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1.0 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 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 1, and calculates the uncertainty bounds on the profile factor.  

2.0 SUMMARY [Y 
A profile factor of[ ]should be used with the four-path chordal fItw meter at 
Point Beach Unit 1, and the uncertainty in this profile factor is[ J 

3.0 APPROACH 

The profile factor and its accuracy for a four-path chordal flow meter are dependent F] 
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: 

(2)[ ]L 

EL
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4.0 CALCULATION 

4.1 Profile Factor and Uncertainty for Fully Developed Turbulent Flow 

Reference 1 establishes a proffle 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.  

I
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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: 

'13 
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4.3 Velocity Profile Asymmetry 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 proffle 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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4.4 Combination of Errors
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Scudies on Fluid Flow in Three-Dimensional 

Bend Conduits* 

By -fitsukiyo MfURAKAMr**, Yukimaru 5IIrzu**.  

and Heiii SiiR.AOAm. ....  

This papr gves 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 the circulation. Th:ee general combinations are: One where the two elbowvs produce a complete reversal in the direction of flow, termed the -TU- bend ; and two where the two elbows produce an offset but no change ir. direction, termed the 'S- bend : and three where the two elbo-s produce both an offset and a -90 degree change in che direction of flow, termed the ,twisted 5' bend.  The last combination gives rise to a strong single spiral motion in the straight pipce of" curved pipes do-ns-ream and shows the maximum bend loss.

1. introduction 
A pipe line of a ±tjid machine or other hy.  
fic plantS haS often ma_.v complicated curved 

ior's. V,'he= a fluid flows through such a curv.  
;pd. the tluid acquires a secondary flow com
.t. which would not presaent itself in a straight 
flow. The secondary flow produces an addition.  

ydraulic loss. Par'icularly when two curved 
are located in different planes, a strong spiral 

,n is produced in the pice and the distribution 
e exit velocity is deformed remarkably, result.  
1 a great losIs. When the fluid enters a fluid 
,ne or a flo',v meter with the deformed veloc.  
: alters their perfor-mances considerably.  
Lany studi.esrr-mi on this subject have been 
in the paz:, but the most of them concern 
he hydraulic loss on smnzoch bends having a 
'ely larzar radius of cur'.turae. A right-angled 
•rcial el -.w has a relatively small bend 
and alsko a sudden cont'ac:ion or enlargement 
sections of screw,' ;oincs. which complicates 

)w pacte-.s and przhibrts a theoretical ap

e oblec: of this paper is to clarify experi
y the re!ationship be:t'een hydraulic loss and 

distribution of two elcows located succes
ri a pip. line.  

-"=.i,ýd 27%h J./ 1y. 15-i..  "af"Sor. Faculcy o: En0ig .. tn . Nagoya Uniuer.  
sisclra. Fac':'I7 Of En;.'n.--.:nz Nagoya Unirversiy.  

, .M::3ubishi Hl:ay ind£rcry Co.

2. 'Nomenclature 

d: diameter of pipe 
g: acceleration of gravity 

H: total loss of head in gauge length 
L,: distance of downstream pressure tap (section 

9 in Fig. 2) from exit of the second elbow 
L: length of spacer between the first and the 

second elbows 

-- : distance of upstream pressure tap (section 
0 in Fig. 2) from entrance of the first elbow, 

L: L,+L. total gauge leng':h 
r: radial distance 
R: radius of pipe 

p;: static pressure at section 0 in Fig. 2 
s: static pressure at section 9 in Fig. 2 

p,: wall pressure at any sec:ion downstream, 
from the second elbow 

V, : axial component of veloci
V....: maximum value of V, 

V,: tangential component of velocity 
V,,,: maximum value of V, 

V,: mean velocity calculated frorn orifice read
in gs 

r: specific weight of water 
A: radius of curvature of cur'-ed pipe 
C coefficient of total loss ,due to two elbows 

as defined by Eq. C1) 
', : 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
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.: Iric:mon lactor [or itraight pipe 

ang!e of pipe line twisted by t•wo elbows.  

ai defined by Fig. 3 

Notations it. Fig. 3 

N-plane : plane normal to bend surfaca of the 

second elbow 
P-plane; bend plane of the second e!bow 

Sufix 
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 arid 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 a head tank for low-pressure range and 
by a centrifug-al pump for high-pressure range. A 
Flexible pipe was employed to facilitate the bend 

configuration of pipe line. The flow race of the 

piping ss.ttem was measured by an oritce mete:.  

The measuring pipes ., 8. and 10 are of brass and 
the inside diameters are 53.75, 53.84. and 53.90 rm 
respectively, and the pipes have hydraulically smooth 
surface. The details of measuring pipes are shown 
in Fig. 2 Distance of two elbows. name!y. the 
spacer length and an angle. of twist of pipe line 
used in this experiment are given in Table 1. Each 
measuring sec:ion has four caps. the diameter of 
which is I mm and equally spaced circumrerentially.  

The upscre:mi section 0 is located 35 pipe diameters.  
downstre:z.. 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 effect of elbow-s 
disappears. Depending on the twisted an,'e ' and 
the length of spacer L_, the position of the section 

