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Hydraulic Losses and Flow Patterns in Bent Pipes*

(Comparison of the Results in Wavy Pipes and Quasi-coiled Ones)

By Yukimaru SHIMIZU** Koichi SUGINO*** Sadao KUZUHARA****

and Mitsukiyo MURAKAMI****%*

A coiled pipe, a helically bent pipe and a wavily bent pipe are
used in practical engineering for many purposes.

In this report, the relationships between hydraulic losses and flow
patterns are investigated in regard to wavily bent pipes and quasi-coiled
pipes which are constructed with many 90° elbows or 90° bends with small

curvature ratios, R/x,=1l, 3 and 6, respectively.
pipes are compared with those of quasi-coiled pipes.

The results of wavy
The reasons why

wavily bent pipes are adequate for application to the heat exchanger are

explained.

1. Introduction

The pipes with bend combinations are
much used in the heat exchangers, since
the curved path in the bends promotes the
mixing in flow for active heat transfer.
The bend combinations employed currently
are coiled pipes or wavy pipes curved in
one plane.

The wavy pipes are recently recognized
as suitable for the heat exchangers with
high efficiency. For the bend ducts, many
theoretical and experimental studies have
been performed, but most of them are lim-
ited to the case of smoothly coiled pipes
with a relatively large radius of curva-
ture and data on the wavy pipes and the
coiled ones with smaller radius of curva-
ture are few.

The present authors( and Rowe(m have
studied the flows in S-shaped wavy pipes
composed of two or three bends, and
Pydenko(” measured hydraulic loss and ve-
locity distribution in wavy pipes composed
of many curved elements having a curvature
ratio R/rw from 7 to 12 and a bend angle
from 34° to 132°. Murata(M(manalyzed a
laminar flow in wavy pipes curved in a
sine form and Yamashita et al'® made a
theoretical analysis of a flow in wavy
pipes composed of several 90° mitre bends.
However, the data in regard to the wavy
pipes with a relatively small radius of
curvature (R/rws 6) are not sufficient for
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suitable design of heat exchangers. Also,
the relation between the wavy pipes and the
coiled pipes remains unsolved.

In the present work, the relation bet-
ween the hydraulic losses and flow patterns
in wavy bent pipes and quasi-coil pipes com-
posed of several bend elements are investi-
gated. The curvature ratios of the bends
employed are 1, 3 and 6,respectively.

2. Nomenclature

: diameter of pipe =21y

acceleration of gravity

: number of bends

: radius of curvature

w: Mmean velocity assumed from orifice
readings

axial and peripheral velocities

o BQ

<

Vgr Vo

3. Experimental apparatus and
procedures

The general arrangement of the test
apparatus is shown in Fig.l. A constant
pressure head is maintained in the test
pipe line by using a head tank. The water
pumped up to the head tank is conveyed
successively to the orifice meter, the rec-
tifying tank, the test bend and to the
straight portions of the pipe line.

The wall pressures p; and p,; are measured
at two sections Lu=5d upstream and L4=2104
downstream from the bent portion. The
bent pipes used in the experiment are com-

l.-head tank

rectifying tank
combined bendz

Le=5d
Prp ) o« La=210d P2
Fig.2
1?;’ d i
T
upstream downstream
tangent tangent

Fig.l Schematic diagram of the
experimental apparatus
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posed of 90° screw type commercial elbows*!
having a curvature ratio of R/rw=l, and of
90° special bends of zinc casting having
the ratios of R/ry,=3 and 6. Ten Or more
bend elements of the same kind are connect-
ed in series. The angle of combination ¢n
is shown in Fig.2. The typical forms of
the bent pipes used in this experiment are
shown in Fig.3. Figures 3(a) and (b) are
U-shaped and S-shaped wavy bent pipes and

’\bend plane
[

[}
~~N(n-1)-th bend

bend plane of

A ) n-th bend

N
normal direction

N to
bend plane

direction of
centrifugal force
resulting from

the bend in /
bend plane p

bend flqne
o
(n+1)-th bend

Fig.2 Definition of the connecting angle
of bend ¢p, the spacer length Ly,

and the measuring directions P, NP,

N and PN

Figs.

