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CiIAPTER I
INTRODUCTION

1.1 General

;The flow of an incompressible viscous fluid through
a circular tube has received considerable attention during
the past fifteen jears, both for steady flow 1-5 and for

6-12

pulsatile flow. The practical application of blood

flow through wascular channels has served as impetus for

these studiea.13-22 For the case of steady flow through

an elastic tumke, there is a pressure drop along the

longitucinal axiz dus to viscous energy dissipation. The

diameter of this tube is theoretically defermined by the

equality of ths pressure difference across the wall and

the elastic stress. Due to this equality there would be

an expected variation in the diameter of the tube along the

flow axis. However, it has been shown that this variation

can be neglected for the case of laminar flow when the

physical properties of the system are in the ranges of

the physiolcgical counterparts.23
The non-steady flow field is a much more complicated

one, both theoretically and experimentally. The mathematical

model describing the system consists of the usual Navier-

Stokes equaticns, and equations of continuity, and, in

addition, the equations of motion of the boundary. This

1



is a simultanecous set of non-linear, second order, partial
differential eguations representing ﬁhe flow field and
boundary displacement field. The boundary conditions
complicate matters as the no-slip condition for velocity
must be applied to a moving wall whose position is unknown.
Thus a complete unsimpiified theoretical sclution would

be very difficult and at the present time has not been
obtained.

The first major progress was made in 1955 by two
mathenaticians working independently, Womersley and Uchida.25
They obtained exact solutions of the Navier-Stokes equations
for the case of pulsatile flow in rigid tubes. This greatly
simplifies the mathematical model as the system reduces
te one lineay ordinary differential equation which can be
integrated. In 1957 Womersley26 obtained an approximate
solution for the case of a non-rigid tulbe. To date, this
remains as the most comprehensive solution to the problem,
although there have been many variations on Womersley's
original mocdel.

The main disadvantage to these solutions is that
they are very laborious to apply. The solutions are given
in terms of complex Bessel functions and in general regquire
considerable calculation. Tc overcome this hardship

27,28 He proposed a

ancther model was proposed by Fry.
simplified model to which a solution can be conveniently

obtained to the differential eguation instantaneously on



an analog conputer or can be found in closed form with one
integration.

One of the main objectives of this study will be to
investigate the aforementioned models by comparing them to
experimentally measured flow fields and determine the merits

and/or, disadvantages of each.

1.2 The Scope of the Investigation

This report is primarily an experimental study of
the laminar pulsatile flow of an incompressible viscous
fluid through a horizontal elastic tube. The three major
mathematical models will ke investigated to determine the
applicability of each. The tendency is to apply these
models directly to complicated in-vivo systems without
in-vivo experimentation to determine the accuracy of the
fluid mechanic assumption needed to arrive at these models.

An experimental system will be designed that does
not inherently violate some of the simplifying assumptions,
namely

(1) Newtonian fluid

(2) Cyclindrical symmetry

(3) Flow through "straight" tubes

(4) No body forces

(5) Isotropic wall properties

(6) Uniform geometry

(7) Laminar flow

(8) Wall thickness much smaller thsn radius



With these assumptions not violated, some guantitative
information on the fluid mechanics assumptions can be nade;
e.g., thce magnitude of the convective acceleration terns,
second ordexr terms and size of the radial velocity components.
The pressure gradient will also be investigated to

see if a correlation exists between it and
(1) The time derivative of pressure, e-.g.

AP AP At AP 1

— e e = e e

Az At Az At c

(2) The diameter gradient, e.qg.

AP _AD
i S Tiz

vhere F may be a function {or perhaps
a constant)

(3) The time derivative of diameter, e.g.,

AP _ AD . AD At _ _AD 1
i S FRz “Firaz T TRT G

These functional relationships are onlv suggested
at this point, but will be tested exverimentally to
determine the applicability.

The warious flow fields, calculated from the afore-
mentioned mefhods of obtaining the pressure gradient, will
be compared to experimentally measured flow fields- This
will reveal the advantages and/or disadwvantages of the

theoretical solutions.



1.3 The Importancce of the Study

For the application of the mentioned models, the
pressure gradient nmust be measured. This can be done by
thie simultaneous measurement of pressure at two locations
and the gradient found by subtracting the upstream pressure
from the downstream reading and dividing by the distance
between the taps. This requires two internal (inside a
vessel) measurements. Thus 1f the number of measurements
of pressure could be reduced from two to one, a considerable
simplification in experimental technicue would be achieved.
This could be accomplished if the pressure gradient could
be calculated from the time derivative of pressure.

However this still requires one internal measurement (namely
pressure at one position).

To alleviate internal measurements, the diameter
gradient will be investigated to see if it can be ccrrelated
with the pressure gradient. This would reduce the

)
measurements from two internal to two external. Then, as
with the pressure curves, the diameter gradient-time
derivative relationships will be investigated to see if the
pressure gradient can be obtained from the one external
measurement of diameter.

In recent years there has been considerable progress
in electronic devices that can be used to monitor vessel
positions. In-vitro measurements do not present near the

difficulties as in-vivo ones. In the past such techniques



as x-ray, plethysmographic devices, acoustical echo systems

and pulsed Doppler electronics have been used to mecasure

vessel size both in-vitro and in-vivo. Recently pressure

sensitive p-n junctions and pressure sensitive transistors
are making it possible to continuously monitor vessel
position very accurately. With the realistic electrical
progress, a correlation of vessel position to internal flow

characteristics would be very desirable.



CHAPTER IT

REVIEW OF LITERATURE

2.1 Introduction

In considering the steady flow of a viscous fluid in
a rigid tube, one need only be concerned with the pressure
drxop @long the flow axis as this differencs is proportional
to the volume flow. This condition gives rise to
"Poiseuille flow" with the familiar parabolic velocity
profile. Thus the difference in pressur:e is the determining
factor and the absolute level of pressure is immaterial. It

has also been shown23

that the Poiseuille law can be applied
successfully to steady flow in elastic tubes if an "oper-
ating diameter" is used to replace the zsre-pressure
diameter of the tube. The flow field tanen becomes a strong
function of the absolute pressure, as well as the pressure
gradient, since the size of the tube is a function of that
absolute pressure.

In an artery the flow is far from "steady" even
though the direct application of the steady flow solution to
certain portions of the vascular systems gives very good
results. The properties of non-steady flow will be discussed
in detail after an appropriate thenretical foundation has
been laid.

The complete mathematical model for pulsatile flow

in non-rigid tubes will be stated and then appropriate

7



assumptions will be made to derive the various theoretical
solutions.

As was stated before, the flow field is described
by the Navier-Stokes equations and equation of continuity,

i.e., v, equal zero and all gradients in circumfrential

0
direction vanish. This then gives rise to two Navier-
Stokes equations plus continuity as the governing equations

of the motion of the fluid.

Radial Navier~Stokes Egquation

v avr avr ~1 3P a‘vr L1 ov d V. V.
R T S Tt PV T
- or 3z r
(2.1)
Axial Navier-Stckes Egquation
: N 2. 2
sz avz v, -1 op d v, 1 avz 9 v,
st t Vs T Ve T o oz v > tEar * 2
) or 0z
- - (2.2)
Continuity
Bvr .\ ZE . avz__ .
or r 0oz (2.3)

The ecuations of motion used for the tube wall have
26, 30

most often been the membrane equations. They are
Radial Equation of Motion
t 2
o . Ech(fg Buz N E£ - HB u. .
1 - g 2R 0z RZ w 8t2 =
> (2.4)



Axial guation of Motion

(2.5)

The coupling boundary conditions for the motion of

the liquid are*?

su
= ~_~_,f_ @ =
Ve T 3% € r=R (2.6)
cu,
= Q K =
V. = 3T r =R (2.7)

This is a system of five simultaneous, non—-linear, second

order partial differential equations in the unknowns Vo Vi

Z

P, u. and u_ and o date have not been solved in this
&

complete form.

2.2 Womersley and Uchida's Rigid‘Solution24’ 25

For the assumption of fully developed flow in a
rigid tube under the influence of a periodic pressure
gradient, the system of equations (2.1) through (2.5) reduce

to the axial Navier-stokes equation,

{
2
Moo tor, 12V2, 1
ot ~  p 93z 52 r or

oF (2.8)
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Assuming the pressure gradient can be written as

"gg - peinmt
oz h (2.9)

and that the velccity can be expressed in the same form
4 14

namely

inwt

vy T Vixle (2.10)
equation 2.8 becomes
e SO A I
ar? Y ar v u (2.11)
The solution to this equation is
o]
J _|xY nw i
Vi = % e = J |
3|2V H/T1Y ’«} |
- (2.12)
and therefore
J [a13/2r/R]
A 1
Ve T 7 Ino i -
Jo[ai3/2]

- (2.13)

where

o = RY nw/v . (2.14)
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If the actual measured pressure gradient is taken
as the real part of equation (2.9), the real part of
equation (2.13) 1s the velocity profile.

The average instantaneous velccity can be found
by integration of v, across the cross section. Thus

— 2 R
vZ = =5 v _rdr

R z
0 (2.15)

This yields

o |

_i_%_u_)_[l _ F]_o:] einu)t ,
(2.16)
The volumetric flow can then be found as Q = ﬂRZGZ.

Thus, the average instantaneous velocity can be
found, once the pressure gradient is expressed as the real
part of equation (2.9), in terms of the physical properties
of the system. Equation (2.16) is referred to as Uchida's

theoretical solution in the remainder of this study.

2.3 Womersley's Elastic Solution26

Womersley assumes that all of the variables can be
expressed as exp[inw(t - z/c{], which represents a traveling
sinusoidal wave in complex notation, and that vr/c, vz/c,
and nwR/c are much less than unity. With these assumptions
he performs an order of magnitude analysis on the differential
equations, and concludes that the non-linear terms are of

order 1/c compared with the main terms. This gives rise to



consiGerable simplification in that the convective
acceleration terms vanish completely. EHe also shows that

: ol Y e N aF . 2 2,2,.2 SR
the second order terms are of order n"w R7/c” and therefore
can be neglected. The assumed forms of the variables are
then substituted into the simplified differential eguations

and integrated to give

2J

.3/2_ )
inwR l[dl / r/RJ rA

Ve T Z2C ﬁcl + pc
/25 [013/7)

L / (2.17)

1 einw(t - z/c)

.3/2 4
Jo[ul r/%J AT:!Ninw(t - z/c)
C + S

z - 1 o, oc|
i J,{mij/z]
o

(2.18)

The velocity components are in terms of two unknown
quantities at this point, the complex wave velocity c and Cl'
a constant of integration.

The linear egquations of motion of the boundary may
also be solved by assuming the axial and radial displacements

are traveling waves of form

_ inw(t - z/c)
up = Dpe (2.19)

einw(t - z/c)
u, = Ey (2.20)

The solutions to the eguations of motion in terms of the

unknown constants Dl and El are
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E 1 1w "3]
cl (Dl lIchil

2 2
p. Hn“w™D, + A, = = = =] = 0
v L7y _g 2[R? Re (2.21)
c
N
n%u’r%A c. o’ ) E h
o Hn?w’E, - ke, - £ 1_ ;31 - —
w 17 PR T RT3 710 2
- _‘c p —
c
2 2E {6y D
n“w’E, . inwy Dyl .
CZ Rc
(2.22)

The boundary conditions |equations (2.6) and (2.7)] will
yield two more eguations after substitution of the
displacement traveling wave equations into their corresponding
fluid motion eguation evaluated at the irner surface. After

considerable rearrangencnt this yields

Al
inw%, - Cl - Bc =0 (2.23)
A
D R F. .C + 1 =

17 2c| 1071 7 pbc
_ (2.24)

Thus, eguation (2.21) through (2.24) define all the unknown
constants Cl' Dl' El’ and c. These ccnstants can be
evaluated by the simultaneous solution of the four equations.

By solving the "vanishing" coefficient determinant
of the four eguations, Womersley obtaired an equation for
the complex wave velocity as a function of system

parameters and is given by
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(2.26)
G“S/4~OC+}—<-'—+G-—]—"-
=¥ 2 4 (2.27)
H' = i u 12}-«’- -1
10 (2.28)
and
H \
k' = .fi{l - .I.S.._-.;_
RO oy’ (2.29)
Two important quantities are defined by equation
(2.25), the true phase velocity cy = CO/X and the attenuation

factor, exp(-21Y/X).
The remaining constants can now be evaluated firom

equations (2.21) to (2.24) and they are

AN

C = _._];_..

1= 5o (2.30)
A

E, = —=- 1 (1 + n)

1 inw pc (2.31)
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r M
T = 2. = n
Dy = 35 55|t * "Fyo (2.32)
where
) 2 _ 1 - 20
N F - 20
x[F - 20 10
10 c
(2.33)

Substitution of equation (2.30) into equation (2.18) and
integrating across the cross section to cbtain the average
instantaneous velocity gives
_ Al
AV4 fea
: c

A

<

jel

]einw(t - z/c)

1 + nF
[ 10 (2.34)

Ay is the modulus and phase of the sinusoidal pressure and

is related toc the pressure gradient as fcllows

—_ A
3

- c o (-inw) 1 (2.35)

P

Bl sdnwl 1
C

by multiplying rumerator and denominator by -inw. This

reduces to

i!’.:-,——-—-l A
pcC 1nwp (2.36)

where A is the mocdulus and phase of the negative of the

pressure gradient. Thus the end result is

- A
Y4 =

z lnwp{l +t nFqg

]einw(t - z/c)

(2.37)
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It can be shown that the limiting value of n as the tube
becomes rigid is -1. Thus, this solution reduces to the
exact rigid solution previously outlined. [éee equation
(2.16)] .

The mean instantaneous velocity can now be calculated
in terms of the measured pressure gradient A and system
2 properties as n and FlO are only a function of these

properties.

2.4 PFrv's One-Dimensional Solution27’ 28

Fry has suggested another model for describing
bleood fliow in arteries. The defining eguations (2.1) to

(2.5) reduce to

under his assumptions of one-dimensional flow in a rigid
tube. He then hypothesizes that the shearing stress can be
approximately evaluated from the Poiseuille parabolic

profile, namely

(2.39)

Thus performing the required differentiation on this and

substituting the result into equation (2.38) yields

R (2.40)



where V is the mean velocity. He then allows the profile

to remain blunt, i.e., "slug flow" so that the equation

becomnes
v 8vv
z -1 98P z
5T ’5 e '—2— (2.41)
R
or in terms of volumetric flow
00 _ —39P _
I5e = 52 = ReO (2.42)
where
_ 8u
Rs == (2.43)
TR
and
p
L R i,
1]RZ (2.44)
The solution to equation (2.42) in complex notation is
inwt
= __he
Q= R, + inwL (2.45)
or
inwt
v, = e (2.46)

2 .
TR (RS + 1nwL]
The real part of equation (2.46) is the actual

velocity and can be found easily in terms of the measured

pressure gradient and physical properties.



2.5 Summary of I'low Models

All three flow models require the calculation of
the complex modulus and phase of the negative of the pressure
gradient. Uchida's rigid solution requires the additional
calculation of the term FlO’ This in turn requires the
calculation of both zero and first order Bessel functions
of complex arguments. Womersliey's elastic solution requires
all of the aforementioned calculations plus the calculations
of the complex phase velocity. Thus the main advantage of
Fry's model is the reduction and simplicity in the
calculation. Once FlO has been calculated for use in
Uchida's soluticn, it is not difficult to calculate the
phase velocity for the elastic solution as it is only a
function of Flio end the physical properties of the systen.

The threa2 results are listed here in commen

nomenclature for future reference.

Uchida
- _ A 1 " inwt
Vo T 7 Thw|l T Flo]e (2.46)
Womersley
= _A 1 . - inw(t - z/c)
Vz T % inwl} * ﬂLlé]e (2.47)

Fry

rrZ |Rg T ineb] (2.48)
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where
2J (ai3/2J
1
F10 =
.3/2. { .3/2
al Jo{al ] (2.49)
and
-oP _ inwt
3z - A (2.50)

2.6 Pressure-Volume Relationships

For the practical application of Womersley's theory,
the elastic properties of the tube must be known. The most
widely accepted model for the determination of Young's
Modulus E, (i.e., slope of the stress-strain curve) is that

given by Love.32’ 33

o i (2.51)

This implies that plane strain exists (i.e., the tube does
not change in length on inflation) during the stressed
condition. Thus to determine pressure versus radius
relationships, and the corresponding slope, the size of the
vessel must be monitored as a function of static pressure.
Another model used somewhat is based on Laplace's

. . .. 3
equation for thin walled pressure vesseis,

) e Rt R
00 h 2 (2.52)

N




20

Substitution of this eguation intc the equation for plane

strain yields

(2.53)

A variation can be obtained by assuming plain stress exists

and is found by substitution of Laplace's eguation into an

appropriate stress equation. This yields

2
E = AP Ro
AR h

(2.54)

It should be noted that these models are all two-dimensicnal

in that they limit either stress or strain in one plane.

2.7 Phase Velocity

The classical defining equaticn for the velocity
of pulse transmission in a simple elastin system is given

by the Moens-Korteweg equation

(2.55)

The phase velocity resulting from Womersley's

analysis was defined in terms of this elastic pulse velocity
as

%= %—(x - iv)
O

(2.56)
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Other authors have propocsed models for the
calculation of the pulse velocity. Morgan and Kielyg’ 10
performed a theoretical analysis on the propogation of
pressure waves in liquids and presented egquations that
modify the Moens-Kortweg equation tc take inte account the
fluid viscosity and the internal dampening of the tube wall.

