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Summary

In an experiment made with a three-coil helical pipe a value was
found for the bend deilection corresponding to a complete oscillation of the
secondary circulation. Fro: this result a bend radius may be determined for
a given pipe diaueter such that certain secondary flow conditions are attained
at the outlet ol a bend of given deflection. A 2" pipe bent on a radius to
produce maximum secondary circulation at the outlet of a 30 de; bend was used
for further experiments. The build up of pressure losses in both thetend
itself and in the transition resion downstrean {ron the lend was investigated
for threec values of the bend deflection. Similar calculations were made for
flow in a helical pipe at aporoximately the sane Reynolds number. The effect
of varyinpg the downstrean transition length was also considered.

Introduction

Pressure losses in pipe bends have been measured by o number of
investigators and widely varying rcsults have becn reported (Gray 1945).
This is probably due not merely to their use of differing inlet velocity
distributions put also to the conditions at the outlet ot the pipe.

In o theoretical discuscion of flow in bent pipes Hawthorne (1951)
shows that the secondary circulation which appears in bands is of an
oscillatory nature with a period proportional to / 4/ where d is the
diameter of the pipe and R 1g the radius of the bend. Because of increasing
frictional effects in the bend the secondary flow is subjcect to large dampineg,
and, provided that the bend deflection is large enoush, there wils be a
region of fully dcveloped curved {low after perhaps one or two complete
periods. In such a region the velocity prorile is siciler througbout, but
what that profile is like will depend on the geometry of the bend and the
deflection at whichk fully developed curved ilow is attained. A theory for
laminar flow in the fully developed curved flow re:;ion was first presented
by Dean (1927), who described the pressure losses in terms of a parameter
depending only on the ratio d/2R and the Reynolds number. The relevance
of this parascter has been conflirmed by the experiments of Adler (1934) and
Whitce (1929) and in a receat contribution to the theory made by Barua (1955)°
It does not however describe the flow when turbulent conditions arc obtained,
nor has a method yet been suycested ror extending the theory to these more
practical cases. In a system for which therc is no such region of fully
developed curved flow the conditicns in the downstream transition region
will vary with the phase of the secondary flow oscilliations attained at the
bend outlet; this in twrn being determined by the geoumetry of the bend and
the inlet conditions.,  Lurthermore the "gtilling length" -« i.e., the
transition length in which a symametric velocity is recovered -~ may well be
in excess of sixty diamcters, whereas vipe-flow tosts are frecuently made
with comparatively short transition lenzths., or even no transition lengtn
at 211, With such a large range of possible outlct conditions it is clear
that any sort of correlation betwecen the results of diffcrent experiagenters
is likely to be wvery difficult,
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The first group of experiments reported here was designed to
study the important effect on the build up of pressure losses of the value
of the secondary circulation at the bend outlet. A three-coil helical
pipe was used first to determine thc bend deflection corresponding to a
complete oscillation of the sccondary circulation. Using this remult a
ratio of /R may be calculated to give a maximum value of the sccondary
circulation at the outlet of a bend of, say 30°., The same value of d/R
will produce zero secondary circulation at a deflection of 60°, and a
small circulation in the opposite direction at 70°. Three such systems
were used to investigate the difference in the build up of pressure losses
in both the bend itsclf and in the downstrcam transition rcgion. The
results arc compared with losses calculated for the helical pipe in which
(of course) there is a region of fully developed curved flow. All the
tests were made at approximately the same Reynolds number with approximately
the samc inlet velocity profiles, and in cach case the downstrcan transition
length was sufficient for a nearly symmetrical vclocity distribution to be
attained at the pipe outlet.

The sccond aspcect of the problem considered is the effcct caused
by varying the downstream transition length. Ixccpt for onc test made on
the helical pipe attention here was confiined to the 2" pipe with the 70°
bend, using six different transition lengths between 62 diameters and zero,

Flow in Bent Circular Pipes

In a given system consisting of a circular pipc of diameter 4,
bent on a circular arc of radius R, with a length of straight pipe of the
samc diameter downstream of the bend, thrce flow rcgions may be distinguished.
Firstly there is the inlet transition rcgion in which the inertia forces are
more important than thosc duc to viscosity. The main effcct here is the
gencration of a component of vorticity E in the dircction of flow. Using
an inviscid fluid thcory Hawthorne (1955) shows how, when the inlet velocity
profile is linear, to a first approximation the effect of the sccondary flow
is to rotate the entire strecamline pattern about the axis of the pipe.
Having previously madc this assumption Hawthorne (1951) showed that the
nature of the secondary flow is oscillatory, the angular displacement a
being given approximatcly by the equation:

d fa
- === =z COS Q see (1)
R a¢°

where ¢ 1s the bend deflection,.