with ¢,=90° and 45°, respectively.
angles of combination employed
periment are ¢,= .-

Fig.3

@

3(c) and (d4) are

(a)

()

(c) 90°

quasi-coil pipes

The
in the ex-
¢n=22.5°(Fig.3(a)),

U~shaped wavy bent pipe'

S-shaped wavy bent pipe

quasi-coil pipe

¢p=22.5° quasi-coil pipe

Examples of the wavy bent pipes

and the quasi-coil pipes
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Table 1 Dimensions of the quasi-coil pipes used in the experiment

bend R/r connecting angles ¢pn
elements | 22.5°] 45° 90° 135°
90° elbow 1 —_— 107 70 51
diameter of quasi-coil pipe D mm 90° bend 3 159 142 90 52
90° bend 6 301 257 159 103
. . . 90° elbow 1 — 128 126 123
d t £ -
joerer © C“E"a_tgiet‘zf/ %‘QESlm;"ll 90° bend 3 169 | 178 | 190 | 211
pipe U1 1= 90° bend 6 321 | 320 | 353 | 378
appearance 90° elbow 1 — 369 296 247
length of a turn 90° bend 3 515 500 411 331
Ziv =Jt2+ (D)2 | 90° bend 6 976 913 744 618
of coil I; mm 90° elbow 1 —_ 325 268 220
lir =Llm/ N 90° bend 3 538 489 401 329
90° bend 6 984 917 749 609
90° elbow 1 —_ 2.8 3.3 4.1
the number of turnsof coil N (n=10) | 90° bend 3 2.5 2.7 3.3 4.1
90° bend [$) 2.5 2.7 3.3 4.1
90° elbow 1 — 111 196 190
pitch of coil t mm 90° bend 3 127 225 298 287
90° bend 6 241 425 552 528
90° elbow 1 _— 18 42 50
pitch angle 6o ° 90° bend 3 14 27 46 60
90° bend 6 16 28 48 59
. . 90° elbow 1 — 2.4 2.3 2.3
d f .
;a‘;‘eg‘;;m Ztezurvaturg r/aglo to 90° bend 3 3.2 | 3.4 | 3.6 | 4.0
pip ! 90° bend 6 6.0 6.2 6.6 7.1
Reference : the connecting angle of wavy bent pipe is ¢,=180°

*1

Every joint between pipes and 90° screw type elbows is fully screwed.
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kinds of bend signs connecting angles average
elements 02 ds3 Pu $s b6 $7 ds s langles
oL o| 45° 90° 45° 90° 45° 90° 45° 90°

®A Q| 90° | 45° | 90° | 45° | 90° | 45° | 90° | 45° |

commercial 90° screw ©A S| 450 45° 20° 20° 45° 45° 20° 90° )
o o o o o
type elbows (R/rw=1) @A Q| 90° 20 45 45 920 90 45° 45°

o4O 90° 135° 20° 135° 90° 135° 90° 135¢°

®AP|135° 90° 135° a0° 135° 90° 135° 90° 112,50
90° bend (R/rw=3))|® A &| 90° 90° 135° 135° 90° 90° 135° 135° :

@ A @|135° [135° 90° 90° [135° |135° 90° 90°

° - O A ¢|135° 180° 135° 180° 135° 180° 135° 180°
90% bend (R/rw=6)/| 4 A ¢ |1soc |135° |180° |135° |180° |135° [1so° |135° 157 50
® A &|135° 135° 180° 180° 135° 135° 180° 180° )

@ A ¢ |180° 180° 135° 135¢° 180° 180° 135° 135°
commercial 90° screw (o] 135° 180° 180° 180° 157.5°| 180° 180° 180° 171.5°
type elbows (R/rw=1)
90° bend (R/rw=3) A 90° 135° 157.5°}157.5°| 202.5°| 225° 180° 247.59 174.4°
90° bend (R/xry=6) O 90° 180° 157.5°| 225° 180° 225° 180° 180° 177.2°

Table 2 Connecting angles in
of the bend elements

45°, 90°(Fig.3(c)), 135° and 180°. The
dimensions of the bend elements are given
in Table 1. Besides the above regular com-
binations, random combinations with differ~
ent connecting angles ranging in+45° mutu-
ally were also employed. The connecting
angles in these irregular cases are given
in Table 2. Also, the effects of the spac-
er length Lmn were investigated. The spac-
er lengths Lmn are 0, 1d and 3.5d, respec-
tively. The flow patterns within the bent
pipes were measured by means of a c¢ylin-
drical pitot tube*2. The direction of the
measured sections are P, NP, N and PN, res-
pectively, as shown in Fig.2.

