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SUMMARY

An experimental model of an angiographie injection has been studied.
The model utilized was a concentrically mounted jet exiting into a con-
fined co-flowing stream. The Reynolds number and moments employed were
representative of actual injection parameter. A dilute solution of
Separan AP-30 was studied as an alternate injectant and compared to a
water injection. The outer flow consisted of water in both cases. The
model was studied via photographic techniques and Lane Doppler Anemometry.

The photographic investigation was instrdmental in the development
at the flow model and provided information which correlated with the LDA
investigation. Photographs were produced for various catheter Reynolds
numbers, with the outer Reynolds number being held constant at 1000.
Injections were made using water and a 50 ppm solution at Separan AP-30.
At Reynolds numbers below transition both injectants produced similar
jets. However, above transition the polymer maintained a laminar-like
behavior while the water produced a turbulent jet. To maintain similarity
between the two injectants a boundary layer trip (BLT) was placed into
the catheter. The photographic investigation was then repeated. The
BLT was found to be effective in eliminating the pseudo-laminar behavior
of the polymer solution injection.

Based upon the photographic study and a consideration of actual
clinical injections a model with an outer Reynolds of 1000 and an inner

Reynolds number of 7000 was selected for study in greater detail via an



an LDA system. The LDA system was utilized because of its many advan-
tages over other types of anemometers. Through the use of the LDA sys-
tem in conjunction with a Fourier Analyzer, axial components of the
mean velocity, turbulence fluctuations, and power spectral densities
were obtained for a variety of axial and radial locations. Centerline
measurements were made for both water and polymer solution injections
with and without the presence of the BLT in the catheter. 1In depth
measurements were later made for the injections in which the BLT was
employed.

The centerline studies indicated an enhanced decay at the axial
velocity component for both types of polymer solution injection, par-
ticularly in the near field. While this would tend to indicate a more
rapid jet spreading, the radial velocity studies provided information to
the contrary.

The water jet actually spread more rapidly in the near field, based
upon the half-width of the velocity profiles. Yet, in the more downstream
regions the polymer jet, with its higher turbulence intensity, eventually
entrained fluid more rapidly and the reattachment point of the recircula-
tion region was achieved earlier. The near wall effects of the polymer
solution jet were found to be less than the comparable water injection.
This was manifested as a reduced recirculation region for the polymer
injection. Near field energy spectra for the polymer injection were
found to have a higher energy content in the lower frequencies and lower
overall energy content at locations near the wall.

The polymer solution was found to greatly alter the flow field with

large dominant eddy size, increased energy content and increased



XV

centerline decay at velocity being major characteristics. On the basis
of the flow studies, the addition of a drag reducing polymer to a con-
trast agent to improve the angiographic procedure was found to produce
more adverse circumstances than benefits. The flow model alsc indicated
a need to exercise extreme care in the placement of the catheter during
an angiographic procedure. Further research in the area of catheter
design as a means of improving the angiographic injection procedure

would seem appropriate.



CHAPTER 1

INTRODUCTION

Peripherial angiography is a major diagnostic procedure in modern
medicine. Since its inception in the early 1900's, angiography has
evolved into a sophisticated and complex procedure. The word angio-
graphy is derived from the Greek words angos meaning vessel and graphe
to write. In an angiographic procedure an X-ray visualization is pro-
duced. This is accomplished through the injection of a radiopaque dye
into the vascular region under study. In peripherial angiography the
catheter may be introduced into the vasculature via either the trachial
or femoral arteries. After insertion, the catheter is than '"snaked" to

' or angiogram the

the region of interest (1,2). In the resulting "X-ray'
vessel lumen appears as a clear photographic or X-ray opaque region.

From the angiogram the physician is able to obtain information concerning
the health of the vascular region. Angiography is not, however, risk-
free and informed consent is a necessary precursor to the procedure.

In the disease state known as atherosclerosis, angiography is a
very important diagnostic tool. The physician can obtain certain
information from the symptoms described by the patient and by listening
to the sounds produced by the turbulent flow past the stenosis. But,
determination of the actual size and location of a stenosis is dependent,

at present, on angiographic techniques., Complications during an angio-

graphic procedure may occur. The complications are of either a chemical



or mechanical nature. Chemical effects are usually due to the hyper-
osmolarity of the contrast agent. The result, in many instances, is a
burning sensation, nausea, momentary increase followed by a prolonged
decrease in blood pressure and a variation in heart rate. These symptoms
may vary depending on the contrast medium and the location of the injec-
tion site (3-8). Also of concern is the formation of blood clots on the
catheter. This is especially prevalent in catheter designs using side
holes. Upon removal of the catheter these clots may be scraped off the
catheter resulting in potentially harmful emboli. The second cause of
complications is the result of the mechanics of the injection. Damage

to the arterial endothebial cells has been reported to occur at shear
stresses in excess of approximately 400 dynes/cmz, a value not outside
the range of shear rates possible in an angiographic injection. A sec-
ond example of mechanical damage is a result of the high stagnation
pressures which can be produced in an angiographic injection. 1In an
investigation dealing with atherosclerosis, potential hazards may develop
if the injection is made too close to the plaque. Because of the high
pressures which can develop, it is possible that a section of the plaque
may be dislodged. In carotid angiography the consequences could be dis-
astrous, possibly resulting in either stroke or death.

Because of the frequent use and inherent dangers of angiography,
the fluid dynamics of an injection has become an important considera-
tion. Present day procedures, in an attempt to minimize the puncture
wound, are restricted to the use of small diameter catheters (diameters

varying from 0.6 to 1,2 mm). This, combined with the need for a large



bolus of radiopaque dye for adequate contrast, has resulted in high
pressure, high flow rate injections. Increased mixing of the injectant
fluid with the blood would improve contrast in the neighborhood of the
catheter tip and then, perhaps, decrease the volume of the contrast agent
required. The use of a long-chained, drag reducing polymer would allow
delivery of the same amount of dye at a lower dividing pressure. The
resulting combination of lower pressure and smaller volume could be
important in reducing the incidence of chemical and mechanical compli-~
cations occurring during an angiographic procedure.

From an engineering standpoing, these injections represent a very
complex flow system consisting of asymmetry, bends, branches, wall flexi-
bility, pulsatile flow and perhaps in future injections, polymer effects.
To test the effects of long chained drag reducing polymers on injections,
comparative studies between injections of dilute polymer solutions and
pure solvent should be implemented. Since control of so many parameters
is an insurmountable problem making comparisons impossible, a simplified
model should be employed. The model used in this research is that of a
co—axial jet exiting into a confined co-flowing stream.

Co—axial, co-flowing streams are not a new configuration of study.
Several investigations have been conducted using air aﬁd pure gases.
Forestall and Shapiro (10) using helium as a tracer gas measured the
concentration and velocity profiles of a jet with co-flow. Becker et
al. (11) discussed a parameter based on momentum iatias as being an
important similarity parameter for such a flow. The jet expansion, for

an axisymmetric case, was studied experimentally by Curlet and Rico (12).



Razinsky and Brighton (13) made measurements of static wall pressure,
mean velocities, turbulent velocities, and Reynolds stresses throughout
the flow field for various velocity ratios. In many applications of
co-axial flow, a recirculating region may be produced by jet entrainment.
Hill (14) included some study of recirculation in his analytical and
experimental investigations. Further, Exley and Brighter (15) have
experimentally and analytically investigated the separation and reattach-
ment points for a large number of velocity ratios. Becker et al. (16)
related the momentum parameter to the statistical location of the "eye'
and upstream edge of the recirculation eddy.

Because the very near jet region of a co-flowing system may be
compared analytically to that of a free jet (l4), a review of some free
jet investigation is appropriate. Some of the earliest work in the
structure of free jets was contributed by Anderson (16,17). Primary
investigations were in vortex shedding frequencies (Pheifen tones) of
free jets. By using a 002 sharp edge jet and shadow graph technique,
Anderson was able to show the downstream movement and coalescing at the
vortex rings to different Reynolds numbers. Becker and Massara (18),
using an acoustically excited air jet (with nozzle), investigated the
vortex evolution over a large range of Reynolds numbers. Crow and
Champagne (19) also studied vortex shedding, which they called the
orderly structure of turbulent jets. By using acoustic forcing, it was
found that maximum resonance occurred at a Strouhal number of 0.3, the
Strouhal number being based on the frequency at the vortex, the exit
velocity of the jet and the jet diameter. Later, Chan (20) expanded

this work by taking axial and radial measurements of pressure variations,



in an acoustically excited jet. Using normalized coordinates, agreement
of the pressure variations for different axial and radial positions was
obtained. Gibson (21) used hot wire techniques to obtain turbulent
spectra for round jets and found the spectra to follow the Kolmogorov
theory (-5/3 role) over two decades.

Up to this point, all information related to the selected flow
model has dealt with injection of a pure solvent. 1In order to make
comparisons of an injection of a dilute polymer solution to that of a
pure solvent, some review of previous polymer investigations should be
instigated. An excellent starting place for understanding polymer
studies may be found in a review paper by Hoyt (22). 1In this review, a
short history of the drag reducing phenomenon is given. Toms (23),
although the first to attribute the reduction in pipe flow driving pres-
sure to an altered wall effect, was not the first to notice the drag
reduction phenomenon. During World War II, the flow characteristics of
thickened gasoline were under study. In turbulent flow, the pressure
loss per unit length of pipe was found to be less for the thickened
gasoline than for the pure gasoiine. This effect was explained as a
result of shear dependent viscosity (non-Newtonian behavior). In 1959
the thesis works of R. G. Shaver (24) and D. W. Dodge (25) were published.
Both works noticed that some non-Newtonian fluids showed lower than
expected friction factors. Shaver and Merrill, using flow visualization
found that, in solutions of soéium carboxymethyl cellulose, the turbu-
lence appeared to be much lower compared to similar non-polymer flow.

Also during this time, o0il companies discovered that certain gums used



to suspend sand in sand-water mixtures, caused a decrease in friction.
Not long after that, the Navy became active in drag reduction research.
The Navy's first major contribution came through the work of A. G.
Fabula (26). TFabula identified a very effective friction reducing poly-
mer, polyethylene oxide, only a few parts per million by weight is needed
by effective drag reduction. Until about 1963, this information was
available to theologists, chemical engineers and oil field technologists.
Then in 1963 the phenomenon was introduced to the hydrodynamicysts.
Since then, there has been a wealth of material published on the subject.

At this point, a brief description of an effective polymer is in
order. To be effective in drag reduction, the polymer must be at high
molecular weight and long chained in structure. (The flow field must
be turbulent.) Several substances fill these requirements. Some of
them are Guar Gum, Poly (ethylene oxide), Polyacrylamide, and Sodium
carboxymethylcellulose. Each of these polymers is composed of many sub
units which are joined to form the necessary long chained high molecular
weight molecule.

Lumley (27) presents several criteria concerning effective drag
reduction. These criteria are:

1. A high molecular weight is necessary. As molecular weight
increases, effectiveness increases.

2. Linearity and flexibility are beneficial. Molecules with few
branches are most effective (See also Frommer et al. (28)).

3. Maximum drag reduction occurs at concentrations which in uni-
form distributions give little chance for the polymer molecules to be

contact.



4. The effect occurs when the smallest turbulence length scales
are approximately two orders of magnitude larger than the root mean
square of the molecule diameter.

5. The effect occurs first when the predicted time scale of the
polymer solution (based on dilute solution statistical mechanics) is
approximately the same as the smallest turbulent time scale of the flow.

6. The polymer causes a 'hon-Newtonian effect.," Solutions display
resistance to surface tension, leading to speculation at intense strain-
ing in the shear layer.

After its introduction to the hydrodynamicists, the majority of
research in drag reduction dealt with pipe flow. Wells and Spangler
(29) showed that drag reduction in turbulent pipe flow is due to polymer
effect at the wall. This was accomplished by injecting a polymer solution
into a pure solvent turbulent pipe flow. The polymer solution was injected
into two regions; 1) along the wall and 2) along the centerline. No
noticeable drag reduction was seen in the second case (based on pressure
drop) until the polymer solution mixed and reached the wall. The first
case showed immediate reduction in drag.

This work was later substantiated by Walters and Wells (30). In
their investigation the polymer solution was injected through a porous
wall into the turbulent field. Detailed velocity and concentration
profiles were made. The results indicated that the increase in the
thickness of the viscous sublayer is accompanied by an increase in dif-
fusion sublayer thickness for a uniform injection of polymer. The experi-

ments also included the injection of polymer along the wall. The results



showed that this type of injection was more effective at drag reduction,
than the porous wall injection. Both experiments, however showed that
the drag reduction phenomenon occurs at the wall and that some form of
viscous sublayer increase is indicated.

Lumley (27) used an expansion of Reynolds theory for shear flow
(and experimental evidence) to argue that the effect of the polymer
occurs only in the viscous sublayer and is possibly due to the "memory"
of the fluid (visco elasticity). The law of the wall is shown to apply
for non Newtonian as well as Newtonian fluids. 1In drag reduction, there
is an increase in flow rate within the tube at a constant wall shear
stress, indicating a necessary change in the viscous sublayer. As flow
rate increases in non polymer (Newtonian) cases the viscous sublayer
decreases. The energy is dissipated in the most efficient way. This is
believed to be counter rotating vortex pairs with their planes and circu-
lation tipped normal to the direction of maximum strain rate. In the
non Newtonian (polymer) case the same mechanism is believed to apply.
The polymer solution, however, resists simple shearing motions causing
the vortices to be larger and extract energy more efficiently. This
increase in vortex size leads to an increase in viscous sublayer thick-
ness.

On the molecular level Lumley postulates a flow field change due
to the distortion of the equilibrium configuration of the long chained
polymer. At equilibrium the molecule is essentially spherical. When
in the shear field of the vortices of the viscous sublayer, the molecule
is stretched and entangles with other molecules. The resulting entangle-

ments resist the streamwise vortices causing an increase in size of the



viscous sublayer vortices.

Fortuna and Hanratty (31) obtained measurements of the average
velocity gradient and the root mean square values of the gradient
fluctuations at the wall. Intensities and energy spectra of the fluctua-
tions were also obtained. Based on this information, Fortumna and
Hanratty suggest an increase in the size of the counter rotating vortices
of the viscous sublayer upon the addition of a drag reducing polymer to
the fluid. This is consistent with the results reported by Lumley. Both
studies represent the idea of alignment of molecular coils in the vortex
field.

Virk (32) presents a variation in the description of this effect.
Based on velocity profiles, a three zone model of the polymer solution
profile is developed. Moving outward from the wall is the usual viscous
sublayer. From the axis inward is the Newtonian plug region where the
velocity profile is shifted upward but parallel to the Newtonian law of
the wall. Virk hypothesizes a third, elastic sublayer located between
the viscous sublayer and the Newtonian plug region. The elastic sub-—
layer is believed to follow the ultimate profile which is obtained at
maximum drag reduction, That is, the elastic sublayer grows as drag
reduction increases, until at maximum drag reduction, the elastic sub-
layer provides the entire cross section. Virk also states that the poly-
mer retards the radial turbulent transport by decoupling the axial flow
field rather than by reducing the turbulent effects. No mechanism is
given on the molecular level but the model seems to agree with experi-
mental results.

Turbulent pipe flow is not the only flow field to be influenced by
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the advent of drag reducing polymers. Several investigations have been
concerned with variations in free jet spreading due to polymer interac-
tion. Gadd (33) injected a polymer solution into a like medium. In his
study, he presented polymer degradation, viscoelastic relationships and
eddy decay. Through flow visualization he showed the jet as having a
smaller spreading angle than a pure solvent case of same Reynolds number.
D. A. White (34) investigated the free jet .problem using a recirculating
system. Guar Gum, Hydroxyethyl cellulose (HEC) and Polyox P301 were used.
The Guar Gum and HEC solutions show no change in jet expansion. Polyox,
however, exhibited an increase in jet expansion. The increase was
believed to be the result of increased entrainment due to increased tur-
bulence.

Increased jet expansion was also described by Vlasar et al. (35).
Using a Laser Doppler Anemometer (LDA), centerline velocities and turbu-
lent intensities were acquired. The centerline decay of velocity was
greater for the polymer solution than for the pure solvent. This suggests
an increase in jet spreading. Also using LDA techniques, Barker (36)
studied free jet (polymer) expansion. Using a jet nozzle no effect of
the polymer was seen. When a fully developed pipe flow was used instead
of the nozzle, an increase in jet spreading was observed. Barker attrib-
utes the difference between the effect of the jet nozzle and turbulent
pipe flow to a change in exit conditions. All these works support the
idea that no effect of the polymer is seen until there is a high shear-
rate region.

