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Summary of Conclusions:

Dye streamlines through two symmetric aneurysm models with different radii were visualized in order to determine the critical Reynolds number corresponding to the onset of turbulent flow. The critical flow rate for which the onset of turbulence occurred at the center of the model was determined by timed collection of fluid. This flow rate, along with the aneurysm radius and dynamic viscosity of the fluid was used in the calculation of the critical Reynolds number. The experiments were conducted using sucrose solutions of varying viscosities in order to verify that the critical Reynolds number at the onset of turbulence was independent of fluid viscosity, within one model of a specific geometry. The average critical Reynolds numbers were 10310 +/- 305 and 10620 +/- 104 in the large model and small model, respectively.  The onset of turbulence was determined to be a function of NREcrit and [a/b]n where a/b equals the radius of inlet tube/radius of aneurysm and n is a constant. The value of n was determined to be 0.05 +/- 0.017. These data were compared and the critical Reynolds number was found to be statistically the same for both models, indicating that the value of n might actually be closer to zero. Therefore, the onset of turbulent flow has a small dependence on the geometry of the model, namely a/b, and a large dependence on the critical Reynolds number
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Introduction:
An Aneurysm is a sac formed by abnormal dilation of a blood vessel which may occur in both large and small blood vessels. The most common blood vessels involved are the abdominal and thoracic aorta, renal arteries and circle of Willis (brain). They normally occur as small, spherical “berry” aneurysms in the brain, and larger fusiform aneurysms in the abdomen. A fusiform aneurysm has a symmetric cylindrical or spindle geometry, shown below. 


[image: image2]
Symmetric Fusiform Aneurysm

 The diameter of a normal aorta is about 2 centimeters. Once an abdominal aortic aneurysm has reached 5-6 centimeters in diameter, the risk of rupture is very substantial, probably about 50/50 over the next few years. Rupture of a large aneurysm causes massive internal bleeding. Turbulent flow of blood within an aneurysm is thought to increase the likelihood of rupture by increasing localized pressures and creation of blood clots, which may lead to heart attack or stroke. 

Objectives:

· To determine if the flow stabilizer has an effect on the critical Reynolds number at the onset of turbulent flow.

· To verify the critical Reynolds number at the onset of turbulent flow in an aneurysm model by varying the viscosity of the fluid. 

· To determine the dependence of the ratio a/b on the onset of turbulence.
· To analyze data from other lab groups and compare the critical Reynolds numbers.

· To make improvements to the current lab for future classes. 

Methods and Materials:

The aneurysm model used was supplied by the lab; there were two different models with slightly different geometries as can be seen in Table 1. 

[image: image3.wmf]Model

Inner Tube 

Radius (cm)

Aneurysm 

Radius(cm)

Aneurysm Width 

(cm)

Small 

0.31

1.85

3.00

Large

0.31

4.35

3.00
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Table 1: The dimensions corresponding to the small and large aneurysm.

The use of two models allowed us to vary the geometry of the aneurysm, specifically the ratio of a/b. 

[image: image20.emf] 


Dimensionless Analysis was performed on the variables included in the determination of the onset of turbulent flow using the Buckingham Pi Theorem. 

The onset of turbulence within the aneurysm is dependent upon the following parameters:

Turbulence = f (a, b, c, U, )

The onset of turbulent flow was determined to be dependent on 3  values; 
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The details can be found in the appendix. However, one of these values, a/c remains constant for this experiment, and so can be ignored. The remaining two values are the Reynolds number, and the ratio of a/b. The Reynolds number can also be computed in three different ways, using a, b or c as the length parameter. It was determined in a past experiment that the length parameter of b should be used in the determination of the Reynolds number. This length most closely approximates the geometry of an actual aneurysm and also produced the most consistent Reynolds number using fluids of varying viscosities in a past experiment. 

Turbulence = f (NREcrit, a/b)

By varying the viscosity,  of the fluid in the model and keeping a/b constant, a critical Reynolds Number for turbulence was obtained. Once this critical Reynolds number was verified, a/b was varied by using another model to determine how turbulence is dependent on that ratio. 

The experimental apparatus consisted of a fluid tank with an adjustable needle valve on a straight level tube inlet to the aneurysm, and a straight, level outlet flow to a collection bucket.


[image: image4]
A flow stabilizer used in the original lab was removed from the set up. 

