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SUNMARY

An experimental investigation into the flow field
associated with a fully developed turbulent flow passing
~ through a 90° mitred pipe bend is desoribed. The results
of flow visualisation in both air and water and other
techniques are presented, demonstrating that the dowmstream
secondary flow does not conform to the anticipated twin-
circulatory type, but consists of a single unsteady
circulation. The circulation can assume either a clockwise
or an anticlockwise sense and switoches between these at s
- low, apparently random frequency. The resultant asymmetry
and unsteddiness affects the majority of the flow fleld
and severely complicates it. A suggested reason for thiw
behaviour is given, based on the structure of turbulent

pipe flow. .
Detrils of the strongly peaked spgctra and high

intensities of the fluctuating wall pressure field
generated by the separation are presentad.
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1. INTRODUCTION

l.1. Secondary Flows in Pipe Bends

Bends are essential features of piping and ducting
installetions, end a knowledge of their flow characteristics
is therefore necessary to ensure their efficient use.
Nineteenth century hydraulicians observed that the friction".
factor for a ourved pipe exceeded that for a straight pipe,
even for a small curvature. No satisfactory explamation of
this phenomenon was put forward until 1876 when Thompson
(reference 1) gave a theoretical exposition of the
meandering of rivers and related his result to curved
pipe flows. He argued that a pressure gradient must be
get up across the bend to balance the centrifugal foroce
exerted on the fluid travelling im a curved path in order
to establish radial equilibrium, the higher preassurs being
at the outside wall of the bend. Considering the plane
of the bend to be horlzontal, the fluid near the top aad
bottom walls of the pipe is moving more slowly than that
near the central plane and therefore requires a smaller
pressure gradient to balance its smrller centrifugal force.
Thus, under the influence of the excess centripetal
pressure gradient imposed upon it by the remainder of the
flow, this slower fluld near the top 2and bottom moves
inwards towards the centre of curvature, and continuity
is satisfied by an outward crossflow in the central portion
‘Thus two longitudinel vortices, symmetrically disposed
‘about the plane of the bend, as shown im figure 1.1, are.
set up and are termed 'the secondary flow'; it will be
noticed that the secondary flow has four stagnation points.
Thomson revealed the presence of the secondary flow in a
channel model by meana of threads. This explanation was
based on a laminar flow model, but clearly the crgument
applies to the mean motion in a turbulent flow, the
turbulence modifying the velocity profiles.
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Although Thomson is generally credited with the
first explanation of the production of this secondary
flow, in fact Boussinesq (reference 2) proved its
existence theoretically in 1868, but his work appears
to have been almost completely overlooked in the
subsequent study of this topic. In a paper devoted to
approximate solutions of the Navier-Stokes equations for
various boundary conditions, he considered fully developed
{ S4s =0 , where g is the axial co-ordinate) laminar flow
through & curved rectangular section closed channel and
solvad these equations for the velocity distributions to
the first power of the curvaturs of the channel axis; his
solution is limited to the region away from the vertical
walls. On considering the motion predicted by_thesé
results, he demonstrated that it consisted of a pair of
symmetrical vortices. : '

In a.two-dimensional, curved channel flow, such a
secondary flow is not set up since there is no boundary
‘layer at the top and bottom of the curve. The curvature
produces two main effaects. The first of these is best.
considered by referring to a potential flow entering a
curved channel. The resultant wvelocity distributiom will
be governed by the equation for the angular momentum: Ur =
constant. Thus the maximum velocity will occur at the
inner wall and the minimum velocity at the outer wall.
Returning now to a real fluid, the laminar fully developed
profile in a straight two-~dimensional channel is parabolic
"and hence bears no resemblance to the potential profile.
On entering & curved channel the laminar profile is
affected very little unless the curvature is high, in
which case the maximum velocity point is disturbed towards
the inner wall. The effect of increasing curvature on a
laminar profile is shown in Goldstein (referance 3).
However, the corresponding turbulent profile in a straight
duct is a much better approximation to that of potential
flow, and the effect of curvaturs is to produce a large
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" portion in the centre of the profile which coircopands
t0 Ur = constant Qrefarence 4}, the turbulence assisting
in the uniform distribution of angular momentum.

At this point it is worth noting that an alternative
and, for some flows, & more illuminating argument for ths
preduction of sescondary flows is to consider the motion of
the vortex lines. For the three-dimensional pipe bend, the
vortex rings approaching the bend are deformed by the axial
velocity profils Ur = constant which occurs in the initial
stages of the curved flew producing axial vorticity
components. JLf the bend conmtinues, however, the secondary
flew medifies this axial profile and the maximum wvelocity
moves Ho the outer wall.

Tha second effact of two-dimensional curvaturs is to
produce Rayleigh or centrifugal instability {(reference 5).
Consider the flow through such a channel shown in figure 1.2.
Aq\eiement ¢f fluid a% A, radius ra, on being displaced by
a radial peniturbation will carry with it its anguler
momentum U,Tp {neglecting viscous less). The centrifugal
foree acting on it at ite naw p031tion B, rzdius rB, will bas

fcg=u/ngg/é(M = pUin .

The centripetal pressurs gradient acting on the element

at B, nowaver, will bhe de3 ermlned by the basic flow, that is:

dp = -—? UB
dr 5 rB
m ; AP4 _ T oy
Thus fe/— dr = (JArAfJBr35
in a potential flow therafore, f¢ = =-dB/dr and
neutral radial aquilibrium persists throughout the flow.
ift, nowever, UBprQ Uhrh « which is clearly the case

for a boundary layer or & fully developed flow near the
cu%er channel wall, eithsr positive or negative radial -
perturbations ars unstable. However, at the inner wall,
UBrB:? UBrB and the flow is radially stable. Thus, if irn
Tigurs 1.2 the inner boundary were now mades inte a

rotating cireuniar cylinder, the resultant flow would be
radiglly anshehls svsewabzrs.  BeXinazl and Yeh (veferenmrs 4



verified thet stability and instability existed at curved
duot walls in turbulent flow by examining the radial
turbulence components: these were found 4o be amplified at
the oubter and suppressed at the inner wall.

The non-existence of a secondary flow in the two-
dimenaional flow suggests a means for suppressing lts
undesired generation in the three-dimensional case. Thus,
by éplitting the bend into a series of narrow passages by
means of curved wanes, two~dimensional flow is approached
in saoch passage and although e secondary circulation is no%
eliminated, it is confined to the upper and lower passage
walls and reduced in magnitude. This well known technigque
is employed in wind tunnel design (reference 6). For a
sufficiently high curvature, however, the high pressure
region produced at the outer wall can cause the separation
of the outer boundary layer, whereas the presence of the
segondary flow in the three-dimensional case can alleviate
the separation by convecting faster moving fluid towards
the wall. o ' ,

, It was not until 1927 - 1928 that what is generally
considered the first analysis of secondary flow in a ourved
pipe was published by Dean (references 7 and 8) with ne
reference to the work of Boussinesq. Dean considered the
steady, incompressible, laminar flow through a pipe of
circular cross-gsection whose axis was bent on a eircular
arc; the secondary flow was assumed to achieve a fully
developed state. He deduced that the similarity parameter

for the flow is: Y

Where .22 is the diameter of tha pipe whose axis is
bent on ah arc of radins R, and Re is the Reynolds number
based on 22 and the mean axial vslocity; k is commonly
called the Dean number. His solution for the velocity
distributions tekes the form of a series expansion of the
curvature up to the fourth power. The measurements of
White (reference 9) and Adler {reference 10) confirm that
the Pmietion Pactor of a curvad pipa depends on k whils the



‘motion is laminar but that this is no loanger true at
the onset of turbulence. The second restriction on
Dean'# solution is that k must be small ( €£14) and thus
for flows where R, is 0 [ 102) , a/R must be O [1072]
in comparison with the average, domestic water pipe bend
which has an ®/R of 0 [ 1] . Dean’s work has been
extended to. elliptical and rectangular oross-section pipes
by Cuming (referemce 11).

The problem of laminar flow for high values of the
Dean number has been studied by Barua (referemce 12J.
His solution is based on the assumption that for high
values of k, the secondary circulation is confined to a
boundary leyer, outside which the flow is parallel to
the plane of the bend. This assumption is substantially
supported by the experimental results of Squire,
{reference 13). It is obvious, however, that such an
assumption becomes very approximate near the edge of
thls boundary layer where curvation of the central cross
flow is inevitable. The solution is obtained using
Pohlhausen‘s method and leads to values of the friction
factor in good qualitative agreement with the results of
WWhite and Adler.

~ As k Increases, the strength of the secondary flow
incrsases and separation of the secondary flow which is
to be distinguished from separation of the primary flow,
becomes increamsingly likely. Barua'’s results do exhibit
the presence of separation, but ars very approximate in
this resapect since he evaluates an unknown on the
assumption that the rate of change of the bomndary layer
thickness over the cross section is not rapid; this is
very marginal as the immer wall is approached and is not
true near ssparation.

- Hawthorme (referemce 14) has shown that in the
rotational flow of a perfect fluid, secondary ciroculation
is genovated {in the semse ¥het, [{I| , the %otal
original circulation is directed by the curvaturs inte =
nrafarred dirseiica, i.e. a’leong o gbreamline}. His
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analysis, while limited to inviscid flow is very concisc
and the part relevant to the generation of the secondary
circulation is abbreviated and reproduced here.

Consider the steady flow of an inviscid, incom-
pressible fluid: the vorticity vector, £ , is defined
by the curl of the velocity vector, v.

‘Phat is, i =Wy 1.11
Resolving j1 along a streamline yilelds:

. % ‘" Y — &y ol

(R-¥/R)¥fg = IRY 1-12

where q is the scalar of ¥ and § is the scalar of
‘the component of ¥ along a streamline. |
Resolying.g normal to a streamline yields:
= {3 x \//@,)M V/Q = = <V\i5§22 ¥ 1.13
Fow %7:2=0 , hence expressing J. in terms of its
components, expanding end employing the continulty
equation VY¥=0, gives:

4

- 7, /‘__'f P €1Y, : \ === !\
0=y (351~ v{vnsy-v (7 ) R A
Expanding again by the standard identity for the
divergence of a vector product and employing the
" relationships

V & ;/? = @;;cf’gy,c’{q qufﬁ 1.15
derived by lamb, equation 1.14 becomes
VoT(5) = - Yr(0aBPTLNY 116
= "27 (}ng,

Expanding ¥(¥'Y; 1leads to:
V"-\?(?/@ - é’é[‘" E‘_Z ).Q(V.W}?f‘? 1.17
The vector (vy. Y repregsents the accgeleration

and can be resolved tangential to the streamline and

along the principel normel. The component along the



principal‘normal is » 451 where Eék is the curvature

of the streamline. As shown by equation 1.15, Y=
represents the gradient of the total head: if the angle
between this gradient vector and the principal normal
is 4, then the only component emtering into the scalar
triple product of equation 1.17 is %ﬁfﬂ.sin #, since the
other components have the direction of ¥ and =22, On
integration along the streamllne, equation 1.17 becomes:

! ﬁ@) - (v¢>~ = % fﬁﬁq»i *““gicia 1.18

Applying Hawthorne's result to a 01rcu1ar pipe bend
(figure 1.3), it can be seen that there is no secondary
circulation generated at the inside and outside of the
bend where ¥ = o0 and ¥ respectively, and these are
.gtagnation points of the secondary flow. The sign of
the circulation can be determined from equation 1.18 by
- apolying the right hand screw rule.

Hawthorne goes on to show that equation 1.18 has an
oscillatory solution, the secondary circulation being &
sinugoidal function of the length of the bend. Applying
this result to a pipe and a duet bend with a linear
inlet velocity profile, experimentally prdduced by a
grid, he demonstrates a satisfactory sagreement with
experiment. Oscillations of the secondary flow are
apparent in Squire’s experimental resulis {reference 13},
having a fully developed turbulemnt profile at entry, but
are damped out after about 180° of bend deflection by
viscosity and a fully developed secoundary flow is
established. The oscillation of a swirling flow of
water through a 90° bend is also demonstrated by Binnie,

{( reference 15).

The problem of fully devédoped turbulent flow
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throggh a curved pipe has been considered in detail

by Ito (reference 16). The flow model which he employs
is similer to Barua's, that'is, all the secondary flow
is assumed to take plaee’within a boundary layer, termed
the shedding leyer, whose edge is defined by the point
where the peripheral velocity component changes its
sense. This model has been verified experimentally and
the concept of a layer differs from that of the ordinary
boundary layer inasmuch as its edge is not asymptotic busb
can be precisely defined. He derives two semi-expirical
resistance formulae, the first based on a one-seventh
power law velocity distribution and the second on a
logarithmic distribution in the shedding layer. Both
these formulae provide a2 sufficient degree of ascuracy
for engineeriné calculation and prediction of the
shedding layer thicknesses are good for large values of
(8 /R)2. R, implying a large secondary circulation.
Separation either of the primary or secondary flow is
not discussed.

