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1.0

2.0

3.0

PURPOSE

The Leading Edge Flow Meter (LEFM) calculates volumetric flow from fluid velocity
measurements along acoustic paths in a measurement section or spool piece. The
relationship between the velocity measured along the acoustic paths and the
volumetric flow is determined by (a) the angle between the acoustic paths and the
axial fluid velocity vectors which intersect them and (b) a profile factor which relates
the axial velocities along the acoustic paths to the axjal velocity averaged over the
cross section of the spool piece. This calculation provides the basis for the profile
factor to be used with the four-path chordal flow meter installed at Point Beach

Unit 1, and calculates the uncertainty bounds on the profile factor.

SUMMARY

A profile factor of[ Jshould be used with the four-path chordal fiqQw meter at
Point Beach Unit 1, and the uncertainty in this profile factor is[ Cj

APPROACH

The profile factor and its accuracy for a four-path chordal flow meter are dependent
upon the ability of the meter to integrate from discrete velocities measured on each
of four paths-into the spatially averaged velocity across the spool piece section. This
integration is affected by the inaccuracy of the four path Gaussian Quadrature
integration method, and the fact that the velocity profile is not uniform across the
section. The velocity profile is non-uniform on two counts. First, in long straight
sections of pipe the velocity profile becomes rounded, blunt and symmetrical,
characterized as "fully developed". In a fully developed profile (Figure 1), the
velocity has a maximum at the fluid center and minimum at the pipe wall. Secondly,
actual piping systems like the Point Beach feedwater system contain bends and other
fittings which produce, in varying degrees, asymmetrical distortions that change the
velocity gradients and introduce secondary non-axial flows.

To estimate the Point Beach Unit 1 four-path chordal profile factor and its
uncertainty, this calculation takes the following approach:

@ [

@ [
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4.0 CALCULATION
4.1 Profile Factor and Uncertainty for F ully Developed Turbulent Flow

Reference 1 establishes a profile factor versus Reynolds Number for measurement of
fully developed flow using a four-path chordal flow meter. [

4.2 Point Beach Unit 1 Hydraulic Geometry Effects

The piping arrangement and flow meter orientation in the Point Beach Unit 1
feedwater piping are sketched in Figure 2 (Reference 2).. The flowmeter is located
in a straight run of horizontal piping approximately 31 pipe diameters downstream of
an elbow. In turn, the elbow is approximately 2 diameters downstream of a
converging tee. One of the lines feeding this tee is perpendicular to the plane of the
elbow. A-converging tee is also located in the straight run of horizontal piping 17.5
pipe diameters upstream of the LEFM. However, the line feeding this tee is a
bypass line which is normally closed. No additional hydraulic effect is anticipated.
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Murakami has extensively tested non-coplanar bends. Murakami’s data shows that a
swirl, once created may persist for up to 150 pipe diameters. On the basis of
Murakami’s data, the swirl should be detectable at the LEFM location 31 diameters
from the elbow. Evaluation of the LEFM in-situ path velocity data confirms the
presence of a swirl in the expected direction.

Figure 2 shows the orientation and numbering of the LEFM paths at Point Beach
Unit 1. Individual path velocities recorded during commissioning of the LEFM at
Point Beach Unit 1 are summarized in Table 1 below, for which the following
nomenclature applies:
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4.3 Velocity Profile Asymmé;ﬁ Effects

All four of the LEFM acoustic paths measure the fluid velocity in the same spatial
plane. Accordingly, asymmetries in the velocity profile have the potential to cause
measurement error. In the case of Point Beach Unit 1, the potential sources of
asymmetry in the velocity profile are:

Axial velocity profile asymmetry due for example to the upstream bend,

misalignment of the LEFM spoolpiece with the upstream pipe, or variations in

pipe roughness.
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Scudies on Fluid Flow in Three-Dimensional

Bend Conduirs®
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By Mitsukiyo Muza KAMI**,

Yukimaru Suimizu*==,

and Heiji SHiRAGAM*=*=

This paper gives the results of the expermental study of loss and secondary circulation due

to various combinations of commercial elbows, and discussed the relationship between the loss and

the circulacion.
reversal in the direction of Row, termed the

offset but no change ir direction, termed the

both an ofset and a €9 degree change in the dir

Thres general combinations are -

°S” bend:

One where the two elbouws produce a complete
“ bend; and two whers the two elbows produce an
and thres where the two elbows produce
sciion of fow, termed the ~twisted S° bend.

Tke l2st combination gives rise to 2 strong single spiral motion in the straight pige of curved

pipes downsiream and shows the maximum ben

d lass.

1. Introduction

A pipe line of a £uid machine or other hy-
lic plants has often many complicated curved
ions. Whez a fuid Aows through such a curv.
‘pe. the duid acguires a secondary flow com-
L. which would not presant itsel{ in 2 straight

2. Nomenclature

diameter of pipe
accsleration of gravity

total loss of head in gauge length

distance of downstream pressure tap (section
8 in Fig. 2) trom exit of che second elbow

flow. The secondary fiow produces an addition- L.: leagth of spacer berween che first and the
ydraulic less. Particularly when two curved second elbows
are locatzd ia different planes, a strong spiral L.: distance ol upsiream pressure tap (section
‘n is prodicsd in the pice and the distribution 0 in Fig. 2) from entrancs of the first elbow
¢ exit velecity is deformed remarkably, resylt- L: L~L_+L, total gauge length
13 great less. When the fluid encers a fluid : radial distancs
‘ne or 2 flow meter with the deformed veloc- R: radius of pipe
: alters their performancas considerably. P i static pressure at section 0 in Fig. 2
lany stuciasm-un cn this subject have beeq P:: static pressure at section S in Fig. 2
in the pasi, but the rmos: of them conczm 7.: wall pressure at any seciion downstream
he hydraulic loss on sTizoth bends having a - from the sacond elbow
rely larzer radius of curcature, A right-angled V,: axial compansac of velocicy
rcial  elbow  has a relatively small bend Vimee: maximum value of v,
and also> 2 sudden coniraziion or enlargementc V,: tangential comgorent of velecity
sections of screw joinzs. which complicates Viaw ! maximum valge ot V,
YW patter=s and prohicies a theorecical ap. V.: mean velocity calculated {rom orifice read-
ings
e objec: ol this Faper is to clarify experi- T: specific weight of water
Y the relztionship berwsan hydraulic loss and #: radius of curvature of curves pipe
distributicn of twn elcows located succes. ¢ 7 coefficieat of total loss €ue o two elbows
n 3 pipe line. 3s defined by Eq. (1)
wzived 27 ¢h July. (344, €, coeffcient of apparent toraj loss d.ue to two
‘afessor. Faculty of Engin=sring, Nagoya Uaniver. elbows. calculated by Eg. (1) with i and
:i.sc:n:. Facuiry of Eaginezring, Nagaya Cniversicy P
tikusa-ke. Nagaya, . Co: coefficient of loss dus to a2 single elbow in

Winezr, M:zsubishi Hzawy induiscry Ca.

a pipe line

et 1
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A1 Inction lactor loc siraight pipe
¢: angle of pipe line twisted by two elbows.
a3 defined by Fig. 3
Notations in Fig. 3
N-plane: plane normal to bend suriacs of the
second elbow
P-plane : bend plane of the second elbow
Suffix
i normal direction to P and Z and on N-plane
P: normal direction to N and Z and on P.plane
Z: downstream direction along pipe line.