A. A. Bore et al. (37) first suggested the use of drag reducing



11

polymers in radiopaque dyes as a possible means of reducing the high
driving pressures needed in some angiographic injections. Menon (38)
presented a study of a jet exiting into a co—-axial, co-flowing stream.
The work was motivated by angiographic injection possibilities. The
injections were made with a co-axial jet exiting into a non recirculating
co-flowing turbulent stream of like fluid. Three cases were considered.
They are: 1) water injections, 2) polymer solution injections at same
driving pressures and 3) water injections to match flow rates found in
case (2) (increased flow rate due to drag reduction). The following
results were reported:

1) Since the flow was non recirculating, the momentum of the jet
did not greatly alter the flow near the wall.

2) Due to the finite thickness of the catheter, a wake is pro-
duced. This is seen as a sharp spike in the energy spectra immediately
downstream of the jet.

3) Drag reduction is seen in the system.

4) - The polymer solution exhibits a more rapid decay of centerline
velocities than the pure water case.

5) The polymer influence is exhibited primarily in the region
from the centerline to the mixing layer of the developing region.

6) Polymer effects are negligible at distances greater than 10
diameters downstream.

7) Polymer shows higher energy content in the large scale eddies
of the developing region.

Menon's research is perhaps the first study to present evidence of

polymer effects in the mixing region of a jet. Up to this time, major
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emphasis has been on the effects of the polymer in the region near the

wall. Barker (36) relates the change in jet expansion to changed exit

plane conditions. No mention is made about the mixing region. Menon's
work is, therefore, important in that it opens research in the effects

of drag reducing polymers on the jet mixing region.

There are, however, several limitations which have been placed on
the medical applications at Menon's research, Because it was the initial
study of its type, high Reynolds numbers were used. The model took the
form of a turbulent jet exiting into a turbulent outer flow region.
Because a hot film probe was used, other restrictions were placed on the
model. Since the probe calibration is dependent on the fluid properties,
injections had to be made into like fluids. The proBe is also subject
to flow direction errors. For this reason recirculation regions could
not be considered. As a result, the flow model was restricted to the
injection of like fluids at high Reynolds numbers with no recirculation.

In angiographic injection of the flow rates are seldom turbulent.
Injection flows may range from laminar to turbulent in nature. Recircu-
lation is, therefore, a distinct possibility. The present study is
designed to more closely model the flow conditions produced in clinical
applications. The use of a Laser-Doppler Anemometer lifts the restric-
tions at like fluid injections and no recirculation. The model may then
be described as a co-axial turbulent jet exiting into a laminar co-flowing
stream. The use of the LDA system permits the study of recirculation
regions and injections of polymer solutions into a co-flowing solvent.

The objectives of this investigation are:
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1) To provide an experimental model which closely approximates
clinical angiographic procedures.

2) To study the modelled procedure as an injection of a solvent
into a co-flowing like fluid with recirculation.

3) To also study the case in which the injectant is now a dilute
polymer solution.

4) To obtain information on the differences in the resulting flow
condi;ions for both injections.

5) To provide a description of the fluid dynamics of an angio-
graphic injection and to determine the usefulness of long-chained drag

reducing polymers in improving this procedure.



14

CHAPTER II
PRELIMINARY INVESTIGATION

As with any experimental investigation a certain amount of prelimi-
nary work is required. This chapter deals with the development of the
flow model and the testing of the polymer parameters. Also included is
some discussion of the early photographic and experimental results which

lead to the final model configuration.

Development of the Flow Medel

An exact model of an angiographic injection would be virtually
impossible. The flow field is extremely complex. The catheter is not
usually precisely parallel with the vessel wall and upon injection, the
high momentum flux of the jet may cause violent motion of the catheter,

a phenomenon known as catheter whip. To complicate matters the blood
vasculature is not simple or concistent in .physical properties. Arterial
walls are flexible, yet not entirely elastic. The lumen, although circu-
lar in nature, is not truly circular. The entire system is a network of
various angles and sizes along with numerous branches. At the injection
site several of these physical properties may be neglected. There still
remains, however, the problem of pulsatile flow. Because the flow is so
complex, a simplified model must be devised. To obtain useful informa-
tion, while still controlling the number of variables, the following

restrictions were placed on the model:
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1) Rigid walled tubing will be used for both the catheter
and vessel model.
2) The flow will be modelled as being steady.
3) The catheter will be concentrically mounted in the flow
to take advantage of axisymmetric considerations.
These restrictions reduce the problem to that of a confined jet exiting
into a co-axial co-flowing stream. Although simplified, the model still
maintains the basic flow geometry and flow conditions likely to be found
in an angiographic. Because the basic similarities are maintained, use-
ful information concerning the angiographic injection process may be
expected.

At this point, it is necessary to obtain the similarity parameters
which will make the model a relatively accurate representation of cer-
tain angiographic injections. For this study, the similarity parameters
which will be used are the Reynolds number and Craya-Cuatet number at the
catheter flow and the blood flow. The Reynolds number is expressed as:

pUD
H

where p is the density of the fluid, p is the viscosity, U is the mean
velocity of the flow and D is the diameter of the vessel. The second
parameter is based on the ratio of momenta at the inner and outer flows.

This may be expressed as (30)
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where Mo and Mc are the mass flow rates at the outer flow and the cathe-
ter flow, respectively; and UO and UC are the respective mean velocities.

Catheter or Injection Reynolds Numbers

The Reynolds numbers for angiograph injections are based on the
catheter size used, the type of contrast agent injected and the rate of
injection of this agent. Typical catheters employed in carotid angio-
graphy are of French size 6.0 and 7.0. The P6.0 catheter has an outside
diameter of 2.00 mm and a lumen diameter of 1.19 mm. The P7.0 catheter
has an outside diameter of 2.34 mm and lumen diameter of 1.27 mm (40).

In the case of a perentaneous injection, an 18 gauge, thin walled, needle
is used having a lumen diameter of 1.07 mm.

Several types of contrast agents are presently in use. For this
model, the fluid properties of Renografin 76 and Renografin 60 were util-
ized. Renografin 60 has a viscosity (u) at 4.0 cp at 37° centigrade and
a density (p) of 1.35 g/ml of 25° centigrade. Remografin 76 has a vis-—
cosity of 8.4 cp at 37;0 and a density of 1.42 g/ml of 25°C (41). Before
injection these contrast agents are usually heated to body temperature
(approximately 37°C). Since variations in temperature have a negligible
effect on the density of the agents, the value at 25°C is used in the
Reynolds number calculations.

Rates of injection may vary considerably depending on the region
under study and upon the personal preference of the operator. Injection
rates of as high as 24 cc/sec have been reported in brachial arteriograms
(42) Feild, et al. In cerebrial studies, injection rates may vary from

8 to 10 cc/sec.
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From the information given, Table 1 was computed. The mean velocity
U is based on the geometry of the catheter and the injection rates. The
velocity, Umax is based on Hagen-Poiseville flow for Reynolds number less
than 2500 and the 1/n power law for Reynolds number greater than 2500.
Although injection rates of 20 cc/sec are not usually used in cerebral
angiography, rates this high have been used in peripherial angiography
and for this reason such a rate should be included in the flow modeling.
Because of the importance of turbulence on jet mixing the flow model shall

be concerned with Reynolds numbers representative of turbulent flow.

Table 1. Possible Injection Reynolds Numbers

Contrast Agent Catheter Injection U U .. Reynolds #
Size (cm) Rate (cc/sec)
Renografin 76 127 8 630 1260 1350
Renografin 76 .119 8 720 1440 1450
Renografin 76 .127 10 790 1580 1700
Renografin 76 .119 10 900 1800 1800
Renografin 60 .127 8 630 790 2700
Renografin 60 .119 8 720 900 2900
Renografin 60 .127 10 790 990 3400
Renografin 60 .119 10 900 1120 3600
Renografin 76 127 20 % 1580 1970 3400
Renografin 76 .119 20 * 1800 2250 3600
Renografin 60 .127 20 * 1590 1970 6800
Renografin 60 .119 20 * 1800 2250 7400

- S
Within the realm of peripheral angiography.
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Arterial Reynolds Numbers

Initial values for the Reynolds numbers possible in arterial flow
are based on results obtained from animal studies at St. Joseph's Infirm-
ary in Atlanta, Georgia. In these experiments, the thoracic aorta of a
mongrel dog (approximately 40-50 1bs) was exposed. Measurements of mean
flow rate were made using an electromagnetic flowmeter. Velocity profiles
were obtained using a hot film probe. The traversing mechanism which
supported the hot film probe was used to ascertain the lumen diameter of
the vessel. This was accomplished by moving the hot film probe from one
side of the vessel to the other. The total distance traversed in the
vessel diameter, the mean flow rate was measured to be approximately 40
cc/sec with velocities varying from 10 cm/sec to 60 cm/sec (diastolic and
systolic, respectively). The diameter of the aorta varied from 1.2 to
1.5 cm.

In the human, cardiac output varies from 330 cc/sec under extreme
stress to 100 cc/sec of rest. This, plus the fact that the arterial
lunen diameter variation 2.5-0.4 cms, allows for a wide variation of
velocity throughout the vasculature, with the exception of flow to the
brain. The mean arterial velocity varies from 40 to a few cm/sec depend-
ing on the location in the arterial tree. The larger arteries have, on
the average a mean flow rate of, approximately 40 to 30 cc/sec, while
the mean velocity in the arteries and capillaries drops from 20 to less
than 4 em/sec (43).

The flow rate to the brain is constant at approximately 750 cc/min

(43). The majority of flow to the brain is via the carotid arteries.
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In a healthy carotid, the approximate flow rate is 335 cc/min; with the
flow diminishing to values of 100 cc/min or lower in subtotal atheroscler-
atic stenosis (44). Complete blockage may occur resulting in, of course,
zero flow rate. The lumen diameter of a healthy common carotid artery
approximately 0.7 to 1.0 cm. From this information, the mean velocity
may vary from 14u to 28u em/sec in a healthy carotid and from 4p to 8u
cm/sec in the proximal region of a diseased carotid.

The density of blood is approximately 1.06 gm,:’cm3 (45). The vis-
cosity of blood is, however, dependent on shear rate (if blood is non-
Newtonian in nature). At high shear rates and 37°C the viscosity
approaches a constant value of approximately 3.5 - 4.0 cp (dependent, in
part, on the hematocrit). The non-Newtonian behavior is attributed to
rouleaux formation at low shear rates. Rouleaux are aggregates of red
blood cells forming chain-like structures. In most cases involving arter-
ial flows the non-Newtonian behavior is minimal and the blood may be
approximated as being Newtonian (for further explanation see Appendix IV).

Table 2 gives values of arterial Reynolds numbers which might be
encountered in conjunction with angiographic injections. These were
calculated using the representative flow rates and vessel diameters
previously described and assuming that blood is a Newtonian fluid with
a viscosity of 4.0 centipoise and a density of 1.06 grams/cm3

Table 2 indicates Reynolds numbers varying from laminar to just
turbulent, based on a steady flow assumption., Turbulent flow regions
can be realized in partially occluded vessels, and bifurcations but for

the most part the arterial blood flow seldom becomes turbulent. For
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purposes of experimentation and because of its central location in the
range of Reynolds numbers possible, a Reynolds number of 1000 was chosen
as representative of the outer flow similarity parameter.
Momentum Ratios

From the information provided in Tables 1 and 2 along with the
fluid properties for blood and the contrast media, the corresponding
Craya-Curtet numbers were calculated. The flow conditions corresponding
to peripherial angiography (i.e. large vessels) produced values of CT
ranging from 1.0 to 0.3. Flow conditions corresponding to smaller vessel
studies (e.g. carotid angiography) produced values of CT ranging from 0.2
to 0.8. 1In both cases the CT values are low enough to represent flows
capable of producing a region of recirculation. In general, the values
of CT corresponding to an angiographic injection may vary from 1.5 to
0.05 depending on the specific procedure (i.e. injection site, contrast
medium and injection rate). The final selection of the flow parameters
for use in the flow facility should be based on these values as well as

the Reynolds numbers.

Table 2, Possible Reynolds Numbers

Found in Arteries

Lumen Mean Reynolds
Diameter Velocity Number
2.5 cm 40 em/sec 2500
1.5 em 25 cm/sec 938
1.0 em 20 cm/sec 500
.5 cm 28 cm/sec 350
.7 cm 14.5 cm/sec 254
.5 cm 14,5 cm/sec 181
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Polymer Considerations

Development of the flow model must also consider any restrictions
which may be incurred when using a long-chained drag reducing polymer.
The polymer chosen for this investigation was Separan AP 30 (a poly
acrylamide). Poly acrylamides in general have been shown to be excel-
lent drag reducing polymers. They are strong enough to withstand high
shear rates, easily dissolved in water and highly effective in low cen-
terlines (22). The polymer was found to be effective over a wide range
of concentrations, the most effective range being from 50 to 100 ppm.
Because of the scope of this work, several injections had to be made in
order to cover the various axial and radial positions presented. This
required the preparation of several polymer solutions. To maintain accu-
racy when switching from one solution to the next, the effectiveness of
the polymer solution was tested for each case.

The polymer tests were made under those conditions. All the tests
were accomplished with the apparatus described in Chapter III. In each
test, a sample of the polymer solution was removed from the flow system.
The pressures required to expel the sample at rates of 20, 30, 40 and 45
cc/sec were compared with the pressures required to expel water at the
same rates. The percentage of drag reduction (or effectiveness) was then

calculated from the equation:
% Reduction = (1 - Pp/Pw} x 100 ,

where Pp is the pressure required to expel the polymer solution and Pw

is the comparable driving pressure for water.
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In the first test the polymer solution is removed after leaving
the holding but, before entering the catheter. The effectiveness is
then calculated for the above mentioned flow rates. In the second test
the polymer is pumped as quickly as possible through the system up to
the a point just before the entrance to the catheter. In this way the
maximum drag reduction before entry into the catheter is determined.

The effectiveness is then measured at the various flow rates. Finally,
the polymer is allowed to pass through the system where it is mixed with
the outer flow of water. The system is allowed to operate at the flow
model conditions until a representation sample of the mixture (injectant
and outer fluid) is collected in the downstream reservoir. This down-
stream mixture is then tested for drag reducing effectiveness. This last
test is perhaps the most important in that the total effect of the system
on the polymer effectiveness may be determined including the reduced con-
centration due to dilution.

Over the period of these investigations several polymer solutions
were prepared and tested. In each series of tests the overall polymer
effectiveness varied from the mean by +107% or less. Maximum effectiveness
was exhibited with the sample taken before entering the system. At 45
cc/sec the percent drag reduction was determined to be approximately 507%
while a 40% reduction in drag was seen at 20 cc/sec. The downstream mix~
ture exhibited an effectiveness of 40% at 45 cc/sec and 30% at 20 cc/sec,
which was excellent for the now 25 ppm dilution. These tests provided
assurance that the polymer solutions used were essentially the same and

the results obtained would, therefore, have a high degree of reliability.
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When a polymer is mixed with water, slight changes in viscosity
may occur. This effect was also tested. By measuring the efflux time
of a polymer solution versus the efflux time of water, a relative vis-
cosity term was determined. The relative viscosities were found to be
"approximately 1.03 for a 25 ppm solution, 1.13 for a 50 ppm solution and
1.37 for 100 ppm. In order to directly compare the injection of polymer
solutions and of water, it is advisable to maintain momentum flux as well
as Reynolds number. Since maximum effectiveness of the polymer was found
to be in the range of 50 to 100 ppm and since the change in viscosity was
much less for a 50 ppm solution than a 100 ppm solution, the most accept-
able polymer solution was found to have a concentration near 50 ppm.
For these reasons the injection of a 50 ppm solution of Separan AP30
was compared to the injection of water. All other parameters (flow rate,
temperature and vessel sizes were held constant).

Flow Model Summary

In summary, the angiographic injection process is modelled as a
co—-axial jet exiting into a confined co-flowing stream. The co-flowing
(or outer) stream has a Reynolds number of 1000. The jet (or inner)
flow should have a Reynolds number which is representative of turbulent
flow. Comparisons of pure solvent to dilute polymer solutions are to be

made with a 50 ppm solution at Separan AP30.