changes from 150 to 300 diameters downs:ream from 
the second elbow. The position was selec:ed on the 
basis of pre.sure dis:ribution along the pipe line and 

~~~1 -. P;= ..•,.: :. :: 1':: : .:::, 

- i t" " 

Fig. I Sttematic diagram of test arra. nscnt 

"The e•e=cs of the inlet icngth on C are ne;iig;ble wbe
the Ien,:h ranges from 3 to 35 pipe d amn-tri.

1ý170

Fig. I Cnrinition of sections and directionj

-� .. S 

V - - - - -. . -

13T0
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velocity profiles of te pipe sections.  
To avoid an er-or due to fluctuation of lano.  

meter readings, a rotary cock is inserted in all the 
pressure transmitting pipes from taps to manomece...  
After closing the cock. the manometer Teadings 
were taken. A cylindrical pitot tube with three 
holes was traversed in the sections shown by dotted 
tines a-h in Fig. 2 aid velocity profile was obtain.  
ed (tube diametc:=3.025"mm, hole diameter=0.3 
mm). To check the accuracy of measureme.n, 
the flow quantity evaluated by a graphical integr-.  
tion of axial component of velocity was compared.  
with that by the orifice meter. The difference was 
proved to be less than 5 percent.  

Coefcient of te total ittaig loss due to two 
elbows located in series in a pipe line is calculated 
by the following equation: 

H-"I-1 (LI)( Vt) (V . 1 

Table 1 Length of s:accr L,/d and angie of turn , of 
pipe line e.-..;ioyed in this test 

L-ld a 0 -i ý-.5 4. 1 .  

... d .53 t.. ..  

a * a ls1 'I4 Iso 

,10" 

120" 

1-9:.e~'':n sear=tons of pressure 
a-h :c i-. eýu'ng setcions of velocit'3 

a :0. 1 d from the secnd elbow 
b 0. -d 

pe-i:hi .':-; •d -;c-o-~d 

. 0 • (130 and 

Fig. Measuri :ng sec:ions nagl of trsurnopie b
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ien a single elbo,- Is in a pipe line. the loss coef
.ent C in Eq. 1 ) reduccs to -. , the loss coefficient 

to a singlýe elb,.  

4- Experimental results and discussion 
4.1 Loss of head br two 9

0-degree elbows 
Hydraulic losses due to combination of t"wo 

bows have been studied by many investigato
ur knowledg"es of týhe distortion of velocity at the and exits ap.d its relations with the hydraulic loss 
!e not suf,,cient. In the following, results of this 
ýperizmen, on head loss due to bends are summai.z.  

and compared with chose obtained by the other 
vestcgators.  

4.1.1 Fipe length required to recover normal 
ýrribution o0 velocity 

Due to gene-r:ion of a secondary flow by pipc :nd.s. distributions of ve!ocity and pressure in a 
Je seczion downstream from the bends are disto.-t.  
!considerably. The secondary flow decays toward 
vnstream and the distortion of the velocitv is 
.dually recovered to the normal flow conditions.  
.is. b)y examining the pressure drop along the downstream from the second elbow. posation of 
nearest se,:ion at which the normal flow con.  

,ns will be re-estabiished can be found.  
In Fig. 4 apparent coefcient of loss C, by Eq.  
is plotted against Lid, where the wall pres.  
v, downstream from the second elbow is used 

"2 Mfinimum nIoe lent.c i L, bN-hind the s.-cond elbow to recover normal do- conddofns 

0 Is 1I ' ISO* 

55 43 10 160 160 s 

~O 60 4 80 8s 
Far very Ihot spahre " leng•h Ll/d a[ 0 and 0.65.  Cip. line con not be turned stcic:ly U-shaos.

F ig. I C u.- c,' for C ,.:L ,ld ý L .Id

in place ot p. As the measuring section of p, is kept 
away from the second elbow. :, tendS to a constant 
value. i.e. the true fitting loss of the bend C.  
Apparently. by introducing a shor; length of a pipe 
L_. namely a spacer. between the two elbow's, the 
value of bend loss .- is altered. For reference, 
results of a single elbow in a pipe line are also.  
plotted- In this case. C reaches a constant value 
of 0.735. the true loss coefficient. when the wall 
pressure ;, at section of L.=50 d is used. When 
two elbows are located in U ((f'=0a) and S (0b
180-) forms in the same plane. C, flattens'off in a 
shorter lengtrh. When two elbows are off set in the
twisted S form. for example 0-1=220' and 140', the 
turned effects extend as far as L,=160 d. The above results show that the required pipe length in which 
the turned effect disappears from the pipe line will 
be much altered by the turned form- Table 2 gives.  
this required pioe length. which is unaffected by Reynolds number in this experimentas range.  

4.1-2 Coupling depth of screw Joint and hvd raulic loss 
The coupling depth of a screw joint between an elbow and a pipe has a considerable effect on the.  fitting losses of the elbow. Figure 5 shows the results of experiments, where the Cvto elbows are located in S form in the same plane. Depending.  

uo•n the coupling condition of screw Joints the ficting loss is seen to be scattered about 15 percenL Throughout this paper, with exception of the present section., the loss of elbows is referred to the case when the pipe ends are fully sc.rewed to the coupling parts.  

4.1.3 Effects of twisted angle 0 and spacer
length L. between two elbows on turned loss 

Figure 6 shows the relation becteen (: and V,.  for various values of L,./d. With small value of L,,d. C is much affected by 0,. From a minimum 
value of 0-0'. C" increases and takes a maximum 

ICC 

so . . • 

10 1 •d 

0 ' ar No. I on;, S:HaJ.[scre-cd at So. 2 only.  
H Ralf-scrtswed it No. 1 only 

* . Hoal(-..re-ed ar No. 4 only 
C I. Hal'-scrrecwed a ll joints 
C'-Loss ccfickeni in Halt-scrt-le case C-Loss ccefficeenr in Fully scre.z! cas.  Fig. S Relation t:rwccn screwed dsco[ of and loss cOcffetent
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value at about ;b= l30*-[,40', and again it decreases 

to the value of t= 180 1. For reference. twice the 
loss of a single elbow. 2 C. is shown in Fig. 6.  
When length of the spacer L. is less than 4.7 d. C 

has a m.aximum and it exceeds the value 21 at an 
-angle 'K'0. When L,=4.7 d. the maximum 
value becomes less than 2 (a and is changed by the 

twisted angle 0b of pipe line. When L,>_I0 d. C 
is independent oi the angle 0 and remains con
stant. The value, however, is appreciably less than 
twice the single elbow loss. 2 C0, 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 irst elbow. The velocity is seen to be distribut

•ed nearly in axial symmetry but is not fully deve
loped. the details of which will be de.cscribed later.  

[n the past, several investigators, .l: III, have 
measured the nurned loss of two bends combined 

.and they ail observed an existence of a maximum 
loss at about an angle 0=90", and the value was 
alw-ays less than twice the single elbow loss. 2 C•, 
the results being different from the above. The rea
son will probably be attributable to the fact that the 
past experinents were made with smooth curved 

.pipes having a larger radius of curvature (p/d•-2).  

t. *.... I 

20.•n •0" •2C' 120' 110" 

r 
Fig. 6 1-F 

m-7i 

Lip 

" F C-, " "l-i-

S Q i 20 

Fig. 7 c-cL-ld,

Relation bet'wsen C and £L./d is Potted for 
several values of 0 in Fig. 7. where Ito's data.u, 
are also given. C changes sharply within the small 