By far the greatest practical application involving
curved pipe flows is the small radius ratio, 90° bend .
As Hawthorne points out in a later paver (reference 17),
in these bends the secondary flow does not complete &
single oscillation, and although & large proportion of
the circulation is developed, the cross flow is not set
up within the bend. Thus on leaving the bend, the
gecondary flow can have achieved a variety of possible
states,'depending on the radius ratio, Reynolds number
and inlet profile, and this accounts for the oscilletory
varietion of the frictiomn factors of pipe bends with
radius ratio. However, a satisfactory correlation is
yet to be obtained.

Weske (reference 18) carried out a2 detailed study
of the flow in a variety of small radius ratio bends,
as opposed to the many measurements of steady-state head



losses that have been made (for oxample refereances

19 and 20). Weske measured the mean profiles of

axiel and peripheral velocity at oullet for a fully
developed turbulent flow entering bends of a variety

of cross sectional geometries, radiua ratios and angles
of turn, many of which produced separation of the
primary flow. In come cases where the angle of turm
exceeds 90°; the oscillation predicted by Hawthorne

is in evidence from the measured values of the peripheral
velocity component. Up to the exit of these bends the
major effect governing the axial profile was the two-=
dimensional, comstant angular momentum distribution,

the maximum velocity occuring near the inner wall. From
the outlet to some four diameters downstream, the three
dimensional cross flow redistributed the profile such
that the maximum velocity moved to the outer wall. The
flow then reverted to a straight pipe flow. MNany of
Weske's bends produced flow reversal {primary flow
separation) at the inner wall. All flows had an eddying
reglon near the inner wall which presumably corresponds
to a separation of the secondary flow near the inner '
stagnation point. All bends produced symmetrical, twin
secondary circulations except for those which had an
upstream, strongly asymmetric velocity profile
artifieclially produced. veske'!s results are referred to
later in this thesis.

Curtiss, Fiel & Liguormik (reference 21) have
exemined turbulent flows through small radius ratio
(including & mitre), squere and rectangular, 90° duet
bends which caused primery flow separation. Their
interest in this flow was in the ability to modulate
the dynamic head of the primary flow by secondary
injection into the separation, and hence use the aystem
for fluid amplification. Their measurements of mean
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resultant vélocity profiles at outlet indicate the
presence of a symmetrical, twin circulation, secondary
flow, confirmed by oil film, flow visuaslization of the
separation size and position. The profiles have the
constant angular momentum form but with a peak near the
outer wall which increases with decreasing radius ratio
and hence corresponds to the peripheral secondary flow
component . Only mean components were measured.

The preceeding survey mily be summarised as follows:l
1. The existence of secondary flows within primary
flows having three-dimensional curved boundaries is
well known, and there is a sound understanding of its
mode of production in curved pipe flow.

2. In a fully devéped leminar, curved pipe flow,

for low values of the Desn number, the secondary.
circulation occupies the whole cross-section. For high
values of the Dean number and the corresponding

" turbulent flow, the secondary flow is restricted to
the shedding layer znd the flow in the central portion
ts approximately parallel to the plane of the bend.

3. For fully developed secondary flow, both laminar
and turbulent, theoretical or semi-empirical solutions
exist which provide a good description of the flow and
a sufficient degree of accuracy for working estimates
of friction coefficients to be made. Such results,
however, are not applicable to short, small radius
ratio bends. No useful predictions of separation of
either the primary or secondary flow are given.

4. During devdopment, the secondary ciroculation is
an oscillatory function of the length of the bend.
This oscillation is damped out by viscosity.

S In small radiug ratio, 90° bends, the axlial velocity
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distribution away from the wall is governed by the
“two-dimensional consideration of comstant angular

- momentum, Secondary circulation is generated but does
not complete & single oscillation in the bend. The

+ ~ oross-flow is ‘set up in the downstream flow and this
- redistributes the profile towards the outer wall. There

is no published work on the nature of the'fluctuating
" components associated with the flow separation in such

1 2 SEPARATION OF FLOW.

0f all the unsolved problems of fluid mechanics,

- separation of flow, or stall, is perhaps the most
important, since it has such a direct application to

- the design of all forms of fluid devices. A survey
‘conducted by the Fluid Mechanics Sub-committee of the
'Hydraulics Division of A.S.M.E. (reference 22) in order

to determine on which topic gemeral attention should be
focussed, revealed that over fifty per cent of the various
research establishments that were questioned'conaidered
separation to be of the most importance. It is surprising,
"therefore, that it is only of recent years in which the

. field of fluid mechanics has expanded so widely that a

thorough knowledge of this phemomenon has been considered
necessary. Prior to this century, fluid mechanies was
‘virtually synonymous with hydraulics, and hydrauliclans
concerned themselves with mean flows, largely neglecting
turbulent motion and separation. ThusAthere are many
common fluid devices and hydraulic structures such as
plumbing fixtures, bridge abutments and channel sections
whose geometriecs facilitate separation rather than
attempt to eliminate it and hence suffer the penalties
of vibration, eddy loss and erosion that are characteristie
of separated flows. '

With the advent and rapid growth of both experimental
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and theoretical aerodynamics, many 1nvestiga30°9 turned
their attention to the problem of formnlating a criterion
for the segaration of f£low over an aerofoil surface-

what is now termed the "classical separation model" was
first put forward by Prandtl and serves as a definition
;of the phenomenon; it is shown in figure 1.4, taken from
the transcription of ITandtl”s leotures by Tietjens
(reference 23).

Viscous 1osses at the aerof011 surface modify the
boundary layer profile until momentum of the wall 1ayer
is unable to overcome the adverse pressure gradient
that exists from B to E and comes to rest at D. Down~-
stream of D, the flow is accelerated down the pressure
gradient, that is, upstream, producing the separated
profile at E. Eddies are formed within this region
separated from the main flow by 2 thick shear layer
with its sttendant instabilities. At the onset of
separation, @ smnll zome of reverse flow cccurs and
grows in size, deflecting the main stream and moving
upstream to its final relatively stable position. Such
& model leads to the formulation of the analytical
criterion {®%% ) .,5 0 which exists at D, and which
necessarily 1mplies a wall shear stress of zero, since
using Newton!s equation:

- T 24 ( ?%%W‘?ug
The assumptiors inherent in this model are that the
flow is steady and two-dimensiomnal.

Uszng this ceriterion, many attempts have been made
to predict the occurrence of separation using Prandtlis
boundary layer equations, and & summery of these appears
in a paper by Chang (reference 24). The results
indicate that for the laminar boundary layer, good
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predictions of the sepération point as a funetion of
free streem Reynolds number .and boundary geometry can
be obtained provided that when the separation oocurs,
1t does not greatly disturb the extermal potential flow
or does 30 in a2 manner capable of analysis by free
streamline methoda. The results are improved if the
pressure diastribtuon employed in the computation is
that measured in the flow under considerztion rather
than determined by a potential flow analysis. Apart
from the assumption of steady flow which is always
marginal where separation is present, there is a further
poasible source of discrepancy introduced by the usuai
boundary layer assumption that @§7Qg is negligible.
Any recirculatory flow in the separated region must be
acconmvanied by a significant éfféy term and the
resulting curvature of the separating streamline will
also incur such a term. This consideration enforces
the stipulation that the separated region must be small.
The apnlication of boundary layer theory to turbulens
separation has also been attempted by many investigators.
The essentizl problem in turbulent boundary layer theory
is that at present there is no known universal ‘
relationship between the Reynolds stressas and the
mean velocity distribution, and hence either semi-
empirical or approximate relationships must be used.
liost methods of prediction of separation have employed
the turbulent momentum integral equation:

- < ) 2 [l % - K
- e (W) By, L g /@wem
Uoln  pyd  y*daj 0



using measurements of pressure gradient and momentum
thickness to determine the wall shear siress, '
neglecting contributions from the normal turbulent
stresses. #hile this equetion may be balanced for
gero, negative and slightly positive preasure'
gradients, it beoomes diflicult for strongly positive
gradients, in some cases the wall stress apparently
‘increases towards separation. Such results are
attributable to three main causes: _

(a) as 7., decreases the normal Reynolds stress

term 18 no longer megligible.
(b) neglect of the @Q@g term.
(¢) three dimensionality in the boundary
layer under investigationm.

Allowance for the é&ﬁ term was made by Hewson
(reference 25) who found quite large vealues in and. just
upstream of a separation, but some 30% error between
the integral equation and experiment remained. A review
by Thompson (reference 26) of turbulent boundary layer
‘theories concluded that three-dimensional effects were
the ma jor source of error and that measurements in an
accurately two-dimensional flow were badly needed.

Despite these objections, semi-empirical methods
such as Masgkell's (reference 27) and Stratford's
approach {reference 28) using mixing length theory
to relate shear stress to mean velocity profile are
‘oapable of predicting two-dimensional turbulent
separation to within ten per cent. A more recent
work by Bradshaw (reference 29) has used empirical
relationships between shear stress intensity and
turbulence structure, and this appears to give quite
good results for separation, though once again normal
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stresses and.&@Q; terms have been neglected.

The epovroach to the problem of separation via
the boundary layer equations can be considered
legitimate 1f a criterioa for the existence of
separation is the only result demanded of them, 2and
from the standpoint of designing en efficilent lifting
surface this is, perhaps, sufficient. If, however, a
detailed knowledge of the flow within the separation,
the shape of the separation and its downstream effacts,
ineluding periodicities, are important, it is clear that
such an approach is of little value since the boundary
layer equations are no longer valid. The theorstical
approach must therefore revert to the full unsteady,
viscous Navier-Stokes equations. Since these equations
remein unsolved, careful observation and measurement
must be employed to gein an understanding of the basic
mechanisms of separation, so that approximations ‘o
these equations based on physical fact mey be made.
Empirical correlations, for example, velocity profile
similarities, are of great importance since they
necessarily imply the existence of a common physical
process: thus Coles {reference 30) has achieved &
correlation for a few cases of a separating and re-
attaching turbulent boundary layer using a wake
function, lending credence to the concept that outside
the sub-leyer, the flow is dominated by large scale,
turbulent mixing, govermed primarily by inertia.

The foregoing considerations have led Kline,
(reference 31), Frey and Vasuki (reference 32) et al.,
particularly workers in the field of fluid emplifiers
and other jet control devices, to undertake very careful
studies of simplg geometries which induce separation,



placing particular emphasis on the use of flow
visuallsation techniques in order that those
measurements which were taken might be, as far as
possible, directly related to obserwvation. Mean flow
measurements alone.are inadequate, since most experi-=
menters have found that transient phenomenaz play & very
important role in deciding the flow configuration, for
example, the variation of the oseillatory lift
coefficient of a circular cylinder by an order of
magnitude produced by free stream turbulence or tunnel
vibration (reference 33). Stability observation,
argument and theory are, therefore, essential parts

of the study of separation.

Broadly speaking, sevrrations oan be classified
in three main groups:

(a) A transient separation, existing for short
periods of time which is convected away by the m2in
stream and its eddy structure broken down and
dissipated.

{(b) A steady separation corresponding to the
classical model, such as exists behind a circular
eylinder in the apiyroximete Reynolds number range 5 to 40.

(o) A shedding wake type separation, portioms of
which periodically break off, are convected away and
dissipated, characteristic of the wake of a circular
eylinder at higher Reynolds number.

It is significant of the present knowledge of
geparated flows that, while 1t is known that the flow
over, for example, & downstream facing step will
separate and trapped eddies will be formed, it canno®
be predicted with certainty whether a separationm
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corresponding to groups (b) or (¢) will occur. Knowledge
is. limited to particular geometries and correlating
parameters are rare. There are apparent divergencies of
opinion 2s to the basic neature of separation, that is,
whether it is essentially viscous or an inertial effect.
Thus Chﬂng {reference 3) refers to a ‘viscous fluid
phenomenon, while  Rouse (reference 34) observes

‘separation that is started by the inertial character-
istics of the mean flow ————-————— without the necessity
of viscous action'. The skeitches of free and decelerated
stagnation flows shown in figures 1.5, taken from
photographs by Foettinger snd published in Schliohting
(reference 35), appear to confirm the viscous argument
and the clagsical model of sepération.

Figure l.5a is approached very closely indeed by
potential fléw,théory because viscoaity plays virtually
no part in the flow aporoaching the wall, until it can
form the boundary layers on the wall either side of the
line of symmefry; these do not separate because the
pressure is decreasihg in both directions. There is,
therefore, a;very accurate bslance between momentum loss
and pressure recovery along the separation streamline.

The insertion of the splitter plate in figure 1.5b would
not alter this flow if it merely replaced the stagnation
streamline of the potential flow plcture. However, the
no-slip condition that applies to a real fluid calls
viscous effects into play in the stream approaching the
plane wall. The fluid in the boundary layer which
grows on the splitter plate thus loses momentum through
friction #nd is unable to overcome the adverse pressure
gradient created by the normal wall, resulting in &
flow reversal and the growth of the final separation.
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FIGURE 1.5. STAGNATION FLOW AGAINST
A PLANE WALL: (a) WITHOUT AND (b)
WITH A  SPLITTER PLATE. |



It has been shown, however, by Fraenkal
(Reference 36) that the solution of the general,
inviscid, rotational equation: V&wvstggyﬁ for
boundaries with sharp cormers includes stationary
eddies, and its solution for 2 channel flow terminating
in a sink (figure 1.6) bears at least qualitative
similarity to figure 1.5b, in that separation and
reverse flow are evident.

