BIEN 435 
EXPERIMENT 1: 
MEASUREMENT OF PRESSURE DROP ACROSS A STENOSIS


ABSTRACT

A stenosis is an abnormal constriction or narrowing of a passage or opening, like an artery in the circulatory system.  Blood flow is greatly restricted if a stenosis forms in an artery.   This experiment concerns the effects of length and diameter of a stenosis and the fluid flow in a simulated blood capillary environment.  This experiment was designed to test
 two null hypotheses:
1) The pressure drop across the stenosis is independent of the stenosis length.  

2)
The pressure drop across the stenosis is independent of the flow rate. 

The first null hypothesis was shown to be valid because  the pressure drop was slightly higher for larger flows (p < ???).  We also found that the stenosis length did not affect the pressure drop; therefore, additional testing would be required to confirm the second null hypothesis.  We calculated the theoretical results using Young’s equation, but the results obtained in this experiment did not correlate with the theoretical calculations.  These differences are most likely because of the rudimentary components used in the experiments.  Water was used to simulate blood flow, but because of the viscous differences between blood and water
, differences in flow and pressure would occur.  Error also occurred because of human error in testing and poor equipment.  For example, the pressure transducer was assumed to remain at the same height throughout the experiments; but because the transducer was held by a person, it is likely that the height changed during testing.  Overall, the experiment was a useful learning tool, but better equipment and testing procedures would be needed for studying the effects of stenoses in arteries
.
INTRODUCTION

A stenosis is an abnormal constriction or narrowing of a duct, passage, or opening, like an artery in the heart.  Vasodilatation problems are a result of a stenosis because the diameter of the artery is reduced.  An artery with a diameter reduction up to 75% still has sufficient blood flow when a person is resting; if the reduction increases to more than 80%, the downstream blood flow will be significantly decreased and does not allow for the sufficient delivery of blood and nutrients to the tissues (Nowak).  The pressure difference before and after the stenosis will also be greater, leading to damage to the blood vessels after the stenosis, because of the formation of jets of blood.  Turbulent blood flow after the stenosis can also cause problems, because these harsh conditions provide enough force to free a thrombus or the plaque of the stenosis, which can cause stroke (Nowak, 1999).

The severe health problems caused by stenosis are attributed to about half of all deaths in North America and are considered the top killers in developed countries around the world (Nowak).  When a stenosis forms in an artery, the surrounding tissues may be critically deprived of the oxygen and other components required to function.  Consequences of stenoses to the aorta are typically minimal because of the large diameter; however, smaller arteries can have more serious effects.  For example, a stenosis in the common iliac and femoral arteries could hamper the healing of minor wounds, potentially leading to infection and gangrene.  Also, carotid artery stenoses can lead to stroke; atherosclerotic disease of the carotid artery is credited to 20 to 25% of all stroke cases (Mintz, 2000).

The purpose for this experiment was to test a hypothesis concerning the length and diameter size of a stenosis and the fluid flow in a simulated blood capillary environment.  While it is known that both stenosis length and size have an effect on blood flow and circulation, no information is currently available on the severity of various factors involving the flow through a stenosis.  Through the process of bypass surgery, knowledge concerning how a stenosis will affect blood flow can aid in the prognosis of a patient’s options.  The patient can better equip both himself and his physician on the most prudent plan of action for solving the issue.  Thus in this experiment, we will endeavor to find a correlation between the measured pressure changes before and after a simulated stenosis through fluid tubing.  We hope to provide an analytical as well as mathematical correlation between stenosis length and diameter size within the tubing.  The following equation, determined by Young and known as Young’s equation
, will be utilized in determining the pressure loss in terms of flow rate, Q, instead of Reynolds number, as normally used:
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Equation 1:  Young’s Modulus Equation Utilizing Flow Rate
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In the equation, μ is dynamic viscosity, ρ is fluid density, Dv is the diameter of the vein, Ds is the stenosis diameter at its narrowest point, and Kt is the turbulent loss coefficient.  The experimental value used for each variable is given below:

Kt = 1.52

ρ = 1 g/cm3
Dv = 0.25 in = 0.635 cm

Ds = 0.3175 cm for 50%

Q = 2 ml/s to 20 ml/s

Ls = 1cm to 2 cm

μ = 1 g/(cm-s)

