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SUMMARY

4 theoretical and experlmental study of a2 ducted jet has
been conducted. The study was motivated by complications
that occu; during angiographic injections. The analytical
study was done using the equations governing the flow
cbtalned by making the boundary tayer assumptionS. The k=W
model equatlons were employed to model the turbulent mixing
of the ducted jet. The Patankar and Spalding method for
coupled parabolic equations was adopted to solve the

governlng set of eguations.

Computations were carried out for Reynolds number values
of 1.7D0 x 1053nd 1.36 X 16%. Comparison with experimental
data indicated that the near field of jet expansion was
sensitive to initlal conditions. Depending upon the
injection conditionss the pressure and frilction coefficients
may or may not exhiblt local maxlina disfal to the injection
plane. It was also observed that by exerclsing conslderable
care in selecting the initlal conditlons the k-W model of
turbulence wWas successtul ln. predicting the flaw with

reasonable accuracya.

In vitro measurements of the angiographlc Injection

situation were done for a Reynolds number of 1.36 Xx 1B‘uslng



34 conical hot film greobe, Measurements were made by
traversing the probe racially at elght axlal locations.
Mean and turbulence velocitles and turbulence enerqgy spectra
were obtszined from the measurements. Zxperiments were
carried out using both water and dilute solutlons of Polyox.

WSR=301 as the mixlng medium.

The measurements Indicated that the outer flow was not
much influenced by the Jet expansion. The same result was
observed from the computed value of pressure and skin
friction coefficients. Near field energy spectra In the
wake of the lip of the jet tube exhibited a splke indlcative

of the dominant eddy size in the mixinag layer.,

To find the influence of the polymer on confined jets,
the resulfs ot polymer solutions and water were compared.
The centerliine velocity Iindicated a faster decay for the
case of polymer solution, In the near fleld mixin3g. This
behaviour 1is simltar to the centertine variatlion for free
jet mixing of polymer solutjionse. Further, the higher
turbulence intensity for the case of dilute polymer
solutions supports the free Jet nature of wmixing of fthe
ducted jet in the initial region of mixlng. Radial
variation of turbulence Intensity exhibited the Influence of
the polymer in the mixing layer. Far downstream, for the

fully developed casey the turbulence Intensity near the wall



is higher for the case of polymer solufion. In the
developlng reglon of the flow the polymer soluftion exhibits
a hlgher energy content In large scale eddies than does the
water flows Thls suggests the tendency fto enhance wmixing
may be through the mechanlsm of larger eddy transport. In
conclusion, polymer solutlons may ald 1ln obtaining better
angiograms by improving the mixing characteristics of the

contrast media.



CHAPTER I

INTROOUCTION

One of the more common arterlal diseases,
atherosclerosis, occurs from hardening of the fatty deposits
in the inrer Jlavers of am zrtery. These depositss <called
plagues, can accumulate to such an extent that blood supply
to distal reglons 1s severeiy compromised. A common way of
diagnosing this disease [s by the method of angiagraphy.
In many cases of anglographlc procedures the first step is
to expose an artery (either in fthe arm or leg) and a
catheter is Introduced into the vessel by puncturing the
arterlial wWall [1]). The flexible catheter is maneuvred into
the artery so that its tip reaches the region of interest
{e.qg. coronary artery) where the study is +to be made.
Then, after positioning the catheters a boflus of radlopéque
filuid 1s in}jected Into the blood vessel. An X-ray plcture,
known as an angiogram, outliines the region of the blood

vessel containing the radiopaque contrast medium.

These lntravascular injections are wusually made wunder
high pressure producing a jet of fluid mixing with the blood
flow Iin the vessel. The forces resuiting from this rather

violent fluid injection may fragment or dislodge



atheromatous plagues, resulting In subseguent transport of
emboli downstream. These may partialiy or fotally occlude
the smaller distal vessels. 1In cerebral angiography such a
slftuation can result In permanent disability or even death

of the patient (2-51.

Typlcal values of 1Inj)Jection rate may be between 6 and
10 ccrs/sec whereas the catheter tube radius may Ilie betdeen
0.6 mm and 4 mm. This suggests that the Injection
velocities could be &as high as 12 m/sec. These are
extremely targe values of wvelocity compared to the flow
velocity In the vessel. In such clinical sltuatlonss the
existence of a recirculating zone que to jet mixing is a

strong possibitity.

The serlous nature of the complicaflons is a very sirong
motivation to study the Injection problem In detaid. From a
fluid mechanical standpoint a study of the structure of the
fion fielc is of great Interest since such a study wiill
enhance the knowledge about the nature of mixings Influence
of various parameters on flow field development, and lead to
a better understanding of the injectlon procedure. This may
also suggest improvements from a clinical standpoint. For
example, the need for obtalning a good contrast medium, so
as to obtailn a clear anglogram, points towards the need for

better mixing. T7This in fturn could be achieved from the



knowl edge gained by the understanding of the fluid dynamical

aspects ot the anglographic injection situation,

Further,y, 1t would be most encouraging if one could
suggest possiple ways of reducing the +trauma due to the
fluid dynamics of the procedure. It Is ir this context that
the phenomencn of drag reduction exhibited by dilufe
soluflons of certain high molecular weight polymers 1Is of
relevance, Toms [6] was the first to make quantitative flow
measurepents using dilute potymer solutions, Since them a
wide variety of experiments have explored the varlious
aspects of drag reduction effect. Some of the additives
such as Separan [7?. ONA [8] and Polyox [9])] exhibit drag
reducing effect for the case of blood flow through a pipe .
Since these polymers have a tendency to lower the shear
sfress at the wall (for pipe flow, a8t least), it was decided
to undertfake a study to determine If the presence of drag
reducling polymers created a favorable modiflication of the

flow fiel¢ in angiographic injections.

Fluid mechanicallyy the angiographic injection can be
considered to be similar to a ducted Jjet. The problem of
such a confined }jet has many interesting aspects of interest
in fluld mechanics in the sense that it has regions simitar
to entrance flows, jet expansionss and fully developed shear

flows. The interaction among these makes the problenm



fasclnating, as well as complex In analysis. The presence
of the duct wall boundary distinctly atters the nature of
flow from that of a free jet because of the contlnuous
momentum transfer to the wall from the fluid medlium. In
additions, the mixing of two shear lavers (wall boundary
Jayer and the mixing region of the jet) further compllcates
the flow structure, The assumptloen of +the Jet belng
concentric to the duct may not pe the exact modelling of the
anglographic injectlon, but is a reasonabkly accurate firsf'

approximation to study the oroblems and is adopted here.

The initlal attempts to study the problem were to divide
the flow Into distinct reglons where simplifying assumptions
could be applieds A majority ot the studies have been on
mixing of alr Jets with alr as the surrounding .medium.

Many of the Inltial analytical studies are related to the
stfudy of a Jet in a unconfined co-flowing stresm. Saqulre
and Trcuncer [10] used an integral momentum approach to
study the case of a turbulent axisymmetric Jet iIn a
coflowing stream of constant veloclity., The radial varlation
of wveloclty in the mixing region was assumed to follow a
cosine form and the turbulence model was Prandtl®s mixing

length model.

Experimentzl measurements by Forestall and Shapliro [111

provide concentration and velocity gprofiles. Hellum was



Jused as tracer gas (for the Jjet) and air as the mixing
medium. The results were compared with those obtained using
Sguire and Trouncer's method. By properly selecting the
proportionality factor in the turbulence model a fairly good
agreement for the Jet half-width is obtained. Since the ]et
Is confined, the analytical) approach is valid at best only

in the region where confinement effects are small.

Mlkhall (12) employed the Integral form of eauatlans of
motion, assuming the nature of the velocity proflle, fto
sfudv the ducted jet. By making suitable assumptions
{velocity constant In the potentlal core and In the
secondary potential flow region) the equations were
linearized. The computations were carried out wusing a
mixing tength model for turbul ence. Good agreement In mean
veloclty values between computations and his experliments in
air was obtsined by appropriately choosing the
proportionallity factor, the value of which Was not constant

wlth axlal distance, in the mixing length model.

Craya and Curtet [(13) developed an analytical method for
confined Jets., Integral forms of momentum and moment of
momentum equations were used In this study. The excess
velocity proflle 1[s taken as a member of 2 two - paramater
family of curves, For studying two dimensional, as well as

axlisymmetrice Jet flow cases the excess velocity was taken



to be self preservinag and the co-floWwing stream was assumed
potentiatl. The results are valid, at best, up to the polnt
where the free shear flow reaches the wall boundary layer.,
Experlilmental studles by Becker et al. {4141 brought out the
importance of a single parameter {(Craya-Curtet parameter,
ct) as the possible criterion for simltarity. The
experimental studles of Curtet (15]1 were done for ftwo
dimensional (mixing mediun=-water}, and Curtet and Ricou {16}
for axlisymmetricy f(mixing medium - air) jet expansion.
Abramovich [17]) obtained a solutjom for co-fltowing free
streams using an Integral form of the equaticns of motion.
The confined jet problem was then analyzed by approximating
the veloclty field at every cross section of the mixing
chamber by that of a free jet. Another integral approach ls
that by Hill (18} who used free Jet data to do the

computations.

Alpinerl [19] conducted experiments for the case of
_carbon dioxide and hydrogen Jet mixing with 3alr. His
calculations, based on the assumption that fransport
coefficlernts can be tsken to be independent of the radial
coordinatey gave results of mean velocity and concentrafloﬁ
in good agreement with his experimental values. HWHeinstein.
et als (29} conducted experiments for the case In which the
co-flowing stream moved faster than the jet. A recent

experimental study o¢f the ducted jet probliem glves detalled



information abbuf mean and turbulent flow quantitlies. The
study of QUcted Jet mixing for air by Razinsky and Brighton
[21) was carried out for a wide range of radius and velocity
ratios. The analytical study of Exley and 3righton (221
used Intearal forms of equations of motion. To obtain the
results, the shape of the velocity profiles in the duct wall
boundary layver (one-seventh power law profile) and In the
jet mixing zone were assumed. pBrandopn (23) used very Simple
models for the eddy viscosity (constant and proportional to
half radius) and compared experimental and theoretical
values of total pressure cistrubutlon. Hedges and HIIl [24]
have made measurements of a compressipbte jet mixlng 1In a
duct of converging-diverging geometfry. For comparison a
finite clifference scheme was used to rewrlte the governilng
equations, A wixing length model was used In the eqguaftlons
and the vazlue of the proportionatity factor was sultsbly
chosen in the computations. Minner (251 studied
incompressibte Jet mixing Iln a constant diameter duct. He
calculatec radiat and axial eddy viscosity dlstrilbutions
from the mean veloclty and Reynolds stress profiles obtalned

experlmentatiy.

In summarys it should be pointed out that the results
abtained by Razinsky and Brlghton {(2:1 for air are detalied
and are of interest here. Their experimental results will

be used as a check for the computationzl technique to be



adopted. Previous efforts on the computational slde suffer
from various shorfcomings. A1l of them emplbv a very simple
model to simulate the furbulent mixing procedure, with fthe
result that the coefficient or the proportionality factor
cannot be chosen a grlorls Further, the integral methods
requira the knowledge of the nature ot the velocity profite.
Such approaches are accurate only sufficlently far
downstream of the jet exit and the results are naot very

reiiable In the inltial mixing region.