range of Ll/d(3,. When 0 is les than ,. C increases with L_. but -hen 0f453', C dereases 

to one minimum value and again increases as L.  
is increased. In all cases, the loss mentioned the 
above are proved to be unaffected by Reynolds 
number in this experimental range and hence its 
descriptions are omitted. However. when the pip, 
line is bent thrc-dirnensionally with an angle I' 
90 I..180. and the length of spacer L, is reduced 
to zero. a few pert-tncage variations of the turned 
loss is seen by change of Reynolds number.  

4.2 Distribution of velocity 
4-2.1 Single car'-ed pipe (wIth one elbow) 41F 
Due to sudden enlargemen:s or contractions in 

elbow joints, the Low pattern is rruch disturbed and

-k: '.

(a) Distributon oi oxial ve!ocliy in ýcnd plane (N
plane:. (Sine;C eibowi

U 
LI

i-u 
LI 
El

-1.0 -Ci 0 0-5 1.0 
r/R 

C b ) Distribution of axial vclocity in thc pbLanc norm"l 
to N-plano 

Fig.

LI

S... .. ./ •" C" .... . ..

-2 

u
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-urare ea-uremenrs oi ve!ocicy distribution in 
e elbow -'I! encounter great difficulty. Figure 8 

) and ( b ) show velc.ity profiles in an elbow.  
the middle s4ection E,-E: of the elbow, Fig. 8

(a), 
gher velocity is obzer-ed inside the curvature. the 
w resembling" a free vortex motion. The axial 
lcicy- on N-.!ane. Fig. S (b). of the same se=

)n has nearly an even discr"'ucion. On the other

hand, a fairly intensive secondar, flow is set up in 
this se-tion. As a result, the maXimum axial 
velocity is further displaced from the centre of pipe 
towards the outer ,al. Thus a considerable eleva
tion of the axial velc,:icv is seen nea-r the outer 
wall. At the same time, the flow velocity near the 
centre is reduced gradually, re-sulting in a concave 
velocity profile. N-plane. In addition, sharp bend

-C.2

Fig. I-C -1.0 -0-5 0 f.l 

Fig. Velocity disecribuclon down.etrin from 2 single elbow

3s~ ;ZJl

S. Left : .clociy profiie ar 
.L -0.8 d (single elbow) 

B. Right: eelocicy proAie at 
L-.-0.Xd irwo elbo.s com.  
binedj 

"I(i [nward celociry. Fig. A: 
(V,) 

2ll Ordinary type of econ.  
dary: onow (V') 

i3) Combination ato (1) and ( 2 ): (Y,+ V,)

Expisn~a:_"oa ot" aboor:n, a r7ye of secondary flo. behind elb.owý,

t --- L ----
Bp .£-ns;e t•- :u"',a. are) 

- Adle'r. 9,d-100. R,-1.17 .10* 
Fig. 11 Equi.elocicy lines at L,_O.•d. (V.)
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of the elbow develops a Row separatioa at the inner 

wall of the section E.E,. which acce".:uates the 

uneven distribution of axial velocity. Thus. a 

maximum displacement of the axial velocity occurs 

oear the sect:on L,=O.I d. just after the elbow 

exit, and af:er the section the velocity is recovered 

P .. 
, Ax' ti

gradually to that of the normal flow condition, Fig.  
9. An abnormal t-pe of secondary flow is Seen at 

section L,=0.8 d, where all oi the fluids in N-plane 

move inwards of the curvature. The reason why 
this type Row occurs can be studied on a simple 
model as shown in the left oi Fig. 10. "rne tx.

1.0 

0.3 

0.5

I 10.2 0 ' 0.  

- . -.. -- 0 -1.0 -. "5 0 0.3 1.0

Fig. 12 ReLacion b::e=n velocir-'y roalc 

- '1-

1.0

at L4-O.S d and L._ (0"0")

-J -').
-.5 -0.5 0 S5 ;_1 -L -0.S 0 3.5 1.0 

Fig. 13 ReLation bs.-,en vnice:ry ::5.e at L,-0.Sd and L.. (

,.J

rIR

T 

C•-

C-0.

+

M. Yk/,.tv..r.}. SH: mZ -1%z., and H. SH/,RAC,.W,.1374 Bull=t in o( ISME
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.r:ely deformed flow at !he seccion of L,=0.l d is 
tored gra-du.lly to tl.e ror,-.a condition in course 

ot flow along the pipe line. This time, the flow is 
considered to have a men-!- uriform inward corn
ponent of velcitv. The m.odel I in Fig. 10 shows 
this condition. The mode! 2 in the same fig,_re 
shows the r.cm.-,al type of se-:ondary flow due to 
bend. By" combining the two ,5ows. ani abnormal 
f5ow picture 3 in Fig. 10 can be obtained. Figure 

71 reveals equi-velocicy regions at the se-ction of 
.L-=0.8 d. 'here the same rest-cs as by the other 0

':! 
ýre also plotted. A remarkable displacement of a 
nigh velocity region can be st.en. Closer examina
'ion of Fig. 9 shows that axially symmetric profile 
', is nearly re-e-stablished at the section L,ý10 d 
lownscream from the elbow exit. Thus. when the

second e!bow is installed 10 d donstream from the 
first elbow, the turned loss C will be considered to 
be independent of the twvisced angie of pipe line.  

4.2.2 Two dimensional double turn in the same 
plane (0=0'. 180-) 

In case of U turn. V"=0, the second elbow ex.  
aggerates the cur'ed effects due to the fit-c elbow.  
With a short spacer, L,=(0-0.83) d. the axial 
ve!ocity 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-piane is convexed and has 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 
model in Fig. 10 B. Higher velocity range behind

bhind t Pig'. Is Velce~iry proxies behiind the second elbow for .-. , - 0. 5 d. g'- lS0"

S- La LO -10 -C-5 0 C.2 1.0 
1rR tIR F:.g. IS Veioci:y poalcs at L. -0.1 d and 3 d for pipes with a single elbow and two elbo-ti
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the irst 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 velocity. 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, a secondary flow is sat 
up in which the fluid 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,=4.7 d and 9.8 d). deformaition of veloc
ity distribution is greatly reduced before the second 
elbow and the secondary flow behind the elbow is 
nearly the sat-ne as the flow due to a single elbow.

In the flow in U turn. ,0=00'. a separation due to 
bends is much reduced as is setn in the velocity 
profile of Fig. 12. The above re-sult verifies the fact 
in section 4-1. chat the loss coeFcient C for 0,00.  
diminishes widh L.. Figure 13 shows the velccity 
profile for S turn in the same plane. Profile:of V 
in P-plane ac the section of L,=0.Sd. just behind 
the elbow, is much deformed, but this profile is 
rapidly uniforinalized along downscream from the 
second elbow. Fig. 14. By decr'e-asing the spacer 
length L, to 2.1Sd or less. the secondary flow 
having opposite setnse to that observed behind a 
single elbow is obser-ed in N-plane as shown in

1.0

C. -

v c 'oc : vy a L - O .3d C,- l _2,'Y

_,.:. :' , 

S 71 

-05 - - - -0

r.I 

"rR

-fs 0 -.5 10
r/R 

(b) Effocts of L..- on s-irtling ,-vlocity at L.•O.id (i- :a' 
Fig. L6

r/R

1379
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rig. 10 B. Absolute value of this velocity V, de.  "treases as L, is increa2-sed. When L, is increased to 
1.7 d or 9.'4d. the Same direction of the secondary 
fo, is cbsLerved as i- in a single elbow, and the 
absolute vat"e !of V, increases with L_. From the 
above resui: an inertscing conclusion may be 

Sdeduced. Nartely. for both cases, f=Q0
• and 180'.  

the sense of secondary --.oN%' V, just behind the second 
elbow is rev.ersed when the spacer length ranges 
2.53<L;.!d<4-.7. When the spacer length L, is 
less than this limit, a secondary flow occurs in the 
ooppcite direc:ion to that due to the single elbow, 
