Euler number relationship for 10% sucrose solution with the cylinders placed sideways.


Since the results for the relationship between the Euler number and 1/DeanNumber2 were not consistent, the relationship between the Euler number and Reynolds number was studied.  The inconsistency was due to the water trials.  Even though the laminar flow in water exhibited behavior that was desired, the turbulent flow should also have exhibited somewhat more ideal (desired) behavior.  In order to see if the inconsistencies in the data for the Dean number followed through for the Reynolds number, the Eu and Re relationship was analyzed graphically.  This is because the Dean Number is just the Reynolds numbers multiplied by the (diameter of the tube/diameter of the curvature).

Figure 12 is a graph of the Euler number versus the Reynolds number.  This was used to determine whether a relationship between the two numbers existed.  Since both numbers are dimensionless, they data should collapse onto one curve however it is apparent that it does not, as shown in Figure 12.  The data seems to slope downwards in a power trend that was not to the first power.   Since the data did not fit on one curve, each solutions’ respective data was graphed as shown in Figure 13.  Again for each solution, it is represented graphically that all the data did not fall within one curve for each solution rather there exists two unique sets of data which may have a correlation to the different diameters of curvature.  This is depicted graphically and mathematically by observing that the linear regression coefficient was close to 0 (no significant relationship exists between two sets of data).  However, Table 11 shows that the two solutions, water and 10% sucrose, had slopes that were not statistically different from each other in a 95% confidence.  The same was true for the pairing of the 10% sucrose sideways and 20% sucrose solutions.
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Figure 12: This graph of the Euler number versus Dean number shows that the all the data does not collapse on one curve.  This is because it is apparent that the data is scattered randomly especially with a few outliers at lower Reynolds numbers and also because the value of the linear regression coefficient is relatively low at 0.5565.
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Figure 13: This graph of the Euler number versus the Reynolds number shows that a relationship between the two dimensionless parameters does not exist and that there are two unique sets of data for each solution which maybe because of the different diameters of curvature.
	 
	Coefficients
	Lower 95%
	Upper 95%

	Water
	-0.0343
	-0.0449
	-0.0237

	10% Sucrose
	-0.0373
	-0.0471
	-0.0274

	10% Sucrose Sideways
	-0.1252
	-0.1639
	-0.0865

	20% Sucrose
	-0.0988
	-0.1410
	-0.0566


Table 11: This table shows that the slopes of the water and 10% sucrose solutions, and separately the 10% sucrose sideways and 20% sucrose solutions were not statistically different from one another.  This contributes to the hypotheses that this may be because of the different diameters of curvature affect the values of the Dean number; when in theory, they should not affect the Dean number.

After it was discovered that the Euler and Reynolds numbers were not linearly related, a theoretical relationship between the two was determined to be:
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Equation 5
This was done by solving for the fluid velocity in the Reynolds number formula and then plugging that into the Euler number formula therefore obtaining a resultant formula directly relating the Euler and Reynolds numbers.  Thus, it can be seen that the Euler number is inversely proportional to the square of the Reynolds number.

The graph shown below, Figure 14, is a graph of the Euler Number versus 1/Reynolds Number2.  Even after the linearization, a somewhat strong linear relationship exists for the water, 10% sucrose, and 20% sucrose solutions; however for the 10% sucrose sideways, a stronger linear relationship exists thus implying that gravity may have an influence on the Dean number.  Again, as in Figure 13, it is apparent that two unique sets of data are present for water, 10% sucrose, and 20% sucrose solutions possibly corresponding to the different diameters of curvature.  In addition, Table 12 shows that slopes of the water, 10% sucrose, and 10% sucrose sideways solutions are not statistically significantly different within 95% confidence.
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Figure 14: This is a graph of the Euler number versus 1/Re2 linearizes the data for the four solutions however a stronger linear relationship exists for the 10% sucrose sideways implying that gravity may affect the Dean number.

	 
	Coefficients
	Lower 95%
	Upper 95%

	Water
	234643625.4
	167811483.1
	301475767.7

	10% Sucrose
	149132401.0
	104596984.7
	193667817.2

	10% Sucrose Sideways
	208429523.9
	154445956.2
	262413091.7

	20% Sucrose
	57552317.7
	32071541.1
	83033094.3


Table 12: This table shows values of the slopes and the 95% confidence interval for each of the solutions.  From this, it shows that the slope of the water, 10% sucrose, and 10% sucrose sideways solutions are not statistically different from one another.


Figure 15 shown below shows the graph of the Euler Number versus 1/Reynolds Number2 for just the water separated by the two distinct diameters of curvature.  In addition, Table 13 shows the slope and its 95% confidence levels for each diameter of curvature.  It is apparent that for the water solution, the 95% confidence intervals lie within each other, thus the two sets of data are not statistically different from one other.
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Figure 15: This graph for water of Eu versus 1/Re2 shows the separation of the two sets of data according to the diameter of curvature.