The research efforts referenced above were zll for the
case of a pure solvent (air or water) as the mixing medium.
The next step Is fto review the efforts for polymer solutions
as the wixing mediume. Since the study bty Toms (&) for a
fully developed pipe flows, wvarlous aspects of the drag
reduction phenomenom have been Investligated. Still, It is
far trom being fully understood. The Interest in this fleid
has grown conslderably In recent years with the result that
varlous flow situations have been studied. This has
resulted in a tremendous growth of literature in this fleld,
ralsing many interesting cuestions about the phenomenon of
drag reductlon. Fortunately, excellent reviaw papers have
helped put the probiems ln & nroper perspectlive. The two
papers by Lumley [26,27]1 Wwere more in the iInitial stages of
the study of drag reductien. A more recent review by Hoyt

[28) presents the state of the art as well as current



theorlies to explaln the phenomenon. Gadd [29] and Granville
[{30) alse have glven reviews of the progress in drag
reduction research. Oarby (311 has briefly reviewed several

of the theorles proposed to explain drag reductlon.

The problem of the expansion of a Jet of dilute poelymer
solution has been studied only by few and, interestingly,
the resulfs are not in agreement. All research to date has
been for a free jet expanding into a stationary ambjient
fluids with one excepftion. For example, a simple visual
study of a round submerged jet was made by Gadd (32).
Comparison of Jet expansion of wWater and a 30 parts per
miylion (ppm) solution of Polyox suggested suppression of
small scale eddies. Ancther visuallzation by A.White [33]
showed that solutions of guar gqum up to 500 ppm
concentration had no visible effect on the et spreading.
He also found that solutions of Polyox exhibited furbulence
suppression for concentrstions greater than 10 ppm but this
effect disappeared for aged solutions of Polyox. The first
quantitative measurements Were made by 0., A, Whife (341 who
used a recirculating flow system. His study of free round
Jets expanding info a stagnant medium showed that a fjet of
Folyox had a greater sprezding angte than that of wnater,
However, solutions of Guar gum amd HEC did not show any such
behaviour. 0. A. White used a pitot tube to make

measurements. It is well known that hot wire anemometers



and pitot tubes exhibit anomalous behaviour when used In
polymer solutions [35+.36]1 « As was shown by A. White the
aging of the solutien also affacts the observations.
Hence, the observations of D. A. White must be approached
cautlously. To ellminate the dependence of measurements on
physicat properties of the fluids, optical methods of
measurements have been developed. Viasov, et &1.{37]
studied ttre expansion of a round Jet using a8 Laser 0Ooppler
Velocimeter (LOV)., Thelr observations with sotutions of
guar gum showed that center tine velocity for the scliution
case decayed faster than that for water (as observed by
O.White with Fotvox). The turbulence measurements at the
centfer tine indicated an Increased level of turbulence for
the case of guar gum solution. More recently, Barker [38]
Jused the LOV to study round jets of ditute polymer solution.
Mis experliments with a Jet nozzle diameter of 90.64 and 1.91
cm for soiutlons of Polyox did not indicate any changes from
the results obtalned for water. Howevers when a tube of
tength &3 cms and diareter 0.63 <m was added on to the
nozZle so that the flow at the end ot the tube was a fully
developed pipe flow, Jet spreading was found to be larger
than fthat for water, It was also ftound fthat polymer
addltives reduce the center (ine veloclty and Increase the
turpulence at the center line during the early growth of the
jet. These observatlons give support to his opinion that

the Iinconsistencles o¢of previous experimental results were



due to the dependence of downstream flaw wupon Initial
conditlions. The only previous study of polymer injectlion
along a duct center line wWas by HWells and Spangler (3%},
Their aim was to find the effects of inJecting the polymer
solution at the wall anc aiong the center Ilne of a pipe
Wwith water flowing through. The injection was done into a
fully developed plpe flow and the effectiveness of polymer
injection was observed through static pressure measurements
at the wall. The measurements show the polymer to be more
effective for the case of In]Jection at the wall than for

injection along the center 1ine.

In summsry, there have been no attempts to analyze In
detall the filow situation 1In angiographlc Injections. As
for the fluid mechanics {lterature in the case of pure
solventss It can be shown that the methods ot predictlion,
with the exception of two (23,241, use an integral forn of
the equatlons of motlon followed by a sultable assumption
for the wvelocity profite in the region of study. The
assumptlion made on the nature of the proflle indicates that
the results are good only sufticientiy downstream of the et
exit. Furthers excluding two of the approaches [22+24] all
the others have not taken account ot the Interaction of the
Jet wlxing layer with the boundary laver on the duct wall.
The results obtained using these methods are good only tiilli

the Jjet spreading reaches close to the waltl. Fimaliys all
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of them adopted a simple model to simulate the turbulent
mixing procedure, Methods using a slmplé mixing length
model had to choose the proportionality factor to obtain
aqod agreenment between experiment and theory., Others
assumed the nature of varliation of eaeddy viscosity In The
region o¢f study. Besldes the obvious lack of generality In
prediction capabliity of these models, they are of dubious

validity In computatlons for a3 complex, ducted jet flow.

As far as experimental studles are concerned, mean and
turbulent quantities are provided in sufflcient detall for
air nixing. Investlgaticns uslng 1tlquid as the mixing
medium have 3also been carried outft., However, conditions of
Reynolds number close to situations in ctinical anglography
are of interest and the need for experimentat study of flow
under such condltions Is evident. No detalled quantltative

measurements for the case of a ducted Jjet uslng ditute
polynmer solutions have been made. In additions the
conventlonat methods of measurement are sotution dependant

and sometimes exhlbilt aromalous behaviour.

Keeping these polnts In view, the aims of the present

Investigation are 3as follons.

1. To develop a computational Lrocedure which



Incorporates a detailed advanced turbulence modél for
describing certaln classes of anglographic injection flows.
Some possible values of Jet Injection velccity could be as
hlgh as 12 m/sec and in such a situatlon a recirculation
region exists In the flow fiefld. However, the motlvation
here is to develop a methed for situations in which there lis

no recirculation.

Za To experimentally simutlate .the Injection flow
problem so that the measurements can be compared with

theoretical predictions.

3+ To compare the injectlon of a pure solvent with that

of 3 polymer solution into a co-flowlngs confined stream.

It 1s clear that In a clinlcal situation such as
angiograpry the injection conditions are varied and the flow
field is complexs Because of these, the present study has
been limited to the experimental and ftheoretical description
of a single set of conditions which is typlcal-of certain
clinical injections. However, the various posslbilities
assoclated Wwith angiographic injections -~ retrograde
injection, side-hcle catheterss small vessel visuallzation -
are numerous. Thus the example selected for study dees not
provide exhaustive coverage of angiographlc modelllng but Is

only a representative sltuation. It Is expected that this



study would improve the knowledge of anglcgraphic 1njJection

procedures.
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CHAPTER 1II
ANALYTICAL METHOD

The approach used for the analytlcal study ls described
in this ctrapter. The first section outtines the modelllnyg
of the problem and the second [Is concerned with the

numericsl scheme adoptea in the computation.

Ihgory

Iﬁ the previous chapter 1t wWas shown that the
anglographic Injection, with certain reasonable
simplificatlonsy, may be modelled by a ducted jet expansion
flow. Thus, the ficw problem of Interest is an axisymmetric

jet mlxing with the confined flow In a circular duct, the

jet belng ftaken to be concentric with the outer duct.
Certain simplilfying assumrtions have been made for the fliow.

These are

i The circular duct iIs of constant cross section with

rigid boundaries.

2. The mixing Is consldered to take place between

streams, jet and the conflned flonwsy of the same fluid.



Based upon theses the present approach can be considered
as the first step In understanding the clinical situation.
The geometry of the flow problem is as shown In Figure 1.
The Jjet Iissues from the inner circular fubé. The flow is
incompressible. Cases selected for the analytlcal study are
such that there iIs no recirculation created by Injection.
Further, previous experlmental measurements {19,201 have
shown that the radial variation of static pressure of the
ftow Is almost negligible. In the light of these, the
boundary layer assumptlons are applied to the full

Navier-Stokes equations of motion for axisymmetrlc flon;

The problem 1ls to be studied for sufficiently high
Reynolds numbers that the flow 1Is turbulent throughout.
The need for turbulent modelling arises from the necessity
for closure Iin the formulation of a Turﬁulent flow problem.
Since the Ways In which fturbulence <closure can be
accompl Ished are varied [401s the choice for turbulence
modeiling is noet unicue. The most useful model of
turbJdlence in a given class ot tlows Is that uhlch gives
acceptably accurate results with the minimum number of
differentlal equations. The simple mixing length model Is
restrictive in application because of |[ts drawbacks.
Firsty, agreement between theory and experiment must usually
be obtalned by suitably adjusting the proportionality factor

in the expression for mixing length and hence the correct
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value of this factor for a flow 1Is not knoWwn a priori.
Further, the mixing length approach desls with only the
“localness" of turbulence and ignores the history of
turbulence T[4ile It 1s found thalt one equation models
require ad hoc adjustment of the empirical inpuft and are. in
this senses not substentially better than Prandtl;s mixing
length model. As the number of eguations Increase there Is
an increasase in the need for Intulition in constructing
individual terms of the equation and In the empirical
knowtedge required for setting the values of constants which
are introduced {4#1)., Previously, three equation models have
not given results superior to those of two equation models
(411, THO equation modets have been shown to glve
acceptable accuracy 1ln a3 wide variety of turbulent flows
with a reasonable amount of computfationat effort (421.

Therefore, such a model wss selected for the present study.

Specliticatly, the two equations are those governing k»
the «kinetic energy of turbulence, aﬁd We which can be
consldered proportieonal to the square of the mean Tfrequeacy
of turbulence. The aspect of Interest here is that the
length scale 15 not prescribed 3algebralcally but is
determined from k and W values. A dlscusslon.of the k=W

model may be found in the 1iterature [42,432]).

Turbulent viscosity is detftined by



My = pATL (1)

where the mixlng length "I is givem by

[ = é‘”//éf“? (2)
The governing equatiors of mofion are

j”-—(()rr) + < (0):) = 0 (3)
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The guantities 04 ’Cz ,CJ,CQ ,Cﬂ are coeftlcients in the

turbulence model. The eftective viscosity is f, which has
lamlnar, as well as turbulent, cantributions. The

computational procedure to be adopted was developed by
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Patankar and Spalding for boundary laver flows [441.
Basically, the method uses a modified von Mises
transformation which results In the flcw reglme Ivying
between fixed ordlnates (@ =0 and®=1 ) in the transformed

plane.

The transformatlion Is from the (X,r) plane to the (X,&)

planes where @ is given by

w=- % )
L-%

Here.‘¢ ls the stream function, defined mathematically by

st = pun ©
= - X
¥ - -pv | (9)

The stream functions at the Inner and outer boundaries
?@ and ?@ + are taken to be functions of x onty. Hences the

flow reglon lles between&«=0 and ¥=1. From the definlitlion

of ‘ﬁ s+ the relations

# e (10)

cif% e - Mg (11)



must hold ywhere ﬁﬂz and mg are the mass transfer rates

across I and E surfaces.

The transformed equations in (x-#] plane are

JU , By ve(netng -mmi)d o d ﬁzf’v,a,,, dU A ap
d x (%_%) o dur (%.- zy) W
(12)
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Thus, the differential equatlions with Usk and W as the
dependant varliables are the governlng equations for the
flows The next step Is to describe the domain of Interest
as far as computations are concerned. Since the center line
is the axis of symmetry, the lInner (I) and ﬁufer (E)

boundaries of the reglion of study are as shown In Flgure 2,
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where AA Is the boundary of the potential core of the jet.
The inner boundary I is, In sequence, composed of the inner
tube waily, 3 free beoundary and finatllyy the symmetry Illne.

The outer boundary £ Is coincident with the wall boundary.

