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~ADSTRACT

~ The behavior of steady flow in two successive 90° pipe
elbows of large dimensionless curvature ( a/R = 0.357 ) has
been investigated experimentally. The flow has been establi-
shed in terms of the dimensionless parameters: the Reynolds
(or Dean ) number, Re or D, the non-dimensional length of the
spacer Dbetween the elbows, 1', and the angle betweer the el-
bows' planes of curvature, ¥.

The influence of the dimensionless variables on the la-
minar secondary flow has been shown for the case of uniform
velocity profile at the entrance and the types of the secon-
dary flow patterns have been classified. Also the associatfon
of the flow types to the two basic flow sgfuctures, observed
when the elbows have formed the U shape and the S shape, has
been given.

The positions of the separation lines afd the reattach-
ment lines have been measured and presented as functions of
the aimensiohless variableé, both for the uniform velocity
profile and the.fully developed flow at the entrance.

The flow inside the separation zones (backflow), the

influence of the second elbow on the flow upstream and the

transition to turbulence also have been observed.

~
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CHAPTER 1
INTRODUCTION

1.1 Introductory Remarks

Problems associated with fluid motion through two or
more elbows, have attracted a good deal of attention re-
cently, mainly because of their possible relevance to
many engineeying or physiological situations. For~example,
a pipe line En practical use often has many bent portions
located close to one another.and the flows through these
elbows are affected by their relative positions. In this
case, the total'bend loss_is not equal to the sum of the
individual elbow losses as would be the case if the elbows
were located separately sufficiently far apart in a pipe
line. This is due to the mutual;igterference of the
elbows on the flow. | o -

Another possible application of this work is the
blood flow in the cardiovascular system: two 90°elbows
with no spacer and ngle V = 15°can simulate the human
aortic arch. In contkast to the interests of engineering,
.where the increase in resistance.due to curvature is of
principal interest, a knowledge of the velocity distribution
ié required for the study of the~cardiovascu1ar.system,
Through a knowledge of the velocity distribution, the
-distribution of injected substances and the effects of the
distributioh of wall shearing étress on the formation of

arterial lesions may be better understood.



1.2 Literature Survey

Only a few studies on the subject of fluid flow in
pipes with two or more bends combined have been carried out,
but much attention has been directed to the more general,
and theoretically simpler problém associated with the fluid
motion through a curved tube. - |

The first investigation of loss of head in a coiled tube
was done by Eustice (1911), who carried out color band ex-
periments and classified the flowé as laminar, double hel-
ical and turbulent. Because of the elliptical cross-section
of the tube used (due to the bending process employed) the
results obtained for head loss were of little practical sig-
nificance. _

The theoretical behavior of the steady motion of a vis-
cous fluid in a ‘curved tube having a circular cross-section,
was first considered by Dean (1927, 1928). 1In this analysis
it was found necessary to assume that the dimensionless cur-
vature of the pipe (ratio a/R) is.small. In the first ap-
proximation (by'Fourier - series anélysis method ) to the
Navier-Stokesvequations (Dean, 1927)\thé relation between
the rate of flow and the pressure gradient<was found to be
independent o{ the curvature of the tube, but in a higher
order analysis, (Dean 1928, fourth approximation) the re-
duced flow due to‘curvature was détermined_to be a function
of a single constart K=§Re2a/h. The problem of determining
the relation between flow rate and pressure gradient in

any curved pipe of small dimensionless curvature therefore



reduced to that of finding a single function f(K). Dean
showed that his analysis was in good qualitative agreement
with Eustice's (1911) experiment, reliable for values of K
less than 576,and gave an equation for the axial pressure
drop. This analysis cannot be used to determine the vel-
ocity distribution which is important in many engineering
problems. "

White (1929) continued the experimental investigation
of laminar motion in a curved pipe for fully developed en-
trance profile and small dimensionless curvature. In
his paper an empirical equation for the axial pressure drop
in a coiled pipe was suggested. Also, limitationg& on the
application of Dean's theory and a comparison wi;h'Eustice's
experiment were given.. White concluded, that even with the
small dimensionless curvature of a pipe (a/R:Q/50) flow was
fully laminar up ta'Rq=6000. This result wa; experiment-
ally verified by Taylor (1929) by repétition of the Eustice
experiment, but with focus on turbulence (three pipes of
small dimensionleés curvature were used).

Adler (1934) showed that the ratio of the resisfance
coefficients for the curved and a straight pipe of the same
radius, depends only on K (the constant introduced by Dean)
as long as the motion is laminar. |

Based on the White, Taylor, and Adler experiments, se-
veral attempts have been made to extend the solution over
| the entire range of laminar flow.

Barua (1963) deduced from experimental results that



for large K,motion outside the boundary layer is mostly
confined to planes parallel to the plane of symmetry of the
pipe. This concept led to the prediction that the effect
of curvature is to incr?ase the resistance coefficient of

- the curved pipe relative to that of the same pipe if it was

straight, according to the empirical formula

res. coeff, curved pipe %7c _ .0918 x + 0.509
res. cQeff, straight pipe \g

Barua's solution was obtained using the momentum integral
method. |

Topakoglu (1967) gave a systematic method for determin-
ing an approximate solution (with required accuracy) for
steady laminar flow in a curved pipe. Using the assumption
that the stream-function and the normal component of the vel-
ocity vector may be expanded in a power series -in terﬁé of
the curvature of the bipe he obtained an expression for the
rate of flow in 2 curved pipe.

McConalgue & Srivastava (1968) extended Dean's work
and adopted a paTrameter D=2Re(2a/R)%. Solutions obtained
numerically by Fouriér analysis, were given over the range
D=96 to 605.72, the value D=96 corresponding-to the upper
limit K=576 of Dpean's work. Truesdell and Aﬁler (1970) ob-
tained results up to‘b:35?8 by a method based on finite-dif-
ference approximations to the governing partial differential
equations, By a 8imilar method, Greenspan (1973) obtained a
numerical solution'COVeriné the wﬁole range of D for laminar

flow, that is, for O?tbs 5060. In his paper‘. calculations



applied to the particular model studied by Dean and
McConalgue & Srivastava and velocity profiles for different
D were given. ngeggr{was was pointed out by Yao & Berger
(1975) the numefiéal viscosity inherent in the finite-differ-
ence scheme may be different than the actual viscosity and
therefore the results may not be valid for large D.

Earlier, Ito (1969), based on assumptions similar to
those used by Barua (1963), investigated theoretically the
laminar flow in a curved pipe and derived a formula for the
friction factor. Also a comparison of his calculafed results
with the experimental results of Adler (1934) and Ito (1959)
was given. '

By the method of successive approximations, Sankaraiah &
Rao (1973) solved the equation of flow obtained in terms of
a secondary flow stream function and an axial velocity com-
ponent (as suggested by Déan); The first five approximations
were computed andlthe solution obtained was used to deter-
mine the axial veloqity distribution, secondary floQ patterns,
axial pressure drop and pressure distribution along the pipe
wall. A semiemprical equatioh wag obtained for axial pres-

- sure drop and the theoreticgl results were compared with the
available experimental data.

Collins & Dennis (1975) attempted to establish an asymn-

totic structure for the behavior of the numerical solutions
as D -»oo. The solutions were obtained byﬁthe method of for-
ward and backward differences and corrected. The complete

range covered by McConalgue & Srivastava (1968) and
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Grgenspan (1973) was considered and the regults were found
to be generally consistent with the former but quantitative-
ly different from the latter, although many of the geneial
trends were‘qualitatively similar, The reuulgg obtained
were in good agreement with their experiments.

'Smith (197¢, investigated the influence of curvature on
fluidq flowbgor a pipe that starts bending uniformly after an
initial straight section., The Reynolds number and dimen-
sionless curvature were assumed to be large and small, re-
spectively. Smith's theory was also extended to larger
length scale, larger D and to various velocity profiles.

Patankar et al (1974) applied a calculation proce-
dure (finite-differences marching technique) to three-dim-
ensional parabolic flows to predict fhe velocity and temp-
erature fields in helically coiled pipes, in the developing
~and fully developed regions. Results were compared with ex-
perimental data and showed good agreement. Also, the ef-
fects of Dean's number on the friction factor were present-
ed. Only the small dimensionless curvatures ( a/R ¢ 0.07 )
were considered.

Murata et al (1976) investigated theoretically the
laminar flow through pipes of circular cross~section, but
with locally varying curvature of the centre line. The
analysis is applicéble to any two—dimensional curved pibe.
when the centre-line dimensionless curvature is small.

Time dependent f;lly developed flow in curyed pipes was
analysed by Lyne (1970), Zalosﬁ & Nelson (1973), Smith (1975%)
and Singh et al (1978). |



All of the theoretical investigations mentioned above _
were carrjied out with the assumption of small dimensionless
curvature ©f a pipe (0<,a/R<11/50)é‘ This assumption allow- i
ed the inveStigators to neglect terms of ;rder az/R2 and b
significently Bimplified/the calculations, but for practical
application8, even for pipes of small dimensionless curva-
ture, resylts obtained in this way were sometimes unsatis-’
factory (g€® McConalgue & Srivastava 1968, Greenspan 1973
and Collins & Dennis 1975). Although any solution obtained
with the gPOve asgumption would not be valid for bends of
large dimenfionless curvature, some investigators have ap-
plied it t© an entry region of curved pipe.

By tneé method of matched asymptotic expansion, Singh
(1974) obtained tne solution for flow development in a curved
tube near the jinlet for conditions of constant dy;amié
pressure g% the entranée (application-blood flew in an aorta)
and uniforg Velocity profile. This solution, however,
breaks dows? at a distahc; of the order (aR)%. corresponding
physically to the point beyond Qﬁich the effect of the ceﬁj-
frifugal forte, initially small, becomes as important ?s
inertia and Viscous forces within the boundary layep/"

Y;o & Berger (1975) investigated flow with large D as
it developed from a uniformly distributed velocity at g%e
entrance to & fully developed profile. Barua's results for
the fully developed flow were adopted as down-stream condi-
tions. |

- These theoretical considerations were inspected experi-.

N
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‘mentally by Agrawal et al (1978) applying lasér anemometry
for the measurements of the axial velocity and the component”
of the secondary velbcity (parallel to the plane of curva-
ture).. They dealt with’%he-laminar flow of a Newtonian
fluid ?n the entry reggpn.of a céryed pipe of curvatures
1/20 to 1/7, covering Dean's numbers from 138 to 679.. The
experimental axial velocity profiles were compared with
those constructed from the theoretical analysis of Singh
(1974) and Yao &)Berger (1975). The quantitative agreement
~between theory and experiment was found to be poor . However,
some of the features observed in the experiment were in qﬁé~ '
litative agreement with the theoretical solution 6f Yao &
Berger. ‘

Singh (1978), continuing his study of the problem with

particular reference to the ascending aorta, investigated
the oscillatory flow of viscous fluid in the entrance to the
curved pipe. He neglected arterial wall elasticify, the
taper of the aorta and the influence of the brénches.,

A different approach, more\gmportant from the point of
view of this wérk bgcause of possible application to the |
large curvature elbows, was presented by another group of

investigators. They carried out a theoretical analysis of an
‘inviseid flow without body forces’, which Bignificantly re-
duced the mathematical difficulties. First, Squire & Winter
(1949, °1951) showed thebreticélly that secondéry flows could
-ocecur in a bend through which a perfect (inviscid) fluid is

flowing as a result of a non-uniform distribution of velocity



at the entrance to the bend.