3. Experimental apparatus and procedure

The geasral arrangement of the test apparatus
is indicated in a schematic diagram. Fig. 1. A
steady pressure was maintained in the metering
sysiem by a head rank for low-pressure range and
by a centriiugal pump for high-pressure range. A
fiexible pize was employed to facilicate che bend
configuration of pipe line. The flow race of the
piping sysizm was measured by -an orifice meter.
The mezsuring pipes 6. 8. and 10 are of brass and
the inside diameters are 53.73, 53.84. and 33.90 mm
respectivelv, and the pipes have hydraulically smoeoth
suriace. The details of measuring pipes are shownm
in Fig. 2 Distance of two elbows. namealy. the
spacer length and an angle of twist of pipe line
used in this experiment are given in Table 1. Each
measuring section has four ctaps. the diamerter of
which is | mm and equally spaced circumfereatially.
The upsirezm section 0 is locaced 35 pice diameters
downstres= from the rectifying tank to eliminate
the e¢ffects of the inlet leagth®. The measuring
section 9 cdownsiream from the second elbow is
selecied at the position where the effect of elbows
diszppears. Depending on the twisted angle ¢ and
the leagth of spacer L., the position of the section
cnanges from 130 to 300 diametz2rs dowasiream from
the second elbow. The position was selezied on the
basis ol prassure disiribution along the pipe line and

Fig. 1 Scxemauc diagram of test arrangement

* The efficcts of the inlet lengsh on Care negiigible when
the length ranges from 3 to 15 pipe diam=izrs,

TR T g I A Mg W pute, Tae SOZT

SRS IS e

velocity profiles of the pige sections.

To avoid an ersor due to fluctuation of Mane.
meter readings, a rotary cock is inserted in all e
pressure transmiiting pipes from taps to manomecers.
Afrter cigsing the cock. the manometer feadings
were taken. A cvlindrical picot tube with three
holes was travessed in the sections shown by dotted
lines a~h in Fig. 2 and velocity prodle wag obtaig.
ed (tube diamet=r=3.023'mm. hole diametar =0 3
mm). To check the accuracy of measuremengs,
the flow quantity evaluated by a graphical integra.

tion of axial componenc of velecity was compareq

with that by the orifice meter. The differenca was
praved to be less than 3 perceat

Coefficieat of the total futing loss due to wq
elbows located in series in 2 pipe line is caleulateq
by the following equation:

H’%’:A(%)(Z;)*((%) ............ (1)

Table | Length of szacer L./ and angic of turn @ of
pipe linc emsioved in this test

Lad o foss cras | oar | e | |

¢ | oo e e [ e | s

ki

62 e
1--8 ng sections of pressure
a~-h: ng seczions of velocicy
az: rom the second elbow
b , .
c: - -
h: (130 233d » -

Fig. 2 Measuring sciions and angle of turn of pipe Lo

Fig. } Cennition of sections and directions




1en a3 single elbow 1s {n 3 pipe line. the loss coei-
-0t (in Eq. (1) reduces ro <o the loss coefficient
10 2 siagle elbow.

4 Experimental results and discussion

4-1 Loss of hesd by two 90-degree elbows

Hydraulic losses dus rto cambination of twp
bows have bean studied by many investigators.
ut xnowledgss of the distartion of velocity at the
end exits and iz relations with the hvdraulic loss
Je not su@cient. In the foltowing, resules of this
;;;erimen: on heid loss due o bends are summariz-
{ and compared with those obtained by the other
'Vb‘:igators.
i 4-1.1 PFipe length required to recover normal
ij'.tribution of welocity
{ Due to gensration of a secondary flow by pipe
:ads, distributions of velocity and pressure in a
.‘}c section downsiream from the beads are distact.
{cansiderably. The secondary dow decays toward
:vnsm:am anc the distortion of the velocity is
dually recoverad to che aormal flow conditions
i3. by examining the pressure drop along the
* downsiream from the second elbow. position of
Nearest seciion at which the normal flow con.
s will be re-estabiished can be found.

In Fig. 4 apparent coefficient of loss ¢, by Eq

is plotred against L./d, whera the wall pres.

9, downsiream from the second elbow is ysad

-2 Minimum 21pe leagzth L, dexind the second elbow
f0 recaver hormal dow conditions

g
g

§0 [ 160 I 80
20 ] 80 80
Far very sher: spacs- leag:h L./d of o and 0.63.
2ipe line caa nor be turasd serictly U-shape.

1

—
©
o
&=
=1
&

T —————

H4 { 60

u

LIRYPLN
[CE T
. vesn

2 155 173 e 20

Fig. ¢ Curves far $otlgrds
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in place ol p,. As the Mmeasuring section of B.is kept
away (rom the second elbow, <, tends to a constant
value, Le the true ficting loss of the bend (.
Apparently. by introducing 2 shor; leagth of a pipe
L. namely a Spacer. berween the (wo elbows, the
value of bend loss ¢ is alterad.  For reference,
results of a siagle elbow in a2 pipe fine are also
plotted. In this case. ¢ reaches 2 consaant valye
of 0.735. the true loss coeflicient, whan the wall
pressure g, at section of L,=30¢ s usad. When
two elbows are located in U (¢=0°) and S (=
180%) forms in the same plane. ¢, Rattens off in a
shorier length. When two elbows are off set in the
twisted S form. for example ¢=1202 znd 1402, the
turned effects extend as far ag L,=1604d. The above
results show that the required pipe lengch in which
the turned. effect disappears from the pipe line will
be much altered by the turned form Table 2 gives
this required pipe length. which s uaaffecced by
Reynolds aumber in this experimanraj range.
4-1.2 Coupling depch of screw joiat and 'hy-
draulic loss
The coupling depth of a scraw iolal betwesn an
elbow and a pipe has a considerzole efect on rhe
fitting losses of the elbow.  Figurs 3 shows (he
results of experimencs. where the :wg elbows are
located in § form in cthe same slane. Depending
upon the coupling condition of sCcrew joints the fic-
ting loss is se2n to be scattered abour 13 percent
Throughout this paper. with exceprion of the pre-
seat sections the loss of. elbows is referred tw the
case when the pipe ends are fully scrawed 1o the
coupling parcs,
4-1.3 Effects of twisted angie ¢ and spacer
length L. berween two elbows on tursed loss
Figure & shaws the relation berwesn ¢ and ¢
for various values of L./d. With small value of
L,/d. ¢ is much affected by ¢. Froem a minimum
value of =02, ¢ increases and rake: a maximum

L S R T

O : Half-screwed ir Nao. oaiy

€ ! Hall-screwed at No. 2 only

QO : Halfserzwed a2t No. ] only

® : Halfserewed ar Na. ¢ oaly

G @ Hall-screwad ac alt feiars

C'=Loss coefficient in Half-serawed case
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value at about ¢=130°;-HO’. and again it decreases
to the value of y=180°. For refcrence. twice the
loss of a single elbow., 2(, is shown in Fig. 6.
When length of the spacer L, is less than 4.74d. ¢
has a2 maximum and it exceeds the value 2{, at an
angle ¢=30°. When L,=4.7d. the maximum
value becomes less than 2(, and is changed by the
twisted angle ¢ of pipe line. When L,>104d. ¢
is indecendent of the angle ¢ and remains coa-
stant The value, however, is appreciably less than
twice the single elbow lass, 2, exhibiting an ex-
istence of interference of elbows. Even with this
interierence. loss of the combined elbows is inde-
pendent of the twisted angle. The reason is clarified
by examiniag the velocity profile downstream from
the first elcow. The velocity is seen to be distribut-
-ed nearly in axial symmetry but is not fully deve-
loped. the details of which will be descrited later.
[n the past, several investigators'i Uttt have
measured the turned loss of two bends combined
.and they ail observed an existence of a2 maximum
less ac about an angle ¢¢=20° and the value was
-always less than twice the single elbow loss. 2 ¢,
the results being diiferent from the above. The rea-
son wiil probably be attributable to the fact that the
past experiments were made -with smooth curved
.Pipes having a larger radius of curvature {p/d=2).

i 50”9

. I
;12300 3oy (90 2

Fic. § ¢-F

«180° | ————
I :o'lkila 2d Izar)

i [}
S 1q i3 20

Fig. T (~(Latd}

Bulletin af JSME Sk

Refation berwesa ¢ and L /d is pintted for %

several values of ¢ in Fig. 7, where Iio's datgan

are also given. ( chaages sharply within the sma
range of L /d<5. Whea ¢ is less than 453,

increases with L, but when ¢243%, ¢ decreases

to one minimum value and again increases s [

above are proved to be unaffected by Reynolds .
number in this experimental rangs and hence iLe.‘
descriptions are omitted  However, when the Dipe
line is bent thres-dimensionally wich an angle ¢
90°~180° and the length of spacer [, is reduced .
to zero, a [ew percsncage variations of the turned
loss is seen by change of Revnolds number.

