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Abstract

In this experiment, a stenosis model with removable bypass was created.  To improve upon the design from previous years, the stenosis was created by clamping the tubing to allow for a stenosis of variable lengths and dimensions.  Three different bypass lengths were constructed as well.  The effects of different bypass length, with the stenosis kept constant, were examined.  From dimensional analysis, the Euler’s number must be a function of NRe and the L/D ratio of the bypass.  Finally, a bubble injection technique was tested as a possible method to directly measure flow in the bypass.  It was found that the flow calculated using the bubble injection technique was significantly different than the measured flow in the bypass.  The L/D ratio of the bypass did not affect the Eu vs. NRe significantly.  The resistance of the system increased when a bypass was added to the system and was found to decrease with the addition of a bypass.  By adding a bypass, the total flow was increased by ~50% for each pressure, with the shortest bypass giving the greatest increase.  Lastly by experimental means Euler’s Number was found to be a linear function of (NRe, L/D0.2).  

Background

Coronary arterial stenosis means constriction or narrowing of the coronary artery. It is often caused by atherosclerosis, which is a build-up of fat, cholesterol and other substances over time inside of the artery wall. The coronary arteries are a vital part of the circulation and damage to these vessels can be devastating. It causes reduced blood flow, and therefore, reduced oxygen and nutrient supply, to the heart tissue and this can cause angina. Blood is carried to the heart by the coronary arteries and is returned to the right atrium by the cardiac veins.   
Coronary artery stenosis can be discovered by coronary angiography, where dye is injected into the coronary artery and its branches through a catheter. Once discovered, a stenosis will be treated according to its severity and the patient’s health. Common treatments for coronary artery stenosis include coronary artery bypass grafting, and Percutaneous Transluminal Coronary Angioplasty (PTCA). This is where a catheter with a balloon attached to its tip is passed into the stenosed area and is inflated to compress the obstructing plaque against the artery wall and reopen the artery. Alternatively, there is coronary stent placement.
In many patients with coronary artery stenosis, the constricted areas of the coronary arteries are located at only a few discrete points. And the coronary vessels beyond these pointes are normal. Aortic-coronary bypass is a surgical procedure for anastomosing small vein grafts to the coronary vessels. It is performed about 350,000 times annually in the United States, making it one of the most commonly performed major operations. The bypass graft bridges the occluded or diseased coronary artery, allowing sufficient blood flow to deliver oxygen and nutrients to the heart muscles.
Saphenous veins (from the leg) or arteries (like the IMA = internal mammary artery) are commonly used as grafts for coronary bypass surgery. It provides a peripheral coronary artery beyond a block. Therefore, it is very important to study the effect of bypass on stenosis. 

In order to study the effect of bypass on stenosis, a stenosis model was built. Dimensional analysis was used to analyze the fluid flow inside the stenosis and the bypass. First, Reynolds number was used. Fluid flow in a pipe crosses the threshold from laminar to turbulent flow when Reynolds Number (NRe) reaches about 2000. It is defined as (1)

NRe = Ud/v
where v is the viscosity of the fluid, d is the internal pipe diameter,  and U is the average fluid flow velocity. Re is essentially the ratio of the inertial forces (tending to keep the fluid flowing) to the viscous forces (tending to slow the motion due to contact with adjacent layers) experienced by a layer of fluid. Its value indicates the relative unimportance of viscosity (i.e., low Re corresponds to very viscous situations).  Using the Reynolds number, the types of flow pattern can be predicted (see Appendix: Figure A). 

Poiseuille flow is a fully developed laminar flow in a circular tube. To relate pressure drop with fluid flow rate, Poiseuille’s law was used, (2)

∆P = (8 µ L Q) / (π a4)

where ∆P is the pressure drop in Pascal, µ is dynamic viscosity of the fluid, L is length of the pipe/tube, Q is flow rate, and a is the radius of the pipe/tube. 

Another dimensionless number used for analysis of the flow in stenosis model was the Euler’s number, given by the following equation (3),

Euler = ∆P/(density*U2)

where P is the pressure and U is the average fluid velocity.  