Hawthorne (1950) applied Squire & Winter's conclusion to
aiﬁore general theoretical investigations of the rotational'
flow. It was found that the secondary flow was not spiral but
oscillatory,and that the direction of the circulétion chang-
ed periodically. Hawthorne showed also that the secondary
circulation remains unchanged along the streamline. if the
direction of acceleration (or pressure gradient) _es iﬁ the
plane containing the veldcity vectof and the normal to the
Bernoulli surface. | |

Later, Horlock (1953) described éome experimeﬁts on the
secondary flows in curved pipes, dealing in particular with

the effects of reversal of curvature on the pattern’' of the

streamlings.

.Rec::}ly, Murakami & Shimizu'(19?8) extended Horlock's
analysis for three large dimensipnless curvature elbows com-
bined in series and compared thé results with experiments.

The investigators oredicted three types of swirling flows to

3

occur: qscillatory, spiral and suspended. Expe iments were
carried out for fully developed tﬁrbﬁlent profile (Re=105).
different ¥ angles and different lenths of the spacers be-
tween the elbows.

Due to the difficulty of obtaining even approximate theo-
retical solutions, some investigators have focused their atten-
tion, for practical purposes, OoR_purely ehpirical Qork. Those
included are Beij (1938), Crane \kg, (1942), Pigott (1950),
Ito (1959, 1960) and others.

~
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The hydraulic losses and flow patterns in pipes with two
bends combined for fully developed turbulent profile were

investigaféd by Murakami & Shimizu (1977).

1.3. Objectives of the Thesis

The aim of this thesis is to provide a better under-
standing of the flow of fluid through the 90® elbows locat-
ed close to one another. The variable parameters will be:

- - the Dean number
- the length. of the spacer between the elbows
- the angle between the planes of curvature of the elbows

Qualitative and quantitative results of the separation
and, reattachment positions will be produced for two cases:
a constant pressure tank or a fully developed flow at the
inlet. Also qualitative results of the observations of the
turbulence and secondary flow patterns will be givénrand il-

+

lustrated by photographs. : .



CHAPTER II
DIMENSIONLESS PARAMETERS

2.1 Introductory Remarks

As has been méntioned, a theoretical approach presents
very serious computational difficulties. MNoreover, there
are no effective simplifying assumptions useful in the case
being considered. Neglecting the fluid viscosity (e.g.
Horlock 1956, Nurakami & Shimizu 1978), is acceptable for
high Reynolds number flows and/or non-uniform velocity pro-
file flow, but for the case being considered, this simpli-
fication leads to a direct contradiction with the existence
of secondary flow. Similarly, theﬁissumption that viscous
forces exist in the inlet pipe only (for a non-uniform vel-
ocity distribution at the inlet to the first elbow) is also
unsatisfactory because the inlet pipe is relatively short
. and tberefore the flow development isApOt completed before
‘the inlet to the first elbow, even for the lowest Reynolds
numbers. But the rapid increase of thelboundary layer thick-
ness in the inlet pipe’ also indicates the Coﬁtinuation of
this process inside the elbow and the importance of the vis-
cosity forces. )

Additionally, the large dimensionless curvature of the
elbows means that terms of the orders (a/R) and (a/R)2 are
equally important and the methods used by Dean (1927, 1928),
McConalgue & Srivastava (1968), Greenspan (1968) and others
may not be adopted for this study.

For the reasons described above this thesis will focus

11
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on the expirimental study of the water flow in two com-
posite pipe elbows with special application to the b>cod
flow in the human aortic arch, assuming that the blood in

large arteries behaves like a Newtonian fluid.

2.2 Dimensionless parameters

The purpose of this section is to establish a set of
dimensionless parameters fully describing the system and con-
cerned with the conditions under which flows of different
fluids (e.g. water and blood) in two geometrically similar
elbow systems are dynamically similar.

The physical quantitiés which determine the geometry
and the flow in the two elbows, are: |
i. geometry: radius of curvature R and internal diameter of

the elbows d; mutual positions of the elbows (length of
the spacer L and angle betwéen the curvature planes of the
elbows ¥ )
ii. flow: mean velocity U ; properties of the fluid (density
¢ and viscosity/;); the representative linear dimension
of the system (diameter of pipe d)

It can be proved by the condition of dynamic éimilarity

or by the method of indices (Schlichting 1968) that the
exists a unique dimensionless combination of the four qﬁan—
tities: Q, « »§ and d - the Reynolds number Re, which pro-
vides the conditions under which flows of different fluids
about two geometrically similar bodies (in this case- in two

geometrically similar elbow systems), and with identical in-
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itial flow direction display geometrically similar stEFam-
llnes (are dynamically similar), when only frlctlonzi and in-
ertia forces are important.

| For geometrical similarity, the linear parameters
must also be expressed in a dimensionless form. This can be
done by referring them to the representative linear dimen-
sion of the system, the diameter d. .Introducing also

L' = L/d and taking into account. tpat the angle ¥ is dimen-
‘sionless by definition, the folldwing set of the dimension-
less parameters, fully describing the system, have been ob-

tained;

R/4,L',¥,Re

As has been ﬁentioned in Section 2.1, Dean (1928)
showed that the dynamic similarity of the fully developed
flow in & single bend of small dimensionless curvature de-
pends on a non-dimensional parameter, called Dean's nunm-
ber by McConalque & Srivastava , which is a function of the
Reynolds number and the geometricel parameters of the bend.
Although in this case the flow is not fully developed and
the dimensionless curvature of the elbows is large, both
Reynolds and Dean numbers will be used in present work, for
convenience of the reader.lIt should be noted, that because-
df the fixed geometry used in this investigation, the Dean
number is the Reynolds number multiplied by a constant.

It must be mentioned also that there exist at least

three definitions of the Dean number. They are as follows:



McConal gue & Srivastava (1968), Gréenspan (1973)
‘ D= 2 Re (2a/R)?
Singh (1974), Yao & Berger (1975)

D = Re (a/R)%v
Schlichting (1968)
D=4 Re (a/R)?

(2.1)

(2.2)

(2.3)

The definition (2.1) which is the most widely used, will be

employed in this thesis.

Finally, the set of the dimensionless variables

includes:
-  Reynolds' (Dean) number,Re (D)

- Dimensionless spacer length, L'

- Angle betweeri the curvature planes of the elbows, ¥

14



CHAPTER 111
APPARATUS

3.1 Abparatus Description

The purpose of the experimeﬁthl model -was to enable the
study of the flow characteristics in two successive pipe el-
bows and relate it to blood flow in the aortic arch. For
this reason, the dimensions of the elbows and the lengths of
the inlet and outlet pipes, were chosen to be close to the
average values obtained from measurements made on humans éf
the ascending aorta, the aortic arch, and the section of the
aorta downstream from this arch (McDonald 1960, Singh et al
1978). The aorta is an elastic tube that stems from the
left ventricle of the heart, curving in a complicated three-
Odimensional way with branchings to the head and upper limbs.
In this investigation, the aorta has been ﬁodelled using two
elbows with a straight pipe at the inlet and a straight pipe
at the outlet. As a first approach to the problem the three
dimensional model employed ignores the influence of bfanches,
the taper of the aorta, the arterial wall elasticity and the
pulsating character.of the blood flow. The various length
spacers have been introduced between-fhe elboWs to make the
model more universal and the results obtained more genefal
and useful. |

As can be seen in‘Figure 1, some additionai,devices
have been necessary to provide the working conditions for
the model. To obtain the uniform velocity profile at the iﬁ-

let to the first elbow, city water was supplied to the clo-

15
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sed, watertight inlet tank. For the uniform veloéity pro-
file, the long copperatube was used, but due to supply dif-
ficulties the internal diameter of this tube d; differed
slightly from the diameter of the elbows (see Table 1) and
an adapter had to be used. Therefore the velocity profile
prnduced during these tests cannot be considered to be fully
parabolic, but as being very close to it. Theurequired length
of this pipe was calculated on the basis of .ne¢ “ormula,
(Daugherty & Ingersoll 1954) i

Lp= 0&58dp3e ' ’/jd)
and provided fully developed laminar flow at the out~t »f
the pipe up to Re = 1918,

To avoid thermal effects the water temperature was
maintained at the same level as the room temperature by mix-
ing hot and cold water. The flow rate was controlléd and
" the safé, low pressure in the supplying pipe was maintained
nsing\the flow control valves. The flow rat? was coarsely
-measured by the flow meter and precisely using the
scaied flow rate measurement tank and a stopwatch.

The outlet unit, containing the outlet tank, the flow
rate meésurement tank and the bottom tank, were mounted on
casters, to enable easy changes of the angle ¥. This angle
was changed by loosening the vertical screws pressing the .
elbows together, located in the steel. housing of the elbows,
and rotatlng the unlt about the vert;cal ax1s of the spacer.

Additionally, the outlet tank located at the unit could be
moved vertically to keep the outlet pipe in the horizontal
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position, when the spacer length was changed.
Apparatus data are provided in Table 1. The general
views and the details of the apparatus are shown in Figures

2 through 5 inclusive.

3.2 Flow Visualisation -

The flow was made visible by injecting water colored
with a dark-blue dye using dye pipes located at various
points from the inlet tank to the outlet pipe.‘ For the
exact dye pipe locationé see Table 2. &he first.dye pipe,
marked A,)was mounted (see Figures 1, 3, & 4) such, that it
could be located at any point before the entrance to the in-
let pipe in the inlet tank. That is, it was possible to in-
troduce the dye mixture at any point of the entrance. All
“other dye pipés were fixed perpendicularly to the main di-
rection of fIow in the walls of the elbows, spaéer and the
outlet pipe (see Figures 2 & 4). Dﬁe to the fixed position
of the dye pipes located in the elbows'walls,.two, three, or
four dye pipes were located ‘at the same cross-section and
were marked left, right, outer and inner.

vDye pipes being in use during a certain‘egperiment were
éonnected to the container sﬁpplying tﬂe dye mixture and all
other dye pipes were closed. |

The dye motion in the elbows was observed and photo-
graphed, and to obtain the true thiee-dimensional pattern
of the flow, two small wariable position mirrors were used

(see Figure 6). The vertical position of the mirrors was



in accordance with the needs of the experiment being con-
ducted. Since the elbows were made by mayching the two
halves then joining them together with‘thé connecting plane
coinciding with the plane 6f curvature of the elbows, care
was taken to position the mirrors to eliminate possible op-

tical effects created by this joint, see Figure 6.