The onset of turbulent flow within the model was determined visually. A blue dye solution was made by dissolving powdered dye in the same solution that would be used in the experiment. This assured that the dye was neutrally buoyant, i.e. both the dye and the flow through solution had the same viscosity. The dye was injected at a constant flow rate by a mechanical pump, and was used to determine the onset of turbulence. A bright light and a white piece of paper with a line drawn on it were placed behind the aneurysm. This allowed for better visualization of the dye. A small mark was drawn on the model indicating the exact measured location of the center of the model, exactly a distance b from the inlet tube. This mark was aligned with the dark line drawn on the paper behind the model. The flow rate into the aneurysm was adjusted until the onset of turbulence occurred exactly at the center of the model. The determination of this “onset” was dependent upon the person taking the measurement, therefore, the same person decided upon the onset of turbulence in each trial. 

To verify the critical Reynolds number, each model was tested with solutions of different viscosities. 
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Solution

Viscosity 

(cP)

0%

0.8579

5%

0.9923

25%

2.1491

30%

2.7839

40%

5.2698


Table 2: Viscosities of various sucrose solutions at 25(C

A 40% sucrose solution was not used in the small model because it was not possible to achieve critical flow rate to induce turbulence using the apparatus.

Approximate viscosities in the above table were determined using a java script at a temperature of 25°C. The viscosity for each solution was determined using the script depending upon the temperature of the solution. The absolute, dynamic viscosities used in calculating the Reynolds number can be found on the online site http://www.univreims.fr/Externes/AVH/MementoSugar/001.htm. The site is designed to evaluate the viscosity, and density of a solution for a specified sucrose concentration and temperature.   The densities of each of the solutions used were also determined using mass and volume measurements.  

Results:

The critical Reynolds number for a flow through the modeled aneurysm is a dimensionless variable and can be calculated using the following equation

                                                  NREcrit = 
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                                        [Equation 1]

where the 
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  is the critical velocity at which laminar flow becomes turbulent, r is the radius of the aneurysm, 
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 is the density, and 
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 is the dynamic viscosity of the fluid.  The densities of each of the solutions used were determined using mass and volume measurements, as well as the online script.  The average percent difference between the online density calculation and the experimental density values was 0.04%. The flow rate was determined by measuring the amount of time necessary to collect a certain volume of water from the outlet stream exiting the aneurysm.   The corresponding fluid velocities were calculated by dividing the flow rate of the fluid by the cross sectional area of the inner tube leading directly in to and out of the aneurysm.  

     [image: image9.wmf] Small Model

              With  Flow 

  Stablizer

             Without  Flow 

Stabilizer

% Sucrose

Average Re #

% STDEV

Average Re #

% STDEV

0%

10567+/-394

5.29

9880 +/-238

3.37

30%

97716+/-6021

8.17

10660+/-651

7.23

Large Model

            With   Flow

 Stablizer

             Without   Flow 

Stabilizer

% Sucrose

Average Re #

% STDEV

Average Re #

% STDEV

0%

10948+/-367

4.69

10585+/-395

3.35

30%

10378+/-472

6.35

10528+/-538

5.53


Table 1: The effect of the flow stabilizer on the critical Reynolds number was studied on both aneurysm models using a 0% and 30% sucrose solution.  The following table lists the average critical Reynolds number and the percent standard deviation with and without the flow stabilizer for both models.   The percent standard deviation without the stabilizer is lower in both models at high and low viscosities.   The flow stabilizer was found to increase variability within the data, and was omitted for the remainder of the experiment. 
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Small

Large

Sucrose 

Average Re #

STDEV

% STDEV

Average Re #

STDEV

% STDEV

0%

9879+/-237

332

3.37

10585+/-395

355

3.35

5%

10397+/-475

362

3.48

10431+/-251

351

3.36

25%

10304+/-444

621

6.03

10859+/-346

495

4.55

30%

10660+/-651

730

7.23

10528+/-538

582

5.53

40%

N/A

N/A

N/A

10934+/-357

499

4.56

Overall Average

10310+/-305

511

5.03

10620+/-104

456

4.27


Table 2: Sucrose solutions of different viscosities were used to determine the significance of viscosity on the onset of turbulence as described by the critical Reynolds number.    The table above lists the average Reynolds number along with its confidence interval, and the percent standard deviation for the different solutions tested in each of the models.  It is interesting to note that the average Reynolds number for a particular model fall within each other’s confidence interval.  
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% Difference