Thus although the £({i} %erm represents a vorticity,
which in any real fluid must be generated by viscosity,
it is not necessary to conslder continuous wiscous loss
at the wall for separation to occur. Hence figure 1.5b
may be considered an inertial separation. Clearly, in
a rotational, inviscid flow with zero velocity et ths
wall, reverse flow and hence separation must occur
immediately at a pressure minimum since the fluid
infinitely close to the wall is at the mercy of the
aprlied pressure gradient. Viscosity provides a means
of supplying momentum to the wall layer a2nd hence, in
this sense, acts to prevent séparatidn. Thus a laminar
layer can penetrate a small distance beyond a pressure
minimum, whilst, because of the more efficient transport
of momentum by eddies, a turbulent layer penetrates
atill further~

. Considering an element of fluid, close to a
_eurved wall, which has just been brought to rest by
the adverse pressure gradient, it can be seen that i%
will immediately tend to move upstream thus presenting
a locally more adverse gredient to the downstream flow.
It therefore proceeds upstream until the dovmstreanm
flow has sufficient momentum to produce a stagnation
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point. The resulting separation point is obviously
readily affected by upstream or downstream flucituations
and can therefore oscillate. If the surface has =z
discontiﬁuity{ then the wall pressure gradient is
necessarily infinite at the discontinuity. This does
not imply that separation must occur since the gradient
effectively acts for zero time and very close to the
wall the gradient is finite. Thus a thin boundary layer
over a shallow discontinuity will not separate. If the
layer has reached incipient stall ahead of the discon-
tinuity then the separation can once again oscillate.
However, a normal boundary layer will separate at a
sufficiently large discontinuity and the separation
point will be fixed there. Growith of the reverse flow
upstream is not possible, since the boundary layer can
overcome it. Such discontinuities are termed "dalient
edges" and are employed where separation exists but
oscillation of its position or intermittent separation
cannot be tolerated.

The preceding considerations of the nature of
separation has been based on a laminar flow concept.
The effect of turbulence on the separation point is
well known: turbulent transfer of momentum to the fluid
near the wall enables it to penetrate further downstream
against the adverse pressure gradient before separating.
A turbulent flow will, however, still seperate at a
salient edge. The work of Kline and Rundstadler,
(reference 37) on separation in plane wall diffusers
has revealed something of the nature of incipient,
turbulent separation. Injecting dye into the sub-
layer with a syringe revealed that filamenits moved
upstream as small "streaks of stall" and were then
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. caught by the main stream end convected downstream;

the streaks formed a transient, three-dimensional
pattern over the entire wall. This phenomenon does

not occur in the sub=layer of a2 laminar flow which thus
romains two-dimensional. Since the pressure gradient
was constant over any cross-section of the duct, the
streaks correspond to a three-dimensional separation

of momentum of the sub-layer produced by instabilities
about which there is little information. As the adverse
pressure gradient was increased, the streaks increased

in width and 'seeded' the transitory form of separation.
Further increase produced steady separation on one wall,
followed by steady separation on both walls. The |
production of a final, steady separation in an internal
flow m2y be argued to be more likely than a shedding
wake, because any growth of the separation produces an
effective contraction in duct cross=sectional area and
hence a drop in pressure. The prevention of the
separation by the addition of short vanes is quite
consigtent with this view. Thus the presence of another
surface may be considered to alter the transient response
of the original flow, suggesting that in some important
stability aspects, internal flow separation differs from
external flow separation and, certainly, prsdioctions
bagsed on external flow correlations have failed when
applied to intermal flows.

The general study of the instabilities of separated
flows is still in its youth. The inviscid solqtiona of
the Orr-Sommerfeld equations that apply to free shear
layers provides a useful means of visualizing local
instabilities and their rapid amplification out of the
linear range. However; the prediction of frequencies,
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the development of three-—-dimensionality and the subse-
quent randomizetion and breakdown to full turbulence
remains something of a mystery. Measurement and analysis
of data of éeparated flows is difficult. The hot-wire
anemome:ter, vhich has proved such a useful tool for the
study of turbulent boundary layers, becomes non-linear
when the turbulence level exceeds approximately ten per
cent of the mean velocity and loses its directional
sensitivity when large amplitude, three-dimensional
filuctuations are present. Its application to separated
regions is, therefore, limited. The use of an electro-

2

magnetic technique in an ionized fluid, such eacidified ~
water, nas been considered {reference 48). The main
difficulty that must be surmounted is the production of
a high field strength over a2 small region of the fluigd,
but it has the great advantages of linearity and
directional semsitivity; it is a possible direction of
useful development. The measurement of wall pressure

_ fluctuations has been made possible over the laat ten
years by the development of fast response, sensitive
transducers. The main application so far has been %o
the siudy of turbulent boundary layers,.but their
application to separation gstudies is now being realised.
The measurement of fluctuating tota 1. pressure over a’
significant frequency range is, howevef, impossible at
present, since no available transducer is small enough
4o place in the flow and the use of a pitot tube
extension introduces a prohibitively long, time constant
into the response. However, the use of the various

flow visualization techniques is an essential part of
any separation study, despite advancements in measuring
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instruments and, to some extent, because of such
advancements, in order that measured data may be
correlated with the physical flow.

The preceding pagesmay be summarised as follows:
(1) The ability of boundary layer theory to predict
the separation point for both laminar and turbulent, two-
dimensional flow, is generally adequate for practical
applications. The neglect of P/Qy and normal Reynolds
stresses and three-dimenaional effects in the measured
data are considered to cause the discrepancies.

(2) Detailed description of separated regions cannot
be obtrined from the boundary layer equationsa. Since
‘the relevant Navier-Stoker equations remain insoluble,
theoretical models must be formulated based on careful
observation and measurement, placing particular emphasis
on stability considerations.

(3) Separation of a sheared layer is essential although
the initiation of the shear is necessarily viscous. 4n
insufficient body of knowledge is available on all forms
of separation in order to formulate models or extract
general correlating principles.

(4) Studies indicate that incipient turbulent
separation differs radically from the laminar case,
and internal flow separation differs from that of an
external flow.

(5) Measurements within separated flows are difficult

4o make and interpret., Where possible, flow visualisation
techniques should always be employed to assist inter-
pretations.
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1.3 THE SCOPE OF THIS THESIS.

The vast expansion of the éngineering sciences
that has taken place in the last fifiy years, the
extension of o0ld and the development of new techniques,
has brought with it, in its wake as one might say, an
' hoet of problems for the fluid dynamicist. Unfortunately,
the greater part of the studies of fluid flow to date
have been directed towards aesronautics which, in general,
is concerned with flow around slender bodies and has led
" to the svide use of small perturbation methods of analysis.
The problemsof industrial fluid dynamics, however, are
usually associated with geometries which cannot be made
slender, either through difficulties in construction, .
variable mean flow direction, as in the case of the
natural wind, or because their basic purpose does not
permit it. The fluid dynamicist is allowed, therefore,
'~ to adjust only minor features of the geometry, but must
have a sufficient knowledge of the flow in order to emsure
' that the fluid dynamics of the situation will allow the
object to fulfil its major design purpose. Separation
is thus the rule rather than the exception.

_ While the estimation of steady or time average
loads from model tests has usually been sufficient, with
noticeable exceptions, it has become increasingly obvious
that for many structures a knowledge of the fluctuating
loads that can arise and their relationship to the
dyhamic response of the structure is essential. The
mode of ﬁroducfion of such fluctuating loads can, in
general, be categorised into the following three groups:

(a) large scale fluid dynamic instability, such as



the vibration of an isokted cylinder by vortex shedding,
or the oscillation of a row of cylinders by Jet switching.

(b) an aeroelastic type instability where a fluid
dynamic characteristic becomes coupled to one or more
mechanical degrees of freedom.

(¢) +the rapidly changing properties'of the flow
associated with its eddy structure generating pressure
fluctuations at the wall or radiating sound.

The present work is concerned with the last of
these three and, in particular, with the wall pressure
fluectuations generated by 2 sub-sonic separation. It
was hoped that such an investigation could be made to |
yield useful informatiom on both the general mature of
the fluctuating wall pressure field associated with
sub-sonic separation, end on the particular nature of
a flow having a direct, practical application. In order
to do this, it was necessary to obtzin a suitable
pressure transducer with a fast resovonse and 2 high
sensitivity. Since no commercial device was readily
available it was decided to construct one.

The evident lack of information concerning flow
through a sharp pipe bemd (#/a< 2, say), despite its
common use, and the knowledge that the fluctuating wall

pressure field associated with the primary flow
separation occurring in such bends can cause the
gstructural vibration of a pipe line, promoted i%s choice.
Because of the inevitably highly complex nature of such
a flow and the conclusion of section 1.2 that detailed
study of separation is essential, it was decided to
examine one particuler geometry thoroughly and teo emnsure,
as far as poasible, that any measurements taken could be
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interpreted in the light of the actual flow, rather
than to take mean measurements related to a nebulous
mean flow. The particular geometry chogen is that
of 2 mitre bend. While such 8 bend is not the most
commonly used in practice, it is closely approached by
‘many standard hydraulic fittings, and is now to be
found in much larger installations, particularly nucleaxr
reactor coolant circuits, where its ease of construction
is a major consideration, and long reliable service
essential. The reason for its choice for this study
was the broperty of a salient edge to stabilise the
separation point, thus removing one unsteady mode.
This geometry also avoids double curvature, thus facili-
tating its construction and instrumentation. It was
decided to fabricate the test section from acrylic tube
so that flow visualisation techniques might be employed.
Turbulent flow is more realistic of practical pipe flows
and a fully developed flow to some extent fixes the
upstream boundary conditions.

I% was assumed in the light of the literature survey
carried out on pipe bend flows that the present mean '
flow would be steady, with a steady symmetriocal
secondary flow downstream of the bend and some fluctuating
field generated by the separation superimposed uponm it.

" This, however, was not found to be the case, the secondary

flow is inherently unsteady end of a form which has not
been recorded slsewhere to the author’s knowledge. Thus
e major part of the work was involved with determining
the nature of the basic flow. The extreme complexity and
unsteadiness of the flow ruled out many intended
meésuremente and, to some extent, frustrated a general
interpretation of those that were made.
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2. EXPERIUERTAL MODELS AND INSTRUMENTATION,

2.1 MODEL FOR TESTS IN AIR.

The layout of the model is shown diagramaticeally
in-figure 2.1. The upstream and downstream arms were
fabricated from flanged lengths of 3% inch nominal
_ internal diameter, smooth bore, drawn copper tube.

The upstream arm was 13 feet long (45 dicmeters)
and hnd a bell-mouth intake of moulded fibre glass; an
instrumentation port was provided at 16 diameters
upstream of the test section. The first four diameters
of the pipe wall were roughened with coarse carborundum
paper to encourage boundary leyer transition. ‘;

The downstream arm was 9% feet long (33 dismeters)
pnd was made up of five sections, the shortest of which .
hed an instrumentation port. The lengths were chosen in
order that surveys might be made at two diameter intervals
downstream if required.

The test sectlon bend was fabricated from % inch
nominal wall thickness, cast perspex tube; this was
machined and repolished inside and out to ensure
circularity and a sharp regular edge at the join. It was
found impossible to obtain a copper tube and a perspex
tube from stockistas such that the bores matched after
machining, the perspex always having the larger bore;
the final mismatch on assembly was 0.050 inch on the
diameter. One arm of tEﬁ,ﬁfﬁt seotion contained a
19 inch long, indexed, metable section. A corresponding
verrier scale on the fixed portion provided a resolution
of 1°. The rotatable section was indexed at both ends
so that it could be reversed, thus reducing to a
minimum the length of the instrumentation ports required.
The intial flow visualization tests were conducted
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without the ports having been cut; subsequently three
ports were cut to provide access for the pressure
transducer and hot-wire probes. The gaps either side

of the transducer and probe heads, together with the ports
that were not in use, were filled with an interchangeable
set of radiused inserts of various lengths. The complete
bend was symmetrical, thus allowing the rotable section

to be installed either upstream or downstream of the bend.
The section was both retained at the desired orientation
and sealed at its ends with "sellotape”.