3.3  Apparatus Limitations

The actual ‘dimensions of the elboWs chosen here intro-
duced certain limitations to the ekperimental procedure which
will be described in Chapter IV. This is related to the
. relatively small diameter, from the experimental point of
view, that has prevented the locating inside the elbows or
pipes of any pitot tupes'or qéher velocity measuring devices
of the diameter larger than approximately 1 mm. This means
that for low velocity flows the dynamic force driving a pres-
sure sensitive device connected to a pitot tube will'be very
low. For example, for the more advantageous case of pqten-‘
tial water flow with & velocity of 4.5 cm/s, the average vel-
ocity for Re = 500 (D = 2535) in this‘experiment,.thé dyna-
mic force on the 1 mm diameter pitot tube and the dynamic
pressure head, using the Bernoulli equation, would be ap-

6

proximately 0.8 x 107~ N and 0.1 mm of water, respectively.

These numbers are lower for viscous flow and decrease rapid-

1y as the flow velocity decreases (0.005 mm H,0 for 1 cm/s).

To investigate secondary flow velocities, which are at least

one order of magnitude .maller than the main flow velocities,

18



the necessary sensitivity of the device measuring the
differential pressure must be better than 0.001 mm

Hzo.: No device has been found to satisfy this qondition -
the very sensitive condenser-type 'sensors, designed to work
with gases, require a special interfacing device for use with
water, which reduces the‘sensitivity to the point where it

is of no use.

For the reasons noted above, the qualitative dye mo-
tion observationg of the flow patterns could not be confirm-
ed by independent pitot tube measurements. Also the more
modern technique of laser or hot-wire anemometry have not
been applied, mainly due to time limitations. |

o The flow visualisation technique used has introduced
further limitations, in that secondary flow patterns could
only be observed in the range of Reynolds number from 400
to 1400 (Dean numbers 676 to 2366). Below this range the
observations were made impossible by the dye dispersion and
the long time required for the flow stabilization, and above
the range by the disturbances produced by separation zones. .,

The dye method also requi}ed the continuous:use of
city water,which was associated with presence of air

'

baﬂgles, visible on some figures.

19
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o Table 1
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Apparatus Data

Internal diameter of the pipe and
the elbows

Radius of curvature of pipe centre-
line

Dimensionless curvature

Relation between the Reynolds and
Dean numbers

M

Spacer lengths

Dlmen31onless spacer lengths
Inlet pipe length
Outlet pipe length

Inlet tank dimensions (length x
width x height)

Outlet tank dimensions (length x
width x depth)

Length of the long inlet pipe .
(for fully developed flowf

Internal diameter of the pipe as
above ‘

Effective adapter length

Distance from the water level in the
outlet,tank to the outlet pipe axis

Temperature of water

d 31.75 mm
R Ly 45 mm
a/R 0.357
/
‘// D= 1.69 ﬁf

L|0; 27 mm 57 mm;

00 mm
L'l 0; 0.85; 1.8; 3.15 .
51 mm

508 mm

305 mm x 305 mm x
124 mm '

610 mm x zozzﬁm b'e

203 mm . b
Ly 3664 mm
di : 32.94 mm
28.6 mm

Pabbrox. 75 mm

S 22°C

— e e n L,
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Table 1

continued
Kinematic viscosity of water y ’ 0.95xio6 mZ/S
Material of the elbows and the tanks plexiglass

Diameter of the'pipes injecting the

dye mixture 1 mm

Camera / lens ) Canort ¥ 1/FD 55 mm
Close~-up lenses 58 mm: 550; 240
Film Kodak 1 -X

Lighting Fluorescent




Figure 3 Apparatus

General view ( ¥ = 0* " L'

3.15 )

23



Figure 5 Apparatus - General View ( ¥ = 180° ; L'= 3.15



Table 2

Cross-Sections and Dye Pipes Positions

' g: DYE PIPES* [EXACT POSITION NOTES
A Fpstream tank movable - any position
: ‘ at x-section available
Bl&Br -st elbow 1nlet
Cl&Cr 3 mm before
' l-st elbow outlet
1 1-st elbow outlet when L'= 0, X1=X2=X3
Dot =Jot spacer ## rotated with spacer
2 spacer mid-point when L'= 0, X1=X2=X3
3 2-nd elbow inlet

Ki,Ko,K1,Kr |13 mm before

2-nd elbow inlet

L 11,Lr 2-nd elbow mid-point
5 2-nd elbow outlet

- Mi,M1l,Nr 11 mm behind

‘ 2-nd elbow outlet

6 Ne - 2 mm behind .

| 2-nd elbow outlet - |can be rotated with out-

7 O 166 mm behind let pipe around this pi-
2-nd elbow outlet pe axis

* for the dye pipes nomenclature see Figure 9

¥*Dye Pipes in Spacers (distance from X1 in mm) :

DYE PIPE | D E F G " H I J
3.15 14 25 Lo 52 63 78 89
SPACER 1.8 13 21 29 38 % u8.

LENGHT 0.85 | 11 - 19 _ S :
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CHAPTER IV
EXPERIMENT

L .1 Experimental Range

As can be concluded from Section 1.2, no references on
experimental flow pattern investigu.ions in two successive
pipe elbows or bends with Reyrinlds numbe. ower than 105
have been found. In the present work, .ue to the apparatus
limitations mentioned in Section 3.3, oﬁly the ldwer part
of this unreported range was investigated: the flow pattern
investigation covered the range of the Reynolds numbers
from 400 to 1400 (Dean numbers from 646 to 2366) ang the
separation investigation covered the range Re from 400 to
2500 (D from 676 to 4225). The upper 1imif of the ﬁormer
was restricted by the turbulent disturbances, but tﬁe upper
limit for the}latter was extended to the higher flow vel-
ocities ‘because for this case the turbulence did not disturb
the observations. Selection of the flow velocities for the
ijllustrated photos was made based on the factors leading to
the good gquality pictures, but due to the weak dependance
of the flow patterns on the Reynolds (Dean) number over the
range investigated, this approach seems to be correct.

! To provide a satisfactory number of measurement points,
‘the position of the separation lines and the reattachment
lines weré measured for 8 or 9 different flow rates.

The upper limit 6f the next variable, the dimgnsionless
spacer length L', was chosen equal 3.15 on the basis of ob-

gservations showing no observable relationship between the

\ ) 27



flow characteristics and the spacer length for values of

L' larger than 3.15. For the purposé of the séparation
position measurements, in the case of the uniform velocity
profile,all four spacer lenths were used. The experiments
with the fully developed flow at the inlet required fewer
spacer lengths. The measurements using only two of them,

L' = 0 and L' = 3.15,have provided enough data for conclu-
sions and comparisons.

The -last dimensionless v=riable, the angle ¥, was vaé
ried between 0° and 180°. T™h  -antitative resuits of the
separation méasurements were obtained for the values of the
angle ¥: 0°, 45°, 90, 135' and 180° for the constant pres-
sure tank and for 15°, 90° and 180°* for the fully developed

flow at the inlet.

L.2 Experimentaerrocedure

| The procedure of the experi-
ment was separated intoﬂtwo ﬁajor parts. For both of them
the water temperature was precisely adjusted to match the
‘surrounding air temperatufe (22’0}1 tﬁé‘appafatus was sys-
,tematically flushed with a strong jet of water to remove
air bubbles and the flow rate was coarsely contfolled by the
valves and the flowrator meter, and precisely measured using
the flﬁw rate measuring tank and stopwatch. Also, in the
both.cases, a feQ minutes of time wag required for the flow

) to stabillze after any change of the flow setting (up to

10 min for the lowest flows)
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The first procedure was applied to all qualitative ob-
servations, such as the flow pattern investigation. Con-
ducting this procedure, all bariable parameters were changed
within the ranges described in the previous section and the
dye mixture was injected at different dye points using the
trial—and-errof method, until a detailed understanding of
the observed effects had been reachgd. Next, the flow was
photographed for certain apparatus settings, chosen to ob-
tain the best photographii results.

A different procedur; was applied to the quantitative
; observations of the separation positions. In this case for
the apparatus settings given in the previous section, the
dye mixture was injecfed by the dye pipe located in the>area
where separation probably existég. After a few minutes, re-
quired for'the dye stabilization, the distances between the
extremal upstream dye positions and the reference cross-
sections, L1 angd L5. were meaéured as the separakion lines
positions. The reattachment point position was found by
looking for the plaée where the injected dye mixture moves
in both directioﬁs simultaneouslyx\upstream and downstream.
‘In this case the dye'pipes located in a spacer downstream
£rom the separation line position were used. Due to the
vortices existing behind the‘separation zone, especially for
the higher flow velocities, and the experimental procedure
employed, the numerical results obtained for the reattach-
“ment point position should be treated as approximated.

All numerical results were recalculated in order to
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obtain dimensionless .values, Li, Lé,'and L3.

4,3 Presentation of Results

In this thesis the results are presented mainly in the
form of graphs and tables (numerical resu%}s). and sketches
and photographs (qualitative results). Most'of them follow
immediately the proper secfion of the text, except the'
tables of the separation positioh measurements which are
located in Appendix for reference.