Horlock (1955) considercd the sccondary flow as a perturbation on
the main potential flow and, with a lincar velocity profile, established the
first order result that & is uniform over any plane cross—scction of the
pipe and is a function of ¢ only. The circumfercntial velocity is then
given by:

v = -~E d eee (2)

The analysis may be extendcd to more general pipe flows where the
inlet velocity profile is symmetriccl about the pipe axis if it is assumed
that the pipe be divided into two halves by the plane of the bend and that
in each half & dis rcplaced by a mean vorticity Em whose product with

the cross=scctional arca of the pipec gives the total circulation.  Then

g r P hi dg
IR = - 2/ ’igrad - " COS o == vee (3)
q o pi ¢

where h, p, and q are the stagnation pressurc, density and velocity
respectively.
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Also, approximately

v d da
bl = - cam LN (LI-)
q 2rC d¢

where r, is the distance from the particle to the centre of the bend.

Initially a; Igrad ? ‘ = % Igrad gle If Um is the maximum vclocity,
by the mcan value theorem there is a point in the cross=scction at which
Igrad q I = Um/d. It will bec assumed that Igrad q I across the section
may be rcplaced by this mcan value, so that

1 h U,

- Igrad - f o -

q P qd

Following the particle of highest total pressure, where g = Um and
r, =R+ % d sin «, equations (2) to (4) rcduce as beforc to:

d Fa

- === = CO5 Q

R dg¢®

provided that R is large comparcd with d. An exact solution of this
cquation, with the condition da/d¢ = O whon a = ®/2, gives the period of
oscillation of the fluid in the bond as 1.18 x 2x Vvd/R.

The introduction of § and thc other assumptions made above are
not regarded as o satisfactory bisis for the oxtension of Hawthornets (1951)
theory. In the absence of an altcrnative analysis however, they do at
least suggest the presence of sccondary flow oscillations.

This oscillation has been observed in practice though there is a
large frictional damping effect which depends on the Rcynolds number and
the roughncss of the pipe. The period of oscillation mey be written
27B Vd/R whcre B is a constant. Bcoause of the assumptions madc in the
analysis it scems likely that B will depend to some cxtent on the inlet
velocity profile.

When the sccondary flow oscillatbtions have been completely damped -
if the bend deflection is sufficiently large for this to happen = a rcgion
is reached in which there is fully developed curved flow.  Here there is
no further displacement of the Bernoulli surfaces and total pressurc profiles
arc similar. The cxtcent of the recgion of fully developed curved flow will
depend on the bend deflection, the value of d/R, the Reynolds number (since
this effccts the damping of the secconda flow) and the inlect velocity profile
(insofar as this affcots the value of B).

Finally, there is the outlet "transition" rcgion; that is the
region downstrcam of the bend outlet. Conditions hcre can be very varied
since in many bends no rcgion of fully developcd curved flow is cver attained,
In such a casc the flow cnters the straight part of the pipe with some valuc
of the sccondary circulation depending on the gecometry of the bend and the
inlet conditions: if this is a moximum there will be a tendency for the
fluid of high stagnation prcssure to be sprcad over the walls of the pipe:
if it is zero a rcgion somcwha’ similar to a region of fully devcloped
curvea flow will exist near the bend outlet.

Unless a symmetrical veclocit;- profile is attaincd at, or before,
the pipe outlet the length of the outl:t transition region appcars to have
an effect not only on the fiov in the -egion itsclf but also in thc bend:
moreover the length of pipe r quircd 1o rccover a symmetrical velocity
profile depends on the condit ons at hc bend outlet,
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Determination of Pressure Losses

Consider a system in which the bend deflecction is ¢ and the
downstrecam transition length is 4.

