
AN EXFERIMENTAL INVESTIGATION OF STEADY 

AND PULSATILE FLOW THROUGH PARTIAL 

OCCLUSIONS IN A RIGID TUBE 

A THESIS 

Presented to 

The Faculty of the Division of Graduate Studies 

By 

Robert A. Cassanova 

In Partial Fulfillment 

of the Requirements for the Degree 

Doctor of Philosophy in the 

School of Aerospace Engineering 

Georgia Institute of Technology 

August, 1975 



AN EXPERIMENTAL INVESTIGATION OF STEADY 

AND PULSATILE FLOW THROUGH PARTIAL 

OCCLUSIONS IN A RIGID TUBE 

Approved: 

D. P. Giddens, Chairman 

W. C. Strahle 

R. F . Mabon 

Date approved by Chairman: f/W7f 



ACKNOWLEDCMENTS 

I wish to thank ray advisor, Dr. D. P. Giddens, for his technical 

advice and continued encouragement throughout the time devoted to my 

thesis research. His willingness to contribute guidance in an open-

minded fashion has made my research work a pleasureable undertaking. 

I also thank Dr. Warren C. Strahle and Dr. Robert F. Mabon 

for their guidance in the presentation of the manuscript. 

The financial support of the National Science Foundation and 

the National Institutes of Health is gratefully acknowledged. 

Most importantly, I am eternally grateful to my wife, Alice, 

whose patience, understanding and encouragement have been most instru

mental in the attainment of my academic goals. 



111 

TABLE OF CONTENTS 

Page 

ACKNOWLEDGMENTS ii 

LIST OF ILLUSTRATIONS vi 

SUMMARY: xj_ x 

Chapter 

I. INTRODUCTION 1 

Background 
Turbulence in Blood Flow 
Purpose of the Present Investigation 
Review of Literature 

II. DESCRIPTION OF THE PHYSICS OF FLOW THROUGH 
SUBTOTAL STENOSIS 12 

Simiiarity Parameters 
Steady Flow Through an Axisymmetric 
Stenosis 

Pulsatile Flow Through an Axisymmetric 
Stenosis 

III. EXPERIMENTAL APPARATUS 22 

Water Flow System 
Instrumentation 

IV. FLOW VTSUALIZATION RESULTS AND DISCUSSION 3^ 

Comparison of Flow Through Sharp Versus 
Contoured Occlusions 

Comparison of Flow Through 75 Percent 
and 90 Percent Sharp Occlusions 

Comments on Confined Jet Flow 

V. STEADY FLOW MEAN VELOCITY RESULTS AND DISCUSSION . . . . 51 

Upstream Radial Velocity Profiles 
Axial Velocity Profiles of Sharp-Edged 
and Contoured Occlusions 

Radial Variations of Mean Velocity for 
Sharp-Edged and Contoured Occlusions 



Page 

VI. STEADY FLOW ENERGY SPECTRA RESULTS AM) DISCUSSION . . . . 67 

Energy Spectral Distributions for the 50 Percent 
Occlusions 

Energy Spectral Distributions for the 75 Percent 
Occlusions 

Energy Spectral Distributions for the 90 Percent 
Sharp Occlusions 

Steady Flow Energy Spectra Data Suramary 
Nondiraensional Correlations 

VII. PULSATILE FLOW VELOCITY WAVEFORM RESULTS AM) 
DISCUSSION, a = 15, ReDp = 25*4-0 l 6 o 

Velocity Waveforms for 75 Percent Occlusions 
Velocity Waveforms for 50 Percent Occlusions 
Velocity Waveforms for 25 Percent Occlusions 

VIII. PULSATILE FLOW ENERGY SPECTRA RESULTS AM) 
DISCUSSION, a = 15, ReDp - 25^0 175 

Energy Spectral Distributions for the 25 Percent 
Occlusions 

Energy Spectral Distributions for the 50 Percent 
Occlusions 

Energy Spectral Distributions for the 75 Percent 
Occlusions 

Pulsatile Flow Energy Spectra Data Summary 
Correlation with Nondimensional Energy, 

u'2/ U 2, and Strouhal Number, fd/U 

Correlation with Nondimensional Energy, 

u'2/ Ü 2^, and "Local" Strouhal Number, f#/ÜTtD 
LJr LJr 

IX. PULSATILE FLOW ENERGY SPECTRA RESULTS AND 
DISCUSSION, 01 = 31.8 and a = k$ 220 

Velocity Waveforms for Q> = 31-8, <y = k-5, 
ReDP ^ 5,080 and a = ^5, ReDp = 15,200 

Energy Spectra Results for & = 31.8, R = 5,080 

Energy Spectra Results for <y = -̂5, R n p = 5,080 

Energy Spectra Results for a = 1*5, R «= 15,200 

Correlation of the Energy Spectra with Strouhal 
Number 



V 

Page 

X. CONCLUSIONS AND RECOMMENDATION . 2^2 

Steady Flow 
Pulsatile Flow 
Implications of the Present Results 
to Stenotic Flows 