Methods and Materials

Assorted Tygon® tubings and connnectors (T joints)

Four 10ml Fischer ® pipets

7 stands

Fluid Solution - Water

Razor Blades

Water Tank

Syringe, tubing for bubble Injection

2 Flow valves to regulate flow 

2 Stop watches 

Beakers/ Graduated Cylinders

2 Rulers

Buckets

Ring stand clamps

Digital Weight Balance

Magnets, wooden beams and large table clamps

The model arterial stenosis system was constructed as shown below in Figure 1.  All Tygon® tubing used to build the system (bypass, stenosis, etc) had the same interior diameter of 0.79 cm (5/16”) and were connected with T-joints.  The manometer was constructed using two 10-ml pipets connected by tubing and is indicated in the diagram as loop F.  The manometer was placed around the stenosis, meaning one pipet was placed at the beginning of the stenosis and one was placed at the end.  The stenosis is labeled E in the diagram with the narrow part being the clamped portion.  The stenosis is just one piece of Tygon® tubing (length 84.77 cm) clamped between two pieces of wood as shown in Figure 2.  Magnets were placed next to the tubing and the wood was clamped down to the width of the magnets.  

Once the apparatus was constructed each week, it was filled with water and bubbles were expelled from the system.  The manometer was adjusted and calibrated without any flow in the system, and with rulers clamped next to each pipet in order to easily measure the change in pressure in cm H20 (see Figure 3). 

The first part of the experiment was performed with the bypass completely clamped so that all flow was going through the stenosis only.  Pressure changes were noted and flow was calculated by timed collection with a stopwatch and beaker.  Next, both ends of the stenosis were clamped completely shut so that all flow was going through the bypass, as if there were no stenosis at all.  Flow rate was measured by timed collection and also by bubble injection to compare accuracy.  The bubble injection was performed using a syringe to inject air into the bypass (see Figure 1).  By timing the bubble as it passed through a pre-measured distance in the bypass, the flow rate in the bypass could be calculated.  Lastly, the experiment was performed with flow through the bypass and stenosis.  Total flow was found by timed collection and the bubble injection was used to determine the flow rate in the bypass, thereby allowing the flow rate in the stenosis to be calculated.

Whenever possible, the water level in the tank was kept constant by refilling.  The stenosis was never altered; it was built only once and the same one was used during all weeks of the experiment.  Each week, the bypass tubing was cut in order to test a different length.  In all, 3 different bypass lengths were used.

Figure 1
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Figure 2. Close-up of Stenosis

[image: image13.wmf] 

Table

 

 

A 

–

 Water tank

 

B 

–

 Tygon tubing

 

C 

–

 Syringe for bubble injection

 

D 

–

 Bypass

 

E 

–

 Stenosis

 

F 

–

 Manometer using two pipets connected by tubing

 

G 

–

 Collection bucket

 

 

 


Figure 3- close-up of manometer
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Data/Results
Table 1: Experimental Constants
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Table 1 shows the experimental constants used in this experiment.  Under “stenosis constants,” L2 is the length of the stenosis portion that is actually clamped between the wood (see Figure 2).  L1 and L3 are the lengths before and after (respectively) the clamped portion.  The total length of the stenosis is 84.77 cm.  R1 is the radius of the unclamped portions of the stenosis and r2 is the major radius of the clamped portion between the wood blocks.  The tubing used in all parts of the apparatus was of the same size, 5/16” ID.
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Figure 4:  Calibration with Stenosis Only
Figure 4 is the plot of the relationship between flow and pressure when no bypass was present.  The chart shows that as flow increased, the pressure drop also increased.  From both curves it is also observed that the relationship between pressure and flow is not linear through the experimental range.  The two different curves represent two different conditions.  The violet points indicate the presence of a stenosis and the blue points indicate the lack of a stenosis (normal open tube).  Since no other variables were changed, the difference in values represents the impact of the stenosis.  The stenosis decreases the flow rate across the tube at a fixed pressure drop.  At lower flow rates the difference between the two systems is minimal, but above a flow rate of 20ml/s, it becomes more easily observed.

Figure 5: Calibration with Stenosis Only – Reproducibility
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Figure 5 shows the reproducibility of the pressure-flow data obtained using the stenosis each week.  The blue dots and orange dots each designate the “stenosis only” calibration data (as in Figure 4) obtained during week 3 and 5 of experimentation.  As can be shown, the dots correlated well, close to being on one curve and thereby indicating high reproducibility between these weeks.  However, week 4 data, in aqua, was slightly off the curve and therefore data obtained from week 4 was omitted from analysis.

Figure 6:  Accuracy of Bubble Injection Technique  
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Figure 6 is a plot of the accuracy of the bubble injection technique.  When both branches are used, it was impossible to measure the flow rates in each of the two branches; only the total flow rate at the outlet could be measured.  By passing a bubble along the bypass, the flow rate of the water in the bypass could be estimated.  The blue dots above represent the flow rate-pressure relationship when only the stenosis was present (the bypass was clamped).  The violet dots represent the difference in the total flow rate and the measured bubble flow rate.  The violet dots are all within 2ml/s of the expected flow rates.