The overall losscs in the system may be calculated from the
difference between the values of total pressure at bend inlet and pipe
outlet., A mass averaged stagnation pressure H may be defined by the

intcgral
L &2 ;2%
H = --n:./ /, hgr dr 46
ngd” Jo )
where r and © are polar co-ordinates in the cross=-section of the pipe
h is the stagnation pressure at the §oint (r, 8)
0

a is the velocity at the point (r,
Qq 1is the mean velocity.

At the bend inlet, assuming that the straight entry segment is long enough
to ensure fully developed turbulent flow there, the velocity profile is
symmetrical about the pipe axis and therefore h is independent of O.

8 ,4/2
HI = ---f hagr dr
¢

At the pipe outlet a surface traverse may be made which will give

h = h(r) 6). A numerical value for HO rney therefore be determined.

The mean overall loss is then «====»

With the straight part of the pipe is associated a friction
coefficient Xs given by:

Op d

A= - -

¢ x

where Op 1s the pressure difference measured over a length X. Then,
the loss in a langth of straight pipe equivalent to the length of the given
system = hs(¢ R/d + ¢/3).

Two loss coefficients may then be defined:

- o ———— Yt g T o o A o g S S e it St TR

And a loss ratio coefficient ér =

Total pressure loss

e T ok U A e ot S e

Total pressure—ioss in equivalent length of straight pipe

H_-H As

py, = =i ol (GR + )
lp‘qB d
HI_HQ As

4p = ~m==2/ = (gR + 2.
zPq / a
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Pressure losses may also be estimated over parts of the system separately.
In a region of fully developed curved flow the inlet and outlet velocity
profiles are similar, hence the total pressurc loss is constant across the
cross=section of the pipe, Ir HcI and HcO are the values of H at

inlet and outlet to this region respectively and if th and hOO are the

values of h at the corresponding cross-scctions for the same values of

r and O,
4 a/2 ;on 2x
H_ =-H = e {h/ / gh _r dr dd —&/ gh r dr dG}
cl cO ﬂad? o ° ¢l o c0
b(h =h_.) rd/2 ,2n
HI-H, = ---95--99-'/ ./ qr dr as
rd g o Jo
= by = By

Dovmstream of the bend the static prcssure becomes constant over
a cross~section and the actual total pressure loss here will be cqual to the
static pressure loss. This valuc may differ slightly from the mean loss
defined above sincce H depends on the velocity profilc and this is changing
through the region.

For the bend transition rcgion as a wholc a mean loss may be
estimatcd equal to the overall loss minus the losscs in the other rcgions,
A morc detailed detcrmination of the build up of pressure losscs in this
region however requires the making of total head traverscs in several planes
at each cross-scction, and this technique must also be applied for information
about the losses in the immcdiate vieinity of the bend outlet. An
alternative mcthod when only comparative results are nceded is to define at
cach cross=-section a mean static pressure calculated from readings taken at a
number of peints on the pipe wall.

Let © be measurcd from the radius dirccted towards the bend
centre and let p = p (8.2) be the static pressurce on the wall, where 2z is
the distance in diamcters from the bend inlct., Then associated with the
cross-section 2z = constant a mean pressurc may be defined by the cquation:-

1 ;2% d
5(z) = / p(2.0) - 0. vee (5)
7d Jo 2

Also uscful for comparative purposes, such as arc wanted in the sccond group
of experiments described below, arc the actual static pressure diffcrences
p(zi) - p(qa) for constant 6.

Loss in Availability

The availability corrcsponding to a state of a system for which its
encrgy is K, its volumec V and its entropy S is given by

(B + pV - T.8) - (B, + PV, - TOSO)

wherc Py and .TO denote rcspectively the pressurc and temperaturc of the
surrounding atmosphcre and EO, VO and SO denote respectively the cnergy,

volume and entropy of the system in the dead statc: +that is the state in
which there is no possibility of obtaining work from the system, the surrounding
atmosphere, or from intcraction between the two. (Keenan (1949)).
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Consider a steady stream of fluid entcring o pipe with veclocity U,

The energy e per unit mass is given by: e = u + é% U® where u is the
internal cencrgy per unit mass., But i = u + pV where 1 1is the enthalpy.