4. Equation to predict experi-
mental results

With measured pressures p; and pg2,
the bend loss coefficient Zn D in the test
length can be calculated by the following
relation :

H= (p1-p2) /Y =AL/A) (Vin®/29)
+ T (vin?/29) (1)
, where L=TLu+3Lmn+Ld, Lu=5d, L¢=210d.

The mutual interference coefficient of
bends m is defined by

m=7gp/ nt;y (2)
The strength of a swirling flow component

which is generated in the bent pipes can
be calculated by (w
21 2
M’ =fo fon,Va,r, dr'de (3)
, where vz' =vz/Vm, V&' =W/Vm, r'=r/rw.

A mean friction coefficient in a bend com-
bination is expressed by

_ A= (Tn/n)/(Ib/d)

(Ib : the center line length of a bend
element).

The asymptotic value of friction coeffi-

(4)

*2 fThe rate of flow measured by a pitot
tube is about 3~4 % larger than that
measured by an orifice.

the states of irregular combinations

ciegr)mt in the coiled portion is calculated
by(

Ae=[(Tn=Cmc)/(n-ne)] / (1b/4Q) (5)
, where n¢ and Cnc are the number of bend
elements and the bend loss coefficients
corresponding to the asymptotic values,

respectively.

5. Experimental results and
discussion

5.1 Hydraulic losses of wavy bent
pipes
The relationships between Tn/ 1 and
the number of bend elements 7 with regard
to S-shaped (Fig.3(b)) and U-shaped (Fig.
3(a)) wavy bent pipes are shown in Fig.4.
The spacer lengths are Lmn=0, 1d and 3.5d.

15 e Lmn= 0
_t o " 1d
[ o e . 35d
L 90%elbow g
R It U-shape
s | (RImw=1) S
a " 1d
- a . 35d
10-
L 90%bend
> RIW=3) gxhend
! 9 (Rirw =6)
lata)

| WO SN T SO S - u
12 4 6 8,10

Relations between the bend loss

coefficients Cn/C1 and the number
of the bend elements # in the S-
and the U-shaped wavy bent pipes

Fig.4
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The value of Z4/f; in S-shaped bends com-
posed of 90° screw type commercial elbows
with R/rw=l is about two times larger than
that of Z,/CT1 in S-shaped bends composed
of 90° bends having the ratios of R/ry=3
and 6 when Lmn=0. But Zn/C1 in the elbow
combination is nearly the same as that of
90° bends when Lmp21d.

The bend loss coefficients in U-shaped
wavy bent pipes are generally smaller than
those in S-shaped ones, and the effects of
the spacer lengths are also smaller.
The relationships between the mutual in-
terference coefficients of bends, m, and
the number of bends, n, are shown in Fig.5.

The values of m approach asymptotic-
ally a constant at about the fifth or six-
th bend without regard to the radius of
curvature of the bend elements and the
spacer lengths.

The asymptotic values of m in S-shap-
ed bent pipes composed of 90° screw elbows
are widely variable with the spacer
lengths.

This will probably be due to the fact
that the scale of the flow separation and
the strength of a secondary flow generated
in the elbows and downstream are strongly
influenced " by the inlet velocity pro-
files. The scale of flow separation
in S-shaped wavy bent pipes with R/rw=3
is much smaller than in ones with R/rw=l
(elbows) and the bend loss caused by the
flow separation is small. In this case
the variations of m are also small. The
strength of a secondary flow is sensitive
to the spacer length. m takes a minimum
at Lmn=0 and increases monotonously as Lmn
increases, reaching unity asymptotically.