To mathematically detine the oproblem completely,
conditions along these boundarles must be specitled. At the
center Illne the radlal symmetry provides the boundary
condition for the dependent variables. As the free bcundary
is approached,y, the radlal jradlenfs tend to zero. Using
this, the equatlons for k and W are simplified (analogous to
obtaining inviscid the momentum equation from boundary {ayer
equations) to provide the conditions for a free boundary.
Specltylng conditions for the wall boundary requires some
special attention. At the wall the méan, as well as
fluctuating, wvelocities go 10 zero. It is also known that
close t0 the wall there is a3 viscous sublayer where fthe
viscous behaviour 1s domimant. If this region is included
in the domain of Interest, then problems arlse as far as k
and W equations are concerned. This 1s because the
equations governing Kk and W, derived for high Reynolds
number flows, become less accurate as the viscous sublayer
is approached. One way to deal with this 1is to make the
coefficierts (C* s) a function of local Reynolds number,
based on distance from the wall, Instead of adopting such a

complex procedures for which there are few guidetines, the



approach 1s to redefine the domaln of study so that it does
not Include the wviscous reglon. In other words., an
effactive boundary for k and W s deftined such that [t lles
just outside the laminar reglons in the fully turbulent flow
(polnf B in Flgure 2). Thus, the computational boundary Is
different from Ythe geomefric one when the wall 15 the

boundary.
To summarize, the boundary conditions are as followss?

center line! for any property Z,

%f = 0 (15)

Free boundaryt
g;e - V% (16)
L Y s (27)

Wall boundary: at a distance v from the watl

£ = TIPS (18)

W= ;ﬁ; . (19)



where  1s the shear stress at that v.

With the speciflcatlion of the boundary condltions the
problem Is fully defined mathematicaliy. The coefficients C
in the traansport equatlions are not uUnlque and have been
obtalned from the best comparison of calculéfed and
experimental results [41+421s For almost all the flows
studled, the values of these coefficlents are not dependent
on the type of flow. For the case of plpe flow, 1t is found
that the value of C;=1.04 glves the best agreement between
theory and experliment. However, for a free jet the value Cy
must be taken to be 1.48 for bast agreement. This suggests
that the value of C; must be taken differently for wall
turbulence flow and for free turbulence and is a shortcoming
of the k-W model. Since the ducted jet has a comblnation of
the two, some numerical experiments were done wlth the
coefficients., Although fthe dependence of The tully
developed flow far dowunstream on this varlation of C, was
negligibles the properties in the developlng reglon were
noticeably affected. The most appealling eftort was with Cy
varyilng radialily as well as axially from the value for Jjet
flow to that for pipe flows Since the flow far downstrean
Is a plpe flow, the value of C; in this region should be
1.04. There (s a location of maximum pressure coefflcient,
beyond which the wvalue of C, decreases monotonlcally.

Thus, 95 was allowed to vary linearly from that for a free



Jet at the jet exit to that for pipe flow at fthis location
of maxlmum pressure coefticlent. The radlal varlation wWas
also taken to be linear from the value at the axis te the

plpe flow value of Cy, near the duct wali.

The value of oy and o are also to be prescrlbed. Feronm
Inspectlony, It can be seen that these quantitles, which are
present In the diffusion ferm in the ftransport equations,
are analogous to a Frandtl number. Further, for free
turbulent mixing very good agreement between theoretical and
experimental results are obtained when these values are
approximately wunity. For the case of wall turbulence It Is
possible to aobtain a bompatlbllitv relation among the
empirical constants, Iin the region close to wally from the
equation for We This relation is obtalned in the shear

layer close to the wall by neglecting the convection terms

and using wall function expressions for various quantities
in tThe equation [(471. For the case of two-dimensional flow

the compatibility condition Is given by

4[ =2
(3-;; *GG) R N A R (20)

Thus, it can be seen that by specifying the vaiues of
the coefticlents C the value of q;.ls prescribed. However,

the corresponding value. thus obtained for Op is
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approximately 3. Therefores the valtues of o, near the wall
and near the center I|llne are different: The procedure
adopted 1s to allow T to vary betvween these two limlts.

The varlation 1s taken 3s [4L2])

. #
U= n ) Ca,-on) (L/46y) (21)
where n=3 andca,ls the value for free turbulence and

is equal 10 (.9.

For the case of axisymmetric flow the compatibillty

relation from the equaticn for W (at y close to the wall)

is
= -2 £ K “
(o5& #)¢ga" a/a™ -0 (22)

The value of gz near the wall found from this eguation

is used in egustion (21) to obtaln the variation of <.

Nupericgl Scheme

In the previous sectlion 1t was shown that the three
coupled partlal differential equatlons (12-14) describe the
flon matrematically. FfFor the sake of dlscussion, it s

possible to renwrlte the equations In the general form
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g‘?+@+ﬁ@)j{g:£)(0§/gj+d (23)

Here, ¢' represents U,k or W and d+bscyd are

coefficients.

The next step 1Iis to express the general partial
differntial equation in flnite difference form. Since the
equatlon§ are parabolicy they can be solved by a8 marching
integration procedure. More specificallys a3t every step of
Integratlion the values of @ wlti be known at discrete
values of @ for a particular vailue of X3 the task will be
to obtain the values of ¢ at the same values of & , but

for a slightly higher value of x (next x-step valuel.

By selecting the number of points needed In the radial
direction the grid bolnts in the & directlon are obtained.
The grid metwork is shown In Figure 3. To obtalin the finlte
difterence equations, the usual procedure is to replace the
partial derivatives by expressions using various difference
schemes. The partial derivatives In & are evaluated at X,
rather than at x, because of the Increased numerical
stabillty and higher 3sccuracy observed for simple cases.
Rather than using the conventional form to obtaln  flnite
difference equations, the oprocedure adopted here (s to

obtaln a mlniature Integral equation by Integrating the



equations over a small control volume. Speclifically, to
Write the equations at «; + the Integration 1ls performed over
the shaded area (bounded by 1ilnes Jolining middle points
between «; and égjand 4., and 4, ) In Flgure 3. To obtaln
the difference equation the nature of variation of ¢

between gorld points must be assumed. In most cases there
are enough grid peints so that the assumption of a Illnear
variation of ¢ In the & ~direction between grid polnts lIs
sufficlentiy accurate over most of fhe flow reglon.
However, close to the wall boundary there s a steep
varlation in ¢ and so this region must be dealt with
separately. The warlation Iln the x-direction ls considered
to be step-wise: that is, except at x,, the value of ¢

between X and X is equal to the value of ¢ at x .

v 2
Further, in order to obtaln tinear equations 1In the
coefficierts asbsc are all evaluated at the upstream x

location where ¢ values are known, An advantage of
generating a microintegratl equation is that it ensures that
conservation witi be satisfied over the region of anslysis.
By interpretlng sogme of the Integrals physicallys better
approximations or modifications can be introduced to

increase the accuracy of the scheme [43).

Near the boundary, the reglion of Integration becomes a
half-grld Interval. The varliation in ¢ Is accounted for by

introducing a fictitious value of ¢ » given by é,, such that
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this value ¢§ is provided from a tinear Interpolatlion of
¢> petween polnts 2 and 3 using the correct slope and value
of at the midpolnt a§5 fa4]. This 1Is 1illustrated 1In

Figure 4.

Another factor to be considered is the flux of @ across
the constant © |Iine closest to the boundary. For example,
in the case of the momentum equation the question of writing
momentum transport across boundarlies In terms of known
quantities arlses. When the boundary is walls some
functional relationships are needed to do this. Initially,
the conventlonal form ot the law of the wall was used as the
wall function for obtaining shear stress. Yajnlk and Afzal
(451 have polnted out that the constants in the taw of the
watl were obtained from the the best fit of data over a
large Reynolds number range and thus may not have good
accuracy at all Reynolds numbers. They have developed an
expression using the method of matched asymptfotic expansions
in which the so-called constants become parameters of
Reynolds number. Thls mcdified form of the law of the wall
was used In fhe computations. For the case of the k and W
equations the conditlons near the wall were obtalined from
the shear stress at the point close to the wall (effective

boundary polntl, from equations (18,190,

By forming the microintegral equations and simplifying



Figure 4. Grid Near Wall Boundary.




them wusing the assumed nature of @ wvarlation, a

tri-diagonal system 0of egquations was obtalneds

i

‘ ‘;"5: = /ﬂ ‘é’u + & 92-,1 * G (2k)

The boundary conditions provide the two known values of
@ in the zbove system of equations. They were solved for by
a simple recursion relation. The procedure 15 repeated for
the next x-location and thus the values are obtalned over

the reglon of [nterest by marching doewnstream.




CHAPTER III

EXPERIMENTAL PROCEDURE

The modelled flow problem of a ducted Jet was
investigated both analytically and experimentally. The
experimental setup along with the Instrumentation and

procedure adopted 1ls described in thls chapter.

A schematic of the arrangement for the experlmental
studies s shown In Figure 5. The Jet and the co=-floWing
stream are supplied fthrough <clrcular tubes which are
concentric to one another. A plexiglas tube of one inch
internal dlameter serves as the duct or outer tube. The
ends of this tube are sheathed inside the FVC plpes such
that the plexlglas tube ls free to transtate back and forth,
the purpose of which wiid be explained shortly. As shown In
Figure &, at the measuring statlon the probe could be
inserted through the holle on top of the plexiglas tube.
The probe Is held at thls positlion with the help of
couplings which persit only a vertical motions Thls allons
a radiai fraverse of the probe at any axlal location. To
make measurements at different axial stations, the probe
station has to be placed at these locations. This is

achieved by si1lding the duct tube (plexiglas})s along with
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the probe, in or out of the PVC tubings so that the probe is
brought to the desired lcocation. The advantage of having a
trombone-like movement is that measurements using the probe
could be made af any desired axisl posiftion. The setup
allonws the probe station t0 be anywhere from 1.5 inches
upstream of jet exit to 35 inches downsftream of Jet exit.
The PVC pipes, each of which is &7 Inches longs end in
reservoirs malntained at constant head upsfream as well as

downstream,

The primary (jet) as wWell as secondary {(outer) flows are
supplied from constant head overflow reservoirs. The outer
flow reservolr head is supplied through two Ilnes of #VC
tubing from a maln fank of about 86L liters capacity. Al
containers, as well as supply 1lnesys which are metalllec and
in contact with water were coated with MIRA-PLATE epoxy
coating to prevent surface reactions from taking place.
The Jet exlts from a metallic tube 56 Ilnches long and 5716
Ilnch in external dlameter with a wall fthilickness of 0.935
Inch. Thils ftube 1s made concentric with the outer ftube by
three prongs welded to the the catheter tube. These prongs
(1732 inch diameter) are attached to the Jet tube six Inches

upstream of jet exit.

& check of the effect of the support prongs on the flow

was made with the probe Iccated one inch upstream of Jet



exlt énd in the wake of the prongss The chanje Lln wveloclty
fluctuation values with this probe location was hardly

noticeable.

The upstream end of the catheter fube passes through a
circular atlgnment disc, concentric with the duct. The Jet
flow 1s supplled by & reservolr which [s connected to the
main tank. The catheter tube iIs connectec to this reservoir
through flexible tubing., A recircutating ftow system was
not used duye .to the possibility of polymer degradation
occuring when solutjion is pumped. Thus, the taotal running
time {approximately 30 minutes) Iis determined by the
capacity of the tank, which gradually empfles as the test

proceeds.

dastrugenigtion

The need for méasurlng mean welocity arises because this
is a suitable quantity for comparison between theory and
experiment, Cetailed comparisons suggest the need for
knowing the wvalue of furbulent fluctuating veloclitlies.
Further, these measdremenfs are useful in making comPARAtive
studies for water and polymer solutions and, hence, to find
the Influence of polymers. Some of the previous studles
[38] did not show influence of polymers on mean and
turbulence velocities, Thus, It would be wise to make

energy stectrzal measurements s¢o as to describe the



turbulence In finer detail. In wview of thls, fturbulence
energy spectra were ¢btained for the case of water as well
as polymer solutions. In summary, the quantlitlies to be
measurec sre the mean and turbulence welocities as well as

the turbutence energy spectra.