& The availability per unit mass becomcs
. 1 .
(1 - TS + 5% ¥) - (10 - TOSO)

If thc subscript 1 refers to conditions at entry, and the
subscript 2 to thosc at outlet, and if it is assumcd that U is constant
down the pipe, the loss of availability per unit mass betwcen cntry and
outlet is:

g = (ii - jb) - To(sl - %a)
S--So
For an ideal, polytropic gas pV = RT and pV’y = A exp =---= wherc A
c
v

is a constant. From thcse equations it may be shown that

i = =Lz RT
y=1
S, = 5,
and et - = log (pi/pz) + ¥y log (Vi/VQ)
CV
or 5,- 8 = R1log (p/p) - o, log (T,/T)

If further we assunme that the change from state 1 to state 2
takes place adiabatically, di = o and there will be no change of
temperaturc along the pipe.

Hence f

RT  log (p, /p,)

fl

Writing p, P4g * Py,

= where and are the pressurcs in cxcess of
28 Pog + Py W Pie Poe hd P =

atmospheric pressurc at states 1 and 2 respeetively. For velues of Pre and
P small compared with 12

2 1 Poe
% L e (1-2)

P, 1

b

12
-
4

wherc pg is the static pressure difference between states 1 and 2 and
P p

log < - ) a =2
P, P

P
ioe', ﬁ = RTO( "§> vee (6)
pO

Let subscripts b and s refer respectively to a bent pipe and to an
equivalent length of straight pipe.
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The cxcess loss of availability cocfficicent AB is defined by

1 \
-l L ), -
e " - \(ps)b (ps)s>

AZ

Cpo

Po
where Cpo = e
2T

Compressibility offects have becn ignored in cquation (6) by the neglect of

sccond order terus. This is certainly Jjustifiablc in the prcesent tcsts
where U o 100 f£t./sec.

Some Effccts of the Secondary Circulation

Bxperincents with a helical pipe

The pipe uscd in thesc tests was made of steel and had an
approximately circular cross-scction with a nominal diamecter of 1.9". It
consisted of a threc-coil helical scction bent on a mean radius of 9,5",
to which were flangcd picces of straight pipe made of similar mabterial
forming an cntry scgment 7' 5" long and an outlct length of 9' 3".  Holes
were drilled in the pipe at a point 6" beforc the commencement of the bend
and then at 45° intcrvals in the first complete turn of the helix; also at
various points ncar the end of the bend and in the stiraight section
downstrcam of it. Total hcad traverses were madce across the centre line
of the pipe in the plane of the bend only: for these a pitot tube of
0.043" outside diameter was used.

Traverscs were made at fiftccn points along the pipe and the
corrcsponding total hcad profiles are shown in Fig.d. The location of the
pipe wall is indicatcd for cach traversc since, duc to flattening in the bend,
the diameter of the pipc varics between 1.90" and 1.66" there.

It will be noticed that the profiles after 360° and 1045° arc very
necarly similar, from which it may be dcduccd that fully developcd curved
flow is attained in the bend at a deflcction of about 360°.

The position of the particle of highest total pressurc determines
to a first approximation the angle of displacement of the fluid in the bend.
Fig.2 shows the oscillatory naturc of this angle o and gives the volue of
the bend doflection for a complete oscillation of the sccondary circulation
as 195°, The oscillation is apparcntly complctely damped af'ter about two
periods. Writing the period of oscillation as 2RRd/R  this gives an
cxperimental value of B = 1.21 comparcd with the thcorctical value of 1.18.
Comparison may also be made with the cxperimental rcsults of Squire (1954)
who, operating at o Reynolds number of 3 x 10°, obtained a value of

1.16 < B < 1.45.

Of particular notc is the romarkable change of total hcad profile
at 90° dcflection: there is an apparcent "caving in" on the inncr side of
the bend which occurs shortly before the direction of the secondary
circulation is reverscd. Such a clogging cffcet is obscrved by Eichenberger
(1952) in his cxperiments with a 8" x 8" curved duct. It occurs again
here - though to a very much smaller cxtent - immcdiately downstrcam of the
end of the bend.  With both points are associated positions of approximately
maximum displaccment of the particlc of highest total pressurc.