The basis for the interpretation of the sketches and
photographs are Figures 7 & 8, where the information about
the cross-sections' observation points and the cross ~~ctions'
iocations is given (for the exact cross-sections' »ec- ion:
see also Table 2).. The illustrative material élso contains
the\data of the dye pipes in use and the symbols of
the flow perpendicular to the observer. For interpretation,
gee Table 2 and Figure 9. Additionally, the following notes
should be kept in mind:
~ the velocities v and w aré at least one order of mag-
nitude lower fhan the average flow velocity U
- in certain cases when the dye mixture was injected
with large initiai‘ﬁsmentum to investigate the .low 1inside
the pipe, ths jet effect must be taken intc account when
the photographs are studied
- in practice, it was impossible to obtain pictures of the
gsecond elbow and the outlet pipe cross-sections photographed

‘from the cross-sections observation point shown in Figure 8;

30
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instead the camera was located as shown in Figure 6 or be-
hind the outlet tank (final vortex pictures) which means the
photographs obtained are the reverse, around the vertical |

axis, of what would have been obtained using the observa-

tion point of Figure 8
- the "outer curvature" and the "inner curvature" of the

elbows are defined in Figure 8 (see picfure in the upper

right corner). v



Figure 7 Coordinate System
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ri¥sT ELBOW SECOND ELBOW
DP's-B and C . DP's-K,L and M

DPo

1.¢.1
: . 8 -
DP1 DPr ' DP1 DPr
i 0%C.1 o DPY

SPACERS AND OUTLET PIPE INLET TANK, POSITION
DP's~Da 10 Jx and Ny, Ow SHowMQGRAPHICALLY ( DP-A)
0.C.2

DPa E
| I.C‘.z

Note ~“or- the observation positions of the above
cross~sections see Figure 8

OQC-I/"

A / observation point

[ 4

perpendicular flow symbol

: I I .fl.ow direction
® @

Y low shear stress and / or separation zone *

Figure 9 Standard Cross-Sections Presentation, Dye Pipes
Locations at Cross-Sections and Flow Symbois
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CHAPTER V
* SOME OBSERVED FLOW PHENOMENA

2:1 Secondary Flow and Influence_of the Second Elbow

The general character of fluid motion in a bend is well
known (Singh 1974): as the fluid enters the bend from thq
reservoir, a boundary layer similar to that in a straight
pipe develops at the wall. Thus the region_conéists of two
parts: (i) a thin layer near the wal] where the viscous
forces are balanced by the inertia forces and the centrifu-
éal force hés a second-order effect near the inlet and (ii)
an inviscid core in which the ,centrifugal force duejto the
cifcular motion of the main body of the fluid along the pipe
is balanCed by the pressure gradient directed towards the
centre of curvature. However, as the flow develops down:
stream the bend, the curvature effects become as impgrtant
as the viscous effects and the inertia forces in the boun-
dary layer, which in turn influence the flow in the core
due to fluid partitles displacement. The secondary flow of
the fluid dué to curvature gpnsists of the transverse flow of
the slower-moving fluid particles in the boundary layer
from the outside of the bend towards the inside and the,
cross-%}ow of faster-mévipg fluid particles from inside to
the oﬁtside of the bend. Thus, the secondary boundary layer
behaves as g reservibr receiving the fluid moving towards the
outer curvature, and also acts as a source because of the

.

flud leaving it at the “inner curvature.

ks
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If a sufficiently long.coiled pipe has a constant radius
and a constant cross-section, the curéent flow eventual-
ly becomes fully developed, that is, the velocities do not
vary with distanqe along the pipe axis. Although, in view
of the convective mass transfer due to secondary flow, the
developing flow requires a much shorter entrance length to
Lbecome fully déveloped in comparison to a straight tube, as
was found by Squire (1954), the transdtiéndregion is still
relatively long and the flow does not become fully develop-
ed for large dimensionless curvature 90° elbows.

The conclusion obtained from the above consideration
is that the secondary flow starts at the portion of the

. elbow cross-section where the curvature is the largest

(close to the inner curvature). When £wo successive pipe
elbows are located to form "S" shabe kV = 180* ), the influ-
ence of the second elbow on the flow in the spacer 1is
strongest closé to its inner curvature, making the stream-
lines in the spacer ﬁlmost parallel to the pipe axis: on
the inner side closer to the second elbow center of cur-
vature (Figure 10) and pushing the secéndary flow cireula-
tion to the outer side. ' | |

Another conclusion will be illustrated in Chapter VI:
when the flow with the secondary circulation enters a second
elbow, the transverse flow occurs from the outside of the
second elbow towards the inside. This flow exists in a thin

layér along the elbow walls and is independent of the secon-

dary circulation inside the flow core. ' &

4
-

36



IT

37

5.2 Separation

During the experiment, the phenomenon of boundary layer
separation has been observed. In order to explain this
phenomenon, let us consider first 'the flow about a infinite-
ly long circular cylinder ( Figure 11, by Schlichting, 1968 ).
In the case of potential?flow, for particles moving along DE,
there is a transformation of pressure into kinetic energy,
the reverse taking place along EF, so that a particle arfi-
ves at F with the same veldcity as it had at D. In the actual
case of a viscous flow, the boundary layer forms and a 3
fluid partlcle which moves in the 1mmed1ate v101n1ty of the
wall in the boundary layer remains under the 1nf1uence of
the same pressure field as that existing outside and 1mpres—
ged on the b.1l. However, owing to the large_friction forces
in the thin boundary layer such a particle consumes so much
of its kinetic energy on its path from D to E that the re-
maindér is too small to surmount the "pressure hill" from
E fo F. Such a particle can not move“far into the region
of increasing preésure between E and F and its motion 1is
eventually arrested. The external pressure causer- it then
to move in the opposite direction. This reverse . ion
gives'rise to a vortex whose size is increased until it
secomes separated and moves downstream in the fluid. Flow
in the boundary layer near a point of separation is shown
diagrammatiéally in Figure 11 - B.

The above example, although it glves the explanation

of separatlon, is not an analogy of the fluid flow inside
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the elbow. To make an approach to such analogy, con-

sider now the flow in the duct shown in Figure 12, assuming
it is infinitely wide. Such a duct is the two dimensional
model of the 90° large dimensionless curvature, constant ra-
dius elbow. .

Inside this elbow model the kinetic energy of a particle
at point E is relatively high, also the outer wall changes
the direction of the flow arid keeps the point of maximum
velocity closer to the center of curvature. 1In this situa-
tion the separation Qécurs due to adverse pressure gradient
existing between thg/inner curvature and the area downstream
from the elbow. Iﬁside the elbow the centrifugal force
.creates a pressure difference between the inner and the out-
ter curvature of the. elbow, with the lower pressure closer
'to the inner curvature. This moves the maximum Velocity
point outward and the_flow at the inner curvature decelera-
tes . Downstream from the elﬁow, the point of the maximum
velocity moves again to the center of the pipe and pressured-.
-meaéured at the inner curvature, along the pipe, increases.
The separation ends with the reattachment point when pres-
sure starts to decrease again.

The two-dimensional elbows can be combined in the two
basic configurations: "U" shape and "S" shape with or with-
out a‘spaéer between them. The "S" configuration, especial-
ly without or with a short spacer, gives an interesting
contribution to the above considerations: the centrifugal

force inside the second elbow causes a relatively high pres-
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sure increase in the flow between the inner curvature of
the first elbow and the outer curvature of the second one.
This pressure gradient promotes the separation and as ex-
pected moves the separation line upstream. The strength of
the centrifugal forceEiepends on the flow velocity, there-
fore the length of the separation zone also depends on it.
On the other hand, for the "U" configuration without spacer
the separation is expected to be reduced due to the direc-
tion of the second elbow centrifugal force. This is re- q
lated t o the "first" separation, which originates in the
first elbow, or the spacer, of the second elbow when there is
no spacer, but a separation also can be expected in the se-
cond elbow and the outlet pipe,called the second separation.
The described phenomena of the first and second. sepa-
ration and the influerice of the flow velocity, are even
better expressed for the three-dimensional case of the el-
bows with the circular cross-section (Figures 13, 14, and
15), due to the secondary circulatioﬁ; which is changing
the éharacter of the flow. Instead of ‘'he steady circula-
tory mi%ion inside the separation zores, as in the two-dim-
ensional case, the presénce of the secondary flow can create
backflow supplied by the secondary circulation boundary lay-
er flow and discharged in the plane dividing two vortices
of the secondary flow, as shown schematically in Figure 16
(see also Figures 17 through 20 inclusive). This Backflow
has been observed over the whole investigated range of thé

flow in the first elbow, where the two-coil structure of the )



.secondary flow is always well-defined. The phenomenon also
occurs in the second elbow for Re > 1400, where the second-
ary flow structure depends on a mutual position of the el-
bows (Figure 21).

the results of the separatién measurements are graph-
ically presented in Figures 22 through 39 inclusive. For
the constant pressure tank the first separation line posi-
tion is shown in Figures 22 through 25; the first separa-
tion reattachement line position in Figures 26 through 29
and the second separation line position in Figures 30 through
33. The same measurements for the fully developed flow for
selected apparatus settingé are presented in Figures 34
through 39.

These graphs (for numerical results see Appendix) show
the similar ;elationships as previously concluded to the
two-dimensional case observations. For angle ¥ = 180° the
high pressure region present on the outer side of the flow
in the second elbow moves the first separation line up-
stream. When angle ¥<180° this effect is weaker; when
W = 0* , the low pressure region present on the ié;er'side
of the flow in the second elbow moves the separation line
downstream and for the case‘wi¥hout spacer (L' = 0) prevents

’

the separation from occurrihg in the first elbow.
The influence of the angle ¥ on the first separation’

line position is obéerved even for the longest spacer

:(Lf = 3.15), but the influence 6f the spacer length is weak

~for L'> 1.8 due to the weaker influence of the second elbow

Lo



on the flow ufstream.

The firs% separation feattachment line position is
weakly affectéd by the angie ¥ - the curves shown in Figures
26/through 29%inclusive are located close one to another
except the éu?ve plotted for ¥ = 180° in Figure 26. This
one is locateé more downstream, due to tpe action of the
backflow, alréady deseribed. The influence of the spacer
length is observed only for L' = 0 ‘and L' = 0.85, where the
presence of the secondhelboW limits the first separation.
In other éases, L'> 0.85, the length of the separation,
meaéured between the crosé-section number 1 and the reat-
tachment 1line, is almost the éame.

The second separation iine position as a function of
the angle ¥ and thé spacer length L' can be probably ex-
plained in terms of the secondary flow patterns;“In the
case of the "U" configuration (; = 0°), the pressures
measured perpeﬁdicularly to the axial'velocity direction
between a point located at the inner curvature of the sec-
ond elbow and a point located directly downstream on the
wall of the outlet pipe, should show relatively small dif-
ference with the lower pre§sure being in the elbow; This
- would be due to the relatively strong secondary cross-flow
at the outlet of the second elbow, directed from the inside
to the outside of the elbow (see Sec;ioﬁ 5.1). Finally the
’ adferse pressure gradient ié weak and thé separation is re-
létively small. Iﬁ the case of the "S" configuration

(¥ = 180°) the secondary circulation in the outlet pipe is

<



more compl}cated and forms a four coil structure featuring
the two upper coils created by the first elbow, and the two
lower coils created by the second one.. The pressures
measured perpendicularly to the flow direction between a
point located at the inner curvature of the second €lbow
and a point locatea diréctly downstream on the wall of the
outlet pipe, should shéw significant difference with the
lower pressure being in the elbow. The adverse pressure
gradient is strong and the separation line is located up-
stream, relative to the case of "U" configuration. For any
other values of the angle ¥, the'separation line occupies
intermediate pb;itions.

- The relationship between the second separation 1line
position and the spacer length L' is probably associated
with the strength of the two upper vortices created by the-
first elbow. These vortices in the second elbow - are weaker,
when the spacer is longer, which allows the second elbow to
de?elop stronger lower vortices and reduces the .adverse
pressure gradient.