Initial Flow Facility

The initial flow facility was designed to produce Reynolds numbers
which correspond to those found in the arterial system and angiographic

injections. Since the angiographic injection is to be modeled as a
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concentrically mounted jet exiting into a confined co-flowing shear,
such a system was constructed. The overall configuration is shown in
Figure 1. A glass tube of 0.7 c¢m OD, .46 cm ID, 100 cm long is used to
model the catheter, while the vessel is modeled by using a 223 cm long,
2.8 cm ID glass tube. The catheter is cantilevered from an adjustable
ball point. The ball point can be moved up and down as well as rotated.
This allows a variety of catheter positions, although in this investiga-

tion the catheter is centrally located.

The system itself is of a recirculating nature. Pumps are provided
to deliver both the inner and outer flows. Flow rates are monitored by
mechanical flow meters. The water feeding the outer flow enters the
inlet box (A) and then proceeds through the outer flow tube to the con-
stant bend, downstream reservoir (B). The catheter is fed directly from
the pump. The water then mixes with the outer flow and travels to the
downstream reservoir. It then travels from the overflow to the line which
feeds the pumps (C) and the process is repeated. Temperature is moni-
tored in the downstream reservoir; and when the temperature exceeds the
set tolerance (23°C#+ 1°C), sufficient water is replaced with cooler water
to bring the temperature back within the specified limits. In experiments
involving the LDA system, the water is seeded with silicon carbide par-
ticles (typically, 1.5 microns in diameter). For flow visualizations ink
is injected into the line feeding the catheter flow. The total volume
of water is changed frequently to minimize clouding of the recirculated
flow with ink.

For polymer studies the model is basically the same. Since the

polymer can be degraded by high shear rates, an electromagnetic flow
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meter rather than the mechanical flow meter is employed to monitor the
catheter flow rate. Also, to prevent recirculation of the mixture, a
blowdown system as shown in Figure 2 must be utilized. Water feeding
the outer flow enters the inlet box (A) from pumps (G) and (H) which are
fed by a constant head upstream reservoir (D) and in later applications
a seeding tank (E). The flow passes on to the downstream reservoir (D),
and then to the drain (C). The catheter flow is fed by a 200 gal. poly-
mer solution holding tank (F). The polymer solution passes through a
booster pump, through the electromagnetic flow meter and on to the
catheter. Flow rate is controlled by a compression clamp on the line
feeding the catheter. The polymer exits into the outer flow where the
two flows mix and then travel to the drain. For lower applications, the
entire polymer solution is seeded ﬁrior to the experiment. For flow vis-

ualization ink was injected into the line feeding the jet.

Photographic Investigation

Photographs of the jet expansion were obtained at a variety of
jet (or catheter) Reynolds numbers. In all investigations the outer
Reynolds number was held constant at 1000. Photographs were made over
a range of inner Reynolds numbers, with and without the presence of the
drag reducing polymer. All photographs were printed on high contrast
paper for maximum delineation of the flow characteristics. The arrange-
ment of the photographic equipment is shown in Figure 3.

A single lens reflex camera is utilized in conjunction with an
electronic flash. As seen in Figure 3, the flash is employed to illumi-

nate a white screen. Since the deviation of the flash is approximately
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0.0001 second, a sharp "stop action" photograph can be obtained. In
order that the jet be seen ink is added, by way of a syringe, to the
inner flow. Since the flow is confined in a circular column, curvature
effects tend to distort the image. To minimize this distortion, an
outer water bath was employed. This greatly reduced the effect of curva-
ture, and the resulting photographs were much more representative of the
actual flow. From the photographic study, the final conditions for the
flow model were obtained.

The information obtained from the series of photographs produced
is highly qualitative, but extremely useful. At Reynolds numbers below
2500, the jet exited in an undisturbed stream which subsequently devel-
oped a helical instability. The jet appears to expand linearly once the
instabilities begin to disintegrate into a smaller scale disorder. Fig-
ure 4 is a photograph of an injection with a Reynolds number of 2000.
The helical instability is clearly visible. Measurements of the period
of the instability along with the assumption of negligible expansion
before the instability, enable an approximation of the frequency of the

helix. The equations used are:

|

r o L

Urr

where f is the frequency, T is the period, L is the length from peak to
peak of the instability (measured from the photograph) and UFR is the
mean velocity based on catheter flcw rate. For the injection in Figure

15 the frequency of the instability is approximately 37 Hertz. A Strouhal
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number (ST) based on the catheter diameter and the mean velocity of the

catheter is found to be approximately .40, where

As the catheter flow rate increases the distance to the instability
shortens and the region of turbulent mixing moves upstream. When the
catheter Reynolds number exceeds transition the turbulent mixing region
moves instantly from its downstream position to a new location near the
exit plane. At this point the helical motion cannot be seen. There is,
however, a short region of what appears to be undisturbed flow before the
jet starts to expand. As the injection rate increases this region
decreases in size. A possible explanation for the existence of this
region may be due to the finite thickness of the catheter wall. This may
result in a region of '"dead water space'" in which the velocity gradient
is near zero (i.e. shear rate near zero). Before the turbulent mixing can
occur, the velocity gradient must become high enough to produce shear
rates necessary for turbulent mixing. As the Reynolds number increases
and hence the velocity gradient near the catheter wall, less distance is
required to overcome the effect of the catheter thickness. Also, as the
Reynolds is increased the angle of expansion increases. For a catheter
Reynolds number of 5000 the total included angle of spreading was approxi-
mately 186 degrees while a Reynolds number of 7000 produced a spreading
angle of approximately 24 degrees. The case for a Reynolds number of
7000 is shown in Figure 5.

The photographs also disclose some information concerning the

degree of turbulence in the mixing region, although this information is
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very qualitative and is actually only an indication of the intensity of
the turbulence. Comparison of the mixing regions in the injections
depicted in Figures 4 and 5 gives the impression of a larger scale of
turbulence structure in the 2000 Reynolds number case than in the 7000
Reynolds number case. Integrals scale theory (46) suggests diminishing
length scales for higher Reynolds numbers and although the photographs
cannot produce the actual integral scale, the visible eddy size is an
indication of the relative magnitude.

Next, a photographic study of the injection of a dilute polymer
(50 ppm) soclution was carried out. At low Reynolds numbers the polymer
solution behaved essentially the same as the case for the water inject-
ants. At a Reynolds number of approximately 2000 the frequency of the
periodic instability was found to be approximately 31 Hertz with a result-
ing Strouhal number of approximately .34. The distance from the exit
plane to the point of breakup occurred approximately 7 mm farther down-
stream for the polymer injection than for the water injection. This
evidence tends to point to some form of damping section of the polymer.

The catheter Reynolds number was then increased to approximately
5000 (Figure 6). Although some delay in transition was expected (22),
such an extensive suppression was surprising. Reynolds numbers in excess
of 10,000 were required to produce what appeared to be turbulent jet
mixing. At a Reynolds number of 5000, the resulting instability fre-
quency and Strouhal number are calculated to be approximately 130 Hertz
and .60. At a Reynolds number of 6500 the frequency was estimated at
210 Hertz with a Strouhal number of .71. It must be remembered that

these values are only approximations and are provided to illustrate the
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effect of the polymer on the flow.

When inspecting the apparent eddy size there appears to be a
noticeable difference in the turbulence structure produced by the
polymer injection as opposed to the water injection for similar Rey-
nolds numbers. The eddies produced in the polymer solution appear to
be quite large compared to those of the water injections. This, again
points out an effect of the long-chained polymer on the turbulent
structure of a confined jet.

These photographs reveal dramatic effects of the polymer on the
near field mixing region of the confined jet. For purposes of study,
it was assumed that these may be divided into two categories: (i) effects
of the polymer on the jet exit conditions which in turn affect the mixing
and (ii) effects which occur exterior to the catheter and are due to
altered rheological properties of the fluid. Clearly, these phencmena
may be strongly coupled and a distinct separation is difficult in an
experimental set-up. Within the scope of this research it was decided
to concentrate on the near field region and thus try to achieve similar
jet exit conditions for the water and polymer comparisons.

In order to move directly compare the polymer solution and water
injections and yet stay within the range of physiological Reynolds num-
bers, the catheter flow had to be altered. This was accomplished by
introducing a boundary layer trip (BLT) into the catheter. The BLT was
a sharp-edge orifice placed 11.7 catheter diameter from the exit plane.
The decrease in area was approximately 507 of the orifice. The BLT was

employed to reduce the laminarizing effects of the polymer in the
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catheter and yield similar exit conditions for the polymer and water
injections. Thus, if both the polymer and water jets exit under simi-
lar turbulent conditions, it was expected that the dominant cause of
any observed difference in the subsequent flow fields would be due to
inherent effects of the polymer on the turbulence structure,

After insertion of the BLT a second series of photographs were
produced with an injection Reynolds number of approximately 7000. The
water injection did not appear to differ from the injection of water
without the BLT. The polymer injection was greatly altered as can be
seen in Figure 7. The jet now appears to behave more like a turbulent
injection. By comparing Figure 5 and 7 it can be seen that polymer
effects are still exhibited. In this case the gross spreading angle is
determined to be approximately 26°, slightly larger than that for the
water injection. Although not as pronounced as in the case without the
BLT, the apparent eddy size was larger for the polymer solution than those
found in either the water with or without the BLT.

It is emphasized that these observations are to be considered as
only qualitative, Detailed measurements of the catheter conditions for
the water and polymer injections will be presented subsequently. It will
be shown there that, although the jet exit conditions are not identical
for both cases, they are very similar. Thus, the BLT was deemed to be
satisfactory for creating approximately the same turbulent exit condi-
tions for both polymer and water flows.

Attempts were also made to employ the photographic technique to

indicate the approximate upstream edge of the recirculation region. To
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accomplish a visualization, the ink was allowed to enter the recircula-
tion region before the photograph was taken. The resulting photographs
provided the following information: for the water injections the most
upstream part of the recirculation region was approximately .75 catheter
diameter upstream of the exit plane; the polymer solution injection
without the BLT was approximately 2.5 catheter diameters downstream of
the exit plane and the polymer solution injection with the BLT was
located at the exit plane.

Further attempts were made to obtain information from the photo-
graphs. In hopes of obtaining some information on concentration varia-
tions in the mixing region, an isodensijitometer was utilized. Unfortun-
ately, the quality control was not sufficient for meaningful comparisons.
It is possible, however, that utilization of such a device with the
proper photographic quality control could provide useful information on
concentration profiles which would be of significant interest in angio-
graphic injections.

A note of caution is necessary at this point. Although the photo-
graphic information suggests changes in mixing and perhaps increased
spreading angle in the polymer solution injection with BLT, it should be
remembered that the photographic information provided in this paper is
at best qualitative. No strong conclusions should be based solely on
the photographic evidence provided.

From the photographic investigation, it was concluded that for
purposes of comparison, the flow model should incorporate the BLT. The
Reynolds number chosen should be as high as possible without exceeding

the physiological values computed earlier and the resulting Craya-Curtet
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number (CT) should not be outside the range corresponding to angio-
graphic procedures. The high value of Reynolds number is required to
produce exit conditions which compare favorably. If the upper limit of
7000 is chosen the resulting Craya-Curtet number (.14 @ 23°C) falls
within the range calculated for carotid investigations. Since a Reynolds
number of 7000 would be more likely to produce similar exit conditions
and, at the same time, closely correspond to the carotid investigations
(via Craya-Curtet similarity), the catheter-flow was adjusted to produce

such a value,

Final Flow Model

As a result of the investigation the final flow model was specified.
It is designed to be a close approximation to an angiographic injection.
The model is simplified to a concentric jet exiting intoc a confined co-
flowing stream. The co-flowing stream Reynolds number of 1000 approxi-
mates a value which may occur in the human vasculature. The jet Reynolds
number of 7000 approximates a value possible-in an angiographic injection.
The effect of a dilute polymer solution on the action of the jet is
studies via the use of a 50 ppm solution of Separan AP30 as the jet fluid.
Comparisons are made between a jet of water and a jet of dilute polymer
solution. To facilitate comparisons at the relatively low Reynolds
number of 7000 a boundary layer trip is introduced into the jet catheter.
The model may, therefore, be restated as being a tripped concentric jet

exiting into a confined co-flowing stream.
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CHAPTER III

INSTRUMENTATION AND DATA REDUCTION

In this investigation, as with any experimental procedure, the
instrumentation utilized is of great importance. The acquisition equip-
ment in the present research may be subdivided into three groups, each
dealing with a particular phase of the investigation: i) Data Acquisi-
tion Equipment, ii) Monitoring and Test Equipment, and iii) Data Reduc-

tion Equipment.

Data Acquisition Equipment

After the development of the model, acquisition of information
concerning the flow field is necessary. Velocity measurements were made
with a Laser Doppler Anemometer (LDA) system. The LDA has major advan-
tages over other anemometers in that it is not dependent on the physical
and thermodynamic properties of the fluid. It is, therefore, insensitive
to changes in temperature, density, and mixing of unlike fluids. The LDA
is also non—invasive and therefore non-interfering. These attributes make
the study of injections of unlike fluids (e.g. polymer into solvent)
possible. One drawback is the need for scattering particles in the flow.
For the investigatioﬁ silicon carBide particles of approximately 1.5
microns diameter were used. The LDA system used in this study was a DISA
55L Laser Doppler Anemometer Mark II. The system is composed of the fol-

lowing components:
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1. Laser-Spectra Physics 120A with exciter.
A =632.8mm @ 15 mW
2. Transducer - optics package
a. Beam splitter
b. Acousto - optic cell
c. Focusing lens
3. Photomultiplier with receiving lens
4., Doppler Signal Processor-Tracker
5. Range Translator.
The laser light is directed into the transducer and passes through
a beam splitter. One of the resulting beams passes through an acousto-
optic cell (Bragg cell) where the frequency is shifted by 40 mega Hertz
(mHz). This shift in frequency allows measurement of both negative and
positive velocity components. The second beam passes undisturbed through
the optical unit. Both beams then proceed to a prism system where beam
separations of 20, 40, and 80 mm may be selected. From there the beams
pass through a focusing lens (12, 30, or 60 cm focal length). At the
intersection of the beams an approximately ellipsoidal geometric sampling
volume is produced. The size and shape of the sampling volume depend on
the selected beam separation and.the focal length of the lens. In this
investigation, a 40 mm beam separation with a 12 cm lens was used. The
resulting sampling volume in air is .12 mm by .72 mm. Because of differ-
ences in indices of refraction the sampling volume in water is approxi-
mately .12 mm by .96 mm. In this sampling,volume interferences fringes

are established. As a scattering particle passes through the fringes the

intensity of the light entering the photo multiplier is modulated.
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This modulation corresponds to the shifted frequency (from the Bragg

cell) minus the Doppler frequency, f The velocity component being

D"

measured may be determined from the relationship,
vV = fDAIZ sin(06/2)

where fD is the Doppler frequency, X is the wavelengfh of the laser
light and 0 is the beam intersection angle.

To obtain fD’ the signal processor and range translator must be
wed. The signal from the photomultiplier is mixed with a signal from
a local oscillator and the difference is fed into a preamplifier. The
preamplified signal is then mixed with the output from a voltage con-
trolled oscillator (VCO). The resulting output is kept centered in the
middle of a narrow band pass filter by means of a fast servo loop that
controls the VCO output. The output from the VCO is then subtracted
from a set frequency (translator frequency). The resulting frequency is
the Doppler frequency fD. The Doppler frequency is then digitally pro-
cessed and displayed as a mean velocity component. The Doppler frequency
is also processed to give an analog output voltage which is proportional
to fD and thus the instantaneous velocity component (39,47). Further
information may be found in Appendix II.

The laser system is arranged as shown in Figure 8. The sampling
volume is moved via an x~y transversing table. Large axial displacements
require movement of the table along the optical bench. As was the case
with the flow visualization, an outer water bath is employed. The curva-
ture effects are therefore minimized, increasing the signal to noise

ratio of the receiving optics. Changes in sampling volume size, due to
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change of medium, are shown schematically in Figure 9. A block diagram

depicting the general operation of the LDA system is found in Figure 10.

Monitoring and Test Equipment

Consistent and repeatable experimentation depends largely on how
well the flow is monitored. In this investigation, flow rate was of pri-
mary concern. For solvent into solvent studies, mechanical tube type flow
meters were used to monitor the inner and outer flow rate. The flow meters
are originally designed and calibrated for use with air at 14.7 psia and
70°F. Using the "bucket and stopwatch' method, these flowmeters were
recalibrated for use with water. For the injection of a dilute polymer
solution into the flow, a different type of flow meter is used. Since
the long chain, drag reducing polymers are subject to degradation and
loss of effectiveness in high shear regions, the inner or catheter flow
rate was monitored by means of an electromagnetic flow meter (by Carolina
Medical Electronics Incorporation Model 501) which was calibrated before
each run by using the bucket and stopwatch method. Both types of flow
meters were later used to check the accuracy of the LDA system. The
velocity profile produced were integrated to provide flow rate values.
Agreement was good considering the integration technique which was
employed.