For the determination of HO, dcfined above, a surfacc traversc was
madc at the pipc outlet, thce result of which is showm in Fig.3.
Static,/
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Static pressures were measured from wall tappings in the plane of
the bend on the outer wall of the pipe, and values obtained in the inlet
transition region are shown in Fig.A(as. Values in the straight pipe
following the bend show an almost cxactly linecar decrcase to atmospheric
pressure over the whole length: these are given in Fig.4(p) and are there
compared with the fall of pressure in the same straight pipe flanged
directly to the straight entry segment and tested under the same inlet
conditions. The Reynolds number based on the nominal pipe diameter
(& = 1.9) and the mean inlet velocity was estimated to be approximately
9.4 x 10* throughout these tests.

The mean losses in the system are presentcd in the following
table and are also shown graphically in Fig.5:

Excess loss per

f
i .
| : bz unit length &r
fromns b bt s e vt i e o w1 s i o vovr 4§ e e .- i e v e e e
! Bend transition (0-27) © 040 0.0127 L 1.72
Region of fully developed : ’
curved flow (2r-6n) 0.58 0,0092 L 1,51
i Domstream straight (58 diam) - 0,01 1,01
Overall 0.99 Overall 1.36

The mean excess loss per unit length for the complete bend = 0,0104 and
the mean value for Zr for the complete bend = 1,58. Also, the excess
loss of availability coefficient AR = 0,0050, These figures have all
been obtained using a friction coefficient xs = 0,0180.

Experiments with 2" pipes bent on a mean radius of 26..4"

From the tests on the helical pipe where R/d = 5, an experimental
value of B was found equal to 1.21, The sccondary circulation in the bend
will be a maximum after a quarter period of the oscillation, i.e., at a
deflection

= 1.21 x =w )
¢, = = S mmmm——— Va/R
2 2

Using this equation it may bc shown that, for a 2" pipe bent on a
mcan radius of 26.4", maximum secondary circulation is theoretically attained
in the bend at a deflection of 30°, At 60° the secondary circulation will
be zcro and at 70° it will have a small value in the oppositc direction to
that at 30°,

In each of the three tests reportecd here the length of the pipe
from bend inlet to pipe outlet was 78 diamcters: +the experiments were made
at a Reynolds number of approximately 9.0 x 10* and the friction cocfficicent
in the straight part of thc pipe was measured cqual to 0.0166.

(1) 30° Bend 1In this test traverses were made in +he planc of the
bend at six points along the pipe, and thc corresponding total head profiles
arc shown in Fig.6(a). Indication of the existence of strong sccondary
vorticity - as theoretically predicted - is given by the continued displacement
of the particle of highest total precssure downstrcam of the bend outlet.
In Fig.6(b) are profiles of four traverses made in the planc perpendicular to
the plane of the bend at points ncar the bend outlet. Thoy give evidence
that therc is swirling in the downstrecam transition region, the tendency
being for the fluid of high stagnation prcssurc to be spread over the walls
of the pipe (Hawthorne 1951).

The/
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The mean losscs in the system were celculated as follows:-

Lxccess loss -
b per unit length o
Bend (0-30°) - 0.0 0.0058 . 136
i Downstream (1) (0-26 diam.,) . 0.15 ) 1,3k
! 0 (2) (26-44 aiam.) | 0,09 00042 L 1.30
" (3) (W4-71 diam.) | 0.06 P13
Overall 0. 34 Overall 1,26

with an cxcess of availability coefficient AS = 0,0016.

Overall losses arc caloculated from total pressure losscs but
otherwise the figurcs above are bascd on static pressurc rcadings. These
werc taken at points on the wall in both the planc of the bend and in the
plane perpendicular to it. Comparcd with the change between two cross—
sections in the mcan total pressure H(zi) - H(zz), and mcan static pressure

5(%_) - 5(%3), the local total pressurc diffcrcnce h(r, zi) - h(e, zz)

(measurcd in the planc of the bend) gives a vory low cstimate of the pressurc
loss in the downstrcam transition rcgion.  This would be expected to ocour
in a section wherc therc is swirling for, while high velocity fluid ncar the
walls of the pipe is a source of ircreascd loss, the spread of such fluid

to the "inside" wall (® = 0) will reducc the total pressurc drop there.