The influence of the Reynolds (Dean) nuﬁber has been
observed as the fapid change of the separation lines posi- .
tions, which is associated with the transition from laminar
to turbulent flow in the boundary layer. This‘position
change is well-defined for the first separation and weaker
for the second one. The possible exﬁlanaxion is that the
flow approaching the second separation zone is already par-

tially turbulent. The relafionship between the reattachment

~

)
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. point position and the Reynolds (Dean) number also shows,
for the spacers lengths L' = 0.85 and L' = 1.8, a similar
rapid change of the position.

The fully developed velocity 'profile at the elbows en-‘l
trance has introduced éignificant differences (compared with
the uniform velocity profile) for the first separation line
position only. Due to the lower velocity near the wall,
~ this fype of flow is hore’sensitive to the pr¢ssure changes
and, for exampie, for the "S" configuration $he first se-
paration line position moves upstream very rapidly as the

. . . /
Reynolds number is increased.

5.3 Turbulence

The fact that separation in stead& flow occurs only
in decelerated flow, leads directly to the conclusion that
there must exisf a point of inflection of .the velocity pro-
fiie in the boundary layer (Schlichting 1968). The exis--
"tence of such a point is important for the transition from
laminar to turbulent fiow. It provides a necessary and
sufficient andition:for the amplification of distufbances,
aé has been deduced from the frictionless Orr-Sommerfeld
(stability) equation. This equation was obtained by omit-
,ting the viscous‘ferms in the full Orr-Sommerfeld equation,
as compared‘with the inertia terms,and the influence of vis-
cosity changes the preceding'conclusion only very slightly.
The inflection point stability criterion means that a fa-

vourable pressure gradient stabilizes the flow, whereas an

'S \
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adverse pressure gradient enhances instability; this state-
meht helps to explain tﬁe basic difference between White's
(1929) experiment, where the critical value of the Reynolds
number for transition to turbulence was found to be Re=6000,
and the present experiment, where the first turbulent in-
stabilities were observed for Re=1407. The White experiment
was conducted for a long pipe of relatively small dimension;
less curvature, a/R=0.02, where no separation was observed
and the centrifugal force efficiently stabilizes tﬁé flow.

N

In the present experiment the flow was observed to be fully

‘laminar for'Re=796 (Figure 40) and for Re=938 (Figure 41)

when the laminar vortices produced by the first separation
were visible. For Re=1407 the flow centér remained fﬁlly
laminar (figure 42) but the first separation started to pro-
duce instabilities”whiéh are probably turbulent (Figure 43).
This is based on the data from Figure 22 through 25 inclu-
sive, showing a rapid change of the first separation line \
position which is characteristic for the boundary layer
transition from laminar to turbulent conditions. This boun-
dary layer transition, when the center of the flow still re-
mains laminar, is likg}y to be associéted with the presence
of the,separation in the entrance cross-section of the inlet
pipe. For the higher Reynolds numbers the laminar vortices
also occur at thejoutér curvature of the first elbow

(Pigure 44) and instabilities are produced by the second

‘gseparation (Figure 45). Further increase of the.Reynolds

. number shows that the flow center still remains laqﬁhar

—
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(Figure 46), but outside the laminar center the instabili-
ties are growing (Figure 47). ‘

Although, as has been shown, White's experiment may
not be directly compared with the present ones, both of them
have given-.almost the same Dean numbers fér the transition
to turbulence, if the instabilities observed in this ex-
péfiment for Re=1407 are assumed to be turbulent. These
Dean numberé are 2400 and 2378, respectively.

The results obtained also show no contradiction with
the Nerem et al (1972) measurements, showing only the la-
minar flow up to Re=5000 in the aortic arch. In the present
experiment, the presence of the laminar center for Re=2221
confirms that resuit} but further comparisons are impossible
due to the different entrance conditions. The sharp edge
of the inlet pipe in the 1nlet tank (see Figures 4 and 6)
may not be used as a model of the inlet to the aortlc arch,
due to the rlng-shaped separation, which appears inside the
inlet plpe, 1mmed1ately downstream from the edge. This
éeparatlon produces observable instabilities which disturbs ag\

the flow downstream. This is so even for "U" conflguratlon,

when there is no first separation (Figures 48 and 49).



Figure 10 Influence of the Second Elbow on the Flow irl the
Spacer '
( left fig.: Re

( ri@t %.‘!Re

767, ¥
767, ¢

180, L'= 3.15, DP-AO)
180°, L'= 3.15, DP-EO )
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.Figure 11 Separation and Vortex Formation or. a Circular
Cylinder and Flow in the. Boundary Layer Near
a Point of Separation (S - point of separation)
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.FPigure 12 Separation in a Two - Dimensional Elbow
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JFigure 13“_First Separation as a Punction of Reynolds Number

"¢ upper fig.: Re = 400, ¥ = 180°, L'= 0, DP - Cl )
( lower fig.:; Re = 650, ¥ = 180*, L'= 0, DP - C1 )



Figure 14 Vortices Due to the Second Separation
' ( Re = 1055, ¥ = 180, L'= 0, {-A and Ni,
‘AT = 0.33s ) v
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' Figure 15 Second Separation - Dye Motion
( Re = 4o3, ¥ = 180°, L'= o, DP-Mi, &aT = 25 )
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Figure 17 Backflow in the Spacer

- ( Re = 938, ¥ = 180°, L'= 3.15, upper fig. DP-DO% -
lower fig. DP—EZO')
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Figure 18 First Separation - Dye Motion Due to the Backflow

( see mirror image on the right, Re = 403, ¥ =180°
L'= 0, DP-A@®,AT = 0.55 )
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Figure 19 Backflow in the First Elbow
( Re = 420, ¥ = 180°, L'= 0, DP-Ko )

%

. d"};,‘ -~ ’
Figure 20 Firt¥ Separation - Reattachment Line
( Re = 414, ¥ = 180°, L'= 3.15, DP-EO0°)
i,
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Figure 21 Second Separation as a Funct%ion of Reynolds
Number ( ¥ = 0*, L'= 0, DP-Mi, upper fig.
' Re = 1530, lower fig.Re = 2400 )
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bFigure Lo

° Figure 41

T 3 . :;Q
Fully" Lz#nar Flow withe i Back fiew

( Re = 796v V = 180.’}?1".&' DP‘A 5

&

Laminar -Vortces Producéd by the First Separatio
( Re = 938, ¥ = 180°, L'= 0, DP-A®)

n
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) o= a{dﬁr. . oy ‘ "
‘Figurs 42 Laminar Flow Center
' -« (Re = 1407, ¥ = 180", L's 0, DP-AO®) | . ®

" Figure 43 Instabilities Produced by the First Separatlon'
( Re = 1407, ¥ = 180°% L'= 0% DP-a@®)
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; Figure 44 % Laminar Disturbances at the Outer
T ‘the First Elbow (Re=1835, ¥ - 180

Figure 45 Instabilities 24

(Re = 1835, 4 = 180%, 1+ -

M

LI e
Curvature of

, L'= 0,DP-4Q)

bducédiby the Second Separation

= 0, DP-AQ@)
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Figure 47 Instabilitie

(}Re

)

1

2221, ¥ = 180°, L=

S Outside therLaminar Center

0, DP-AQ@)

o
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Fig#re 48 "U" Configuration Instabilities
( Re = 1507, ¥ = 0°, L'= 0, DP-A @)

\]

-y

Figure 49 ry» Configuration Instabilities
( Re = 2200, ¥ = 0°, L'= 0, DP-AQ®)



CHAPTER VI
SECONDARY FLOW PATTERNS

6.1 Introductory Remarks

The purpose of this chapte;‘is to re o = results
of the qualitative observations of the s ~nrda- . flow pat-
terngf Although these patterns depend étrongly on the spacer
length and the angle ¥, the following remarks are valid for
all flow types, presented in Tables 3 and 4.

; Except for a very few cases, there is no observable in-

. fluence of the Reynolds (Dean) number on the secondary flow
pgtterns.

- The secondary flow velocities were found by the dye motion
observations to be at least one order of magnitude smaller
than the main flow velocity U.

- The secondary flow always occurs first at the inner side
of the elbow éross-section.

- The secondary flow in the first elbow always forms the
symmetrical two coil structure, as described in Section 5.1.
Ir. certain cases (low Reynolds number) this structure may
be disturbed by the influence of the second elbow, but

the effecf is not significant.

- Regardless of the flow in the core, @n the thin layer a-
long the walls of the second elbow there always exists flow
directed inward, called the boundary layer flow.tf the sec-
ond elbow secondary circulation. The velocity of this flow,
compared with the mean velocity of the flow,U, is very slow

and the layer is very thin, therefore even a minimal outward
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motion inside the flow center is sufficient to supply

enough fluid to meet continuity requirements. ' This flow

has beer observed in the elbow only.

- The second elbow magnifies the secondary flow patfernsl
generated by the first elbow when ¥ = 0% When enhancement
is impossible, for example when the first elbow secondary
flow pa®terns don't match the second elbow plane of cur-
vature, the second elbow produces its own sedgﬁdary flow
patterns starting from the inner curvature.

- In the outlet pipe, downstream from the second elbow, for
all practical purposes, only inertia and viscosity forces
are acting on the secondary flow. On the distance not lar-
ger than apbroximately~10 diameters, these forces change the
structures of the two, three ar four vorticeé, present in
£;; cross-section number 5, as follows:

*  the smaller vortices combine with the larger one, il

they are in the same direction,

* the stronger vortex overwhelms the weaker ones if are in
the oppos;te_difections, and in addition the weaker ones

are more quickly damped by the viscous force,

* the two or four vortex struc;ures remains unchanged in
the flow, when the neighboring vortices are in opposite di-
rections and equally strong they are equally damped by the
viscous force and have been observed even in the outlet tank.
- Due to the apparatus construction, results have been ob-
tained for the values of angle 0°¢ V< 180°, but symmetry al-
lows the extrapolation of these results to cover 180°¢ ¥ < 360° .

<



6.2 "U" Configuration (¥ = 0°)

This configpration (angle’? = 0 produces the second-
ary flow type AO, presented in Tables 3 and 4. The second
elﬁow amplifies the two coil structure which has been ob-
gserved as far as the outlet tank. Two additionalaouter
vortices, reported by Rowe (1970) for high Reynolds number
flow, Re = 2.36 x 10° have not been obeerved (Figures 50,

‘51 and 52).

6.3 "S" Configuration (V.='180')

This configuration produces secondary flow types EO or

B} depending upon the flow velocity. .In this case, the sec-
ondary circulation of the secbnd élbow stafts at the inner,
curvature of the second eléow, and it the outlet of this
elbow the final, symmetrical four coil structure is observed..
This structure consists of two upper vortices which are prol’
duced by the firét elbow and two lower oﬁes’which are proi )
duced by the second‘élbow, and persists along the outl%f
pipe when the Reynolds number is higher than, approximitely,
L'so, For lower values of Re, the vortices produced by ghe
second elboy are weak and disappears before the cross-sec-
tion number 7. n

| The présencevof a spacer allows the second elbo% to
influence the flow between the elbows. This influence moves
the two vortices produced by the first elbow to the spacer

wall located directly upstream from/{he outer curvature of

the second elbow (see points "0" in Figure 8). At this
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time, the streamlines located‘close; to the opposite side .

of a spacer and upstream from the inner curvature of

 the second elbow, are almost parallel ‘(points "I" in the

spacer in Figure 8). This area without vortices grows, .
when proceeding from the cross-section 1 to the cross-sec-

tion- 3, whére the two voftices of the second elbow appear.