4-:2 Distribution of velocity -;-.:a
4-2-1 Single curved pipe (with one elbow) Lk
Due to sudden enlarzemeanis or contractions in

elbow joints, the fow patiern is much disturbed and

o | -'

.is increased. In all cases. the loss mentioned the

%

(a) Discridution of axial vetocity in bend piane (N-
plane:, (Single ¢lbow)

e - . .

Srapf- =

[.4 { : 3|:‘;L.\r..

V.7v.

L.

-0 ~¢3 0 08 1.

SO

Inslide of curvature.--Oulalde of curvature

o

r/R T“
(b) Distribution of axial velocity in the plane normal R
to Neplane
Fig. §

——eaite a Y

s . ..,
0.9, S e \Tae e =t o 3%

e an Lo T
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Turare  mieazurements of selocity distribution in
2 elbow will encounter grear difficulty. Figure 8
) and (b)) show velocity zrofiles in an elbow,
the mucdle section E.-E, of the elbow. Fig. 8(a ),
gher velecizy is observed inside the curvature, the
@« resembling a fres vorizx motion. The axial
lecity on N-slane, Fig. § (b). of the same sec.
m has nearly an even distriSution. On the other

Studies on Fluid Flow in Three-Dimensional £end Corndruits 1373

hand. a fairly intensive secondary flow is set up in
this section. As a rasult, the maximum axial
velocity is further displaced from the centre of ;ﬁipe
towards the outer wall. Thus a considerable eleva-
tion of the axial velecity is se=n near the outer
wall. At the same time, the dow velocity near the
centre is reduced gracually, resuleing in a concave
velecity profile. N-plane. In addicion. sharp bend

! -1 :

Yelocity in normal glass (X) |l
L2 Curved suriize i
Axil veiccity : Vg [

B, Lefc : velocity prafile a¢
L =0.84d (single eibow
B. Right: velocity prodle ag
L=0.8¢ (two elbows com-
bined;
T {1y lnward velecity, Fig. A:
(¥,
€2) Ordinary type of secan-
dary: dow (V,)
. ¢3) Cambination of (1) and
Yo (2):(V,+V)

+
Bpiinslae 27 tursature)

H —— Preszac Test, o,dml. R, =10
—— Adler, 2,d=100. R,=1.1iT <10
Fig. 1l Equi-velocicy lines at L,=0.8d, (V)

Explanazion of abaormal tyoe of secondary flow behind clbaws
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of the elbow develops a flow separation at the inner
wall of the section E,-E,. which accentuates the
uneven distrioution of axial velocity. Thus. a
maximum disglacement of the axial velocity occurs
pear the section L,=0.1d. just after the elbow

gradually to that of the normal flow condition, Fig.
9. An abnormal ivpe of secondary flow is seen at
section L,=0.34d. where all of the fuids in N-plan,
move inwards of the curvature.  The reason why
this type flow occurs can be studied on a2 simple

exit, and af:er the section the velecity is recovered model as shown in the left of Fig. 10. The ex.
3
>
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:mely deformed fdow at the section of L,=0.14d1s

tored gr:é’u:lly to the narmal condition in course
of flow along the pipe line. This time, the fiow is
considered to have a aeariv uniform inward com-
ponent of velecity. Thae medel 1| in Fig. 10 shows
this condition. The mocz2! 2 in the same figurs
shows the ncrmal cvpe of seondary flow due 1o
bend. By combining the twa dows. an abnormal
flow picture 3 in Fig. 10 can be obtained Figure
Al reveals egui-velocicy regions ar the section of
L. =0.8d. whars the same results as by the others '™
are also plotted. A remarkable displacement of a
aigh velocity region can be sa2zn. Closer examina-
Yion of Fig. @ shows that axially symmecric profile
7, is nearly re-established a: the section L,=104d
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sezond elbow s installed 10 o downsiream from the
first elbow, the turned loss ¢ will be considered to
be independent of the twisted angie of pipe line,

4-2.2 Two dimensional double tum ia the same
plane (¢y=0° 1807)

In case of U twm. (*=0° the second clbow ex.
aggerates the curved effects due (o the first elbow,
With a short spacer, L_=(0~O.ES) d. the axial
velecity behind the second -elbow is deformed much
more than that due to 2 single elbow. the left of
Fig. 12 Velecity prodle of the axial componeat in
N-piane is convexed and has an opposite form to
that due 0 a single elbow. The same is true for
the secondary flow component V', in N-plane. This
phenomenon is explained by use of the right side

lownstream frem the elbow exit  Thus. when tha model in Fig. 10 B. Higher velccity range behind
: Fd i i
X N-slaas ’ 3 ’ P-plans |
! ! )
5o ; T "Ln 1.2 — w
N 1
Nt U _ =~
17 v ,
1 1.0 ’.L
Axiai | H 1]
velocity:v, \x x
I T ; |
- 7 —
| T
LI W DO S {
- y ’
| LY |
yd !
C.5 |
o . [
L i
0.2 .
=G -3 0 C.3 2 ~1.0 ~a5 o} G.3 1.9
r/R /R
Fig. 1% .

7 Ly~ 0.554
« Lo~ 215d
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(274

Fig. 13 Veiocity nrafles at L,

Velocity profiles behind che second elbow for £ =0.63d. ¢=180

. r/R
=0.84 and 34 for pipes with 2 singlc elbow 2nd two clbow.x
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the first elbow dominates the greater parts of the
outside of curvature as shown in the left of Fig. 20.
On entering the second elbow with this velecity., a
centrifuzal force due to the fluid in the seczions b-b
and c-c exceeds thar due to the fluid in the middle
section a-a. In consequence, a secondary flow is set
up in which the Huid near the section a-a3 moves
inwards. the direction of which is opposite to that
duc to 2 single elbow. By increasing the spacer
length. (L.=4.7d and 9.8 d). deformation of veloc-
ity distribution is greatly reduced before the second
elbow and the secondary flow behind the elbow is
nearly the same as the flow due w0 a single elbow.

In the flow in U tura, $=0° a2 separatioa due 1o
bends is much reduced as is sesn in the velocity
profile of Fig. 12. The above result verifies the fac.:
in section 4-1, that i5e loss coeffcient ¢ for ¢=n-
diminishes with L_. Figure 13 shows the velecity
profle for S turn in the same plane. Profileof v
in P-plane at the sectien of L,=0.84. juse behind‘
the elbow. is much deformed. but this profile is
rapidly uniformalized along downstwream from the
second elbow. Fig. 14 By decreasing the spacer
leagth L, to 2.15d or less. the secondary flow
having opposite seénse to that observed behind 4

single elbow is observed in N-plane as shown in

o VilVn

o

0.3 EAN -
c.x
C.2
: 1.Q
r/R riR
(2) Effects of L, on axial velocicy ag L, =0.3d (V=1
N N T '
.' f ' | |
L = B % !
L A e |
—_— 2.3 - ‘c-—-* - _—
] - v I i H 1
! : ]
L= { \ i i
: . - 9. = L . !
; ) ; B W
! | i ' S3- !
! e N !