The flow was induced through the model by a 2 inch
internal diameter, two slot supersonic injeetor.
Upstream of the injector was a fibre glass laval nozzle
having a throat diameter of 1.32 inches to produce a
design mean velocity of 100 feet/sec through the model.
The nozzle was run in the choked condition, thus
preventing pressure fluctuations, apart from those
transnitted through the boundary layer, propogating
upstream and affecting pressure measurements made in the
test section. While such a gsystem restricted the
measurements to one particular Reynolds number, it had
the great advantage over a fen system in that no swirl
was generated; such swirl would be diflicult to remove
completely and might have critically affected the
secondary circulation generated by the bend. Since the
purposé of the investigation was to conduct a thorough
study of one particular flow, rather than to vary many
parameters, fixed Reynolds number was not considered
a serious limitation and, in fact, only apnlied to
measurements and not to flow visualization tests since
these did not demand a choked nozzle.

The efflux from the injector passed through a
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short diffuser and was them ducted out of the laboratoxy.
Since supersonic injectors are essentially noisy devices,
the inside of the exhaust duct and the outsides of the
nozzle, injector and diffuser, were lined with expanded
Polystyrene to reduce the room noise to a level acceptable
to both the experiment and the experimenter. The induction
gsystem was coupled to the model via a flexible P.V.C.
"ocorrugaiter" (Plysu Industrial Limited) which effectively
isolated the model from the vibrations of the injector.

2.,2. MODEL FOR TESTS IN WATER.

The model wag a single 90° mitre bend with two 12
inch arms fabricated from 1% inch nominal internal
diemeter, cast perspex tube and dye injection points
provided at various pointe along them. The upstream limb
was connected to & 36 inch length (29 diameters) of pyrex
tube of similar diameter, which was fitted with two
2 inch lengths of aluminium honeycomb at its upstream end
in order to reduce the swirl content of the flow from the
reservoir. The model was submerged on a water table and
illuminated from beneath to improve visability.

2.3. INSTRUMENTATION.
All mean velocity and turbulence measurements were

made with a D.I1.S.A. Constant Temperature Anemometer.

The probes themselves, however, were not N.I.S.A. equipment,
but were constructed from 1/16 inoch outside diameter
stainless steel tube. The wire supvorts were formed by

an 0.017 inch diameter needle (Sharps No. 10), insulated
end mounted down the centre of the tube, and the wall of
the tube filed and bent to a suitable shape; the stem of
the proble could then be bent to any desired geometry.
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The hot-wire was made from fWollaston wire with a platinum
core diameter of 0.0001 inch and an etched length of
approximately 0.020 inch.

. All measurements of pressure fluctuations wers made
with the transducer deseribed in Section 3.

Two spectral analysers were used:

(2) A Brtlel and Kjaer audio frequency spectrometex
type 2112. This enabled r.m.s. measurements to be made
covering the range 2¢/s - 40 ko/s in one band or 25 ¢/e -
40 ke/s in 1/3 - octave bands. Automatic read out was
not available 2nd all readings were taken from the meter.
Two meter dempings were avallable and the fast responss
was always used.

(b) A set of variable analogue band pass filters covering
the range 2¢/s = 20c/s. These were desigmed by

ir. B.J. Belcher as a prototype for & more comprehensive
spectral analyser. They were calibrated with a low
frequency oscillator, the r.m.s. output being measured
on the Brdel 2nd XKjaer analyzer using the 2¢/s - 40 ke/s
band. Their calibration ocurves are shown in figure 2.2,
and seen to be of the simple L-C filter type.
Insufficient time was available to adjust their char-
acteristica to the desired "flat topped" form of the
Brttlel and Kjaer filters, an example of which is shown
for comparison in figure 2.2. Variable damping of the
characteristics was provided, however, and this was

ad Justed such that their response was 3dB's down at the
1/3 octave points to match the Bréel and Kjaer filbers.
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3. THE PRESSURE TRANSDUCER,
3.1. TRANSDUCER CONSTRUCTION.

. The two basiec requirements for a transducer suitable
for measuring the pressure fluctuations assoclated with
a subsonic separation are that:-

(a) it should be cnpable of resolving pressures of
the order of 1072 p.s.i., and

(b) ite frequency response should be approximately
linear from approximrtely Oc/S to approximately 10 kc/S.

A review of the currently available commercial

transducers showed that no suiteble device waa available.

- Plezo~electric transducers.of the types reported in
references 38 and 39 satisfy the above requirements, bus
need careful mounting to overcome their high vibration
sensitivity and such mountings can lead to low frequency
resonances (see reference 38)., ihen undergoing an
acceleration of one "g", a pressure transducer records a
force equal to the weight of its pressure sensitive
element. Thus a device relying on the deflection of a
crystal of significant mass will be much more semsitive
to vibration than a devise relying on the displacement
of a very thin diaphragm. Such a device 1s a capacitance
microphone.

The mode of operation of the capacitance microphone
is as follows: a pressure difference across the diaphragm
causes it to deflect; the diaphragm is made one plate of
a capacitor and the resulting change of capacitance with
resvect to a fixed back plate is detected. The general
theory of the microphone is published in Horse (reference 40}
For a simple microphone consisting of a diaphragm stretched
across a closed volume, the frequency response is only



“43=

. approximntely linear, well below the matural frequency

of the diaphragm. However, various methods of ad justing
the response have been devised, e.g. introducing viscous
‘demping in the rear cavity, making use of the stiffness

- of the air within the cavity, 2nd a linear response beyond
the first diaphragm resonance is possible. A review of
various mlicrophone designs showed that the one published
in a paper by Schultz (refarence 41) had a suitable
frequency and dynamic response for aerodynamic appllcatlon,

The typical dismeter of the active portion of a
smell capacltance microphone is, however, too large for
'aerodynamie measurements in general, and it is therefore
necessary to improve the obtainable spatial resolution
by mounting the device in a cavity behind a static
pressure hole. This cavity then acts as an Helmholtz
resonator which usuvally limits the high frequency end of
the linear response of the coupled system. The natural
frequency of such a resonator (figure 3.1l) is given by:-

i~ th/ 3

Z.J VETL+/6r)
= veloclity of sound in air
= natural frequency
radius of static pressure hole
= volume of cavity
= entry length

where

H 4 H O
H

- For the cylindrical cavity shown in figure 3.1,
this équationlbecomeszw ~

e SR T
r’ should be at least an order of magnitude less
than the smallest wavelength to be measurad in order
%0 avoid the averaging of these fluctuations. Assuming
a minimum speed of conveotion of these fluctuations of

K]
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o (10) feet/Bec leads to an 'r' of O (10”2) inch. Thus
for a oavity of given radius, R, 1l.and h must be chosen
to provide a suiteble natural frequency. -

The acoustical design of the microphone used in
this work is exactly that of Schultz; however, it was
found desirable to alter the mechanicel design, in
particular to suit the type of mounting dictated by the
present appnlication. The final design and construction
is shown in figure 3.2. The centre supported diaphragm
has an active diameter of 3/16 inch and is made from
'0.00025 inch "Meculon" sheet. This is a polyethylene
terephthalate film with an aluminium sputtering which
provides & lighter and more uniform conducting surface
than that achieved by the method of painting with
colloidal graphite adopted in reference 4. The method
of sticking the diaphragm to the body of the element
reported in reference 4 was found unsatisfactory, because
the diaphragm tension changed as the adhesive aged. It
was abandoned in favour of a clamping ring and adhesive.
The diaphragm was pretensioned before clemping and
brought up to its final tension by screwing up the
back plate. No measurements of the tension were made,
but by trial end error it was found possible to adjust
the back plate to the desired positiom and achieve a
tension a little below the yield point of the film,
thus achieving the highest natural freguency. The
fillet of silver conducting paint shown in figure 3.2
gerves the dunl purpose of reducing the volume of the
oavity and improving the conductivity of the sputtering
where it has become strained at the edge of the back
plate; poor oonmductivity appears effectively as a "loss®
in the cepacitor representing the microphone and, as is
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mentioned later, is undesirable.
The. radiused head of the outer case of the

microphone, demanded by its application t0o a pipe flow,
is a particularly fortuitous shape since it allows the
entry length to be minimised without reducing the
mechanical strength of the case. An enitry length of
0.015 inch, together with the small cevity in front of
the diaphragm and an 0.030 inch dismeter static pressure
hole, produced a cavity resonance of 12.4 ke/S.

It is necessary to leak the back of the disphragm
to the front such that the static pressure difference
which exists across the diaphragm under model working
conditions is removed. Apart from avoiding possible
damage to the dliaphragm, this ensures that too large a
deflection is not imcurred and thus the dynamic response
rema8ins lineayx. The resulting drop in pressure of the air
ingide the rear cavity of the microphone is, however, tco
small to affect the density and hence the stiffness of
the air, otherwise this would nacessitate calibration
underhworking conditions. The back of the microphone case
is connected to the reer cavity of the microphone element
by an 0.005 inch hole. The case is then connected via a
tap to a static pressure %apping in the pipe model wall.
The tap is opened while stopping and storting the flow and
closed while taking readings of pressure fluctuations so
that spurious signels do not reach the reaxr of the dinphragm.

3.2, TRANSDUCER BRINGE CIRCUIT. v

The normal mode of operation of a capacitance
microphone is shown in figure 3.3.

Varietions in the capaclitance, C, of the microphons
produced by pressure fluctuations acting on the diaphragm
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induce a fluctuating voltage across the resistance; R,
provided R is lgrge'enough to maintsin a constance charge.
However, at very low frequencies the signal voltage will
have time %o leak across the resistance, 2nd the low

. frequency response will be attenusted. This attenuation
~is governed by the time constant of the oirecuit, 2+ RC;
‘thus at & frequency equél to 1/2%KRC, the resnonse will be
3dB’s down. In order to extend the respomse to, for
example, 1 ¢/S with a typical microphone capacitance of

35 pfs, a resistance of 0(10 } ohms is required. This
imposes a severe strain on the insulation of the nicrophone
element itself, introducing a possible sensitivity to

" atmospheric humidity.

These considerations led to the decision to build a
capacitance bridge and thus extend the frequency response
to d.c. A survey of the relevant literature revealed
only one such system in a paper by J.J. Zaalberg van Zelst,
{reference 42). This ecircuit makes use of valves and it
‘was felt that a trensistorized bridge would have advantages
in size, noise level and power supply requirements.  The
design of an r.f. bridge was therefore undertaken. However,
while this design was quite far advanced but not completed,
P.J, Baxandall published his excellent paper in reference 43.
This design fitted the requirements exactly and was therefore
adopted. Minor modifications were necessary and the final
circuit is shown in figure 3.4. The circult is con-
gtructed on & perspex plate and is mounted inside a 6 inch
by 1 inch outside diameter brass tube. The application
of the transducer did not impose a restriction on its
length and therefore no great pains were taken to
minimise this dimension. In order to balance the circuit,
the output from the filters are applied to an oscilloscope
difference amplifier'or centre zero millivolt meter, and
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the trimmer capécitor ad justed for zero outpﬁt. The
outputs are then fed into a low gain difference amplifier
whose output is applied to the recording device. Both the
transducer and difference amplifisr are battery driven.

The overall noise level of the microphone and bridge
system is inferior %o that of reference 6 because the
microphone element has a small loss at the 1 mc/s bridge
frequency.‘ This appears gs an out-of=balance resistive
component in the active arm of the bridge which has %o be
balanced out by altering the capacitance trim of the
bridge. This would restriet the usefulness of the
microphone for the measurement of low level acoustic
pregsures, put does not impair its ability to fulfil its
design purpose of measuring aerodynamic fluctuating
pressures. '

éhﬁif TRANSDUCER CALIBRATION.

An acoustical method of callibration over the entire
frequency range of the transducexr {0 ¢/s-10 kc/S} was
not possible since the available calibrated s¥andard micro-
phones all utilise a system based on the circuit of
figure 3.3 and hence ithe Tesponse is attenuated at low
frequencies. However, the capacitance bridge circuit
described have enabled one %o enploy an electrical method
which does cover the full range. 4 d.c. polarizing
voltage is applied to the %erminals of the bridge,
producing an sttractive force between the microphone
diaphragm and the rear electrode, representing an applied
steady pressure differemce. This pressure difference is
then made t0 oscillate at any desired frequency by super-=
imposing a signal from an oscillator on the applied
voltage. The peak oscillating voltage must not exceed
the steady voltage, otherwise the microphore will 3 - wave
Tectify the applied signal. The oubtput from the difference
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amplifier is then measured on an r.m.s., voltmeter, at
congtant input voltage but varying frequency. 'This, however,
does not provide anm absolute calibration in terms of wolts
Der D.8.1.3 0 obtain this an acoustical method must be
employed but it is no longer neceasary for it to cover %he
entire fregquency range. The circuiv used for the
electrical calibration is teken from reference 6 and is
shown in figure 3.5.

To parform the acoustical calibration, & plane wave
“ube wes buildt. Two sound sources were used:
(a) A Goodmans 25 watt high frequency pressure unis,
covering the range 2.5 ke/S -~ 10 ke/S.
{p} A Goodmans vibration unit driving an aluninium dise,
covering the range 20 ¢/s = 2.5 ke/S.

The transducer was mouaa@d cpposite & Briel and Kjasr
Type 4132 microphone calibrated inm the range 20 ©/S=18 ke/S;
the calibration curve provided was adjusted for graszing
incidence waves.