Cox35 has extended the work of Womersley for the
case of a thick~wall viscoelastic tube. He arrives at a
solution for the pulse velocity in terms of a sixth order
determinant that can only be solved by an iterative scheme.
Furthermore the terms in the determinant require the
calculation of zero and first order Bessel functions of
both the first anc¢ second kind. The Bessel functions are

1.

of course frequency dependent and must all be evaluated
for each harmonic cf interest. For the most part the entire
solution does not deviate from Womersley's, however the
phase velocity exhibits the greatest departure. This
amounts to less than 5% for the worst case; thus it is not
very practical to apply.

Other models modify the inviscid pulse wave equation
with constant multipliers, or functional parameters, to

account for some of the deviations of the models from

experiment. For example, Bergel33 has shown that the eguation

€0 T V 2Rp (2.57)
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where

2 - h/R

D =

7
2 - 2h/R(l - g - 202] + [h/RJ (1 -6 - 26%| - 20% - 267

(2.58)

accounts for finite wall thickness and the wall Poisson's
ratio.

Again Womersley's solution represents a mean of
mest predicted models and can be used as somewhat of a

standard.

2.8 Fourier Analysis

There are many techniques for representing a
function of time in a guantitative form. For periodic
functicns of time, (pulsatile viscous flow), Fourier series
analysis is ideally suited to represent that function
mathematically. Any arbitrary function of time which
satisfies Dirichlet's conditions can be represented by a

sum of sines and cosines as follows:

f(t) = a_ +

Il =~18

a cos nwt + b sin not
n n

©  n=1 (2.59)
where
1 T/2
-T/2 (2.60)
> T/2
a, =7 f(t) cos net dt

-T/2 (2.61)



5 T/2
b = = f(t) sin nwt dt

The Dirichlet conditions are a sufficient set of
restrictions for the right hand side of equation (2.59) to
converge to f(t). They can be stated simply as

(1) £(t) be bounded in the interval

(2) only a finite number of discontinuities occur

in the interval

(3) only a finite number of maxima and minima

occur in the interval.
Courant39 has shown that for every piecewise smooth function
that is periodic of period 27, there exists a Fourier series
expansion. These conditions are always saticsfied for
periodic physical systems.

To represent an arbitrary function with this series,
the Fourier coefficients defined in equations (2.60) to
(2.62) must be found by a numerical integration of the
function. This requires digital values of the function at

some "small" time incremnent.
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Here the mean flow component (if any) is superimposed on

the non-steady flow. The total flow now passes through a
stilling reservoir, wiiich consists of turbulence dampeners
and flow straighteners, to the test section and empties into
the flow meter (see Figure 3.2) and returns to the sump for
future pumping. A schematic of the flow system is shown in

Figure 3.3.

3.3 Pulsatile Pump

The pulsatile pump consists of positive displacement
piston that is driven by an eccentric cam and connecting rod
supported by a variable position fulcrum. The cam is driven
by a DC motor-gear reducer combination that is regulated by
a precision motor speed controller. The centroiler, motor
and reducer were purchased from Boston Gear (Ratiotrol),
Saint Louis, Missouri.

The head, with intake and output ports, is made of
plexiglas and attaches to the cylinder via head bolts and
is sealed with a dual purpose Silastic membrane. The piston
is sealed with teflon rings. The cylinder volume between
the piston and the membrane consists of light weight oil,
and is filled when the piston is in bottom dead center
position. Thus as positive displacement occurs the membrane
is stretched to change the head volume. This gives rise to
a pumping action that controls the intake and output ball

valves. The frequency can be varied from 0 to 3 cycles per
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gecond and tiie stroke from 0 to 5 cm by various combinations
of cams and/or fulcrum position. However, a nominal value
would be arcund one-half of a centimeter. A schematic is

shown in Figure 3.4.

3.4 Pressure and Diameter Measuring Devices

Two identical devices were designed for the simul-
tanecus measurement of pressure and diameter at two variable
locations. Pressure was measured by piezoelectric crystal
transducers. Their diaphrams are exposed to a cavity, which
if fed by hypodermic needles tapped through the wall of the
elastic tube. Collars on the needles can be adjusted to the
exact wall thickness to ensure no penetration into the fiow
field.

The diemeter of the tube was measured by linear
variable differential transformers (LVDT). Their cores are
connected to the surface of the horizontal tube. As the
tube pulsates a plexiglas connecting rod transfers the
motion of the tube to the core of the LVDT. Both pressure
transducers and LVDT's are attached to plexiglas carriers,
which can be positioned along the channel of the test
section to permit measurement at various locations. See
Figures 3.5 and 3.6 for sketches of pressure and diameter

devices.

3.5 Velocity Measuring Device

A Doppler ultrasonic flowmeter was used to measure

instantaneous velocity. The davice consists of a "cuff"
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Figure 3.5 Pressure Measuring Device
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made of polystyrene with two peizo-electric crystals
embcdded in it. The transmitting crystal sends out an
acoustical wave at an angle of sixty degrees to the flow
axis. The réceiving crvstal "sees" the acoustic velocity
as the'étationary speed of sound in that liquid plus the
stream velocity. Thus the receiving crystal then retrans-
mits a wave to the demodulator equal in frequency to the
carriex plus the Doppler shift. The transducer demodulator
accepts the varying freguencies from the receiving crystal
and detects the differences between these freduencies and
that of the exciter. This difference is the Dopplexr
freguency wnich is then passed to a frecuency converter for
transformation to a voltage suitable for recording. The
electronics of the system will be described in greater

detail in the next section.

3.6 Electronic System

A block diagram of the system is shown in Figure 3.7.
The measuring system consists of five transducers for the
absolute measurement of two pressures, two diameters and
D

instantaneous velocity. This corresponds to P vV, D

1’ -1’ 2!

and P, in the diagram.
Pressure was measured with model 701A Kistler quartz
pressure transducers accurate to + 0.2%5 mm-hg. The charge

signal output of the piezo-electric quartz crystals is then

amplified and converted to a voltage in model 503 Kistler
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charge amplifiers. These analog voltages are then recorded
on a strip chart recorder.

Dianeter was monitored witin model 300 HR Schaevitz
linear variable differential transformexrs (LVDT) accurate to
0.001 cm. The primary excition and indicating electronics
are supplied by model 300D Datronic LVDT indicators while
balancing and calibrating results from Datronic type 70
input medules.

The gradients are obtained by subtracting the
upstream measurement from the downstream. This is done with
a Tektronix type 502A dual beam oscilloscope operating in
differential mode. These differences are then outputted via
the upper and lower beam vertical outputs to the strip chart
recorder.

The instantaneous velocity was measured by a Ward
model 1502 Doppler ultrasonic blood flowmeter. The exciter
supplies a 5 mhz acoustic wave via the transmitting crystal
to the integrating volume of the flow field and also tc the
demodulator. The receiving crystal then delivers the
absolute "shifted" fregquency to the demodulator which
detects the difference between the two waves. This differ-
ence is then the Doppler frequency from 0 to 15 khz. The
converter then transforms the frequency to a DC voltage
in the range of 0 to 1 volt which in turn is recorded on
strip chart.

The recorder used was a Beckman type RB 6 channel

dynograph direct writing unit. All inputs to the recorder
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were in the 0 to 1 volt range for zerxo point tc full scale
readings except the two diameters which were 40 mv for full
scale output. The master output of the recorder was util-
ized to relay all six analog signals to a seven channel
Ampex SP-300 FM magnetic tape recorder. The master output
of the chart recorder was set so full scale stylus
deflection corresponded to more than 0.5 vrms. The six
signals were then stored on channels 1 to 6 of the 7
channel magnetic tape unit. The seventh channel was used
as a signal channel with the input coming from a square

wave generating circuit shown in Figure 3.8.

3.7 Tubes and Tube Connector

The tubes used are made of Silastic and have the
following physical properties: tube A is 1.842 cm. x 1.588
cn. while tube B is 1.270 cm. x 1.016 cm. They are of the
close tolerance type (+ 0.005 cm.) and were obtained from
Dow Corning, Midland, Michigan.

The tube connectors are shown in Figure 3.9. They
are located at the inlet and exit of the test section and
have bores equal to the zero pressure diameter of the
elastic tubes to minimize any pressure loss and creation

of reflections.

3.8 Fluid
The fluid used is a mixture of water, pluracol
V-10 (obtained from Wyandotte Chemicals, Wyandotte,

Michigan) and latex paint. The perccentages were varied
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to allow for different viscosities of the fluid. For each
one percent by volume addition of pluracol, the viscosity
increased approximately three-fourths of a centistoke at
room temperature, i.e., 0% pluracol - 1 cs, 4% pluracol -
3 ¢cs. The latex paint is added to create solid particles
in the fluid for scattering of the Doppler acoustic wave.

The quantity of paint added was less than 0.2% by volume.

3.9 Viscometer

The viscometer used was an Oswald Pipet and was

calibrated with distilled water.



CHAPTER IV

TEST PROCEDURE AND DATA REDUCTION

4.1 Calibration of Equipment

In any attempt to make quantitative experimental
measurements, the final result can be no better than the
calibration technique employed. For the electronic system
described in Figure 3.7, several pieces of equipment are
operated in series. This gives rise to accumulating errors
and if accurate results (for example less than 2% experi-
mental error) are desired, great care must be taken to
ensure this. Thus, the calibration routine will be
described in some detail.

Linear variable differential transformers (LVDT)
are very reliable measuring devices when properly cali-
brated. To do this, the LVDT and transformer indicator
must have matched sensitivities. This is done, prior to any
measurement, by properly nulling the LVDT and adjusting the
indicator sensitivity to a known calibration displacement.
At the same time all diameter recording equipment (differ-
ential amplifiers and recorders) are adjusted to convenient
gain settings for the calibration displacement. Thus both
diameters and the associated gradient recording equipment

are in their calibrated positions.

40
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As with the displacement transducers, the pressure
transducer sensitivities must be matched with that of the
charge amplifiers. This is done by experimentally obtaining
a pressure versus output charge curve. The slope of this
curve is the transducer sensitivity and can be set directly
on the charge amplifier. A voltage test signal can then be
set on the charge amplifier to simulate a full scale
pressure for calibration of the remaining recording units
for both pressures and the pressure gradient.

The Doprler flowmeter is calibrated in a twe-fold
manner. First, the converter is adjusted for a precisely
known output voltage for a given input frequency supplied
by a function gererator whose frequency is set against a
frequency counter. Secondly, the transducer is calibrated
by passing a known volume of f£luid through the cuff and
monitoring the associated shift in freguency. This ensures
the reliability of the entire system, as the components
are calibrated separately. The remaining recording
equipment can then be calibrated by a simulated test voltage
for the required full scale velocity.

To this point all channels of the strip chart
recorder are calibrated. However, the master output of the
recorder and input adjustments cf the magnetic tape
recorder are not. To bypass a tedious and lengthy cali-
bration of these components, an alternate scheme is used.

The master output of the chart recorder is maximized to
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ensure that full scale sinusoidal deflection of the
recording pens corresponds to more than 0.707 volts rms.
This ensures that the input recording level is sufficient
to attain +the required modulation for accurate recording
and reproduéing. The input to the tape is then adjusted to
approkimately match this level. However, at this point, the
gignals could not ke retrieved very accurately as the
“exact" recordiné level is not known. To alleviate this,
the peak to peak values (pulse values) from the calibrated
chart recorder are forced onto the pulse values of each
channel after the analog to digital process is completed.

This will e described in detail in a later section.

4.2 Determination of the Viscosity

‘An Oswald Pipet was used to determine the kinematic
viscosity of the test fluid. The pipet was calibrated with
distilled water as the standard. A least square curve fit
of the calibration data (time versus temperature) was done
so that the relative drain time of the test fluid could be
calculated for any temperature. Thus the kinematic viscosity
of the test fluid can be calculated from the following

equation

-3
v = (670 + .2) 10 (relative time) (4.1)

°F
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which is a least square curve fit of the International
Critical Tables, where relative time is the drain time of
test fluid divided by drain time of distilled water at the

test temperature.

4.3 Determination of Pressure-volume data

For the calculation of elasticity parameters,
pressure-displacement measurements need to be made. This
was done by pressurizing the system very slowly via the
constant head tank and recording the corresponding changes
in pressure and diameter. These curves were then digitized
for curve fitting and for use as data in the various elas-
ticity models.

Some longitudinal force-length curves were also
obtained by hanging weights in the axial direction and
recording the corresponding change in length, radius and
wall thickness. From this some longitudinal elastic
properties, such as Young's modulus and Poisson's ratio,

can be calculated to determine the isotropy of the material.

4.4 Frequency Response Considerations

For reliable dynamic measurements, the frequency
response of a system must be analyzed. Since the maximum
fundamental frequency is 3 cycles per second and if 10

harmonics are used to represent the time varying curves,
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the frequency response of the system should be flat to at
least 30 cycles per second.

For the pressure transducers and passage lengths,
the responses are flat to well above 1500 cps. The charge
and differential amplifiers are flat to at least lO5 cps,
so they don't even need to be considered. The LVDT response
is determined by the maximum speed at which the core mass
can be moved. This was calculated for the physical geometry
and stroke of the plexiglas transfer rod and core and found
to exceed 30 cps. The LVDT indicating equipment is flat
through 400 cps.

The frequency response of the flowmeter is
determined by the scattering of the acoustics wave by the
solid particles in the fluid. To determine this, the
particle size and density mvst be known. The particles used
were titanium dioxide of specific gravity 3.84, calcium
carbonate (2.8 sg) potassium silicate (2.4 sg) and magnesium
silicate (2.5 =g). The size was determined by a 238X
photograph of a glass slide containing a test sample of the
fluid. A tracing of this photograph appears in Figure 4.1.
Hjelmfelt37 describes a method of calculating the motion of
discrete perticles in a moving fluid. This was done using
a particle size of 25 microns, a specific gravity of 4 and
a viscosity of that of water. These represent the worst
cases for maximum frequency response. After performing the

required calculations, it was found that the particles
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would follow the flow to at least 60 cps even for the worst
combination of physical properties.

The magnetic tape recorder is specified to have a
flat frequency response curve to more than 200 cps, while
the chart recorder is flat to at least 60 cps. Thus the

total frequency response of the system is well above the

required 30 cps maximum.

4.5 Determination of the DC Levels

The DC levels for all channels were not stored on
the magnetic tape unit. This was done for two reasons.
First, it was desirable to amplify the AC components for
full scale stylus deflection to increase the signal to noise
ratio on the tape. Secondly, the reccrder and the reproducer
produce a DC offset during normal operation and these values
would have to bz determined and subtracted from each channel
signal. To do this it would require a DC calibration signal
to be put on each channel and then shift all digital points
accordingly after the analog to digital process. Also, if
the DC component was not suppressed on the chart recorder,
the AC waveform (which is of the most interest) would be
considerably reduced in amplitude. This would cause degra-
dation of the signal when stored on tape.

To alleviate these problems, the DC levels are

determined from the chart recorder. First, the zero DC
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points of all galvanomcters are marked. The input signals
are then amplified so the total signal (AC plus (DQC)
occupies the full scale. The partial DC component from the
absolute zero point to the minimum point on the AC waveform
is then recorded. The total DC level is then blocked by
introducing a resistor-capacitor network (3 db down at

0.16 cps). The level from the minimum pcint on the AC
waveform to the zero DC point (previously marked) is the
additional DC level. The sum of these two levels is then
the total mean value of the function. This technique is
done on all channels except the one corresponding to
velocity.

The mean flow is found by integrating electro-
nically the instantaneous velocity curve ({time constant of
5 sceconds). The bucket velocity is known frcom the steady
flowneter and is then forced on the "electronic" mean
value (note that this also calibrates the AC components)
giving the DC level directly.

The DC levels are then added to the digital points
upon input to the Fourier analysis computer program. This

returns the data to an absolute value scale.

4.6 Determinction of the AC Components

The input AC signals to the chart recorder are
amplified for maximum stylus deflection, while the DC values

are blocked completely with a RC circuit. The signals are
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then recorded on magnetic tape via the master output on the
chart recorder. As pointed out in the calibration section
(see section 4.1), no great attempt is made to adjust the
input level to the exact recording level as the amplitude
will be scéled after the analog to digital process.

The signals are now all in analog form and are not
very useful for any calculational purposes. Thus the signals
are all digitizea on a Systems Engineering Laboratories
(SEL) 840A computer. During this process the data is stored
on digital magnetic tape for input to an IBM 360-50 digital
computer for scaling of the digital points and Fourier
analysis to determine the AC frequency components. The
analog to digital process will be described in detail in
appendix A and the Fourier analysis algorithm will be flow

charted and described in appendix B.

4.7 Computerized Data Reduction

The output of the Fourier Analysis program
(Fourier coefficients) is punched onto cards for input to
the various data reduction routines. The pressure gradient
is inputted to the flow program shown in Appendix C for
comparison of flow theories. The pressure and diameter
coefficients are used in the program shown in Appendix D
to compute the gradients from the time deratives of the
various functions (see section 1.2). All curve fitting was

done with the least square program shown in Appendix F.