It is remavkable that cven with 71 diameters of straight pipe aftcr the

bend the total head profile at outlet is not exactly symmetrical,

(11) 60° Bend  Total hcad profiles for this system arc shown in
Pig.7. The displacement of the particlc of highcst total pressurc appcars
to be approximately stationary at the bend outlet, as expected, but the
change of profilc on the inside of the pipe is most markcd a short distance
downstream. The outlet profile aftcr a transition region of 64 diamcters
is scen to be still some way from being symmetrical. Mcan losscs
calculated as before give:

C e M e ey

Excess loss o

i : :
i ‘ 6 per unit length or :
i.. Bome e mae e e o men e e e e i e . T - .;“,_,.,.,...\...n - T w - ,«Tm e A 5
| Bend (0 - 60°) 0,17 0.0124 174
. Downstrcam (1) (0-19 aian.) " 0,10 -g 1.30 |
; " (2) (19-37 aiam.) _ 0.09 0.0036 129
% " (3) (37-64 diam.) 0,04 g 1.09

% Overall 0.40 Overall 1.51 :

Since the secondary circulation is theorctically zero at the bend outlet
ne effort was madc to locate swirling in that rcgion.

(iii) 70° Bend (See Fig.8).  The dircction of the sccondary vorticity
is now veverscd beforc the bend outlet and an imncdiate rccovery towards a
symnetrical profilc is apparcnt in thc dovmstrcam transition region.
Prcssure losscs here arc given by:

az/
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Lz
?

Excess loss

pecr unit length &r g

S sl i
! Bend (0°-70°) 0.22 0.0136 1.82 ;
| Downstrean (1) ( 0-17 diam.) ~  0.12 ) 1.3 |
Z " (2) (17-35 aiam.) 0.07 - g 0.0039 1.23 !
| " (3) (35-62 aiam.) 0.05 ) 1,11 |
Overall 1.35

i Overall Q.06

A = 00,0021,

Values of the rate of change of AZ with distance are plotied in
Fig.9 against distance from the bend inlet. These arce compared there with
the corrcsponding build up of pressure losscs in the other tests, including
those madc with the hclical pipe.

Measurements of mean static pressures in the downstrceam transition
length are prescated for comparison in Fig.10, together with the corrcsponding
inlet static pressurcs.

Bffect of the Downstrcam Transition Length

The 2" pipe with the 70° bend describcd above was also uscd to
study the cffcct on the pressurc losses of a variation in downstriam
transition lcngth. The original pipe had a trensition length of 62 diameters
and this was gradually cut back (in 5 stages) until only the bend itsclf was
left, Holecs for mecasuring static pressurcs werc madc in the pipc wall at a
number of cross-scctions in the neighbourhood of the bend outlet and
dovmstrecam from it: in all cight holcs were drilled at cach cross-scction
at 45° intervals around the perimcter. Specicl carc was taken to ensurc that
inlet conditions were as ncar as possible identical for ecach system, the
Reynolds number throughout being calculatcd approximately cqual to 8.6 x 10%,
Total prcssure traverscs made in cach case at the pipc outlet are shown in
Fig.11. From cach of thcse the mcan dynamic hcad was calculated and a
corrcsponding valuc found for the mcan overall loss: this proccdurc
constituted a check on the overall static pressure loss - it being assumed
that thce static pressurc was constant over the inlet cross-scetion.
Figs.12(a)-(d) rccord the wall static pressures p(6, z, £/4)/5pdE for
constant ©, and Fig.13 the same results at two different valucs of z with
the pressurcs plotted radially as functions of 6.

The mean static pressurc, defincd above by cquation (5), was uscd
to determine the mean excess loss cocfficicnt AZ* at any cross-scction,
Values of this cocfficient arc given in Fig.1L for diffcrent valucs of 2z
and 4/d: in particular the variation of AZ* with ¢/d4 at a point 3
diameters downstrcam from the bend outlet is presented in Fig.15 and
comparcd therc with some results obtaincd with the helical pipe opcrating
at a slightly higher Reynolds number.

Total pressure traverses werc madc at the bend outlet for the 70°
bend and at 3 diameters downstream from thce hcelical pipe. Comparcd in
Fig.16 arc profilecs in the plane of the bend showing their variation with
downstream transition length. It will be obscrved that changes occur on
the inside of the bend, wherce, as the transition length decreascs, the total
pressure maximum becomes more pronounccd. This cffect is not obscrved,
however, at the open cnd of the pipe when the transition length is zero:
herc therc is no pressurc maximum at all, but on the outside therc is an
increascd displacement of the particle of highcst total pressurc.