METHODS
Experimental Setup

Before the effects of stenoses on pressure and flow were studied, the pressure transducer was calibrated.  The experimental setup was as shown in Figure 1, but the stenosis was removed.  The water flow was stopped at times so that the voltage could be observed.  At these points, the distance from the water level to the pressure transducer was recorded.  The position of the pressure transducer remained constant during calibration so that the only height change was caused by the water flow.  The pressure for each voltage was calculated using the weight of water as a standard (P=ρgh).  The pressures found from this formula were graphed with the corresponding voltage, and a linear least squares fit was performed so that voltage readings could be related to the slope of the graph (ΔΡ=mΔV).  Because variations in tubing diameter are likely, the true diameter was found by filling a length of tubing with water and measuring the volume in a graduate cylinder.  The diameter was calculated using 
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Figure 1 - Schematic of transducer setup for measuring pressure before the stenosis

After the pressure transducer was calibrated, the 50% 1 cm stenosis was inserted into the tubing as shown in Figure 1.  The pressure transducer was connected to the upstream tap, and the voltage was measured with the flow on and with the flow off.  In order to find the flow rate, the volume of water drained was observed for a recorded time.  Five data sets were recorded.  Then the height of the pressure transducer was changed so that the flow rate would be reduced by a factor of two, and the five measurements were repeated.  The pressure transducer was then moved to the downstream tap, and the ten measurements were repeated for this setup.  The experimental setup with the pressure transducer connected at the downstream tap is shown in Figure 2.
  The 50% 2 cm stenosis was then inserted into the tubing, and the above measurements were repeated.  The calibration step described previously was repeated at the end of the experiment, and the calibration did not change.  Table 1 lists the materials used for the experiments performed.

[image: image5.jpg]ssssss

.......





Figure 2 - Schematic of the transducer setup for measuring pressure after the stenosis
	MATERIALS
	QUANTITY

	Graduated cylinder
	1

	Stop watch
	1

	Tape measure
	1

	Fluid reservoirs
	2

	¼ inch diameter tubing
	Various lengths

	Pressure transducer
	1

	Digital multimeter
	1

	Stopcocks
	2

	Plastic glue
	As needed

	50% 1 cm stenosis
	1

	50% 2 cm stenosis
	1


Table 1: Materials used in experiments

Data Analysis

To find the transducer sensitivity, the voltages obtained during the calibration step were plotted against the corresponding, calculated pressure.  A least squares fit was performed on the data.

Each data set of volume of water per time was used to calculate the flow rates through the stenoses.  The voltages recorded before and after each stenoses were translated to pressure drops using the sensitivity found from the transducer calibration.  These pressure drops were plotted as a function of the flow rates.  Young’s equation for the same flow rate range was also plotted.

Student’s T-tests were performed on the data collected to verify the hypotheses of the experiment.  One T-test was used to compare data recorded from different flow rates but the same stenosis.  A second T-test compared the two lengths of stenoses.  P-values were found for both cases.
RESULTS

Never put figures/tables before the text that describes them.  Always start the results section with text that explains what you are showing the reader.
I.  Calibration Values

	h (cm)
	V (volts)
	Pressure(Pa)

	92.82

	0.051
	90963.6

	91.82
	0.052
	89983.6

	90.82
	0.054
	89003.6

	89.82
	0.055
	88023.6

	88.82
	0.058
	87043.6


Table 2:
 Values for Calibration
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Graph 1: Raw Data Plot of Output Voltage as a Function of Pressure

[image: image7.emf]Output Voltage vs. Pressure

y = -2E-06x + 0.2084

R

2

 = 0.9633

0.05

0.051

0.052

0.053

0.054

0.055

0.056

0.057

0.058

0.059

86000 87000 88000 89000 90000 91000 92000

Pressure (Pa)

Voltage (Volts)


Graph 2:  Least Squares Fit of Output Voltage as a Function of Pressure

The slope of the least squares fit (
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II.  Theoretical Values

	Dv (cm)
	0.635

	Kt
	1.52

	rho (g/cm3)
	1

	Ds (cm)
	0.3175

	Ls (cm)
	1

	mu g/(cm-s)

	1


Table 2:  Values for the Variables used for the Lab
	Q(mL/sec)
	Term 1
	Term 2
	ΔP (mmHg)