Recoramendations for Future Research 

APPENDIX 2i+7 

BIBLIOGRAPHY 2^6 

VITA 259 



LIST OF ILLUSTRATION 

Page 

Steady Flow Through an Axisymmetric Occlusion 16 

Pulsatile Flow Through Partial Occlusions 19 

Water Flow System 23 

Occlusion Coupling and Hot Film Probe Mounting 2k 

Occlusion Geometries 25 

Steady Flow Pumping System 26 

Pulsatile Flow Pumping System, & = k^, R = 15,200 .. 28 
eD 

Pulsatile Flow Pumping System, a = 15, R = 25^0 30 
eD 

Data Acquisition System 31 

50 Percent Sharp-Edged Occlusion, R = kk-9, R = 318 35 
ed eD 

50 Percent Contoured Occlusion, R = kkQ. R = 318 . 35 
p p 
e d D 

50 Percent Sharp-Edged Occlus ion , R = 898, R = 635 37 
ed eD 

50 Percent Gountoured Occlusion, R = 898, R = 635 • 37 
e d eD 

50 Percent Sharp-Edged Occlus ion , R = 1796, 
R = 1270 ^d 38 
6D 
50 Percent Countoured Occlusion, R = 1796, 
R =1270 ^d 38 

% 
50 Percent Sharp-Edged Occlusion, R = 3592, 
R - 25^0 ^d 39 
6D 
50 Percent Contoured Occlusion, R = 3592, 
R =25^0 e.ä 39 
6D 
75 Percent Sharp-Edged Occlusion, R = 635, 
R =318 ^d 1+0 
eD 
75 Percent Contoured Occlusion, R = 635, R = 318 . . ^0 

ed eD 



V l l 

Figure Page 

20. 75 Percent Sharp-Edged Occlus ion , R = 1270, 
R = 635 Gd k2 
eD 

21. 75 Percent Contoured Occlusion, R = 1270, 
R =635 d̂ k2 
6D 

22. 75 Percent Sharp-Edged Occlusion, R = 25^0, 
R =1270 ^d ^3 
eD 

23. 75 Percent Contoured Occlusion, R = 25̂ +0, 
R = 1270 ^d 43 

eD 
2k. 75 Percent Sharp-Edged Occlus ion , R = 5080, 

R =25^0 e.& kk 
eD 

25. 75 Percent Contoured Occlusion, R = 5080, 
R = 25^0 e.d kk 

% 
26. 90 Percent Sharp-Edged Occ lus ion , R = 635? 

R - 201 e.& k6 
% 

27. 90 Percent Sharp-Edged Occlusion, R = 1270, 
R = ^02 e.ä 1+6 

eD 
28 . 90 Percent Sharp-Edged Occlus ion , R = 25^0, 

R =802 fd kl 
eD 

29. 90 Percent Sharp-Edged Occlusion, R = 5080, 
R = 160U !d ^7 

% 
30 (a) . Free Jet Flow Field ky 
30 (b) . Confined Jet Flow Field k$ 

31- Mean Velocity Profile Upstream of Occlusion 52 

32. 50fo Occlusions, Centerline Axial Velocity Profiles ... 53 

33- 75fo Occlusions, Centerline Axial Velocity Profiles ... 55 

3*+• 90% Sharp-Edged Occlusion, Centerline Axial Velocity 
Profile 56 

35- Mean Velocity Profile, 5Of0 Occlusions, R = 35^0 57 
eD 

36. Mean Velocity Profile, 5Of0 Occlusion, R = 1270. 58 
eD 

37- Mean Velocity Profile, 50f0 Occlusion, R =635 59 
eD 



Page 

Mean Velocity Profile, 75% Occlusion, R = 25k0, 
R -5080 eD 61 
ed 

Mean Velocity Profile, 75% Occlusion R = 1270, 
R = 25^0 eD 62 
ed 

Mean Velocity Profile, 75% Occlusion, R = 625, 
R =1270 eD 63 

6 d 
Mean Ve loc i ty P r o f i l e , 9&?a Sharp-Edged Occlusion, 
R = 5080 Gk 
ed 

Mean Velocity Profile, 90% Sharp-Edged Occlusion, 
R =25^0 Gk 
ed 

Mean Velocity Profile, 90% Sharp-Edged Occlusion, 
R =1270 65 
ed 
Energy Spectra for 50% Sharp-Edged Occlusion, x/D = 
0.5, R = 25U0, R = 3592 68 

eD Gd 
Energy Spectra for 50% Sharp-Edged Occlusion, x/D = 
1.125, R = 25̂ 1-0, R -3592 69 

eD ed 
Energy Spectra for 50% Sharp-Edged Occlusion, x/D = 
2.125, R = 25^0, R = 3592 70 

eD ed 
Energy Spectra for 50% Sharp-Edged Occlusion, x/D = 
3.125, R = 25^0, R - 3592 71 

eD ed 
Energy Spectra for 50% Sharp-Edged Occlusion, x/D = 
6.125, R - 25^0, R =3592 72 

eD ed 
Energy Spectra for 50% Contoured Occlusion, x/D = 
1.5, R = 25^0, R -3592 lk 

eD ed 
Energy Spectra for 50% Contoured Occlusion, x/D = 
2.125, R = 25^0, R =3592 75 

eD ed 
Energy Spectra for 50% Contoured Occlusion, x/D = 
3.125, R = 25^0, R =3592 76 

eD ed 
Energy Spectra for 50% Contoured Occlusion, x/D = 
6.125, R = 25^0, Re -3592 77 