16 90%lbow (R/fy=1)
1.5F
14F
F13b S-shape y-shape

® Lmn=0

c 4 Lmn=0 }s.shq
<12 o - 1d & ~ id Pe
¥ e =~ 35d & ~ 35d
L o
£10 T e
09r \L“{*nemdapc
08F o _A}
. ———ape e “TTT U-shape
o7f b p
5 n 10

1 S-shape
06k s —#==-=%} Ushape
Lo s e ﬁ
k- ——

09
£
08

2 3 4 5 6 7 8,9 10
Fig.5 Relations between the mutual
interference coefficients m
and # in the S- and the U-
shaped wavy bent pipes
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The variations of m in S-shaped wavy bent
pipes with R/rw=6 are smaller than those
in ones with R/rw=3. The value of ‘m is
nearly equal to 0.65~0.67 at Lmn=0, and it
increases with Lwmn. This value of m=0.65
is nearly equal to that in U-shaped wavy
bent pipes as is described below.

If U-shaped bend elements are employed
in the bend combinations, the value of m
is smaller than unity even in the case of
R/rw=1l, The effects of the spacer length
and the number of bends on m become much
less if the bend curvatures of R/rw=3 and
6 are employed in U-shaped wavy bent pipes,
The values of m in U-shaped wavy bent pipes
with a small bend curvature become smaller
than those in S-shaped wavy bend pipes,
but the difference becomes less as the bend
radius increases. The reason why m in U-
shaped wavy bent pipes is smaller than that
in S-shaped ones can be explained from the
velocity distributions as given in the
later Section 5.5.

5.2 Comparison of the loss coeffi-
cients in wavy bent pipes and
quasi-coil pipes

The experimental results of the loss

coefficient ¢n/C; are plotted against the
number of bends » in Fig.6. The values of
S-shaped wavy bent pipes with ¢,=180° are
identified by the symbol A. The spacer
lengths Lmpn employed are 0, 1d and 3.5d,
respectively. Figure 6(a) shows the re-
sults of 90° elbow bend pipes. The curves
of Tn/T; have rather irregular tendencies

Pn=22.57c0il
C4E

o
L}
= 90° v
P
v - 180°wavy

90%Ibow(R/m=1)

» -
Lmn=ld | o=35d
o V’; ]
N X ’
{ﬁ'

A

r 35780 3577

[ (b) y
F Lmn=0 /} 90*bend(R/my=3)
i A e
L w bmo=ld o354

L S ¥

‘,x‘,,},' AN

’
_ g;"..,t /

TS R W ¥ AV SR W A

1357913571 3,57

[ () A 90bend Ris=6)
[ Lmn=0 2

Lmn=1d A Lmn=35d

13578 3571 3,57

Fig.6 Relations between Tn/C1 of the
quasi-coil pipes and the S-shaped
wavy bent pipes
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in the range of ng<3, but become regular in es of the combinations with ¢,=135° become
the range of n24 and gn/f; reaches a max- relatively large because the development
imum at ¢p=180°, and decreases as ¢pn di- of a one-directional swirling flow is much
minishes from 180° to 45°*3, The varia- stronger than that in the other configu-
tions of n/f; observed in a change of the rations. The loss coefficient ¢,/C; in
connecting angles ¢, become less as Lmn the combination of ¢,=22.5° is relatively
increases. Figure 6(b) shows the results small and it is approximately equal to that
of R/rw=3 bent pipes. The [,/C1 curves in the combination of ¢,=45°. The rela-
have complicated tendencies 1in the range tionships between m and »n are shown in
of ngé~5. But a regular tendency is ob- Fig.7. Figure 7(a) shows the results of
served in the range of n28 as in 90° el- 90° elbows bend pipes. The variations of
bow combinations. The loss coefficient m are more complicated in the range of ng4.
Tn/C; decreases to the minimum value in But m tends to be a constant in the range
the range of ¢,£45°, and {5/C1 in the com- of n25 and the value of the constant in-
binations of ¢,=22.5° and ¢,=45° shows no creases with an increase of the connecting
substantial difference. Figure 6(c) shows angle ¢n. Figure 7(b) shows the results
the results of the bent pipes with R/rw=6. of the bent pipes with R/xw=3. The varia-
In this case the effect of bend configura- tions of m due to ¢, are less than those
tions on C,/C; becomes less than that in in the case of 90° elbows, and have com-
the bend combination of R/rw=3. The loss plicated tendencies 1in the range of ng4.
in wavy bent pipes with ¢,=180° is rela- But the variations become regular and small
tively small 1in the range of ng<4 and it in the range of n25, and m increases with
increases with »n if n is increased beyond an increase of ¢, when n28. Figure 7(c)
the limit. But even in this range Tn/7; shows the results of the bent pipes with
does not exceed the loss in the combina- R/rw=6. m tends to a constant in the
tions of ¢p=135° when n27. This may be range of n27. The variations of m are less
due to the fact that the development of a as compared with those in Figs. 7(a) and
secondary flow in the curved duct is weak- (b) . Figure 8 shows the asymptotic values
ened at the second and the third bends of of m , which correspond to the values at n
the wavy bent pipe with R/rw=6. The loss- =9~10, in Fig.7. The relationships bet-
o ween Lmn and the asymptotic values of m
]5_(0)90'§§OW(R”W;‘) v are shown in Fig.8(a). The relationships
1.5 Lmo= ,"~v”’k"*/" are strongly affected by the curvature
14F Va4 ratio of the bends. Especially, the ten-
®n=225%0il dencies of 90° elbow bend pipes are extre-