	1
	68.26873995
	1240.752969
	0.0605

	2
	273.0749598
	2481.505938
	0.2233

	3
	614.4186595
	3722.258907
	0.4884

	4
	1092.299839
	4963.011876
	0.8558

	5
	1706.718499
	6203.764845
	1.3256

	6
	2457.674638
	7444.517814
	1.8977

	7
	3345.168258
	8685.270782
	2.5721

	8
	4369.199357
	9926.023751
	3.3489

	9
	5529.767936
	11166.77672
	4.2279

	10
	6826.873995
	12407.52969
	5.2093

	11
	8260.517534
	13648.28266
	6.2930

	12
	9830.698553
	14889.03563
	7.4791

	13
	11537.41705
	16129.7886
	8.7675

	14
	13380.67303
	17370.54156
	10.1582

	15
	15360.46649
	18611.29453
	11.6512

	16
	17476.79743
	19852.0475
	13.2465

	17
	19729.66585
	21092.80047
	14.9442

	18
	22119.07174
	22333.55344
	16.7442

	19
	24645.01512
	23574.30641
	18.6465

	20
	27307.49598
	24815.05938
	20.6511


Table 3:  Calculation of ΔP using Young’s Equation
III.  Experimental Results

	Conditions
	Volume (mL)
	Time (s)
	Voltage, Up-
Stream, No flow
	Voltage, Up-
Stream, Flow
	Voltage, Down-
Stream, No flow
	Voltage, Down-
Stream, Flow

	 

 

 

 

50% Short

Stenosis

 

 

 

 
	 

 

Flow Rate 1

 

 
	98
	10
	0.078
	0.083
	0.073
	0.133

	
	
	111
	10
	0.078
	0.082
	0.071
	0.15

	
	
	125
	10
	0.076
	0.083
	0.072
	0.15

	
	
	79
	7
	0.075
	0.083
	0.071
	0.152

	
	
	72
	7
	0.079
	0.084
	0.077
	0.153

	
	 

 

Flow Rate 2

 

 
	140
	10
	0.101
	0.106
	0.104
	0.183

	
	
	150
	10
	0.101
	0.107
	0.101
	0.182

	
	
	142
	10
	0.102
	0.107
	0.104
	0.18

	
	
	153
	10
	0.103
	0.108
	0.103
	0.183

	
	
	149
	10
	0.102
	0.107
	0.103
	0.179

	 

 

 

 

50% Long

Stenosis

 

 

 

 
	 

 

Flow Rate 1

 

 
	162
	10
	0.08
	0.087
	0.077
	0.156

	
	
	160
	10
	0.083
	0.089
	0.077
	0.157

	
	
	159
	10
	0.082
	0.087
	0.078
	0.156

	
	
	153
	10
	0.08
	0.087
	0.078
	0.155

	
	
	162
	10
	0.08
	0.088
	0.077
	0.157

	
	 

 

Flow Rate 2

 

 
	160
	10
	0.105
	0.11
	0.102
	0.178

	
	
	100
	10
	0.104
	0.142
	0.103
	0.179

	
	
	110
	10
	0.105
	0.138
	0.103
	0.18

	
	
	112
	10
	0.102
	0.134
	0.103
	0.179

	
	
	129
	10
	0.104
	0.123
	0.103
	0.177


Table 4: Data Obtained after Performing the Experiment
	Conditions
	Volume (mL)
	Time (s)
	Flow Rate,Q (mL/s)

	 

 

 

 

50% Short

Stenosis

 

 

 

 
	 

 

Flow Rate 1

 

 
	98
	10
	9.8

	
	
	111
	10
	11.1

	
	
	125
	10
	12.5

	
	
	79
	7
	11.3

	
	
	72
	7
	10.3

	
	 

 

Flow Rate 2

 

 
	140
	10
	14.0

	
	
	150
	10
	15.0

	
	
	142
	10
	14.2

	
	
	153
	10
	15.3

	
	
	149
	10
	14.9

	 

 

 

 

50% Long

Stenosis

 

 

 
	 

 

Flow Rate 1

 

 
	162
	10
	16.2

	
	
	160
	10
	16.0

	
	
	159
	10
	15.9

	
	
	153
	10
	15.3

	
	