In using the plane wave tube, it ls assumed tha? the
waves are axially symmetric. Reflections from the'end,
in +the cass of a closed tubke, or from external objecls,
in the case of an open %ube, could cause asymmetry. A4n
absorbent coune of perforated zine filled with glass fibre
vas fitted in the end of the Hube Ho avoid such
reflections.

The ca2libration curve obtained by the above methods
is shown in figure 3.6.
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4, INITIAL TESTS.

Tests were conducted on the apparatus 4o defermine
whether: '
(a) +the nozzle would choke
(b) -fully developed, turbulent flow was
entgring the bend test section. |

4.l. CHECX ON THE EFFECTIVENESS OF THE BDZZIE,

The test section was removed and the bellemouth
inteke attached to the downstrsam arm of the rig, as
shown in figure 4.1. The instrumented section, im which
the pressure itransducer had been‘mounted, wag fitted
aporoximately six diameters upstream of the nozzle throat.
On increasing the injector, plenum chamber preasure, the
total r.m.s. pressure fiuctuation was seen %o drop
guddenly at 80 p.s.i. and was virbtually unaffected by
further increase. A 1/3-octave, spectral analysis was
then performed at an unchoked pressure {40 p.s.i.) and
at a choked pressure (110 p.s.i.) and these are plotied
in figure‘4°2.. At ‘the date when these specira wers haken,
the low frequency filters were not available. However, i¥%
is clear from figure 4.2 that the nozzle does choke and
that it does adequately isolate the nozzle and injector
acoustically from the remainder of the rig. The total
r.m.g., Level for %the choked flow was at lecaat 30 times
smaller than the smallest total r.m.s. level subsequently
encountered with the bend in position.

A1l subsequent tests were conducted at an injecior
pressure of 110 p.s.i., thus allowing & safety margin of
30 p.s.i. befofe the test section static pregsure is
affected by a drop in injector supply pressure which, if
undetected, might damage the transducer diaphragm.
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4.2. UPSTREAM VELOCITY AND TURBULENCE DISTRIBUTIONS.

With the rig fully assembled as in figure 2.1, mean
veloeity eand turbulence distributions were messured wiih
the hot-wire anemometer at 33.5 and 42 diometers from
the intake. It was immedintely obvious that the flow was
unsteady, the mean velocity appeared to have a high and
a low value beftwean which it "swiftched" at & low random
frequency of the order of 1 ¢/3. The ratic of these two
mean velocities was approximately 0.9%. However, on
restricting the resdings to either stave, the ncrmal,
symmetrical, fully developed turbulent profile was
obtained at both stations and these are shown in figurs
4.3, compared with Lanfer's {reference 44) dsta. The
maxinum mean velocity was found to be 112 feet/sec,
corresponding to a Reypnclds number based on pipe diameter
of 217,0C0.

The intake was checked for separation with a wool
tuft, but none was found and it wasconcluded that the
unsteadiness was probably characteristic of *the flow
through such a bend: this is confirmed later.

Much greater difiiculty was encountared in taking
congistent readings of velocity fluctuations since the
r.m.s. thermocouple meter introduces a time lag. Ths
results are tentatively presented together with Isufar‘sg
date in figure 4.4.
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5, " PLOW VISUALIZATION. |

5. 1. TESTS IN AIR,

5,11 WOOLIUFTS: Thres 12 inch rows of 2 inch long wool
tufts were sellotaped to the inside of the rotatabls
section 30° apart, immediately downstream of the Dend.
Paotogranhs of the tufts were taken using a 1/1000 =ec.
exposure ond a2ve shown in figures 5.1 (2), (b) and {c}.
The motion of the tufte confirmed that the flow was
unsteady and on rotating the section through 360°, it was
apparent that, over a period of time that was large

compared with the characteristic period of the unsteéﬁiness,
the flow was symmetxical about the plane of the. bend.

Throe rTegions could be distinguished and =sre sketched in
figures 5.2 (a) and (b).

{a) & regiom of reverse flow immedistely downsiream
of the inside edge of the bend, approximately three-
quarters of a diemeter in length.
{b) A regiomn downstream of regiomn {a) in which the tufis
"gwitched” from the coafiguration shown in figure 5.1 (a}
to that in figure 5.1 {b}. The switching appeared to
ocecur at a random low frequency consigtent with the
flucstuaticns initially observed in the upsirean mean
velocity. The violence of the switching decrsased in the
direction of the bend om the outer wall until its strengih
was very smell approximately opposite the inner edge.
{e) A region a2bove and below region {a) extending to
aporoximately = 120° where the tufts pointed
congistently inwards towards vhe inner wall. Their
inclination fluctuated butbt did not switch as did those
in region {b). '

The tuf%s within the reverse flow regionm (8) were
affected by the gwitching disturbance a2nd agsumed the
szme mode as fthose im rogiom (b).
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Figure 5.1 {c) shows the tufts in the action of
switching; it is clear that although the switching
frequency is low {order of 1 ¢/S), the operation of
switching is very fast (10~ =3 sec. exposure) and this must
be borne in mind when 1nterpreting the photographs.

5.12. TALC INJECTION: Two 1/16 inch diemeter holes, 110°
apart were drilled in the roteatable section one inch
dowﬁsﬁream of the inside edge. TFirst attempts were made
with smoke from & standard N.P,L. generator:; these were a
complete failure: the smoke was diffused immediately. I%
was clear that 2 very dense plume was necessary and if an
acidic smoke such as titenium chloride were used, the
large quantities would cause corrosion of the downstream
limb and %he injector. Talc injected from a polythene
"gsquash bottle” was found successful, although it was
difficult to produce a consigbtent stream for more than
a few seconds.

The talc immediately revealed the nature of the

low frequency unsteadiness when injected into regions

(b) or (c) of figure 5.2 ¢=r—emd—t¥); it was entrained
by a longitudinal vortex which swept the entlire pipe
wall dovnstream of the reverse flow region (region (a}) of

figure 5.2}, Such & voritex existed for periods of
approximately e second, switehing abruptly to a vortex
of similar strength but reverse sense; the dominant
vortex fluctuated in strength. Sketches of the two
vortex configurations are showm in figures 5.3 {(a) and (b},
both talc streams being injected into region (c) of
figure 5.2. Both streams initially move inwards but the
non-=dominant rapidly becomes diffused and ~ppeared to be
pushed away from the wall towards the central portion of
the flow. The dominant vortex appeared to be continuous
through the region of impingement rather than being
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pAartially cencelled out by the lesser vortex {sse

figure 5.3). ttempts at photographing the tale traces
were not very rewarding: the resulita, however, are shown
in figures 5.4 and 5.5. Figure 5.4 {¢) has caught the
intermediate stage during switching; both streams now
diffuse rapidly. Figure 5.5 shows views looking down-
stream through the end wall of the bend and sre
particularly poor because 5% the long field of view
required.

Talc injected into the reverse flow regiom revealed
nothing of the nature of the flow within iV and gave only
a wvery approximate idea of 1¥ts =ize. Rohaiting the section
and injectlng $2ic at the ocutside wall showed that the
Tlow was approximately axial in this region and it was
not until 2 = 2.5 diameters domnsiream that the dominant
yortex gwept the ouver wall.

Talc was also ianjected upstream of the bend and the
flew model bhased on these observations together with those
of the previous vhotographs, is ghown in figure 5.6.
These skebtches are drawa for the cesa of +the dominant
clockwise vordtex. Only the clsar details arg shown: no
attemps has been made to show the shear layer or the
diffuse reglion in the cendre of the flow. The effect of
thae outer corner apineared to"fccus" the tale traces into
the vortex: 1t was not apparent whether the flow ssparated

in this corner.

5,2 TESTS IN WATER

Before proceeding with mezsurements in the ailr rig,
it was decided to run some fests in weater in a simpie
of the berd in order to determine whether the
phenonmenon of vortexigégdgn unction of right angle mitvtrs

hends in general, or of the perticular rig that had baen
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agsembled. The model is described in section 2.2; the
maximum obtainable Reynolds number was 40,000. Coloured
milk was injected into the flow but diffused very rapidly
and defied photography. "All subsequent ‘tests were there-
. fore performed with saturated aqueous potassium
.permanganate solution and commercial water soluble dyes
injected by means of a peristaltic pump. '

It was immediately obvious that the flow in the water
model was similar to that existing in the air rig, that is,
a dominant vortex and vortex switching occurred. By
injecting directly into the rsverse flow region the extent
of the :shear layer could be seen clearly over approximately
the first diameter, beyond this the inwards flow either
side of the reglom complicated the geometry beyond
identification. An important observation was made: the
reverse flow region 2nd shear layer was forced to oscillate
ebout the symmetrical position by the switching of the
dominant vertex. The reverse flow region consisted
essentlally of a siungle cell horseshoe vortex, one of
whose arms apveared to lirk up with the dominant
circulation round the edge of the region. Secondary
vortexes were formed in the shear layer. The frequency
of switching was 2tlill lew and random, but probably a
little higher than in the air rig {aporoximately 2-3 c¢/Sj.

An additional feature of the flow observed in These
tests, was the exlatence of a strong, single cell, horse-
shoe vortex in the outer corner whose arm trailed
‘downstream. It switched ebout its symmetrical position
in gympathy with the dominant vertex and the arm which
moved the further downshtream had the same sense as the
dominant vortex amd appeared to re=inforce it.

The effect of varying the Reynolds number was small:
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this was also noticed in the air rig when running
unchoked. Down ¥o & Reynolds number of approximately
3,000, the flow remained similar although the edge of
thé shear layer becams progressively lesa well defined
as the size of the secondary vortices increased. Below
this figure,the switching decreased in definition and
frequency until the two secondary circulations merely
intermingled and mixed ’s they proceeded downstream. The
outer cormer vortex oscillated between the cormer and an
upstream position but remained fairly symmetrical abousb
the plene of the bend. ‘

Injection into the flow at a point some four dizmeters
downstream of the bend indicated 2 much weaker resuliant
vortex than the initial circulations. This contrasts
markedly with the talc observations where the dominant
vortex appeared of comparable strength to the initial
circulation. : _

The flow model based on these observations is shown
in figures 5.7, 5.8 and 5.9.

5.3, EFFECT OF THE OUTER SEPARATION. |

In order to determine the effect of the outer corner
vortex, the corner was faired out with resin on a radius
approximately equal %o the plpe diameter. This did not
completely remove the vortex but reduced 1its strength and
gize very considerably. The resultant flow appeared
almost identical to the previous one. Switching occurred
at a similar frequency although the pitoch of the secondary
circulations had increased slightly, together with the
length of the reverse flow region.

In the air rig, the outer corner was faired out with
plasticene until wool tufts mounted in the plasticene
ceased to indigate reverse flow. This occurred at a
radius alightly sgreater than the pipe diameter. The
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obgervations of the resultant flow demonstrated trends
similar to the water flow.

5.4. MODEL OF THE SECONDARY FLOW.

A simple model of the flow was set up in water.
Fully developed turbulemnt flow through a length of
1% inch bore perspex tubes, had two tangential jets of
dyed water injected, diametrically opposed, and set at
45°% to the axis. With unequal jet velocities, a resultant
downstream circulation was set up which was clearly the
difference between the two jet tangential velocities, but
which fluctuated slightly in megnitude. A cross flow in
the plane of symmetry was also produced.
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6. SUMMARY AND DISCUSSION OF OBSERVATIONS.

(1)  In the region immediately downstream of the bend,
fairly steady, secondary circulation was produced in both

-~ .senses in the usual way. However, one vortex appeared to

dominate over the other which was diffused and pushed
towards the centre of the flow. Thus Gownatream of the
impingement region a single vortex swept the wall.

(2) The resultant vortex could be either clockwise or
anticlockwise and switched between these two atates.

(3) The dominant vortex existed for periods of typically
one second, but the action of switching was very rapid.
The frequency was apparently random. Its stremgth
fiuctuated.

(4) A region of reverse flow occurred immediately downe
stream of the edge and this region was not symmetrically
disposed about the plane of symmetry but was forced a
little to one side by the dominant vortex. It osclllated
in sympathy with the switching.

(5) The flow separated at the outer cormer but this had
little effect on the switching or flow pattern.

(6) The flow pattern was basically independent of
Reynolds number provided this exceeded approximately
3,000. Below this value the vortices merely intermingled
with no domination.

(7) In water, the resultant vortex had a much larger
pitoh than that indicated by the talc in air. A model of
the flow downstream of the bend, using fully developed
turbulent flow through a straight pipe with two tangential,
impinging jets, produced a resultant vortex whose
tangential velocity was 6lear1y the difference of the two
jet tangential veloocities. A croas flow was set up in

the plane of symmetry.
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Hawthorne's analysis reproduced in section 1.2
clearly demonstrates that the boundary layer entering
the bend must produce secondary circulation in both
senses, 2nd this is manifested in the inwards flow
ococurring around the periphery of the reverse flow region.
If symmetry were preserved, these circulations would be
of equal strengths, but the displacement of the inner
separation destroys the symmetry. Thus an initial
perturbation of the separation tends to thin it in one
helf (above or below the plane of symmetry) and thicken
it in the other. This both allows more fluid to flow in
paths of higher curvature in ome half than the other, and
also increases and decreases the shear respectively.
Both these effects will result in the production of a
greater ciroculation in one half which will react on the
separation such as to assist the perturbation. This
displacement must reach an equilibrium since the flow
is still obliged to separate at the salient edge.