Figure 7:  Relationship between Eu and NRe
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From Figure 7, the effects of the stenosis can be observed.  The only variable that is changed is the presence or lack of a stenosis; in both cases, the bypass was clamped.  The blue set of dots represents a completely open tube, while the violet points represent flow through a stenosis.  When the stenosis was not used, the Eu vs. NRe plot appears to be level for all flow rates. When the stenosis was present however, the Eu vs. NRe plot only levels off at NRe above 2300.  For NRe below 2300, Eu drops with increasing NRe.  The two lines are both level after 2300, and do not approach the same value.
Figure 8: Flow Analysis through Various Regions of the System 
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Flow through Each Branch
Figure 8 is the flow analysis for each of the different bypasses.  The top left plot is the plot for the overall system; the right plot is analyzing the flow through each branch of the system.  In the left plot the blue and the violet curves represent a system without a bypass.  As can be seen in the left plot, the addition of a bypass causes a vertical shift in the Eu vs. NRe curves.  Also, there is very little difference between the three bypasses.  In the right plot, where each branch is examined separately, we observe that there are greater differences in the Eu vs. NRe relationship between bypasses.  

Figure 9:  Resistance through Various Regions of the System
[image: image21.emf]y = -5E-05x + 0.7241

R2 = 0.8157

y = 3E-05x + 2.8148

R2 = 0.1275

y = 0.0001x + 3.3863

R2 = 0.352

0

2

4

6

8

0 2000 4000 6000 8000

Nre (total)

Eu (total)

Open

Add Stenosis

Bypass L/D = 0

Total Resistance through the System


  Resistance through Each Branch

Figure 9 is a plot of the total resistance of the overall system and the resistance through each branch.  In the left plot where the blue dots indicate no stenosis (open tube) without bypass, and violet dots indicate stenosis without bypass, it can be seen that the presence of a stenosis increases the resistance of the entire system.  The linear regression on the violet dots also indicates that resistance is dependent on the pressure drop.  By looking at the orange, green and red dots, the addition of a bypass decreases the total resistance of the system.  As the bypass length decreased, the resistance decreased.   From the right plot, the resistance in each branch of the system can be observed.  The resistance in the bypass branch for all three bypasses falls on the same line as the resistance in the stenosis branch.

Analysis

The same Tygon® tubing material and size were used to reduce any potential turbulence through the water flow in the model arterial stenosis system. However, the application of several T-joints, which had slightly smaller interior diameter, was necessary to connect the tubing.  Before the experiment, an attempt was made to find the effect of the T-joints on the change in pressure readings for a given fixed flow, but the alteration in the pressure drop was barely noticeable (< ±0.1 cm H20) based on the setup of the manometer system. Through the experiment, any disturbance of the fluid flow created through the joints of the tubing was ignored.  In addition, an effort was made to keep all the other tubing straight and perfectly horizontal. 

Figure 5 shows the reproducibility of pressure-flow data obtained from the stenosis.  The flow rates for a given pressure drop data fit pretty consistent in one curve for week 3 and week 5 of the experiment. This showed that the model arterial stenosis system yielded reproducible data and that all of these data can be used to generate any findings.  Week 4 data yielded off-the-curve points and was deemed unusable.  These points were closer to those recorded with just an open tube (no stenosis, no bypass – sky blue points in Figure 5).  The most reasonable explanation for this would be that the tubing in the stenosis branch was not properly clamped between the two wooden blocks.

The bubble injection method, where an air bubble was injected into the bypass and timed, was used to measure the flow rate through the bypass.  The flow rate through the stenosis branch can be obtained by subtracting the flow rate through the bypass branch from the total flow rate. As can be shown in Figure 6, the flow-pressure data of the stenosis calculated using this bubble injection method fits slightly higher than the original curve.  This may mean that the flow of the bubble through the branch is close to the flow of the fluid but slightly slower due to the friction between the air bubble and the inner surface of the tubing. In addition, the bubble injection appeared to work only for the very fast flow rates, above 15ml/s.  At slower flow rates, the bubble often remained stagnant at the position where it was injected.  Also, larger bubbles yielded less accurate measurements.  Therefore, the bubble injection method worked best with small bubbles at high flow rates.  