(8]

~

1
'
)
1

e e by

=03 Q

riR
Effects of L. an 3wicling velocity at L,=0.3d (¢=120"
Fig. 18
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cig. 10 B, Absolute value of this velocity V), de.
sreases as L is increased. Whea [ is increazed to

l.7d or .32, the same direction of the sezondary
fow is clserved 2s 15 in 3 single elbow, and the
absolute valus of V', increases with L.. From the
above resui: an ingerssting  conclusion mav  be

. deduced. Nzmely, for both cases. ¢=0° and 180,
i e sense of secondary dow b, just behind the second
elbow is rzversed when the spacer length ranges
L2053 L, /d<4.T. Whena the spacer length L_ is
y less than this limit. 2 seceadary flow occups in the
¥ opposite direciion to that due to the single elbow,
and when L. is long2: the fow direction is revers.
~ed. Several sxamples of the secondary flow for (=
Q0° and 1307 are shown in Fig. 15 The absolute
¥ value of I", is generally greater for =180 than
for ¢=0°, Comparing the above result  on
-velecicles. Figs. 13~13, with the turned losses in
«Fig. 7. an important conclusion is deduced that the
!‘,css coeficient ¢ is closely related with the absolute
value of the s2condary Aow., Namely, when =
180° the values of ¢=1.83, 1.34, 1.34. and 1.38
icorrespond to ihe cases for the spacer length of L=
). 0.55d. 4.7 and 20 & respectively.
4.2.3 Three-dimeasional double turns in dif-
Ireat planes (v=1207)

Figurs 16 gives a relacionship between velocity
rofiles and the spacer length for ¢=120%, whare
has nearly the greates: valce. When the sgacer
short, a very complicated fow is generated be-
ad the elbows, due to a sitong interferencs te-
vezn (wo eltows. As an example, Fig. 17(2)
Ows an equi-valocicy diagram at the section L,=

“8d. Higher velocity razions exist on the lines O.
i, and Q-B,, corresponding to the outside of curva.

5y
V'!L’:‘,'_J\-O

%2) Equi-velesizy lines of V., at L,=0.84d viewed from
downstr=am side

Fig. 17

ture of the second eibow and inside of the first une.
Flow patterns in Fig. 170 a) difer remarkably {rom
thase 1n Fig. 11. Velocity profiles V', of the second-
ary flow at section L.=0.8¢ are shown in Fig.
I7{ b Strong cleckwise swirling motions are re.
cognized on che diameters of AL By AB,. and A,
B. Cn the other hand, a pair ol clockwise zand
counter-clockwise vortices. one on O-B. being strong
and clockwise. and the ocher on O-A, weak and
counterclockwise, is generated on the line A..B..
Position of the weak voriex roughly corresponds to
rezioa of lower wvelocity and thac of - the strong
voriex to region of higher velocicy,

The maximum value of the secondary flow
velocity is seen to reach as high as 90 percent of
the mean flow velocity. Validity of the results in
Fig. 17(b) is carefully checked by measuring the
velocity in many diamectral directions. The fiow
picture of section L,=0.654 is nearlv the same as
that of section L,=0, and dezay of the secondary
flow along the pipe line is shown for L =0.654 in
Fig. 18(a). A pair of vorrices which have already
existed at the upstream section L.=0.8dis reduced
o a single vartex at section L.=34d, a strong
vortex absorbing a weak one. [n chis process, the
axial velecity is uniformalized. Figs. 16 and 18.
At section L,=6d. the single voriex takes a nearly
forced vortex form. which recucss to zero along
the pipe line, maint2ining the form. This vortex
producing "a strong loss extends as far as 1604
downsirsam from the second elbow. If this kind of
voriex is generated in the suction pipe of a pump
or a blower, the performance will considerably be
changed. When L, is longer than 10 4. this forced
voriex is not generatad. the reason being the same

T-120°,L,~0 N-e

S2IZr3 2 2w

o

(b5) Swirling velocity, Vi at L,=0.3d viewsd [rom

downstream side
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as given in section 4.2.2,

Figure 19 explains schematically the direction
of vortex formation in a pipe downstream from the
elbows. When water enters the second elbow with
deformed fow conditions due to the first elbow, a
centrifugal force acts in the second elbow as shown
in the figure and a pair of strong and weak vortices
is producsd at the exit. The strong vortex absorbs
the weak one and reduces to a single vortex, the
sense coinciding to that of the strong vortex. Flow
patterns for various bend conditions are shown dia-
grammatically in Fig. 20. The velocity prodles
shown in pige line correspond to the profifes on N-
plane. The maximum velecity point is shown by a
mark x. Arrowed solid lines represent the
direction and the magnitude of fow velocity on the
pipe centre. Arrowed dotted lines and broken lines
illustrate those near both sides of pipe wall. The
velocity profiles above pipe line show those viewed
from the dowmstream side.

A pipe line is turned in various configuratinns wity
two right-angled elbows and the following results

Flgw witheut
Swirlng compoagst

Fig, 19 Ceneration of swirling motion due to twisted

5. Conclusions

1

Selzns dlnie

pipe line

[

|
O U Y 4

-0 05 0 s 10

(2} DCecay of swirling velocity, V.. behind the second elbow (La=0.334 p=120%)

=03 0 .3 L)

7R

e S S il . iy

(d) Change of axial velocity curvea, V,.

A L S o WX
B el e TR R

tenind the second elbow (L =0.63d. y=120°)
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5 (1) When the scacer length L, is less thaa
) 5d. the elbows intarier each other intensively and
! the turnad los: Gtecomes minimum lor ¢ =0°,
! maximum for ¢=120°~130%. and medium for ¢=
i
3
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: Fig. 20 Flow patizras for turned pipe line
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i

180°  When L_.50.65d. the loss exceeds twice
that due to a single elbow, and when L, =104, the
loss becomes independent of the twisted angle of
pipe line.

{2) A secondary fow just behind single
elbow. L,=0.8 d~3 2. shows an abnormal distribu-
tion, which recovars the normal condition ar L.=>=3.

(37 With two elbows in che same plane,
direction of a seconcary flow behind the second elbow
changes the sign when the spacer leagth L, eax-
ceeds 2.15d~4.7 <. ’

(4) With two elbows in different planes, a
forced type vortex is produced behind the bends
when L,<4.7d, The vortex becomes maximum at
an angle =135 and it reaches abour 1354 down-
stteam from the exit of the sacond elbow.
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1.0 PURPOSE

Flow tests were performed at Alden Research Laboratory in which a four-path
chordal leading edge flow meter (LEFM) was installed in two different piping

configurations. [

2.0 SUMMARY

—

3.0 DISCUSSION
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The data from these two tests were entered into a Microsoft Excel 5.0 worksheet,
and average profile factors were calculated for each piping configuration and LEFM
orientation, using the following expression for profile factor:

where:

QLerm = volumetric flow rate calculated by LEFM from V.,

Qpgry, . = actual volumetric -ﬂow' rate based on ARL weigh tank
A printout of the Excel worksheet i is prowded in Attachment 1. The results are
summarized in Section 2.0.
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1.0 PURPOSE

2.0

3.0

The Leading Edge Flow Meter (LEFM) calculates volumetric flow from fluid velocity
measurements along acoustic paths in a measurement section or spool piece. The ‘
relationship between the velocity measured along the acoustic paths and the volumetric flow
is determined by (a) the angle between the acoustic paths and the axial fluid velocity vectors
which intersect them and (b) a profile factor which relates the axial velocities along the
acoustic paths to the axial velocity averaged over the cross section of the spool piece. This
calculation provides the basis for the profile factor to be used with the four-path chordal
flow meter installed at Point Beach Unit 2, and calculates the uncertainty bounds on the
profile factor.

SUMMARY

A profile factor of | ]should be used with the four-path chordal flow meter at Point
Beach Unit 2, and the uncertainty in this profile factor is[ ]
APPROACH

The profile factor and its accuracy for a four-path chordal flow meter are dependent upon the
ability of the meter to integrate from discrete velocities measured on each of four paths into
the spatially averaged velocity across the spool piece section. This integration is affected by
the inaccuracy of the four path Gaussian Quadrature integration method, and the fact that the
velocity profile is not uniform across the section. The velocity profile is non-uniform on two
counts. First, in long straight sections of pipe the velocity profile becomes rounded, blunt
and symmetrical, characterized as "fully developed”. In a fully developed profile, the
velocity has a maximum at the fluid center and minimum at the pipe wall. Secondly, actual
piping systems like the Point Beach feedwater system contain bends and other fittings which
produce, in varying degrees, asymmetrical distortions that change the velocity gradients and
introduce secondary non-axial flows.