Other quantities were monitored besides flow rate. Temperature
was recorded and held at 23°C +1°. Doppler signal strength and instan-
taneous velocity were monitored using a dual trace oscilloscope and the
LDA voltage out was read on a digital voltmeter.

When the drag reducing polymer is used, some method of testing the
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effectiveness of the polymer solution is required. To accomplish this, a
flow device was designed to measure the required driving pressure for a
variety of flow rates. Comparisons were made of the pressure required for
the polymer solution to that required for water at the same flow rates.

The testing apparatus utilizes a VIAMONTE/HOBBS Injector model 2000 as a
constant flow rate source and a Statham model P23 pressure transducer.

A pressure top is made at the upstream end of a long glass tube. The
pressure required to drive the fluid of a set flow rate is recorded on a
Hewlett-Packard strip chart recorder. Comparisons between water and poly-
mer solution driving pressures are then made. The apparatus was calibrated
with respect to flow rate by timing the piston travel. The pressure was
calibrated by using a water column of known height. By determining the
degree of reduction of necessary driving pressures, the effectiveness of
the polymer solution was determined (see Chapter II, Polymer Considerations).
The test apparatus is shown in Figure 11.

One last piece of test equipment should be described. Even though
polymer concentrations are on the order of 50 ppm, viscosity may be changed
appreciably. To test for a change in viscosity, a discharge flow system
was devised. As seen in Figure 12, water or polymer solution is allowed
to flow from a 100 ml reservoir through a small diameter catheter. Since
the Reynolds number is so low polymer drag reduction effects are absent
and the flow rate (or discharge time) is dependent on viscosity. By com-
paring discharge times of water and polymer solution at different concen-

trations, a relative viscosity may be obtained.
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Data Reduction Equipment

Reduction of information obtained photographically required no

special equipment. Attempts were made to further describe the flow by

using an isodensitometer, but the photographic technique was not suffi-

ciently sophisticated to allow useful comparisons. Primary data reduc-

tion dealt with analysis of the instantaneous velocity component produced

by the LDA system.

The signal from the LDA system was fed directly to a Hewlett~Packard

Fourier Analyzer (either the 5451A or the more advanced 5451B). The A

System consists of the following units (48)

Model

Model

Model

Model

Model

Model

The B

results and

180 AR/DR oscilloscope

2100 Computer

2752A Teleprinter

5460A Display plug in unit

5465A ADC plug in unit

5475A Control unit.

model, although faster, is comparable to the A model in

components. A Hewlett-Packard Moseley 135 x-y Recorder was

used in conjunction with the Fourier Analyzer System, to obtain power

spectral density graphs.

Reduction of LDA Information

LDA Settings

The major thrust of data reduction was directed at processing the

information

produced by

obtained from the LDA system. The LDA tracks the frequency

a particle passing through the scattering volume. The fre-

quency response of the system is dependent on the frequency range and
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percent bandwidth selected. The translator allows utilization of a

variety of frequency ranges. Various settings of range and percent
bandwidth were compared to hot film data. Because the recirculation region
is capable of producing variations in excess of *35% of the mean velocity,
fast tracking capabilities were required. For this purpose the range set-
ting of 1.5 mHz with a 1% bandwidth was selected. The resulting frequency
response was 1.50 KHz. This high response was needed in regions where

the mean velocity approached zero with high fluctuations in instantaneous
velocity. For consistency, these settings were maintained throughout the
investigation. Comparisons of the turbulence energy spectra produced

by the LDA at these settings to hot film spectra showed agreement to about
150 Hz at low turbulence levels (see Figure 13 for comparison). The dif-
ference between the LDA and the hot film above 150 Hz was attributed to the
optical limitations of the LDA system (54-57).

LDA Data Processing

The signal from the LDA system is fed into a Hewlett-Packard Fourier
Analyzer, where it is digitized and processed. The Fourier Analyzer System
performs analysis of time and frequency data containing frequencies from
de to 50 KHz (100 KHz optional). The system is capable of processing both
continuous and transient data and may be programmed to perform a variety
of operations on the incoming signal. The results may be displayed in a
number of ways; oscilloscope, x-y plotter and point by point print out.

The first steplin the processing is analog to digital conversion
(ADC). The rate of conversion may be chosen in one of two ways. In the

first method the maximum desired frequency (Fmax) is chosen and the
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frequency resolution (Af) is dependent on the block size (N, number of
data points in the record). This frequency resolution may be calculated

from the equation:

Af = 2 F /N
max

The record length (T) may be computed by the equation
[ = N/(2 Fmax)'

In the second method the desired frequency resolution (Af) is selected and
the maximum frequency is dependent on the block size chosen. The maximum

frequency is calculated by the equation:

F = AEN/2
max

Since turbulence information may contain frequencies as high as
500 Hzs before being lost in noise, Fmax was chosen to be approximately
500. For convenience the second method was chosen. Because N is an
integral power of two,FmaX was chosen to be 512, As can be seen from
the equation for Fmax’ the value of 512 may be acquired in a number of
ways. The frequency resolution may be increased (Af decreased) necessita-
ting a large block size (N) and therefore a longer record length (T). To
obtain optimum efficiency in calculation some compromise between Af and T
must be reached. To determine the minimum frequency resolution which may
be employed without loss of information, comparisons of power spectra and
intensities were made with different settings of Af. Fmax was held con-
stant in all cases. It was found that above a Af of two Hertz, the

agreement with higher resolution (lower Af) values become poor. In order
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to minimize record length the frequency resolution of 2 Hertz was
selected. For a maximum frequency of 512, the resulting block size
was 512 with a record length of .5 seconds.
Because digital processing is employed, aliasing may be a problem.
Since the LDA configuration has a frequency response of 1.5 KHz and the
Fourier Analyzer set to have an Fmax of .512 KHz, aliasing will occur.
A means of reducing the aliasing error is to filter out all frequencies
above 512 Hertz. Filtering was attempted via a Kromhite action filter.
Problems arose at voltages near zero. The d.c. offset in the filter
was not accurate for small input signals. For this reason filtering
was not possible for low voltages (velocities). For consistency in
measurements filtering of the signal was abandoned. Comparisons between
filtered and unfiltered data exhibited little difference, therefore
demonstrating the effects of aliasing to be minimal for these studies.
After the signal was digitized, the information was processed to
give the mean velocity, the power spectral density curve, and total
energy. The mean velocity was produced by means of a time/ensemble
average. The incoming record was summed 50 times (150 times in highly
turbulent regions) and an average record was acquired. The average
record was then integrated and divided by the block size (N). The last
data point in the record is taken to be the mean velocity. Upon comple-—
tion of the signal averaging the power spectral density is determined.
To obtain information concerning the lower frequencies (below KHz),
the mean velocity record produced earlier is subtracted from the incoming

signal. This removes the majority of the d.c. component of the spectra.
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For this reason the mean velocity is subtracted and the entire spec-
trum is considered. The power spectral density produced in the Fourier
Analyzer is actually a mean power spectral density. In this study, 50
power spectra are averaged for purposes of obtaining a good statistical
representation. At a maximum frequency of 512 with a frequency resolu-
tion of two Hertz, the mean spectrum consists of a d.c. component (in
this case the remainder after subtracting the mean velocity component)
and 256 data points each with a two Hertz frequency bandwidth. Restated,
aside from the d.c. component, each data point represents a rise in
frequency by two Hertz. The value stored in each data point past d.c.
(or zero) is given as: the signal amplitude squared divided by four,.
Since the Fourier transform is taken without reference to the effective
bandwidth set by the ADC sampling controls, the spectrum can be normal-
ized to unit bandwidth by dividing by Af. The resulting spectrum has
amplitudes which now correspond to the root mean squared (rms) velocity
squared divided by two. The power spectrum produced in this investiga-
tion, therefore, has an amplitude of the rms velocity squared divided
by four. The spectra produced in this manner are then plotted on a log-
log scale. A flow chart describing the LDA Data Reduction is given in
Figure 14.

Total longitudinal turbulence energy is préduced by summing the
energy content of all frequency components. In the Fourier Analyzer
this summation can be accomplished by integrating the power spectral
density. The resulting value is expressed as the total energy divided
by two. For clarification see the flow chart in Figure 14. The total

energy given is actually the mean total energy based on an average over
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CHAPTER 1V

DISCUSSION OF RESULTS

LDA Tnvestigations

In order to gain information of a more quantitative nature, the
flow model was studied with the aid of the LDA Fourier Analyzer system
described in Chapter III. The axial velocity component and the corre-
sponding longitudinal fluctuations and spectra were measured over a
range of radial positions at various axial stations. Based on the photo-
graphic information the following axial stations were selected for study:
-0.1, 0.1, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0 and 10.0 inches from the exit
plane. Translated into catheter diameters these stations are X/D =
-0.54, 0.54, 2.71, 5.42, 10.85, 16.28, 21.71 27.14, and 54.27. For
centerline decay measurements additional axial locations corresponding
to 32.56, 37.99, 43.42 and 48.85 catheter diameters were included.
Centerline Decay

Measurements of the mean centerline velocity decay were produced
for the cases of water injections with and without the BLT and polymer
solution injections with and without the BLT. For consistency all values
of the mean velocity components were nondimensionalized by the mean
catheter velocity based on flow rate (UFR)' The axial locations are given
in terms of catheter diameters (X/D). Prior to presenting the results

of the centerline measurements, the initial conditions of each flow case

are discussed.
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Initial Conditions. The catheter velocity profiles were produced

h

and compared with the lfﬁt and 1/7th power law as well as the laminar
profile (49). The results are shown in Figures 15 and 16. The profile
in each case do not compare exactly with the turbulent flow theories but
are much closer to the turbulent case than to the laminar. The only
exception to this is the polymer solution injection without the BLT.
This profile is, in actuality, not too far removed from the laminar
profile. This is probably due to a delay in transition caused by the
polymer.

The lack of agreement with the turbulent theory (power law pro-
file) may be the result of several factors. Because of the small size
of the catheter in the flow model, a 5% error in the diameter measure-
ments can produce an error of 10 percent in the final velocity ratio.
Also because of its size, accurate measurement of the diameter is diffi-
cult. Secondly, the Reynolds number used is somewhat low for the appli-
cation of a power law profile to be precisely accurate. Turbulent flow
behavior in a regime close to transition is subject to large variances.
To check the accuracy of the profile produced by the LDA, a comparison
of the known flow rate and the integrated velocity profile was conducted.
Using a trapazoidal technique for integrating the measured profile, the
calculated flow rate varied by less than 2% from the measured value.
Although improved agreement with the power law could be obtained at
higher Reynolds numbers, the value of 7000 most nearly approximates the

upper clinical Reynolds number limit. For this reason the Reynolds num-

ber of 7000 was maintained.
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Centerline Velocity Decay. The nondimensionalized centerline

velocities were plotted against the axial stations (X/D). The results

are shown in Figure 17. The most obvious result can be seen in the value

of the nondimensional velocity component near the exit plane which is

X/D = 0.0. Three of the curves appear to start at approximately the

same point (1.4 -~ 1.45); while the fourth curve (Polymer without the BLT)

begins at a value near 1.8. This large difference in initial values is

attributed to the delay in transition caused by the presence of the poly-

mer. The fact that the polymer solution with the BLT has an initial value

near those for the water injections points out the effectiveness of the

BLT in creating a turbulent flow despite the presence of the polymer.
Comparison of the water injection without the BLT to that of

water with the BLT indicates that the velocity decay is greater for the

BLT case. This suggests a higher turbulence kinetic energy which con-

tributes to the mixing of the jet with the co-flowing stream. Comparison

of water without the BLT to polymer without the BLT shows that even though

the polymer solution exits in a "pseudo''-laminar form, the decay of

velocity exceeds the water case. In fact the polymer without the BLT

has a lower velocity after about 11 catheter diameters. This suggests

a strong effect of the polymer on the turbulence and the mixing. Compari-

son of water with the BLT to polymer with the BLT shows similar but less

dramatic results., In this case the polymer has a lower velocity after

approximately one catheter diameter. It is also interesting to note both

polymer cases approach the data stream velocity from along similar curves.

The same holds for the water cases. That is to say, that regardless of
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of whether or not the BLT is employed, the polymer solution approaches
the downstream velocity more rapidly than the water injectant.

Centerline Fluctuation Measurements. The velocity fluctuations

were also obtained for each axial location. The values of the fluctua-
tions (U;ms) were calculated from the longitudinal turbulence energy
computed by the Fourier Analyzer. In order to produce a nondimensional
velocity fluctuation plot, the values for U;ms were divided by the mean
velocity based on flow rate of the injection UFR)' The resulting plots
are shown in Figure 18.

Comparison of the two water injections produces several interest-
ing observations. Both injections begin with approximately the same
degree of fluctuation (turbulent intensity). However, shortly after two
catheter diameter, the BLT water injection fluctuations begin to surpass
those of the projection without the BLT. The major portion of this dif-
ference appears to take place over a range of approximately 14 catheter
diameters. Afterwards, the two curves compare relatively well. This,
again, indicates a change in the mixing due to the presence of the BLT
alone and is consistent with the centerline decay results in Figure 17.

Comparison of the polymer solution injection without the BLT to
the comparable water injection exhibit a large variation. The fluctua-
tions for the polymer solution injection initially parallel the water
case at a slightly lower level. Then after approximately three catheter
diameters, the fluctuations increase to a level of almost 2.5 times the
level of the water fluctuations. At X/D = 16.28 a very large velocity
fluctuation is observed. If compared to the photographic information

provided, this corresponds to the approximate position at which the
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helical instability begins to break into turbulent mixing. After this
point the level of the fluctuations then rapidly decreases to a point
which is, once again, below that of the water injection case. This
large degree of fluctuation may be the result of two possible changes in
the flow conditions. The first possible cause may be attributed to the
change in the conditions at the exit plane due to the delay in transi-
tion caused by the presence of the polymer. The second explanation for
the observed behavior is the possible effect of the polymer on the turbu-
lent structure in the mixing region. It is not unlikely that the high
fluctuations observed are a product of both these conditions. By com-
paring the BLT injections (water vs. polymer solution), some separation
of the two possible effects is possible.

By contrasting the two BLT injections (water and polymer) it
becomes apparent that the changes in the initial conditions are partly
responsible for the large fluctuations seen in the polymer solution
injection without the BLT. However, there appears to be an effect which
may be considered a result of an altered mixing region. Although the
polymer solution exhibits a higher fluctuation level due to the BLT, the
resulting plot parallels the water case up to about 10 catheter diameters.
After this point the polymer solution fluctuations drop to a level below
all the other cases. It is interesting to note at this point that the
two polymer injections again approach the downstream asymptote more
rapidly than the two water injections. This fact strengthens the assump-
tion of an altered turbulent mixing due to the presence of the polymer

in the fluid.
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Further normalization may be accomplished by dividing the result-
ing fluctuations by the local mean velocity (UL) instead of the mean
velocity based on flow rate. The results of such a nondimensionalization
are presented in Figure 19. The most obvious result in the method of
reduction is an apparently stronger correlation of the data. The two
water injections differ only slightly. While the two polymer solution
injections are similar with respect to the turbulence intensity varia-
tions. Contrasting water to polymer solution injections, the peak rms
fluctuations (or deviation from the local mean) of the polymer solution
case is greater than and occurs before the peak rms fluctuation for the
water case. This is consistent with the observations of Vlasov et al.
(35) concerning the increased turbulence due to the presence of a drag
reducing polymer in a submerged jet. It is this increased level of tur-
bulence which is believed to be responsible for the more rapid decay of
the centerline velocities of polymer solutions.

Centerline Spectra. Further information concerning the center-

line decay of the velocity fluctuations (and, hence, the turbulence
structure) may be obtained through the study of the resulting centerline
power spectral densities. Since the power spectral density is a distribu-
tion of energy (or (U;ms)z) over a range of frequencies, variations in

the curve shape will be directly related to the changes in the distribu-
tion of energy and, therefore, the turbulent nature of the flow. Complete
centerline spectra for each case are provided in Appendix V. The spectra
resulting from the two water injections displayed a high degree of corre-
lation and for this reason, figures comparing water and polymer injections

employ only one water spectram.
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As was seen from the variation of the velocity fluctuations along
the centerline, the total longitudinal energy exhibits an increase fol-
lowed by a decrease in magnitude. The general centerline flow field may,
therefore, be described by two regions; one of increasing total longi-
tudinal energy and one of decreasing energy.