0-5

6.21

2.45

0-25

5.25

2.59

0-30

8.89

0.54

0-40

N/A

3.30

25-0

5.02

2.52

25-5

1.02

3.94

25-30

3.46

3.05

25-40

N/A

0.81

30-0

3.34

0.54

30-5

8.16

0.98

30-25

2.46

3.14

30-40

N/A

3.86

40-0

N/A

3.19

40-5

N/A

4.60

40-25

N/A

0.81

40-30

N/A

3.71


Table 3: The table above lists the percent difference in Reynolds number between all possible combinations of different viscosity solutions for each model.   The small model exhibits a percent difference in Reynolds number ranging from 2.46% to 8.89%, while the percent difference in Reynolds number for the large model ranges from 0.54% to 4.60%.  
As delineated in the dimensional analysis section the onset of turbulence is function of two variables, namely the critical Reynolds number (Re) and the ratio of the radii of the inlet and outlet tube to the radius of the aneurysm (a/b) raised to an exponential power (n).  The exact relationship between the onset of turbulence and these two factors is assumed to be the following:

Onset of turbulence with in a particular model: NREcrit × (a/b)n 

[Equation 1
]

Our experimental data indicates that the Reynolds number within a specific model does not vary significantly due to variations in viscosity.  This allows us to assign an average Reynolds number to particular model.  Once that number is know, the turbulence becomes a function of geometry, i.e. (a/b)n.  Since the onset of turbulence is dimensionless variable, it is valid to equate the onset of turbulence within one aneurysm to the onset of turbulence from another aneurysm.    This relationship is given below in Equation 2.  

            NREcrit small × (a/b)nsmall = NREcrit large × (a/b)nlarge
              [Equation 2]

By equating the two turbulence factors a value for n can be found as derived in Equation 3.  

n = Ln [NREcrit small/ NREcrit large] / Ln[ (a/b)small / (a/b)large]      
[Equation 3]

An average n value of 0.05+/- 0.017 with a percent standard deviation of 67.8% was calculated using Equation 3.  

Table 4

	Model
	Class Average NREcrit
	% Difference from project

	Large
	10494.5 ± 2101.344
	1.18%

	Small
	7310.913 ± 2060.22
	29.09%


The data from six groups from the class were compiled and analyzed to determine the class’ average for the Reynolds number for each aneurysm model. The secondary objective was to determine if there was a distinct trend between the NREcrit acquired by each group and the experimental group’s data.  The mean NREcrit for each condition was found for every group as well as the standard deviation and 95% confidence level, when available.  It was found that the class average NREcrit for the large model was 10494.5± 2101.344  
.  Which was 1.18% lower that that of the project’s experimental data.  The class’ average Re for the small model was 7310.913± 2060.22, which was 29.09% lower than that of the project’s data.

Table 5

	Model
	Average class difference between water and sucrose
	Percent difference between class and project difference

	Large
	9.00%
	259.81%

	Small
	19.92%
	328.03%



The difference between the Reynolds number for the sucrose solution and for water was found for each model and for each group.  It was then determined that the class’ average difference between water and sucrose for the large model was 9.00% which was 259.81% larger than the difference between water and sucrose for the project.  For the small model the class’s average difference was 19.92%, which was 328.03% larger than that of the project.


It was suspected that the reason for such inconsistency in the class’s data was from some of the groups using the wrong length parameter in calculating the Reynolds number. By examining all of the groups’ data and methods of calculation, it was found that this was not the case.  All groups used the right length parameter, the radius of the aneurysm cavity, for the calculation of NREcrit.  This showed that the inconsistency of the class’ data and its difference to the project’s results were the result of individual method variations and mistakes among the groups.

By careful examination of the class’ methods it was discovered that the groups used only the reference numbers found in the CRC handbook for the viscosity numbers of the sucrose solution and water.  The handbook only gave the viscosity for the relevant temperatures of 20C0 and 30C0, and most groups used the viscosity of sucrose at 20C0.  The class consistently did not take the temperature of the solution or did not consider it.  The project group however, found that the temperature of the solutions never reached below 25C0.  

It was also found that all of the groups used only water when they diluted the dye.  This caused the dye to be more buoyant then the sucrose solution that it was in. This means that the class groups measured the flow that caused the stream of the dye solution to become turbulent as opposed to the actual flow stream of the solution in the system.

Analysis:
One of our objectives in this experiment was to determine the effects of a flow stabilizer on the Reynolds number.   The Reynolds numbers with and without the stabilizer are significantly different from each other only in the small aneurysm as indicated by t-tests of equal variance (see appendix).  In the large aneurysm, however, the t-test indicates that the two sets of Reynolds numbers (with and without the stabilizer) are not significantly different.  Our decision to omit the stabilizer was in fact based on the data given in Table 1, which indicates that the flow stabilizer introduces added variability to the data in both models.   In the small aneurysm model the percent standard deviation increased by 2% with the stabilizer using a 0% sucrose solution and 1% with a 30% sucrose solution.   The flow stabilizer exhibited the same trend in the large model, the percent standard deviation in the large aneurysm model increased by approximately 1% for both the 0% and the 30% sucrose solution.  