To estimate the Point Beach Unit 2 four-path chordal profile factor and its uncertainty, this
calculation takes the following approach: '

m [

£
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v

@ [

@ [

CALCULATION
4.1  Profile Factor and Uncertainty for Fully Developed Turbulent Flow

Reference 1 establishes a profile factor versus Reynolds' Number for measurement of fully
developed flow using a four-path chordal flow meter. The reference analyzes calibration
data taken at Alden Research Laboratories on eight Westinghouse LEFM spool pieces in the
1979 through 1983 time frame. A mean profile factor of 1.0012 is calculated in the
Reynolds' Number range of 3 x 10° for over 160 weigh tank runs. This result is extrapolated
to the 3 x 107 Reynolds' Number range existing in feedwater piping using two empirical
correlations for velocity profiles of fully developed turbulent flow. The resulting profile
factor for fully developed flow is 1.0010 with an uncertainty of + 0.20% assuming a 95%
level of confidence (Reference 1 defines the profile factor as 0.9950, which is equal to
1.0010 multiplied by 0.994, the Gaussian Quadrature integration error for a circular cross-
section).

4.2 Point Beach Unit 2 Hydraulic Geometry Effects

The piping arrangement and flow meter orientation in the Point Beach Unit 2 feedwater
piping are sketched in Figure 1 (Reference 2). The flowmeter is located in a straight run of
horizontal piping approximately 47 pipe diameters downstream of an elbow. In turn, the
elbow is approximately 3 diameters downstream of a converging tee. One of the lines
feeding this.tee is perpendicular to the plane of the elbow. A converging tee is located in the
straight run of horizontal piping 31 pipe diameters upstream of the LEFM. However, the
line feeding this tee is a bypass line which is normally closed; no additional hydraulic effect
is anticipated. ‘

[
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Murakami has extensively tested non-coplanar bends. Murakami’s data (attached to this

y persist for up to 150 pipe diameters. On
the basis of Murakami’s data, the swirl should be detectable at the LEFM location 47
diameters from the elbow. Evaluation of the LEFM in-situ path velocity data confirms the

calculation) shows that a swirl, once created, ma

presence of a swirl in the expected direction.

Figure 1 shows the orientation and numbering of the LEFM paths at Point Beach Unit 2.
Individual path velocities recorded during commissioning of the LEFM at Point Beach
Unit 2 are summarized in Table 1 below, for which the following nomenclature applies:

T

|
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4.3 Velocity Prof_i-l_e Asymme;t;} Effects

All four of the LEFM acoustic paths measure the fluid velocity in the same spatial plane.
Accordingly, asymmetries in the velocity profile have the potential to cause measurement |

error. In the case of Point Beach Unit 2, the potential sources of asymmetry in the velocity &l
profile are:

3
. Axial velocity profile asymmetry due for example to the upstream bend, misalignment j

of the LEFM spoolpiece with the upstream pipe, or variations in pipe roughness.
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4.4 Combination of Errors
o | ]
e [ 1
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Studies on Fluid Flow in Three-Dimensional

Bend Conduits®

By Mitsukiyo Muraxami**, Yukimaru SHiMizu**x,
and Heiji SHIRAGAMI****

This paper gives the results of the experimental study of loss and secondary circulation due
to various combinations of commercial elbows. and discussed the relationship between the loss and
One where the two elbows produce a complete

the circulation.
reversal in the direction of flow,

Three general combinations are:
termed the U~ bend;

and two where the two elbows produce an

offset but no change in direction, termed the “S” bend; and three where the two elbows produce

boch an ofset and a S0 degree change in the direciion of fow, termed the

“twisted S bend.

The last combination gives rise to a strong single spiral motion in the strmgh[ pipe of curved

pipes dowmstream and shows the maximum bend loss.

,

1. Introduction

A pipe line of a fuid machine or other hy-

ulic plants has often many complicated curved

When a fAuid flows through such a curv-
‘pe, the fuid acquires a secondary fow com-
-t. which would not present itself in a straight
flow. The secondary fiow produces an addition-

nydraulic less Particularly when two curved

5 are located in different planes. a strong spiral

ion is produced in the pipe and the distribution

‘he exit velocity is deformed remarkably, result-
in a greac loss. When the fluid enters 2 Auid

‘hine or a fow meter with the deformed veloc.
it alters their performances considerably.

Many studies™ -4 on this subject have been

«© in the past, but the most of them concemn

" the hydraulic loss on smooth bends having a
lively targer radius of curvature. A right-angled
Tercial elbow has a relatively small bend
15 and also 2 sudden contraciion or enlargement
‘e sections of screw which complicates
flow patterns and prohibits a theoretical ap-
:h.

The abject of this paper is to clarify experi-
ally the relationship between hydraulic loss and
ity distribution of two elbows located succes-
y id 2 pipe line.

joints,
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2. Nomenclature

diameter of pipe

acceleration of gravity

tocal loss of head in gauge length’

distance of downstream pressure tap (section
S in Fig. 2) from exit of the second elbow
length of spacer between the first and the
second elbows

distance ol upstream pressure tap (section
0 in Fig. 2) trom entrance of the first elbow
L,+L_+ L, total gauge length

radial distance

rzdius of pipe

static pressure at section O in Fig. 2

static pressure at section 9 in Fig. 2

wall pressure at any section downstream
from the second elbow

axial component of velocity

maximum value of V,

tangential component of wvelccity

maximum value of V,

mean velocity calculated f{rcm orifice read-
ings

specific weight of water

radius of curvature of curved pipe
coefficient of total loss- due ta two elbows

as defined by Eq. (1)

coefficient of apparent total loss due to two
elbows. calculated by Eq. (1) with p, and
., .
coefficient of loss due to a single elbow in
a pipe line

gt 1
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i Inction factor lor straight pipe velocity profiles of the pipe sections.
¢: anzle of pipe line twisted by two elbows, To avoid an error due to fluctuation of Mmane

25 defined by Fig. 3
Notations in Fig. 3
N-plane: plane normal to bend surface of the
second elbow
P.plane : bend plane of the second elbow
Suffix
N: normal direction to P and Z and on N-plane
P: normal direction to N and Z and on P-plane
Z; downstream direction along pipe line.

3. Experimental apparatus and procedure

The general arrangement of the test apparatus
is indicated in a schematic diagram. Fig. 1. A
steady pressure was maintained in the metering
system by 2 head tank for low-pressure range and
by a centrifugal pump for high-pressure range A
flexible pipe was employed to facilitate the bend
configuration of pipe line. The flow rate of the
piping system was measured by an orifice meter.
The measuring pipes 6. 8, and 10 are of brass and
the inside diameters are 33.75, 53.84. and 53.%0 mm
respectively, and the pipes have hydraulically smooth
surface. The details of measuring pipes are showm
in Fig. 2. Distance of two elbows. namely, the
spacer length and an angle of twist of pipe line
used in this experiment are given in Table 1. Each
measuring section has four taps. the diameter of
which is | mm and equally spaced circum{erentially.
The upstrezm section 0 is located 35 pipe diameters
downstresm from the rectifying tank to eliminate
the effects of the inlet length*. The measuring
section 9 downstream from the second elbow is
selected at the position where the efiect of elbows
disappears. Depending on the twisied angle ¢ and
the length of spacer L., the position of the section
changes from 1350 to 300 diameters downsiream from
the second elbow. The position was selected on the
basis of pressure distribution along the pipe line and

J ——

Fig. | Schematic diagram of test arrangsment

* The effects of the inlet length on ¢ are negligible when
the length ranges fram 3 to 15 pipe diamezers.

meter readings, 2 rotary cock is inserted in gajj the
pressure transmitting pipes from taps to manomerer;,
After clgsing the cock., the mancmeter feadings
were taken. A cvlindrical pitot tube with three
holes was traversed in the sections shown by dotteq
lines a~h in Fig. 2 and velocity profile was obeajy.
ed (tube diameter=3.025mm, hole diameter=( 3
mm).
the flow quantity evaluated by a graphical integra.
tion of axial component of velocity was compared.
with that by the orifice meter. The difference wag
proved to be less than 5 percent.