Spectra representative of the near field or increasing energy
region may be found in Figure 20. When compared to the water spectrum
both polymer spectra display behavior which is different from that pro-
duced by the water injection. The energy distribution for both polymer
injections exhibits a lower relative magnitude in the higher frequencies
(above 20 Hz) and higher magnitudes in the lower frequencies. Although
the near-exit centerline velocity of the polymer solution without the BLT
appears in the photographs to be a '"pseudo''-laminar flow, the resulting

spectra are not characteristic of laminar flow, nor do they represent

" which

turbulent flow. At an X/D of 2.71 the spectrum exhibits a "spike
has a center frequency (230 Hz) corresponding very cloéely to the fre-
quency of the helical instability described in the Photographic Investi-
gation section of Chapter II (see Figure 21). This close agreement
reaffirms the importance of the photographic investigation in providing
guidance for the interpretation of the detected flow field measurements.
The near field spectrum for the polymer solution with the BLT
exhibits an overall elevation of the turbulence energy content, with
the major increase being found below 100 Hz as seen in Figure 20. Above
100 Hz the energy content is elevated only slightly. At other axial

locations in the region of increasing fluctuations, this general behavior

is still seen. It is possible, therefore, to attribute the increased
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total longitudinal energy seen for both polymer injections (with and
without the BLT) to an increase in the energy content of the lower
frequencies. This suggests a larger energy content in the larger
eddies and is consistent with the visual impression inferred from
the photographs.

In the region of decreasing velocity fluctuations both polymer
solution injections exhibit a similar behavior. A representative com-—
parison is shown in Figure 22. 1In this figure both polymer injection
spectra indicate the more rapid decay in energy discussed earlier.

Also seen is the different distribution of energy with respect to fre-
quency. Both polymer spectra have slopes which indicate that the majority
of energy is contained in the lower frequencies to a greater extent than
in the water case.

Radial Variations

Although valuable information can be obtained from the study of
centerline results, the overall description of the flow would be lacking
without a comprehensive examination of the radial variations of the
velocity and turbulent energy. Because the polymer solution with the
BLT has an initial behavior more similar to that of the water injection
with the BLT, radial variations of the axial velocity components, the
fluctuations and power spectral densities are presented and compared for
each case (water vs. polymer).

Water with the BLT. The variations of the mean velocity compo-

nents (U) are presented in the form of radial profiles at different
axial stations. The fluctuation (U;mq) profiles may be found in Appendix

V. The axial development of the profiles is illustrated by plotting
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several profiles on the same figure. Because nine axial stations are to
be represented, two figures are utilized to present the information
without excessive overlap. The first of the two figures exhibits the
profiles at the axial stations from -.54 to 10.85 catheter diameters,
the second from 10.85 to 54.27.

The velocity profiles are presented in Figures 23 and 24. Nor-
malization of the velocity component is accomplished via the mean
catheter velocity (UFR) based on flow rate. The radial location (R) is
normalized with the radius of the outer tube (RO). The spreading of the
jet is evidenced by the increasing velocities at radial positions away
from the catheter and by decreasing velocities near the wall and at the
centerline. Because of the large difference between the jet and co-flowing
momenta, a recirculation region is produced. Evidence of this region is
exemplified by the negative velocities at stations 10.85 and 16.28. As
the jet continues to decay, this region of negative velocities (or
retrogrand flow region) diminishes until the entire flow is again posi-
tive. At the 54.27 diameter station the profile is essentially flat.
Subsequently, as the flow continues downstream, the profile begins its
evolution toward a fully developed laminar state, due to the low Reynolds
number of the total flow (approximately 2000).

Polymer with the BLT. The radial variations of the mean velocity

component (U) and the corresponding fluctuations are presented in the
same fashion as the water information. Again, the axial stations are
displayed on two figures to provide an overview of the injection process.
The first of each set of figures covers the axial stations from -.54 to

to 10.85 catheter diameters, the second from 10.85 to 54.27. Normalization



R/Rg

1.

|_ !

L g WRTER
; ”ﬁ W/ BLT
I 5 6o -.54

L J mh a (.54

" + 2.71
& K X 5.42
':'!\ o 10.85

Figure 23. Velocity Profiles, Water with BLT, X/D from -.54 to 10.85.

5



WABTER

BLT

W/

1 2

1

Velocity Profiles, Water with BLT, X/D from 10.85 to 54.27.

74

Figure 24.



75

of the resulting velocities (UL and U;ms) is accomplished in same manner
as the water case.

The velocity profiles are presented in Figures 25 and 26. When
direct comparisons between the two injections are made, however substan-
tial differences are seen.

Comparisons. Direct comparisons of the mean velocity and the
fluctuations are presented at various axial locations. Further compari-
sons may be found in Appendix V.

Figures 27 through 29 represent the near exit plane conditions.

A difference in the catheter profiles is perhaps the most obvious result.
Although the water case exhibits a more turbulent profile, the polymer
solution features a larger overall fluctuation (U;ms). As seen earlier

in the centerline decay study this effect is primarily contained in the
lower frequencies of the turbulence power spectra. The outer flow regions
appear to be very similar. The slight differences in profiles may be
attributed to small errors in alignment of the flow facility and in

flow meter readings. The fluctuations in the water flow are, however,
essentially comparable.

Figures 30 through 32 are important in that they present the
almost immediate effect of the jet on the outer flow. Little difference
in the outer flow is evident in Figure 30 but Figures 31 and 32 provide
strong evidence that the outer flow region is less effected initially by
the polymer solution jet. This is seen in the increased fluctuationsg in
the water case as opposed to the polymer solutiqn case. In fact, the
polymer solution fluctuations lag the water injections in the near wall

region until recirculation (see Figures 39 and 40) occurs. Figure 31 and
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32 also provide near jet information which tends to suggest an altered
transfer of energy from the jet edge. This is seen as a wider region
of high wvalue fluctuations near the centerline for the water case and
is probably the result of the difference in velocity gradients (Figure
30).
From the centerline studies, the polymer solution exhibits a

more rapid decay of centerline velocities representative of increased
jet spreading. However, from the velocity preofiles this does not appear
to be exactly the case. The polymer solution displays a more rapid decay
at centerline values but a less rapid initial dispersion of the profile
into the outer region. This delayed initial spreading may be seen in
Figure 36 as a plot of the radial location, at which half of the peak
velocity (Up) may be found. That is

UR. ,./R) =+ U
1/2" o 2 p
Near an axial location of 10 catheter diameters, the polymer jet is found
to show a substantially more rapid spreading. In the near jet region,
the delayed spreading and the increased centerline decay of velocity
suggest a possible discrepancy in the flow field. Since the total flow
rate is constant, this discrepancy must be compensated elsewhere in the
flow. Because the system is cylindrical and axisymmetric small changes
in velocity near the outer wall can produce considerable changes in the
centerline values. Evidence of differences near the wall becomes most
apparent at axial stations just before, during and after recirculation

(Figures 37 - 45). The polymer solution fluctuations in the outer region
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still lag the water case until an X/D of 10.85 is reached (recirculation)
(see Figure 41).

Figures 37 through 39 represent the axial location with an X/D
of 5.42, just before recirculation. As can be seen in Figure 37 the
outer flow region for the water case is almost zero from an R/R0 of .55
to 1.0. The polymer solution does not display any velocities very near
zero until the wall is reached. Since conservation of mass for the tube
cross—section must be satisfied, this explains the decreased centerline
value of the polymer accompanied by lower apparent dispersion into the
outer flow region. IFigure 38 again shows the.elevated fluctuations near
the centerline and the lagging fluctuations near the wall for the polymer
solution injection. The differences are, however, becoming less than
those found farther upstream. Figure 39 presents, perhaps, a clearer
comparison of the two situations. Because the velocities are near zero
in the outer region for the water injection, the resulting nondimensional
intensities are much higher than for the polymer. The centerline values
again display the increased energy for the polymer jet.

Figures 40 through 42 represent two stations in the region of
recirculation. Figure 40 (X/D equal to 10.85) displays a marked difference
in the sizes of the retrograde flow regions. Also of interest is the sim-
ilarity of the velocity profiles in the outer region. The necessary
result is the region confined near the centerline in which the water
displays a higher velocity value. Similar results are seen in Figure 42
(X/D of 16.28). The velocity fluctuations or energy content show essen-

tially the same behavior across the flow when compared to water. The
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intensities for each case also appear to be of the same order although
the water case does display a higher degree of scatter. Additional
figures corresponding to this region may be found in Appendix V. From
the information in Figures 40 and 42 the region of retrograde flow and
thus, probably the recirculation region appear to be thinner for the
polymer solution case. A thinner region of recirculation occurs and the
entrainment requirements, and therefore the mixing properties of the
polymer solutions injections, must be different from the water case, the
higher overall entraimment of the polymer jet suggesting a more efficient
mixing.

Figures 43 through 45 provide information on stations downstream
of the recirculation region. The quick recovery of the velocities in
the outer flow region for the polymer case again suggests the smaller
recirculation region in the polymer injection. The first instance in
which the polymer injection exhibits lower total energy (or fluctuation
level) throughout the field is found at an X/D of 21.71. However, when
the intensity is considered, the polymer solution still lags near the
wall and leads néar the centerline. When the flow has reached an axial
station of X/D equal to 27.14 the velocity profiles are nearly the same
(Figure 43). When comparing the energy involved (represented by U;mstFR’
the polymer solution again displays a lower energy than the water case.
The turbulent intensity is also found to be lower, suggesting a more
efficient dissipation of energy in the polymer solution injection.

As seen in Figure 44 the velocity profiles are approximately the
same at X/D = 54.27. The total energy, as well as the intensities, are

found to be slightly lower for the polymer solution case. Radial profiles
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of the energy and intensity corresponding to the above may be found in
Appendix V.

Retrograde Flow Region. Because the recirculation region appeared

to be effected by the presence of the polymer, some value representative
of the location of the recirculation region should be determined for not
only the BLT cases but for the non-BLT cases as well. Since the recircu-
lation region consists of positive as well as negative velocity components,
the actual shape of this zone is difficult to map. If the geometry of

the flow system had allowed measurement of the radial as well as the

axial components of the velocity, velocity vectors could be determined
which would display the overall shape of the recirculation region. Unfor-
tunately, radial components could not be measured with any reliability

due to the small radius of curvature of the flow facility tubing. In
order to obtain some information concerning the size of the recircula-
tion region, an alternate method was employed. The axial length of the
near wall retrograde flow region was measured as an indication of the

size of the recirculation. To accomplish this, the LDA transducer was
traversed axially along the wall, as closely as the resolution of the
sample volume would permit, until the upstream and downstream zero
velocity locations were determined (points of sign change).

Because of the high fluctuation, long averaging times were
necessary and the measurements were repeated to check reliability. The
results of these measurements are shown in Figure 46. As can be seen
from this.figure both injections using the polymer solution resulted in
a smaller near wall retrograde flow region. This, combined with informa-

tion found in Figures 40 and 42, suggests the production of smaller



WATER W/0 BLT

POLYMER W/O BLT

- -
= _
———
! POLYMER W/BLT
WATER W/BLT
Figure 46.

||

Lengths of Near Wall Retrograde Flow Regions.

10T



102

recirculation regions. When comparing both the water injections, the
presence of the BLT appears to produce only a very slight change in the
size of the recirculation region. The presence of the BLT in the poly-
mer injections has quite a marked effect With’the resulting recirculation
region being much smaller in size for the BLT case. The exact reasons
for the large differences in recirculation sizes are not fully understood
but the initial conditions as well as the altered turbulent mixing are
believed to have an effect on the recirculation size and location.

Spectra. Additional information concerning the injection process
and the resulting turbulent mixing may be obtained through a study of the
various power spectral densities produced at different locations in the
flow. Representation of the overall radial variation of the power spec-
tral densities at each axial station is produced by plotting several
radial locations on the same figure.

The water injection with the BLT is represented by Figures 47
through 55. Where possible, the spectra at or near the radial positions
(R/Rb) of .012, .11, .30, .52, .76 and .88 are presented.

Figure 47 represents the radial variation of the spectra at an
axial location of -0.54 catheter diameters. Spectra of the outer flow
region (RXRD equal to .30 through .88) display energy levels so low as
to be obscured by the noise and ambiguity in the system. This is not
unusual in that the outer flow is very nearly laminar with the majority
of the energy being contained by the mean flow (and hence, low frequen-
cies). The catheter spectra demonstrate a decrease in the energy con-

tained by the lower frequencies as the centerline is approached. Figure
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48 (X/D equal 0.54) displays approximately the same behavior. However,
at an R/Ro equal to .28 the behavior of the spectra displays a strong
deviation. A wide band region of increased energy over frequencies
from approximately 30 to 500 Hertz is evident. A more detailed represen-
tation of this region is shown in Figure 49 which displays the power
spectral demsities at radial positions from an R/RO of 0.18 to 0.42 at
an X/D of 0.54 catheter diameters. The catheter lip covers the radial
positions from 0.17 to 0.25 and may be considered as a possible factor
contributing to the spectral distribution. At the radial position of
R/R0 equal to .42 the spectral distribution is near that of the pseudo-
laminar outer flow. Moving toward the centerline (decreasing R/RO) the
disturbance (hump in the spectrum) increases in magnitude with a decrease
in the overall frequency range. The center frequency of this disturbance
also increases as the centerline is approached. Cassanova (50) reported
a similar increasing of frequency for vortex shedding after a stenosis.
Also noteworthy is a relatively uneffected range of lower frequencies
apparent in the spectra. It is not until the radial location is in the
region distal to the catheter 1lip that the lower frequencies begin to
show a marked increase in energy content. Finally, when the radial posi-
tion is very near the inner flow region, the disturbance appears to be
dispersed by the higher turbulence flow.

Figure 50 represents the flow at an axial station of 2.71 catheter
diameters. From the information provided the energy content in the
outer flow is seen to be increasing. This is manifested as an increase

in the frequencies below 110 Hertz. At the same time the inner flow
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region away from the centerline is also displaying an increase in energy
contained in the lower frequencies. Because a disturbance was detected
in the spectra at X/D = 0.54, the developing region at the present loca-
tion was also studied. The resulting power spectral densities are found
in Figure 51. Although relatively lower in magnitude than the remainder
of a spectrum, the disturbance can still be seen over the radial positions
from an R/RO of 0.28 to 0.52. The center frequency is now located at a
lower value than previously and suggests that the frequency of the disturb-
ance decreases axially as well as radially.

At this point it is necessary to account for the broadband
peaked disturbance seen in the turbulence power spectra. Because of
the low outer belocity, there are some similarities between the
present confined jet and the cases of free jets and stenosed flows. In
these latter cases the disturbance seen in the spectra could be attributed
to vortex shedding. For flow through a stenosis the resulting Strouhal
number is found to vary from 1.0 near the jet to less than 0.6 just before
the breakup at the vortex. The value of .6 is found at a location whose
spectrum provides a maximum disturbance intensity (50). Crow and Champagne
(19) found similar results for a turbulent free jet. Becker and Messaro
(18), in their study of a variety of free end confined jets, found that,
for a Craya-Curtet number of .35 and a Reynolds number of 7000, near jet
Strouhal numbers of approximately 1.0 were produced. In the present flow
the Strouhal numbers calculated ranged from 1.0 at an X/D of 0.54 to 0.20
at an X/D of 2,71. Since the overall disturbance agreed so well with the

behavior that would result from vortex shedding of the jet, it is not
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unlikely that the disturbances seen in Figure 49 and 51 originated from
this phenomenon. The extent of the downstream propagation of the dis-
turbance also tends to substantiate this conclusion.

In frequency space, the Kolmogorov theory for isotropic turbu-
lence suggests a power spectral density in which the predominant slope
is -2 when a log-log plot is employed. Kolmogorov-like spectra {slope
of -2) have, however, been observed in meteorological flow conditions
which exhibit little isotropy. In fact, it is not uncommon for turbulent
flows to exist which do not meet the Kolmogorov criterion but still
exhibit the -2 slope (-5/2 in wave number space) (51). In the present
study the data are plotted on a log-log scale in which the ordinate
covers twice the number of decades per unit length as the abscissa. For
this type of plot, the slope of a spectrum with a Kolmogorov-like dis-
tribution would have an apparent slope of -1 or an inclination of -45°.