It was mentioned earllier that het wire measurements In
dilute polymer solutions are concentration dependent and may
exhibit aromalous behaviour. However, it has beén pointed
out by Fatterson [46]1 and Rodriguez, Patterscn and Zakin
(471 that wedge and cone probes do not, In genersl, suffer
from these anomalious characteristics when used in polymer
solutions. Further, it has been found by HerSchauer,_ Vijge
and Boschloo [48) that wedge-shaped sensors appeared
sensitive to foul lng by small particles even In water which

had been fllitered to better than 50 me Because of these

previous results, the coenical probe was selected for the
present experliments. In a prelimlnary study, Koletty [49]
has callibrated a DISA conical probe In ditute polymer
solutlons and exhiblted repeatable callbration curves.
i A ) m

Velocity measurements were made uUusing commerclally
available conical hot file probes made by O0OISA and Thermo
Systems Incorporated. Probe circultry included a Constant

Temperature Anemometer and a Linearizery both made by DISA.

Pringlple of Opergtions 7¥he measurement of filuld



velocity by use of hot film (or hot wire) anemometry Is
basad on convective heat loss from the heated sensing
surface to the surroundlng fluide. 1In general, the hest loss
depends on temperature, geometrical shape, and dimenslons of
the sensor, and on the veloclty and thermodynamic propertles
of the fluid being studied 1[59,511¢ Thls discussion wlll
concentrate on the coniczl hot film probe which is shown In

Figure 6.

The flow sensor 1Is a vacuum-sputtered film of either
nickel or platinum deposited on the conically shaped end of
a quartz rod. The filr thickness Is only a few thousand
angstroms to minimlze thermal Inertia. Electrical
Insutlatior from the surroundlng fluid medium ls achleved by
overcoating the film with a 1 or 2 micron fthick layer of

quartz. This fthickness of quartz Is sufficliently thin so

that daaping of the dynamic heat fransfer Is not a tactor In

the freguency response of the sensor.

The sensor element Is heated to the desired temperature .
by current supplied from an anemometer, baslcally conslstling
of a Wheatstone bridge in which the sensor forms part of one
bridge arm and an amplifier. The current flowing through
the bridce hests the sensor, and the amplifler output
voltage 1Is a measure of the heat loss from the sensor. The

system can be operated ejither In a constant current mode or
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3 constant temperature mode. In the constant current mode,
the heating current to the sensor is heild constent and the
probe temperature Is allaowed to vary with flow velocity.
In the constant femperature mode, the probe temperature, or
probe resistance in the bridgey 1Is held constant. The
bridge vol tage necessary to malntain this constant
reslstance Is a measure of the heat transfer and hence, also
the flujd velocity. ¢f the two modés, the constant
temperature system has Inherentiy better frequency response,

greater sensitivity and less chance of probe burn-out,

The wmost desirable sensor operating temperature s
chosen by conslideration of several factors: (1) the
sensitivity required, (2} fluild temperature, and (3) In case
of tiquids, the temperature at which bubbles tend ta form.

The overheat ratio is defined ast

where & = operating resistance of the sensor
Rc = resistance of sensor at fluld temperature
o = temperature coefficient of resistance of

sensor at the fluid temperature
T. = sensor temperazture

fluid temperature

-y
h
H



0f great importance In preserving probe sensltivity and
calibration repeatability 1Is the use of the same overheat,
Ry/Rss 1n the callbratlor and use of the probe. For use In

water, satlsfactory results were obtained with an overheat

ratio of 1.01.

In general, 1he bridge voltage output Is related to the

fiuid velocity by the relation

VPe 421k U (26)

where U = filuid velocity
V < bridge voltage at velocity U
¥ = bridge wvoltage for U = §

K and n, are constants whlch depend on the
thermodynamic properties of the fluid, probe geometry and

the overheat ratio.

A f[lnearizer clrcuit 1Is employed +to ftransform the
nonl lnear anemometer cutput voltage into a voltage which 1is
| Inearly related to the fluld wveloclty. In these
experiments a DISi Mode! 55010 {lnearizer was used.

Hot Fiim Probe Calibratjon. The relationship between
the anemometer bridge voitage and the fiuid veloclty was

determined for each probe by calibration in a fluld (water
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or polymer solution) f]ow whose yelocity 1ls known.

The  probes were calibrated using a calibration
apparatus. This apparatus consists of a circular c¢hannel
machined In a one inch thick plexiglas disc which Iin furn is
rotated by a system of stepped pulleys and a varlable speed
motor. The chennel desigr allows calibration with as little
as 200 c¢c of fluld. The probe was Inserted into the
rotating fiuid and rigidly held in place. It was determined
experimentally that the probe wake did not perturb the flow
over the probe. The rotational speed, and therefore the
fluid veloclty at a known radius, was measured with a timing
mark on the disc and a manual timer accurate to 0.1 sec.
The rotational speed was determined by timing ten
revolutions. Callbrations were also done wusing a larger

tank of about three {iter capacity. Here 3alsos the probe
was held stationary and the tank was rotated to obtaln
various flow speeds at the probe loactlon. The callbrations
cbtained using this larce tank and the splanning table were
almost jdentical. Hence, only the splnning tabte was used
because of the greater convenlience. C3allbrations ﬁere made
using wWater as well as a polymer solutlon of 50 ppm
concentration. A typlcal probe callbration curve 1Is shown

In Figure 7.

At hligch speeds large veloclty varilations produce only
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small wvoltage variations. In other words. a small error Iin
the vottage output measurement can produce large errors In

the calculation of veloclty fluctuatlions.

The 1linearizer flts an exponential function to the
calibratlion curve and its output gives the instantanecus
veloclty wvalues at the probe 1locatlon. The exponential
factor can be set on the Instrument [(52,531. Once this is
doney the output from the linearizer dlrectly provides the
veloclity.

Operating.  procedure. O0f utmost lmportance for accurate

veloclty measurements is fo maintain tha same probe overheat
In the application of the probe as was uJsed Iin the
calibration. The overhest used (1 per cent) was the same

for water and the polymer solution.

The wvariation In fluld temperature has a significant
effect on the praobe sensltivity if +the probe operating
reslstance is not adjusted to yield the correct overheat
ratlo. For thls reason the probe resistance was checked

often and the operating resistance adjusted [f necessary.

Another factor in catlibration repeatabllity is the
deposlitlion of contamlnants on the probe surface. If a
contaminant, such as a8 dust filament, adheres to the surface

the probe senslitivity Is reduced. This response ls easily



'cefectec a5 a sudden cecrease in anemometer oufput.

Bubbles occasionally formed on the sensor surface, even
for the low 1 per cent overheat. Past experlence indicates
that bubble formation occurs when the quartz overcoating or
the epoxy sealer on the lead elements does neot compltetely
insdlate the sensor or leads from the conducting fluid.
The water was not distilled or demineralized and would have
significant conductivlity te enhance btubble formation from
elecfrolytic action. Once bubble formatlon occured at
frequent intervals, the probe callbration Is unrellable.
Rigiral Velimgter

The outputs from anemometer as well as llnearizer were
displayed using dlgltal voltmeters. A Fluke Model 8p00A and

an integrating voltmeter (HP Model 2401C) were used .

Eouriec Analvzer Systep

The output from the linearizer was fed into the Fourier
analyzZer system for data reduction. The 5454A system has

the following units [543,

Model 180 AK/DR Oscilloscope Model 2180 Computer
Model 2752A Teleprinter

Model 5468 A Display plug-in unit

Model 54€5 A ADC plug-In unit

Model 5475 A Control Unit
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The system performs snalyses of time and frequency data
contalning frequencies from dc to 26 kHZ. Thls was
generally employed to obtailn energy spectra In which the
input that varles with time Is broken down to its component
frequencies. However, since the system has programmable
capabliity the input data could be analyzed or processed to

obtain varlous features sbout the input signal.

To obtaln a reliable power spectrum repeated samples of
the Input can be taken and the power spectra can be added
together over and over again so that a valld statistical
sampling 1Is obtalned. This method of averaging was employed
to obtaln mean and turbulence veloclties as well as energy
spectra of turbulence. A sanmple program usec for data
analysls 1s given In Appendix I, The Fourler Analyzer
system utlllzes a finite fast Fourler ftransform to obtain

the energy spectrum [54]).

Prellmlnapy Studies

Bafore studying the ducted jet case, the accuracy of the
system as wWell as the procedure was estimated by sfudylng
the case of fully developed pipe flows The probe was
located near the downstream end of the pipe. The output
slgnal frem the linearlzer was averaged uslng an Integrating
voltmeter as wWell as fthe Fourler Analyzer system. The

results agreed to within 3 per cent., The accuracy of the



averaging program used in the Fourier analyZzer was alsc
tested by Inputlng known slgnals. The program reproduced
the input valtue within 1 per cent. Because of the accuracy
and the convenlence. dnlv the averaglng program was used
later. The program provided both mean velocity as well as
the mean square value of the Input slgnal. The valde of the
fluctuating wvelocity was computed from these two outputs
from the Fourler analyzer. It should be noted, however,
that the sensing element of the probe Is on the surface of a
cone and so the bprobe senses fluctuations uhich are a
measure of turbulence rather than any single component of
fluctuatlng wveloclty. The volume flow rate was calculated
by integrsting the veloclty protfile obtained experimentally.
This was compared with the flow'rate measured by timing the
flow Into a graduated tiask, The 5 per cent difference was

consldered t0 be satlfactory. Mean velocity traverses made

along the horizontal and vertical diameters gave assurance
of axial symmetry of the flow. Finally, the radial mean
velocity profiles agreed very well with the logarithmlc form

of the 1law of the wall for the flow Reynolds number.

Eolvymer sgiytion Preparation
The polymer .used for the experimental study was
Polyox-HSR 381. To prepare a solution of concentration of
50 ppm by welght, the first approach used was to make 3

concentrated solution of Folyoax and then dilute It suitably.
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Obtalning approximately 800 Ilters of homogeneous pol ymer
solution of 50 ppm concentration by the dlilution technique
was found to be extremely difficult. The main difficulty

was In obtalning a homogeneous mixture.

The second approach was to make the polymer solution by
direct mixing. In this csse the polymer was sprayed on fto
the water in the reservolr while water ls being added on.
By carefully controlling the spravying of the polymer., a
solution was prepared. Care had to be taken In adding the
polymer so that no lumpss due t0o uneven spravyings were

formed in the solutlon.

Solutions prepared by the second method were found to be
homogeneous. The homogeneity of the solution was checked by
taking samples at various depths of the main reservoir (809
liter capacity) and measuring flow rate in a simple pipe
flow apparaftus. A pressurlized flask of capaclty 1 liter
serves 2s the upstream reserveir for thls pipe flow setup.
Folyox sofution of 50 ppm concentratlion was made in the
flask by direct mixing of the polymer. The flow rate
obtalned using this sample is taken as the standard against
which other vatues of flow rate are compared. For thlis plipe
flow setups the increase in flow rate (between water and
polymer solution) due to tha presence of polymer was found

to be about .5 liters per minute.



The criterla tor no degradation was that the increase in
flow rate, due to the presence of the polymer, should be
above B.48 1t1liters per minute. For all the experiments of
the ductec Jet flow with polymer solution the flow rate In
the pressurlized system Wwas obtalned before and after taking
atl the (veloclity) measurements. Only those for which the
two values agreed 10 within > per cent were acceptfed. To
find the amount of degradation crested by flow through
supply 1lines from the tank, the solutions collected at the
exlt of these lines were used in the pressurlzed pipe flow
system. The effect wss found to be neglliglible. In
conclusion, It should be mentioned that the soluttlon
preparation procedure was tedious and time consuming and the

probabliity of fallure was not loune.
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CHAPTER IV
DISCUSSIQON OF RESULTS

The results from the analytical method of study and
those obtained by using fthe hot film anemometer are

presaented in this chapter.