CHAPTER V

ELASTICITY CONSIDERATIONS

5.1 Introduction

For the practical application of any non-rigid floﬁ
model, the elastic properties of the physical system must
be known. The models described in section (2.6) are in
current use with equation (2.51) the most widely accepted.
However, the assumptions of plane strain must be made to
express the result in this form. This requires that no
length change occur during inflation of the tube. For the
freely moving elastic tube this is ceritainly not the case
and the axial strain should be taken into account.

In the practical measurement of strain, the
tangential strain is most easily determined since it is only
the percentage change in the external diameter. However,
when the outside diameter is measured, the inside diameter
does not change the same amount because of changing wall
thickness, i.e., radial strain. Thus, if a flow area is to
be determined from an external diameter, this variation
must be taken into account. A three-dimensional elasticity
model will be presented here to allow for the aforementioned

situations.
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5.2 Generalized Nlasticity Relations

32 . .
Love has given the solution for a tube under

pressure as

1
Pr.2 r 2
T = e 1 l -— _(l_.
rr 2 2 2
r - r. r
o i j
\
Pr.2 ro2
Teg = T3 R
r - r. r
o i J
Pri2
= D e ~ b
TZZ 20 5 5 + ezzd
r - r.
o) i
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(5.1)

(5.2)

(5.3)

when the external pressure is zero. The generalized stress-

o

strain eguations can be written as

0
It
=

1 T - 0O|T + T %
rr 5| rr 06 Z7Z j

_ 1 _
60 ~ E| 66 G(Trr * Tzz]]
r
e = lyr - olT + T
YA/ El zz 66 VA4

(5.4)

(5.5)

(5.6)

Evaluation of equations (5.1) through (5.3) at the outside

surface r = ry and substitution of these results in the

tangential strain equation yields



00

Rearranging yields

e
z2 i
4 = =
ok NGE) r 2. r.? B
o i (5.7)
where
Ax
e :.._..9_
o0 Yo (5.8)
L 1 .. .
For the case of plane strain Lezz = 0} it is easily seen
J

that this reduces to eguation (2.51).

5.3 Determination of Axial Strain

To evaluate eguation (5.7) the external diameter
must be measured as a function of internal pressure while
the axial and radial strain are also determined. A great
simplification in experimental technique would be achieved
if the latter two strains could bhe calculated in terms
of the measurable tangential strain.

If it is assumed that constant vcliume occurs upon
inflation (Poisson's ratio of one-half) the axial strain

can be calculated. Let the volumes at state one and two be

— 2 2
Vi = “{rol ri1 b (5.9)
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B 2 2
Vo = ﬂ(ro2 Tiz ko (5.10)
Eguating the equal volumes and rearranging yields
2 2 2 2
o e TS N 5 Y RS Y
i . 2, 2
02 i2 (5.11)
But
Yi1 T Yo1 T Py (5.12)
Tip = Tgp = h2 (5.13)
thus
L, - L 2r h. - h.°
_ 2 1. o171~ 71
Czz L h 2
1 2T ohy = by (5.14)
This allows the calculation of axial strain in terms of

outside radius and varying wall of thickness.

5.4 Determination of Wall Thickness

For a three-dimensional strain system, there is a

non-zero radial strain.

This s

train is given by the

percentage change in wall thickness at two pressure levels,

i.e.-

(5.15)

(5.16)
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Therefore

fih = r - Y., - Y

02 il o i (5.17)

where Aro and Ari are the displacements at r = r_and

2 . . .
Love3 also gives the solution to the displacement field

as
2

Pri2 Pro“r 2(1 + o)

u = (L +0)(1 - 20) x = ve__r +
ZZ
Elr 2 - r,? Elr 2 - r. 2
o i o S
(5.19)

Evaluation of eguation (5.19) at r = N and r = r, and

substitution into equation (5.18) yields

Priil + 0) - 5 5 -
Ah = - r - 2(1 - o)r.r_ + r.” (1L - 20) - oe h]
2 _o i’o i zz
E[rO - ri]
(5.20)
But r, = r - h and let Ah be referenced to the origiral

wall thickness ho' Substitution of these into equation
(5.20) results in a cubic when equation {5.14) is substituted
for e, To reduce this solution to a guadratic an

approximate wvalue is substituted for e,, as follows

2r _h_ - hn 2rOO - ho
2r_h - h ary, — hy (5.21)

®
Il
N
I
-
N
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Treating e,, as in equation (5.21), equation (5.20) reduces

to
- -
hz[—E - ¢ OE + P{Zoz + 0 - 1]] + h[h E + 2¢_ _or E -
ZZ fo) Z2Z ~ O

— -

Pr (202 + 0 - l] -~ 2Pr (o + 1) + 2Er i -
o o oi

2r02P0(1 + 0)] = 0

(5.22)
This can be non-dimensionalized and solved to yield
2
h _ -B+ /B” - 4AaC
hy 2h (5.23)

where

D D PD 2
U;r—l'— + o - ER (40 + 30 - 1]
O o) (o)

and Do’ ho are the original diameter and wall thickness

at zero-pressure.
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5.5 Determination of Elastic Modulus

The elastic modulus can be written in terms of

tangential strain and the wall thickness as (see equation

5.7)
P{DZ - 4Dh + 4h2}
E =
e D
Z(D h - hz] 1+ o522
© o (5.24)
where
ho 2 —'“
11~-27--B+\/B - 4AC
1 (5.25)

[see equation (5.23) for details].

These two eguations represenlt a simultaneous set in the
unknowns E and h. To avoid a coupled solution for every
pressure, an approximate value for E is substituted into
equation (5.25) to evaluate the wall thickness at a given
pressure. This wall thickness is then used to calculate
the elastic modulus from equation (5.24). The approximate
value of E used to calculate h is the slope of the stress
strain curve when the stress is predicted by Laplace's
equation (equation 2.53 or 2.54). This gives a very good
result as h is not as strong a function of E as D/h and

the error introduced is negligible.
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5.6 Conclusion

A comparison of all of the mentioned models is
shown in Figure 5.1 where the slope is given by the
mentioned eguations. It is seen that Laplace's equation
(equation 5.24) yields results very close to the three-
dimensional model presented here. At 10% strain, Laplace's
equation predicts an elastic modulus 5% high while Bergel's
model is approximately 18% low. The plain strain, plain
stress models predict 13% and 8% low, respectively.

Throughout the study the three-dimensional model
was used for all stress-strain considerations and all flow

areas were corrected for the radial strain.






CHAPTER VI

DISCUSSIOW OF RESULTS

6.1 Analysis of Fourier Series Representation

All analog data signals were digitized and curve
fitted by Fourier series analysis to obtain a mathematical
representation of the function. An error analysis of a
curve fit must be performed before an attempt is made to
make guantitative use of that representation. To assess
the accuracy of a finite number of Fourier harmonics,
Parseval's theorem can be used. The total energy content
of a curve can bec estimated by the variance of that curve

which is given by the following

K 2
Variance = Tl“ ) f, - f} (6.1)
k-1 ._ i )
i=1
where fj = wvalue of function at point i and
¥ = mean value of the function.

Parseval's theorem states that the variance of a finite
number of harmonic components is given by
. . 1 ¥ 2
Variance (series) = 3 ) ¢ (6.2)
n=1 =»

Thus a measure of the accuracy of the fit is a comparison
of the series variance to the total variance. Another
method of error analysis is to determine the relative ampli-

tudes of each harmonic as a percentage of the pulse value.
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Table 6.1 and 6.2 show these results for all of the
measurable cuantities for one test run. Note that the
variance method reaches to within 1% several harmnonics
before the harmonic content predicts accuracy to the same
percentage. This is due to small harmonic content not
affecting the total energy significantly, but contributing
greatly to the deviation at some time points. However,
even though the relative amplitude of the seventh through
tenth harmonic may each be 1%, the sum of the total error
is not 4% as each harmonic is out of phase to give rise to
some cancellation. Thus the actual error of the curve fit
is between that predicted by variance and that by relative
amplitude. This analysis was performed on all data to

ensure accurate representation.

6.2 Measurenernt of Pressure and Diameter

Pressure and diameter were measured simultaneously
at two locations along the length of the tube. As the wave
travels from thevupstream to downstream recording site,
attenuation of the wave occurs due to the viscous pressure
loss. This loss occurs both the mean level of the wave
as well as the time dependent portion. However, it has
been shown23 that for diameter this attenuation of the mean
level can be neglected. There also is an expected phase lag
between the waves at the two locations due to the finite
transmission time (pulse velocity consideration). These
phercmena are shown in Figure 6.l. The upstream pressure

peaks at 109.8 mm Hg at 208.4° while the downstream pressure
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has a maximum value of 100.7 mm Hg at 246.30. This gives
rise to a 37.9° phase lag and an attenuation 9.2 mm Hg of
which 0.5 mm lig is the difference in mean values (79 - 78.5
mm Hg). The maximum dilatation occurs at 195.8° and 236.8°
with values of 1.727 cm. and 1.719 cm. respectively. Thus,
the peak value of the diameter occurs before the peak of the
pressure. At first this may seem to be a surprising result
as it is customary to consider the pressure as the primary
distending force. iHowever this is not the case. Consider

the following, the equation of continuity can be written as

Bvr v, sz
ot Rt =0 (6.3)
or
v
103 (. ) -
r dr (r‘r] Ty =0 (6.4)

R R 9v
f Mrv% = - f r §~E dr (6.5)
o o z

which can be rewritten as

v | 2 [R (6.6)
rv = - rv 3r 6.6
B r-’}:‘:R 9z o 2

But the integral is just the mean velocity i.e.,

- 5 (R
v_ = —1-f v _ror (6.7)
z 2 z

R o



64

and the no-slip condition at the wall yields
, : ) r |
‘rvr—l_ . = R —-'-a——;' (6.8)
- r—L

Thus equation (6.6) reduces to

ou 2
r__ 2 (R
R ge— = s (2 Vz] (6.9)
but - NI (consequence of assumed form for
9z c ot i
traveling wave).
Therefore
ou
r _ 1 0 2=~
R "é‘t*"" = 26‘ 'é“_:'c' (R VZ] (6.10)

Integration with respect to time gives the final result as

= 2 (6.11)

This same result can be found directly from eqguation (2.24)
by rearrangement. The phase of ur/ZR can now be found to be
[—¢n -8Bz - tan —l(a/B) + El; - w/2] where El; is the phase
of (1 + nFlo) and (-m/2 + elg) is the amount the flow lags
the pressure gradient (i.e., the pressure gradient has a
phase of [- o, - Bz - tan—l(a/B)]. The phase of the
pressure can be found from equation (2.36) and is equal to
[- ¢, =~ Bz + tan_l(u/B) - 1m/2]. Thus, subtracting this

from the phase of the dilatation yields a phase difference
of [el; - 2tan—l(a/8)}. Womersley shows that for all finite
values of k' (see equation 2.29)), this difference is

positive, which gives rise to the phase lead of the diameter

to the pressure. As the wall viscosity increases, a
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retardation of this phase difference occurs giving rise to
two opposing effects that tend to cancel out when both are
neglected. This will be discussed in a later section.
Reflections present in the flow field do not present
any major obstacles as they can be represented as a retro-
grade traveling wave. This was taken into account by
Womersley and can be included in his final analysis. Figure
6.2 shows the effect of a retrograde wave. For the pressure
and diameter curves, the upstream leads the downstream for
the first forward wave and is also attenuated. The second
portion of the wave has the reverse phase relations. The
downstream peak leads the upstream peak to show the effect
of a retrograde wave. The third part of the wave is again
traveling in the forward direction and the upstream leads
the downstream. This reflection occurs at the inlet to the
test section. The last reflection is attenuated greatly but
does lead the downstream/wave in phase. From a wave pattern
of this form the group velocity can be found very accurately
as the wave travels several lengths of the test section.
This is a way of checking the conventional method which is
calculated from the phase difference between the foot of the

wave at two locations.

6.3 Calculation of Pressure From Diameter

Even though the distension of the tube leads the
pressure in phase, the curves representing each are

extremely similar. From Figures 6.1 and 6.2, the similarity
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can be seen between the pressure and diameter at both
recording sites. Tigure 6.3 shows the envelopc of the
discrete frequency spectrum for pressure and diameter both
at the upstream and downstream measurement. This similarity
can also be seen in Table 6.1 and Table 6.2. In both tables,
Pl and Dl values are approximately the same as are P2 and
D2'
The pressure can be related to the diameter by an

elastic pressure modulus; i.e,.

|

=% 6.12
P(£)=E (D o) DI®) (6.12)

where Ep(Dpk] is the slope of the pressure-diameter curve at
the peak value of the dilatation. This allows for non-
linearity of the curve but agsumes that the elastic pressure
mocdulus is constant over the pulse value (i.e., for a
complete cycle). Also, no correction is made in the time
domain for phase differences. Figures 6.4 through 6.6
compare pressure calculated from Equation 6.12 to the
measured pressure. The phase difference is present though
never more than a few degrees. The amplitude agrees very
well through the full 360° cycle with the greatest deviation
occurring in the secondary portion of the cycle.

A more accurate representation of the pressure can
be obtained if the elastic pressure modulus is not assumed

to be constant over the pulse value and by shifting the
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curves in the time domain to remove the diameter leading

affect. This can be represented as
P(t) = E_(D) D (t + ot | 6.13
P s ( )

where EP(D) is the instantaneous slope of the pressure-
diameter curwve and tg is given by

t<5 = fundamental shift in time domain. (6.14)

Figures 6.7 throuéh 6.9 compare the measured pressure to the
pressure computed from the external measurement of diameter
by equation {(6.14). The curves show better agreement than
the curves computed from equation (6.12). The peak of the

calculated upstream pressure in Figure 6.7 and the downstream

ov

curve in Figure 6.8 are still 6% and 9% in error respec-
tively. However, note that the entire curve is in error in
the same diresction. Errors of this type are by far the
largest experimental failing. These errors are caused by
difficulty in obtaining the mean values as accurately as the
AC components (see section 4.5). If only the AC components
are displayed graphically this problem is alleviated, but
since the elastic properties of the tube are a strong
function of these mean values, a plot of this sort would
leave something to be desired. It is true though, that the

pulsatile flow field is only a functicn of these AC

components and are thus of primary interest.

6.4 Calculation of Pressure Gradient from Diameter Gradient

The spatial gradient of displacement may be related

to the pressure gradient by similar reasoning as in the case
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of pressure—diameter relationships. First consider

oP oD

- —— = - —

3z pk 3z - (6.15)

where again E is treated as only a function of the peak -

pk
value. Figufes 6.10 and 6.11 compare pressure gradients
obtaineﬁ experimentally and those calculated from equation
(6.15). Again similar phase leading occurs in that the
diameter gradient;leads the pressure gradient. This
immediately follows from the fact that two curves which lead
two curves, possess a difference that also leads. Since the
non-linearity of the elastic wall is not taken into account
by this method, some error occurs.

Wizen this non-linearity and phase discrepancy is
taken into account, there is considerabls improvement. This
is shown by Figure 6.12., The data from run 45 fits extremely

well over the primary portion of the cycle, and during the

reflections the maximum error is less than 13%.

6.5 Calculation of Spatial Gradient from Time Derivative
29, 34, 38

It has been suggested by several authors
that the pressure gradient could be obtained from the

pressure-time curve. This is most conveniently expressed as

oP P

T 3z T 3t (6.16)

9

However, Fry2 critiques this relation by measuring the flow

and then computes the flow from both pressure gradients
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(i.e., the measured and the pressure time derivative).
Remarkable results are obtained, but are discounted as
accident rather than as a result of any relationships that
might exist between the temporal and spatial derivatives of
pressure. A more realistic approach would be to examine the
flow conditions necessary to produce such a relationship.
Consider a traveling wave that can be represented by

the following

iwt-yz iwt+yz
P =Pe + Poe (6.17)
where
vy = o+if = propagation constant
o = damping constant
B = phase constant
iwt iwt
and Ple and P,e are the disturbances creating the

forward and retrograde waves, respectively. Thus

iwt-yz iwt+yz

-2 =_-pe (-y) - P,e (6.18)

and

iwt=yz iwt+yz
(iw) + Poe {iw) (6.19)

o){cv
(gilav]
il
Lav]
—t
(0]

Dividing by 1/c yields

1 op iwt-yz iwt+yz
5= YP,e + YPze (6.20)
which is equal to
iwt+yz n
oP _ 1 ¢P
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Therefore

-oP 1 9P iwt + vz

c "2¢ (6.22)
This reveals the true relation between the spatial gradient
and time derivative for viscous flow in the presence of
reflections. For the case of no refiections (i.e., P, = 0),
equation (6.22) reduces to

-9P
EE3

Qi
Q
rdJ

ot (6.23)

Thus, under the assumpticn of the form of the traveling wave,
the spatial gradient is related to the time derivative
through eqguation (6.23). However, this is only true in
complex notation at this point. The real part of this
equation is of primary interect as the mzasured time
derivative of pressure will be expressed as the real part of
the left hand side of equation (6.23). Thus it is necessary
to examine the relationship of complex rotation to order of
differentiation.