 45°

o
L ]
e 1.2} *\ . 0 90° v
= A . 135° .
‘ v

o

¢ Prat5°coil
| ) e - 90°
ﬁ” " ~ 180%wavy £ (a) A o+ 135°4
£10 ___\;:m.__<___ . v - 180Wavy
09 ) © |} 90%lbow
o8 o \(R/rw=1)
g § 90%bend
07 o10 (RIw=3)  go2pend
08 = (RIrw=86)
7 a
?’s 5 A0 g
' ﬁ\ b), 90%bend(R/rw=3) g
08 ‘\‘0"&_-\ Lmn=0 v
€ \4\
08F
05
07} l‘
06r 0 350 1 50 1 :
osl i Lmn/d 3 Lmntd 380 1 a1 35
: ! R L ) n o £ 5k ® Lmn=
10 ; 5 n 10 EIZE (b) Jr ° L;:=?d
09 (¢) 90%bend(R/rw=6) S o © Lmn=35d
Eg ~ Lmn=0 2101 90%lbow [/ 90%bend 90%bend
. % L (Rirw=1) £ (R/rw=3) (R/rw=6)
Q7 > -
O o /:8
06 = o Ko
% " ,U/ Q___o-—;:gz:'ﬁ
. o
Fig.7 Relations between m of the quasi- E = i /“.’
coil pipes and the S~shaped wavy gOS
bent pipes '
9 st
0° 45 90° 1357180 45° 90° 135°180F 45° 90° 135°180°
*3 The bends with R/rw=3 and 6 can be con- Pn Pn n

structed respectively in the range of
22.5°¢ ¢,< 180°, but the connecting an-
gles of the R/ryw=1 elbows are limited
in the range of 45°< ¢,< 180° because
of the restriction of the bend form.

Fig.8 Relations among m, Lwmn and ¢n in
the S-shaped wavy bent pipes and
the quasi-coil pipes composed of
9 or 10 bend elements
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mely different from those of the bent pipes
with R/xrw=3 and 6. Figure 8(b) explains
the relationships between the asymptotic
values of m and the connecting angles ¢n,.
The values of 90° elbow and of the bent
pipes with R/rw=3 increase with an in-
creasing ¢y. The gradients of the in-
creasing ratio are proportional to the
curvature ratios of the bends, and are in-
versely proportional to the spacer length
if the curvature ratios of the bends are
constant. The bent pipes with R/rw=6 have
a different tendency from the above bend
combinations. The values of m in the coil
pipes with ¢n=135° are a little smaller
than those in the wavy bent pipes with
¢n=180°.