	Water
	Coefficients
	Lower 95%
	Upper 95%

	Diameter = 0.288 m
	170668420
	120510609
	220826230

	Diameter = 0.110 m
	246322428
	183459168
	309185688


Table 13: This table shows the values of the slopes and its 95% confidence levels for the two different diameter of curvature.  From this data analysis, it is apparent that since the 95% confidence intervals lie within each other, it suggests that the diameter of curvature does not affect the Dean number and Euler number relationship for the water solution.


Figure 16 shown below shows the graph of the Euler Number versus 1/Reynolds Number2 for just the 10% sucrose separated by the two distinct diameters of curvature.  In addition, Table 14 shows the slope and its 95% confidence levels for each diameter of curvature.  It is apparent that for the water solution, the 95% confidence intervals lie within each other, thus the two sets of data are not statistically different from one other.
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Figure 16: This graph for 10% sucrose of Eu versus 1/Re2 shows the separation of the two sets of data according to the diameter of curvature.

	10% Sucrose
	Coefficients
	Lower 95%
	Upper 95%

	Diameter = 0.288 m
	155639117
	130803123
	180475111

	Diameter = 0.110 m
	86479662
	23441546
	149517779


Table 14: This table shows the values of the slopes and its 95% confidence levels for the two different diameter of curvature.  From this data analysis, it is apparent that since the 95% confidence intervals lie within each other, it suggests that the diameter of curvature does not affect the Dean number and Euler number relationship for the 10% sucrose solution.


Figure 17 shown below shows the graph of the Euler Number versus 1/Reynolds Number2 for just the 10% sucrose with the cylinders placed sideways separated by the two distinct diameters of curvature.  In addition, Table 15 shows the slope and its 95% confidence levels for each diameter of curvature.  It is apparent that for the water solution, the 95% confidence intervals lie within each other, thus the two sets of data are not statistically different from one other.
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Figure 17: This graph for 10% sucrose with the cylinders placed sideways of Eu versus 1/Re2 shows the separation of the two sets of data according to the diameter of curvature.

	10% Sucrose Sideways
	Coefficients
	Lower 95%
	Upper 95%

	Diameter = 0.288 m
	278020872
	243474736
	312567008

	Diameter = 0.110 m
	135073208
	109882688
	160263728


Table 15: This table shows the values of the slopes and its 95% confidence levels for the two different diameter of curvature.  From this data analysis, it is apparent that since the 95% confidence intervals lie within each other, it suggests that the diameter of curvature does not affect the Dean number and Euler number relationship for the 10% sucrose with the cylinders placed sideways solution.


Figure 18 shown below shows the graph of the Euler Number versus 1/Reynolds Number2 for just the 20% sucrose solutions separated by the two distinct diameters of curvature.  In addition, Table 16 shows the slope and its 95% confidence levels for each diameter of curvature.  It is apparent that for the water solution, the 95% confidence intervals lie within each other, thus the two sets of data are not statistically different from one other.
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Figure 18: This graph for 20% sucrose of Eu versus 1/Re2 shows the separation of the two sets of data according to the diameter of curvature.

	20% Sucrose
	Coefficients
	Lower 95%
	Upper 95%

	Diameter = 0.288 m
	78929971
	39878129
	117981812

	Diameter = 0.110 m
	35613260
	-2348083
	73574603


Table 16: This table shows the values of the slopes and its 95% confidence levels for the two different diameter of curvature.  From this data analysis, it is apparent that since the 95% confidence intervals lie within each other, it suggests that the diameter of curvature does not affect the Dean number and Euler number relationship for the 20% sucrose solution.

Discussion
In Figure 3, the graph depicts the change in pressure vs. flow rate of all the data taken.  The directly proportional relationship between change in pressure and flow rate was observed to be true in Figure 3.  The effects of gravity were tested on the pressure readings by turning the 0.288 m diameter bucket on its side, and measuring flow rate (and change in pressure) values.  The linear regression was calculated for the 10% sucrose and 10% sucrose sideways (for the change in pressure vs. flow rate) showed no significant difference to within 95% confidence.  As it can be seen in Table 3, the 95% confidence limits of the 10% sucrose and 10% sucrose sideways overlaps.  Thus, gravity did not change the pressure readings.