It is easily shown that

2] - 4, o)
2 (6.24)
R |-2yp i@t * yi] = -2aP.e*? cos (ut + Bz) +
el 2 2
0z .
2BP,e”" sin (ut + B2) (6.25)
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and
7 BP—] _XX Y.Y
Ra c Fﬁj T s
- o) o) (6.26)
where

c
o _ s .
== = X - i¥ [see equation (2.56)] (6.27)
X, = Real part of time derivative
Yl = Imaginary part of time derivative
But on the other hand
13 _ KX 0¥
c 3t Re[P] ST T ¢
o o (6.28)
which has a real part of
B | x.x
13{ 1
R——-—-——R[P]} =
e[F ot| e ] o (6.29)

Equation (6.29) is equal to equation (6.26) when either Yl
or Y is identically zero. Since Y, is the imaginary part
of the time derivative, it cannot be zero for all time or
there would be no disturbance. Thus, when Y is zero,
(i.e., no attenuation, a = 0) equations (6.22) and (6.23)
are the same regardless of whether real or complex notation

is used to express the pressure. The simplest representation

would then be
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-3p
9z

= 1 9P
€1 (6.30)

where P is the measured real pressure.

This‘equation was used to calculate the pressure
gradient with ¢y being approximated by the group velocity.
The result is shown in the upper part of Figure 6.13. The
calculated gradient is based on the upstream pressure which
explains the fact that it leads the actual gradient in phase.
The reverse would be true if the gradient was calculated
from the downstream pressure. The lower curves show the
same result except that the calculated gradient is based on

the upstream measurement of diameter. The pressure was

“

P

calculated from *he dilatation, taking into acccount the
non-linearits of the wall over the pulse cycle, plus the
phase was corrected both for *he diameter-pressure leading
phase and the finite transmission time from the upstream
point to the gradient sight. A smaller ¢radient is predicted
than actuallyv occurs, as the form of the equation assumes no
attenuation. However, it appears to yield approximate

values for the spatial gradient, and it has been shown that
this similarity is a result of a fluid relationship between

the temporal derivative and spatial gradient.

6.6 Comparison of Flow Theories

Three flow models were discussed in detail in

Chapter II. A summary of these models was given in section



-9P/%z - mm Hg/cm

-9P/0z - mm Hg/cm

84

— = — Calculatead

Measured

Figure 6.13 Comparison of Calculated to Measured
Pressure Gradient - Run 28, 17



(00]
[92]

2.5 as well as the defining equations associated with each.
Appendix C contains the computer program written to
calculate the instantaneous average velocity for each of the
flow models from the measured pressure gradient. Figures
6.14 through 6.17 show the result of these comparisons.
Fry's model always predicts peak flows greater than that of
either Womersley or Uchida. This is because the resistance
used in the model has a value less than the actual
resistance. Thus the flow attains a greater velocity during
the cycle. Womersley's elastic model predicts greater peak
values than those given by the rigid solution of Uchida. It
can be shown theoretically26 that for all positive values of
Poisson's ratio this will occur. The same statements can bhe
made about the reverse flow portion of the cycle (i.e., Fry's
model predicts the largest velocity in the reverse direction).
It can be seen from the mentioned figures that the
phase of the flow is almost identical for all three models
and that the amplitude differs by less than 12%. This can
be seen better by an examination of the Fourier series
analysis of each flow curve. This is shown in Table 6.3
for run 32. The phase of each harmonic of Fry's model lags
that of Womersley which in turn lags that of Uchida's. The
"rigid phase" should indeed lead the "elastic phase" as
some of the energy of the wave is used to distend the vessel
in the elastic case. The phase predicted by Fry's model lags
because the inductance used in the model is less than the

actual value.
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TABLE ©.3

CCMPARISON OF FLOW THEORIES

Harmonic Model Modulus Phase
Fry 25.18 325.4
1 Uchida 21.37 321.4
Womersley 22.38 323.4
Fry 9.82 308.9
2 Uchida 8.71 304.9
Womersley 9.01 306.4
Fry €.97 304.1
3 Uchida 6.32 300.4
Wonersley 6.49 301.7
Fry 6.08 264.6
4 Uchida 5.58 261.1
Womersley 5.71 262.3
Fry 1.71 289.9
5 Uchida 1.59 286.6
Womersley 1.52 287.1




TABLE 6.3 (Continued)
Hafmonic Model Mcdulus Phase
Fry 0.50 323.4
6 Uchida 0.46 320.4
Womersley 0.47 321.4
Fry 0.19 47.5
7 Uchida 0.18 44,7
Wonersley 0.18 45.6
Fry 0.26 166.7
e Uchida 0.25 164.0
Womersley 0.26 164.8
Fry 0.06 132.3
9 Uchida 0.06 129.6
Womersley 0.06 130.4
Fry 0.17 51.8
10 Uchida 0.16 49.2
Womersley 0.16 50.0

91
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Aonlitude and phase correction factors have been
~ .. 1 ¢ o - - - ) 3 - ) w h 2
used for the resistance and inductance by previous authors™ ',
e.g.’
3y
R == 1‘6 —X
'\S ( ) ‘4‘
TR

[}ee equation (2.93f] (6.31)

[see equation (2.44)] (6.32)

However, application of these corrections proved to
exaggerate the result. The result was very near the Uchida
solution for both phase znd amplitude. Calculation of new
correction factors from +the present data vielded 1.1 £ .03
for resistance and 1.03 1 .02 for inductance. It was also

found that the resista: correction factor can be approximated

by the ratio of the first harmonic moduli. For example, from
Table 6.3 a correction factor of 1.12 can be calculated from
the first harmonic while the actual factor is 1.09. All in

all, average values of 1.1 and 1.03 yield very good results.

6.7 Measurement of Flow Velocities

The instantaneous flow velocity was measured with the
Doppler ultrasonic flowmeter described in section 3.5 and
3.6. Calibration details are described in section 4.1. The
basic Doppler equation as it applies to the 1500 Ward Doppler

Ultrasonic Flowmneter is as follows
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Fl—F2 = Fd = 2 Fe zircoso (6.33)
C
where
Py = Doppler freguency [cps] ;
F, = Frequency of excitation [5(10) cps]
GZ = Average velocity [cm/sec]
6 = Angle between acoustical and flow axes [60°]
C = Acoustic velocity in fluid [cm/sec]

Rewriting the Dcppler equation in terms of velocity and the
physical properties of the system yields

-3

57 = 27.43 (10) Fg (6.34)

This is the +heoretical coefficient of proportionality
between velocity and freguency shift. A check on this, and
a guick calibraticn technique, is to pass a known volume of
liguid throucgh the flow cuff and reccrd the corresponding
shift. These data points were then subjected to a least
square analysis to detexmine the slope. The resulting
equation is

-3

v, = 27.57 (10) Fq (6.35)

All flow data was calculated from equation (6.35) with
latex pigment producing the back scattering (see section
4.4).

After all the experimental data had been taken, some

unit density, 1 p diameter polystyrene particles became
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available. The foregoing calibration data was repeated
using these particles to seed the test fluid. Excellent
agreement was obtained and the following egquation verified
that the latex particles were sufficient.

-3

v, = 27.83 (10) Fd (6.36)

Pulsatile flow data could then be taken and recali-
brated at any time by imposing the measured bucket velocity
on the "electronic mean" of the AC components. A typical
pressure gradient-flow relationship is shown in Figure 6.18.
The velocity curve is reproduced from the Fourier coeffi-
cients obtained from the experimental data. This integrates
out some of the higher frequency components that are present
in the raw flow data. These components are due to some
randemness of the particles in the control volume, turbu-
lence and non~uniformity of the flow field. Howevexr, no
major attenuation occurs when the integration time
constant is below 0.03 seconds for the frequencies of
interest. This can also be seen from the harmonic content
of the higher harmonics. Tables 6.1 and 6.2 show 93% of
the energy is 10 harmonics while the harmonic percents
average 3.5% over the last 5 harmonics. Thus the average
error is probably less than 5% (see section 6.1).

The measured flow velocities compared extremely
well to all three flow models, as it was shown in the

previous section that there is not very much difference in
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the theoretical solution. Figure 6.19 compares the
measured velocity to that predicted by Womersley's theory.
The theory underestimates the peak flow by some 4% and the
back flow by 10%. As the pressure gradient reverses due

to the upstream phase lead, the flow is retarded and then
reverses. This reverse flow is increased by the retrograde
wave untili that pressure difference reverses (at 160° on
Figure 6.2). From there through 240°, the flow is accel-
erated downstream due to the second reflection off the
inlet (now a forward reflection). The experimental data
shows that the theory underpredicts the secondary forward
portion by 20 - 25%. This can best be explained by the
attenuation factor of the second forward wave being unequal
to the first forward’damping factor. Womersley's theory
assumes that the waves are attenuated the same in both
directions. However on the whole, the data fits the theo-
retical solutions very well, especially during the primary
portion of the cycle (which is of prime importance). Also
the reflection coefficients present in this run (run 75) are
extremely high. This gives rise to larger error than would
otherwise occur. It is felt that the theory predicts the
physical phenomona of the flow field as accurately as it

can be measured.
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CHAPTER VIT

CONCLUSIONS AND RECOMMENDATIONS

7.1 Introduction

The scope of this investigation was outlined in
section 1.2 with the main objective being the determination
of a method of obtaining the internal flow rate with an
external measurement. To do this, it was first necessary to
examine the current mathematical models to determine the
accuracy of predicting flow fields from measured pressure
gradients. Since the pressure gradient is the driving force
for acceleration of the fluid, various methods were suggested
to calculate this forcing function from measurement of other
quantities (i.e., diameter gradient and time derivatives of
both pressure and diameter). The success of these techniques
were quantitatively discussed in Chapter VI, while quali-

tative conclusions will be listed in the next sections.

7.2 Necessity of Elasticity Model

The main consideration used to justify the need of
another elasticity model was the constraint of plain strain.
In the study of a tethered elastic tube, the removal of
longitudinal displacement greatly disturbed the author.
Quantitative justification came when pulse velocities

calculated were smaller than measured counterparts. The use

98
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of the present model improved these results, so the model

was used exclusively throughout the study.

7.3 Calculation of Flow From the lodels

Womersley's elastic solution accurately predicts the
deviation of pulsatile flow in flexible tubes from Uchida's
solution for corresponding flow in rigid tubes. Both
solutions are equaily laborious and difficult to apply in
that they require the calculations of complex Bessel
functions of both zero and first order. However, Fry's
simplified model predicted surprisingly good results for all
of the flow conditions tested. The error produced by the
use of this model was always in the same direction and
predictable correction factors were obtained to allow
accurate calculations to be made. Thus, due to the excellent
results obtained from Fry's wmodel, it was concluded that the
more complex theories need not be used if the average instan-

taneous velocity is the quantity of interest.

7.4 Calculation of Pressure From Diameter

Pressure-diameter relationships were discussed in
section 6.2. It was shown the internal pressure could be
determined very accurately from the external measurement
of diamcter. This was accomplished within 5% deviation over
the complete cycle for most flow runs when the non-linearity
over the pulse cycle and phase relationships were taken into
account. The pressure gradient could theoretically be

calculated from two external wall position measurements via
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this approach. However, better accuracy is obtained if the
subtractions are performed on the electronic signals rather

than on the Touricr functions.

7.5 Calculation of Pressure Gradient From Diameter Gradient

A functional relationship between spatial gradients
of pressure and diameter was introduced in section 6.4. It
was found that the pressure gradient could be calculated
within 10% from the external measurement of displacement at
twoe locations. To do this, accurate pressure-volume data
of the vessel of interest must be known to allow calculation
of the coefficient of proportionality. Once this is known,
the pressure gradient can be determined directly from the

and used as the forcing function in

7.6 Relationship of Spatial Gradient to Time Derivative

A flow relationship was shown to exist between the
temporal derivative and spatial gradient of pressure. The
assumptions implied in the use of the simplified real
equation (equation 6.30) were outlined to determine the
applicability and use of this simple relationship. Experi-
mental results indicated that approximate gradients could
be obtained in this manner when the group velocity was
substituted for the phase velocity.

This technique yielded the largest error for deter-

mination of the pressure gradient, but could still be very
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useful if, experimentally, there was a constraint of one

physical measurement.

7.7 Summar

The basic conclusions are

(1) Womersley's elastic solution is an accurate
representation of the flow field.

(2) Fry's approximation can be used for simplicity.

(3) Predictable pressure-diameter relationships
exist.

(4) Pressure gradient can be obtained from diameter
gradient.

(5) Pressure gradient-time derivative relztionships
exist and can be used to yield approximate
results.

(6) 1Internal flow velocities can be obtained from
two external measurements of wall position very
accurately.

(7) One wall position will yield approximate

( < 25%) flow conditions.

7.8 Recommendations for Future Work

The obvious extension of this investigation would be
clinical application of the techniques described here. Inter-
mediate studies to determine pressure-volume data of the
vessels of major interest, based on the elastic model

presented here, could be done to further these clinical
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application. The most important result of future work would
be to verify any contributions contained in these techniques

to simplify current clinical experimental measurement.
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APPENDIX A
ANALOG TO DIGITAL PROCESS

The analog magnetic tape contains six signals to be
digitized. The tape is inputed to the SEL 840A by a Hewlet-
Packard model 3514A reproducer. The machine language A/D
program monitors a control channel (channel 7 on the analog
tape) and upon detection of a positive voltage begins sam-
pling channels 1 through 6. The results are treated as
simultaneous digital points on all six channels. However,
in actuality, a constant time line is skewed in the real
time domain by 25 sec. per channel. This gives rise to a
total shift of 150 sec. from channel 1 through channel 6.
This shift can be neglected as the sampling rate is selected
to yi?ld approximately one hundred digital points per data
cycle, and for the lowest frequency (a period of 1 sec.),
the time spacing from point to point is 0.01 sec., which is
much greater than the total skew. herefore, point 1 of
channel 1 corresponds directly to point 1 on any other
channel.

The control channel contains a 1.5 volt square wave
of one-lialf the fundamental frequency of the data signals.
This allows digitalization of one complete cycle of data
during the time the positive portion of the square wave is

being reproduced. This sguare wave is produced by the
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electrical circuit shown in Figure 3.8, and is controlled by
a micro-switch that follows the motion of the connecting rod
of the pulsatile.pump (see Figure 3.4). Thus, one complete
cycle of the pump (which is the fundamental frequency of the
system) produces either a positive or negative 1.5 volts.

A flow chart of the entire process is shown in this

appendix.
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BRANCH ON NO EOF INDICATICN
INDICATE WE HAVE ENTERED NEXT F1I

CHECK FOR NEW FILE
INPUT NEW FILE
DECREMENT FILE INDICATICGN

LCAD REQUESTED TFILE VALUE
BACKSPACE CNE FILE ANLC REDISPLAY



CNT A

LOAD
STOR

FINC

CNTE

CNTC

CNTC

LGD1

SHTC

BRI} REED
LAA T70C
NEG

T4l ¢l

27z

RSL L3

r A

118 #-3,1
LAA  CHNL
NEG

TAl vl

STi YEMPL0
LCS

BAN CNTQ
LSt 1

*E

IMS TEMP
[I8  *-3,1
® CHECKED
SNS 16

BRt} g2
BRU FIND
I4S  CURF
LAA  ONE
CALL FILEFH
BRU 2GOY
%Y

LAA L AAN
BSPLAY

AMA 266
®AY

AMA  TEMP
STA  LU0D1
LIX NLOIP,Z2
LEIX ZERO,1
LAA STXA
STA XAXS
CEU 2T6 M
DAYA O

LAA  XAXS
AP 2764 W
AMA INCR
STA XAXS
177

AQP 2T6 o H
AMX  CHNL,1
[I8 CONTD,2
SNS 18

BRU %E2

0D RECORD
BRU  FIND
SNS 18
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BRANCH AND READC A RECCRD
SET-UP SHEIFY COUNTER

LUAD OATA

SHEIFT DATA

STORE DATA ,

HAS ALL DATA BEEN SHIFTED
LOAD NUMBER OF CATA CHANNELS
NEGATE

USt AS SEARCH SWITCH CCUNTER
CLEAR CHANNEL INDICATCR

LOAD CONTRCL SWITCHES

IS SWITCH SET

NOs SHIFT LEFT AND CHECK NEXT ON

INCREMENT CHANNEL INDICATCR
HAVE ALL ACTIVATED SWITCHES BEEN

CHECK FOR NEW FILE DISPLAY

RECHECK CCNTYRCL SWITCHES
INCREMENT CURRENT FILE LOCATIGN

ADVANCE YO NEXT FILE
BAANCH AND INPUT NEw FILE REQUES

CREATE A LCAD INSTRUCTICN FGOR DI
ADD FIRST AJDRESS CF CISPLAY ARR

ADD CHANNEL INDICATOR
SAVE INSTRULCTION

SET-UP LOCP CCUNTER
CLEAR WORD SKIP COUNTER
SET START X—-AXIS VALUL

RESET CAC SEQUENCER CCATRCL

FETCH X-AXIS VALUE
OUTPUT X-AXIS VALUE CN CAC-1
UPDATE X-AXIS VALUE

FETCH Y-AXIS VYALUE

OUTPUT Y-AXIS VALUE CN CAC-2
UPDATE WORE SKIP CCUNTER

HAVE ALL CAYTA BEEN CUTPUTTED
CHECK FOR RE~DISPLAY

BRANCH AND WaiT FOR RESET TO REA

CHECK CONYROL ShITCHES
WAET FOR SwITCH TO BE RESET



*
*
%

LDEX

EXEC

*

BRU
BRU

CALL
CAaLL
DAC
LAA
STA
LAA
STA
CEU
DATA
BRU
TEU
DATA
BRU
CEVU
DATA
BRU
TEU
DATA
BRU
BRU

¥=--~DATA

*
CURF
LAAN
ADR S
INCR
PNTS
STXA
DCwWA
DWC

NUME
XAXS
FILL
TOF £
DCP1
TEN

ONRD
FIVE
THRE
TSTY
DCMX
pDo0ocC
CHNL
DTFL
LERT
ONE

27
LAA
1727
1z
DATA
DATA
DATA
DATA
L2z
172
YR
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DAY A
DAC
7227
BSS
DATA
OAT &