Analytica) Approach
id h d d

The method of analysis fto predict detailed flow
properties was descrlbec in Chapter II. Conditions
cofresponding to the experiments of Razlnsky and Brighton
(211 were selected as the first case for the numerical
calculations. Both Jet and secoandary flows were supplled by
converging nozzZles in such a manner that the veloclty
profiles &t the exlt-plane were essentialtlty flat, except for
the presence of a very thin boundarvl laver. The

computations were performed for the fcllowing set of

parameterst

U; = 45.7 mfsec



r‘o /l";. = 3.0

Raynolds Number of the flow = 1.70 X 105

The variocus symbols were explained In Figure 1. The
reason for selecting this set of conditions was that the
experimental results lindicate a strong mixing taking place
as suggested by a peak In the value of the opressure
coefficient. For lower values of the velocity ratics the
varlation of pressure coefficient C is almost monctonic.
Furthermore, for higher values of velocity ratio, there is a
possibility of a reclrculation 2Zone, where the boundary
layer &ssumptions iInherent In the present theoretical

treatment are not valid.

Also required for the program, aside from the parameters
mentioned earlier, are the initial values of the turbulence
quantitliess Howevers the initial wvalues of longltudinal
turbutence Iintensity in the annulus at the Jet exit plane
were given from the experiment, If the filow were
Isotropicaily turbulents, then k would be equal to 3/2 u'?.
Annular and channel flows are not isotroplics and usually k
has a somewhat smaller vslues. In the present computational
scheme, a value of k equal to 90 per cant of the Isotroplc
value <{(with u" being obtained from the experimentzal data)

was assumed at a station two duct radil upstream of the exit



plane, and computatlions proceeded downstream. To test the
sensitivity of +the flow on this assumption, the value was
perturbed to 85 percent and the computations repeated.

very tittle change was found In the calculated flow.
conditions at the exit plane. Thus, tha lcea of starting
the computations two duct radil upstream of the Jet exit
indlcates theét the flow has "sufficlent time* to adjust to
the conditions at the boundary of the annulus. The Input
values of W are obtained by specifying that the wixing
length 1Ir the annulus region Is i1 per cent of the annulus

width,
The wvalues of k and W selected were

0.650 m®/sec?

x
]

7 -
= 5.0 x 16 sec™?

X
t

These, combined with the flow velocities, define the
inlet conditions completely. The wvalues chosen for fthe
varlious coefficlents In the two equation model were

C,= 0.090

C‘ = 3.500



C,= 0.475
q%= 1.049
q&f 1.400

The governing equations were solved by the method
described In Chapter II. The resvlts obtained from the
computations are shown in Figures 8 - 10. The radlal
variation of mean velocity is compared with predicted wvalues
at two éxlal stations - one Iln the early developlng reglon
and the other far downstream of ]ef exlt. However, in the
region very close to jet exit the agreement was not as good.
The reasons for this will be discussed shortly. Flgure 4§
glves the variatlon of pressure coefficient, Cor In the

streamwlse direction. The location of the pesk In Cp s

approximately nine duct diameters from the jet exit plane.
Comparison with experimental results shows that fthe theory
predicts the rlise and the peak In the curve very well and
also the stope of the curve (pressure gradient) far
downsfream of the peak. The Intermediate region shows that
. the analysls overestimates the axial extent of high pressure
zone, Far downsStream the flow becomes a fully developed
pipe flow and the experimental measurements agree very well
s far as mean veloclty and pressure gradient are concerned.

Another intferesting observation is the peak in the value for
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C, shown in Figure i10. The proximity of the axial location
of the maxima in C, and C, indicates the influence of jet
mixing with the outer flow. In clinical angiographical
siftuation the possibllity of tissues breaking ioose from the
wail 1s of prlme concern and so the occurence of a posslible
peak In stress at the wall Is of great Interest,
ctfect of Initlal Condltions

Oiscrepancles between the experimental results and
thaeory may be due to the arbitrariness in the linitlial
conditions. In the actusl experiment the jet tube wall has
a finite thickness and hence there ls a wake downstream of
the Jjet wall. Experimental measurements (211 Indicate a
very sharp peak In turbulence lntensity ln the wake reglion.,
S5ince there are no experimental resuilts avaliable for v* and
W'y there 1Is no way of computing the value of k at the fjet
exlt plane so as to account for the thickness of the lip of
the }et. Furthers in moving downstream from the Jet exit
plane scme uncertainty arises In specifying the value of Kk
at the first grid pcint,y which is on the potftential core
boundary. At the exlt plane, the core diameter is almost
the same as the diameter of the Jet tube and the
computational scheme takes the propertles to be constant
radially 1In the core. This Ilntroduces a very large amount
of error in k values because of the boundary Ilayer on the
Inside wall of the Jet tubes. Experimental results [213

indicate that the turbulence Intensity Increases to a value
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ten times that In the cores in the very small boundary layer
reglon from the inside wail. Since this value affects the
decay of potential core width, the necessity of selecting
the right value, which 1is not knowns becomes I1lmportant.
Although there are some guidel ines ~ such as measurement of
u*s ¥' and w* - for obtaining a proper value of ky there are
none for obtalning values for W. Thuss a3 certain amount of
arbltrariness is always present in the Input +to fthe

turbulent quantities.

One way of alleviatlng some of this arpbltrariness is to
input into the computational scheme the measured values of
various ouantities at some point downstream of jet exit.
Thus, some of the Influence of the finlte thickness of fthe
jet tube wall will be accounted for. The ldeal situation
would be to Input measured mean as well as turbulent
velocities and the distribution of W. Slnce all these are
not avallzsble experimentally, the best that could be done
was to input the radial distributlon of velocity. The axial
station XD = 3.33 was selected for this lnput statlon., The
method was to replace the computed values of mean velocity
and then continue marching downstream. The effect on C, is
shown in Flgure 9. The results Indicate that the aagreement
between theory and experiment has improved downstream of the
maxima. There 1Is some discrepancy near the maximum value,

However, the Iimportant +thing +fto note ils that, by
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compensating somewhat for the Influence of the wake region
on the mezn vetoclty, the G, values show considerable change
and better agreement In the reglon where there  was
discrepancy previousiy. This suggests that the
arpitrariness In Input cata can contfribute considerabty fto
difference between theoretica! and experimental results in

the near fleld mixing reglon.

Flnally, the IiInfluence o¢f specifying the values of k
atso was evatuated. A 10 per cent difference (which Is
easlly within the range of measurement accuracy) in
turbulence Infenslty at the jet exit plane was found to
cause sbout 16 per cent dlfference in the rate of decay of
center llne veloclty In the devoloping . reglon for this
experimental setup. There was also some influence on the

wall shear stress values but was not substantlial enough to

be distinct in the ptots Thus, it can be sald in conclusion
that the srbitrariness in the Input data affects the results
In the developing reglon of the Jet to a Varge extent.
However, the results far down stream reach fully developed
values in all cases.
Study of Apgajograchic lInlection Model

The comparlson of theory and experiment just described
gave conslderable experience in wuslng the computational
program and provided insight Into the requirements for the

primary thrust of the research, namely, modelling turbulent



angiographlc injectlons.

Next the analytical procedure was applied to study the
mixing problem for the geocmetry of the experiment.
Howaver, there are some differences In the geometry of the
present experlmental arrangement and fthat of Razlnsky and
Brighton that must be accounted for in the computatlions,
For the current sefup the flow doeés not enter through
noZzzlesy but through pipes. In other wWords, the outer fiow
at the jet exlt plane is through a circular annulus wWith the
result that the wveloclty profile at thls oplane Is mnot
unlform. AlsSos the |Jet lssues through a clrcular plpe so
that the veloclty proflle of the jet flow Is more like that
for a fully develored pipe flow - and not a flat proflle.
Hence, there ls no potentlal core In the present experiment
and this must be incorporated Into the computations. The
method adopted 1s as follows., The jet, for fhe sake of
computatlion, [s assumed to have a flat profile at the ]etl
exit plane and this uniform value was calculated from the
jet fiow rate., Thens, the values for mean velocity obtained
by the computational procedure were replaced by the wvalues
obtalned experimentally at a station downstream of )Jet exif
plane. Thls approach partially accounts for the Influence
ot the Jet 1lp on fthe mean veloclity (as discussed
previously) as well as the fact that the Jjet issues as a

fully developed plbe flow. Howevers the same cannot be done



for k and W valuesy slnce these were not directly measured.
Thuss the procedure was to replace the value of the mean
veloclty at a statlon two duct radll downstream of Jet exit
plane, while not altering W and the tTurbulence Iintensity

from thelr calculated values.

The Initial conditions used as input to the program were
oebtalned from experimentat measurements at a station 2.33
duct radll upstream of jet exit plane. The value of Kk was
estimated (to be a wuniform wvalue} from the values of
turbulence Intensity measurements. As before, the vatlue of
W was calculategd from the concept that the mixin3 length
should be a fractlon of the ph?slcal dirension {annulus

width}) ot the flow.

The parameters as well as the initial conditions of the

flow are as follows.
. s7u T 145

= 01308 cms

’
|

1.270 cms

01
1]

= 0.005 mzfsec2

x
1



W = 5,02 x 103 sec 2

Reynolds number of the flow = 1.360 X 107

The governlng equations were solved by the marching
procedure and at the station two duct radili downstream of
Jet exit the value of U/U" is replaced by the values

obtained experimentally.

The raesul ts of the computation are glven in
Figures 11 = 17. The radlal distributions of mean veloclity
at the different axial positions are shown in
Figures i1 - 14. The meen velocity variation shows the
mixing between the two streams. The mean velocity protile
at XD = 2.0 is the value from experimantal messurements and
is used for replacing the U/U, values obtained by the
marchlng scheme. The local minima In the wveloclty profile
at XD = 3.0 is cadsed by by the boundary layer wéke. fhls
local sainima is gradualily smoothed as the Jet flow moving
downstream mixes wWith the outer flow. The profile at
XD = 10640 is smooth, suggesting that the flomw 1Is gradually
reaching a fully develored pipe flow profile. The resulfs'
for the farthest station downstreams XD=60.0, indicate that
the wvelocity profile corresponds to one for fully developed
plpe flaw. The streamwise variation of pressure coefficlient

-+
Is shown in Figure 15, The variation is monotonic for these
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conditions suggesting that the outer flow 1s only slightly
atfected by the jet flow. The gradient of C, approaches the
value for a fully developed plpe flow as the computations
proceed downstream. The wvarlatlion of the skin friction
coefficient C.s sShown Iin Figure 15, does not exﬁibit a
maxima. This likewise suggests.thaf the outer flow Is only
slightiy influenced by the Jet momentum. The streamwise
decay of centerline velocity Is also obtalned from the
computation and is illustrated in Figure 17. The results

indicate a smooth decay of center line velocity.

Experimenial Resylis

The details of the experimental setup as well as the
Instrumentation used were described in Chapter III. As
mentioned before, the mean and turbulent Quantities were
obtained by ensemble averaging of the signal. The number of
samples chosen was fifty, each sample having a 1.256 second
duration. EXxperience proved that results obtained with this
combination did not change apprecilably when the sampllng
time or number was Increased. Another factor Influencing
the selection of sampling parameters was the time (imitation
or the duration of a given experimental run imposed by the
reservalir size. When employlng poiYmer solutions, 1t was
desirable to complete measurements at all radial statlons
(for a3 given axlal tocation} In a singte runs, so that the

same polymer solution batch could be used. Thus, total flme-
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avallable to record data was limited to 30 minutes.