The observation from the talc traces, which is
evident in figure 4.7(a}, that the strength of the
dominant vortex was unchanged after impinging with the
laager vortex, did suggest that perhaps a mechanism
exlgted which allowed the stronger vortex to adhere to
the wall in preference to the weaker. Such a result
could, perhaps, be brought about by the Rayleigh
ingtability which must exiat in each vortex as it rotates
around the wall of the tube. Under such conditions
particles with a higher circumferential velocity tend
t0 move towards the wall and slowexr particles away from
the wall. Thus if, in the region of impingement of the
two atreams, at each point from the wall the parﬁicles
of one stream are moving faster than those of the other,
the faster stream would then tend to the wall.
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Such conditions shouid exist in the simple straight pipe
flow with tangential injection but the resultant down-
stream ciroulation in this case was certainly the
difference of the two circumferential velocities, as
. was suggested by the injection downstream in the water
flow through the bend. It is concluded,'therefore, that
the tale stream was strongly affected by the density of
the talec and in this respect does not accurately
represent the flow.

deske (reference 18) demonstrated that by placing a
gauze screen normal to the flow and to one side of the
plane of symmeitry upstream of the bend, a steady single
vortex exists downstream of the bend and clearly this has
similarities to the present flow. An interesting point
which is suggested by his results but on which he does not
comment, is that while the symmetrical profile flow through
the bend separated, the screened flow at the same Reynolds
nunber apvears not to have separated. It is quite
conceivable that the single vortex flow is set up within
the bend and beocause, unlike the two vortex flow, it has ‘
no stagnation point at the inner wall, manages to overcome™
the separation. If this is the case, it would be worth
&nowing whether the resultant head loss is reduced by such
a8 scheme, apart from the obvious advantages Ty be gained
from suppressing the fluctuating loads produced by the
separation. Alternatively, it could be used to allow the
geometrical convenience of a tighter radius bend but which
does not cause separation.
| Returning to the present flow, it remains to deoide
the naturs of the switching disturbance. The outer
gseparation can be ruled out as a source since a similar
flow was in evidence when this separation was removed.
Considering the dominant vortex, it is known that flows
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with combined axial and swirl components can exhibit "vortex
breakdown" or "bursting"; this has been studied experi-
mentally by Harvey (reference 45) and theoretically by
Brooke Benjamin (reference 46).. .

It is possible to consider, therefore, that initially,
by some means unsvecified, one vortex dominates over the
other, displaces the separation such that the vortex
increases in strength, subsequently breaking down and
allowing the other vortex to dominate. The characteristic
feature of breakdown is an abrupt change of structure of
the vortex at a point on its axis which has been shown to
be analagous to the hydraulic Jjump in an open channel. It
appears to occur under conditions of increasing swirl and
a swirl velocity which increases radially outwards. Com-
paring these observations with those made in the present
work suggests that vortex breakdown does not occur since:

(a) The growth of the dominant vortex is necessarily
assoclated with the time taken to "switch" which is very
short; thus the resultent switching frequency would be high.

(b) No.abrupt change in the structure of the dominant
vortex was observed.

{(c) The measurements of Ito et al. in a symmetrical,
twin vortex, pipe bend flow show that the swirl velocity
in the shedding layer increases slowly outwards then
decreases rapidly as the wall is approached.

If the disturbance producing switching were caused
by an instability of the shear layer associated with
the separation, such as vortex shedding, this might be
expected to have a time scale associated with the diameter
of the pipe and the mean velocity and hence be of order 1072
gseconds in air, that is, much shorter than the switching
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gscrle. Such a scale would be directly affected by ,
Reynolds number which was not apﬁarent. The fact that
below a Reynolds numbei of anproximately 3,000 the
switching ceased necessarily suggests thet it is associated
with turbulent flow: either the mean velocity profile or
the turbulence structure and the latter, being a source of
random unsteadiness, is the more likely.

In order to effect a switch; the disturbance would
need to have a circulation of the magnitude of the
resultant downstream vortex. It is, therefore, necessary
to determine whether the upstream turbulence could generate
such 2 circulation and how often it would be expected to
occur. The nature of the flow made the measurement of the
downstream, circumferential velocity extremely difficult
and this was not done. ieske’s results show the maximum
circumferential velocity in the shedding layer for a fully
developed turbulent flow entering a 90° bend of radius
ratio, ®/R = 0.67, 2nd at a comparable Reynolds number
in air to be 0,18 of the upstream mean velocity.
Observations in water of the pitch of the two initial
circulations would suggest a ratio of roughly two for
their circumferential velocities, hence, using Weske's
figure, an estimate of the difference between these two
velocities and the clrcumferential velocity of the
resultant vortex, is 0.1 of the upsiream mean velocity,
that is: WVUﬁ = 0.1l.

A reletionship for the mean square circulation
around a ‘cireular path in isotropic turbulence (reference 47)

ist=

==}

2 ' =a
K* = bwrlou provided = > L

whera 1 is the radius of the path, L is the lateral

integral scale and iZ; is the mean square tangential
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velocity component of the turbulence. This result
represents the production of lerge eddies from a chence
configuretion of the turbulence and while it is an
isotropic result, it is not oritically affected by this.
Thus the r.m.s. tangential velocity around the
circuit is gi_yfn ;y: ’ " '
aly¥a Y
(Ro)* = Wy = (%%ﬁ} Uy
FX-7:8 _
Toking a circuit of radius approxinately the radius
of the pipe, thet is, r 2= a, then from laufer's reaults:

Usfy. = 67

The structure of turbulent pipe flow discussed in
Hinze (reference 48) sets the velue of L at roughly
0.25a. The condition i >»» L is more strictly the
condition that the correlation between the tanéential
velocity comjonents at two points on the circuit shall
fall to zero for a separation that is smell in comparison
with r. Such a correlation distance will be lerger
than L by a factor depending on the shape of the
correlation function R,, (ys 0,5,0), being equal to L .
only for a rectangular fGHéticn. While measureiiéhts of
this function have not been made, the general shapes of
correlation functions would suggest a ratio of two to three,
Thus the required condition is not strictly observed;
- however, such functions fall off rapidly with separation
and the error is therefore small and certainly acceptable
for the present argument. '

Subgstitution of these estimated values leads to:
y,

T X 1.7 x 10

.m ‘
The turbulent ciroulation around this circuit of
aporoximately the pipe radius will re~inforce one
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secondary circulation and oppose the other. Thus the
required tangential velocity around the circuit need

be of only half the value of that of the resultant vortex
or W/Um ¥ 5x 10“2‘ Hence the required value of

Wp is roughly three times its r.m.s. velue, Wn. Assuming
a Gaugsian distribution for the velocity fluctuation, Up,
the probability of a deviate lying between three tinmes
the standard deviation 2nd infinity can be determined.
The probabllity distribution curve, however, is very
sensitive and to apply the result of the preceding
estimates to it 1s; perhaps, facetious. However, if it
is assumed that the required deviate lies between roughly
2.5 end 3.5 times the standard deviation end infinity
respectively, then the corresponding probability lies
between 6.2 x 1072 m~md 2.3 z 1074,

Approaching now the problem from the opposite
direction: if the number of switches'per second is n,
then, since switching will occur only for oconsecutive
disturbances of opposite sense and the probability of
this occurring is a half, assuming the upstream flow has

no bias, the number of disturbances per second of a
magnitude capable of producing awitching is 2n. Thus
during one second, the length of time for which a
disturbance of such a magnitude exists at a point is
2 nl, where 1 is the churacteristic axial length and U
i8 the convection velocity of the disturbance. This is
also equal to the probability, P. '

For 2 fully developed, turbulent pipe flow 1 is
% 0.8A and assuming that U is roughly U_, then:

P 2 2,32 103 a.
Equating the probabilities gives the value of i
vanging from 2.7 to 0.1 ¢/S; to be compared with the
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characteristic frequencies ¢f 1 c¢/s in air and

2-3 ¢/s in water. Clearly one would also expect the
turbulent circulation to produce continuous fluctuation
in the strength of the resultant vortex, as wag observed.

Nothing more can be claimed for the above argument
thon that it does suggest that the turbulence can produce
disturbances of the required magnitude with a comparable
time scale to the switching.

The latter part of the argument expreasses the
probability as 2 nl which is clearly a Strouhal number
type term and hende might be expected to remain fairly
constent over some range of Reynolds number. Present
observations would suggest that it does not since there
was no clear variation of n with U. This point can only.
really be resolved by a spectral analysis of n at widely
different values of U, demanding & technique for handling
low frequencles. It must be emvhasized that n =appeared
random and th:t the characteristic values ascribed to it
arec merely estimates.

Considering the other quantitles, the effect of
Reynolds number on u;/Um is small, in Laufer's data, its
value increased by less than 1&% for a decrease by an
order of megnitude in Um and thus assumiﬁg the turbulence

structure remains similar, wé/Um might be expected to
remrin fairly constant. The downstream secondary circu-
lations are proportional to the upstream shear, which 1/4
for a turbulent pipe flow will vary approximately as Uh '
assuming the Blasius result. This would suggest that
W/Um will vary as Um3/4, but since W 1is the difference
of the two circulations and is governed by the relative
dimensions and shears of the separation, this is something
of an inponderable. Clearly measurements of W are needed
but this presents a very substantial experimental problem

in itself.
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The production of such a turbulent circulation
obviously aanlies to other pipe 1lows and thus any nipe
bend producing senaration might be expected to also
nroduce switching under such conditions. For a square
section bend, the top and bottom walls will constrain
the separation, preventing it from osecillating. The
turbulent eirculation will therefore appear as fluctuations
in the strength of the twin vortices. The measurements of
Curtis, Feil and Lignormik in such a flow confirm that
switching does not occur but fluctuations in the secondary
flow are not mentioned. Their flow does not strictly
conform, however, since it was not fully developed.

~ Weske's work includes flow through cireular section,
90% bends producing seperation with an upstream fully
developed turbulent flow and hence switching might be
anticipated, but none was recorded. No flow visualigzetion
techniques were employed, but the small yaw meter used for -
measuring the tangmial velocity components in the shedding
_layer would oresum?bly have indicated such a fluctuation
unless the time constant of the meter was very large
( ~ .030 inch bore but of unknown length). The text
implies that the tangential flow at the outer wall was
quite steady and only on ﬂpproaching the inner wall was
unsteadlness, produced by the separation and "eddy regiomn",
recorded. These results seem 1ncomnatib1e with the present
work, but future experiments which are envisaged on bends.
with emnll radii at the inner walls should provide decisive
information. ' ‘

The discussmon is summarised in the following
conclusions: ' ‘

(1) A lateral perturbation of the separation from the symmet-
riea].pmﬂiianisunstable since it allows one secondary
oiroulatioﬂ”tp grow at the expense of the other and hence
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re-inforce the perturbatiqn.;.This"prbcéss is limited by
the salient edge which forces the flow to separate.

(2) The difference betwesn the two circulations produces
a downstream single vortex. '

(3) In order to effect a awitch, a disturbance is
required to perturb the separation to the other side of
he plane of symmetry.

(4) The frequency of switching is much lower than thet
related to the characteristic velocity_and length scale
of the flow. ' '

(5) Turbulent flow is essential %o the switching
Dhenomenon.

(6) Estimefion of the turbulent circulations in the fully
developed pipe flow upstream of the bend suggests that

the magnitude requireé to effect switching would ocecur

at a time scale comparable to the observed magnitude.

(7) The effect of Reynolds number on this phenomenon
requires quantitative measurements of the switching
frequency and downstream tangential velocity.

(8) Such results should apply to other seperated,

turbulent pipe bend flowsa, but Weske's results appear

contradictory at present. Future work should resolve
this.

(9) It may be possible %o suppress separation in a
given bend geometry by forecing a single vortex,
secondary flow to be established.
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7. EXPRRIMENTAL MEASUREMENTS.

As may be anticipated from the preceding discussion
of the nature of the flow, it was exceedingly difficult
to mrke sensible measurements of it. Any transducers
placed within the flow were, in general, operating under
conditions of widely variable yaw and high turbulence
levels. #hile time means of =2ny measurements could
always heve been taken, they would not have been meaningful
nor would they have reflected the real flow. Because the
switching caused the separation and shear layer to
oscillate, such considerations applied to virtually the
entire flow field for several dlameters downstream of
the bend, thus the initial intention of a careful
examination of the separated flow field was frustrated.