%~ 1
REED

CRLF

ASRG

MESF
DCWA

369

DWC

361

al3

210

*=2

213
302C00000
¥ 2

al3
a40C00u0lL
o2

all

a2

*~2

2100

WORDS

Oyl

2048
-1024
2100
240C00100

2048
253400000
10

-200

-5

3
2260
3177777

*&1

200
0
i

NOT RESET YLT
READ A NEW RECTCRD

RELOJAD SYSTEM EXEC AND TRANSFER CCKNYROL

SET-UP DISC BTC

SEEK ZTHEAD,TRACK<L #%0,C<

WAIT FOR SEEK CCMPLETE

READ SYSTEM LCADER

WAIT FOR READ CCHPLLETE

BRANCH TO SYSVEM LCADER
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dd [INSERT WRITE RING

TEST FOR BLSY

RETURN

TEST FOR BLSY

WRITE A RECORD

RETURN

TEST FOR BUSY

READ A RECCRD

WALIT [F BUSY

SET NC EOF INDICATCR
TEST FOR EOF

ECF FOUND
RETURN

SEYT INDICATCR

TEST FOR BUSY

WRITE END OF FILE CN TAPE

RETURN

ASR--33 I/0 ROUTINES

TEU a6
DATA 240C00000
BRU  *-2
BRU* BACK
WRTE 222
TEU ©6
DATA 340000000
BRU  *-2
CEU 6
DATA 243CC0000
BRU  *-2
BRU%* WRTE
REAC 217
TEU 6
DATA a40GC00000
BRU %-2
CEU 6
DATA 242200000
BRU  %-2
TEU a6
DATA 240000000
BRU  *-2
CLA
TEU a6
DATA @20C00000
LAA %=1
BRU* READ
WEOF 272
TEU 6
DATA 240C00000
BRU  %*=2
CEU 6
DATA 202400000
BRU *-2
BRU%* WEOF
MES1 DATA
ONE DATA 1
END
$PIC4S
NAME CRLFLENT
NAME ASRI(ASRI
NAME ASRC,ASRU
NAME ASRD;ASRD
NAME GC71,0CTI
ENT 221
*UTINE
LAA CRLF
AOP  1,W
LSL 8
AOP 1M
BRU* ENT
ASRC 1112

CARRIAGE RETURN AND LINE FEEU

CARR RETN

LINE FEFD
RETURN

AND PRESS STARTS$a2

MESSAGE OUTPUT ROUTINE
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RO



LUAC

ASRI

INPTY

CNIN

RETN

ERR

LAAX*
IMS
AMA
STA
LIX
lz2z
CLA
FLL
CMA
BRY
BRU*
CMA
AMA
NaP
AMA
LSL
AQP
I1I8
IMS
BRU
117
CEU
DATA
CEU
DATA
LIX
CLA
TAB
AIP
CMA
BRU
BRU
LSL
AQP
RSL
SMA
BAN
CMA
BRU
BRU
BRU
STA
MPY
TBA
AMA
TAH
118
BRU
TBA
BRU*
LAA
ACP

ASKRQO
ASRO
LRA
LOAD
FHURG L

6
DRSG
*62
ASRO
FRTY
ONRD

TNRD

16

1sW
LOADEL )
LOAD
LOAD-1

LoW
200400000
1:W
201000000
SiXsi

leW
CRTN
*82
RETN
16
loW
16
TSTVY
ERR
NINE
CNIN
CNIN
ERR
TEMP
TEN

TEMP

INPT, 1
ERR

ASR I
ARUP
low
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>LY ACDRESS OF MESSACE
SEY-UP RETYURN ACDRESS
CREATE A LGAD B ACC IKNSTRUCTIUN
STURE INSTRUCTION

SET-~UP SHIFT CCOUNTER

LGAD ODATA wWORO

CLEAR A ACC

SHIFT ONE CHARACTER

CHECK FOR §

NOT A ¢

$—RETURN

CHECK TO AQD 2200 0OR 2300
ADD a@l00 NCOWs; 2200 LATER

ADD 4200 NCW

SHIFT FOR CUTPUT

OUTPUT CHARACTER

UPDATE SHIFT CCOUNTER

ADD ONE TO MESSAGE CRIGIN

BRANCH BACK AND QUTPUT MORE CHAR
DECIHMAL INPUT ROUTINE

CLEAR ASR-32 BUFFERS

SEY TIyP YC KEYBUARD PCODE

SET MAXIMUM CHARACTER INPUT AT 6
CLEAR B8 ALCC

INPUT A CHARACTER

CHECK FOR CARR RETN TC TERMINATE
CONYINUE INPUT

CARR RETN, TERMINATE

SHIFT FOR CUTPUT

ouTePuUT A CHARACTER

SHIFT FOR CHECK

SUBTRACT FCR CIGIT

LESS THAN C, ERROR RETURN
CHECK FOR CiGIT

LESS THAN 9-0K

EQUAL TG 9-0K

ERROR-ERRGR RETURN

CCNVERT TO OCTAL—SAVE VALUL
MULTIPLY BY 10

UPDATE SuM OF IAPUT DICITS

UPDATE MAX INPUT COURTER
MAXTUM CHAR CCUNT t¢XCEEDED
PUT INPUT VALUE INTD A ACC
RETURN

LOAD TYYP ERROR ENDRICATOR
QuTPUT



ASRD

LOP1

INTI

OCTI

INOC

CRLF
DRSC
LBA

FOUR
TSTY
NINE
ARUP
CRTN

LAA
BiU*
2717
TAD
LIX
LAf'{
STA
118
LIX
CLA
DIV
BAZ
I1AB
AMA
LSL
STA
AMX
BRU
148
AMA
LSL
STA
LIX
LAA
AOP
A
BRU*
127
CEU
DATA
CEU
DATA
LBA
LIX
AlP
LSL
AOP
LSL
FRL
[in
L AA
AQP
T84
BRU*
DATA
DATA
LBA
DATA
DATA
DATA
DAY 4
DATA

MONE
ASR ]

FIVE: L
BLNK
TABLES 1
¥=141
MONE, 1

TEN
INTI

TSTY

16
TABL&ES, 1
MONE 4 1
10P1

TSTY

16
TABLES L
FIVEel
TABLES, L
LW

*"“2@ 1

ASRD

1eW
300400000
1,W
201C00000
ZERQC
MTWC,3
LW

16

1y W

5

3

INQC, 2
COMM

LoW

OCTI
243205000
44

0

-4

226C

9
267400000
2215

LOAD ERROR RETURN
RETURNK

TIYP DECIHMAL CUTPUT ROUTINE
PUT VALUL IRTC B ACC

SET-UP STORAGE {LUUNTER

LUAD A BLANK

STORE A B ANK

UPDATE BLARK CLUNTER

SET-UP WORC STCRAGE

INCICATCR

GET DIGIY
TERMINATE CONVERSICN

COGNVERT T0O TT7YP CODE
SHIFT FOR CUTPUT

SAVE RESULT

UPDATE STORAGE COUNTER
DO IT AGAIN

CUNVERT T0O T7Y# CODE
SHIFT FOR CUYPUT
SAVE VALUE
SET-UP OUTPUT
GET WORD
QUTPUT HOREC
UPDATE COURTER
KETURN

CEUNTER

CLEAR ASR-33 BUFFERS

SEYT TYYP TC KEYEOARD MCDE

CLEAR B ACC

SET CCUNTER FOR 2 CHAR INPUT
INPUT A CHARACTER

SHIFT FOR CUTPUT

OUTPUT A CHAREALTER

SHIFT OFF 3260

ROTATE INTC B aClC

UPDATE COUNTER

OUTPUT A CCMMA

RETURN
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APPIENDIX B

FOURIER SERIES ANALYSIS

An arbitrary periodic function of time can be repre-

sented by a Fourier series (see section 2.8) as follows:

J
£(t) = aj + ) a cosnwt + b sinnut (B.1)
n=1
where
1 T/2
ao = ,:—{," f(t)dt (B.2)
-T/2
. (T/2
ao = % f(t) cosnwtdt (B. 3)
“7/2
5 T/2
c = e C s1 M . .[
a = f f(t) sinnwtdt (B. 4)
-T/2

This can also be written in modulus and phase form as

J
= ) ] -
£(t) = c/ + | ¢, cos(not ¢,) (B.5)
n=1
where
c, = ag (B.6)
c =V a4+ b’ (B.6)
n n
-1

©-
I
3
o
5
N
QO
w
[oo}
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To curve fit a set of K + 1 data points via Fourier
series the coefficients must first be found by numerical
integration. The scheme used in this study was area deter-

mination by the trapezoidal rule. A brief description will

be given to transform equations (B.2) - (B.4) into discrete
form.
First let
6, = wt; = 2mi i = 0,K (B.9)
K
and
= =T L 27
ho= At = g = F% = &% (.10)

In general, the single step form for trapezoidal
integraticn is

Terl n
f F(t)dt = ﬁ'(Fk(t) 4+ B
ty

k+1(t)) (B.11)

i.e., the area of the trapezoid of base h.

When an integral over more than one step is required, the
range T is divided into a number of equal intervals At
(equation (B.10)) and equation (B.1ll) is applied K times.

The result is

t
J ktl F(t)dt = }21- (FO+2F1+2F2+....+2FK+FK+1) (B.12)
to

Therefore, the equation for a can be written as
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2 A - - ) .
a =5 5 (IOCOSDGO+211COSDGl+...+2fKCObn6K+fK+l) (B.13)
This can be rearranged to yield
R=-1 . .
_ 1 i i+l _
a =g izo fiCOSZnﬂK + fi+lcos2nﬂ(—ﬁm} (B.14)

Similar equations can be derived for the remaining coef-
ficients.

K-1

1 i : 1+1
bn =7 izo f151n2nwﬁ + fi+151n2nﬂ[—ﬁ—] (B.15)
1 K-1
ay = o i:Z-O £.+E. 4 (B.16)

Consequently the discrete points, a result of the analog

to digital process, are inputed to the program shown in
this appendix. This program performs the numarical inte-
gration necessary to calculate the Fourier coefficients.
The program also calibrates the digital points (see section
4.1) upon input. This is done by a sorting routine to
determine the maximum and the minimum value per cycle per
channel. This difference is then set egual to the known
pulse value (from the chart recorder) and all points are
then scaled accordingly. The error between each digital
point and the corresponding Fourier ordinate is then
computed to determine the percent difference for use in
determining the accuracy of the fit. Also various plotting
routines are employed for visual data displav in graphical

form,
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C THIS PROGRAM INPUTS DIGITAL POINTS VIA HMAGNETIC YAPE,

o

OO0

COMPUTES THE COLFFICIENTS OF A FOURIER SERIES EXPAN-

SION BY TRAPEZOIDAL NUMERICAL INTEGRATION, PUNCHES THE
OUTPUT ON CARDS ANU UISPLAYS THE RESULTS GRAPHICALLY.
SUBROUTINES NEeDED WITH THIS PROGRAM ARE AMAX1sAMINID,
FPLOT AND SKIP

INTEGER %2 ENDFIL

INTEGER%*2 A{6,4300)

DIMENSION FU(300),FA(300),FB(300),0(6,300)
DIMENSION AF(15)48B(15),PRILS 14,PD(15),C(15)
DIMENSION UNITPP(6),0C(6)4CAL(6),SUBDC(E)
DIMENSION PM(15),VAR(15)

DIMENSION AR{800}

LOGICAL*]1 LR(400)

REAL MT NTD(300),NTDE

INYEGER DATANU,DAY,YR

C INPUT TOTVAL NUMBER OF DATA SHEETS

NDS=T
DO 260 IT=1,NBS

C INPUT DATA SHEET NUMBER,DATE,NUMBER OF DATA CHANNELS

C AND

1

15

17
20
25

NUMBER OF POINTS PER RECORD

READ(S5: 1 IDATANO 410 s DAY s YRy NDCH,NPTS
FORMAT{ 6I5)

NCURVE=NDCH

NCT=2
READ{1¢2:END=31{(A{L9J) oI=1s NDCH} 3 d=1sNPTS ¢ ENDFIL
FORMAT{6(200A21 )

GO TO 5

CONTINUE

CONTINUE
WRITE(6,yTI((ALT+J)9J=14NPTS) 4I=1,NDCH)
FORMAT(10I10)

DO 20 J=1,NPTS

00 17 I=1,NDCH

ISUMT=0

DO 15 1J=1,NDCH

ISUM=L{TJ,J)

[SUMT=ISUMT+ISUM

CONTINUE

IF(ISUMT.EQ.0)GO TO 25
D(IyJi=-A(1,J1/3200.

CONTINUE

CONTINUE

CONTINUE

K=Jd=-1

READ(5,9)K

C INPUT PULSE VALUES FCUR CALIBRATICN OF SEL OUTPUT

9

10

FURMAT(I3)
READ( 5, 10) (UNITPP (M) ¢M=1 yNDCH)
FORHKAT( 6F 10a 7)

C INPUT MEAN VALUES






BINL)=HH*B(NL)}/ 2.
PRINLI=ATAN(UB(NLI/AF{NL))
IF(AFINLY 44,46 442
C COHMPUTE PHASE
42 IF{BINL})4&3,43,48
43 PRENII=PRINL)®2.%PI
GO TO =8
44 PR(N1)}=PR(NLI+PI
48 CONTINUE
PD(N1})=180.%PR{(NL1)/PI
C CCMPUTE MODULUS
CUN1)= SQRT(AF(NL) **x2+8(NL) **2)
50 CONTINUE
C INTEGRATE TO FIND DT LEVEL
AO=0.
DO 60 N3=1,K
TERMO=FUIN3)+FU{N3+1)
AO=A0+TERMO
60 CONTINUE
AO0=A0%*HHH/ 2.
SuUBDC(I11)=A0
AO=DC(E1)
VARS=0.0
DO 66 Né4&=1.J

WRITE(6,65)Nae AF {NG] 9 BING) yCIN&) s PRING )y FD(N&)
65 FORMAT{ LXy PHARMUNICY I253X,'A=1F12.8,43X,'B='F12.8;

¥3XsC="F1l2.893XKs

*TPHASE (RADI=":FT7.3,3X,'PHASE (DEG!=

PM{N&G) =200, %C{N&} ZUNTTPP(IT)
VART=.5%C{N4) %%2
VARS=VARS+VART

VAR (N4) =VAKS

66 CONTINUE
WRITE(6,68)A0

€68 FORMAT( /13X, *MEAN VALUE IS®,FB8.4/7/)
WRITE(T7469)A0{AF (M) M=1,7)

69 FORMAT{BE1lO.4!
WRITE(T,69)(AF{ M) M=84J)
WRITE(T,71)(B8(M) M=1,7}

71 FORMAT(10XyT7E10.41
WRITE(T7,69) (8(M)sM=8,J)
VARC=0.0
DO 85 M=1,K
VART=((FU(M)}-SUBDC (I 1)) %x%x2} /K
VARC=VARC+VART

€5 CONTINUE
DO 80 M=1,J

80 VAR(M)=100.*VAR{M) /VARC
WRITE(648T7TIVARC s {VARINSG) yN4=1,J)

87 FORMAT{//LIX,'TOTAL ENERGY='F12.8,5X,

®*ARTANCE RATIOS'S
X, 10F6.1/7/7)

tyF8a1)