and when L. is longe. the fiow direction is revers.  
ed. Several examples oi the secondary flow for 0= 
01 and 150' are shown in Fig. 13. The absolute 
value of V', is generally greater for 0=180' than 
for 0i=0=. Comparing the above result on 

.velocities. Figs. 13-14. with the turned losses in 
Fig. 7. an imoortant conclusion is deduced that the 
".oss coefcien: ' is closely related with the absolute 
value of the secondary flow. Namel)y, when 3= 

-1:0*, the values of C=_L.&5. 1.54, 1.34, and 1.38 
icorrespond to the cases for the spacer length of L= 

0. 0.35 d. 4.7 d and 20 d respectively.  
4.2-3 Three-dimensional double turns in dif

!rent planes (,=120') 
Fig-are 16 gives a relacionship between velocity 

rofiles and the spacer length for 6=120l' where 
has nearly :he greatest, value. When the sparer 
;horz, a Ve:.: complicated flow is generated be

ad the elbows, due to a strong interference be.  
,een two elbo'ws. As an example, Fig. 1 7

(a) 
owe an equi-velocity diagram at the section L,.  

:s d. Higher velocity regions exist on the lines 0.  
L, and Q-B.,. corresponding to the outside of cur-ra.  

•'Ii , L• Q t - .:.' d- e,

rure of the second elbow and "inside of the tirst one.  
Flow patterns in Fig. 17( a ) di.fer remarkably from 
those in Fig. I. Velocity profiles t,, Of the second.  
ary fiow at section L-=0.Sd are shown in Fig.  17( b ). Strong ctcckwise swirling motions are re
cognized on the diameters of A..B . A.B,. and AT.  
B,. On the other hand. a pair oi clockwise and 
counter-ctockwise vortices. one on O-B: being strong 
and clockwise, and the ocher on O-.A- weak and 
counter-clockwise. is generated on the line A.-B..  
Position of the weak vortex roughly corresponds to 
r-egion of tower velocity and that of the strong 
vortex to region of higher ve!oc-c)'.  

The maximum value of the secondary flow 
velocity is seen to reach as high as 90 percent oa 
the mean flow velocity. Validity of the results in 
Fig. 17(b) is carefully checked by measuring the 
velocity in many diametral dirscio ris. The flow 
picture of section L,=0.63d is nearly the same as 
that of se-tion L,=0, and de-cay of the secondary 
flow along the pipe line is show-rn for L.=0.65 d in 
Fig. 18( a). A pair of vortices which have already 
existed at the upstream section Lý=0.8 d is reduced 
to a single vortex at sec:ion L.-=3 d, a strong 
vortex absorbing a weak one. In this process, the 
axial velocity is uniformalized. Figs. 16 and 18.  
At section L,=6 d, the single vor-ex takes a nearly 
forced vortex form. which reduces to zero along 
the pipe line, maintaining the torm. This vortex 
producing a strong loss extends as far as 160d 
downstream from the second elbow. If 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 10 d, this forced 
vortex is not generated, the reason being the same 

?- t20", [.- 0 N'-cLui.t 
A OO•:s-. ie :-.z• 

A 
At 

ofe:= 'a

Equi-eic<:-,, lines of V, at L, -O.S d viewed from 
do-nsct.ýn side

Fqt. 17
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as given in sec:ion 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 flow conditions due to the first elbow, a 
centrifugal force acts in the second elbow as shown 
in the l5-"ure 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 
sense coinciding to that of the strong vortex. Flow 
patterns for various bend conditions are sho.wn 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 a 
mark x. As.owed solid lines represent the 
direction and the magnitude of flow velocity on the 
pipe cent'e. '-irowed dotted lines and broken lines 
illustrate those near both sides of pipe wall. The 
velocity profiles above pipe line show those viewed 
from the downstream side.

C-.W! Bull-.in of JS.%[r 

5. Conclusions

A pipe line is turned in various configurations with 
two right-angled elbo5-s and the following results 

0 -" r t', : . rm.•ý•52r

Fig. 19 Gcneracioa of swirling motioi due to t-wisted 
pipe line

01

0_1
(a', Decay of swirling ve!ocily. V.. b.ehind the second elbo- (L.-.93ed. O- 20") 

SI I 2

U 
LI

-I.0 -0.- 0 C. l.Q - -0.5 0 0.- i .
,I R IR 

(b C-anze of axial ve!cx::cy curvets. V,. tehnd the second elbow (L.. -. 0.65 d. 0-1I') 
F:.z. 13
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a-re obtained : 
(1 ) When the siacer length L, is less than 

5d. the elbows inte:fer each other intensively and 
the tured los- tbecomes minimum for V1=0, 
maximum for .-=120:-•05i-. and medium for €= 

- (2)

Fig. 20 Flow pat::=ns for turned pipe Lne

Vol. 1".. No..:€. 1ýc6r Stutdics 071 Fluid Flow in Three-Dimensio-al Scna Conduits 1179 

130I . When L, -0.56 d. the toss exceeds twice 
that due to a single elbow, and when L,= 10 d. the 
los. becomes independent of the twisted angle of 
pipe line.  

2) A secondary flow just behind a single 
elbow. L,=0.8 d-3 d. shows an abnormal distribu.  
tion. which recove"s the normal condition at L>3..  

(3) W"th 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 2.15 d-=4. 7 d.  

(4) With two elbow-s in different planes, a 
forced type vortex is produced behind the bends 
when L_•4.7 d. The vortex becomes maximum at 
an angle O,-135' and ic reaches about 135 d down.  
scream from the exit of the second 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. L 
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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: 

PF- Q, 
Qtd• 

where: 

QLEFM = volumetric flow rate calculated by LEFM from Vaxdal 

QARL = actual volumetric flow rate based on ARL weigh tank 

A printout of the Excel worksheet is provided in Attachment 1. The results are 
summarized in Section 2.0.  
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1.0 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 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.  

2.0 SUMMARY 

A profile factor off ]should be used with the four-path chordal flow meter at Point 
Beach Unit 2, and the uncertainty in this profile factor ii i.  

3.0 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: 

(1) D 

]F
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(3) F 

4.0 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 106 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 
1.00 10 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 calculation) 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 LEEM location 47 diameters from the elbow. Evaluation of the LEFM in-situ path velocity data confirms the 
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:
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4.3 Velocity Profile Asymmetry 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 
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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532. .•2 :532. 55•

Studies on Fluid Flow in Three-Dimensional 

Bend Conduits* 

By Mitsukiyo MuRAKAMI*, Yukimaru SHEMIzu*** 

and Heiii SRIRAGAMI"*"* 

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 
the circulation. Three general combinations are: One where the two elbows produce a complete 
reversal in the direction of flow, 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 