The hydrogen sulphlide technigque mey be more uscful in the
investigation of two-dimcnsional phenomens for, in a scries of tests carried

out/
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out by the author (Percival (1958)) in curved ducts, results similar to this
one were obtaincd even in cases where scparation wes suspcected.

A brief visualisation test was carricd out on the 70° bend in an
attempt to show up any tendency towards scparation or rcverscd flow near
the bend outlet. Here the downstream transition length was detached from
the bend so that the inside of the pipe, for approximately 2 diametcrs on
eithcr side of the bend outlet, could be coated with a lcad carbonatc paint:
the two pieces of pipe were then fitted smoothly together and held firmly in
place by a close-fitting sleeve {of internal diameter 2%") sorcwed on to
either side of the join. Hydrogen sulphide was injected into the system
both in the main stream and at points on the pipe wall, No sign of reversed
flow could be detceted from the traces, but the existence of the sccondary
circulation was apparcnt and also a slight rotation of the plane of symmctry.
This effect may be scen in the outlet total pressure traverscs (Fig.i1), and
in particular for the systcm with a 30 diameter long transition length where
thore is sufficient time before the outlet for an appreciable anglc of
rotation to develop.

Discussion

The above results show that there is indced a marked differcnce in
the build up of pressure losses according to the conditions at the bend
outlet. For the helical pipe, where therc is a region of fully developed
curved flow, therc is little or no exccss loss in the downstream transition
rcgion; this comparcs with the obscrvations of Kculegan and Beij (1937).
Although the excecss loss is so small the stilling length is s omething more
than 58 diamcters. When the transition length is considerably less than
this the overall excess loss appears to be increascd, thc change occurring
either in the bend itscelf or within 3 diamcters of the bend outlet.

At outlet from the 30° bend the sccondary circulation is tending
to invert the nommal stagnation pressurc distribution and losses are cxpected
to remain high., In fact the recsults indicate that they differ little from
those in thc bend itsclf for as much as L diamcters dovmstream. By this
time frictional damping will have reduccd the rotational cffects and the
excess loss drops accordingly: so too does the rote at which the velocity
profile is changing so that cven after 70 diameters it is still not entirely
symmetrical.

The 60° bend shows an incrcasc in the loss per unit length in the
bends At bend outlet the value drops, appearing to be roughly constant
over 37 diameters. Although there is (thcorctically) no sccondary circulation
at the bend outlet the particles there are displaced by o moximum amount and
losses must be cxpected in association with the distorted pressure distribution.
The exccss loss bccomes small after about 4O diamcters, but although the loss
in the downstrcam transition length as a whole is less than for the 30° bend
the stilling length may well bce longer.

A further inereasc in the cxcess loss per unit length in the bend
is observed for the 70° system. It will be noticed though, that this incrcase
with bend deflection does not continuc indefinitely: +the mean loss in the
bend transition recgion of the helical pipe is slightly lcss than for a
deflection of 70°. For the 70° bend the rate of loss immediately after the
bend appears to be higher than for the other two systems: this is presumably
duc to the fact that therc is some secondary circulation there as well as
near meximum distortion of the pressurc distribution. The sccondary
circulation however is now in a direction which tends to help the rccovery of
a normal distribution and losses consequently drop morc quickly than in the
other cascs. Also the stilling length appears to be slightly decrcasecd.

For the 70° bend it appears that, as with the helical pipe, the
calculated pressure losses arc least for long transition lengths; furthermore,
the effect scems to be fclt well upstrean of the bend outlet (Fig.13). It is
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difficult to assess the accuracy of the present results but the inlet

static pressurcs check well with the total pressure differcnces, and the
other rcodings, besides being rcasongbly consistcnt among themsclves, arc
only uscd for comparative purposcs., In the light of this it would ccrtainly
seem that the recorded increase is significant.