Figure 52 represents the axial station corresponding to 5.43
catheter diameters. When compared to the near exit plane conditions
(X/D = -.54), the spectra at all radial positions have increased in
total energy content. The outer flow spectra have been shifted out of
the noise with the spectral shape retaining the same slope for low fre-
quencies. The inner flow region has spectra with high frequencies of
essentially the same value as those at X/D = -.54., The energy content
of the frequencies below approximately 110 Hertz shows an increasing
trend. The overall slopes at the inmer and out flow regions are approach-
ing similar values. The higher frequencies of the spectra for the inner

flow region and the lower frequencies of the spectra for the outer flow
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region display an inclination angle of approximately -45 degrees.

At an X/D of 10.85 (Figure 53), the longitudinal turbulence energy
contained by the outer flow has shifted the spectra closer to that of the
inner flow. The energy content of the inner flow region appears to have
dropped only slightly. The slope over a range of frequencies from approxi-
mately 10 to 100 Hertz is maintained at -2 (for these plots -1 or -45
degrees). At an X/D of 16.28 the spectra are more closely correlated with
a slight drop in energy levels for the inner flow. A slope of -2 is now
only seen over a region between approximately 45 and 200 Hertz. The spec-
tra corresponding to an X/D of 21.71 and 27.14 catheter diameters differ-
ence from the previous case with the exception of an overall decrease in
the energy content of all the spectra.

At an X/D of 54,27 diameters the spectra show an overall loss of
turbulent energy. The slope is no longer Kolmogorov-like in distribution.
The higher frequency energy content has dropped below the noise and
ambiguity of the system. The spectra do show a high degree of correla-
tion consistent with the flat velocity profile and a uniform distribution
of energy described in the previous section.

The polymer spectra were reduced in a similar fashion and are pre-
sented in Figure 56 through 64. The spectra produced by the flow at X/D
equal to -0.54 are shown in Figure 56. As expected, there is essentially
no difference in the outer flow spectra when compared to the comparable
water case, However, the inner flow produces spectra that are different
from the water case. The overall level of energy is higher for the poly-

mer solution especially in the lower frequencies.
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Figure 53. Radial Variation of Spectra, Water Injection,
X/D = 10.85.
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X/D = -0.54.



117

At the axial station equivalent to X/D equal to 0.54 (Figure 57)
the inner flow is affected only slightly by the presence of the polymer.
This effect is noticed in the frequencies below 100 Hertz. The mnear
centerline spectrum loses some energy while the spectrum at a R/R0 of -
0.11 shows a slight increase in energy. The outer flow region is of
greater interest, however. A phenomenon comparable to the water case is
evident at an Rle of 0.30 (i.e., vortex shedding). The outer spectra
of the outer flow show little change over those found at comparable
radial locations for an X/D of -.54.

Figure 58 represents the power spectral densities associated with
the vortex shedding at an X/D of 0.54 catheter diameter. The radial
locations range from an R/RO of 0.18 to 0.44. When compared to results
from the water injection, éeveral differences can be seen. The overall
levels of the turbulence energy contained in the spectra are lower for the
polymer injection at all the radial positions depicted. Secondly, the
disturbance bandwidth is not as large for the polymer case indicating a
lower fluctuation about the center frequency. The center frequency was
determined to be approximately 290 Hertz, not too different from the
water injection case.

Figures 59 and 60 represent results from the axial station with an
X/D of 2.71 catheter diameters. At this point, the near centerline spec-
trum (R/R0 = 0.012) shows a slight elevation of energy in the higher fre-
quencies. The outer region has changed significantly. -At an R/Ro of 0.25
the turbulence energy content of the higher frequencies is essentially
the same as the inner flow region. The radial positions from 0.49 to

0.86 show a strong elevation of the energy contained at the frequencies
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Figure 57. Radial Variation of Spectra, Polymer Solution,
X/D = 0.54.
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below 110 Hertz. Compared to the spectra for the water injection at this
axial station, the outer flow spectra are essentially the same while the
polymer injection exhibits higher energy content at the lower frequencies.
The progression of the vortex is shown in Figure 60. The presence of the
vortex is seen over a range of positions from an R/R0 of 0.25 to 0.64.
When compared to the water injection, the vortex formed by the polymer
solution is seen to have traveled farther into the outer flow. The cen-
ter frequency is seen to be approximately 95 Hertz as opposed to the 60
Hertz seen in the water case. The total bandwidth appears to be approxi-
mately the same. These observations when linked with the conditions at
an X/D of 0.54, tend to suggest a more well-defined and adherent vortex
being produced by the polymer solution injection.

Figure 61 is representative of measurements taken at the axial
location X/D equal to 5.43. The inner flow (R/Ro of 0.012 and 0.13) is
depicted by a single spectrum because of the high agreement between the
two locations. The spectra at R/Ro's of 0.76 and 0.88 representing the
outer flow also show a high level of agreement. The effect of the vortex
may show a high level of agreement. The effect of the vortex may still
be seen at the radial station Rz’R0 equal to 0.52. The spectrum is shifted
upward as a result of the vortex action on the mixing. When compared to
the near initial conditions (X/D = -0.54), the outer flow spectra are
seen to have shifted by a large amount, especially in the lower frequen-
cies. The inner flow spectra are essentially the same. Comparison with
the comparable water injection shows strong similarity in the outer flow
region and slightly higher energies in the lower frequencies for the

polymer solution in the inner flow region., The polymer solution appears
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to produce a Kolmogorov-like spectrum from approximately 250 Hertz on
for the inner flow; however, no such spectrum is found in the outer
flow region.

At an X/D of 10.85 (Figure 62) the spectra show the trend toward
higher agreement as seen in the comparable water case. The outer flow
region is exhibiting higher energies while inner flow region is declining
slightly in energy. Comparison to the water case shows slightly higher
energies for the polymer case with a little more separation between the
inner and outer flow region spectra. Also of interest is the fact that
the polymer solution does not exhibit any region which produces a
Kolmoborov-1like spectral distribution. The apparent slope is steeper
suggesting a more rapid decay of the higher frequencies.

At an-X/D of 16.28 (Figure 63) the polymer solution injection
still differs from the water case. The resulting spectra have approxi-
mately the same level of agreement (closeness) as do the water spectra
but the higher frequencies seen in the polymer solution spectra contain
a much lower amount of energy. The resulting slope of the polymer spec-
tra (although not entirely linear) is therefore steeper than that for the
water case. Again, the inner and outer spectra for the polymer solution
case are more closely related than the previous axial stations and a drop
in energy is seen at all radial positions.

At an axial location of 21.71 catheter diameters the inner and
outer flow regions produce spectra which are not too different in dis-
tribution, with the outer regions displaying slightly lower energy than
the inner flow region. The total energy is less than that found at the

previous axial location. The spectra produced by the polymer injection
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are not similar in distribution to the water injection spectra. The poly-
mer spectra are of lower total energy (corresponding to the results
described earlier) with the energies in the high-frequencies lagging far
behind the comparable energies in the water case. The result is a spec-—
tral slope which is much greater for the polymer case than for the water.
This difference tends to suggest an enhanced viscous dissipation of energy
from the smaller scale eddies.

At an X/D of 27.14 catheter diameters similar results are seen.
The polymer energy content is less with an energy distribution deficient
in the higher frequencies. The resulting slope is again steeper than
that for the water case. At 54.27 catheter diameters (Figure 64), the
resulting spectra are essentially the same as those produced for the water
injection, the total energy in the polymer spectra being slightly lower
in magnitude. The basic spectral distributions are, however, the same,
indicating an end to the polymer effect on the spectral distribution of
the energy and thus the flow. It is to be remembered that the downstream
flow will eventually become laminar and that the polymer effect has been
seen only at high Reynolds numbers (22) (i.e., turbulent flow). Addi-
tional spectra may be found in Appendix V.

Primary Mixing Region. From the photographic study, the approxi-

mate location of the jet initial mixing region was determined. The loca-
tion of this region was found to correspond to the axial and radial
positions which displayed a vortex disturbance in the power spectra.

If the region over which the vortex disturbance is considered to be an
indication of the mixing region, an approximation of the thickness may

be obtained from the spectra. This is accomplished by noting the thickness
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over which the effects of the vortex are visible. The radial variations
for the axial locations of 0.54 and 2.71 diameters were shown in Figures
49 and 51 for water and 58 and 60 for the polymer solution. From the
spectra the thickness of the primary mixing region is shown to be only
slightly greater for the polymer solution at an X/D of 0.54. At an X/D
of 2,71 catheter diameters the polymer solution mixing zone is approxi-
mately 36 percent greater than that for the water case. This increased
thickness of the primary mixing region for the polymer case is in agree-

ment with the increased eddy size seen in the photographic investigations.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

An experimental model of angiographic injections has been studied.
The model utilized was that of a concentrically mounted jet exiting into
a confined co-flowing stream. The Reynolds numbers and momenta of the
inner and outer flows were set to correspond to actual injection param-
eters. Dilute solutions of a drag reducing polymer were studied as an
alternate injectant and compared to a water injection., The outer flow
consisted of water for both cases. Becéuse of the low Reynolds number
and the apparent delay in transition caused by the polymer, the catheter
flow was altered through the use of a boundary layer trip in an effort
to achieve similar jet exit conditions. The model was studied via photo-

graphic techniques and Laser Doppler Anemometry.

Summary of Results

Photographic Investigations

The photographic investigation provided a visual description of
the changes resulting from variations in the catheter Reynolds number
and the type of injectant (water or polymer). The effect of the BLT on
the jet expansion was also studied.

The observations made without the BLT are listed below.

1) At Reynolds numbers below 2500, which corresponds to transi-

tion in the catheter, the water injection displayed a helical instability
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before the jet began to break into a smaller more random structure char-
acteristic of turbulent mixing. The same effect was observed for the
polymer solution injection.

2. As the Reynolds number was increased to near transition, the
water injectant produced a jet configuration similar to the lower Reynolds
number cases described above. This jet was, however, very sensitive to
any form of disturbance and would immediately start to break up near the
exit plane at the slightest change in conditions. The jet often resumed
its lower Reynolds behavior just as quickly as the turbulent catheter jet
behavior was produced.

3. The recirculation region was also strongly visible in the
photographic investigation. After addition of ink to the catheter flow,
the ink could be seen first in the expanding jet. A large portion was,
however, mixed into the recirculation region allowing an adequate visuali-
zation of a portion of the region.

4. As the Reynolds number was increased above transition, the water
injectant produced a jet which began to break up into turbulence almost
immediately downstream of the exit plane. The helical instability was
no longer visible although a small section of apparently undisturbed flow
existed just downstream of the injection plane.

5. At Reynolds just above transition the polymer solution showed
no apparent change from the Reynolds numbers below transition. At a
Reynolds number of 7000 the jet still displayed a region of helical
instability followed by the breakup and expansion of the jet, suggesting

a strong delay of transition in the catheter flow.
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6. The eddy size at comparable Reynolds numbers appeared to be
larger for the injection of the polymer solution than for water.

Because of the apparent delay in transition and in order to
obtain more similar exit conditions between the polymer solution and
water injections, a boundary layer trip was introduced into the cathe-
ter, Photographs were produced with an outer flow Reynolds number of
1000 and an inner flow Reynolds number of 7000. The following obser-
vations were made.

1. The apparent spreading and turbulence structure of the water
injection was approximately the same as the non-BLT case.

2. The polymer injection was much more turbulent in nature,
when compared to the non BLT polymer injection. The helical instability
was no longer visible and jet appeared to break up in a manner similar
to the water cases.

3. The overall spreading angle for the polymer jet was only
slightly greater than the water case, suggesting a possible increase in
mixing.

4., There was, again, an apparent suppression of the small scale
eddy structure in the polymer case.

5. An attempt was made to obtain the upstream location of the
recirculation region for an injection with a Reynolds number of 7000 with
and without the BLT; polymer and water. The outer Reynolds number was
held at 1000. Both water injections produced a recirculétion region which
appeared to start approximately .75 catheter diameters upstream of the
exit plane. The polymer injection with the BLT produced a recirculation

region which appeared to start approximately .75 catheter diameters
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upstream of the exit plane. The polymer injection with the BLT produced
a recirculation region which appeared to start at the exit plane, while
the injection without the BLT has a recirculation region beginning
approximately 2.5 diameters downstream of the exit plane.

LDA Investigations

The Laser Doppler Anemometer (LDA) measurements were obtained from
two studies. The first study was the centerline decay of the longitudinal
components of the flow field for polymer and water injections with and
without the BLT. Included in this study was the determination of the
initial condition of the catheter velocity profile. The second study was
a comprehensive investigation of radial variation of the longitudinal
velocity component for injections of water and polymer with the BLT only.
The results of these experiments are given below.

1. The study of the initial catheter velocity profiles provided
information concerning the effect of the BLT on the polymer ana water
injections. Without the BLT the polymer displayed a velocity profile
which appeared to be very nearly laminar. This "pseudo''~laminar behavior
is attributed to a delay in transition due to the presence of the poly-
mer in the fluid. The addition of the BLT to the catheter produced a
velocity profile which was much more turbulent in appearance. The BLT
had a slight effect on the water case, the profile with the BLT being
somewhat flatter.

2. The centerline decay of the axial velocity component was found
to be more rapid for both polymer cases compared to either water injection.
This incfeased decay in the centerline velocities suggests the possibility

of a more rapid spreading of the jet. In each case where the BLT was
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used the velocity decay was more rapid than the non BLT case.

3. The variation of the longitudinal turbulent energy along the
centerline indicates a higher initial turbulence for the polymer with
the BLT when compared to any other case studied. Both polymer cases
exhibited a more rapid rise to a higher turbulent energy as the axial
distance from the jet exit increased. After the peak value was reached,
the turbulent energy was found to decay more rapidly in the polymer case
as well. When normalized by the local velocity the axial variation of the
turbulent intensities appeared to be approximately the same for similar
injectants. The polymer cases produced a more rapid rise to a higher
intensity level followed by a more rapid decay.

4. Polymer centerline spectra indicate higher energy content in
the lower frequencies than the water cases at the .same axial location.
The polymer spectra were shown to decay more rapidly than the comparable
water cases, the loss of energy being most rapid in the higher frequencies.
The spectral distribution of the polymer with the BLT appears to lie
somewhere between the spectra of the polymer without the BLT and the water
spectra with (or without) the BLT.

The radial distribution studies produced the following results
(BLT cases only):

1. In comparison with the polymer injection, the water injection
had a more immediate effect on the outer flow or near wall region.

2. The near centerline longitudinal turbulence energy was found
to be higher for the polymer case up to about 21.71 catheter diameters.

3. The near wall turbulence energies produced by the polymer

solution injection continued to be lower than the values evident in the
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water injections for all axial stations studied.

4. Although the centerline velocities decayed more rapidly for
the polymer case, the overall velocity profile showed less dispersion
into the outer flow region. To satisfy continuity the near wall veloci-
ties are necessarily greater for the polymer injection case.

5. The apparent size of the recirculation region was found to
be much less for the polymer injection than for the water injection
(again, the effeﬁts near the wall were less for the polymer injection).
The lower centerline velocities for the polymer case may be a result of
the smaller region of recirculation, which creates a venturi-like effect,

6. Energy spectra for both injections produced a peak at axial
positions of 0.54 and 2.71 diameters. The resulting center frequency
of this local maximum was found to be approximately 300 Hertz and is
attributed to vortex shedding. The bandwidth of the "spike' was found to
be much less for the polymer solution injection.

7. The overall decay of the turbulent energy with respect to
axial distance in the flow field was found to be much more rapid for the
polymer injection. In addition, the most rapid loss of energy occurred
in the higher frequencies of the spectra. Low frequency energy content
was found to be higher for polymer than water cases. The water injection,
on the other hand, displayed regions in the flow in which the power spec-
tra exhibited a Kolmogorov-like distribution. The polymer injections
exhibited no such distribution.

8. The location of the mixing region was approximated from the
photographic information. These resulting positions corresponded well

to those radial locations which demonstrated a transition from
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characteristic innerflow spectral shape to those more representative of
the outer flow region. From the spectra produced the thickness of the
mixing region was found to be approximately the same for the two cases
at an X/D of 0.54 (near the exit plane). At an X/D of 2.71 the apparent
thickness was found to be some 36 percent greater for the polymer case,
again suggesting large scale turbulence lengths.