both an offset and a 9O degree change in the direction of flow, termed the 'twisted S bend.  

The last combination gives rise 'to a strong single spiral motion in the straight pipe of curved 
pipes don-astream and shows the maximum bend loss.

I. Introduction 
A pipe line of a fluid machine or other hy.  

.ulic plants has often many complicated curved 
tions. When a fluid flows through such a curv

:pe, the 'uid acquires a secondary flow com
.t. which would not present itself in a straight 
flow. The secondary flow produces an addition

hydraulic loss. Particularly when two curved 
ýs 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 great loss. When the fluid enters a fluid 

bhine or a flow meter with the deformed veloco 
it alters their performances considerably.  
Many studies"'-ui on this subject have been 
Ce in the past., but the mnost of them concern 
the hydraulic loss on smooth bends having a 

":ively larger radius of cur-.vature. A right-angled 
'nercial elbow has a relatively small bend 
is and also a sudden contraction or enlargement 
le sections of screw joints, which complicates 
flow patter-ns and prohibits a theoretical ap

:h.  
I'he object of this paper is to clarify experi
ally the relationship between h•draulic loss and 
ity distribution of two elbows located succes
r" iri a pipe line.  

Received 27 th July, 19&3.  
Professor. Fac-ulty of Engm.-=ring. Nagoya UniCer.  
sity.  
Assistant, Faculty of ing. Nagoya Universjty, 
Chikusa.ku. .Y gays.  
Engine•_r, Mi:subishi Heavy Industry Co.

2. _'Nomenclature 

d: diameter of pipe 
g: acceleration of gravity 

H- total loss of head in gauge length 
L,: distance of downstream pressure tap (section 

9 in Fig. 2) from exit of the second elbow 
L.: lehgth of spacer between the first and the 

second elbows 
L. distance of upstream pressure tap (section 

0 in Fig. 2) from entrance of the first elbow
L: L-,L,+L,, total gauge length 
r: radial distance 
R: radius of pipe 
po: static pressure at section 0 in Fig. 2 
pt: static pressure at section 9 in Fig. 2 
p,: wall pressure at any section downstream, 

from the second elbow 
V,: axial component of velocity 

V,_.,: maximum value of V, 
V,: tangential component of velocity 

V,_ ,: maximum value of V, 
Vý: mean velocity calculated from orifice read

ings 
T : specific weight of water 
p: radius of curvature of cur-.'ed pipe 
¢: coefficient of total loss due to two elbows 

as defined by Eq. (1) 
C,: coeff-icient of apparent total loss due to two 

elbows, calculated by Eq. (1 ) with p, and 
P, 

CO: coefficient of loss due to a single elbow in 
a pipe line

1A 4zJA,+ i-
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A : lric:ion factor for straight pipe 
0: angle of pipe line twisted by two elbows.  

as 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 

Sufx 
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 gene:ral arrangement of the test apparatus 

is indicated in a schematic diagram. Fig. 1. A 
steady pressure was maintained in the metering 
system by a 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 53.75, 53.84. and 53.90 mm 
respectively, and the pipes have hydraulically smooth 
surface. The details of measuring pipes are shown 
in Fig. 2. Distance of two elbows, namely, the 
spacer length and an angle of twist Ia pipe line 
used in this experiment are given in Table 1. Each 
measuring section has four taps. the diameter of 
which is 1 mm and equally spaced circumferentially.  
The upstream section 0 is located 35 pipe diameters 
downstream 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 effect of elbows 
disappears. Depending on the twisted angle 0 and 
the length of spacer L_, the position of the section 
changes from 150 to 300 diameters downszream from 
the second elbow. The position was selec.ed on the 
basis of pressure distribution along the pipe line and 

.,=.•G Q 0, ; ->'.-.  

Fig. I S.%hematic diagram of test arrangentent 

"The effects of the inlet length on C are negligible wboo 
the length ranges from 5 to 35 pipe d'arns:ers.

velocity profiles of the pipe sections.  
To avoid an error due to fluctuation of mano.  

meter readings. a rotary cock is inserted in all the 
pressure transmitting pipes from taps to manomete:-,.  
After closing the cock, the manometer readings 
were taken. A cylindrical pitot tube with h 

holes was traversed in the sections shown by dotted 
lines a-h in Fig. 2 and velocity profile was obtain.  
ed (tube diameter=3.025mm, hole diameter=0.3 
mm). To check the accuracy of measurements, 
the flow quantity evaluated by a graphical integra.  
tion of axial component of velocity was compa-red.  
with that by the orifice meter. The difference was 
proved to be less than 5 percent.  

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

H _ PI --P- ./(L •V. \ V 

Table I Length of s;acer L,.,,d and angle of turn , of 
pipe line emnloyed in this test 

-- in---d . 0 d5-- [•.=..rs 9 -•, 
0 - S . 0.. 120 

1-9 : leasi:ine sections of pressure 
a-h : 5eiaartng sections of velocity 

a :0.1 d .oC the second elbow 

e:•c 

Fig. 2 Measuring sec:ions and angle of turn of pipe tb

Fig. 3 Definition of sections and directions

it--.
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I L a s in g e . . . . . .. is in a p ' Ire in e . th e lo s s c o e l.ent C in Eq. ( I ) reduces to -,. the loss coefficient 
to a single elbow.  

-' 4. Experimental results and discussion

S4.1 Loss of head by two 9 0-degree elbows 
Hydraulic losses due to combination of two "•-•lbonvs have been studied by many investigators.  

3ut knowledges of the distortion of velocity at the jend exits and its relations with the hydraulic loss 
•re not sufficient. In the following, results of this 
,ýxperiment on head loss due to bends are summariz.  "td and compared with those obtained by the other 

"-nvestigators.  
S4.1.1 Pipe length required to recover normal !',istribution of velocity 

Due to generation of a secondary flow by pipe ,'7Bnds. distributions of velocity and pressure in a 
ipe section downstream from the bends are distoc-t.  i! considerably. The -•econdary flow decays toward 

iwnstream and the distortion of the velocity is 
.• 7duallv recovered to the normal flow conditions.  •..us, by examining the pressure drop along the 

ice downstream from the second elbow, position of 
e nearest section at which the normal flow con"'-1 ions will be re-established can be found.  

In Fig. 4 apparent coefficient of loss C, by Eq.  
) is plotted against Lld. where the wall pres.  - , downstream from the second elbow is used 

". 2 Minimum pipoe leneth L, behind the second elbow 
to recover normal 8o- Condicions 

'a 11 160 8 

7., 4.7 / 5 60 s o 
For very short spact: length Ll/d of 0 and 0.65.  pipe line can not be turned stric:ly U-shape.

Fig. 4 Curves for C,'L,/d d

in place of p,. As the measuring section of p, is kept 
away from the second elbow. :, tends to a constant 
value. i.e. the true fitting loss of the bend (.  
Apparently. by introducing a short length of a pipe 
L_. namely a spacer, between the t'%o elbows, the 