In Figure 4 and 5, the Euler and Dean number were calculated from the pressure-flow data.  Euler vs. Dean was plotted, and an inverse power trend relationship was observed.  Table 4 shows the confidence limits of the slopes (of each solution’s regression equation), and basically none of the slopes are significantly different to within 95% confidence.  Theoretically, the Euler number is related to the inverse square of the Dean number (Equation 4).  Thus, the Euler vs. 1/Dean^2 graphs were obtained to linearize the data.  Even after the linearization, a strong linear relationship does not exist for the water, 10% sucrose, and 20% sucrose solutions; however for the 10% sucrose sideways, a strong linear relationship does exist thus implying that gravity may have a strong influence on the Dean number.  Again, as in Figure 5, it is apparent that two unique sets of data are present for water, 10% sucrose, and 20% sucrose solutions possibly corresponding to the different diameters of curvature.  In addition, Table 5 shows that slopes of the water, 10% sucrose, and 20% sucrose solutions are not statistically different within 95% confidence.

In Figure 7, it is apparent that for the water solution, since the 95% confidence intervals do not lie within each other, thus there are two separate sets of data.  In Table 6, the confidence limits of the slopes of the two regression lines (for the water solution in the two different diameter bucket) do not overlap.  Thus, the slopes are significantly different which proves that there are two separate sets of data (correlating to the diameter).  This could be because of the nature of the low viscosity of the water of 0.797 mPa*s, the two higher flow rates showed turbulent flow however the Dean and Euler numbers are only valid for flow rates that are laminar thus causing an inconsistency in the results for water.  However, Figure 8 shows a graph of Eu vs. De for only the laminar flow in water with the difference in the two linear regressions being the diameters of curvature.  Thus, Table 7 shows that the slopes are not significantly different within 95% confidence thus the diameter of curvature has no significant effect on the Dean number and Euler number.

As shown in Table 8, it is apparent that for the 10% sucrose solution, the 95% confidence intervals lie within each other, thus the two sets of data are not statistically different from one other.  For the 10% sucrose solution, all the data (of the different diameter of curvature) could be represented as a single set.  When analyzing the 10% sucrose sideways data, there were overlapping confidence limits (Table 9).  Thus, the two sets of data, associated with the two different diameters, were not significantly different within 95% confidence (if the linear regression equations of both sets were not significantly different then a single regression could approximate the entire data set without questioning the accuracy of the dimensional analysis).  The 20% sucrose solution was divided up into the two distinct diameters of curvature.  In Table 10, the 95% confidence intervals lie within each other, thus the two sets of data for the different diameter of curvature can be represented with one linear regression (meaning that the diameter of curvature did not affect the dimensionless values as it should not).  

To observe whether the inconsistencies that occurred in some of the data in the Dean number translated to the Reynolds number (which is proportional to the Dean number multiplied by a scalar quantity), the Euler number vs. the Reynolds number was graphed.  In Figure 12, the data exhibits an inverse power trend relationship (similar to the Eu vs. De).  Table 11 shows that the two solutions, water and 10% sucrose, had slopes that were not statistically different from each other in a 95% confidence.  The same was true for the pairing of the 10% sucrose sideways and 20% sucrose solutions.

Table 12 shows that the slopes of the water, 10% sucrose, and 10% sucrose sideways solutions are not statistically significantly different within 95% confidence for the Euler number and 1/ReynoldsNumber2 relationship.  In Table 13, the 95% confidence intervals (of the slopes of the two regressions) lie within each other, thus the two sets of data are not statistically different from one other for the water solution.  In Table 14, for the 10% sucrose solution, the 95% confidence intervals lie within each other, thus the two sets of data are not statistically different from one other.  For the 10% sucrose sideways, the 95% confidence intervals lie within each other, thus the two sets of data are not statistically different from one other (Table 15).  For the 20% sucrose solution, the 95% confidence intervals lie within each other, thus the two sets of data are not statistically different from one other (Table 16).


In all the sets of data collected, the water set had the most inconsistencies.  The inconsistencies were evident in the regression analysis of the two different diameters (the slopes being significantly different to within 95% confidence) of curvature data (for Euler vs. 1/De2).  Even though the laminar flow in water had a desired result that there was no effect on the De due to the diameter of curvature, the turbulent flow (a Reynolds number greater than 2300) should not have affected the Dean number great enough for the diameter of curvature to affect it.  Also, the resistance of water in the Tygon® tubing, even though it was coiled around a cylinder, was not great enough to create a desired pressure-flow rate relationship so that the diameter of curvature would not have affected the Dean number (in the Euler vs. 1/Dean2 relationship).  However since the laminar flow did not show a cause and effect relationship between the diameter of curvature and Dean number, it can determined that the Dean number was a dimensionless parameter.
Conclusions
· The pressure-flow rate relationship was verified in the experiment with theoretically basis that as the flow rate increases, the change in pressure also increases somewhat linearly.
· The relationship between the Dean number and Euler number is constant and does not depends on other parameters.
· The Dean number is a dimensionless number that is not affected by different solutions or different diameters of curvature.  The same holds true for the Reynolds number.
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