Based on the number of radial positions at each axial
station and the samplling tlmé requirec at each points the
block size fbr the Fourler AnalyZer was selected,
Considering all factorss the maximum frequency selected for
the Fourlier Analyzer was 1000 Hertz and the block size
selected was 512. Thlis set of parameters provided
sufficient time for the probe traversal from top wall
boundary to a point close to the bottom wall boundary of the

plpe.

The f{Ylow rates for water and polymer solution were 16.0
and 17.5 l|iters, respectively.
M dT u eloci

Water  Experiments and __Comparlson with Theory. The

veloclty profiles obtained from the measurements areé given

in Flgure 11 - 14. These show the radial distribution of
mean velocity at six axial locations. The eXxperimental
values shown In Flgure 11 were used to replace the values at

X0 = 2.0 obtained from the computations by the marching

procedute, and the computstions were carried out to obtain
the various values downstream of this locatlon. The
comparison between theory and experiment In Flgure 412 ftor
X0 = 3.0 Indicates fthe agreement Iis nqt as g9o00d In the

region ot RD = p.20 to RD = Q.40 as It Is over the remainder



of the tube radius. This may be due to the fact that the
effect ot +the finite 1ip thickness of the Jet tube =~ that
is, the wake of the |Iip - was not incorporated into the
program fully. Fesults obtalned at XD = 6.0 indicate the
spreading of the effect of the |Ilp «of the Jjet to other
regions aslso. Figures 13 1ind 14 indicate good agreement
between theory and experiment. The last measuring station
I1s 30 diareters downstream of Jet exlt and the mean velocity
values have almost reached the vailues for fully developed
pipe flow. It should alsc be polnted out that the radial
location <clasast to wall produces errors In measurements
because The probe Iis touchlng the wall surface [541. This
very likely confributes to the discrepancy between theory

experiment at this point.

Flgure 17 shows good agreement bhetween the centerilne

mean velocity values obtzined from theory and experiment.

Figure 18 indicates the radial wvariation o¢f +the
fluctuation Intensities at the various measuring stations.
The wvalues of +the Intensity were measured by the conical
probe and hence are a measure of turbulence rather than .the
value of any particular component of turbulence veloclty.
Since the computations rpreovide only the vatue of fturbulence
kinetlic energy, the values of turbul ence velocity

fluctuations cannot be obtalned unless the ratio of their
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magnltudes are known. Since the centeriine values of the
fluctuation wvelocitles (le U av'sn'} are in general
approflmately the same In pipe flows s weill as in a free
jet flows the value of the turbulence Intensity at the
center Ilne was calcuiated based on this assumptlon of
isotropy. Although this 1is not precisely true, the
comparison of thls value with that obtained by the hot fiim
probe is quite useful and is illustrated in Figure 19. The
profile wvarlatlons suggested by experiment and theory are
very similar.

Polymer Solution Experiments. The next phase In the
experimental procedure was to study the mixing with a dilute
potymer solutlon as the mixXing mediums The Inner flow (}jet
flowd and the outer flow are both polymer solutions with a
concentratlion of €0 ppm of Folyox WSR-301. The measurements
were made with a conical hot flim probe whlch was callbrated
in a polymer solution of the same concentration. All
procedures adopted for dasta reduction were the same as those
for wWater. The experiments were conducted keeplng the
pressure heads same 3s that for water resulting in an
Increased flow rate. The flow rate for the case of polymer

solutlion was 17.5 liters/minute,

Figure 20 shows the radial variation of the mean
velocity at varlous axlal tocations. The Jjet veloclity s

higher than that for water pecause of the nigher flow rate.
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The mean veloclty in the outer region is almost the same as
that for water case. This Is because the polymer Is more
effective for a tube of small diameter than for a large one
in the same Reynolds number range. This is known as the
diameter eftect [28). Figure 20 clearly Indlcates the
different regions of the flow. The wake of the jet tube Ilip
at the filrst axial statlon (X0 = 0.30) 1ls prominent. AS the
jet mixes wlith the outer flow the steep gradients gradusliy
are smoothed out and the veloclty approaches the fully

developed pipe flow proflile.

The measured values ¢f the turbutent Intensitles for the
polymer mlxlng are shown in Figure 21. The intensity valtues
In the mixlng region are higher than that for water. This
high jet veloclty {and so higher veloclty ratio of inner to
cuter flow}) results In a more Intense mixing and thus has
higher turbulence IiIntensities In this region. Another
Interesting observation 1Is that the turbulence intensities
near the wWalt! are higher than fhat for water. This 1s in
agreement with the behsviour of poivymer soiutions ln pipe
flows, as noted by Rudd [56), This further Indicates that
in the developling regloh the conditlons near the wall remain
simllar to those for plipe flow. By the time XD = 20,0 Is
reached the sharp peaks exlsting near the Jet exit are
smoothed out. Although the mean velocity indicates smooth

profites at XD = 10.0 the turbulence intenslty does not show
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a smooth variation until X0 = 20.0« This agrees with the
generally accepted concept that turbulence quantlties take a
greater time fto reach developed flow values than do mean
quantitiess At XD = 66.0 the turbulence Intensity profile
Is unitorm near the center, but there Is a steep lncrease in
the Intersity values 35 the duct wall is approaéhed. The
values of u*/U at the center 1ine for water and polymer

solution at thls axial station are not very different.

The previous two sectlons dealt wlfh the mean and
turbulent flow velocities obtained for the case of water and
polymer solution. The effect of polymer on the variatlion of
these duantities can be studled by maklng a direct
comparison, It should, however, be emphaslzed that for both
the cases the pressure heads (for jet and ocuter fiow) vere

kKept the same.

c f d Pol Resu . It was found
that for the polymer solution turbulence Intensities were
higher close- to wall as well as In the wake region. To
[llustrate the Influence of this, the streamwise varlations
of center Iline veloclty were plotted In Figure 22. The
velocity values were non-dimensional lsed by the velocity at
jet exit tUIl for each case. Thus, the non-dimensional
centertiine velocity at the jet exlt for water as well as
polymer sotution Is unity. As the Jet dewvelops: the

nondimensional vatlue decreases monotnically from U /Uy=1.8



to a value of about B.4 for the case of the polymer solution
and to approximately 0.45 for the case of water. This
suggests.that the center line wveloclity decays faster for
polymer solutlon than for water. Howevery, It should be
pointed out that the flaw ratessy and hence the .inltlal
conditlions, for both csses are not the same. To reduce the
effect of dlfferenceslln inltial condltions, another set of
experiments was done using water. 1In other words, a pew set
of measurements ftor. water was taken so that the inltial
conditlons and hence the the flow rates, were close to those
for the polymer solution. It was seen earllier that the
presence of polymer resultfted in a large increase in the |et
flow velocity and only a small lancrease in the ~.outer flow
velocltys So it was decided to increase the pressure head
ot the jet flow supply reservolr so that the Jet exit
velocity at the center line is close to the value for the
case of polymer solutlon. This arrangement for water with
higher head will be referred to 3s Wzter 1II. Water
experiments with the sawme head as for polymer will be
referred to as Water I, for consistency. For the
experlmental setup the center line veloclty for polymer at
the first axial statlon (XD = 0.30) was 199.0 cms/sec and
that for Water 1II Wwas 194.9 cms/sec. Mean and fturbulence
quantities were measureg at the various axlal stations and
the data reduction procedures adopted were the same as

before.



The <st¥reamwise variation of U /Ux for Water II 1Is shown
In Flgure 22. Comparison of the wvalues for polymer and
Water II lndlcate that the center llne veloclty decays
significantly faster for the case of the polymer sglution
suggesting a qulcker mixing of the jJet with the surrounding
medium. 8Barker*'s [37]) measurements for submerged Jet wusing
a Laser Doppler Velocimeter also reported a quicker decay of
the center Ilne velocity. The turbulence intensity vatues
at the center line for the three cases of Water I, polymer
and Water II are shown In Figure 23. The intensity valtues
for polymer solution are higher than those for water.
Further , 1t can be seen that the turbulence intensity
reaches a peak value durling the early growth of the fet and
then decreases. Alsoy, the peak value of Intensity Iis
cleariy larger than that for water. Similar observations
were reported by Barker [371. Thus, the results show that
the center 1ine behaviour In the iInitial region 1Is similar
to that of a submerged det issuing as a fully developed pipe
flow. It should bte noteds however, that atthough the center
line mean velocity close to the jet exit for polymer and
Water II are approximately the same. the presencé of polymer

does affect the turbulence structure (228).

Figure 24 shows the radial distributicn of the mean

veloclty a3t three axlial locationss for the cases of Water I,
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The plots indicate that there 1s very

polymer and Water II.
little diffterence in mean velocity variation in the region
near the duct wall, at al! three axlal stations. This also
suggests simllar axlal variation of mean veloclity near the
wall. Thls happens because, In the ouferflou reglony the
conditions are only very stightly influenced by the presence
of polymer. Also , Since the jet flow affects the outer
flow only slightly, the higher jef velocity for Hater II has
little linfluence on the behavior near wall as far as mean
velocity Is concerned. Moving radlaily toward the center
tine the difference In mean velocities [s signiflcant. At
XD = 2.8 1t can be seen that the presence of the polymer
results iIn a faster axls|! decay of mean veloclty. This lIs
observable in the reglon from the primary mixing zone to the
axis (RD = 0+45 to RO = 0.0}, AT XD = 1d.u the Influence is
still observable in this region. This suggests the polymer
is Influential in the near field mixlng zone. The mixing
finally results in reachihg fully developed plpne flow
conditions for XD = 60.0. The velocity profiles for polymer

and Water 1II are very close to each other iIn this location,

The axial varlation of mean velocity at the center line
suggests that the polymer jet decays faster than that for
water. The radlal distribution of turbulence intensity at
esch axial station should also Iindlcate the effect Iof

mixing. Figure 25 shows thls distribution at X0 = f.0. It



iNs! 1.0
v 3]
v M)
v Q Water I
il w0 .
v Water II LB
‘-'*'D ¥ Polymer %
l6_ % .6 - %
RD v RD o,
s e 4
o‘.'l'-* 0 °}+ - v
\ 2 e 4
v
% P AN XD--10 v
OV v Vv e v
02)_- O v Vv o= | q Av
A
o \ Al Ovw
O A" v
(9} 4 owV
0 L l | ow ¥ 1 ol ¥
o5 1.2 1.6 2,0 2.4 B W6 1.4 o4
ufuy,

1.0

6

ok

02

5

-
3
v

¥
v
¢
¥
XD-H0 Qv
3
¥
<

B 1.5

Figure 2%, Comparison of Radial Mean Velocity Profiles, Water I, Water II and Polymer.

