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Flow Patterns and Hydraulic Losses in Quasi-coil Pipes*

( The effects of configuration of bend cross section,

curvature ratio and bend angle)

By Yukimaru SHIMIZU**, Koichi SUGINO***, Masaji YASUI****

Yukitaka HAYARAWA***** and Sadao KUZUHARA***#k*

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 trans-

fer. In the present paper, one of the pipes with bend combinations,

namely,

quasi-coiled pipes composed of many bend elements are investigated, and the re-
lationships between the hydraulic loss and the secondary flow are studied ex-

perimentally.

The configurations of the cross sections, the bent angles and

the curvature ratios of the bend elements of the quasi-coiled pipes are changed

in the experiment.

The effects of these factors are investigated in detail.

As the result, it is found that the secondary flow becomes the type of a
one-directional swirling flow in the quasi-coiled pipes if the bend cross sec-

tions are changed from circular to rectangular.

sults are described.
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1. Introduction

Coiled pipe is useful as a heat ex-
changer because of a strong secondary flow
caused in it and its mixing effect. The
authors proposed, in the former report(??,
several types of coiled pipes formed by
connecting many 90° bends together in turn,
and made clear that a special secondary
flow and its active mixing action occur in
such a bent pipe.

In this report, the authors investi-
gated experimentally the effects of the
shape of section, ratio of the radius of
curvature and bent angle on the flow coandi-
tions in each element of the pipe. Also,
they studied the relations between the
state of flow and hydraulic losses in these
pipelines.

Results reveal interesting facts which
differ from those obtained by the former
experiments with 90° bend quasi-coiled
pipes.
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2, Nomenclature

lengths of both sides of a rectan-
gular section bend (Fig.l)
hydraulic diameter, =27w(rw: equi-
valent radius)

apparent diameter of quasi-coiled
pipe (reference 1, table 1)

: diameter of curvature of gquasi-

coiled pipe, =D+ t¥m2D
acceleration of gravity

total length of straight sections
on pipeline, =lut+Ld

wall pressures at upper stream Lu
=5¢d, down stream Ld=(60~210)d
and just behind of exit of the
bend, respectively

radius of curvature of the bend
mean axial velocity measured by
pipe orifice

axial and peripheral components
of velocity

coefficient of hydraulic friction
of the straight pipe

density

bent angle of the element

asymptotic value which approaches
an almost steady state
number of bend elements

3. Equations to Predict
Experimental Results

In order to discuss the results ob-
tained, we use the following definitions.

The bernd

(pu

loss coefficient: £,

—pa)log=[ALId)+ &) (el 2g) (1)
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The mutual interference coefficient of
bends : m

R o 7T SRTT R PP (2)

Non-dimensional angular momentum flux which
denotes a one-directional swirling flow
produced in the bend : M/

1w'=‘71?-/0‘23‘/;l(vz/vm) (ve/vm)
x(r/rw)zd(rfrw)de ........................ (3)

4. Experimental Apparatus
and Procedures

Figure 1 shows an outline of the ex~
perimental apparatus with connecting angle
of the elements and measuring directions of
velocity in a cross section of the element.
Flow enters the first bent section through
the rectifying tank and a sufficiently long
inlet. One pressure tap is fixed at Lu=5d
upstream tangent and several ones at down-
stream tangent, respectively. The last
pressure taps are situated at 2104, 100d
and 60d downstream of the last bend in the
case of a circular pipe, a square pipe and
a rectangular pipe, respectively.

from head tank

rectifying tank

Ne PR P

f_” &/

rP/ rw

(n+1)th bend
(a) Schematic diagram of experimental

apparatus and definition of con-
necting angle of bends $n
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ﬁ’ N of bend pitot gbe
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] inside of bend’ a
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(b) Definitions of aspect ratio As of
rectangular section of bend and the
measuring directions P, P-NP, N:NP,----

Fig.l

Shape of section, bent angle and cur-
vature ratio of the element used in this
experiment are shown in Table 1. The re-
sults for circular bent pipes with 8¢=90°
published in former reportf’ are quoted in
this report, Sixteen 45°-bends and five
180°-bends are connected at the most.
Connecting angle $n is taken plus counter-—
clockwise (Fig.l(a)). Two states of a re-
gular connection of $r=@s=---- =¥, say,
quasi-coiled pipe, and an irregular connec-
tion of which angle shifts by forty-five
degrees from each other were investigated.