value of bend loss ý" is altered. For reference.  
results of a single elbow in a pipe line are also, 
plotted. In this case. C reaches a conscant value 
of 0.735. the crue loss coefficient, when the wall 
pressure p, at section of L, =50 d is used. When 
two elbows are located in U ('=01) and S (0
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 0= 120' and 1400, the turned effects extend as far as L,-16O d. The above 
results show that the required pipe length 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 is unaffected by 
Reynolds number in this experimentai range.  

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

The coupling depth of a screw joint between an 
elbow and a pipe has a considerable effect on the 
fitting losses of the elbow. Figure 5 shows the results of experiments, where the two elbows are Iccated in S form in the same plane. Depending 
upon the coupling condition of screw joints the fitting loss is seen to be scattered about 15 percent.  
Throughout this paper, with exception of the present section; the loss of elbows is referred to the case when the pipe ends are fully screwed to the coupling parts.  

4.1.3 Effects of twisted angle 0. and spacer 
length L, between two elbows on turned loss 

Figure 6 shows the relation between C and , 
for various values of L./d. With small value of 
L,,id, C is much affected by 0'. From a minimum, 
value of 0,=0o. C increases and takes a maximum

100 ' ..  

80 
0 S 10 1t 20 is/d 
o0 H :f-scr e d a No. i " " 

" , ll~~roe ai o. / nl 

o : Halt-screwed at ,No. 2 only S:Ha I f- scr t-e d a t N o. a only 

: Half-crewed ar No. 4 only 
C iall.-sre-.d at all joints 
C'-Loss coefficient in Half-screwce case 
C-Loss cocfTioient in Fully.-scre.•ed case 

Fig. 5 Relation between sercewId depith of iointcs and loss coe'fic ncs

L•/d
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value at about .=1301- 140', and again it decreases 

to the value of ip=180*. For refrrence, twice the 

loss of a single elbow. 2C., is shown in Fig. 6.  

When length of the spacer L.. is less than 4.7 d. C 

has a maximum and it exceeds the value 2C, at an 

-angle O-.ý80'. When L,=4.7 d, the maximum 

value becomes less than 2(, and is changed by the 

twisted angle 0 of pipe line. When L,>'10 d. C 
is independent of the angle 0 and remains con

stant. The value, however, is appreciably less than 

twice the single elbow loss. 2 C,0 exhibiting an ex

istence of interference of elbows. Even with this 

interference. loss of the combined elbows is inde

pendent oi the twisted angle. The reason is clarified 

by examining the velocity profile downstream from 

the first elbow. The velocity is seen to be distribut

•ed nearly in axial symmetry but is not fully deve

loped, the details of which will be described later.  
In the past, several investigatorst1Q:."L have 

measured the turned loss of two bends combined 

.and they ail observed an existence of a maximum 

loss at about an angle e-900, 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 (p/d-_2).  

la} 

:.2j _ -- - 0 

-. 0" 50 a 0,•" 120" lz-' 
l{o' (21 (240" 

r 
Fie. 6 C- 

Y- --0 " 

T• .. .. " a -ol ••"' •'z •. :

0 1 to 15 20 

Fig. 7 C-(L.i'

u, and H. SHIRA•A•.I. Bulein, of MsME 

Relation between C and L-,/d is Plotted for 
several values of •, in Fig. 7. where Ito's datai, i.  

are also given. " changes sharply within the srmall 

range of L.Id<,. When V is less than 45' C 

increases with L_. but when 0>451, C .4creases 
to one minimum value and again increases as L
is increased. In all cases, the loss mentioned the 
above are proved to be unaffected by Reynolds 
number in this experimenial range and hence its 

descriptions are omitted. However. when the pipe 

line is bent three-dimensionally with an angle CO [P 1 
90'-180n, and the length of spacer L. is reduced 
to zero, a few per:entage variations of the turned 
loss is seen by change of Reynolds number.  

4.2 Distribution of velocity 

4-2.1 Single cur-,ed pipe ('vwth one elbow) 

Due to sudden enlargements or contractions in 
elbow joints, the flow pattern is much disturbed and I* 

E . - V'N,.-- I

(a ) Distribution oi axial velocity in bend plane (N
plane), (Single elbowi

-1.0 -05 0 O-S 1.0 [4 
(b) Distribution of axial elocity in the plane norm-al 

to N-plane Fie. &,

4]

> 

"-a
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-urare :mea-surements of velocity distribution in 
e elbow will encounter great difficulty. Figure 8 
) and ( b ) show %'velocity prohl es in an elbow.  

:i the middle section E,-E, of the elbow, Fig. 8( a), 
Aýigher velocitv is obser.ved inside the curvature, the 
9ow resembling a free vortex motion. The axial 
.slocitv on N-plane. Fig. 8 ( b ). of the same se.
":on has nearly an even distr'-ution. On the other 

~> 
. : V' 

-- ''e"=: --. ir• ¢a •: .

hand. a fairly intensive secondalry flow is set up in 
this section. As a result, the maximum axial 
velocity is further displaced from the centre of pipe 
towards the outer wall. Thus a considerable eleva
tion of the axial ve!ccity is seen near the outer 
wall. At the same time, the flow velocity near the 
centre is reduced gradually, resulting in a concave 
velocity profile. N-plane. In addition, sharp bend

C.

-C.1 

-C -. 3
0*. 5 1- -i.0 -Z." 0 C 

r bfR Fig. 9 Vetoci CY distribution down.3tream from a sing-le elbow

B

A 

ri (_ .A r0j ,.-,A 

B. Left : veiocity profile at 
L.-O.S d (single elbow) 

B. Right: velo•jty pratfit at 
L...-0.!d Itwo elbows com.  
bincdj 

CI-) inward velocity. Fig. A; 

(2) Ordinary type of secon
dary: lfow (V,) 

(3i Combi,'cjon of 0l) and 
(2 j: (V,+V.)

I I 
10 Ex~l~larii.om of abnormal C`YP of secondary flow behind elbows

-i --------- ! ---- A, 

SPresent Testm. 0,'dti. R,-10' 

- Adler. 0,d-lOa. R,-l.177, 0' 
Fig. i1 EQui-velocity lines at L,-O.&d. (V,)

r/R
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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 

oear the section L,=O.ld. just after the elbow 

exit. and after the section the velocity is recovered

2:

0.2 

-0.2

-1.0

+ 

2:

1.4 

1.2 

1.0 

0.8 

0.6 

0.4

-0.5 0 0._ 1-0 -I.

rMR 
Fig. 12 ReLation be: weon velociry profile 

VZ v•.na3b": vz1.2

1374

-1.0 -0-S 0 3 ".3 -T.2 -05 0 0.5 
r/R riR 

Fig. 13 Relation be:t ',,n velocity profile at L,.O.S d and L... (€=1350)

. ...
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gradually to that of the normal flow condition, Fig.  
9. An abnormal type of secondary flow is Seen at 
section L,=0.8 d, where all of the fluids in N.plane 
move inwards of the curvature- The reason why 
this type flow occurs can be studied on a simple 
model as shown in the left of Fig. 10. Thne ex.  

vcLccity Vz 

XC L 0 

SL 0. s "d 
L, - 4:9d 

c Lm- 3.8d 

Swir tinj 
velocity :V 

I0 

-0.2 

-0.4 
0 -0-5 0 0.3 1-0 

rIR 
e at L,=O.Sd and L,.. (0'=") 

Ai
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".melv deformed R'ow at the section of L,=0. 1 d is 
cored gradually to the normal condition in course 

or fnow along the pipe line. This time, the flow is 