$ACCUMALATED Vv



(o]
0
.l

WHRITE(G6,88IUNITPPUILIILI) y(PRENL)sNG=1,J)
‘88 FORMAT{2X,'PULSE VALUE='F12.8,10X,*HAKMCNIC PERCEN
*TS*S5X,10F6.1)
CALL SKIP
WRITE(6,74)I1,0ATAND
74 FORMAT(1Xy'ERROR COMPARISON FOR CHANNEL'I2,1X,'0F
*DATA SHEET'I6//)
C COMPUTE DIGITAL VALUES FROM FOURIER COEFFICIENTS
D0 75 M=1,K
FF=A0
AQDC=FF
WT=2%P[%*(M~-1})/K
HWTD=360.%(M-1) /K
DO 70 N=1,J
ANG=N*WT—-PR{N)}
SUM=C{N)*CUS({ANG)
T0 FF=FF+SUM
C INTEGRATE QUTY THE DC LEVEL AND ADD TRUE MEAN VALUE
FUIMI=FU{M)-SUBDCI(II)+AQDC
IF(ABS{FU{M)).LT..00000001)PERC=0.
FFLABS{FU(M)).LT.«00000001)G0O TO 73
C COMPUTE PERCENT ERROR
PERC=1L00.#FU{M)-FF)/FU(NM)
T3 CONTINUF
HRITE{GyT2IHWTDyFUI M) oFF,PERC
12 FUORMATUL Xy Y THETA="FS1 15X YEXPERIMENTAL VALUES='F1
%3, 795Xy '"FOURIER
IVALUES='F13.7 45X s"PERCERY DIFFERENCE="F10.4)
PIF(M-1)T8. 77,78
17 FFE=FF
78 CONTINUE
15 CONTYINUE
IF{ABS(FU({1}))eLT..00000001)PERC=0.
IF(ABS{FU(1)).LT..00000001)G0O TO 76
PERC=100.*{FU(L)-FFE) FFUL(1)
76 CONTINUE
SUMT=AQ
DO 81 N=1,J
SUM=AF (N)
81 SUMT=SUMT+ SUM
NTDE=360.
WRITE( 6, T2INTUEFU(L) oFFE,PERC
D0 200 N=1,KK
SUMT=A0
NT=2.%P I %(N-1) /KK
NTD(N)=180.%NT/P1
DO 95 Nl=1,J .
SUM=C{NL)*COS(NT*NL1-PR{NL}}
95 SUMT=SUMT+SUM
100 CONTINUE
IF(N-1)390489,90
B9 DEII,KK&#1)=SUMT
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NTDIKK+11=360.
G0 CONTINUE
2C0 DUIIN)=SUMT
CALL SKIP
C PLOT RESULTS
KK=KK+1
NPLOTS=NCURVE/NCT
Ml=1
M2=NCT
DO 255 L=142
CALL SKIP
[PNT=0
I1ST0P=0
DO 250 N=1,KK
DO 240 N1=Mi¢M2
IF(NL.EQ.M2}NC=2
IF{N1.EQ.HLINC=1
CALL FPLOT(SO004IPNT,ARSLRyISTOP¢NC o NCT ¢ NTDUN) sD(NL
eN))
240 CONTINUE
250 CONTINUE
Mi=M1+2
M2=M242
25% CONTINUE
DG 257 L=5,6
CALL SKIF
IPNT=0
IST0P=0
DO 256 N=1.KK
IFAINEQ.KK}ISTOP=]
CALL FPLOT(BOOSIPNT ARSLRyISTUP 191+ NTD(N)DILyN))
256 CONTINUE
257 CONTINUE
260 CONTINUE
CALL SKIP
STCe
END
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APPENDIX C
CALCULATIONS OF FLOW SOLUTIONS

To make use of Uchida's and Womersley's theoretical
solution, the constant FlO must be evaluated [see sections
(2.2) and (2.3)]. This requires the calculation of zero and
first order complex Bessel functions of the first kind. The
eguation to do this is given by

, l{ais/z]

. = 2. ——n
Fo
L0 3372 .3/2}
oO|a1

oy

(C.1)

Since o can vary over a large range (l<a<20), it is
not feasible to calculate FlO by the same methed for ail
values. For small a, (z<7), the defining power series

for Bessel functions was used. This is

v oo K
I (z) = (B ] [- }-12] (c.2)

A 4
k=0 KIT (V+K+1)

In the numerical calculation of this series, trunca-
tion occurs when the relative percentage change in the K + 1

term is less than a specified tclerance. For flow calcula-
.y

<

tions, 1C was used as this tolerance.
For a>7, an asymptotic expansion was used for the

calculation of Fig- This expansion is given by
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|

Jv(Z) = %z (P(v,z) cos ¥ = Q{v,z) sin X} (C.3)
for (I arqgz [} <
where
P(v,z) = § (-1)%(,2x) = (C.4)
K=0 (ZZ)Zh
1 - (u=1) (u=9) . (u-1) (u-93 (u-25) (u-49)
2 4
2! (8z) 41{8z)
Qv,z) = ] (-1) (v,2K+1) = (C.5)
=0 2z
p-l o~ {p-1) (u-9) (n-25)
8z 3!(87)3
and o= 4v2

The error for P and Q doss not exceed the K + 1
term; thus the program checks consecutive terms and deter-
mines the relative percentage change. Here the cutoff
tolerance used in the program was 107 °.

All the calculations mentioned here were carried out

in complex arithmetic on the computer. “he program to do

this is shown in this appendix.
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fHIS PROGRAM COMPARES THE MATHEMATICAL MODELS UF FRY,
UCHIDA AND WOMMERSLEY FROM THE INPUYTED FOURIER
COMPOMENTS OF THE PRESSURE GRADIENT. THE RESULTING
HARMONIC CONTENT [S THEN PUNCHED QUT ON CARDS FOR
FUTURE USE. SUBRUUTINES NEEDED WITH THIS PROGRAM ARE
SKIP AND FPLOT.

DIMENSION AF(LO)+B{10)4+C(10):PD{LO)4PR(10),THETAI(1
%0}

DIMENSION WCOM{10) ,VCOM(10) THETAR(10),S(15044),FR
®Y{ 18 AR{B0O0)

DIMENSION XM{3),XA(10+3)¢XB({10+3})4PRF(10)

COMPLEX COCsGoHL,I[,1324J0,JL+ARGC»SUMO,SUML 4XS¢CSQ
*RT,COM,F10

COMPLEX ZyPHyQH+SUMP,SUMQ,CCOS,CSIN,CI+NGyWCOM,VCO
*M,CEXP

PEAL K14KB¢MOyML,MIORo MIO¢NT o NTDoMUMOD,LL,NTDD(10
*0)

INTEGER DATANO.DAY,YR

LOGICAL*L LR{400)

CALL SKIP
ENPUT NUMBER OF PRESSURE GRADIENTS.

NDS=1
ENPUY FLUID DENSITY,DYAMETER,POLSSON'S RATIO.WALL
?Hﬁi%hsﬁf HETGHTED VOLUME OF WwALL AND SPRING CONSTANT

0F SURRSUHDING MATERIAL.
“'5U€Jsaf‘$ﬂ:UpPHvaH8 KB
5 FORMATI7HY L 3)
faPUT VISCOSITY COEFFICIENTS.
READISL1IV0. V1 e¥2:V3,4V4,VS
11 FORMAT(6ELQ.3)
IMPUT STRESS COEFFICIENTS.
READ(5512150¢51652¢534544S5
12 FORMAT{6E10Q0.3)
DO 360 [¥=1,NDS
CALL SKIP
READ(S5,15)PM DM
15 FORMAT(2F10.23)
INPUT FLOW TIME,VISCOSITY TIME AND TEMPERATURE.
READ(S 6 )IVTIME VI TIME, TEMP
6 FORMAT{3F10.2})
TIMEW=VO+VI*TEMP+V2XTEMP*%2+V3I*TEMP*k¥3+V4XTEMPE*4+
RVSETEMP XS
V{721l /TEMP#,215)%]10,%%(-6.) %929 .03%VITIME/TIMEW
INPUY DATA SHEETY NUMBER AND DATE.
READ{S, L )DATANOMO+DAY,YR
I FUORMATi{41S)
INPUT NUMBER OF DIGITAL PO[NTSQNUMBER OF HARMONICS AND
SAMPLING RATE,
READ{S L GIKyJy SAMPRT
1C FORMAT(215:F10.1)
INPUT PRESSURE GRADIENT,
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READT5.,20)A0,(AF(MA) o MA=], J)
20 FORMAT{BEL1O0.4)
READIE 5421} (B{MA) MA=1,T)
21 FORMATILOX,7E10:4)
READE 5,20 {BLHMAY yMA=8,4J)
R=DF2e.
Rm=§:§!"5/20
ST=PMER/(HX51.71)
SLOPE=S142.%S2%ST+3, kS3#STH#R244 ., kS 4*ST*%3+5 % S54ST
ok 4
E={10.%%6)/{SLOPE*14.5)
F=SAMPRT /K
WRITE(6,2)DATANO.MO,DAY,YR
2 FORMAT(LX,'DATA SHEET NUMBER'2X,16+5X, 'DATE'2Xs 125
OS24V /0127777)
WRITE(693)VFePeRyE1UIPHHH
3 FORMAT(LXy*DATAI2X'V="FLOsB92X " F='F6.3;2Xs'DENEI]
¥TY=3F 64,2 42X, 'R=1
HFHe B¢ 2Xe "E='F10.1+42Xe *POISSONS RATIO='F5.342X,y 'Pu=
¥ 6.2+2X9'H='FT,
*S5/1F7)
pl=‘e§t*ATAN( 1.)
NPC =K
C NPC IS NUMBER UF POINTS ON OUTPUT PLOT.
NeC=TF2
C NFLOW EQUAL O FOR VELOCITY,1L FOR VOLUMETRIC FLOW.
NFLGW=0
€ CORRECTIUN COEFFICIENTS FOR FRY'S THEORY.
CR=1n
CL=1«
FLOW=2639./VTIME
AVEL=FLIW/{PIXR*%2)
ARITEL6,BEFLUWLAVEL
8 FORMAT(1Xe'BUCKET FLOW RATE='FT7.3,5X'BUCKET VELOC
*«[TY=%2FT7.3)
Kll=K-1
MU=V %P
GC=1.
GG=980.66
€ CHANGE UNITS OF PRESSURE GRADIENT TO G/CM*xx2/CM.
UNITFPG=1.35947
RS=CR %8, *MU/{GG*P[*(R*%x4)}
LL=CL #*P/ (GG*PI%{R%*%2))
TAU=RS/LL
CO=SORTIHXEXGC/{2.%R*P))
WRITE{6435)C0sRS,LLyTAU,CR,CL
35 FORMET{/1Xs"PULSE VELOCITY='F7.145X'RESISTANCE=*E
¥12.4+5Xs *INDUCTA ‘ :
ENCE=%E12.4+5Xe*TIME CONSTANT='Fb.3,5X: '"CL=F4.2,5X
*¢'CR=3%F4&,2///)
EPS=0.0001
D} 543 Nl=l,d
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43

50

66

68

%
¥EPHASE (FADI=Y4FTe443X,*'PHASE (DEG)=',F8.1)
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IF(AFENL ) EQ-0O}PRINL)=PI/2
IF{AF(NI).EQ.0.)GO TO 41
PRANL)=ATAN{B{NLI/ZAF(NL))

CONTINUFE

IFLARINLY)GN G k2

[F{{NL}}43:43,.,48

PRINTI)=PR{NL)¢2.%P1

GO TO 43

PRINII=PRINL}+PT

CONTINUE

PDINL}=18B0.%PR{(NL1)/PI

CINLEY= SQRT(AF(NL) *%2+B(NL1)*%2)

CONTYINUE

DO 66 N4=14Jd

WRITE{6,65INGoeAF(N4) 4BING),C{N4) ,PR{N&G),PD(N4)}
FORMAT (L Xy YHARMONIC? [2¢3Xe'A='FBe493X,'B="F8.4,y3X
s'C="F8.4,75X,

C{NG)Y=CIN&Y*UNITPG

CONYEINUE

WRITE{6,6814C
FORMAY L/ 13X *MEAN VALUE [S'yFB8.4/77/)
AO=LO=UNITPG
WRITE(T, TLIAC, LAF (M) s M=14¢J)
FORMAT{BEL Q.42

WRITE AT T21(B{MIM=1,7)
FORMAT{LOXTELC %)
WRIYELT, 11 H{BIMI+M=8,J)
CALL SKI?

[={0:01s)

C COMPUTE ALPHA.

T4

75

A=RESQRT(2.%PI%F/V)

Ab=A
[32=COS{3.%PI/4)+SIN(3.%P1/4.)%{0.rl.)
VWE=CG*R ¥R *¥A0Q/ ( B« ¥MU)

VUE=GG#R*R*¥A0/ {8.%MU)
VFE=AQ/{RS*PI*R*R)

XM(U1L)=VFE

XM{2)=VUE

XM{3}=VWE

[FINFLOW.EQ.O0} GO TO 74

VEE=VEEXP[*R%R

VUE=VUERP T ¥R%R

VWE=VWE*P [ *R%R

CONTINUE

WRITE(6, T53A4VFE,VHE
FORMAT{L X, "FUNDAMENTAL VALUE OF ALPHA IS'F5.2+5X,"*

¥MEAN VELGCITY FO

%R FRYS THEORY~¥F8.3,3X,'FOR UCHIDA AND WOMERSLEY-!
%F8.3/)

DO 255 N5=1i,J
CALCIJHLAYE BESSEL FUNCTIONS FOR A<T.
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70

60

G0

95

100

101

102

105
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IF(A~T.)63:69435

CONTINUE

JO=(1.+0.)

JiE=(A/S2.3%{1los00e)

SUHQ=0.

SUME=0,

KK=0

L=1 .

KK=KK+1

.J0=J04+SUMO
T JLl=Jt+SumMl

COM=0 {{-1.)%%*KK) R {1 *x(3%KK}))/L
SUMO=(COM*(A/2.) %% (2%KK)) /L
SUML=(COM®(A/2, ) xx(2%KK+1) )/ (L*(KK+1))
L=(KK#+1) %L
IF{(ABS{CABS{JO+SUMO)-CABS(JO})/CABS(JO+SUMO)I-EPS
*¥)80,80470
IF((ABSICABS(J1«SUMLY-CABS(JL}}/CABSE{JL+SUMLYI-EPS
¥}190.90,70

CONTENUE

JI=JI=i32

F10=(2.%xJ1)1/(A%132%J0Q)

GO TGO 130

CALCULATE BESSEL FUNCTIONS FOR A>T.
CONTENUE

N3=0

I=A%}32

UV=0.

PH=1.

QH=(UV-1.) /(8. %)

FP=1a

N=1

CONTINUE

NP =22N-1

PP=1.

MQ=1.

DO 102 M=1NP,y2
PRODP=(UVY-(2%M=1.) %%x2) % (UV=(2, %M+ |, ) *%2)
PRODU=(UV=( 2. ¥M+ 1.} X2 )% (UV-(2.¥M+3 ) *%2)
PP=PRUDP *PP

QQ=PRODI*GQ

CONTENUE

N2=2%*N

Ni=NZ-1

DU 105 M=N1,N2

FP=FP=xM

CONTINUE

FO=FP%{N2+1.}

SUMP={ (=1, 1#¥N} /{FPR(B %) =0 { 2%} )
SUMQ=AUV~=T1 .3 %{ {1, )xxN)/(FOX(8, %) ¥ {2%N+]1]})
PH=PH &SUMP %PP

QH=GH + SUMQO %Q9
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200 FORMATII X, *FRYTIOXK s A="F84+43X+*B='F8.4+3X,'C="'F8.
“he5Xe PPHASE (RAD
#3=VF T4y 32X *PHASE (DEG)=*FBel}
WRITE(6:.2C11AU«BU,LUPRULPDU
201 FURMAT({LXe *UCHIDAY?X, *A="FB8.4+3Xy  B="FBae&s3X, (="
#*FB8oby 5%, PPHASE
¥RAD)I="FT.493X, *PHASE (DEG}=tF8.1)
WRITE (64202 AW sBWsCH PRW¢PDW
202 FORMATILL Xe "WOMERSLEY'4Xy'A=FB.4¢3Xs'B="FB8+493X%X,'C
¥=1F8.445X, *PHASE
# (RAD)="FT.443X,'PHASE (DEG)='F8.1)
WRITE(6+210)PHASEV,ATTEN,WAVEL
210 FORMAT(/14X;PHASE VELOCITY='F9,2¢5X,"ATTENUATION
*PER WAVELENGTH=!
*FTa593Xy "WAVELENGTH='FT7.2/)
G=N5
A=AA%SQRT(AG+1l.)
FRY(NS)=CF
XA(NS,1) =AN
XB{N5,1)=BN
XAINS,2) =AU
XB{NS,2)=BU
XAENS ¢ 3} =L H
XR{N5¢3) =BH
255 CONTINUE
DA 257 N6=143
WRITE(T: 200 XMING) o EXALNS ¢N6) ¢NS=1 4 J)
WRITELT,2LPIXBUINS . NOY ¢NO=1,T)
WRITE(Ty20Y{XBINS ¢NG) eNO=84J)
257 CONTINUE
CALL SKIP
WRITE(6,260)
260 FORMAT(///1Xs"VELOCITY AND PRESSURE GRADIENT AS A
*FUNCTION OF THET
*A FOR ONE CYCLEY'//7/)
KK=NPC
NO 270 N&6=1,KK
NT=2.%PI %(N6~-1.) /KK
T=NT/12. P I %F)
WT=GGXR¥R¥A0/{ 8.%Ml)
VI=GG*R®R*AQ/{ 84 %kMY)
VFT=A0/(RS*P[ %R *R)
IFINFLOKR.EQ.0) GO TO 265
WT=WT%P[ &R ¥R
VT =VT %P %R %R
VET=VFT%P] *R*R
265 CONTINUE
PGT=A0
PGT=PGT/UNITPG
NYD=NT*] 80./P1
NTDD{NG6) =NTD
DO 269 NT=1,J



268

269

279

280

W=REAL{WCOMINT)*CEXP (I %=NT7%NT))
VR=REAL{VCOMINT)*CEXP (I &NT%NT))
VE=FRY(NT)*COS{NTENT=PRF {NT))
IFINFLOW.EQ.Q) GO TO 268

W= WP [ %R %R

VR =VR #P[ ¥R %R

VF=VF %P %R %R

CONTINUE

WT=pT+W
SVT=VT+WR

VFT=VFT+VF

PG=CI{NT) %COSINTNT-PRINT))
PG=PG/UNITPG

PGT=PGT+PG

CONTINUE

IF{N6-1)280,279,280

CONTINUE

SIKK+1,1)=VFT

S(KK+1,2)1=VT

'S{KK¢143)=WT

S(KK#1,4)=PGT
SIKK+1.4)=PGT%100.