	162
	10
	16.2

	
	 

 

Flow Rate 2

 

 
	160
	10
	16.0

	
	
	100
	10
	10.0

	
	
	110
	10
	11.0

	
	
	112
	10
	11.2

	
	
	129
	10
	12.9


Table 5: Calculation of Flow Rate from Volume/Time

	Conditions
	Voltage, Up-
Stream, No flow
(Volts)
	Voltage, Up-
Stream, Flow
(Volts)
	Change in Voltage, Up-Stream
(Volts)
	Change in Pressure, Up-Stream (∆P=m∆V)

	 

 

 

 

50% Short

Stenosis

 

 

 

 
	 

 

Flow Rate 1

 

 
	0.078
	0.083
	-0.005
	2.50E+03

	
	
	0.078
	0.082
	-0.004
	2.00E+03

	
	
	0.076
	0.083
	-0.007
	3.50E+03

	
	
	0.075
	0.083
	-0.008
	4.00E+03

	
	
	0.079
	0.084
	-0.005
	2.50E+03

	
	 

 

Flow Rate 2

 

 
	0.101
	0.106
	-0.005
	2.50E+03

	
	
	0.101
	0.107
	-0.006
	3.00E+03

	
	
	0.102
	0.107
	-0.005
	2.50E+03

	
	
	0.103
	0.108
	-0.005
	2.50E+03

	
	
	0.102
	0.107
	-0.005
	2.50E+03

	 

 

 

 

50% Long

Stenosis

 

 

 

 
	 

 

Flow Rate 1

 

 
	0.080
	0.087
	-0.007
	3.50E+03

	
	
	0.083
	0.089
	-0.006
	3.00E+03

	
	
	0.082
	0.087
	-0.005
	2.50E+03

	
	
	0.080
	0.087
	-0.007
	3.50E+03

	
	
	0.080
	0.088
	-0.008
	4.00E+03

	
	 

 

Flow Rate 2

 

 
	0.105
	0.110
	-0.005
	2.50E+03

	
	
	0.104
	0.142
	-0.038
	1.90E+04

	
	
	0.105
	0.138
	-0.033
	1.65E+04

	
	
	0.102
	0.134
	-0.032
	1.60E+04

	
	
	0.104
	0.123
	-0.019
	9.50E+03


Table 6: Up-stream Pressure Drops calculated from the change in Voltage Up-stream.

	Conditions
	Voltage, Down-
Stream, No flow
	Voltage, Down-
Stream, Flow
	Change in Voltage, 
Down-Stream
	Change in Pressure, Down-Stream (∆P=m∆V)

	 

 

 

 

50% Short

Stenosis

 

 

 

 
	 

 

Flow Rate 1

 

 
	0.073
	0.133
	-0.060
	3.00E+04

	
	
	0.071
	0.150
	-0.079
	3.95E+04

	
	
	0.072
	0.150
	-0.078
	3.90E+04

	
	
	0.071
	0.152
	-0.081
	4.05E+04

	
	
	0.077
	0.153
	-0.076
	3.80E+04

	
	 

 

Flow Rate 2

 

 
	0.104
	0.183
	-0.079
	3.95E+04

	
	
	0.101
	0.182
	-0.081
	4.05E+04

	
	
	0.104
	0.180
	-0.076
	3.80E+04

	
	
	0.103
	0.183
	-0.080
	4.00E+04

	
	
	0.103
	0.179
	-0.076
	3.80E+04

	 

 

 

 

50% Long

Stenosis

 

 

 

 
	 

 

Flow Rate 1

 

 
	0.077
	0.156
	-0.079
	3.95E+04

	
	
	0.077
	0.157
	-0.080
	4.00E+04

	
	
	0.078
	0.156
	-0.078
	3.90E+04

	
	
	0.078
	0.155
	-0.077
	3.85E+04

	
	
	0.077
	0.157
	-0.080
	4.00E+04

	
	 

 

Flow Rate 2

 

 
	0.102
	0.178
	-0.076
	3.80E+04

	
	
	0.103
	0.179
	-0.076
	3.80E+04

	
	
	0.103
	0.180
	-0.077
	3.85E+04

	
	
	0.103
	0.179
	-0.076
	3.80E+04

	
	
	0.103
	0.177
	-0.074
	3.70E+04


Table 7:  Down-stream Pressure Drops calculated from the change in Voltage Down-stream.
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Graph 3:  Comparison of Experimental and Theoretical Values for Pressure as a Function of Flow Rate

Now, this is just silly.  You were supposed to use two flow rates for each stenosis.  There should at least be some grouping of your data points near two distinct flow rate values, but you have some values in the flow rate 1 group that have a flow rate closer to the flow rate 2 group.