Coefficient of the total fitting loss due to twg
elbows located in series in a pipe line is calculateq
by the following equation:

d

H::-E'—_T-—p=,((-£)(£>"<(%)( 1y

29

Table 1 Length of spacer L./d and angle of turn ® of
pipe line emploved ia this tesc

25 | 47 | e
csot (et p st et | e

— Ly !
{1om16d —=— 10 —=10d — =104 ~I

1xT
e iras a
e I P !
— W-07<‘ 183 )
30 /}\ 150"

537 L. 10

I~8 : Measuring sections aof pressure
a--h : Measuring sections of velocity
2 :0.14d irom the secand elbow

b:0.8g -
e:3ad ’, -
h: (130 Znd - »

Fig. 2 Measuring sections and angle of turn of pipe Lo

Fig. 1 Definition of sections and directions

To check the accuracy of measurements, °
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nen a single elbow 1s in 3 pipe line. the loss coef-
-ent ¢ in Eq. (1) reduces to [, the loss coeficient
10 2 single elbow,

i
sl

4. Experimental results and discussion

4-1 Loss of head by two S0-degree elbows

= Hydraulic losses due (o combination of two
:.‘l-:‘:lbo“-s have been studied by many {nvestigators.
éut knowledges of the distortion of velocity at the
=pend exits and its relations with the hydraulic loss
é;:gre nat sufficient. In the following, results of this
SL{?p’.perimenr on head loss due to bends are summariz-
id and compared with those obtained by the other

i

A

4

“nvestigators.
4-1.1 Pipe length required to recover normal
tribution of velocity

¥ Due to generation of a secondary flow by pipe

Fends. distributions of velocity and pressure in a
é&.ﬁefpe section downstream from the bends are distort-
\; considerably. The secondary fiow decavs toward
vwastream and the distortion of the velocity is
= dually recovered to the normal flow conditions.

§j+us. by examining the pressure drop along the
e ddwns:ream from the second elbow. position of
;enearesc section at which the normal flow con-
fitions will be re-established can be found.

;G: In Fig. 4 apparent coeficient of loss ¢, by Eq.
i) is platted againsc. Lyd. where the wall pres.
' o, downsiream from the second elbow is used

|

A

~
+

.2 Minimum pipe length L, behing the second elbow
to recover normal Bow conditians

[ S P } s0° I 135° , 180°
:‘—-\/N.
g- i (=3 " f .
5 0 ' 2 [ 100 ’ 180 ’ 180 i
- r2.5] ' |

0.6 [WRIIN ), , 160 160 80
- !

4.7 30 ‘ 60 el l 80 80

' For very short spacz: length L./d of o and 0.63,
pipe line can not be turned striczly U-shape.

1

165 1] ce 250

Lyd
Fig. 4 Curves for [SRIVT- I

e

in place of p,. As the measuring section of P, is kept
away from the second elbow, <. tends to a consiant
value. [e the true ftting loss of the bend ¢.
Apparently, by iatroducing a shor: length of a pipe
L.. namely a spacer, betwean the two elbows, the
value of bend loss ¢ .is altered. For reference,
results of a single elbow in a pipe line are also
plotted. In this case. ¢ reaches a consiant value
of 0.735, the true loss coefficient. when the wall
pressure p, at section of L, =30d is ysed. When -
two elbows are located in U (¢=0%) and S (Y=
180°) forms in the same plane. {, flattens "off in a
shorter length. When two elbows are off set in the
twisted S form, for example ¢=120" and 140°, the
turned effects extend as far as L,=180d. The above
results show that the required pipe lengch in which
the turned effect disappears {rom the pipe line will
be much altered by the turned form. Table 2 gives
this required pipe length, which is unaifected by
Reynolds number in this experimentai range.

4-1.2 Coupling depth of screw ioint and hy-
draulic loss

The coupling depth of a scraw joint between an
elbow and a pipe has a considerable effect an the
ficting losses of the elbow. Figure 5 shows the
results of experiments, where the two elbows are
lecated in S form in the same plane. Depending
upon the coupling condition of screw joints the fit-
ting loss is seen to be scattered about 13 percent
Throughout this paper. with exception of the pre-
sent section; the loss of elbows is referred to the
Case when the pipe ends are fully screwed 1o the
coupling parts,

4-1.3 Effects of twisted angie ¢ and spacer
leagth L, between cwo elbows an turned loss

Figure 6 shows the relation between ¢ and ¢
for various values of L./d. With small value of
L./d, ¢ is much affected by ¢b. From a minimum
value of ¢=0° ¢ increases and tzkes a maximum

100

”
43

(4¥/4
w
o

0 S 10 13 20

O : Haif-screwed ar Mo, oaiy
€ : Hall-screwed at Na. 2 only
Q : Haif-serewed at No. 3 only
® : Half-screwed at No. ¢ only
G : Hall-screwed ac all joints
¢'=Loss coefficient in Hall-screwsd case
¢=Loss coeflictent 1n Fully.-screwed case
Fig. § Relation between screwed depth of joints and loss
coefficiencs

Q P
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value at about ¢=I30°~130°, and again it decreases
to the value of ¢)=180°. For refcrence. twice the
loss of a single elbow., 2(, 1is shown in Fig. 6.
When length of the spacer L. is less than 4.7d. ¢
has a2 maximum and it exceeds the value 2{, at an
angle ¢=80°. When L,=4.7d, the maximum
value becomes less than 2, and is changed by the
twisted angle ¢ of pipe line. When L =104, ¢
is independent of the angle ¢ and remains con-
stant. The value., however, is apprecizbly less than
twice the single elbow loss, 2 {, exhibiting an ex-
istence of interference of elbows. Even with this
interference. loss of the combined elbows is inde-
pendent of the twisted angle. The reason is clarified
by examining the velocity profile downstream from
the first elzow. The velocity is seen to be distribut-

-ed nearly in axial symmetry but is not fully deve-

loped.. the details of which will be descrited later.
In cthe past, several investigators'’iu%uu have
measured the turned loss of two bends combined

.and they ail observed an existence of a maximum

loss at about an angle ¢»=%0°, and the value was

.always less than twice the single elbow loss. 2,

the results being different from the above. The rea-
son will probably be attributable to the fact that the
past experiments were made with smooth curved

_pipes having a larger radius of curvature (g/d=2).