CUNTINUE

S(N6.41=PGT

SING:4)=PGT%100.
WRITE{6¢300INTDsSING &) o VET VT o T
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300 FORMAT{LI X, STHETA="F5.1 42X *PRESSURE GRADIENT='FT7.2

92X *VELOCITY(FR

¥Y)=FB8.2342Xy ' VELOCITY(UCHIDA)="FB8,3,2X'VELOCITY (W

%0OMERSLEY)=°FB8.3)
S{NG6,1)=VFT
SING+2)=VT
SING6¢3)=NT

270 CUNTINUE

NTD=360.0

WRITE(G6¢300INTODsSUKK+1454) ¢SIKK+L 1) sSIKK+L42)¢S(KK

+143)

CALL SKiP

IPNY=0

ISTaP=0

KK=KK+1

NTOD(KK) =360,

DO 360 L=1,KK
IF{L.EQ.KK)ISTOP=1
DO 350 N=1l.,4

350 CALL FPLOT(BOO+IPNTyARGLRsISTGP¢Ny&NYDD(L)+S(LsN}

*)

360 CONTINUE

CALL SKIP
sSTOp
tND
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APPENDIX D
TIME DERATIVES

It was mentioned in section 1.2 that the time
derative of a function was going to be related to the axial
gradient. This can be done the following way

AY (t) = AF(t) A

Az At Az (D.1)

ot

but Az/At is the speed at which the pulse way propagates -c.

Therefore

AF
X (D.2)

It has been shown that c can be approximated by the
group velocity. The standaxd method of computing the group
velocity is to determine the time reguired for the foot of
the wave to travel from recording point one to the second
point, and divide this difference into ithe distance between
the sites. This is done in the computor program shown in
this appendix. A set of two Fourier coefficients are read
in and the digital points are recalculated by series
expansion.

A sorting routine is used to determine the minimum
value of botnh waves. Given this time difference between

these minimum values, the group velocity is found by one
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division. The time derative is thien calculated using

equation (D.2) and the results shown in graphical form.
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TRIS PROGRAM COMPUTES SPATIAL GRADIENTS FRCM TEMPORAL
DEVIVATIVE. THE GROUP VELOCITY IS FCUNC BY DETERMINING
THE TIME DIFFERENCE BETwEEN THE FICT OF THE wAVE UN
TWO CURVES.SUBRUGUTINES NEEULED ARE SKIP,AMINL ANC FPLCT

DIMENSION A{L546) 4BL1596)+C(15:6)+PR(15,6)+PRD(15,
*¥6) 4 A0L6)
*APV(15) ,GROUPV(6)
DEMENSION FL1{200Q)4F2{200)
DIMENSION D(200+6),AR(8CO)
DIVMENSION Al{(104+4) 4BL{1C+4)482(10:4)5s82{(10,44)
REAL NTDD{200)
REAL NT,NTD
LOGICAL*1 LR{400)
REAL NT1l,NTZ
INPUT NUMBER OF DATA SHEETS
NDS=1
DO 120 KK=1,NDS
INPUT NUMBER OF DIGITAL POINTS,SEMPLINKG RATE,GRADIENT
DISTANCE NUMEBER OF DATA CHANKNELS AND ANUMBER CF
HARMONICS.
READ(Ss5)Ks SAMRATsDISTHyNDCHp J
S FORMAT(I10,2F10.2;2!5)
DIST=DIST%30.48
Pl=6.,%ATAN(1.)
F=SAMRAT/K
W=2e ¥P I %F
00 4 11=14NDCH
INPUY UPSTREAM AND DOWNSTREAM FUNCTYIONS TG BE
DIFFERENTIATED.
READ(S,, 1)AQ(IT} (AL »T1)sI=1,7)
1 FORMAT(RELO.4)
READ(S,LI(A(TI»il)1=8,J)
READ(S,2){B(I411)40I=147)
2 FORMAT{10X;7E10.4)
READ(S, LI(BUII1}s[=844)
DO 3 Nl=1,J
CINLTT)=SQRTIA(NL;II)%%2¢B(N1,I13%%2)
PR{NL¢ I T} =ATANZ2{B{(NL,IT)A{NL,I[1}]}
PRD(NLSII}=PR(NL1,I1)}*18C./PI
[F{PRINLsII)elLTeOQ)}PRINLGIT)=PRINY,IT)4+Z%P]
IF(PRDINL,II) el T.0.)PROINLZII!?=PROI(NL,I1)+360.
3 CONTINUE
4 CONTINUE
Ki=K+}
D0 50 li=14342
DO 20 N=1,K
SUMT L=A0(IT)
SUMT2=A0{11+1)
NT=2,%PT#%{(N-1)/K
BO 9 Nl=1,J
SUMI=C{NLsII)*COSINTXNL-PR(NL;I1}3}



35

40

45

46
0
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SUMZ2=C(NLII+1)%COSINTANL-PRINLII+1))
SUMT1=SUMT1+SuUM1

SUMTZ2=SUMT2+SUM2

CONTINUE

F1{N}=SUNTL

F2{MN}=SUMT2

CONT INUE

SMALLLI=FI(1)

SMALL 2=F2(1)

DO 3D M=2,K

SMALLI=AMINLI(F1{(M),SMALLL])
SMALL2=AMINL(F2 (M) ,SMALL2)
IF{SMALLL.EQ.FLIM))INTL=M
IFISMALL2.EQ.F2(M)INT2=M

CONTINUE

DELTAT=(NT2-NTL)/K

GRCUPVI(IIT)=DIST/DELTAT
GROUPV{IT+1)=GROUPVI(IT])

CALL SKIP

N0 40 N1l=1,J
APVEINLI==DIST%*W/(PR{NL,II)-PR(NL,I1¢1L))
WRITE(SH:3S)CINLyLI)oPRO(NLoII)sCUINLsIL+1),PRD(INL,
*[+13:APVINL)

FORMAT{IXy "FUOURIER MODULUS 1=%3F12.8¢2Xy'PHASE='FO
£, 12X, "FOURIER M
RODULUS 2= yF12.8:2Xy*PHASE='FS5,142X: "APPARENT PFEAS
%E VELOCITY='FG,.1
%)

CONT INUE

WRITE(6,45)A0(I1),A0(II+]1)

FORMAT{ /13X, "MEAN VALUE 1=',F8.4,5X,*MEAN VALUE 2=
*' ., F8.4)

WRITE{6,46)GROUPVIII)

FORMAT( /13X, *GROUP VELOCITY IS FT.1///777)
CONTINUE

CALL SKIP

13=5

D0 95 11=1,4

caLtL SxIp

IFEET .EQ.30113=6

D0 390 N=1,Kl

SUMT=A0(I3)

SUMDT=A0(13)

NT=2Z.%PI%{N-1}/K

NTD={N-11%360./K

NTODINT=NTD

DO 78 Ni=1,J
SUM=C{N1,13}*COSINTEN1-PR{NL,13))
SUMT=SUMT+SUM
SUME={N1*K/GROUPVIII}I*CINLyITIY*CCSINT®N1-PK(NL,IT
®¥)+P§S2.)

SUMBT=SUMDT +SUMD
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18 CONTINUE
DIFF={SUMT-SUMDY } #1007 SUMT
DINg EL 1=SuMDT
(T cEQe2)DiNg IL43=SUMT
IF(I] oEQea DNy IE+2=SUHT
WRITE(G6 TS TO, SUMT »SUMDYsDIFE
75 FORMATIIX (*THETA= F 612X PACTUAL GRADIENT='F12.8,
E2X G OIFFERENTIAY
B5ED GRADIENT='F12-8:2Xy "PERCENT CIFFERENCE="F8.2)
90 CONTINUE
€5 CONTINUE
CALL SKIiP
I=4
DO 110 [1=1:342
WRITE(6;99)
Gg FORMATI{1O0X,*ACTUAL UPSTREAM® . 4X 4 YACTUAL DCWNSTREA
#ME 3X, *ACTUAL GR
CADIENT® 5., fCALC UPSTREAMS, 6X¥CALLC CCWNSTKEAME//
%/)
IFUITEQa2311=3
DO 109 Ni=lsd
CPI=NT WA INLL [T Y/GROUPVILE
£

Co2=NL#wel(NLy I L+ L /AGRY

PL=(PR{NL: 11 ¥~PL/2.710C
PR={PREINT ({0 )~D 0 2. 8500007
FF(PL-LT . CudPLI=PI+280.
[FAP2.LT 0. 1P2=P2+360,
ALINL FIY=CPL¥SINIPLY
BLINLELy=CPiaCOLIPLY
A2(NL, 1T+1}=CP2%SIN{PLY}
B2INLy T1+1}=CP2*COS5(P2}
WRITE(GsLOOICENLy BB 4CENYLEI+L)sCINL,TI+1),CP1,CP2
1CO0 FORMAT(1Xx,*HODULI *:3X,5F20.8}
WRITE(O,10LIPRDINTL Iy PROINL,EE# 1)} PRO(NL,II+1),F
¥1,P2
1CL FORMAT{ LXK SPHASES® y3X45(F13.1,7TX1}/)
1C9 CONTINUE
WRITE(G6, L1112
111 FORMAT{//47)
CALL SKIP
110 CONTINUE
[A=5
DO 125 §fi=1,2
WRITE(7, LIAOCTA) ¢ LALINLET }oRI=1 ¢ d)
KRITE(7,23{BLINL, T}y NL=Le T}
WRITE(7, L IBLINL L ,M) =801
WRITE(T.LIAGITA) s LA2(NY eI+ eNLE=1,J)
WRETE( T 2H{(B2INLFE#1 ) NE=147)
WRITE( 7,y LI{B2INLsii+l),NI=85J)
fA=TA¢]
12% CONTINUE
Li=l
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L2=3

DO 160 L=1,2
IPNT=0

[STOP=0

DN 150 N=1,Kl1
NC=D

D3 14C Nl=L1,L2
NN=N1
IFINLLEQe3)INN=5
[F{L.EQ.2)NN=N1
IF(NL.FQa5)INN=0
NC=NC+1
[F(N.EQ.XKL)ISTUP=1
CALL FPLOT(BOO,IPNTJARJLRyISTCP4NCs3yNTCLCINI»D(NyN
%xNJj)

140 CONTINUE

150

1€0
120

CONTY INUE
Ltl=L1+2
L2=L2+2
CALL SKIP
CONTINUE
CONTINUE
STCP

ENC
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APPENDIX E

CALCULATION OF STRESS—STRAIN RELATIONSHIPS

The elasticity models shown in sections 2.6 and 5.1
reguire the input of pressure versus diameter data. This
digital data is inputted to the program shown in this
appendix and stress-strain data is calculated for all five
models. The strains in all three directions are computed
along with the axial and hoop stress. The curves are all
fitted with fifth order polynomials for determination of
‘he slope (Young's Modulus) at each point. The output
is then plotted in graphical form for comparison of the

various medels.
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THIS PROGRAM INPUTS PRESSURE-VOLULME CATA,COMPUTES
STRESS—STRAIN RELAYTIONSHI®S CF FIVE MODELS ANU LEAST
SCUARE FITS ThE RESULTING INFORMATICN. SUBRCULTINES
REQUIRERD FOR USE UF THIS PRCGRAM ARE SKIP,LSC

AND FPENDT.

aNaNeNeNaNe!

DIMENSION S2{50),ST{(50)
DIMENSIUON X(50),Y150)
DIMENSION YY{50)XX{(50)
DI¥ENSION E{(50)
DIMEMSION S110C,5),AR{(800)
DIMENSION XZ{50),+EA(50),HH{50)
LOGECAL*]1 LR{400)
DOUBLE PRECISIUN A(6,7)4P(10),ANSKER(6E)
DIMENSION DI50) «PR(SO)
C INPUT Cal IBRATION DATA.
DATA NPUOINT,OSCALE,PSCALE,sHO,V,D0/36,C.02541.0,0.0
¥503Ca5,0.725/7
C INPUT DIAMETER AND PRESSURE DIGITAL PCINTS.
READIS,,1LI{X(I),Ii=1y,NPOINT)
READ{S,LI(Y(1),I=1,NPOINT)
1 FORMAT(12F6.3)
CALL SKIP
DH=0O0/HO
EC(E =0,
V=4 o 5V X243, %V~-1,
V2=2.%Y%x%24V~-1,
Vi=¥2{Vtl,)
DO 22 I=1,NPUINT
DCEF=DSCALE*X(I}
D(EY=D(I)+DO
PREE¥I=PSCALE=*Y(I)
XCE¥=(Oo(r)-o(1))/o(1)
IFET.EQLL1IEA(L1)=0.
[F£I.EQ.1)HH(1)=HO
IF{I.EQ.1} GU TO 12
EALTI=PRITI)I*.5%D(I)*(1.—V%xx2)/(HO%*X(]))
DHY¥=D{I)}/HO
B=1e#+{(DO-D(I)ixv¥DHI/(D{I)—HC)4CHI-PRII)%V4*0hI/ {2
*JXEALIL))
AC=4{PR(Ii*V2/EA(I)—(DO-O{I))*V/(C(I)-HO)-1.)%{(.5%P
¥REEIFDHIHX2%V]1/E
¥A{ ¥ }—-DHI)
AA=V¥2%PRITII/EA(T)=1.—(DO-DLLI)IXV/(D(I)-HC)
HHI T )=HO*(-8+SQRT{B*%2-4%AC) )/ (2.%AA)
12 CONT INUE
XZEEI=-1+(DO*HO-HO*%2) /{D(I)*HR{I)-kH{T)*%2)
XR=HH{[)/HO-1.
WRETELGLL3IPRITD) ¢ X{I)eXZ{I ) XRyEA(])
I3 FORMAT(1XydPRESSURE=AFH5.392X+2TANGENTIAL STRAIN=aF
*8o S 2X e DAXTAL ST
¥RAIN=AFB.942XydRADIAL STRAIN=QF8.5:2Xy2MCDULUS=F5
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g1}
22 CONTINUE
calt. SKIP
DO 24 1=1NPUINT
SZEL) =25V R{II*0{D(E)}/2 ) %220 FV*BH{T) M 0] )%%2
) /L0CT )Y %HHT )
H-HH{TY %2} +XZETh*EA(T)
STUI)=PRUTIF{DIL) %24 %D [} xHH{T 4 k(T )%%2) /(2
o) ®HH(T ) ~HH{
¥l ) x%k2)
WRITE(4,8)PRET) »STLI)SZLTI)sC(1}HLT)
8 FORMATUOLIX;3PRESSURE=AF6 342X aHCCP STRESS=aF5.1,42X
®y, TAXIAL STRESS=
¥0FS5. 192X aDIAMETER=3F S 392X saWhAlL L THICKNESS=afb6.4)
24 CONTINUE
DO 50 J=1,5
CALL SKIP
SNT=00
SDT=0.
DO 40 I=1,NPOINT
H=HM{T)
IF(J.CQ.LICE TU 17
IF{JEQ2IGU TQ 18
[F{J.EQ.31C0 TU 196
[F(J.EQ-41 GU TO 21
IF(J.EQ.5) G TU 23
17 CONTINUE
Y{TII=(PRUDIADITL ) 7{ 26 %H)
GO TO 25
18 CONTINUE
Y{I)=PRUODIX(D{T ) %#2-4  xD(] ) *H+4 . xHEX2)/ {2.%(D(])%*H
*—H¥%2) )
GO 1O 25
19 CONTINUE
YUI)=PROT)IF(Le—VER2I (D () %424 2L T )*H14  %h%%x2)/ {
%24 ¥ (DOFHU-HO%*2)
*)
GO 70O 25
¢l CONTINUE
YOI)=PREDI#DUL ) = 1le~VEX2) /{2 %11}
GO 1O 25
é3 CONTINUE
IF(T.EQ.L)Y{1)=0.
[IFITI.EQ.LIGO TU 25
YOI =PROTIH(L e~ V¥E2)HID([ ) R%z~4 . 5D {1 ¥HE4 . ¥H%%2) /
({2 % (DO%H-HxK2]} )}
R L xVEN2LT)/XCT) DY)
GJ 10 2%
¢S5 CONTINUE
O SUL Y =YLT)
[F{I.EQ-13G0 TU 20
E{li=(Y(ia-Y(I--2 3 /7 (X0 =XI-E}}
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SN=X{11=Y(])
SO=X{1)%X(])
SNI=SNT+SN
SBT=5071+SD
EMOU=SNT/S0T
20 CONTINUE
IF{I.EQa1IEMUD=0.
PRM=PR{1}1%760./14.6%0
WRITE{(GL,30)PRMsY(L) DI e X(T)ELT) . EMCD
20 FORMAT{LIX,0PRESSURE=aAF5.132XaSTRESS=aF5.192XsallA
EMETER=:F6.492X,0
ASTRAIN=AFT532XydELASTIC MODULUS=aF6.192XsaLEAST S
*QUARE MODULUS=aF
6,11
40 CONTINUE
D7 15 JJ=1,2
DO &7 I=14NPOINT
IF{JS.EQe2)G0 TO 45
YY{ri=y(r}
XX{iy=xX(1}
GO 10 47
45 YY{Ll=X{I[)}
XX(it=v(I)
47 CONTINUE
DO 15 I=145
CALL LSQUIVY XX eI 24+ ANSHERGNIGO,JRETRNA,P}
II=i+1
WRITE{GC10) I LANSHER(K} ¢K=1,411)
10 FORMAT{203,; 14X, 2DEGREEA<I3, 3X,aCCEFFICIENTS AREQ/
® 2 @e6F20.10)
15 CONTINUE
&0 CONYINUE
CALL SKIP
KK=RPOINT
IPNT=0
iST10P=0
DO 80 L=1,KK
[F{L.EQ.KK)ISTUP=1
DO 390 N=1,+5
SO CALL FPLOTC(BOO,IPNTAR LRy ISTUPeNeSoXIL)sS{LsN))
80 CONTINUE
CAaLL SKIpP
STOP
END
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APPENDIX F
CURVE FITTING PROGRAM