In case of square or rectangular sec-
tion, a quasi-coiled pipe of $4=90° and a
wavy pipe of $s=180° were adopted, but the
latter will be considered separately in
reference (3) owing to many things to be
discussed. Aspect ratios of rectangular
sections were two, i. e., 4s=0.24 and 4,
and maximum number of them used in pipe~
line was 6~12. And, two types of pipe-
lines A and B were proposed, i. e., the A
type having a bend of As=4 at the first
and As=0.24 at an even numbered position,
and the B type which reverses the order in
the former. In this experiment, the pipe~
line had no straight parts between any
bends.

Figure 2 shows representative exam-
ples of quasi-coiled pipes tested. Main
dimensions of these pipes are tabulated in
Table 1., Velocity distributions in sever-
al traverse directions such as P, N, NP
etc. in the outlet section of the n-th
bend shown in Fig.l were measured with the

rectangular, 82=90°,91=90°, R/Yw =6

Fig.2 Examples of test quasi~coiled pipes
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aid of a three hole pitot~tube, excluding Reynolds number of Umd/w=10%5 since the
only one direction in rectangular section results were not influenced by the Rey-
bend. nolds number more than 105 as reported
Experiments were carried out at the | before! ¥

Table 1 Dimensions of the quasi-coiled pipes used in the experiment

shape of section connecting pitch diameter ratio of curvature
radius ratio of curvature angle angle to pipe diameter
bent angle of element ®n° O ° Di/sd
. 22.5 34 2.4
circular
5 45 46 2.8
450 90 53 2.6
135 73 3.5
. 22.5 28 3.1
circular
45 44 3.1
3
450 20 64 3.0
135 77 5.4
: 22.5 26 6.0
circular ’
6 45 45 6.3
450 90 65 . 6.6
135 76 9.0
circular 60 19 2.2
1 90 28 2.3
180° 135 40 2.5
circular 45 24 3.3
3 90 28 3.5
180° 135 40 4.4
i 22.5 7 6.1
circular .
6 45 14 - 6.2
180¢ 90 29 6.5
135 40 7.2 -
square, rectangular
6 90 47 6.6
90°

circular : o =53.4mm®, 45°-bend : smooth wall
90°~bend : rough wall, relative roughness lda

rectangular : hydraulic diameter o =52.6mm, smooth wall

D1 ( =D+ t¥r?D) : diameter of curvature of quasi-coiled pipe

5. Experimental Results

25,1 States of flow in the quasi-coiled pipes with various sectional forms
5.1.1 Circular section
Typical examples of velocity distributions in pipes coiled with $n=22.5° and 90° with
circular bends of £»=45°, R/rw=6 are illustrated in Fig.3 and Fig.4. 1In Fig.3, ¢n=22,5°,
a couple of symmetrical secondary swirls occurs in the lst bend outlet, but, after the 2nd
bend, this symmetry is lost, transforming into a couple of large and small swirls.
A couple of asymmetrical swirls last as far as the 16th bend without disappearance.
On the other hand, in Fig.4, $én=90°, a one-directional large swirling flow swaying
the whole section appears, and it is so intensive that it has 0.5 times the mean axial
velocity at maximum. As the result, loss of bend and degree of interference of the bends
increase. Figure 5 shows velocity distributions in the outlet sections from the 1st to the
8th bend of a wavy pipe of ¢;=180°. Velocity distributions are so symmetrical to the P-
axis that they are illustrated only for half of the left in Fig.5. Swirling components are
considerably smaller than those of ¢n=90°, -
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Be=45° RIfW=6 n=225°
1st bend outlet 2nd bend outliet 3rd bend outlet