5.3 The relatjonships between average
connecting angles of bends ¢, and
Toss coefficient za/z:
In the above Section the results of
the bent pipes with regular combinations

r90%lbow|__90°bend 114
Rimw =1 |RIrw=3R/mw=6
® A ¢ |[coil or wavy
2 © & © irregularly 12
o A ¢ combined
. A o b$nds
| ® A Q ref.Table2
,;O 0 A ¢ |ave. q// 10
S o A o {ref Tug 2, ]
”B- n=g L Fig.i |
90%lbow,

6F .
L R/w
A

4
D) R/ =6,
g/ Wbend

5 5
225° 45 675 90° ll25° 135° 1575° 180°
ave.  $, Q@

Fig.9 Relations between T /Z1 in the
state of irregular combinations
of the bend elements and the
average connecting angles ¢n

90>bend &% 2),,“-877;;,

(R/rw=3) /,

. \\
8.0r /9<4,ﬂ)gux—803 3 N I
. S g, -

Bpu135

oI x/(glo)max \"‘i ®10=180%
370 P B2 e St ST
S ,/* = we)m«N@-/ .
5 e o J69781 N8

80¥_ - (46’ egggx _____

- =632%

_—‘_x/ §7)max \7-225[

ol 862025

/ ’(€6)mnx 5135
4.0 ke / I(gS)le’[Oleg\1 ‘05 I575|

, 4)
ey e '"“5‘73:1\ \4—1575°|

ol

/
30+ (ﬁs)max
~/ \ N ¢5°1357

¥

20 / /d\sz)max =302% \/;x,,*r

e e ex— #,=90

L

X

ﬁ
e = =

i i
0° 90° 180° 270° 360°
®bn

Fig.1l0 Bend losses in the special combi-
nations of 12 bend elements

1.0
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have been described. Now, some effects of
the irregularity of the bend combinations
on Cn/C1 will be descrived below.

The relationships between ®n and Tn/C1
are shown in Fig.9. $n is an average
value of the connecting angle ¢n for nine
90° bends. The connecting angles of the
bent pipes used in the experiment are list-
ed in Table 2, and the angle of the devia-
tion in mutual bends differs 145 degrees
from the states of the regular combina-
tions. The combination is done such that
the third bend is connected to two combined
bends which show the largest bend loss in
all of two bend combinations.

The fourth bend is connected in the same
manner. Figure 10 shows the loss coeffi-
cients for the twelve bend combinations
obtained as above. The solid lines con-
necting the symbols @, A, ¢ in Fig.9 cor-
respond to the values in the regular bend
combinations. The other symbols correspond
to those in the irregular combinations
cited in Table 2. The relationships bet-
ween ¢p and T, can be approximated by the
solid lines. From these results, the loss
coefficient of bent pipes having a little
irregular combinations of the bends can be
assumed using the average connecting angle

dn.

5.4 Comparison of the loss coeffi-
cients in quasi-coil pipes and
smoothly coiled pipes

The mean values of friction coeffi-

cients Ap/Ao of the coiled portions in the
bent pipes are shown in relation to the
center line lengths L/d of the coiled por-
tions in Fig.ll. The friction coefficient
is expressed as the value of, A¢, the fric-
tion coefficient of a straight pipe having
the wvalue of 0.023, when the relative
roughness is of order of €/d=0.001.

The values of An/A¢ increase when the cur-
vature ratio of the bends decreases and ¢n
increases. The values of An/Ag are seen

20l b 90% 1 bow
2 \‘ (Rirw=1)
= A, o @n=225coil
151 o v 45° -
. »  90° v
A 4350 v
10 Lmn =0
Re =105
5 10 15 2 L/id
Os’.
<
<
4k | g A 90%bend
3 }/(erw =3)
(Rirw=6)
2t ﬁ
-L
o 10 20 30 Ljq 40 50

Fig.ll Relations between the mean
friction coefficient Ap/Ag
of quasi-coil pipe and the
center line length of the
pipe
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to be a little variable in the range of
dpg45°. The friction coefficients An in

the bent pipes with R/rw=6 have about 1.5
times the value of the straight pipe.