Table 2 below helps to quantitate the accuracy of the bubble injection method.  The left table shows the t-test statistics from comparing the flow rates measured using timed collection with a beaker and a stop watch to the flow rate measured using the bubble injection through the bypass only, with the stenosis completely shut as though there were no stenosis at all.  With a t-stat value greater than the t-critical value, the table shows that the flow rates measured by bubble injection are significantly different than those measured by timed collection; the bubble speed was always slower than the actual fluid flow speed.  The right table shows t-test statistics comparing flow rates through the bypass.  Here, the absolute value of t-stat is even greater than t-critical, indicating a significant difference.  By looking at the sign of the t-stat, for the bypass only flow, the bubble speed was always faster than the true flow rate, and when both branches were used, the bubble speed was always slower than the true flow.  This indicates that the bubble method is dependent on the flow rate.  These t-tests indicate that the bubble injection method was neither very accurate nor precise. An alternative to the bubble injection is the dye injection method. However the dye injection method may create a possibility of diffusion when the flow rate is small.
Table 2:  Bubble Injection Analysis 
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Figure 7 plots the relationship between Eu and NRe of the system with stenosis only.  It was determined by trial and error, that for NRe less than 2000, there is a relationship where (Eu)0.5 ( 0.2 is a function of NRe (see Figure 10 below).  This relationship is presumed valid with an R2 value of 0.9727, which is close to 1.  For NRe greater than 2000, the Eulers number doesn’t change to the Reynolds number.
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Figure 10:  Sqrt(Eu) vs. NRe Relationship
In Figure 8a, the application of bypass decreases the Eulers number for the same Reynolds number.  Instead of leveling out at 2300 however, the bypasses begin to level out past 5500.  This reflects the fact that by adding a bypass, the critical flow rate for the onset of turbulence increases.  Because turbulence is not defined in terms of length, there is very little observed difference between the three different bypasses, even though they differ by 400% of the shortest bypass length.  From Figure 8b, by looking at the flow within each branch, the flow profiles of the three bypasses appear to be very different at slow, laminar flows.  At the highest flow rates possible, the three bypasses converge to a single curve.  This point, at NRe = 4000 must therefore be the onset of turbulence.  Due to the constraints of the lab, only after further testing can this trend be confirmed.  While the flow profile in the stenosis shows a curved profile, bypass #1 & #2’s profiles appear to be much more linear.  
By trial and error, a relationship was found between the three different bypasses where Eu = f[(L/D)0.2 ( 0.025] as shown in Figure 11 (below).  In Figure 11, the orange line represents the theoretical Eu vs NRe relationship for a bypass of length 0.  The data from all three bypasses were used in constructing the curve.  From this relationship the Eu vs. NRe relations for any bypass can be determined.
Figure 11:  Flow through the system

The resistance of the system can be observed in Figure 9.  From Figure 9a, the resistance profiles differ for each setup.  By adding a bypass, the resistance across the system dropped significantly, but the difference between was insignificant.  In Figure 9b, the resistance profile for the flow within the bypasses is shown not to be a function of bypass length.  Further more the bypass resistances are similar to the stenosis profile.  The presence of the stenosis increases the resistance from the open tube.  Because all the tubing is of the same size, diameter and type, it was hypothesized that all the flow profiles of the bypass should collapse onto one curve and fall between the other two curves (representing an open straight tube and a clamped straight tube).  This is because a straight tube has lower resistance than a curved tube where the flowing liquid must push against the wall of the vessel.  However, in our setup it is apparent that the bypasses have a resistance very similar to the clamped stenosis.
Figure 12:  Resistance for the Entire System

To help in confirming that a relationship of (L/D)0.2 does exist between the bypasses, the resistance, which is a function of ∆P and L/D, Figure 12 (shown above) was constructed.  Here the orange line represents the Resistance for a hypothetical bypass of length 0.  It was constructed from data from all three bypasses.  In this graph (L/D0.2 was shown to give the best relationship among the three bypasses.
Conclusions

1. Eu = f(Re ,[L/D]0.2)
     Below NRe of 2000, Eu = f(NRe-2 ,[L/D]0.2)
     Above NRe of 2000, Eu = f(L/D]0.2)
2. The length of bypass does not significantly affect flow rate.

3. Adding a bypass decreases the resistance across the system.

4. Flow Characteristics through the bypass do not change by altering the length.

Recommendations

1. Vary the diameter rather than the length of the bypass tubing

2. For the bubble injection, do not make the bubble too big

3. Switch to a smaller scaled model to minimize turbulence at ‘t-joints’
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Appendix

	Figure A:      Types of Flow

	Laminar: Flow lines are parallel 

[image: image4.png]Tope—o




[image: image5.png]1= shear strength




	[image: image6.png]Laminar Flow





	Laminar flow past a cylnder or sphere 
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	Turbulent 
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