7.1. HOT-WIRE MEASUREMENTS.

Although the instantaneous flow pattern was not
symmetrical with respect to the plane of the bend, the
two flow configurations were mirror images about this
plane. Hence the veloclty components to which a simple
u=wire is sensitivity were less affected in this plane
than elsewhere in the flow. Four mean veloclty and u -
component turbulence profiles in this plane are shown in
figures Al - A7.

Off the plane of symmetry, the turbulence level
indicated by a u-wire was in general, except within the
reverse flow region, of a distinctly two level nature.

A typical output trace is shown in figure 7.1. At the
left and right of this trace are comparatively low |
turbulence levels, while the centre of the trace reveals
large departures from the mean. From the knowledge of
the flow gained from the previous experiments, it can be
reasoned that, off the plane of symmetry, the fluid







-9 3

reaching a2 voint when the clockwise vortex exists will
have had a very different history from that when the anti-
clockwise vortex dominates. Imn partiocular, referring to
the gketches in figures 5.8 and 5.9 when the clockwise vortex
exists, fluld convected to the point °'P' near the upper
‘well will have come from near the separation and hence
might be expected t¢o be very turbulent, while the anti-
clockwise vortex will bring fluid which has not been
contaminated by the separation.

In order to test this argument and hence 1f it is
found valid, confirm the nature of the flow field, it
was decided to ettempt to detect the instantaneous flow
state by some means and thus to examine the turbulence
in the two states separately.

First attémpws were made with a u-wire set such that
it was epproximately parallel to the estimeted mean path
of one of the vortices, as shown in figure 7.2. While a
change in mean bridge voltage was detectable, the level was
500 small and fluctuations superimposed on the mean voltages
were frequently in excess of this difference.

A device which was used very successfully is the
small flag shown in figure 7.3. The flag was made of
0.002 inch gold shim and the contacts of 0.008 inch gold-
plated wire. It was considered advisable to use gold
in order to emsure a good, low resistance contact and
t0 avoid arcing which, even with a low voltage (6 volts),
would rapidly destroy the contact points. The flag
was connected up and mounted as shown in figure 7.3.
Examination of the flag output revealed that a clean
"switch" was not being achieved, but that as the vortex
drove the fleg against a contact, the flag bounced on the
contact to produce "grass" mede up t& discreet pulses
characteristically 0.5 ms in length and at 4 ms intervals.
It was also olear that while predominantly in one state,
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switches to the other state indicated by a single or
double pulse were occurrings -#n example of the flag
output is shown in figure 7.4 where three major vortex
switches occur together with several single pulse éwitohés.
Such switches are of a much shorter time scale than that
associated with the vortex switching and may, perbaps,
have been produced by the turbulence content of the flow.
Moreover, since a mechanical device was being used, it
was likely that there would be a significant phase
difference between such short pericd disturbances and
the corresponding motion of the flag. Hence, using the
flag output to switch an analogue signel derived from
the flow, large errors could be introduced. It was,
therefore, decided to ignore these short period switches.

I, order to derive from the- flag a signel which
could be used to switch an analogue gignal, obtained
from either a hot-wire or pressure transducer,and which
would also ignore short switching intervals, the logic
circuit of figure 7.5 was devised and built up using
"Farnel Logic Instruction" equipment which, being a
"building brick"system, is very suitable for such
applicetions. Since the pulses produced by the flag were
very regular, it was decided that any switching interval
less than some small arbitrary number of pulses would be
neglected. Examination of the flag output indicated that
although there were many switches of one or two pulses,
there were few in the range three to ten pulses. The
number four was chosen as the limit. Thus the logic
would inevitably lag bebkind the flag by approximately
15 ms, but in view of the average switching intervzl,
this was acceptable. -

The action of the logic ciroult was, thersfore,
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as follows: with the logic output in the state corres-
ponding to a clockwise vortex {say), pulses from the

flag in the anti~-clockwise sense were counted and those
in the clockwise sense neglected. If th:e number of .
consecutive anti-clockwise pulses reached four, the logic
. output switched over to indicate the anti-clockwise state
and the procedures were reversed. If, however, the
number of consecutlive anti-clockwise pulses did not reach
four, the next clockwise pulse reset the count to zero.
An example of the logic output, that is, the switching
function, following the flag output is shown in figure
7.6 and the switching funcition compared with the hot-wire
bridge output trace in figure'7.7. The switching function
was used to drive an analogue switch operating on the
transducer output snd also to gate a clock, thus allowing
‘the interval for which a particular state existed to be
timed. The gated transducer output was then taken to

the spectral analyser, the mean square of whose output
was amplified and integrated by am operational amplifier.
A master switch enabled the integrating snd timing
operations to be started and stopped coincidentally and
an-inverting switch incorporated in the logic allowed
the switching function to be inverted and thus either
state could be selected for measurement.

The whole chain from the analogue switch to the
integration was calibrated by applying 2 sine wave
of known amplitude at the input end measuring the
integrated volted on a digitel voltmeter over a period
measured on the counter. In order to determine the
mean d.c. hot-wire bridge vdtages relevant to the two
statos, the bridge output was integrated directly:after
being divided down by a potentiometer to enable a
siaitable integration period to be attalned; this was
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governed by the time constant of the integration

{5.5 secs.) and the linearity of its integrated voltage
against time curve (linear up to an integrated voltsage

of 20 volts}. The block diasgrams are shown in figure 7.8.

The hot=wire probe was mounted.in conjunction with
the flag as shown in figure 7.3. Four spectral analyses
of the two flow states were performéd, all at a fixed
distance downstream from the edge and at a fixed distance
from the pipe wall. Two were symmetrically disposed about
the axis at 2 129° and the other two were situated in the
plane of symmetry at the inner and outer wall; the distri-
butions are shown in figures A8 - All. All integrations
were performed over a period of at least a minute, that is,
an integreted period of a minute.

Whilst toking these measurements, it became apparent
that ‘over long periods of perhaps helf an hour, a
preferred direction would exist such that the flag would,
on average, remain up to four times longer in one state
than the other. It was thought that any residual swirl
in the la2boratory might be generating a "bath-tub" type
of vortex in the bell-mouth intake, thus bisssing the
flow. However, smoke filaments gave no indication of its
existence and a screen stretched across the intake did
not affect the ratioc. If, indeed, the flow is very
sensitive to residual swirl, then a redesigned intake
with a large provision for flow straighteners would be
necessary to remove its effect. However, the measurements
made in the present work would not be affected by this
gince the instantaneous flow patterms would remain the
same. Any future work aimed at analysing the switching
frequency spectrum and the factors affecting would,
however, necessitate a close exaﬁination of such swirl.
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7.2 FURTHER TESTS IN WATER.

Tests of an exploratory nature were made to see
whether the techniques of injecting saline solution ond
detecting 1ts presence downstream with conductance probes
would be of value. Details of the probes end their a.c.
bridge circuit are shown in figure 7.9. No attempts were
made to calibrate the probes, other than to ensure that
their sensitivities to saline solution concentration were
similar to within five percent.

In general, the rapid diffusion of the solution
prevented any useful results from being obtained in the
centre ond reverse flow regions. However, by positioning
the probes .close to the wall in the‘plane of symmetry,
horizontally opposed, the vortex switching could be
detected very clearly. A typical trace with the corres-
ponding sketch of probe positions is shown in figure 7.10.
The trace shows a marked tendency for the saline ’
solution to be convected to the inner probe (clockwise
vortex). This is because the injection point was near
the region (c) of figure 5.2, where the flow in both
brlves of the pipe is fairly steady inwards. Strong anti-
clockwise vortices, however, were capmrble of convecting
the solution across to the outer probe.

7.3. PFLUCTUATING WALL PRESSURE MEASUREMENTS.

The transducer‘'s r.m.s. output voltage recorded by
the Brtiel and Kjaer analyser fluctuated wildly but seemed
to consist of a high level with rapid "dips" to a much
lower level. Again, the time scale was comparable with
vortex switching. Typlcal exsmples of the analyser
output are shown in the traces of figure 7.11l. Unfortu-
n2tely, the long time scale put these fluctuations
beneath the range of the avallable analysers, although an
occasional unexpeotedly large reading was recorded in the
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2.5 ¢/S 1/3-octave frequency band. The two level nature
of these readings was not of the same character as those
of the turbulence, however, since the latter readings spent,
on average, equal periods in each state. It was decided to
record 2 maximum, minimum and a mean reading to define each
neasurement in order that the spectra might be compared.

A survey around the circumference of the tube confirmed
that the flow was symmetrical over a sufficient period of
time and that the three readings elected to be taken were
repeatable at the symmetrical positions: further surveys
were restricted to the upper half of the model.

Four axial surveys of the r.m.s. pressure fluctua-
tions in the band 2 o/S to 40 kc/S which will be termed
the total r.m.s. fluctuwation, p , were oonducted and are
presented in figures Al6, 17 and 18. Circumferentiel
spectral analyses were then carried out at six stations
downstream, together with the spectra upstream and far
downatrean (figures A19 - A4l).

Examination of the repeatability of these measure-~
ments indicated that dimensional quantities were repeatable
to within 10 per cent, but the ratios p /p'mex and
P}/p'mean were repeatable to within 5 per cent. The p’mean
referred to here and used for the plotting of the spectra
is its maximum value occurring around the periphery of the
tube at that value of L/D. The rotation at which it
occurred together with its value is recorded on each graph.

Measurements using the flag and anrlogue switch system
previously desaribed were performed at the same positions
as the corresponding hot-wire measurements. The nature of
the construction of the pressure transducer necessitated
a8 slight modification to the flag.

The frequencies at which measurements could be taken
were restricted to the fixed 1/3-octave bands of the
analyser,and@ thus in the regions of peaks and troughs of the
spectra a variety of ourves may be drawn through the experi-
mental points. It has been attempted to provide a coherent
get.
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8. DISCUSSION.. =

The experimental results discussed in this section
are collected in the Appendix. '

8.1 MEAN VELOCITY AND TURBULENCE PROFILES.

No evidence of reverse flow is to be seen in figures
A.1, A2 and A3 since the hot-wire probe employed was
incapable of distinguishing it. While a minimum might be
expected at the poiﬁt of reversal, the unsteadiness of the
. flow and the high turbulence level in this region prevented
its identification, although it certainly should have existed
in the first two profiles. Thus the portion of the
profiles near the inner wall must be treated with reserve.
The profiles are qualitatively similar to Weske's,

the peak iz seen to move across to the outer wall as
the shear layer spreads, assisted by the cross flow,
reaching its closest approach at about L/D = 1.64
and subsequently returning as the profile reverts to that
of a straight pipe flow. By estimating the curvature of
the mean streamlines at L/D = 0.0052, a plot of mean
angular momentum distribution is shown in figure A2,
.compared with that for two-dimemsional, curved chamnel
flow. The major portion of the two dimensional profile
is virtually the potentiel distribution UR = constant,
but, as in Weske's and Curtiss’' results there is a

" portion of the three-dimensional profile uninfluenced

by the separations or a cross flow which also corresponds

40 UR = constant. The velocity profiles are, again,
- qualitatively similar to those obtained by Graves and
" Rdnov (reference 49) in a two-dimensional, mitred cheannel
.bend, although naturally there is no orossflow to assist
the spread of the shear layer. However, the extent to
which the cross-flow assists the re-attachment in the
three-dimensional flow can be appreclated from the
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conclugion of Graves and Ranov that re-attachment wés
not achieved within the two=dimensional channel, some
40 chamnel widths long. '
The mean shear is necessarily very intense since
the growth of the separation accelerates the mean flow
to a much greater extent than in, for example, an external
wake flow. In the first two profiles, the turbulence is
seen to reach & sharp peak over the central portion.of
the shear layer, since any convection of fluid up and
down the shear by the component in the direction of the
shear contributes greatly to the u’ term. Phe last two
profiles show the rapid spread of the turbulence.across
the wake under the influence of the cross-flow established
at the impingement of the two inward circuletioms. The
rapid growth of the turbulence level near the outer wall
in the final profile indicates thet the dominant vortex
hes now started to sweep the outer wall, convecting
with it highly turbulent fluid from near the separation.
That this is the action of the dominant vortex is
.shown very clearly by the switched spectra plotted in
figures A8 - All. The off-axis plane spectra at + 120°
reveel the observed two level nature of the turbulence
and confirm that the two levels are related to the
gtructure of the two dominant vortices. Thus at the
+ 120° position the highly turbulent state is associated
with an anti-clockwise vortex, that is, the vortex A
convecting fluid from near the separation, while the
clockwise vortex brings "uncontaminated" fluid to this
point and hénoe has a much lower level. This description
of the flow demands that the relationship between vortex
genss and turbulence level should reverse for the
symmet-sic position at « 120°, but that the spectra of
the respective levels should remain similar and +this is
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seen to be so. Again, one would expect that on the
plane of éymmetry the spectra would be identical in
both vortex senses, and this is showm in figures A8 and
‘A1l within the limits of the experimental accuracy. The
low levels at the outer wall show that the dominant
vortex does not yet sweep the outer wall and has a level
similar to that recorded in the traverse at /D = 1.64.
There is a striking difference in the peak
frequencies of the spactra. Thus while, as might be
expected, the spectra of the low level states at =+ 120°
end the spectra at the outer wall are all fairly similaxr,
the spectra of the high level states at I 120° and %hose
at the inner wall are very different, even though the
fluid is coming from the separated region for all the
later cases. Thus the peak at < 120° is at roughly
60 ¢/S, while at the immer wall it is at roughly twice
this frequency, 120 c¢/S. This point is referred to in
the diacussion of the switched pressure spectra.