‘20 ' -

B 2P - D I R o1
(3387 (230 (300 (2307 (249 (2T
-

Fig. 6§ ¢=F

]
1.
I & V-
-]
I e80T ——————— & 7.2 ——
. \‘;- :o'}(lb.‘nd fr1) @ v«
2.8 '?-0_._‘________:_______ PR —
¢ g 10 15 70
Lord

Fig. 7 (=(Lath)

Relaticn between ¢ and L./d is plotted for
several values of ¢ in Fig. 7, where lto's data e
are also given. ( changes sharply within the sraal|
range of L, /d<5. When ¢ is less than 457, ¢
increases with L, but when ¢2437, ¢ decreases
to one minimum value and agaia increases as [ em
is i‘ncreased. [a all cases. the loss mentioned th:
above are proved to be unaffected by Reynolgds
number in this experimental range and hence jy

line is bent three-dimensionally with an angle ¢
90°~180°, and the length of spacer L, is reduceq
to zero, a few perzentage variations of the turned

descriptions are omitted. However. when the pipe i

4.2 Distribution of velocity
4-2.1 Single curved pipe (with one elbaw)
Due to sudden enlargements or contractions i
elbow joints, the flow pattern is much disturbed and E
2y

. N i
« B, !__. v,‘_’\"_-_l_-;»“, _‘___J

loss is seen by change of Revnolds number. - s
L
2

§ f Lo ey

Separzticn taee

(a2) Distributioa of axial velocity in bend plane (M- 5
plane), (Single elbow)

i-4 .‘l‘-;'ur..
o )
' . i e n
12 ff_k' ! = §
I 0 m N \|
0.8 : Z A ) §
! i H
P V| E
0.5 ' : :
] ! ; R F
./"\_\ <
. T -
Q.1 e ’ 0.4 3
2
0-2 T Smicking ity o, bre
E ! ' o
- - oz
i ! ! 3
- e | 5
o Sl . -07‘_‘_‘ B
| L
. 048 B
) i | g E
-1.0 -0.5 Q 0S 1.0
r/R
(b} Disteibutian of axial velocity in the plane normal
to N-plane .
Fig. &
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-urafe measurements of velecity distribution in hand. a fairly intensive secondary flow is set up in
e elbow will encounter great difficulty. Figure 8§ this section. As a result. the maximum axjal
) and (b} show velocity profiles in an elbow. velocity is further displaced from the centre of pipe
t the middle zection E,-E, of the elbow, Fig. 8(a), _ towards the outer wall. Thus a considerable eleva.
digher velocity is observed inside the curvature, the tion'of the axial velocity is seen near the outer
Jow resembling a free vortex motion. The axial wall. At the same time. the flow velocicy near the
telocity on N-plane. Fig. 8§ (b), of the same sec. centre is reduced gradually, resulting in a concave
Son has nearly an even distr'“ution. On the other velecity profile. N-plane. In addicion. sharp bend

‘LDCIH in ra—ma' plass (h)

s cmed suriice

Axidl vel, oc:tr Yz ’
~ | |

2

i

3
&

’ | .
¥ A ' ¢5 L, - o:: g
/“\—u._/ : ' : ~ 10.5¢ '
o x . — -------L<1 234

7z,
X:Q £ x 0.4 " e
= 2 ! ' | | Z
! | 5
- - f Directicn {rN) g — I 0.2
% in Fiy.3 Y Ve
% 'D_T.‘, !
= : A e 0
e e e X H <,
I - Diraciien (=) x
-c.2 - in n; I Inside ¢4 -2
i . ( | Curvaiyrs
l | = T
-C.2 — - ' - o
_ =i.c ~-3.3 3 Q.5 o} c.3 LC
é r/R r/R
R Fig. 9 Velocity distribution downstream from a single elbow
= .
¥
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i
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f T Hexsenng

szction
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B. Left : velocity profile at
L,=0.84d (siagle elbow)

B. Right: velocity prafite at
L,=0.84d (two clbaws coru-
bined;

(1) lnward velocity. Fig. A:

v,

{2) Ordinary type of secon-
dary: flow (V,)

(3 Combinaction of (1) and
(2):(V,+V)

ok
¥

Bp linslae c«r turature)

~—— Present Test, p/d5l. R,=10

R — Adler. p,d=100. R, =1.1iTx10
10 Explanation of abaormal fype of secondary fiow behind elbows Fig. [l Equi-velecity fines at L, =084, (V)
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of the elbow develops a flow separation at the inner
wall of the section E-E,, which accentuates the
uneven distribution of axial velocity. Thus. a
maximum displacement of the axial velocity occurs
near the section L,=0.1d, just after the elbow

gradually to that of the normal flow condition, Fig.
9. An abnormal type of secondary flow is seen 3y
section L,=0.8d, where all of the fuids i N.plage
move inwards of the curvature. The reason why

this type Bow occurs can be studied on 3 simple

exit, and after the section the velocity is recovered model as shown in the left of Fig. 10. The ex.
<
Ed
P l i TN ~ ] )
+ [ P-plane —| e ~ 14 g plane I ! 2
Axial T xa .
I v:l'.aci by:ve | e -.:i—j%:?ﬁ L weleeityiVa . I
1 e e I . £
, 3 N et P
2[ fl / g B j,\'f_*’_r;qggé‘;/ﬂ Ib
| Y T
/; 1 g/( | sl
7 T3 -0 f’;-' = T v
7 h =
J f |
F—+ 0.8 ; —
A g
2 / La=- 08354
R 0.6 D 1 (S
< LC\SK "I/ @ tm~ 584 z
> L7 >
:n ¢ ,j/ C.4 :
| | ! >
0.2 T T 0.2
5""['—'}!} . Swirling
velecity *Vs velecity 2V,
. Lo e |
T A | < Y i — = S ol ¢]
y b O oy
F' ‘ \} - ¥ f%}:w*‘f‘ﬁiﬂ
-0.2 , {F N ~§J? -0.2
-0.4 I -0.4
-0 -0.5 0 Q.5 1.0 ~-1.8 -C.s Q 45 1.0
riR r/R
Fig. 12 Relation bezween velocicy profile at L,=0.6d and L., ($=9")
: =
. . Egt
Axial velocity t vy ‘l .
Z D 4 ~]
+ +
= o]
{ 1

-0.5 0 .3 ]
r/R

Fig. 13 Relation betwzen velocity praofile at L,=0.84d and L., (#=130")
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- :mely deformed flow at the sectionof L =0.1d1is
: tored yradually to the normal condition in course
ior flow along the pipe line. This time. the flow is
gconsid&red to have a nearly uniform inward com-’
- ponent of velecity. The medel 1 in Fig. 10 shows
athis condition. The modal 2 in the same figure
* shows the ncrmal tvpe ol secondary flow due to
}Ebend. By combining the tno flows, an abnormal
~ fiow picture 3 in Fig. 10 can be obtained. Figure
=311 reveals equi-velecity regions at the section of

:L,=0.84d. wnere the same resuits as by the others ™
‘are also plotted. A remarkzble displacement of a
T high velocity region can be seen. Closer examina-
gsfcion of Fig. 9 shows that axially symmetric profile
UV‘ is nearly re-established ar the section L,=10d

second elbow 1s installed 10 d downstream from the
first elbow, the turned loss ¢ will be considered o
be independent of the twisted angle of pipe line.

" 4.2.2 Two dimensional double turn in the same
plane (¢»=0° 180°)

In case of U turn. ("=0° the second elbow ex-
aggerates the curved effects due t the first elbow.
With a short spacer, L_=(0~0.65)2. the axial
velecity behind the second elbow is deformed much
more than that due to a single elbow, the left of
Fig. 12. Velocity profile of the axial component in
N.plane is convexed and bhas an opposite form to
that due to a single elbow. The same is true for
the secondary flow component V), in N-plane. This
phenomenon is explained by use of the right side

downstream frem the elbow exit. Thus. when the model in Fig. 10 B. Higher velocity range behind
“t ]
= z !
: N'pll‘rt ‘ > P-plaaz l
L r | I et
s 1.2 | P S

e o

o

-Ji R
¥

r'al j

fag 5]
velocity:Vy  \X
[

o

i

: -1 oz o] C.3 10

i riR

<= Fig.

- ; - 3
I Ly = 0654 2

= 2 L= 2054 >

Tt Llar i Td ——] g

~— Singl2 2lbow

L

r/R

ig. 14 Velocity profiles behind the second elbow for L,.=0.654, ¢G=180"

[

yao ’ ’
Ly~ .54

r/R
- Fig. I3 Velocizy profiles at L,=0.8d and 14 for pipes with a single elbow and two elbovws

r/R
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the first elbow dominates the greater parts of the
outside of curvature as shown in the left of Fig. 20.
On entering the second elbow with this velecity. a
centrifugal force due to the fluid in the sections b-b
and c-c exceeds thar due to the fluid in the middle
section a-a In consequence, 2 secondary flow is set
up in which the Huid near the section a-a moves
inwards, the direction of which is opposite to that
due to a single elbow. By increasing the  spacer
length, (L,=4.7d and 9.8 d). deformation of veloc-
ity distribution is greatly raduced before the second
elbow and the secondary flow behind the elbow is
nearly the same as the flow due to a single elbow.