D d 
Energy Spectra for 50% Sharp-Edged Occlusion, x/D = 
0-5, R = 1270, R =1796 79 

D d 



IX 

Page 

Energy Spectra for 50% Sharp-Edged Occlusion, x/D = 
1.125 , R = 1270, R - 1796 80 

e p 

D d 
Energy Spect ra for 50% Sharp-Edged Occ lus ion , x/D = 
2.125, R = 2.125, R =1796 81 

eD ed 
Energy Spectra for 50% Sharp-Edged Occlusion, x/D = 
3 .125, R = 1270, R = 1796 82 

eD ed 
Energy Spectra for 50% Sharo-Edged Occlusion, x/D = 
6.125, R = 1270, R = 1796 83 

eD ed 
Energy Spectra for 50% Contoured Occlusion, x/D = 1.5, 
R = 1270, R =1796 Qk 
eD ed 
Energy Spectra for 50% Contoured Occlusion, x/D = 
2.125, R = 1270, R =1796 85 

eD ed 
Energy Spectra for 50% Contoured Occlusion, x/D = 
3.125, R = 1270, R =1796 86 

eD 6d 
Energy Spectra for 50% Contoured Occlusion, x/D = 
6.125, R = 1270, R =1796 87 

eD ed 
Energy Spectra for 50% Sharp-Edged Occlusion, x/D = 
0.5, R = 635, R = 

D d 
Energy Spectra for 50% Sharp-Edged Occlusion, x/D = 
1.125, R = 635, Rp 

D d 
Energy Spectra for 50% Sharp-Edged Occlusion, x/D = 
2.125, R = 635, R =898 90 

e e 
D d 

Energy Spect ra for 50% Sharp-Edged Occlus ion , x/D = 
3 .125, R - 635, R = 8 9 8 91 

e p 
D e d 

Energy Spectra for 50% Sharp-Edged Occlusion, x/D = 
6.125 , R = 635, R = 8 9 8 92 

D Cd 
Energy Spect ra for 75% Sharp-Edged Occlus ion , x/D = 
0.5, R = 25^0, R =5080 93 

eD ed 
Energy Spectra for 75% Sharp-Edged Occlusion, x/D = 
1.125, R = 25^0, R =5080 9k 

eD ed 
Energy Spectra for 75% Sharp-Edged Occlusion, x/D = 
2.125, R = 25^0, R =5080 95 

eD ed 



X 

Page 

Energy Spectra for 75% Sharp-Edged Occlus ion , 
x/D = 3-125, R = 25^0, R = 5 0 8 0 96 

eD e d 
Energy Spec t ra for 75% Sharp-Edged Occlus ion , 
x/D = 6 .125 , R = 25^0, R - 5080 97 

p p 

D d 
Energy Spectra for 75% Contoured Occlusion, 
x/D = 1.5, R = 25^0, R =5080 98 

eD ed 
Energy Spectra for 75% Contoured Occlusion, 
x/D = 2.125, R = 25^0, R =5080 99 

eD ed 
Energy Spectra for 75% Contoured Occlusion, 
x/D = 3-125, R = 2 5 ^ 0 ^ =5080 100 

p e 
eD d 

Energy Spectra for 75% Contoured Occlusion, 
x/D = 6.125, R = 25^0, R =5080 101 

p p 
eD 6d 

Energy Spectra for 75% Sharp-Edged Occlusion, 
x/D = 0 . 5 , R = 1270, R = 25lfO 102 

GD ed 
Energy Spectra for 75% Sharp-Edged Occlusion, 
x/D = 1.125, R = 1270, R = 23*4-0 104 

eD ed 
Energy Spectra for 75% Sha -Edged Occlusion, 
x/D = 2.125, R = 1270, R =25^0 105 

eD ed 
Energy Spectra for 75% Sharp-Edged Occlusion, 
x/D = 3.125, R = 1270, R =25^0 106 

eD e d 
Energy Spect ra for 75% Sharp-Edged Occlus ion , 
x/D - 6 .125 , R = 1270, R = 2 5 ^ 0 107 

eD ed 
Energy Spectra for 75% Contoured Occlusion, 
x/D = 1.5, R - 1270, R =25^0 108 

eD ed 
Energy Spectra for 75% Contoured Occlusion, 
x/D = 2 .125, Re = 1270, Re = 25̂ +0 109 
Energy Spectra for 75% Contoured Occlusion, 
x/D = .125, R - 1270, R - 25^0 110 

eD ed 
Energy Spectra for 75% Contoured Occlusion, 
x/D = 6.125, R = 1270, R - 25UO 111 

eD ed 
Energy Spectra for 75% Sharp-Edged Occlusion, 
x/D = 0.5, R = 635, R -1270 112 

eD ed 