An attempt to use a pressure transducer to detect pressure pulses at the onset of turbulence was made, but ultimately was not useful. The idea was that the transducer would detect these pulses caused by turbulent flow, so that a less arbitrary determination of turbulent could be made. This was actually not the case because even if the transducer could detect turbulence, it could not detect the location of turbulence. The same pressure pulses would occur if the turbulence occurred at the center, or at any other location within the aneurysm. This is critical to the experiment, because the onset of turbulence must not vary from trial to trial, and from model to model in order to make a determination about the effect of a/b. A small change in location of turbulence corresponds to a large change in flow rate, and a large change in value of the Reynolds number. 

Also, the BioPac readout of voltage (equivalent to pressure) vs. time showed no differences at all between laminar and turbulent flow. The transducer was not sensitive enough to detect the small differences, even with the voltage gain (amplification) of the signal at maximum.

It was also necessary to determine whether viscosity played a significant role on the value of the Reynolds number for a particular geometry.  Theoretically the Reynolds number should remain constant for a specific geometry and should not be affected by the viscosity of the flow through solution.   As can be seen in Table 2 our experimental data coincides with theory; within a particular model the average Reynolds numbers corresponding to the various viscosities are not significantly different from each other.  This finding is further supported by examining the percent differences in the average Reynolds numbers within a model given in Table 3.  The small model exhibits a percent difference in Reynolds number ranging from 2.46% to 8.89%, while the percent difference in Reynolds number for the large model ranges from 0.54% to 4.60%.   The small percent differences between the average Reynolds numbers of different viscosities indicates that within a specific geometry (i.e. the ratio a/b doesn’t change) the Reynolds number remains relatively constant regardless of viscosity.  
 
The onset of turbulence can be attributed to two dimensionless variables, the critical Reynolds number and a dimensionless length parameter given by the ratio of a/b, where a is the radius of the inlet and outlet pipe and b is the radius of the aneurysm.  The exact relationship between the onset of turbulence and the two variables is given by Equation 1.  The exponential term of the dimensionless length parameter, n, allows us to evaluate the significance of geometry on the onset of turbulence. The average experimental n value in this experiment was 0.05+/- 0.017 with a percent standard deviation of 67.8%.  The value of n, although significantly different from zero, is still very small which indicates that geometry is a small determinant for the onset of turbulence.  However, it is interesting to note that the average Reynolds number of the small aneurysm is not significantly different from the average Reynolds number of the large aneurysm (Table 2).  In fact the percent difference between the overall average Reynolds number for the two models is only 3.0%.  This is surprising considering that the radius of the large model (r = 4.35cm) is more than double that of the small model (r = 1.85cm).   Since average Reynolds number between two models is not significantly different it is reasonable to assume that the n value may actually be zero.  If this were indeed the case, 
[a/b]zero = 1

Therefore, the ratio a/b would not be a contributing factor to the onset of turbulent flow. The onset of turbulence would only be a function of the critical Reynolds number, defined as 

NREcrit =
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The equation would reduce to:

Onset of turbulence= f [NREcrit]
This observation can be supported by a similar experiment conducted by Scherer, P.W. who noted that “…despite a variation in a/b by a factor of 8, turbulence occurred in all bulbs at Qb/a2 approximately equal to 2900.” Therefore, turbulence is not a function of a/b.
It was determined that the consistency of the data for the class was significantly worse than that of the data from the experimental project.  The class measurements for the small model had a greater inconsistency that that of the large model.  This is most likely due to the increase of the flow rate that is required to cause turbulence in the small aneurysm.  This increases the difficulty of collecting of the fluid.  It also magnifies any mistake made in the collection process. 

It is necessary that the temperature of the solution be taken.  This is in order to accurately use the web site program that calculates the solution viscosity.  Using the correct viscosity is the only way to correctly calculate the NREcrit of the aneurysm.  This is one of the major factors that lead most groups to have great inconsistencies and inaccuracies in their NREcrit.