The program shown in this appendix fits a set of n
points of y versus x to a first through f£ifth order poly-
nomial both for the case of y and x each as the independent
variable. The polynomial coefficients axe then outputted

and the input data plotted.
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THIS PROGRAM CURVE FITS Y VS X ANL X VS Y WITH A
FIRST THROUGH A FL1FTH CRDER POLYNCMIAL VIA LEAST
SQUARE ANALYSIS.SUBROUYINES NEEBGEC TU DC THIS &KE
SKIPLLSQ,0IMILG AND FPLCT.

aNeNeNeNe

DIMENSION AR(L100},X0100),¥Y{1CO!}
DIUBLE PRECISIUN A(6¢T) P10} ANSWER(G)
LOGICAL=*1 LR{400)
C INPUT NUMBER OF DIGITAL POINTS.
READ(S5, LINPNT
1 FORMAT(I13)
CALL SKIP
I11=1
12=12
C INPUT SCALING FACTURS AND SHIFTS.
READ(S,5)SCXy; SSX1,;S5SX2
5 FORMAT(3F10.95)
C INPUT X DATA,
DO 21 MA=1,10
READ{S,20)(X{MB) s MB=11,02),IEND
20 FORMAT(12F6.3512)
IF{IEND.EQ.1) GO TO 22
[i=11+12
12=12+12
21 CONTINUE
22 CONTINUE
[i=1
i2=12
C INPUT SCALING FACTORS AND SHIFTS.
READ{5,+5)SCY,;SSY1SS5Y2
C INPUT Y DATA.
DO 23 MA=1,10
READ(5,20)(Y(MB) 4MB=11512),1END
[FIIEND.EQ.1) GO TO 24
I1=11+12
[2=12+12
¢3 CONTINUE
z4 CONTINUE
DO 25 I=1:NPNT
XCID)=(X (1) +#SSX1I%RSCX+SS5X2
YED)={Y{I)#SSY1)}*SCY+SSY2
25 CONTINUE
DO 36 J=1,2
DO 32 L=1,NPNT
HOLD=Y(L)
YOLUY=1{)
X{uy=A42_5
32 CONTINUF
23 CONTINUE
DO 35 I=1,%
CALL LSQUX Y oIy NPNT gANSHERGNCGO,y JRETRNyA4P)
[I=]+1
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27
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40

28
25
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CALL SKiP
WRITE{6H,30) 1 (ANSWER(K) 4K=1,11)
FORMAT(Z 361X, adDEGREED 2 I3:3XsCOEFFICIENTS ARG a/a0

¥ag €D154 5]

WRIYELG 3T

FORMAT(///)

DO 38 K=1¢NPNT

YE=ANSWER( 1)

DO 34 KK=2,11
YET=ANSHER(KK I ®X{K) %% {KK~1)
YE=YF+YFT

CONTINUE
IF(Y(K)}.EQ.Q.}PERC=0,
TFIY(K).EQ.0.ICO TU 31
PERC=(Y(K)-YFI*1C0./Y(K)
CONTINUE

WRITE(C:40X(K) y¥Y{K)sYELPERC
FORMAT{ LOX+adABSCISSA [SaF10.5:5% s aCRCINATE [S3,¥F10

*¥.595X,aFITTED OR
*DINATE ISadF10.5¢5XsQPERCENT CIFFERENCE ISZAFl0.5)

CONTINUE

CONTINUE

CALL SKI[P

IPNT=0

[STOP=0

DO BO tL.=LoNPNT
[FIL.EQ.NPNTIISTOP=1
CALL FPLOT{BO0: IPNTyARSJLR;ISTUP 141X {L3,Y(LY)
CONTINUE

CALL SKiPpP

CONTINUE

CALL SKIP

SToe

END
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AFPENDIX G
SUBROUTINES

This appendix contains all the subroutines necessary
to complete any program listed in previous appendices. Each
program contains a comment card with a list of needed sub-

routines and all are listed here for convenience.
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SUBRDUTIRE FPLUT{ME+IPNT oAR LR ISTCPyNC,NCMAX, VLV
2% 1

LOGICALRL LMIZ2) ,LNT120),LP LAY LX(4),LRO1),LL(20)
INTEGEREZ2 IMe IR{BOZ2Y,RI(2),S5TE2),5G(2Y,TA0238)4N12
L0 NGB 3

DIMENSION ARIMIIZNCI0)RHC(I3CY Z(15) ILFE(2) ISP 2
), RFEL{2§,5F2(2), 4
FIDE2,1SGL2),11(4)

FQUIVALENCE (IPLP UL (LIMaLMOL) ) o {LNCL) o NLL),,RHT S

LY E XL LALLY ), 6
CHINIZ0,RT(LI),(NS8,RI(2))

1713

LC3

i

DATA ZU3YsZU2)203):284),24{C)s206),2(T),2(8)4,2(G1},
%#Z{L0Y2 (11}, &
2412V 72813)42014)s2(150/ 1091025910541 753292.593
et 2aD2ber%eH95a 9
KGe 9 FTooBa9pGe/yISPLL)ISPI2)sIXsIPIM/105594HXXXX4H
¥e+44,0/ 10

DATA ID(LY 1002} ISG{1},ESG(2)/712045831,—-1/
IF{ESTOPYLT3,172,172

J= ETPNT+2

IF{J.GTHMLIGU TO 173

iIPnT=J

ARE J—~11=V]

AR Ji=V?2

IMamel

J= 352

PRy =Lpiz}

PR EMC L ToNCMAXTRETURN

EFLISTOP DL 0IRETURN

READIS 1IN s CITEE) »I=256) o (LC(T) 01,200, (LNCD)
Hal=2452} 23

FORMAT(AL,2I3,211,71A1)
WRETELGCLILNIL) ¢ (LI} pI=1sadolLC(I),I=1,20),(LNC(I
¥} e 1=2552) 25

DOy 171 I=1,2

RILE)=1D{I)

SGEIY=1SGSE1)

[FTITI{IINELO)RECTI)=TICI
IFLEILI+2),EQal)5GEL)==SGLT)
STLEII={RITD)+1-SGUI)*(RILIY-13)/2
IFIRI{11.6T120)RI(1)=120
IFERI(2).6T.238)RI(2)=2138

M30=N120/4

NYZ20=4%N30

00 3 I=l42

AMEN=AR{ L}

AMAX=AR{])

DG 7 J=1,IPNT,2

AA L =AR({ J)

IFLAMINLGTJAALYAMIN=AAL

[FLAMAY LT AAL P AMAX=AARL

Ra= dMAX~-AMIN
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IFIREQDe ANULAMAXSEQ.G D=1,
IF(ReEDeDe ANDAMGXLT-CIR==AMAX
IF(RAEVaOaNUSAMAXSGTLOIR=AMAX
DO 22 Jd=il,1b
B=ALOGI{RARTILIY=23/77203))
M=B
IF{(BsLTo0)M=M-1
C=Z(Ji*1Qe*x{M+])
B=AMIN/Z{J}/10.%={M+1)
[1=8
IF(B.LT.O0)IL=11-1
IF((RICI)—2+1L)%C~-AMIN)18B,19,19
18 C=10.%(
19 IF(J.EQ.1)SHIN=C
22 IF(C.LT.SMIN)SMIN=C
SFL{I)={14/SMIN}*SGL(I)
B=AMIN/SMIN
M=8
[F{BeLT . .O)M=M~1 :
SF2(1)=ST{I)-M*SGL])
RHO([)=SF2{1}+0Q0e5
M=SF2(1)}
DO 25 J=1,10
[FAM=—U—({M=J)/ZISPUINI®ISP{TI) 1253425
25 CONTINUF
3 [OFF(l) =4
DO 101 I=14N%8
1ClL TA(I)=0
DO 02 J=1,IPNT¢2
IR{II=SFLI{L)*AR{JI+RHO(L)
IT=SFI(2)%AR{ J+1)+RHO( 2}
IF(J.NELLIGG TO 109
IR{IPNT+2)=2
IR(J+1)=0
1C8 [3=17
GO 70 102
109 IF(IT-13)104,105,105
1C4 IR(JI+1)I=IR(IPNT+2}
IR(IPNT+2)=J+1
GO YO 1C8
1C5 I=1T7T+1
1C6 I=1-1
I1=1A(1)
[F(I1)Y106,10645,107
LCT7 IR(J+L)=IR(TI1)
IR(IL1)=0+1
1C2 [A(IT)=Y+]
LAST=1PNT#?
JJ=10FF (2)
LZH=SF2( 1)
LZv=SF2(2)
DO 100 I=1,iN58



40

1¢1
141
140

[
[TC S

W an

120

121
28
9

41

42
1c0

DO 49 J=14RN30

N{JdE=0

IFCEI-1)*{I~-N53))1140,4151,140

0 1Al Jd=1leNsU

M{JY=1X

LN LY=L X1}

LNINL20=LX{L)
IF(LZH.LE.OeURLLZHGGTNL20)GC TQ 131
LNILZH)I=LP (4]

NB=1

SIFLLeNELJIIGE TO 35

NB=2

JJ=4IJ+5

I3=1I0GFF(11}

DO 32 J=13,N120,19
EN(JI=LP(4)
IF(I.NE.LZVIGU TU 35
DO 135 J=1,N30
N{J)=1P

I3=TA{1)
IF(I3.6Q.0)G0 10O 121
LAST=IR{LAST)}
[2=TRELAST-1)
[1=LAST/2
LM(23=LR(I1)
EN{IZ2i=LC(IH)
IF(LAESTNELLZIGO TO 120
GO T {(38:41) ;N8

WRITELA4390(NIJ)yJ=1,N30)
FORMAT{LLH v 30 A4}
GO 7O 100

AAl=1

VALUE={AAL-SF2{2))/SF1(2)
WRITE(G6s462) VALUEZ(N{J)J=1,N30)
FORMAT{1IH ,1PEL10.3,30A4%)
CONT INUE

I3=I0FF{1)

J=0

DO 49 1313,,’\3120.1(}

J=J+1

AA=]
RHO(JY=LAA-SF24L1) Y /SFL{L}
IF(IOFF(1)—-5)62462:63
URITELA:S0M(RHO{T)sI=1, 02
FORMAT{9X12(1PELD3))
RETURN

IF(J.GEL23d=11
WRITELS,64){(RHOLT)I=14J)
FORMAT({15X%X,11(1PEL1O.3))
RETURHM

END
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SUBROUTINE LS5uW (X Yy NDEGyNPTSsANSWERGNUGCL o JHKETRN A

%4P) LSG 001
DIMENSTON X{MNDTSE YINPTSY
DIMENSTON Allelds ANSWER{L), P())
QOUBLY PRECISION AgANLGWERP , SUM
NDEGY2=NDEGY 2
IFINDEGYLICO:110,10
JRETRN=1
RETURN
JRETRN=2
RE TURN
IF {NPTS — NDEG) 130, 130, 18
JRETRN = 4
RETURN
DO 12 [=1,NDeGX2
SUM=0,

DO 13 J=1,NPTS
SUM=SUMEX{ J)x]
PLEI=SUM
NEG=NDEGe1

DO 30 I=1,NtQ
DO 30 J=1,NEQ
K=T+J-2
IF(K}29,29428
AlTd1=P{K)

GO YO 30
A(ls13=NPTS
CONTINUE

KONCOL =NEQ+1
SUM=0.

DO 21 J=1,NPTS
SUM=SUM+Y(J)

Al 1,KONCUL)=SUM
DN 22 1=2,NEQ
SUM=0.

DI} 23 J=1,NPTS
SUM=SUMEY(J)* X0 *x(I~-1)
AL T L KONCOL ) =SUM
JRETRN=73

CALL DIMILQINEQ,A; ANSKRER;NOGC?
RETURN

END
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SUBRROUTINE DIMILW INsA X NOGCE
DIMENSION A(l,1}s X(1}

DOUBLE PRECISIUN A XsDABSySLsDTL.CHBLE
MNuGO=0

NEi=N+1

NZ=i-1

DO 3 L=14N2

Li=L+1]
K=L

NG 5 J=
IF{DABS
K=J
CONTINUE

IF(A(KsL))6+18,46
IF(K-L)12,12,13

DD 10 J=L,yN1

5=A{K,J)

AlKeJd)=A(L,J)

ALL ,J)=5

D=1o/A0L,L)

DO 14 J=L1,N1

AL sJd)=A(LyJ)*D

Dg 2 I"l.lvN

IFCATTL)Y)I1IS:2,15

Di=1./A(T,L)

DB 16 J=LLl¢Ni

AL T« J)=A(L,;U)%DT-A(L,J)
CONYINUE

IFLAINGNIYLT 18,17

NOGO=1

RE TURN

XINI=A(NJNL)/A{NyN)

DO 19 J=1,4N2

M=N-—-J

DG 20 (=1,M

AL L eMNL)I=A{TaNL)—X( ML) 2A(] s M¢1)
X{MI=A{M;NL)

RETURN

EMD

L1y
(A(KaL)J-UABS(A(J'L))‘495 5
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REAL FUNCTION AMINILIX,Y)
IF{XLTVYIGH TO -]

ATl =Y

R T U

AMTNL=X

KETURN

tND

REAL FUMCTION AMAXL(X,Y)
[F{X.GTaY)IGO TO 1
AMAX1 =Y

RE TURN

AMAX1=X

RETURN

END

SUBROUTINE SKIP
WRITEL(6,1}
FOORMAT (¢ 1°%)
RETURN

END
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Twain High School in Center, Missouri, and completed the
requirements in May, 1963. Upon graduation he entered The
University of Missouri at Columbia, and was awarded a
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June, 1967. Immediately following, he entered Graduate
School at The University of Missouri at Columbia, and was
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The University of Missouri at Columbia.



University Libraries
University of Missouri

Digitization Information Page

Local identifier Brashearsl1971

Source information

Format Book

Content type Text

Source ID Gift copy from department;
collection.

Notes

Capture information

not added to MU

Date captured March 2024

Scanner manufacturer Fujitsu

Scanner model £fi-7460

Scanning system software ScandAll Pro v. 2.1.5 Premium
Optical resolution 600 dpi

Color settings 8 bit grayscale

File types tiff

Notes

Derivatives - Access copy

Compression Tiff: LZW compression
Editing software Adobe Photoshop
Resolution 600 dpi

Color grayscale

File types pdf created from tiffs

Notes Images cropped, straightened, brightened



	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0000a.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0000b.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0000c.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0000d.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0000e.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0000f.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0000g.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0000h.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0000i.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0000j.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0000k.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0000l.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0000m.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0000n.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0000o.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0001.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0002.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0003.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0004.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0005.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0006.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0007.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0008.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0009.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0010.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0011.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0012.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0013.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0014.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0015.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0016.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0017.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0018.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0019.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0020.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0021.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0022.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0023.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0024.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0025.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0026.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0027.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0028.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0029.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0030.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0031.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0032.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0033.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0034.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0035.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0036.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0037.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0038.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0039.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0040.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0041.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0042.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0043.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0044.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0045.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0046.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0047.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0048.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0049.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0050.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0051.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0052.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0053.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0054.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0055.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0056.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0057.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0058.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0059.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0060.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0061.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0062.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0063.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0064.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0065.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0066.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0067.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0068.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0069.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0070.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0071.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0072.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0073.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0074.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0075.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0076.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0077.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0078.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0079.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0080.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0081.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0082.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0083.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0084.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0085.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0086.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0087.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0088.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0089.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0090.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0091.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0092.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0093.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0094.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0095.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0096.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0097.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0098.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0099.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0100.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0101.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0102.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0103.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0104.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0105.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0106.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0107.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0108.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0109.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0110.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0111.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0112.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0113.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0114.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0115.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0116.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0117.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0118.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0119.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0120.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0121.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0122.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0123.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0124.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0125.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0126.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0127.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0128.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0129.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0130.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0131.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0132.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0133.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0134.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0135.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0136.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0137.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0138.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0139.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0140.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0141.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0142.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0143.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0144.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0145.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0146.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0147.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0148.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0149.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0150.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0151.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0152.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0153.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0154.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0155.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0156.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0157.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0158.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0159.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0160.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0161.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0162.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0163.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0164.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0165.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0166.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0167.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0168.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0169.tif‎
	‎T:\Projects\DonatedTheses-DS-99\#ReadyForFinalCheck\#DANIELLE\#TO_COMBINE\#Dissertations\Brashears1971\Access\Brashears1971p0170.tif‎