I considered to have a nearly uniform inward corn.  

-ponent of velocity". The model I in Fig. 10 shows 
,cthis condition. The model 2 in the same fgure 

:showS the normal rype of secondary flow due to 
* bend. By combining the two flows, an abnormal 

-flow picture 3 in Fig. 10 can be obtained. Figure 
-1i1 reveals equi-.velocity regions at the section of 
,L,=0.8 d. where the same results as by the other-s 
ýare also plotted. A remarkable displacement of a 
high velocity region can be seen. Closer examina

,tion of Fig. 9 shows that axially symmetric profile 
V is nearly re-establiShed at the section L,ý10d 
downstream from the elbow exit. Thus. when the

second elbow is installed 10 d downstream from the 
fir-st elbow, the turned loss C' will be considered to 
be independent of the twisted angle of pipe line.  

4.2.2 Two dimensional double turn in the same 
plane (0=0', 1S80) 

In case of U turn. ý-=O, the second elbow ex
aggerates the curved effects due to the first elbow.  
With a short spacer. L.=(0-0.65) d. the axial 
velocity 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 has 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 
model in Fig. 10 B. Higher velocity range behind

F.R I-. R Fig. N4 Velocity protiles behind the second elbow for L..-O.S5d, 05=190

rlR r/R 
Flg. 15 Velocity Profiles at L, .0. 3 d and 3 d for pipes with a single elboa and two elbows

/
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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 velocity. a 

centrifugal force due to the fluid in the sections b-b 

and c-c exceeds that due to the fluid in the middle 

section a-a. In consequence, a secondary flow is set 

up in which the fluid near the secion a-a moves 

inwards, the direction of which is opposite to that 

due to a single elbow. By increasing the spacer 

length. (L,=4.7 d 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 to a single elbow.

In the flow in U turn, 0=0', a separation due to 

bends is much reduced as is seen in the velocity 

profile of Fig. 12. The above result verifies the fact 

in section 4.1. that the loss coefficient C for 0,f0o 
diminishes with L_. Figure 13 shows the velocity 
profile for S turn in the same plane. Proffle'of V 

in P-plane at the section of L,=0.8 d, just behind 
the elbow, is much deformed, but this profile is 
rapidly uniformalized along downstream from the 
second elbow, Fig. 14. By decreasing the spacer 
length L. to 2.15 d or less, the secondary flow 
having opposite sense to that observed behind a 
single elbow is observed in N-plane as shown in

1.0 

O.s

-i.0 -0.S 0 ._0 . - -0.5 0 0 . 1.0 

(a) Effects of L._ on axial velocity at L-O.Sd (i-12")

0_1

"I - _ : .. ; 1 
-1.3 -0S 0 -5 :.: -:.0 -35 0 oCs 10 

r/.R rIR 

Cb) Effets of L_ on sirling velocity at L,-0.$d CO-1:o", 
Fig. 16

U
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s-ig. 10 B Absolute value of this velocity V, de.  
-- eases az L, is increased. When Lý is increased to 
1..7 d or 9.S d. the same direction of the secondary 
flow is cbserved as i5 in a single elbow, and the 
absolute value of V, increases with L. From the 

- above result an interesting" conclusion may be 
Tx? deduced. Na.'el%. for both cases, 0=01 and 180, 

the sense of secondarv flow V-, just behind the second 
elbow is reversed when the spacer length ranges S2-55<L,/d<4.7. When the spacer length L. is 
less than this limit, a seconda-y flow occurs in the 
opposite dire-ction to that due to the single elbow, 
and when L, is longer the flow direction is revers.  

- ed. Several examples of the secondary flow for (= 
(• 1 and 1SO' are shown in Fig. 13. The absolute 
value of V, is generally greater for ,'=180' than 
for 0,=0% Comparing the above result on 

jvelocities. Figs. 13-15. with the turned losses in 
Fig. 7, an important conclusion is deduced that the 

I loss coefficient C is closely related with the absolute 
_ value of the secondary flow. Namely, when g,= "1 1800, the values of C=1.63, 1.54. 1.34, and 1.38 
s ?;correspond to the cases for the spacer length of L= 

0, 0.65 d. 4.7 d and 20 d respectively 
- 4-2.3 Three-dimensional double turns in dif
-- frent planes (V,=1200 ) 
• Figure 16 gives a relationship between velocity 

profiles and the spacer length for 0=120*, where 
_ has nearly the greatest value. When the spacer 

Sshort, 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) 
iows an equi-velocity diagram at the section L,

V0.S d. Higher velocity regions exist on the lines 0.  
'k, and O-B.,. corresponding to the outside of cur-,-a.  

- , -0 N-;--a,.  
-- ~ A & ''" o't hb v

' a) E£quivOiecc.cy lines of V t L,-.08 d viewed from 

do wnstea.in side

Fig. 17

In : tjr', 
(b) Swirling velocity. V,. at L,-O.Sd viewed Crom 

downs cream side

ture o1 the second e!bow and inside of the first one.  
Flow patterns in Fig. 17( a ) differ remarkably from 
those in Fig. 11. Velocity profiles V, of the second.  
a ry' flow at section L-=0.8 d are shown in Fig.  
17( b). Strong clockwise swirling motions are re
cognized on the diameters of A.-Bp. A,.B,. and A,.  
B3. On the other hand, a pair oi clockwise and 
counter-clockwise vortices, one on O-B. being strong 
and clockwise, and the other on O-A.: weak and 
counter-clockwise, is generated on the line A..B.  
Position of the weak vortex roughly corresponds to 
region of lower velocity and that o1 "the strong 
vortex to region of higher velocity.  

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 diametral directions. The flow 
picture of section L,=0 .63d is nearly the same as 
that of section L 5 =0, and decay of the secondary 
flow along the pipe line is sho wn for L.=0.65 d in 
Fig. 18( a ). A pair of vortices which have already 
existed at the upstream section L.=0.8 d is reduced 
to a single vortex at section L,=3d, a strong 
vortex absorbing a weak one. In this process, the 
axial velocity is uniformalized. Figs. 16 and 18.  
At section L0 =6 d, the single vortex takes a nearly 
forced vortex form, which reduces to zero along 
the pipe line, maintaining the form. This vortex 
producing a strong loss extends as far as 160 d 
downstream from the second elbow. If 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 10 d. this forced 
vortex is not generated, the reason being the same 

•'-120', [,-0 H-cLIant 

AA, 
A, 1 Al. 

"t"A, 
5r 

B,.\ \ \7 ..x-l "• II•..'' 

, II °c"°
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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 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 

sense coinciding to that of the strong vortex. Flow 

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 a 

mark x. Arrowed solid lines represent the 

direction and the magnitude of flow velocity on the 

pipe centre. K-rowed dotted lines and broken lines 

illustrate those near both sides of pipe wall. The 

velocity profiles above pipe line show those viewed 

from the downstream side.

5. Conclusions 

A pipe line is turned in various configurations with 

two right-angled elbows and the following results 