The changes occurring in thesc tests with variable transition
length arce clearly extremely complex. The problem is cssentially a three-
dimensional one, and the approximate theory outlined above cannot give
information on pressure differcnces when its assumptions imply that these
arc ncgligible. Sach assumptions arc rcasonable in the early stages of the
bend, but can hardly be expected to apply at the bend outlet,

Some obscrvations can be made from the cxperimental results,
however. Tirstly there is the existence of a rcgion immediately upstrcam
of the bend outlet in which there is an adversc pressurc gradient. In
every system this rcgion cxtends over at lcast a quarter of the circumfcrence
of thc pipe wall but for the shortcst transition lengths (zero and 1 diamcter)
1t appecars to have sprcad ‘o morc than half, This adverse pressurce gradicnt
probably indicates a portial choking of the pipe Jjust as if the flow had becn
scparatcd from the wall, If choking is also associnted with the development
of & pressurc maximum on the inside of the bend the changes in the total
pressure profiles at the bend outlet (Mig.16) also point to a variation
(with transition length) in the oxtent and position of the region of
"scparation".

It is noticeable that almost immediately after the bend wall
static pressures become independent of 0, (though this does not mean that
static pressures are necessarily constant over the whole cross—-section).
For long transition lengths it may be assumed that the exit pressure is
uniform and atmospheric; a pressure variation may however exist at the
outlet when £ 1is small. Consider the displacement of the particle of
highest total pressure at the cross—section 2z = 61/6 for two systems

with trensition lengths €, and ¢, (¢, < £,). A greater displacenment

in the pipe with the shorter transition length suggests there may be a
reduction in the value of the axial velocity when outlet conditions are
imposed, The variation of transition length must then cause changes in

the pressure distribution in the pipe, with even the possibility of altering
the value of the "constant" B and with it the period of the secondary
oscillation.

Then also there is the gquestion of the rotation of the plane of
symmetry. This may perhaps be connected with the consistently low static
pressure rcading at © = 45°, 1 dismeter downstrcam from the bend outlet:
if a region of "scparation" exists, it is plausible to suppose that, duc
to dmperfections in the pipe, the region will lavour one side of the plane
of symmetry rather than the othcr - (compare, for example, the scparation
from the walls of a diffuser).

These phenomena are clearly intercomnected and are likely as well
to depend on the secondary flow conditions attaincd at the bend outlct.

Conclusion

In asscssing pressure lossces in a bent circular pipe both bend
outlet conditions and pipe outlet conditions arc important as wcll as the
inlet velocity profile. Loss coefficients depend on some paraneter which
varics with the phasc of the sccondary circulation at the bend outlcet.

Also there is a contribution to the loss in the downstrcam transition rcgion
of a given system not mcrcly associated with the value of the secondary
circulation at the bend outlet but also the displacement of the fluigd
particles therc. Due in part, perhaps, to changes in displacemcnt but more
particularly to choking effects in the pipc an increase in the loss
coefficient is observed as the downstream transition length is shortened.
For purposes of correlation thercfore it would seem to be nccessary to have
transition lcngths of 60 diameters or morc.
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Constant associatcd with poriod of sccondary oscillation,

Mean stagnation prcessurc over cross-scotion,

Squire, H. B. 1954.
White C. M. 1929
Notation

A Constant in equation of state.

B

d  Pipe diamctor.

E  Inergy.

¢ Encrgy per unit mass,

H

h  Stagnation pressurc.

i Enthalpye.

L

Downstream transition longth.
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P Static pressvre on pipc wall.
p(z)  Mean statié pressurc at cross-secction z = constant.

Ap  Prcssure differencce over length x.

q Magnitude of velocity vector.

q  Mean velocity.

R Bend radius,
r, Distance from particle to bend ccntre.

r Polar co-ordinatc in cross~section,

S  Entropy.

T  Temperaturc.

U  Axial component of velocity.
Um Maximum vclocity.,

Internal energy per unit mass.

V  Volume.

v Circumfercntial velocity.

x Distance along pipec.

z Distance in diameters {rom bend inlet.

a  Angular displacement.

p  Loss of availability per unit mass.
A8 Loss of availability coefficicnt.
AZ, Excess loss cocfficlent.
AZ*  Excess loss coefficient based on mean static pressures.
ér Loss ratio cocfficicnt,

® Polar co-ordinate in cross-scction,
Ks Friction coefficient.

¢  Bend deflection.
p  Dcnsity.

g Secondary vorticity.

g Mean secondary vorticity.
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