The friction coefficients of the quasi-
coil pipes can be compared with the re~
sults for smoothly coiled pipes obtained
by 1to‘® and Murakami et al® as shown in
Fig.l2. The abscissa and the ordinate in
the figure are Re(d/D1)2 and Ac/Ao (=An/Xo) .,
respectively. The values of A¢/Ay in the
two kinds of coil pipes fairly well coin-
cide if the gross forms of coil pipes are

5.5 Velocity profiles in the wavy bent
pipes and quasi-coil pipes

The velocity distributions at the out-
let sections of the l1lst, 2nd, 3rd, 7th, 8th
and the 10th bends in S-shaped wavy bent
pipes with R/rw=3 are given in Fig,l1l3.
The secondary flow of a double spiral type
created in the 1lst bend is strengthened in
the following bends and continues to the
7th bend without changing the swirling di-
rection. But the swirling direction is re-
versed in the 8th bend and again the swirl-
ing motion of the same direction is main-
tained in the

similar, namely, the pitch angle 0y and
the curvature ratio D;/d (D; : diameter of
curvature of coil pipe) are nearly equal.
The values marked A, & and 4+, @ in Fig.12
coincide well with one another. The
values of A¢ obtained by Eq.(5) are not
just the same with those of A¢ calculated
by the equation given in literature (9),
but both equations have the same meaning*4.

following several bends.
The strength of this secondary flow is
greater than that of one created in a
smoothly coiled pipem). Moreover, the
resulting secondary flow renders uniform
the axial velocities in the wavy bent pipe.
Figure 14 shows the peripheral velocity
distributions on the N-axis (ref. Fig.2) in
the wavy bent pipe with U bends. The sec~

coil pipes quasi coil pipes ondary flow created in the in-
(Murakami et.al) let portion of the lst U bend
ik S| DUd 13 has a maximum strength in the
B0 |Dd] @ 142 3z |2 middle section of the 1st U
+ 11427 34 o 267 34 K AT N X .
ol 4% 60 x 464 36 Km‘_‘qgcﬂconpme bend and again is weakened in
A | 153 64 o 599° 40 E (90%elbows, Riry 1) the outlet section of the lst
S4|© @403 | s 277 | 62 O o—gmpo-oo U bend*5.
R3[| o | 43771143 u 478 6.6 4xI10° 6 8 104 2 N U bend t secti
2 o | 3067 143 : 21132 ;5 |_p-0l9), quasi coil “*_élst en ,irzi)e sec |on; .
3 | . 2 =Lo 00| pipes| Zxo i L
2 Shy, M Lok | (\8CFbends, ' Ist Ubend,
= \ g S cog¥e Rin=3) middle section
9 +i4 H: 1 o A
IR R > L
‘393 | [,nl Aaw A qdcsi éoil‘pip‘es ) N(+)
k{ - " =[ng BIIEL) (9bend Rit,-6) |
ISRt | ot O B | 5
M&_!ﬁ};_ " Ist U bend,outlet section
R § (- py(2nd U bend inlet) l\gﬂ
1 } | ) |
5 2nd U bend,middle sectio !
H |
i

4x10 6 8102 2 4 6 810° 2 4 8104 2

Re (d/D1)?

Fig.1l2 Relations between the friction coefficient !

]
Ac/Ao of quasi-coil pipes and smoothly 2nd Ubend, outlet section !
(3rd Ubend inlet)
N AL o

coiled pipes
) o
2nd bend outle 3rd bend outlet U |
+PN 3rd U bend,middie section

P&

Ist bend outlet

NP

)

U-shaped wavy bend (R/rw=3)

Fig.1l4 Peripheral velocities on the
N axis (Fig.2) in U-shaped
wavy bent pipe with R/xrw=3

*4 The number of turns in the coil
is about 2.5~4 and is not enough
to rigorously calculate Ac.
Accordingly, it is assumed that
An approximates to Ac in nine
bends, and this value An is used
instead of X¢. In Eq.(5)., a
single 90°~bend corresponds to
the unit turn in the smoothly

coil pipe‘s) .