98



can be seen that the intensities for the opolymer case are
higher in the mixing lavyer than those for Water II. Also
the effective mixiag lavyer width or the wake behind the lip
of the Jet s iarger for polymer than for Water II. Thils
coutd be inferpreted as due to the thlckened boundary lavers
on the walls (Inner and outer) of the Jet tube due to the
presence of the polymer. Some influence of the higher
intensity values In the Ilp wake Is felt In the outerflow as
lndicated by the hlgher Intensity wvalues in the region
RG = G+3 to RD = 0.6. Additional comparisons are given af

6.0 and XD = 10+0 ln Figure 26, The Ftigh Intensities

X0
are seen to be gradually reduced by the mixing. However,
the intensity values for the polymer are still hlghér, from
center line tb a region In the mlxlng layer where RD = g.3
at X0 = 6.0. Beyond this the intensity values are nat very
much different for opolymer and Water II. Figure 27 shows
that the data obtained at X0 = 10.0 and XD = 20.0 exhlibit
scatter., The mean veloclty proflie at XD = 10.80 (Flgure 24)
shows ftow adjustment to fully developed pipe flow starting
to take place. Correspondingly, the turbulence Intensity
profiles at XD = 10.0 and XD = 20.0 do not exhiblt aany local
extrema. Thus, the profliles suggest that the fion nature |s
similar to that of a developlng pipe flow. The radisal
turbutence intensity profile shown In Flgure 27 at XD = 60.0
vary smoothly. Near the wall the polymer solutlon has

highér vatues than Water II. However, near the centerline
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they are very close to each other. Rudd [561 made
measurements wusing a8 laser ODoppler veloclmeter in a pipe
flow and observed that the intensity values for polymer
solution *to be higher near the wall and lower near the axlis
than for water. The profiles of Figure 27 showed the same
behaviour near the wall as suggested by Rudd.
M rem

The energy spectra of the fluctuating velocltles is

obtained by performing a Fourier analysis of the output

signal frem the l|inearizer.

The wsximum fregquency setting was 1000 Hertz and the
block size chosen was 512. According to Shannon®s sampling
theoremsy It 1Is necessary to sample a segment of data at
twice the rate of the highest frequency desired.

Therefore, 1If energy spectra to 1000 Hertz are needed, the

linearizer output must be converted to digitized data at a
rate of 2000 points per second. For a block size of 512 In
the Fourler Analyzer system, the sampling time required to
fill one block with data 1s 0.256 (512/20uf) seconds.
Since this 1s a relatively short time for turbulence
sampliingy a targe number of samples was taken and ensemble
gveraged to obtain a reliable statistical result. Further,
the resolution in the frequency domaln is the inverse of
sampling time, so that This wvalue is approximately four

Hertz. After the analysls of the outpuft slgnale the



spectrum 1ls given by values at discrete frequency polints
(separated by approximately four Hertz in frequency space).,
The ampllfude.(or the value of the ordinate} [s taken as the
total area In the channel of width of aprroximately four

Hertz [54]).

The sum of  the ordinates at the discrete freauency
values, over the entire frequency range. simply gives a
measure of the energy content of turbulence, since fthe
conical prabe senses fluctuations which In general are a
measure of turbulence. Patterson, Zakin and Rodriguez (471
found spectral shapes obtained by <conical probes to be
similar to the ue? spectra. Therefore, the spectra here
also have been referred to as q" spectras, It being
understood that this is not precisely correct. Checks using
upper frequency Jdimits from 500 to 5000 Hertz showed no
effect on the spectral content Dbelow 5000 Hertz., Also
‘various attempts to improve the signal to noise ratio were
unsuccesstful in producling useftul c¢ata for frequencilies
greateE than Sg0 Hertz. The reference voltage, for energy
spectra in decibels, of 1 volt corresponds to a velocity of

1 m/sec.

Specgtira for Water. The (u'g ) spectra at the various

axlal stations were obtained at the centerline and at a
polnt <lose to the wall. In some cases spectra at other

radial ltocations were also obtained,.



The spectra at the measuring station closest fto the jJet
exit are showﬁ In Flgure 28, The spactrum at the wall shows
the energy content for eddies of small frequency falling off
quickly wlth Increase in fredquency . Howevers at the ceater
line the decrease in (u**) spectrum with frequency 1is much
slower. In fact, the ordinate values drop by only six db In
a frequency range from four to about 200 Hertz. The drop in
(u*2) values from 260 Hertz to 1008 Hertz is by about 20 db.
Comparing the two spectra 1t can be seen that at the center
line the energy content in the eddles of large scale 1is
fower 3and that for small-5cale eddles is higher. It should
also be noted that the spectra at the centerline and near
the wall Intersect at a freguency of about 85 Hertz. It
should be added, however, that at this axial station
(closest to Jjet exit) the spectra at the center line is
measured In the primary flow (or jet flow) whereas the
spectra near the wall Is obtaimed at & tocation Iin the
secondary flow {(annular flow) distinctly different from the

jet flow.

Figure 28 also contains the spectrum at a radlal
focation RD = 0.236. One of the Interesting characteristics
here is the “spike” 1In the spectra at a frequency of
approximately 2CC Hertz. Thls radiai statlon corresponds to

a location In +the wake of the lip of the Jet, that 1Is to
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Figure 28. Energy Spectra for Water I, ¥XD-0.30.
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says in the mixing laver. The presence of “spike™ has also
been observed In two dimenslonal mixing lavers [57). A peak
Iln the energy spectra has also been observed for jets (58]
and ls thought to be Indicatlve of vortex ring shedding.
Although the present flow situatlon does have aspects of Jet
flow and miximng layers, the nature of the fiow structre is
much more complex., First, the presence o¢f a coflowing
stream distinctly alters the turoulence structure from that
of a slmple free jet. Second, the presence of the wall
confinement alters the turbulence structure. Finallyy it
should also be pointed out that the prilmary flow does mnot
exit through a nozZzZle and hence does net have a potential
core. In fact, at the exit of the jet tube the flow is a
fully developed turbulent shear flow. Keeping these
differences in mlnd, it 1Is easy to see that the comparison
with previoys gbservatlions In Jets and shear layers wWwould be
naive and posslibly errcneous. However, the presence of
dominant eddy sizes In the mlxlng layer can produce a
“spike"™ in the tdrbulent spectra. The presence of the spike
could thus be thought of as due to the eddy structure ln the

mixing layer.

The spectra obtained at the axlal location X0 = 1.0 are
shown In Flgure 29. The spectrum obtained at a point <close
to the wally, at the centerline, and at the radial location

RD = 0.158 are shown In this figure. The qualitative nature



96

-lol_-
-30 |-
11’2
(db)
=50 —
-TO —
1
1
10 =T
100 ”
. 500

Freguency, Hz

gu -
F:[ /2
90 p X]) loo
W
3



- Q7 =

of the curves ls simllar fo that observed at XJ = 0.30.
The splke In the spectra, al though somewhat smoothed out, s
visible at the center line as well as at RD = 0.158 and this
cccurs at approximately the same frequency range as for
XD = 0+308. However, the relative intensity of the spike is
much less at the cownstresm locatlons This Is Indlcative of
the mixlng taking placey thus smoothing out the sharp

gradients.

Flgure 30 shows the spectra obtalined at the axial
location XD = 2.0+ The most obvious feature of these curves
is the sbscence of the spike in the spectra. This is
understandable because aé the Jjet expands downstream the
gradients In the filcew accurring In the mixlng layer reglon
are reduced and the flow eventually tends ftoward a fully
developed pipe flow. Another point of interest 1is the
frequency at which the spectra at the center line and the
spectra close to the wall iIntersect. The magnitude of fthe
frequency value %eeps decreasing as the measuring station
moves downsftream. This suggests a variation Iin either the
spectra near the wWall or those at the center line or both.
To determline this the spectra obtained cleose to wall as well
as at the center line at the first three statlions

(XD = Ne30s 1.0 &nd 2.0) were compared.

Flgure 31 shows the spectra close to the wall and Figure
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32 shows the spectra at the center line for the varlous
axial locations. The spectra at the point close to the wall
are almost the same wherezs those at the axlis show gain in
energy as the mixing o¢f the two streams take place. The
turbulent energy due +to mixing Is redlstributed and lIs
manlfested by an increase in energy (wlth X0) at the center
lilne spectra. As far as the spectra near the wall are
concerned, the shapes are very similar to those
corresponding to plpe flaw for the particular mass flow
rates, Since the Jjet fionw iInfluence on the outer flow is
very srally especially close to wall, the changes IiIn

spectral shape are negligible,

Figure 33 shows the energy spectra obtalned at the axlal
location X0 = 6.0 « Comparison of the spectra at the center
line and &a roint close to the wall shows an ad]ustment of

flow conditlions taklng place.

Figure 34 shows the energy spectra obtalined ar
X0 = 10.0. The spectral shapes af the centerline and close
to the wall {ndicate that the flow development Is acting fto

smooth out the veloclity gradients.

Figures 3% and 36 show the energy spectra obtained at
XD = 20.0 and 60.Cy respectively. The spectra at the center

and close to the wall dg not lntersect and the shapes are



=50

(&)

~70

101

B
XD = 240 m—ee——V T
X:D - loo
= 0030
| ] |
1 10 100 500

Frequency, Hz

Flgure 22, Energy Spectra for Water I, RD=0,0,



102

-30 "
RD =
RD =
=50
2
u
(ab)
_"ro —
I d B |
1 ' 10 100 500

Frequency, Hz

Figure 33. Energy Opectra for Water I, XD=6.0.




103

=301
RD = n92
RD = 0 e B—m—m——
_50 =
u
(ab)
-0 T
1 | 1
1 10 100 5060

Frequency, Hz

Figure 3%, Energy ispectra for Water I, XD=10.0,



104

=301
KD = 092
RD = 000 “-\__\
=50 |-
2
m
(av)
-70 [~
! | !
1 10 100 500

Frequency, Hz

Figure 35. Energy Spectra for Water I, XD-=20.0.



105

«~30 1
e e \G\
RD = 0.0 \g\
-50 |-
u
{av)
-0 —
| l J
1 10 100 500

Frequency, Hz

Figure 36. Energy Spectra for Water I, XD=60.



- 106 -

simlilar to those obtalned for fully developed plpe flouw.
Flgure 36 shows the spectra at the axial station farthest
from the Jet exit. In the frequency range of 10 Hertz to
100 Hertz the slope of the curve (s approximatetly (-3/2).
This 1Is different from the the value for the lnertial
subrange observed for high Reynolds number flows. The
kReynolds number for present the flow system i5 low
( <20+00C) and hence should not exhiblt asymptotic behavior
in the lnertial subrange .

Spectrs for Polvmer. Figures 37 to 43 show the (u'? )

spectra obtalned at seven axlal stations. Flgure 37 shows
the spectra obtained at three radial positions at the axlal
location XD = 0«30« The splke in the spectra 1Is cleariy
visible at RO = 0.193. This peak occurs approximately at
the same {requency range as for wWater. Once agdalnsy the
spike s Indicative of the dominant eddy size in the mixing

layer.

Flgure 38 shows the variatlion of spectra at XD = 1.0,
The spike in The_spectra‘ls visible here both at fhe center
line and at RO = 0.236. O0Once agains the spectra close to
the wall do not show much variation with distance

downstream.

Figure 39 glives the spectra obtalned at XD = 2.0. At

this axlal station the center llne spectra,as for the case
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for polymer and water were similar. To show the influence
of the polymer on spectral shapes a direct comparison must
be made. One obvious difference far the two cases was the
flow rate and the initial condltions of the fiow. However,
Water II has a flow rate very close to that of the polymer
and, therefore, comparison of these two cases'would show the

influence of the polvmer.

The spectra obtalned at a polnt close to the wall
(kD=g.92) for watery as well polymer,y, at four axlal
locations are shown iIn Figures &4 - 4&. They show very
little differencey, Iindicating Ilittle alteration In the
energy dlstribution over the wave number range. As polnted
out eartier, the outer flow is only slightly affected by the
jet momentum. as far as mean velocity |is concerned,
Besides, the upstream annulus reglon extends for 110 duct
radil providing ample time for the layer near the wWall to
have characteristics close to that of a wall laver. Thus,
In the Initial reglon the essential nature of the wall tayer

s not serlous|y affected by the jet filow.