In the flow in U turn. ¢p=0° a separation dye to
bends is much reduced as is seen in the velecity
profile of Fig. 12. The above result verifies the fac,
in section 4.1. that the loss coefiicient ¢ for ¢=0°
diminishes with L, Figure 13 shows the velocity
profile for S turn in the same plane. Profile’of |
in P.plane at the section of L,=0.84d. just behind‘
the elbow, is much deformed. but this profile is
rapidly uniformalized elong downstream from the
second elbow. Fig. 14 By decreasing the spacer
length L, to 2.154 or less, the secondary flow
having opposite sense to that observed behind ,
single elbow is observed in N-plane as shown in

3 Vi/V¥n

velocidy s Ve —l

o

H
i
i
|
]
!

')

[#]

[¢J]

-1.0 -3.5 0 C.z 1.
r/R
(2) Effects of /. on axial velocity at L,=0.8d (J=120*)
[ < t.-0
| T La=Q0334
— a L2133
* La- a

v
8 b
n

=05 Q c3
riR
(b)

o & Ao wm e
[3hr

r/R

Effects of L, on awicling velocity at L,=0.84d (¢=120"
Fig. 16

Y
1
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E ig. 10 B, Absolute value of this velocity V, de-
- :reases az L is increased. When L, is increased to
= b.7d or ©.83¢. the same direction of the secondary
flow is cbhserved as 15 in a single elbow, and the
absolute value of V, increases with L_.. From the
above result an inceresting conclusion may  be
deduced. Namely. for both cases, ¢=0° and 1802,
¥ the sense of secondary flow 17, just behind the second
i elbow is reversed when the spacer length ranges
Ty 2.55<L./d 4.7, When the spacer length L, is
gé less than this limit, a secondary flow occurs in the
B oppecsite direction to that due to the single elbow,
and when L, is longar the dow direction is revers-
ed. Several examples of the secondary fow (or =
Q° and 1807 are shown in Fig. 15. The absolute
value of 17, is generally greater for ¢ =180 than
 for =0 Comparing the above result on
xqa velocities. Figs. 13~13. with the turned losses in
§§§Fig. 7. an important conclusion is deduced that the
gloss coefficient ¢ is closely related with the absolute

Xvalue: of the szecondary flow. Namely, when =
3 180°, the values of C=1.63, 1.54 1.3 and 1 38
& jcorrespond o the cases for the spacer length of [ =
10. 0.654. 4.7d and 204 respectively.

__i 4-2-3 Three-dimensional double turns in dif-
—yirent planes ((»=1207)

¥ Figurs 16 gives a relationship between velocity

profiles and the spacer length for &=120° where
— " has nezrly the greates: value. When the spacer
2 short, a very complicated flow is generated be-
¥ nd the elbows, due to a strong interference be-

ween two elbows.  As an example, Fig. 17¢a)

— 1ows an equi-velocity diagram ac the section L, =
‘¥0.5d. Higher velocity regions exist on the lines O-
M4, and O-B,, carresponding to the outside of curva-
$-125 Ln=0

{3) Equi-velecizy lines of Voat L,=0.24d viewed from
downstream side

Fig. 17

ture of the second elbow and inside of the Hrs: one.
Flow patterns in Fig. 17¢ a ) differ remarkably from
those 1n Fig. . Velecity profiles V', of the second-
ary flow at section L,=0.8¢ are shown in Fig,
17(b ). Strong clockwise swirling motions are re-
cognized on the diameters of A:Bp AB,. and A,
B,.. On the other hand. a pair ol clockwise and
counter-clockwise vortices. one on O-B. being strong
and clockwise. and the other on 0-A, weak and
counter-clockwise, is generated an the line A.-B..
Position of the weak vortex roughly corresponds 1o
region of lower velocity and that of “the strong
vortex to region of higher velecity.

The maximum value of the secondary flow
velocity is seen to reach as high as 90 percent of
the mean flow velecity. Validity of the results in
Fig. 17¢b) is carefully checked by measuring the
velecity in many diamecral directions. The Aow
picture of section L,=0.65¢ is nearly the same as
that of section L,=0, and decay of the secondary
flow along the pipe line is shown for L, =0.654d in
Fig. 18(a). A pair of vortices which have already
existed at the upstream secrion L;=0.8d is reduced
to 2 single vortex atr section L,=3d. a strong
vortex absarbing a weak one. In this process, the
axial velecity is uniformalized. Figs. 16 and 18.
At section L,=6d, the single vortex takes a nearly
forced vortex form, which reduces to zero along
the pipe line, maintaining the form. This vomex
producing a strong loss extends as far as 160 4
downstream from the second elbow. [f this kind of
vortex is generated in the suction pipe of a pump
or a blower, the performance will considerably be
changed. When L, is longer than 104, this forced
vortex is not generated. the reasan being the same

T-120°,L0~0 N-ely,
Ou

(b) Swirling velocity. V,. at L, =0.8d viewed (rom
dawnstream side
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as given in section 4-2.2.

Figure 19 explains schematically the direction
of vortex formation in a pipe downstream from the A pipe line is turned in various configurations with
elbows. When water enters the second elbow with two right-angled elbows and the following results
deformed flow conditions due to the first elbow, a :
centrifugal force acts in the second elbow as shown
in the figure and a pair of strong and weak vortices
is produced at the exit The strong vortex absorbs
the weak one and reduces to a single vortex, the Flew dirszzizn
sense coinciding to that of the strong vortex. Flow ) Ciestsieow
‘patterns for various bend conditions are shown dia-
grammatically in Fig. 20. The velocity profiles
shown in pipe line correspond to the profiles on N-
plane. The maximum velocity point is shown by 2
mark x. Artowed solid lines represent the Flaw sithout
direction and the magnitude of flow velocity on the swirling companent v, i
pipe centre. Arrowed dotted lines and broken lines ;:r:‘-fr‘"::;;ﬂ::: o7
illustrate those near both sides of pipe wall. The g
velecity profiles above pipe line show those viewed Fig. 18 Generation of swithng motoo due to visced F
from the downstream side. pipe line :

5. Conclusions

7 2eirdng azlicn
Flow 5iArz/"t::r.

i

7

I

Y/ Vn

’7/‘\\ N-plans
‘[ Swirling 0.4

! —
velscity: Vy

084
34
64
23d
434
854

laid i

~-1.0 ~0.S o c.3 1.0 -1 -0.5 0 J.3 1.
: reR rR
(a2} Decay of swirling velocity, V.. behind the second elbow (L, =0.83d. g=1207)

Vi/Va
5 —

~

rtR /R
(b) Change of axial velocity curves, V.. behind the sccond elbow (La=0.654d. =1207)
Fig. 18
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are obtained:

(1) When the spacer length L_ is less than
5d. the elbows inter{er each other intensively and
the cturmned loss becomes $=0¢,
maximum for ¢=120"~150%. and medium for ¢=

minimwm  for

0S4

[
Cinisd §-tor=}

Fig. 20 Flow patterns for turned pipe line

180°. When L_<0.654. the loss exceeds twice
that due to a single elbow, and when L,.=104d. the
loss becomes independent of the twisted angle of
pipe line.
. (2) A secondary flow just behind = single
elbow. L,=0.8 d~3d. shows an abnormal distribu-
tion. which recovers the normal condition at L.=3
(3) With two elbows in the same plane.
direction of a secondary flow behind the second elbow
changes the sign when the spacer length L_ ex-
ceeds 2.15d4~4.7 4. ’
(4) With two elbows in differant planes, a
forced type vortex is produced behind the bends
when L <1.7d. The vortex becomes maximum at
an angle ¢==135° and it reaches about 1354 down-
stream from the exit of the second elbaw.
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