~~~~~C Ca':%:-.: ; 

F .o".zw d:r:c § 

FLc- ;I~hout 
swirLing cspone'.t V, . , e 

Fig. 19 Generation of swirlhng mouio due to twisted 
pie line

M

U 
0

G.E

I C.- I 
-o.0 -0 .5. 0 C.S 1.0 - . -o.5 0 0.5 1.0 

r/R ,/R 

(b) Change of axial velocity curves. V,. behind the second elbow (LO.65 d. P-. iM') 
FiZ. I1

L 
U 
K 
U.
'3
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are obtained : 
(I) When the spacer length L., is less than 

. d. the elbows incerfer each other intensively and 
the turned los. becomes minimum for =0=0, 
maximum. for c'=120z-150&. and medium for =

IL---

(1) 

(3) 
(4) 

(7) 

(S) 

(9) 
(101 
(II1)

Fig. 20 Flow patterns for turned pipe line

130'. When L_•0.65d. the loss exceeds twice 
that due to a single elbow, and when L.=10 d. the 
los becomes independent of the twisted angle of 
pipe line

(2) A secondary flow just behind a single 
elbow. L,=O.S d-3 d. 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 2.15 d.-4.7 d.  

(4) With two elbows in different planes, a 
forced type vortex is produced behind the bends 
when L_•<4.7 d. The vortex becomes maximum at 
an angle O'. 135' and it reaches about 135 d down
stream from the exit of the se=ond elbow.
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