Although the initial conditions were not found to be exactly the
same, the majority of the differences observed are believed to be a
result of the presence of the polymer in the flow. Evidence for this
assumption may be found throughout the flow field. The near field or
initial conditions indicate greater differences between the water injec-
tions with and without the BLT (velocity profiles) than is apparent in
the water and polymer injections with the BLT. The resulting flow fields
are, however, very similar for the water injections but quite different
for the water and polymer (BLT) injections. 1In the far field the two
polymer injections (with and without the BLT) behave very much the same
although the initial conditions are very different. From these observa-
tions and others, the effects of the initial conditions appear to be

overshadowed by the effects of presence of the polymer in the flow field.

Conclusions
From the various observations made during the course of the investi-
gation certain statements or conclusions may be drawn concerning the
behavior of the concentric confined jet, polymer effectiveness, and this
application to angiographic injections. From these observations, state-

ments concerning the altered behavior of the jet due to the presence of
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small amounts of a drag reducing polymer are derived and are listed
below.

1. At Reynolds numbers above those causing transition in water
the polymer solution exhibits a catheter velocity profile and jet spread-
ing corresponding to near laminar flow, suggesting a delay in transition.

2. Placement of a 50 percent sharp edged orifice in the catheter
nearly eliminates the laminar-like behavior of the polymer jet at Reynolds
numbers near 7000.

3. The eddy size resulting from the polymer injection gives the
appearance of being coarser or larger than that produced by the compar-
able water injections.

4. Near wall fluctuations are found to be lower for the polymer
injection while the near centerline intensities are higher.

5. Because the injection into a laminar co-flowing stream is
highly elliptic in nature, the exact behavior at the jet is coupled with
the upstream conditions. The resulting recirculation region is found to
be smaller for the polymer injection than that for the water injection.
The existence of the recirculation region affects the upstream conditions
(especially near the wall) and thereby alters the apparent jet spreading.

6. Since the exit plane conditions are very nearly the same, the
difference in the size of the resulting recirculation regions is thought
to be primariiy due to the presence of the polymer in the jet fluid. The
exact mechanism for the reduced size of.the recirculation region is not
understood but the effect of the polymer on mixing is believed to play

an important role.
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7. The results from the investigation provide useful information
concerning applied angiography and the potential of drag reducing poly-
mers in the procedure. The experimentation produced the following con-
clusions concerning the angiographic procedure:

a) There exists an extensive region of high turbulence intensi-
ties and presumably high Reynolds stresses in the angiographic injection
flow field. The region up to about 25 catheter diameters is potentially
dangerous due to either high jet velocities, high turbulence intensities
or a combination of both.

b) Although a concentric model was used the actual injection pro-
cedure is seldom aligned in such a manner. In some instances the catheter
may impinge on the wall. The resulting stagnation pressures and catheter
whip could be hazardous, especially in cases of atherosclerosis.

c) Upon injection a recirculation region may be produced which is
capable of "trapping' a portion of injectant until the injection is
terminated.

d) Use of drag reducing polymers in conjunction with angiography
is not a promising consideration.

e) Possible improvements may, however, be possible through
improved catheter design. For example, by employing a BLT the near field
mixing of injections at low flow rates may be improved by reducing turbu-
lence prior to the jet exit.

8. The polymer used in this research was Separan AP-30. It was
found to be an excellent drag reducing polymer for experimental research,
It strongly resists shear stress degradation and is easily dissolved in

water. The good repeatability of the polymer mixture studies was due,
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for the most part, to this polymer.

Discussion and Recommendations

As has been pointed out, the long-chained drag reducing polymer
greatly affects the development and turbulent structure of a confined jet
exiting into a confined co-flowing stream. Generally, the alterations of
the flow field would prove to be adverse if applied to the clinical situ-
ation, and therefore these polymers do not appear to offer any significant
usefulness in angiographic injection procedures for the conditions studied
here. Although driving pressures would be reduced, the effect of the
polymer solution on the total flow field would be adverse. Unless the
Reynolds numbers of the injections were highly turbulent (above 15,000)
the polymer would delay the transition to a turbuient velocity profile.

If mounted concentrically no major drawback would be incurred. However,
the catheter seldom, if ever, is capable of being aligned. Frequently,
the catheter lies near the wall. If the jet were to impinge on the wall,
the local stagnation pressures could exceed non polymer injections by as
much as 60% (based on peak velocities for fully developed laminar and
turbulent flows). If a boundary layer trip is introduced this effect
would be lessened. However, the polymer exhibits higher turbulence
intensities near the centerline whether or not the BLT is employed.

These higher fluctuations could be of concern if the catheter lies near
the wall. Also, because of the high flow rates employed, the problem of
catheter whip would not be alleviated by the use of the polymer. All evi-
dence indicates that the use of a drag reducing polymer in an angiographic

procedure could have potentially adverse effects without showing any
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significant benefits. From the effects brought about by the insertion of
the BLT, it is believed that improved angiographic techniques may result
from altered catheter design. It is, therefore, recommended that future
research dealing with angiography be concentrated in the realm of catheter
design, with emphasis on altering the injection configuration to improve
mixing in the near field.

Because of the dangers inherent in the angiographic procedure, care
should be exercised in the choice of the injection rate and the location
of the catheter in the vessel. Since high fluctuations, as well as high
centerline velocities are possible up to approximately 25 catheter
diameters, great care should be made in the placement of the catheter to
minimize trauma to healthy and, especially, diseased vessels.

Because the effects of the drag reducing polymer were not found
beneficial in angiographic injections by no means suggests that continued
research into the behavior and effects of the polymer be curtailed. The
mechanizing for the polymers effectiveness in drag reduction and turbu-
lent mixing are not well understood. It is evident from this research
that the turbulent nature of the flow has been altered by the presence
of the polymer and that larger scale turbulence is dindicated. The char-
acteristic length of the polymer has been shown to be much smaller than
the smallest length scale encountered in turbulent flow and could not
directly interfere with the eddies. However, it is not unlikely that the
polymer alters the ability of eddies to interact, thereby changing the
turbulence structure of the flow. This has been hypothesized by Lumley

(27) for the counter-rotating vortices near the wall, and is believed to
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be a factor in the mixing region of the expanding jet. Further research
into the effects of the long-chained drag reducing polymer on various
turbulent flows may lead to a better understanding of the mechanism which

alters the turbulent structure.
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APPENDIX I

PERIPHERAL ANGIOGRAPHY: HISTORY AND COMPLICATIONS

History

The historical outline given in this appendix is based, for the

most part, on a review paper by Wendth (1).

1890 -

1895 -

1896

1896 -

1912 =

1920's

Professor Authur Goodspeed (University of Pennsylvania)
produces images of coins on photographic plate while using
a Crooke's tube. No report made.

Roentgen first observed new unknown beam of energy, x-rays,
November 8.

Haschek and Lindenthal, using amputated limb, perform first
femoral arteriogram. Teichman's mixture used as radiopaque
dye.

Codman reports cadaveric opacification of the aorta and its
branches by using mercury salts.

Belichroder performs first in vivo insertion of a catheter
into an artery. Procedure was not diagnostic. Procedure
was to.treat puerperal sepis by infusing an antiseptic solu-
tion into the uterine arteries from a catheter passed from
the femoral artery.

- (mid-late) Dr. Reynoldo Dos Saatos discovers low
morbidity in the puncturing of major vessels of the

abdomen.
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1929 - Dos Saatos uses translumbar approach to treat tuberculous
peritonitis, patient died due to respiratory complications.
Necropsy examination revealed aorta puncture scarcely vis-
ible. Later used translumbar technique to obtain visuali-
zation of aorta and major branches. Procedure painful
requiring local anesthesia. 100% Sodium Iodide was used
as contrast medium. By 1937 over 1,000 cases done with
some serious complications including four fatalities.

1937-1953 - Many advances in contrast agents - newer, water soluble,
less toxic.

Dr. Pedro Farinas initiates near procedure. Femoral artery
is surgically exposed and rubber catheter is inserted into
femoral and moved to area to be visualized.

Procedure improved in 1949 by Radner. Guide wire placed
inside catheter to stiffen catheter thus improving accuracy
of locationm.

1949 - Freeman suggests use of Valsalva method to decrease cardiac
output and thus facilitate counter current injection into
femoral artery via simple percutaneous puncture.

1951 - Pierce uses 12 - 15 gauge needle to puncture artery.
Catheter then fed through the lumen of the needle. Only
straight catheters may be used.

1953 - Seldinger (2) describes a percutaneous procedure combining
several techniques. Not too dissimilar from many of today's
procedures. Needle with outer diameter the same as catheter

is used to puncture the vessel wall., A guide wire is fed
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into the artery through the needle. The needle is then
removed leaving the guide wire., At this point the catheter
is slipped over the guide wire and fed into tﬁe artery.
The procedure allows insertion of large catheters without
increasing the size of the puncture wound.

1953 ~ Present - Improvements to basic techniques and catheter

design are made.

Complications

Although a widely utilized procedure, angiography is not without
complications. In the review paper by Wendth (1) the complications may
arise from four major factors: angiographic instrumentation, vascular or
hematologic reactions, effect of the contrast agent and infection. Wendth
provided further detail for the first three factors. The angiographic
instrumentation may cause vascular perforation of the artery, intermural
passage the guide wire or catheter, intimal tear of detachment by the
needle or catheter tip, subintimal or extravascular injection and possibly
catheter or guide wire fracture with a resulting foreign body embolism.
Complications of a wvascular or hematologic nature were presented as
delayed bleeding, local hematoma upon catheter removal, uncontrollable
pericatheter bleeding; thrombosis at the arteriotomy site, peripheral
embolism of pericatheter thrombus, peripheral embolism of the detached
artheromatous plaque(s), pseudo-aneurysm formation and rupture of the
aneurysm. The contrast agent is capable of producing the following com-
plications; nephropathy, neorogenic (cord and vasovagal syncope), cardio-
genic (tachycardia, arrest) and histamine type reaction (see Wendith

especially p. 388).
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APPENDIX TI

ADDITIONAL INFORMATION ON THE DISA 55L LDA SYSTEM

The information included in this appendix provides a more in depth
explanation of the DISA LDA system. The majority of discussion is based
on information found in the DISA operation manual (47) and other refer-

ences (52,53).

Basic Concepts

Before any description of the LDA system can be given, several
basic concepts dealing with the physics of lasers and electronics must
be uﬁderstood. These concepts include properties of laser light, inter-
ference fringes, hetrodyning, definition of a Schmitt triggers, integrat-
ing circuits and filters. For the most part a '"black box'" approach is

utilized.

Laser Light

The laser is not new to the scientific community. Because of its
unique physical properties, it has been utilized in many types of instru-
mentation. Generally, laser light may be described as having four basic
properties:

1. Laser light is very nearly monochromatic, i.e., one wavelength

is present.

2. Laser light is highly collimated, i.e., there is very little

dispersion of the beam.
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3. There is little phase difference present in the beam.
The beam is coherent.

4. The laser may he operated in a mode which results in Gaussian
variation in intensity across the beam,

Interference Fringes

Because the laser beam is a coherent light source, mixing of two
beams will produce interference fringes or lines. The production of
these fringes is due to constructive and destructive interference. 1In
the LDA system two beams are focused together at a point. At the inter-
section of these beams an interference fringe is produced (see Figure
A-1). 1If both beams have the same frequency, a stationary fringe pattern
will be produced. The distance between fringes is directly related to
wave length of the beams and the intersection angle. If, however, one
beam is of slightly different wave length, a moving fringe pattern results.
The speed of the fringes will be directly related to the difference in
wave lengths (frequency). Because both beams have a Gaussian distribution,
the resulting sampling volume (or fringe region) will also have a Gaussian
distribution,

Heterodyning

In its simplest terms, heterodyning is the mixing of two signals.
If two signals, f and f + Af, are mixed, the resultant signal will be
comprised of two frequencies, 2f + Af and Af. This may be described

mathematically by the equation:

sin((£)t+ ¢)-sin((£+AE)t+B) =3 sin (Af+aF)t+ ¢+ ) +%— sin[ (A£)t + ¢ - B]
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Formation of Interference Fringes.

Figure A-1.
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where ¢ and B are phaée constants. By using selective filtering either
frequency may be obtained. The fringe pattern produced by the mixing of
two beams of laser light is the result of optical heterodyning. There
are three aspects of electronics which should be discussed before enter-
ing the discussion of the tracker itself. These are the Schmitt trigger,
a simple integrating circuit, and the voltage controlled oscillator (VCO).

Schmitt Trigger

A Schmitt trigger is an electronic circuit which wiil produce a
pulse of set amplitude and duration when an input voltage increases above
a certain threshold value. The trigger will not fire again until the
voltage has dropped below and then risen above the threshold value (see
Figure A-2).

Integration Circuit

In electfonic systems, most analog integrators employ some type
of resistive capacitive network. The time constant associated with this
network is based, in part, on how quickly the capacitor can be charged
and discharged (t = l/Rc). This time constant restricts the integration
to a certain range of frequencies. This fact requires different time
constants (e.g. different capacitance values) for accurate integration
of different frequencies. Generally, optimum integration is achieved
when the network is tuned for an individual frequency.

Voltage Controlled Oscillator

A voltage controlled oscillator or VCO is a device which produces
a frequency output which is directly proportional to the voltage applied.

The ranges of the VCO used in the DISA trackers may be found in Table A-1.
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Basic DISA Tracker Design

The DISA 55L Laser Doppler Anemometer Mark II is built around the
earlier Mark I system. For this reason, the Mark I system is discussed
first. The system can be separated into two parts, production of the
Doppler frequency and tracking or following of the Doppler frequency to
produce a velocity signal.

Production of fD

In the Mark I system, a laser beam passes through a beam splitter
to produce two separate beams. The two beams are then focused to a point
to form a sampling volume. Since the beams are of equal frequency, the
resulting fringe pattern is stationary. As a particle passes through the
fringes, the light scattered from the particle varies in amplitude with
a frequency of fD. Where fD is determined from

fD X A

T 2 sin 8/2 (A-1)

v

with V being the normal velocity component of the particle passing through
the fringe, A being the wavelength of the laser beam and 8 being the
intersection angle of the tuso beams (see Figure A-3).

To change the light amplitude variation into an electric signal, a
photomultiplier with receiving optics is used. This signal is both ampli-
tude and frequency modulated. The amplitude modulations is a result of
variations in seeding concentration, The frequency modulation is, of
course, a result of variations in the velocity component being measured.

Tracking of fD

The frequency tracker is built around an automatically tracking
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LDA Geometry, Differential Mode.
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variable oscillator. For use in a wide variety of flows the tracker has
been designed to cover Doppler frequencies varying from 2.25 KHz to 15
MHz. To maintain accuracy of lower frequencies, the tracker provides
seven overlapping ranges as shown in Table A-1. Each range has a dynamic
range of approximately 6:1. By using this system, turbulence variations
up to *357 about any mean Doppler frequency.between 3KHz and 11 mHz may
be followed within one of the ranges.

The tracker or frequency follower is shown in a block diagram in
Figure A-4. The Doppler signal is fed into a mixer where the fD signal

is mixed with a second frequency (f ) from a voltage controlled oscilla-

VvCOo
tor. When tracking, the resulting frequency (fT) is near fIF' A narrow
band filter (IF/A) is then employed to remove as much as possible. From
there, the signal passes to the first limiter (Limiter I). The limiter
consists of a Schmitt trigger with an adjustable threshold level. In
this way, the inherent amplitude modulation is removed and a constant
amplitude square wave is produced. This signal is then fed to the dis-
criminator which produces a feedback voltage that controls the VCO and
maintains the mixed frequency fT near fIF'
The discriminator consists of a second narrow band pass filter, a
second limiter énd a phase comparator. The signal coming from Limiter I
is fed through the second narrow band filter (IF/B also centered at fIF)
to remove all the higher harmonics in the signal. The result is a sinu-
soidal signal. The signal is then passed through Limiter II to produce

second square wave signal at f This second IF stage is designed,

IF’

however, to produce an output that lags the output of Limiter I by 90°

if fT = f;p- The signal lags by less than 90 (to 0°) if fT < fIF and
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by more than 90° (to 180°) if fT fIF' This signal and the signal from
Limiter 1 are then compared by way of a phase comparator. The comparator
performs a simple analog multiplication and its output is therefore ZfIF'
The Mark space/time ratio varies with the phase difference of the imputs.
This signal is then integrated to produce a dc voltage which varies with
phase difference (the difference between fIF and fT). This correction
voltage is amplified and fed to the voltage controlled amplifier. As a
result of this feédback, the oscillator frequency tracks that of the
Doppler signal with the difference between the oscillator and the Doppler
frequency being held nearly constant at fT.