7th bend outlet

8th bend outlet 10th bend outlet

Fig.13 Velocity distributions in the S-shaped *5 The developing and decaying

wavy bent pipe with R/rw=3 processes of the secondary flow
solid line : equi axial velocity lines in t.:he u l?ends are already ex-
broken line : peripheral velocity lines plained in the literature (1),

(7).
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As the secondary flow created in the lst
bend reaches the inlet portion of the 2nd
U bend; the development of newly generated
vortices is delayed and the maximum value
is attained near the outlet section of the
2nd U bend. The vortices are weakened in
the 3rd U bend. In this case a continuous
development of the secondary flow as seen
in S-shaped wavy bent pipe does not occur,
and the strong and weak vortices are cre-
ated repeatedly in the following U bends.
As the result, the value of m in a U-shaped
bent pipe is smaller than that of an S-
shaped one and such changes of flow pat-

terns are not altered by the curvature
ratio of the bend elements. The values of
m in both kinds of bent pipes are about

the same as shown in Fig.5, because the
vortices created in the S- and U-shaped
bent pipes with R/rw=6 are weak enough.
But the values of m in the S- and U-shaped
bent pipes with R/rw=1 are considerably
different because the strengths of vor-
tices in both kinds of bent pipes are dif~
ferent. The strengths of the swirling
flow M’ (Eq.(3)) in the quasi-coil pipes
with R/rw=3 are shown in Fig.l5. The
swirling motion develops from the lst bend
and M’ reaches a constant value in the 5th
or 6th bend. This constant value of M’
increases with an increasing ¢, in the
range of n26 and ¢,<135°. The relation-
ships between M’ (ref. Fig.15) and n/T:
(ref. Fig.6(b)) in the 10th bend are
shown in Fig.16. The loss coefficient
In/C1 increases with an increase of M'.
These tendencies remain the same even if
the curvature ratio of the bend is
changed, but the value of M’ increases as
the curvature ratio diminishes.

6. Conclusions

The hydraulic losses and the flow pat-
terns in the wavy and the quasi-coil bent
pipes were examined experimentally.

The results obtained can be summarized as
follows.

(1) The hydraulic losses in the quasi-coil
pipes composed of 90° bends and 90° screw
type elbows, increase as the connecting
angle ¢, and the coil pitch increase.

The maximum hydraulic losses are at-
tained in the wavy bent pipes of ¢,=180°,
and the minimum ones in the gquasi-coil
pipes having small coil pitches when ¢,<45°%

The hydraulic losses in the gquasi-coil
pipes can be assumed from the results of
smoothly coiled pipes if the curvature
ratio R/ry is larger than 3.

(2) Uni-directional swirling flow is cre-
ated in the quasi-coil pipes and the hy-
draulic loss in this case is proportional
to the swirling strength.

(3) Both the hydraulic loss and the sec-
ondary flow in the S-shaped wavy bent pipes
having the curvature ratio R/rw smaller
than 3 are larger than those in the U-
shaped ones.

(4) The hydraulic losses in the wavy bent
pipes become larger than those in the
quasi~coil pipes. But the wavy bent pipes
are more suitable for heat exchanger ducts

o Pn=45°%0il A& ¢,=135%o0il
0.3 s - 90° v+ 180%Wavy
& _‘_.—\~
.30.2 /..' A::.___.\ \~A/'/L\’~A

_0] Il 1 1 ] 1 1 1 1 1 1 1
12 3 4 5 6 7 8 9 10,11 12
Fig.l5 Strengths of uni-directional
swirling flow, M', in quasi-
coil pipes, R/rw=3.
(the values obtained at the
inlet of the n th bend)
10
. R/fw=3,Lmn=0, n=10
J
R s
6 //
S+
0:5 1 1
0 0.l 02 M/x
Fig.l6 Relations between [,/L; and M’

in the quasi-coil pipe with
R/rw=3 at Lmn=0, n=10

than the quasi-coil pipes, since the mixing
in flow is more vigorous in the wavy bent
pipes.

The S-shaped wavy bent pipe with R/ry

=3 is considered to be most suitable for
the heat exchanger, because the hydraulic
loss is relatively small and the second-
ary flow is stronger than the one in the
other bent pipes.
(5) The hydraulic losses in the bent pipes
having a little irreqular combinations can
be estimated within an error of 5~6 % from
the data on the bent pipes of regular com-
binations if the deviation of angle irreg-
ularity is less than £45°,
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