IV.  T-Tests

	
	Variable 1
	Variable 2

	Mean
	34500
	36600

	Variance
	16000000
	1050000

	Observations
	5
	5

	Pooled Variance
	8525000
	

	Hypothesized Mean Difference
	0
	

	df
	8
	

	t Stat
	-1.1372138
	

	P(T<=t) one-tail
	0.14418072

	

	t Critical one-tail
	1.85954803
	

	P(T<=t) two-tail
	0.28836144
	

	t Critical two-tail
	2.30600413
	


Table 8: T-Test comparing flow rates 1 & 2 for the 50% short stenosis
	 
	Variable 1
	Variable 2

	Mean
	36100
	25200

	Variance
	550000
	42575000

	Observations
	5
	5

	Pooled Variance
	21562500
	

	Hypothesized Mean Difference
	0
	

	df
	8
	

	t Stat
	3.71147847
	

	P(T<=t) one-tail
	0.00297185
	

	t Critical one-tail
	1.85954803
	

	P(T<=t) two-tail
	0.00594371
	

	t Critical two-tail
	2.30600413
	 


Table 9: T-Test comparing the flow rates 1& 2 for the 50% long stenosis
	 
	Variable 1
	Variable 2

	Mean
	35550
	30650

	Variance
	8802777.78
	52169444.44

	Observations
	10
	10

	Pooled Variance
	30486111.1
	

	Hypothesized Mean Difference
	0
	

	df
	18
	

	t Stat
	1.98440388
	

	P(T<=t) one-tail
	0.03133506
	

	t Critical one-tail
	1.73406359
	

	P(T<=t) two-tail
	0.06267011
	

	t Critical two-tail
	2.10092204
	 


Table 10: T-test comparing all flow rates for the 50% short and long stenoses
DISCUSSION

The purpose of this lab was to prove
 two null hypotheses:
1. The pressure drop across the stenosis is independent of the stenosis length.  

2. The pressure drop across the stenosis is independent of the flow rate.  

We found the process to prove these hypotheses to be quite an experience; it is the first time we have taken household items to model a physiological process.  Because of the conditions and equipment, there was a large opportunity for error in obtaining the results. 
 
Despite the problems, we received reasonable calibration values as seen by the linearity shown in Graph 2.  This calibration confirms the accuracy of our transducer.  A more linear line could have been obtained if we had tested the voltage with a larger range of height values.   Although the calibration values did have a linear fit, the experimental data obtained do not correlate with the theoretical calculations based on given data.  The theoretical data is a good representation of values received from in vitro testing.  Graph 3 shows the drastic differences in the theoretical calculations and experimental results of the pressure as a function of time.  
To calculate the change in pressure before and after the stenosis, the voltages above and below the stenosis was collected in the experiment.  Once these values have been found, ΔP is
 calculated by finding the difference between the values with and without flow and then dividing by the slope of the calibration line.  Theoretically evaluators would expect to see the down stream flow to be more turbulent then upstream flow.  A stenosis in an artery is like the area where two lanes of highway goes down to one.  A bottle necking effect occurs.  Cars will start to accumulate before the lane closing like pressure in the vessel.  This pressure build up can lead to damage of vessels.  Our data collected on up-stream flow and down-stream flows show these trends.   