.Restated,fT is held very nearly equal to f How well fT equals

IF’

fIF is dependent on the feedback loop gain. As the loop gain is increased

the difference between fT and fIF is decreased. There is, however, an
upper limit to the loop gain, above which the circuit will oscillate.
For this reason, the gain is set at a vaiue which will provide close
tracking without oscillation.

The correction voltage applied to the voltage controlled oscilla-
tor is by definition directly proportional to fVCO’ By monitoring this
voltage an analog signal proportional to the Doppler frequency may be
obtained. This is accomplished by subtracting the voltage which corre-
sponds to fD (as constant), The following relations may aid in under-
standing the basic mixing.

fD mixed with fVCO — fT

fT compared to fIF — correction to VCO

VCO to change EVCO so that fT - fIF ~ 0
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fVCO - fD = fT = fIF = cst

f1r = fyco = fp

£y = fyco ™ frr

fVCO o voltage applied to VCO.

In order to follow different velocity ranges, the center frequen-
cies of both narrow band filters and limiters are set to a new fIF’ as in
Table A-1. TFor proper integration, the integration components must also
be changed. The total effect of the narrow band filter and the necessary
integration factors places a limit on how fast the tracker can follow a
signal. The tracking speed can be improved by changing the width of the
band pass filters. This is accomplished by changing the position of the
percent bandwidth setting. Increasing the bandwidth may, however, reduce
the signal to noise ratio of the signal entering into the discriminator
section of the tracker. The tracker is equipped with five bandwidth set-

tings (.5, 1, 2, 4, 8 percent of the frequency range).

Present Tracker

The early system had two major drawbacks which restricted its use-
fulness. The first drawback is that at low velocities only #*35% of the
Doppler frequency could be followed. In most applications this affords
no hindrance. However, in recirculation regions, velocities may be quite
near zero (on the average) with fluctuations in excess of 100%. This
would be impossible for the Mark I tracker to follow. The second drawback
is a result of the interference fringes produced since the fringe is sta-
tionary, a particle traveling in a '"negative'" direction will produce a

Doppler frequency equal to that produced by a particle with equal velocity
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traveling in the positive direction. This effect is known as sign ambig-
uity (common in heat transfer type anemometers). Although not a serious
drawback, treatment of recirculation regions would be more accurate if
direction could be determined.

Both drawbacks have been alleviated in the Mark II model system.
This was accomplished by producing a moving fringe pattern. To produce
a moving fringe pattern, the beams producing the fringe must be of dif-
ferent frequencies. To shift the frequency of one of the beams, an
acousto-optic (or Bragg) cell is used. After the laser light has
entered the optical package (or transducer) the beam is divided by a
beam splitter into two beams. One beam passes through the transducer
unaffected. The other beam enters a Bragg cell where the frequency is
shifted by a value determined by the acoustic excitement of the cell (39).
The basic operation of this cell is shown in Figure A-5. In this system
the Bragg cell is driven at 40 mHz to produce a beam shifted by +40 mHz
(1st order beam). The Dth order beam is blocked from leaving the optics
package. If the photomultiplier is positioned as shown in Figure A-6,
the frequency detected by the photomultiplier will be greater than 40
mHz for "negative'" flow and less than 40 mHz for positive flow.

Because the tracker is designed to operate only in the frequency
ranges shown in Table A-1, the signal from the photomultiplier must be
processed to give a signal which will be within the range of the tracker.
This is accomplished through the use of a range translator. The range
translator is a local oscillator capable of producing frequencies from
0 to 50 mHz in steps éfllO kHz. To provide maximum stability the oscilla-

tor is driven from the same 40 mHz oscillator used to drive the Bragg cell.
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The signal produced by the local oscillator (fLO) is mixed with the
signal coming from the photomultiplier. The resulting frequency (fT)
is then fed into a tracker system similar to that in the Mark I system.

This tracker frequency fT is defined as:

fT = fD ¥ fLO - 40 mHz

1f fLO is set equal to 40 mHz, the tracker frequency is equal to the

Doppler frequency f_ and the tracker becomes essentially the same as the

D
Mark I system.

In order to track a negative velocity, the photomultiplier signal
must be mixed with a local oscillator (range translator) signal which is
greater than 40 mHz. This results in a tracker signal fT within one of
the ranges. As now becomes apparent in Table A-1, the versatility of the
tracker has been greatly enhanced. By selecting a range which is higher
than the range needed to track a signal in the Mark I system and the
translating the signal to a frequency that can be handled by that range,
larger fluctuations (greater than 35%) in velocity can be followed.
Tracking is exactly the same as for the Mark I system except the frequency
being tracked is now followed in a higher frequency range, thus allowing
for greater frequency fluctuations., Conversely, by mixing the photomul-
tiplier signal with a local oscillator signal less than 40 mHz, é signal
of low variation may be tracked in a lower frequency rangel(compared to
the range necessary in the Mark I system). In this way the frequency
ranges originally designed to handle various velocity ranges may now be

considered as ranges of variation, lower ranges handling the lower



159

variations in velocity (or fD) énd higher ranges handling higher fluctua-
tions. Of course, there is some danger in increasing the noise entering
the system by using the higher frequency range which requires a wider
bandpass filter.

Also of consideration is the use of the percent bandwidth setting,
which can also change the width of the bandpass filter. The choice of
which settings to use becomes, at times, a compromise. For example using
a frequency range of 500 kHz with an 87 bandwidth will result in a fre-
quency response of approximately 4kHz while a frequency range of 5mHz with
a 17 bandwidth will produce a comparable 5 kHz frequency response (see
Table A-2). The choice of setting to be used would depend largely on the
position which allows the optimum tracker response.

Since the tracker is now following some fluctuation fT’ the signal
processing for an analog output must be changed. In Mark I system the
VCO was controlled by a fast servo loop to maintain the difference between
fD and fVCO constant at fT (which very closely approximated fIF)° The
same configuration is used in the Mark IT1 system. The difference between
ET and fVCO is held constant at fT which very closely approximates fIF'

The frequency of the bandpass filters may be described by the following

equation:

£ ..=£f - f.=1 i I RS ¢ (A-2)

where fVC is the voltage controlled oscillator output, fD is the Doppler

0

frequency, f_ . is the frequency from the range translator and f0 is the

LO

40 mHz shift from the Bragg cell. Since fIF’ f20 and fo are all constant,
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fVCO varies only because of the Doppler frequency fD. In order to sim-
plicy processing, the range translator provides a second signal. This

signal is the difference between fo (40 mHz) and the translation fre-

quency fCO given is:

Fo.. & |fLO - (A-3)
since fLO and f0 are both constant in is also a constant. Using equa-

tion (A-3), equation (A-2) may be rewritten as

£y ™ B = B % B = B = g

IF VCO T VCo

or

£ = f - f_ - £ (A-4)

The three frequencies on the right hand side of equation (A-4)
are counted digitally to produce a digital display of the mean velocity.
Since fIF an f£0 are constants, the counting time used is constant and
independent of the integration time selected. The VCO signal (fVCO)’
however, is counted for a period of time dependent on the integration
time selected. After completion of counting, the digital value is mul-
tiplied by the correction factor determined from equation (A-1) and then
displayed.

The analog signal is also processed in manner different from the
Mark I system. The Mark II system operates on the basis of equation
(A-4). The frequencies fV and £!  are fed into separate frequency to

co LO

voltage converters and subtracted. Since fIF is constant and does not
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T

Lo® T° frequency to voltage converter

change with translation as does £
is necessary. The digital unit provides a dc voltage which is directly

proportional to fI This voltage is also subtracted. The result is a

P
voltage which is directly proportional to fD. In order that the analog
signal produced be equal to the veloecity component of the flow, an

adjustable gain amplifier is provided. The resulting signal may then be

processed by any method desired.

Frequency Response

The frequency response of the tracker with respect to the various’
bandwidth and range settings is shown in Table A-2. The entire LDA sys-
tem is limited, however more by the optics and flow than by the electronics.
This optical frequency limit is a result of the ambiguity inherent in LDA
systems (54-57). The ambiguity generally causes a spectral broadening
and is produced by several factors:

1. Since the sampling volume is finite in size and scattering
particles are necessary to reflect the laser light, the signal received
is a combination of many frequencies which have various durations and
amplitudes. This mixture of signals represents all the velocities present
in the sampling volume and because of distructive and constructive inter-—
ference the signal may not truly represent the flow,

2. A second source of ambiguity is a result of the focused laser
beam. As seen in Figure A-7 the angle between the two beams is 6 * a.
Because of this variation the frequency seen by the photodetector also has

a variance as is seen from the Doppler equation.

e oAU

+
D5 sin (85“)
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Table A-1. Frequency Ranges for LDA Tracker

Range (f) - (f1p) (fyco?

15 kHz 2,25 - 15 kHz 1.5 kHz 3.75 = 16.5 kHz
50 kHz 7.50 = 50 kHz 5 kHz 12.5 = 55 kb=
150 kHz ~22.5 - 150 kHz 15 kHz 37.5 - 165 kHz
500 kHz 75 - 500 kHz 50 kHz 125 - 550 kHz
1.5 mHz .225 - 1.5 mHz 150 kHz .375 - 1.65 mHz
5.0 mHz .75 - 5 mHz 500 kHz 1.25 - 5.5  mHz
15 mHz 2.25 - 15 mHz 1.5 mHz 3.75 - 16.5 mHz

Table A-2. Frequency Response as Value of Percent Bandwidth

Range

7 BW 15 kHz 50 kHz 150 kHz 500 kHz 1.5 mHz 5.0 mHz 15 mHz

8 120 H=z 400 Hz 1.2 kHz 4.0 kHz 12 kHz 40 kHz 120 kHz

4 60 Hz 200 Hz 600 Hz 2.0 kHz 6 kHz 20 kHz 60 kHz
2 30 Hz 100 Hz 300 Hz 1.0 kHz 3 kHz 10 kHz 30 kHz
1 15 Hz 50 Hz 150 Hz 500 Hz 1.5 kHz 5 kHz 15 kHz

0.5 7.5 Hz 25 Hz 75 Hz 250 Hz .75 kHz 2.5 kHz 7.5 kHz
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The end result is an apparent velocity gradient produced by the optics
alone.
3. Ambiguity may also result from transient Doppler data as a
result of finite transit time, frequency modulation, and Brownian motion.
Although a problem, ambiguity does not greatly limit the usefulness
of the LDA to any great extent. At high turbulence levels the spectral
broadening appears to be minimal and agreement with hot film data is very

good.
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APPENDIX III

SAMPLE PROGRAM

The sample programs are given in Figures A-5 and A-6 and apply to

the Hewlett Packard B model Fourier Analyzer.
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Figure A8. Sample Program Number I.
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Figure A9. Sample Progral Number II.
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APPENDIX TV
CASSON MODEL

The viscous properties of blood have been compared mathematically
to the Casson model for oil based inks (58). In the Casson model the
following assumptions are made:

1. Attractive forces between individual particles are postulated.

2, Individual particles tend to chain together to form long rods.

3. The particles are suspended in a Newtonian Fluid.

4, Energy dissipation of a single rod is determined by its action

in the fluid.

5. Interactions between rods are neglected.

6. Rod motion depends on its initial orientation.

7. Brownian motion is neglected.

8. Viscosity is determined by sumﬁing energy dissipation.

9. Break of rods is related to tension developed as motion

cccurs,

In the final result the Casson model may be written as:

2wt c

e
1}
[an]
-
A
a3

where 1 1s the shear stress, Ty is the yield stress of the fluid, ¥ is
the viscosity (varying with temperature and Hematocruit only), and Yy is

the shear rate. Since the Casson model is considered to be accurate when



170

applied to blood (59), it was employed to check the Newtonian approxima-
tion. Using a value of .04 dymes{cm2 as the yield stress of a hematocrat
of 40 (59) and a viscosity of 4 cp, direct comparisons of Hagen—Poiseuille
(Newtonian) and Casson (non Newtonian) flows can be made. Figure A-10
shows the comparison using a mean velocity of 40 cm/sec and a vessel
diameter of 2.5 cm (Re = 2500). Figure A-11 compares the Casson and

Hagen Poiseuille flows using a mean velocity of 25 cm/sec and a vessel
diameter of 1.5 cm (Re = 940). 1In Figure A-12 the comparison is based

on a mean velocity of 14.5 cm/sec and a lumen diameter of .5 cm (Re = 180).
As is immediately apparent, there is very little difference between the
non-Newtonian and Newtonian velocity profiles in Figures A-10 through
A-12. The two models (Casson and Hagen Poiseuille) agree quite well for
R}RO greater than about .5. In this region U/UFR is slightly greater for
the Casson model. 1In the region for R/RO between .5 and 0 the velocity

of the Casson model drops off, the error in the worst case being less than
4%. From the equation for the Casson flow, there should be a core region
in the flow. 1In each case this core region is confined within very small
radius from the centerline to an R/R0 of less than .007 in the first two
cases and .004 as the last example. Based on this information, it is
justifiable to use a Newtonian approximation for the experimental model.

Water may therefore be used in the flow facility.
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APPENDIX V
ADDITIONAL RESULTS AND DISCUSSION

In Chapter IV several plots and figures were not included so that
the overall presentation wﬁuld be less confusing. For completeness the
remaining figures are included in this appendix, along with descriptions
when necessary. The information is presented under the same headings

used in Chapter IV.

Centerline Spectra

Centerline spectra for all four cases (water and polymer solution
with and without the BLT) are presented in this section. To minimige
overlap, each case consists of two figures, 1) increasing energy spectra
and 1ii) decreasing energy spectra, Spectra fof water without the BLT
are presented in Figures A-13 and A-14. Figures A-15 and A-16 correspond
to the injection of water with the BLT. The two water cases agree quite
well. The major difference is found in the lower frequencies (less than
10 Hz) at an axial station 10.8 catheter diameters downstream of the exit
plane. At this station the case with the BLT exhibits an elevation of the
lower frequency energy. The BLT spectra are also slightly elevated at the
axial stations -.54 to 10.8 catheter diameters. The decreasing energy
spectra for both water cases are approximately the same. Spectra for the
polymer solution injections are produced in a similar fashion in Figures

A-17 and A-18 for the injection without the BLT and Figures A-19 and A-20
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for the BLT case.

Radial Variations

The velocity fluctuations (U;ms) are presented in Figures A-21
through A-24. The fluctuations are non-dimensionalized by the mean
catheter velocity (UFR), Figures A-21 and A-22, and by the local mean
velocity (UL), Figure A-23 and A-24. In regions where UL is negative
the absolute value of UL is employed. The resulting fluctuations are
related to the U-component of turbulent energy (U;:mstFR)2 and intensity
(U;mS/UL) at a point. Figures A-21 and A-22 indicate a rise and then a
fall of the turbulent energy at each radial position as the flow moves
downstream. It is interesting to note the outer flow is effected by the
jet at less than one catheter diameter distal to the exit plane. The
radial distribution of the turbulent energy becomes essentially uniform
after 16.28 diameters or near, reattachment. Figures A-23 and A-24 also
present a rise and fall of the radial intensity distribution at increas-
ing axial stations. Again the almost immediate effect on the outer flow
is apparent. The strong peaks found a 10.85 and 16.28 diameters are the
result of UL approaching zero. A generally uniform intensity profile is
obtained after 21.74 diameters.

The polymer profiles are presented in a similar fashion. At first
glance the polymer development does not appear to be two different from
the water injection. Some immediate differences are, however, obvious.
The velocity fluctuations in the outer flow region are not as strongly

effected in the early development of the jet, the early development of

the velocity fluctuations in the center region is not as rapid, and,
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Figure A-25. Fluctuation Profiles, Polymer Solution with BLT, X/D from -0.54 to 10.85.
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finally, the radial distribution appears to become more rapidly uniform

. L)
in terms of Urms/UFR'

ComEarisons

The following plots correspond to the axial locations mentioned
in the discussion concerning the direct comparison between the water and

polymer injections using the BLT (Figures A-29 through A-38).

Spectra

The spectra in Figures A-39 through A-41 correspond to the axial

locations mentioned in Chapter V.
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Figure A-29. Comparison of Polymer Solution to Water Intensity Profile, X/D = 10.85.
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Figure A-30. Comparison of Polymer Solution to Water Fluctuation Profile, X/D = 16.28.
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Figure A-33. Comparison of Polymer Solution to Water Intensity Profile, X/D - 21.71.
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Comparison of Polymer Solution to Water Intensity Profile, X/D = 54.27.
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