8.2 FLUCTUATING WALL PRESSURE MEASUREMENTS.

On examination of the “switched" 'pressure spectra
in figures Al2 - AlS5, two features are immediately
obvious: all the spectra are very similar and the spectra
‘at = 120°, while qualitatively exhibiting the same trend
as the turbulence specitra, do not have two diatinet
intensity levels. These features reflect that the-
fluctuating pressure at a point in an incompressible
flow is detexrmined by the entire velocity field and
may be represented by an integral over-all space, whereas
the turbulent velocities are local. Thus the turbulence
speotra are govefned by the portions of the shear layer
eonvected locally by the domlnant vortex, while the
prassure spectra are govermed by the fluctuating vorticity
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in the shear layer, most of which passes down the core
‘of the flow and gives rise to the high turbulence lavels
in the central regions of figures A3, A4 and AS, Hence
the pressure spectra at = 120°'are almost independent
of vortex state.

_ All the "switched" pressure spectra exhibit the two
peak frequencies characteristic of all the pressure spectrsa,
whereas the awitched turbulent velocity spectra separated
these peaks, the higher frequency being predominant at the
0° position, although the spectrum is broad enough to
include a large component at the lower fregquency. This
- éﬁggests that the shear layer is producing essentially
two instabilities associated with differemt regions of
the layer. Thus the streamline labelled "A" in figure
5.8 will tend to convect instabilities associated with
the smaller region of the shear layer to the inner wall,
while the streamline labelled "B" in figure 5.9 will
tend to convect, in addition, instabilities from the
broader part to the wall regions off the plane of
symmetry. Intuitively, these would be assoclated with
a higher and lower frequency respectively.

Despite the similarity of the "sﬁitched" pressure
spectra, the r.m.s. pressure fluctuations did indicate
a two level nature, though by no means of equal period
as previously mentioned. Since the switched measuremehts
did not'separate these levels, these measurements must be
averages over the two levels and, in fact, the total
r.m.s. fluctuation p’, was significantly smaller than the
mean readings observed in the circumferential spectra
at 1/D = 1.96- The time scale associated with the two
levels was agein that of the vortex switching which
auggests that the re-organisation of the flow during
switching suppresses, or randomises, the instabilities
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of the shear layer: the spectra of the minimum readings
tends to be broader and far less peaked then the ‘
corresnondlng maximum or mean spectra. The effect is, "
perhaps, similar %o the loss of a pronounced sheddlng
frequency from a circular cylinder during trensitionm,
when the turbulence in the shear léyer is sufficient to
disorgonise it, followed by the recovery of a dominant
frequency at much higher Reynolds numbers as observed
by Roshko.

At L/D = 0.35, reverse flow exists at the inner
wall and the spectra in this region (figures A19 - A24)
are seen to be broad. The intensity increases with angle
of rotation, thet is, as the shear layer begins to develop
a2 more .peaked nnture. The intensity drops off as the
rotation is increased, passing out of the separation, ond
the major peak at roughly 50 ¢/S is reduced -to about
35 ¢/S, which is presumably a Dopoler type effect
produced by propagation across the mean flow. The two
ma jor peaks in the upstream pressure spectrum (figure 441)
also show this effect to & similar extent and the
frequency of both scale by the same factor.

" Proceeding downstream, the spectra become more
peaked as the two major instebilities predominate over
the less organised components. There is evidence of a
" lower frequency component at roughly 10 ¢/S being present
and is strongly in evidence at L/D = 4.75 (figure A39).
The origin of this pemrk is unknown. The spectra become
progressively similar with respect to circumferential
position 2s the shear leryer is distributed throughout
the core of the flow by the cross-flow. Par downstream
(figure A40), the spectrum retains its peaked nature and
contrasts markedly with the spectrum of the minimum
readinga. The 50 ¢/S peak has again reduced to roughly
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32 ¢/S while the higher frequency peak has not been
significantly affected (the low frequency filters were
not available at this point). .

This modification of peak frequency is likely %o be
brought dabout by distortion of the wavelength amnd changes
in the convection velocity of %he disturbance.

The axial distributions of figures Al6, A17 and A18
heve a maximum at L/D = 0.6 corresponding to the region
in which the predominant shear layer instability oceurs.
Thus, although the flow at the inner wall ias still
separated in this region, the spectra at L/D = 0.62
have developed a large peak at roughly 45 c¢/S compared
with the broader spectra at L/D = 0.75 (c.f. also, the
large peak in the turbulent velocity distributions at
L/D = 0.57). The secondary peek in the two inner axial
distributions is probably asscciated with re-attachment
since 1t does not occur in the outer, unseparated distri-
butions at 120° and 180°. The inner distributions decay
répidly after I/D % 0.9, while the outer distributions
retalin a more constant level since the shear layer is
spreading towards the outer wall.

A significant feature of the pressure fluctuations
in the meximum r.m.s. level of 38.7 x 10-3 p.s.i.,
corresponding to a pressure coefficlent, based on the
upstream mean dynamic head, of 0.47. The maximum spectral
component, measured at L/D = 0.62 and at 40 c¢/S, was
equivalent to a coefficient of 0.29. Unfortunately, no
gpectral analyser was avalilable for examlning the
frequency range of the vortex switching (~1 ¢/S), but a
significant contribution to the pressure fluctuations
night be anticipated from the oscillation of the

separation.



9. GENERAL SUNMMARY.

9.1. CONCLUSIONS.

(1) The flow through the mitre bend separated at the
inmer salient edge, re-attaching after aporoximately
three=-quarters of a diameter. The separation was not
symmetrically disposed about the plane of symmetry and
thua the two secondary circulations generated inm the two
halves of the pipe were not equal.

(2) - The two secondary circulations flowed around the
edge of the reverse flow region meeting immediately after
re-attachment. A resultant downstream circulation,

" termed the dominant vortex, equal to the difference .
between the two circulations was set up together with

a cross-flow which agsisted in spreading the shear layer
across the flow. ’

(3) The separation was not stable but swiiched about
the plane of symmetry, thus causing the dominant vortex
to reverse its sense. The frequency of switching
appeared random but of low frequency, typically of order
1 o/S; the action of switching was very much more rapid
(of order 10~3 %6¢0198) o gominant vortex; while
maintaining one sense fluctuated in strength.

(4) Deoreasing the Reynolds number did not significantly
pffect the flow patterm until a value of roughly 3,000
when switching became less well defined
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(5} The dominant vortex was of insufficient strength

to sweep across the plane of symmetry at the outer wall
until 2.5-3 diameters downstream of the inner edge. 1In
general, therefore, in regions off the plane of symmetry
immediately downstream of the bend, but not within the
reverse flow, the fluid convected to a point near the
wall was either "contaminated" by the separation or not,
depending on which vortex dominated. 'Thus the turbulence
levels in these regions were of a distinctly two level
nature. '

(6) Switched hot-wire measurements in this region,
confined to a particular vortex sense, confirmed the two
level nature of the turbulence and the suggested flow
model. The turbulent velocity spectra indicate . that the
two predominant instabilitles of the shear layer are
related to two separate regions of the layer: the broad
central portion corresponding to the lower frequency

(60 ¢/S) and the smaller portion at either side to the
higher frequency (~ 120 c¢/S).

(73 Fluctuating wall pressure measurements were also
of a two level nature but did not reside at each level
for equal periods: the lower level was ntre -transient
but switching between these levels occurred with the
time scale of the vortex sw1tching.

{8) Switched pressure fluctuation measurements did

not gseparate these two levels as in the case of the
turbulent velocity measurements. It seems likely that
the lower level is produced by the disorganisation of
the shear layer during switching randomising the shear
layer instabilities: the spectra of the minimum readings
tended to be broader and less peaked. The pressure
fluctuations were dominated by the shear layer fluctua-
tions and not by the structure of the fluid convected
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locally. Thus all the switched pressure spectra were
gimilar,

(9). Pressure spectra under the reverse flow region
of the separation tend to be broad. The predominant
instabilities ocour at L/D =2 0.6 after which the spectra
take on 2 gtrongly peaked form. On moving around the
circumference of the tube near the reverse flow region,
the intensity and peaked nature increases as the shear
layer approaches the wall. Spectra at the outer wall
in this region indicate a frequency shift probably caused
by convection against the mean flow. On proceeding down-
atream, the apectra become progressively more peaked 2as
" the less organised fluctuations decay more rapidly than
the dominant ones. The spread of the shear layer and
its distribution through the core of the flow cause

the spectra to become similar at all circumferential
positions 2fter epproximately two disameters downstiream.
A lower frequency peak of unknown origin becomes evident
at roughly 10 ¢/S. The three peak frequencies have
mean Strouhal numbers, based on upstream mean velocity
and oipe diameter of 0.03, 0.14 and 2.37, the most
powerful corresponding to 0.14. The maximum level of the
total pressure fluctuation corresponds to a pressurs
coefficient of 0.44.

(10) Upstream, the peaks of the pressure spectra have
moved to lower frequencles, presumably through convection
of the pressure disturbances against the mean flow since
they scnle by similar factors. Far downstream, distortion
of the disturbances and changes in their convection
velocities cause scaling of the peak frequencies by
different factors.
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(11) The time scale assoclated with vortex switching
was much longer than that associated with the instabilities
of the shear layer (of order 102 seconds). Turbulent
flow aprenred essential to the vhenomenon. An order of
magnitude argument based on the structure of fully
develoned turbulent pipe flow suggests that the production
of a turbulent circulation of a magnitude sufficient to
effeoct switching would occur with a comparable time scale.
Thus the switching disturbance is considered to arise

from a chance orientation of the turbulent eddies in the
pipe flow, such that a turbulent circulastion of comparable
magnitude but opposite sense to the resultant downstream
cireulation is generated in the flow entering the bend.
This is sufiicient to perturb the separation to the
opposite side of the plane of symmetry end hence reverse
the sense of the dominant vortex. No sensible estimate

of the effect of Reynolds number on switching frequency
can be mPde using this argument, since it depends
eritically on the dependence of the resultant circulation
on Reynolds number, which is not known.

(12) No reason can be foreseen why the above
considerations should not apply to a sharp pipe bend
without a salient edge but which does produce separation.
However, Weske's result in such & bend appears anomalous
at present.
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9.2 CONSIDERATIONS OF FURTHER WORK

The nature of the flow Ffisld which has been
established in the present work raises a number of
points for further study.

(1) The frequency spectrum of the vortex switching

and the effect of upstream swirl and Reynolds number.
This would require either a very low frequency filter
analysing & transducer output or an extension of the

"flag" and pulse counter techniqua.

(2) The variation of rownstream ciroulation with
Reynolds number, again requiring a "flag" technigue

or posaibly a method which fixes the dominant vortex

in a particular sense, for example, by injeoting upstream
swirl, provided this does not significantly change the
other features of the flow. ‘

{3) The effect on vortex switching of radiusing the
jnner wall. This would establish whether switching
existed in deske’s flow or whether a salient edge 1s
esgsential to its existence.

(4) The effect of Reynolds number and radius ratio on
wall pressure fluctuation peak frequency and intensity.
It may be anticipated that frequencies will be governed
by a rough conatancy of Strouhal number, and intensity
by some power of the upstream mean velocity (approxi-
mately the fourth power for the surface pressure
fluotuation on a circular cylinder). It is unlikely
that amall chernges of the inner wall radius will effect
these quantities, except that the narrower regions of
the separation which gave rise Yo the highest frequency.
comvonent in the mitre bend flow might not be present
since there is no salient edge. Oscillations of the



'separati6n point would also'be possible; which, if they
became coupled to arother mode, might change the flow

(5) The question reoised by Weske’s work of whether a
pronounced asymmetry, with resnect to the plane of
symmetry of the bend, of the upstream mean velocity
profile can overcome or alleviate separation in a.
sharp bend.



A PPENDIX.
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SYMBOLS RELEVANT TO THE EXFPERIMENTAL RESULTS

Pipe diameter (inches)

Distance downstream of Mitre at

‘inner wall of bend (inches).

Instantaneous wall pressure fluctuation

~ in the band 2 ¢/S ~ 40 ke/S

' Spectral component of p in a

1/3-0ctave band.
Radial distance from pipe wall (inches)

Esimated radius of curvature of mean
atreamlines (inches). ‘

Instantaneoua fluctuating axial
velocity component in the band
2 ¢/3 -~ 40 kao/S.

Spectral component of u in a 1/3-octave
band. ‘

Local Mean Axial Velooity.

qumal distance from inner wall in the

plane of the bend (inches).

Prime indicates r.a.s. valﬁe.
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