Only by creating the dye mixture with the solution about to be used, will the dye readily mix and acts like the solution that is being tested.  A failure to do so will cause the experimenter to falsely assume that he is observing the onset of turbulence of the solution, when in fact he is observing the onset of turbulence of the dye.  The dye in this case dose not have the same properties as the solution and therefore this mistake causes the flow rate to be measure when the onset of turbulence of the solution is not at the center of the aneurysm.  This leads to a devastatingly wrong calculation of the NREcrit. This was the second major factor that lead to the inaccuracies that the class experienced.

Due to the difference of the consistency of the class’s data and the project’s data it is concluded that the project’s determination of the Reynolds number for the two models are the acceptable values that should be followed for future experiments.  

Conclusions: 

The NREcrit stayed the same for solutions of different viscosities within each aneurysm model separately. The ratio of a/b was varied by using a different model. 

Turbulence = f (NREcrit [a/b]0.05)


The value of n was determined to be 0.05+/- 0.017 indicating a relationship between geometry (a/b) and turbulent flow within the aneurysm. However, this value may actually be closer to zero because the average Reynolds numbers in the large and small model were not statistically different. Here, the onset of turbulence would be dependent on the Reynolds Number alone. In either case, it can be concluded that the onset of turbulent flow within an aneurysm model has a small dependence on [a/b] , the geometry of the model. 

Turbulence = f (NREcrit [a/b]n)= lim n(0:[f (NREcrit [a/b]0)]= f (NREcrit *1)= f (NREcrit)

Symmetric fusiform or sacular aneurysms in the body become dangerous when they grow too large because of the danger of rupture, not because of the turbulent blood flow. Conversely, in very small berry aneurysms in the brain, the turbulence is more likely to cause blood clotting, which can cause stroke. 

The consistency of the data for the class was significantly worse than that of the data from the experimental project.  The class measurements for the small model had a greater inconsistency that that of the large model. Therefore the project’s determinations of the Reynolds number for the two models are the acceptable values that should be followed for future experiments due to the inaccuracies of the class’s data.  

A thorough understanding of the ideas behind the experiment is needed to correctly perform it.  It is also very important to accurately collect the outflow of the system. Even slight inaccuracies can lead to great differences in the Reynolds number.  The correct viscosity of the solutions and using the solutions to make the dye mixture are two of the most important factors that need to be addressed to insure that the mistakes of this class are not repeated.

Recommendations:

A number of improvements may help future lab groups obtain better data in this experiment. 

One such improvement would be to use 2 needle valves, higher viscosity solutions and higher tank setup to get better fine control of flow rate. Small adjustments in flow rate are needed when attempting to locate turbulence at the center of the model, especially for the larger model. We found, empirically, that this made it easier to slowly adjust the flow and get better data. 

A second, very important improvement was the use of a neutrally buoyant dye solution. It should be made from same solution as bulk fluid for each set of trials. This ensures that it is the same temperature and viscosity as the bulk solution. 

The hardest part about getting consistent data in this experiment was in the determination of viscosity. The onset of turbulence determined visually, is not very difficult, but since the Reynolds number is dependent on viscosity, the exact viscosity of the solutions must be known, and must remain consistent from run to run. This allows comparisons of the data between the large and small models, and between solutions of different viscosities to be made. The past lab groups were simply looking up a textbook value for viscosity of 5% sucrose, usually at 20 C( . The temperature of the water is most likely at least 25-27 C( on an average day. This can cause large errors in the calculation of Reynolds number. To correct this, we suggest all groups use the online script which will give accurate, consistent measurements of the viscosity of any percentage sucrose solution at any temperature. 

A smaller tank should also be used for easier use and less potential for accidents.  The aneurysm models should be changed during the same viscosity instead of running all of the solutions through one model and then through the other.  This saves time and the cost of sucrose, as well as decreasing any temperature change that might occur.  It is also necessary to take the temperature of the solution.  A slight change in temperature causes a large change in the viscosity of the sucrose solutions.  Water should be placed in a large tank and left to sit.  This should be used to make all solutions that are used in the experiment in order to insure that the solutions are at room temperature.

APPENDIX:

T-TESTS

Large Model

[image: image13.wmf]0% sucrose with attachment vs without attachment

30% sucrose with and without attachment
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Small Model:
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Dimensional Analysis: 
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Compilation of class data
Small Model
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Large Model
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The model has three different length parameters, a, b and c.








a = radius of inlet and outlet tube


b = radius of aneurysm


c = width of aneurysm








a





� EMBED Equation.3  ���





Aneurysm Model





a





Collection Bucket





a





Water Tank





c





Dye Syringe & Pump





b





Needle Valve
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