Figures 54 through 57 inclusive.

6.4 Tlow Patterns for 0°¢ W< 180°

The three-éimensional configufation of*the elbows
centerline allows the observation of more complicated flow
patterns than described in Sections 6.2 and 6.3. Slowly
changing the angle ¥ from 0* to 180° and'obsefving the sec-
ondary flow behavior between the elbows, for example, in
the spacer in Figure 58, it can be seen that up to a certain
critical value of the angle ¥, the flow maintains the” two
coil structure, characteristic for the "g" configuration.
fo do this, the flow acts this wayx.the plane bf sym-
hetry of the two coil stfucture is twisted spirally along l
the flow axis, in order:to match the second’elbow plane of
»curvatﬁre, where the cenfrifugal force is acting.! This type (
of\flow. associated with the "U" configuration, is called »
“A" (Al - A3 when ¥ #.9) and is discussed later. ~

The opposite situation is 6ﬁserved, when the gngle 4
is slowly reduced from 180° to 0° . Tﬁis time..dowﬁ to a
certain, critical value of the angle ¥, the flow maintains

the four coil structure, characteristic for the "S" configu-



ration. The flow behaves such that the plane of symme try
of the first elbow coils (Figure 58) is spirally twisted to
matbh the four coil structure observed at the outlet of the
seco;é elbow when the angle ¥ = 180° . This type of flow,
associated with the "S*" configﬂration is called "B" type

(B2 when ¥ # 180°) and the plane of symme?r& is twisted iﬁ
opposite direction than for flow tyﬁe "A"; The criti-

cal values of the angle ¥ for the flow type A and the flow
type B are not .equal and Y crit A<wcrit 4 When 0°%¢ ¥¢ 180° ©
or, as can be concluded ¥ orit A>'W crit B when 180°¢¥ ¢ 360° .
Additionélly,~there is no direct switch from the type A to
the’type.B, except in the case when L'= 0; the intermediate
type, called "AB" has been observed, featuring no twist of
the plang of the two coil structure symmetry ir thé spacer,
V(Figures 58 and'froﬁ 69 to 71 inclusive). This type has
been observed to be unstable, exbecially for small L' values
and feadily changeg to either type A or type E. ‘The area

between the ¥ and Y érit . 1s the same where the flow

crit A
type AB has been observed. The critical values -of the angle

¥ are likei& to depend strongly on random, external vibra-
tions and the %ate at fwhich the angle ¥ is changed. There-
fore, results of the measurements have had a significant scat-
ter and in‘Figure 59 +the more consisterrt data have ‘been

. coll cted: . ~ | |

As has been mentioned previously for the flow patterns

type A and B, the flow in the spacer or 1n the second elbow

when there is no spacer, ‘acts such that the plane, dlv-
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viding the two symmetrical vortices produced by the first
elbow,”is twisted in order to match it to the second elbow
plane of curvature. Eut such twist, ‘expecially when L' is
small, disturbs the symmetry of the two Qortices. making
one of them stronger and the second-weaker, adds a rotation
to the’whole structure and the twist can not be completed
before the secdnd elbow entrance. Finally, under the forces
in the second elbow, the flow patterns are still changing
downstream from this elbow entrance (see Tables 3‘and Ly,

| An interesting confirmation of the above can be given
by the observation of the flow 'type A when there is no spacer
between the elbows. 'FS} such case’the flow type A has
beeﬁ observed up to ¥ = 165° . In the range of the 7

0°¢¥ € 135° the twq coil structure of the first elbow is

twisted inside ?he seond elbow, as described previously

and this is the Qersion Al (Tables 3 and 4, Figures 60, 61
and 62). When the angle ¥ is larger, approximately 120° to
160°, some of the fluid particles are not able to make such
a long turn, .due to the presence of the backflow zone on

‘the outer side of the second elbow (Séction 5.2). These
particles make the smaller turn, dividing ‘the larger coil

in two,' as éhown in Table 4 and Figures 63, 65 and 67). For
the largest ¥ allowable for the flow type A (from 155° to
165°) the two vortlces*ﬁbtalned from :-the larger one, as descri-
bed above , are smaller. The addltlonal space in the fifth

cross-section is occupied then by the small vortex created

by the shear stress (Table 4, Figures 64,66 and 68). The

. <
/
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differences between the two versigns of flow (called A2 and

A3 respectively) ‘are shown in Figures 65 through‘68\}nclusive.

The versions A2 and A3 have not been observed for spaé;;\\f‘/
lengths greater than L' = 0.85 and for the Reynolds number
Re<450 which confirms the assuciation of these versions of
flow with the backflow in the second elbow. i

The details of the flows types AD and B2 are shown in
Figures 69 through 7?7 inclusive. ‘

One of the most important feafures of the flows des-
cribed in this section is the final effect observed down-
stream from the cross-section number 7. -This effect is a®
ways (qualitatively) the same, regardless of the angle ¥ and
the type.of the flow inside the second elbow, and ﬁas the
form of the single voftex, turning counterclockwise, when
0 <¥ <180 and, concluding by the symmetry, clockwise, when
180 <¥ <360 . This is shown in Figure 78, (due®to the obser-
vatioﬁ point, the motion on the phot graphs is clockwise),
where adl pictures show the same difrection of rotation,

——_—Efggﬁirsne of the‘pictures taken for ¥ = 30°k)where the

second vortex (the flow is type Al) has been too strong to

_be overwhelmed or damped by the viscosity.
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Table. P Secondary Flow Patterns

Flow Types with a Short Spacer ( L/‘ 0. 85 )
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X1=X3 X4

Figure 50 Flow Type A0 - Left Coil
( Re = 403, ¥ = 0°, L'= 0, DP-Ko _)

X5

88



1-st elbow o
mid-point X1=X3 0

O

B 1-st elbow
inlet

Figure 51 Flow Type A0 - Two Coil Structure-

( Re = 403, ¥ = 0°, L'= 0, DP-AQ)

2

T
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l1-s8t elbow
inlet

el

1-8t elbow
mid-poin

Flow Type A0 - Left Coil
( Re =-403,¥ = 05 L'= D, DP-AO)

o
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X2 M) X3 X4
¥-X) ) @

Figure 53 Flow Type BO - Lower Coils

( Re = 681, ¥ = 180", L'= 3.15, DP-HO™)
low initial momentum) -



BN

e

Figuré‘54>,Flow Type BO - Upper Coils

7P

( Re = 812, ¥ = 180°, L'= 3.15, DP-Ko-high ini-
tial momentum ) " )
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X1=X3 X4

-

 Figure 55 Flow Type Bl - Upper Coils
( Re = 380, ¥ = 180°, L'= 0, DP-Ko-high
initial momentum )
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7
Figure ,56 Flow Type Bl --Lower Coils
(Re = 380, ¥ = 180°, L'= 3.15, DP-I0*)

94



Figure 57 Flow Type Bl - Right Coils ) -
' ( Re = 380, ¥ = 180’, L'= 3.15, DP-I0°)



A AB B
X2 X2 X2

®e edg Q006
X3 X3 X3

Figure 58 Basic Flow Types
( Re = 422, L'= 3.15, DP-AQ, left fig. ¥ = 90°,
central fig. ¥ = 65°, right fig. ¥ = 90°)



"}

180 {( BO or Bl ( for Re (450 ) D

B2

90°] "

Al

o* K _ Aq_ ) )

0 ; ‘ 3.15
Pigure 59 Area of the Flow Types Existence
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o~~~

Pigure 60 Flow Type Al - Left Coil -
( Re = 659, W= 135°, L'= 0, DP-Cl )



Figure 61 Flow Type Al - Two Coil Structure
’ ( Re = 485, ¥ = 45°, L'= 3.15, DP-A @ )

"
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™

!

X1=X3 X4 : X5 ) xés
| [Q\j \\ |
S

Figure 62 Flow Type Al - Left Coil and Final Vortex

o
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Figure 63 Flow Type A2 - Lower Left Coil and Backflow “
( Re = 659, ¥ = 160°, L'= 0, DP-C1 ) |

N2
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X1=X3 X4 X5 _

Figure 64 Flow Type A3 - Upper Right and Lower Left Coils
( Re = 508, ¥ = 150°, L'= 0, DP-Cr ) ‘
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Figure 65 Flow Type A2 - Upper and Lower Right Coils, Final o
‘ Vortex (Re = 508, ¥ = 120°, L'= 0, DP~Lr-high
initial momentums\\’ -

X4

Figure 66 Flow Type A3 - Right Coils and Final Vortex
( Re = 508, ¥ = 150*, L'= 0, DP-Lr-high
initial momentum )
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u ¥

X6

Figure 67 Flow ﬁ?ﬁé A2 - Lower Left Coil and Final Vortex
k { Re = 508, ¥ = 120°, L'= 0, DP-Ll-high initial

'*::ifis
! momentum ) ;
- ) A

Figure 68 Flow Type A3 - Left Coils and Final~Vortex

- ( Re = 400, ¥ = 1%55°, L'= 0, DP-Ll}high
initial momentum )

———
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Figure'69 Flow Type AB - Lower Coils

( Re = 422, ¥ =90°, L'= 3.15, DP-Ki-
upper fig. high initial momentum
lower fig. low initial momentum )
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Figure 70 Flow Type AB - Lower Right Coil
( Re = 414, ¥ = 90°, L'= 3.15, DP-Lr ) -
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Figure 71 Flow Type AB - Lower Left Coil, Two Coil Structu-
re in the Spacer and Final Vortex
( Re = 414, ¥ = 90°, L'= 3.15, DP-L1 and AQ)
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N

X1 X2 ' X3
® e % - ‘

Figure 72 Flow Type B2 - Large ¥ i
' ( Re = 422, ¥ = 45°, L'= 3.15, DP-A Q@)
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X6

X7

Figure 73 Flow Type B2 - Lower Right Coil and Final Vortex
( Re = 414, ¥ = 90*, L'= 3,15, DP-Lr )
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Figure 78 Flow Type B2 - Lower Left Coil
( Re = 414, ¥ = 90°, L'= 3.15, DP-L1 and AQ)
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Figure 75 Flows Type B2 - Different ¥

( left fig. Re = 485, ¥
( right fig.Re = 340, ¥
high initial momentum )