Figure 44 compares the spectra for water and polymer
solutlon at a polnt near the wall at the first axial
station. This Indicates a higher energy for poivmer
solutlon at tow wave numbers than that for water I. In

facty thls general trend is iIndicated at most of the axlal



116

Polymer

{an) Water I

Frequency, Hz

¥Figure 44, Bnerpy Spectra ior Water I, Water II and Polymer;
KD=0.923 XD=0,30.



-'-117_

stations.

The spectra obtaimed for Water II is also plotted on
Figure 44 for comparison. The curves indicste very Iittle
difference 1ln the energy values in the IoWw Wave number
range. Figures 45 -~ 48 provide the comparison of the
spectra at a point clese to the wall for axlal locations
XD = 1.05 2+05 6.0 and 60.0. The qualitative beha?iour of
the spectra In general [s the same as in Flgure 44. Flgure
48 also shows the spectra obtained for Water II. This shows
that the measured (u*?) spectra Is hlgher for the polymer
solution In the IoW wave number range. Chung and Graebel
[60] have observed the same behaviour in thelr study of plpe

flow of polymer solutlion using a laser Doppler velocimeter.

The center line spectra for water obtained at the saven
axial stations is shawn in Figure 49. The spectra at the
first +three stations statlons (i.e.y X0 & 2) indicate an
overall Increase in fhé energy level., The spectra for the
last four stations (lse.s XD 2 6) Indlcate a decrease in the
energy level over the entire range of frequenclés. In other
words, the energy at the center line due to mixing in the
very near fleld of the Jet (indicated by XD=2) increases and
after a certaln axlal statlon (X0=6), the energy at the
center line decresses, Indicating an adjustment or

distribution of energy and finally reaching conditions
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corresponding to fully developed pipe flow., It 1S known
that fhe output ¢f the Fourier Analyzer provlides the energy
values for dlscrete values of the frequency and the sum of
the discrete energy values wWwould give the value of (u'2 Y.
This coupled with the observation regarding the energy
spectral Jevel variation would suggest fthe centerline
turbulence values Crur? f& 1 to increase first and then
decrease. From Figure 18 it can be seen that turbulent
intensity decreases from XD = b to XD = &0. Thus the
spectral data and Ilntensity measurements are consistent Iin
this regsrd. Figure 49 31so Iindicates a greater adjustment

faking - place at higher frequencies than at lower

frequenciese.

Further, it is also found from the centerline spectra of
jets that the slope of the spectra in the high wave number
range (le. beyond the inertial subrangel) (s approximately
-3.3 from the data of Gibson [61] whereas Virk*s data for
the plpe tlow indlcate approximately -4, From Figure 49 1t
can be seen that the slope of the spectra for the high wave
number range Iin the initial region of flow (l.e., XD <2} s
smaller than that in the region downstream of X0 = 6. This
suggests a jet like nature retalned in the spectra at least
up to XD = 2, and beyond¢ XD = 6 the spectral shape Indicates

a type ot flow behaviour tending toward a pipe flow,



The energy spectra at the axis for polymer solution are
shown in Figure 50. The energy Ieuels.lndlcate an increase
as the wvalue of XD increas2s and reaches uUp to 2 value of
2.0, The levels then decreasé as XD increases from ©.0 to
6L.0s The ftrend also agrees with the turbulence intensity
values ploffed in Figure 21. Thus, the general behaviour of
the spectra 5t X0 = 1.0 and at X0 = 2.0 intersect, unilke
the case for water. igxcept for fthe spectra at X0 = 0.30 the
shape of the spectra at high wave numbers do not Indicate

any noficeable varlation in the slope as the flow develops.

IT‘was found that the qualitative behaviour of energy
spectra at centerline for water and polymer in general are
very much similar. A direct camparison of the spectra
obtained fof polymer and water at same axlial lcocactions are

shown in Flgures %1 - 53,

Figure 51 shows the comparisan of the spectrsa at
XD = 0+30. The curves show the differnce In energy Ilevels
in the region where 3 splke in the spectrum was observed.
This combined with the greater decay In nmean veloclty at
centerline suggests the properties of the mixing layer to be
altered due fto the presence of the polymer. It could be
suggested from the wvariation of the centerline velocity
(Figure 22) that the width of the miximg laver is larger for

the case of polymer solution. However, Flgures 52 and 53 do
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not indicate much difference in structure of the centerline
spectras The spectra indicated differences only [n the
stations before XD = 6.0 Coupled with the fact that for
nater, as well aé polymer, X0 = 6.6 was the axial station
from which adjustment o¢f the flow took place, 1t can be
sald that the influence of polymer on spectra 1is found In
the reglon where the centerline turbulence Iintensity
increases,s which in turn is caused.by the influence of fthe
jet shear laver. After this, the flow adjusts to the fully
developed plpe flow conditions and the presence of the
polymer does not seem to affect the nature of the energy
spectra. Flgure 54 shows the energy spectra obtained at
XG0 = 60.0 and indicates wvery |Ilttle influence due to
polymer. Chung and Graebel.téu] also found that the spectra

at centerline for polymer and water are similar.



128

-301"
Polyrer
—O— TN

/2 Water IT
u
i Water I
(db)

=50

-TO o

| | |
1 10 - 300

Prequency, Hz

Figare 52. Energy Opectra at the axis for Water I, Water II
and Polymer; XD=6.0.



129

frequency, Hz

FPipgure 53. Enevgy Spectra at the axis for Water I, Water II
and Polymer; XD=60.0, ‘

Water I
-50 b
, 2
u
(dv)
..'?0 =
H I l J
1 10 100



- 130 -

CHAPTER V
CONCLUSICGNS AND RECOMMENDATIONS

The ‘turbulent, ducted Jet flow problem was studied
fheorétlcallv and experimentally from the near field region
of the jet to stations sufficiently far doﬁn stream fhaft
fully developed pipe flow conditlons were reached.
gxperimental ly, the effects of including small
concenf&aflons of a dragq reducing polymer in the fluld mnere
also examined, The objective was to provlde a fluid dynamic
descripticen of a particular type of angiographic injection
procedure aemployed In the dlajgnosis of vascular disease and
fo determine whether polymer addition might provide any
beneficial modification of the flow fleld such as enhanced
mixing of the fluids or a2 reduction in turbulent iInfensities

or watl shear stress.

Impertant speclific c¢bservations from the study are

listed below,

| | d
i. By exercising considerable care In freating the
initial condifionsy the k-W model was successful in

predicting the flow fleld with reasonable accuracy for this
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rather compliex flow problem.

2. The computational scheme is relatively
straightforward and may be implemented with a reasonable
amount of computer time (approximately four milnutes on COC
3€00). Thus, the method ls appealing for uJyse In analysis of
high speed angiographlic 1Injection flows, providad no

recirculatlion exists.

3. Depending ugon the In]Jectlion conditions relative to
the duct conditions s the pressure and friction coefficients
may or may not exhipit a local maximum distal to the

injection plane.

s Fesults predicted in the. near fleld are somewhat
sensitive Yo +the Initial conditlons., This suggestss for
example, that methods to Improve mixing characteristics may
be devised by carefut manipulatlion ot these Initial

conditions.

Experipental Results
1. For +the speciflc conditlons studied the Jet flow
mementum did not greatiy alter the fiow near the wall.,
this plcture, of course, would be dramaticajiv changed it
the injection parameters were such that recircﬁlaflon‘reglon

Was created.
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2+ The effect of the finite jet tube lip thlckness |is
clearly seen in the reglor immediately downstream of the jet
exit plane, and the dominant eddy size In the mixing layer

produces s spike In the energy spectra 1n the region.

3. Hhen subjected to the same driving head of pressure,
the polymer solution produces a higher Jet wvelocity than
does pure wWater. Thils is due to the drag reduction effect

in the long catheter used for inj]ection.

++« Under conditions of the same Jet exit plane flow
rates the presence of the polymer results in a more rapid
decay of the center llne velocity than does pure water,

This suggests a greater mixing between Iinner and outer Ttow.

5+ The Influence of the polymer iIs exhiblted primarily
in the region from the center {ine to the mixing zZone in the
developing reglon. For examplég turbulence intensities are
higher for the polymer solution than for the water in this
regions and mean velocity proflles are conslderably
different, whereas near the waill {(or outer zone) they are

quite simliar.

. Peyond XD = 10.0 the polymers show only a small
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etfect on mean velocity or turbulence intensities. When
flow is fully developed far downstreams the turbulence
Intensity close to the wall Is siightly higher for polymer

solution than for water.

7« In fthe developlng region the polymer solution flow
shows a higher energy content In large scale eddies than
does the water flow. Thus, the tendency to enhance mixing

may be throuch the mechanlsm of {arger eddy transport.

Capnclysjons apd Implicatjons 1o Clipnical sltgatigng

The present research has examined only one smsil asrea of
the owverall problem of clinical anglographical Injections.
In addition fo the obvious surglczly Iinfectious, and
biochemical complications which may arise in practice, there
exist the further <complexities, fluid dynamically, of
retrograde and sjide-hole Injection which have not been
considered In the opresent wWorke. However, despite the
limitatlors, the study civen here 1Is the first detailed
fluid dynamic lnvestigation of a procedure which has become
rodtlne In ma)or hospitzls. The analytical results Indicate
that 4 under certaln conditlons, maxima In wall shear stress
and pressure can occur distal to the injectlon when there is
a8 large effect of the lnner flow on the outer one. It has
also pointed out the sensitivity of the mixing, cr near

field, reglion to the initial conditions and has provided a
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computational tool fto éld in understanding the injection
process. The experimental work has verified the analytical
model and has atso demonstrated that the addition ot drag
reduclng polymers have a definite effect on the near fleld
mixXxing 2Zone In that momentum transfer between inner and
auter flows is enhanced. probabty by Increased transfer
among larger eddies. Thus, polymer addiftion mays, in fact,
ald in better X-ray contrast in anglography by improving the

mixing chéracteristics of the contrzst media.

Furthers and crobably more significant, is the
possibility that by conslderation of catheter tip design and
inJection parameters, imgroved delineation of blood vessels

may result even without polyﬁer addition.

Future HWork

It was found from esrljesr discussions that the resutlts
cbtained in the developing region of the fjet were very
sensitive to initial conditions. The questlon regarding the
sccuracy of the model and hence its prediction capabllities
in the ceveloping regionr of the Jet arise in this context.
Wwhitelaw and Ourao [62] have pointed out that the variation
of normal stresses, In their study of a jet In an unconfined
coflowlng stream, 1S5 significant. Hence, it would be
interesting fo sge the results obtained by a more

sophisticated model which takes care of this varlation.



As regards measurements in polymer Solutions, the most
welcome naxt step woutd be to usé a method ot measurement
Wwhich i5 not dependent on the concentration of the solution.
A taser Doppler velocimeter would be a2 sultable choice for

thls purpese.

Ctearly, the present rasearch has made only inltial
inroads into an important ared. Sefore clinical
implementation of any type of potential Improvement, much
remains tc be accomplished. Studles of injections under 3
variety of conditions which span the spectrum of cllnlcélly
employed parameters Should pe completed. It would be most
interesting to study the situation where msxima in pressure
and wall shear stress arise as wWell as cases where
recirculation exists. Al so, selective aifera?lons in
catheter tip geometry might ha explored in an effort to
discover more favorablie initial jet axit plane conditlions.
Clearly, before any polymer additives could be introduced,
enhancad optical contrast should be demonstrated In the
{aboratorys not to menticn the problem of developing a

biocompatible polymer.




136

APPENDIX
FOURIER ANAIYZER PROGRAM
A sample program used in the Fourler Azalyzer for data reduction
is listed below. Mean velocity and the integral of the energy spectrum

were obtained from the output [5&] .

I 0

CL 1

L 1

RA 0 1

F

sp

# 1 50 0
1 50

X< 1

X> 2

W ) 0 1

$

W 0 254 256
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