To further evaluate the null hypotheses of our experiment, a student’s T-test was performed comparing the two different flow rates for each of the 50% short stenosis and 50% long stenosis.  One was also done to compare all of the flow rates for the stenoses.  The T-test allows one to evaluate how conclusive a set of data is toward rejecting a stated null hypothesis.  Based on the results of the T-test, the null hypothesis in question can be rejected.  The student T-test produced a P value of 0.4 when comparing the flow rates of the short stenosis.  Because this value is greater than!!! 0.05 our first null hypothesis should be rejected
.  With a closer look at the data points evaluated for the T-test, we found that one of our points was not in agreement with the rest of the points.  This point could be the reason for our P value to be high.  In comparison the T-test comparing flow rates over the long stenosis we receive a more relevant value for P. Since the value is 0.003, and is greatly lower than 0.05 our first null hypothesis cannot be rejected.  When comparing the length of the stenosis, the T-test returned a P value of 0.03 for entire flow rates.  The second null hypothesis is therefore not rejected because its value is less then 0.5.   A more accurate comparison of these values could be obtained by evaluating all the parameters simultaneously by using the Anova Test.  However, for this experiment, the student T-test was useful in evaluating the null hypotheses.
CONCLUSION

Lab 1 was and informative because it was a hands on experience of physiological modeling of an artery using simple materials.  The process would not be a sufficient way to evaluate behavior of a stenosis in a heart artery.  For one the experiments were performed using water, which has very different flow properties than blood.  Because of red blood cells and the large amount of long polypeptide chains the viscosity of blood increases.  Rubber tubing also cannot properly model the properties of arteries.  The diameter is magnitudes larger
 and does not have the same organic material characteristics.  The overall experimental process has large area for error.  Poor equipment and human error
 contribute to inaccurate data.  For example, the pressure transducer was assumed to remain at the same height throughout the flow rate trials; but because the transducer had to be held by a group member
 that is a go
 probability did not remain at the same elevation.  In addition, students had to eye-ball the amount of fluid that was being collected
.  Furthermore, more error was made
.  The student T-test allowed for further evaluation of the experimental data.        
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Some Major Problems:





Plotting individual pressures rather than pressure drop for comparison with the pressure drop formula.





Missing units in the tables.





Results:  With semi-careful lab technique, it should be possible to get results that are at least within a factor of 2 of the theory, and you should easily be able to see that pressure drop depends on flow rate.
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�Note: a scientific investigation is designed to test a hypothesis, not to prove or disprove it.  It is dispassionate.


�viscosity is explicit in the equation.  Yes, blood is non-newtonian, but only slightly so at these Reynolds numbers.


�I would disagree, given that my last published paper used the exact same equipment.


�Young’s modulus, E, is a parameter in solid mechanics!


�You do not need to put the stars (*) in.  Indeed, there are compelling reasons not to do so, and the equation will look much cleaner.


�This diagram is incorrect.  It allows pressure to be measured upstream of the stenosis only.  Symbols are not standard (e.g. for valves).


�You do not want to draw two pictures showing essentially the same thing.


�Generally this information will be part of the text, not a separate table.


�Bad calibration range.  Max change in height is 4 cm?


�Do not show both a table and a figure.  The figure itself is enough.  If you really feel it is important to show the numerical data, do so in an appendix.


�Pascals is N/m2.  What you have calculated is dynes/cm2, which is different by a factor of 10.


�All of the data on this plot is presented in Graph 2.  Why show it twice?  Graph 2 in itself is sufficient.


�Again, do not use *.  Also, you need to include the units!


�Again, use text to describe what you are doing.


�Use the equation editor!


�Too detailed.  Give the equations and maybe one example calculation!


�Whenever you give a table, make sure you provide the units of each quantity.


�What is the point of plotting upstream and downstream pressure separately?  The only meaningful quantity here is the difference between the two.


�Too much detail.


�Too many significant figures!


�To PROVE?


�Give me a break!


�Your verb tenses are all over the map!


�I don’t see how!


�Accepted!


�Now this is just outright wrong.  A typical coronary artery is 3 mm in diameter (1/8 inch).  A typical common carotid is about 6-8 mm in diameter, certainly in the region of the 6.35 mm ID tube you used!


�Note for the future:  You will never gain points by blaming incorrect results on poor equipment and human error!


�Why did the transducer “HAVE TO” be held by a group member?  Could you not have found a more stationary way to support the transducer?


�What language is this syntax used in???


�I challenge you to find a more accurate way to measure a steady state flow rate than by measuring the amount of volume collected over a given time.  You can easily get values within 2% accuracy, and you can do better if you increase the amount of time of the measurement.


�I have no idea what the point of this statement is.


�This article is not referenced!





_1166479118.unknown

_1195906246.unknown

_1196073521.unknown

_1195905110.unknown

_1166359651.unknown