45°, L'= 3.15,DP-AQ)
135°, L'= 3.15,DP-HO® -
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X6

z

Figure 76 Flow Type B2 - Lower Left Coil and Final Vortex
( Re = 340, ¥ = 135°, L'= 3.15, DP-K1 )



Figure 77 Flow Type B2 - Lower Right Coil
( Re = 340, ¥ = 135°, L'= 3.15, DP-Kr )

:
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v = 30°
L'= 3.15

\ ¥ = 90°
L'= 0
¥ = 135°
L'= 3.15
¥ = 150°
L'= 0

-

Rigure 78 Final Vortex _
( Re = 450, DP-0 )
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CHAPTER VII
" CONCLUSIONS  °*

7.1 . Summary

In conclusion, for the investigated range of var‘iables,
the'exp?rimental findingé can be summarized as follows:
1. Fa?“%ﬂ configuration, there exists a two vortex struc-
ture, symmettical with respect to the piane of curvature of
the elbows.
>. For the "S" configuration, there exists the four vortex
strucfure (for Re »450), symmetrical with respect to the
plane of curvature of the elbows.
3. For the angles 0 ¢ ¥ ¢ 180 there exist three basic types
of flow, identified on the basis of the two coil structure
at the inlet to the-second s;bow.
4. TFor the three-dimensional configuration, there is a
single vortex in the outlet pipe at points sufficiently
downstream from the second elbow. | |
5. There exists only one (second) separation region when
both L' and ¥ are small, and there exist two independeﬁt
separation regions, one in each elbow, for all other cases.
6. Tﬁere exists backflow inside the first separation zone
and for the higher Reynolds numbers also in the second one.
7./ The backflow in the first elbow is aqplified by the
centrifugal force in the second elbow (especially for
v = 180 ). | |
8.  The backflow in the second elbow changes the flow pat-

terns downstream.
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7.2 Suggestions for Further Work

As has been previously éxplained. the apparatus has
been found inadequate to give valuable quantitative as well
as qﬁalitative pitot tube confirmation of the flow patterns
investigation results obtained in this work. Because it
is doubtful if such confirmation can be obtained for the
low range of Reynolds numbers, the morebadvanced measure-
ment techniques are required. Bofh the laser and the hot
wire anemometry seem to be suitable, but are very laborious
and require the specially designed apparatus and/or measur-
ing devices (Nerem et al 1972, Agrawal et al 1978).

For better modelling of the human aortic arch, is is
suggested to change the shape of the inlet %o the first el-
bow in ordef to avoid the separation at the sharp edge.

Such re-designed apparatus would allow to investigate the
transition to turbulence using, for example a hot wire
anemometer.

The experiments using the dye technique should be
carried out with a larger gpparatus.in order to make the
observations easier and to obtain more precise quantitative
results, but if city water is used, also an effiéient e~
"éhod of air ©bubbles removal should be developed and
adequate warm waler source should be provided.

For better control of the low-Reynolds number’ flow
( below 400 ), it is suggeséed to use a precise by-pass valve

at the inlet to the inlet tank.
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"~ ‘Pable A.1

Dependance of L1 on ¥ and Re for a Uniform
Velocity Profile and L' = 0
T v-o | Y= bse v=90°
Re [ Ly/mm/ | Re |L,/mn/. Re  L,/um/
- . FE N | fom o e e T
| 2637 k.0
‘ 1835 -3.2
!
from | from 1407 0
. 1206 +3.2
2517 not 2637 not 1082 +4.0
to obs. to obs 879 +3.2
450 L0 6L45s +4 .0
527 } not
} 450 obs
1
I T
C o v=135 v = 180°
S S o
. Re | Ly/mm/. | Re | 3q/mn/
2637 : -8.7 2559 | -12.7
1835 = -6.8 1812 . -12.7
1407 | 4.8 1450 # - 9.5
1206 | -2.3 | 1242 -9.5 |
1082 | -1.6 1012 7.9
879 = -3.2 | i 870 -7.1
649 | -2.8 | LS4k -9.5
527 - -2.3 | Ll -9.5
450 hnot obs; o
N E P

A
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. T _-is
Table A.2 ‘Dependance of L1 on ¥ and Re for a Uniform

Velocity Profile and L' = 0.85

Y=0 ¥ = 45° Y = 90
Re Ll(mm) Re Ll(mm) Re Ll(mm)
2675 -9.5 2482 -7.9 2482  -10.3
1945 -7.9 1835 -6.3 1835 -8.7
1427 -6.3 1407 -4 .8 1407 -6.3
1223 -3.2 1206 -6.3 1206 -5.6
1097 -3.2 1082 -4.0 1082  -4.8
856 -2.4 938 4.0 981 -4.8
594 -5.6 812 .  -4.8 796  -4.0
428 -5.6 603 -4.0 603 -3.2
| | 496  -8.7 422  -5.6 -
Y = 135° v = 180°, &
Re "Ll( mm) Re L, (mm)
2482  -10.3 2562 -11.9 -
1835 -10.3 1208 ' -9.7
h 1407 4.8 - 1367 -8.7
1206 4.0 1139 -8.7 '
1082  -4.0 932 -7.9 j
938 -8.1 U5 -4.8
- 812 -6.3 L66 -6.8

603 » "2.4 450 . -6.3\
469 -1.6 :
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Table A.3 Dependance of L; on ¥ and Re for a Uniform
Velocity Profile and L' = 1.8

Yy -o0° Y = Lsge ¥ = 90°
w Re | 'Ll(mm) - Re ‘Ll(mm) le Ll(mm)
2140 -9.5 : 2482 -7.1 2637 -11.1
1712 -7.9 1758 -6.8 1835  -9.5
1427 -8.7 1407 -7.1 1455 -9.5
1157 -6.3 T 1241 -5.6 Co1241 -4.8
951 -4 .8 1055 -3.2 1111 -2.1
608 -4 .8 861 -1.6 898 -4.8
535 -4 .8 740 0 812 ~3.2
Lk -4.,0 527 -1.6 603 0
| 457 -1.6 . ik -2.5
A .
Y = 135° ¥ = 180°

Re . Ll(mm) Re Ll(mnﬁ

2637 -9.5 2718 -11.1

1835 -8.7 ' 1812 -7.9

1407 -7.1 : - 1bso -7.9

1241 -4.8 1176 -7.1

1111 -6.3 1087 -7.9

959 4.0 763  -11.1

754 4.8 512 -9.8

563  -4.8 473 -6.3
435  -2.4 |



Table A.4

Dependante of Li on ¥ and Re for a Uniform Velo-

city Profile and L' = 3.15
o KT
L, (mm ) Re [ IyGm),
' |
-11.1 2482 -7.9 E
-9.5 1835 -7.9
-7.9 1407 7.1
-6.3 1241 3
-6.3 1141 -5.0
"4-8 938 —302
-3.2 639 "2.[" !
-3.2 , 586 -2.4
-3.2 ' hhg 0
E
] -
__—"méﬁi—iﬁg:m”:
" Re lem)1
2517  -11.1 | 2559
1783 -10.3 1812
1427 -7.9 ; 1450
1223 ° -6.3 ! 1242
1070 -4.8 1061
911  -3.2 791
79\2 - -6.3 473
535 1 -3.2.
h76 ‘ ‘-302

-7.

———
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Table A.5

Velocity Profile and L' = 0
Covie T s
Re .LB/hm/ 1 " Re ‘LB/mm/
from from i
2517 not 2637 not |
to Aobsy to obs. i
450 L 50 i
} | |
o *
; | | |
| l | i }
L ¥ =135 R 2
| Re L./mm/ Re
2637  +12.7 2559
' 1835 +8.7 1812
| ko7 +7.9 1450
- | 1190 | +7.9 1242
[ i
| 1082 +6.9
| 879 +6.3" - 870
649 +5.6 E |
527 +5.6 Bl
450

126

Dependance of L3 on ¥ and Re for a Uniform

vl ]

.__Re 233/“m{_{ |
. | .

| 1835 © +9.5

| 1407 +8.2

. 1206" +7.8

1082 +6.9

r 879 +6.3

© 649 +5.6

% 527 not

i 450 |J obs.

L

1012

P




a3
r.l‘able A.6  Dependance of L3 on ¥ and Re for a Uniform
Velocity Profile and L' = 0.85
| e e e
v=o0 ¥ =45 Y =90
_ Re lym/  Re  Lymn/. Re Ly
2675 3.2 2482  -5.3 2482  -7.9
1945 -3.,2 1835 -0.5 1835 -7.1
1427 -7.1 1407 . -4.8 1407 ~7.1
1223 0 1206 +9.5 1206 0
1097 0 1082 +4.3 1082  +9.0 °
856 -1.7 938 +1.2 981 +4.6
50 k.2 i~ | 812 -3.6 796 = 0
L28 6.4 496 -7.9 603 3.
! 1 422 I
— ! _ I * I i
Y= &35' Y= 180"
:I—Qe ‘Lj/mm/ Re I_,.B/mm/ )
2482 . +9.5 2562 +6.3
1835 +9.5 | 1708 +6.3
1407  49.5 11367 +6.2
1206 +9.5 | 1139 +6.3
1082 +12.1 932 47 .2
938  +14.3 H5 7.9
812 +11.1 466 l +7.9 .
603 +5.3 450 | +6.3 |
469 -7 .9 ! I/ /
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Table A.7 Dependance of L3 on ¥ and Re for a Uniform
Velocity Profile and L' = 1.8

-

v=0 Ao Y= b5 o Y =90"
Re L3/mm/ Re L3/mm/ | Re L3/mm/_
2140  -28.6 2482 -28.6 2637 -28.6
1712 -26.9 . ' 1758  -19.0 1835 -25.4
1427  -23.4 1407  -19.0 155 -22.2
1157 -21.7 1241  -19.0 1241 -19.5
951  -19.1 1055 -19.0 1111 -9.5
808 -23.8 861  -24.2 898 -12.5
535 . -28.6 740 -28.6" 812 -16.1
b4l -30.2 527  -36.5 603 -19.5
f | 457  -36.5 bl -21.2
| .
| IR -
v=135¢ . ¥=180
Re iLymy/  Re Lymy/
2637 | -28.6 2712 -28.6
1835 ; -2’4.1 1812 "2503
1407 | -19.5 1450 = -22.7
1241 -9.5 - 1176 -19.1
1111 -9.5 1087 -9.5
959 -19.5 763 +6.3
754 -19.5 512 +6.3
563 | -22.2 . 473 +6.3
h35 “22.2‘ ;‘ -
. N
|




Table A.8 Dependance of L3 on ¥ and Re for a Uniform

L Sy U,

Velocity Profile and L' = 3.15%

Y= 45
Re ' L3/mm/
{

2482 ©  -74.6
1835  -70.6
1407 -67.5
1241 -65,1
1141 ~-62.8
938  -60.3
639 -62.8
586 -65.1

449 not obs.

Y- 135
_ Re Lj/hm/;
2517  -66.7
1783 -63.4
1427  -60.3
1223 -57.0
1070 -53.5
911 -57.0
793 -58.3
535 -60.3i
476 - -57.7

Y= 90
Re 'Lj/hm/
2675 -58.3
1861 -59.4
1585  -60.3
1337 -57.6
1157  -60.3
1070 -60.3
764 -60.3
‘sh2 -60.3
460  -58.73

e

Y = 180°

Re  Ly/mm/

2559 -74.6
1812 "‘68 -LP

1450 -60.3
1242 -60.3

791 -47.7

k73 -47.7

4 U IS

'
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Table A.9 Dependance of L5 on ¥ and Re for a Uniform:
Velocity Profile and L' = 0

— 1 e 1
v-=20 " ‘ Y = 45° ! ‘ Y = 90° !
; b — " »
Re [Ls/mm/ | ir Re J:Lj/mm/ - ~ Re ;‘LS/W‘
2517 -5.6 | | 2637 -6.3 - 2637 -6.3
1783 | -3.2 | 1835  -4.8 1835  -5.2
476 0 . | 10?  -3.2 S 1ko7 0 -3.2
1259 0 - . 1206 0 , 1206 . -1.6
1157 © 95  +6.3 1082  ©
839 +11.1 767 ) not 879 . 0
522 ) not o544 649  *+6.3
L 50 } obs. : 1&50 - j obs. : . 527 } not
1 ‘ L 50 obs.
_ S S l* I
,, o
v =135 | y = 180°
Re  L./mm/ | R L ,
(Re Lym/, R  Ly/w/
2637  -10.3 | 2559 -15.9
1835 - 9.5 T 1812 -15.3
07 -5.6 | |50 -15.9
1206  -4.8 . 12k2 -15.9
1082 -3.2 1012 -14.3
. 879 o I 870 -15.9
| 649 1 +3.2 S 1 -15.9
| 527 +9.5 e -11.1
450 mot obs} . i o -
_ !
- e
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"Table A.10 De&ndance of L5 on ¥ and Re for a Uniform
Velocity Profile and L' = 0.85

[ . ] 1 d — ~_.’ et e = ¢ e ettt
¥ = 0 | L W= kst g v = 90
s he Tiger L re vy
Re | Lym/ | Re [Lyfey/ | e Lymy
2675 . 4.8 2482 | -7.9 | u82 - -11.1
1945 4.8 1835 ! 6.3 - | 1835 -7.9
k27 0 1407 7 -1.6 1407 -4.8
1223 +2.4 1206- .0 1206  -2.4
1097 4.8 1082 | © » 1082  -1.6
. 856 1 .ot 938 +3.2 981 -2.4
59% T obs. . 812 | +9.5 796 +h.8
b8 ) . i 603 not) 603 | ot
; 1 k96 } obs . i 22 obs « 7
| | | |
| v = 135 E . ¢ = 180°
- , - 1 T
Re 5/W g Re 5/mm/ .
o . 2482 “?_-13.5; - 2562_1 -15.9
el 1835 . 9.5, | 1708 -15.9
f - tho? | -7.9 1367 | -15.9 .
| 1206 | °-10.3' ' 1139 | -15.9
| 1082 | 7.1 932 | -13.5
| 938 | -6.3 | 745 | -15.9
812 | <-5.6 - b66 | -6.3
469 hot obs. o 1
M. 0 L.l _,MJ :

B



Table A.11 Dependance of L5 on ¥ and Re for a Uniform

N

Velocity Profile and L' = 1.8
. w= 0 | V= bs v = 90
T__;..‘,__A_,__L:,_____’ ‘;., e e e
'___}33-‘ | Li/mm/ ;N_Re : Ls/mm/ Re L5/_mm/‘
f ! ' :
L | ! .
2140 -4.8  2u482°. -8.3 2637 -9.5
1712 .0 . 1758 -6.3 1835 -8.3
1427 0 . 1407 2.4 1455  -7.1
1157 +1.6 1241 -2.4 1241 -4.0
951 +4 .0 ' 1055 0 1111 0
808 not 861.  +6.3 898 - 0.
535 I obs. "o ] ot 812 T+6.3
M1 527 1. ops. 603  +9.5
i 457 L4y not obs,
V=135 v = 180°
Re : L5/mm/ 4__.}?8 : LS/W
2637 -9.7 2718 -12.7
1835 = -9.5 1812  -11.1 ‘
1407 -7.9 _. 1450 . =9.5
1241 -7.1 1176 14,3
1111 ~4.0 © 1087 -13.3
9 959 = -6.3 763 . -11.1
764 | -1.6 512 -6.3
603-: +49.5 . k73 0
435 "mot pbs; ;
Lo, ’ i
|

132
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Table A.12 Dependance of L5 on ¥ and Re for a Uniform
Velocity Profi{f-gpd L' = 3.15

-
- Y= 0° " o —V‘; ‘45° . k iv=90° |
- R (‘) . e . Lo P PR |
Re  Lg/mm/, Re  Lg/mm/  Re  Lg/mm/
2482 -7.9 2482 © -9.3 2675 -9.5
1758 -6.3 . 1835 -7.8 -7 1861 -7.9
1407 -4 ,0 ' 1407 -5.6 ‘ 1585 -6.3
1206 o - 1241 - -3,2 1337 -5.6
1110 0 1141 -1,6 : 1157 -4,0
938 0 | 938 -1.6 1070 -2.4
812 +5-0 ) 639 +709 76’4’ -0 08
496  +11.1 584 } not sl2 +6.3
. 206 not obs. - 449 obs. . 460 not obs.
L 3 ' )
V=135 . w= 1800
A Re L5/mr£/ _ Re : LJ/T_/_
2517  -10.3 2559 -14.3
1783 ' . -5.6: - 1812 -8.9
1427 ' -9.5 ° " 1450 -10.3 3
1223  -4.8 1242 ~-8.5 é
1070 4.0 . 1061 -6.3 »
811 -4.8 791 -9.5 [
793 -1.6 473 .0
535 +,0 - ;

" 476 not obs;.

] i
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Table A.13 Dependance of Ly on L', ¥ and Re for a Fully
Developed Velocity Profile
. Ve
L'z 0, ¥= 15 ‘L= o, ¥ =90 'L'= 0, ¥ = 180"
14 Al e e 1 e \
_Reirh.Ll(?g/{ . Re 1/'mm,/ . Re l/mm/
| | 2500 ] ot | 2500 -19.0. <
: 1835t s, 1835  -19.0 «
J w50 ) 1450  -15.9 L
, 1240 ' +10.3 - 120 -1b3 T g
from | 1110 | +7.9" S 1110 -11.9 L
2500 mot | 900 | +6.3 900 0 “jf
to  obs. | . 812 +9.5 812 .0
453 o 650  +12.7 . 680 -1.6 &}
' 453 not obs. 485 0 h
[ { ——Ji —— ——"-—-- - l
h o
L1315, ¥ —180'1 | L =3.15, ¥ =90 =315, ¥ =15°
- Rg 1/mm/ ! , Re 1/xnm/ Re 1/mm/
2500 ', -19.0 ; | 2500 ; -15.9 . © 2500 -4.0
1835 | -15.9 | ; 1835 | -9.5 . 1835 - 3.2
1450 ,i -11.1 | . 1450 | -4 1450 -3.2
1260 | -9.5 | 1240 | -5.6. ! 1240 -3.2
1110 -7.9 1110 -4.8 1110 -5.6
900 | - -7.1 900 | -4.8 | . 900 : -4,0
812 4.0 , 812 | -1.6 . 812 | -4.8
650 -2.4 1 T | 650 | -0.8 550 | -1.6
612 0 453 | -4.8 w302
SR .y
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Table A.14  Dependance of L3 on L', ¥ and Re for a Fully
Developed Velocity Profile

N

L'= 0, ¥ = 15° L'=0, ¥ = 900 | L'= o; Y= 186°'
;::R?f:mwn3{hm/ Re Lj/mm/: " Re 3/mm/
2500 ) o 2500 425k
1835 } e, 1835  +19.0
o - 1k50 1450 +14.9
from ; 1260 +12.7 1240 +19.0
2500 ) not 1110 - +12.7 1110  +20.6 .
to obs. 900  +12,7 | 900  +12.7
483 812 +12.7 . 812 | +15.9
650  +12.7 1 . 680 | +12.7
: 453 .not obs+ © 485 i +12.7
r——— — . : : , '
,L' 3. 15, -15° 'L'=3.15, ¥ =90° L'=3.15, ¥ =180°
- - - } e e
n e we igms
| 2500 @ -68.2 2500  -73.2 | 2500  -68.3
1835  -64.3 . 1835 7.6 . 1835 © -74.6
. 1450  -64.3 1450  -74.6 1450 | -74.6
1280 74,6 S 1240 -74.6 1240 | -74.6 .,
1110  -68.2 S 1110 -7h.6 1110 | -74.6
900  -74.6 900 . -7h.6 " 900 =746
812 -74.6 . 812 -74.6 812 . -74.6
650 : -68%2 . 650 | -68.2 550 f -68.2
453 j -68.3 - 453 -68.2 bbb -60.3
I |

el el L vl sl e ina ek

L
PN

.
E
ki
Y
4
)

B
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‘Table A.15 Dependance of L5 on L', ¥ and Re for a Fully
Developed Velocity Profile

CIL'= o.v=15°j L'= 0, ¥ = 90° . |1'= 0, ¥ = 180"
. Re , 5/mm/s Re }Ls/mm/ | Re 'Ls/mm/
2500 | -7.9 : 2500 | -9.5 2500 | -14.3
1835 | -7.1 i 1835 | -3.2 | 11835 f ~14.3
1450 | -3.2 | s o0 1450 | -15.9
1240 0 ‘ 1240 +2.4 ] f 1240 ' -15.9
1110 | +19.0 | 1110 | +2.4 | 1110 +14.3,
900 . | 900 | +6.3 900 = +13.5
812 | not | 812 ' 49.5 | 812 ¢ -11.1
650 [ obs. . 650 ] not 680 ¢ -9.5
453 f 453 } obs. r 485 . -4.8
L'=3.15, ¥ =15° |Lr=3.15, @ =90° . IL'?5~35, ¥=180°
RO TR G v
| 2500 7.9 2500  -12.7 . 2500 -15.9 :
1835 | -7.1 | 1835 © 8.0 . 1835 . -8.5
1450 | -4,0 1450 - -4.0 ° 1450 4,0
1240 | -1.6 1240 | -2.4 j 1 1240 0
1110 | o 1110 - -0.8 | 1110 o
900 | o | 900 1.6 | 900  -1.6
812 | +4.8 812 1 -1.6 812 . o
650 | not 650. | +7.9 | 550 e o0 |
453 § ove. | 453 |not obs| AT §~