15th bend outlet 16th bend outlet

Fig.3 Velocity distributions in $p=22.5° quasi-coiled pipe
(Bo=45°-bends with circular section used)

: equi-axial velocity line

~~-~-~-: peripheral velocity distributions

Be=45" Rirw=6 n=90°
Ist bend outiet 2nd bend outlet 3rd bend outiet 4th bend outlet

Fig.4 Velocity distributions in $p=90° quasi~-coiled pipe
(Bo=90°-bends with circular section used)
: equi-axial velocity line

+pP +P +P
st bendoutlet 2ndbend outlet 3rd bend outiet 4thbendoutiet  7th bend outlet  8th bend outlet

Fig.5 Velocity distributions in wavy bent pipe ($,=180°)
(Bo=45°~bends with circular section used)

: equi-axial velocity line

..... : peripheral velocity distributions -
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In Fig.6, non-dimensional angular mo-
ment flux M’ measured in the quasi-coiled
pipe which is made with 45° bend of R/n,=
3 or 6 at different connecting angles is
shown against number of bends. A one-~
directional swirling flow develops, at
first, from the 1lst to n=(5~10)th, and
then, after the maximum value, settles a
constant at farther connections. Maximum
value of this swirling flow M'30.4 is

the whole, an intense swirling component
appears at small curvature ratio. The re-
lation between M’ and n corresponds well
to that of bend loss described by z,/%, in
§5.2. This may be explained from the
transformation of the pressure into the
kinetic energy when a secondary flow oc-
curs through mutual interference of bends.
Figure 7 shows the non-dimensional
angular momentum flux Mn¢ at the position

reached at R/fy=3, $p=90°. This is larger
than that obtained from 90° bends‘’, On

in which the swirling flow develops to the
extent of approximate constant condition.

Generally, Mn'c shows large values at small
curvature ratio and small bent angle. For

04r Bo=45° &, the same connecting angle ¢,, M+#c decreas-
R/f=3 es in order of B,=45°, 90°, 180°. From
03f o¢f the results and Table 1, it can be said
- -
or /7
P A
0o 4 8 2 n 16
03¢ Be=45n ¢
PO n
RIrv=6 - D S
. 02r v
= e o’
A
Qir s ‘1:\'_ - ,.--"45"
A G g g
7 - Wn?
% 4 8 2 n 16
[en]225°] 45° | 90° [135°
= —p
Fig.6 Relations between number of bends n

and strength of one- directional

Fig.7 Relations among strength of. one-di-
rectional swirling flow Mnc (asymp-
totic values) in quasi-coiled pipes,

bend angle 8 and connecting angle #$p

swirling flow M’ occurring in quasi-
Bo=45°-bends with
R/Tw =3, 6.

coiled pipes.
circular section used.
$n changed

— axial
velocity
(Vzivm)

---- peripherdl
velocity
(Ve/Vm)

P

6th bend outlet

Fig.8 Velocity distributions in quasi-coiled pipe
(80=90°-bends with square section used) -
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that a swirling flow appears more intense-
ly when the pipe is coiled at small appa-
rent diameter with large pitch angle than
a reverse one.

Several values of M’ in the square
and the circular coiled pipes calculated
from the velocity distributions are com—
pared in Fig.9(a). From the figure, we
can see a considerable difference between
5.1.2 Square or rectangular section square and circular before and after both

Figure 8 shows the velocity distribu- of the results approach each other at 2 =
tions in a square guasi-coiled pipe made 5~6. Remarkable development of a swirl-
with 8o=90°, R/fw=3 and $1=90°. Symmetri- ing flow in a square bend will be explained
cal secondary flow is produced in the lst from the asymmetry of pressure difference
bend, and a part of high velocity enters on the inside and the outside walls due to
the 2nd bendj After Fhat, the one-direc- the centrifugal force as shown in Fig.9(b).
tional swirling flow is continued. The development of a one-directional swirl-~
ing flow is not so rapid in circular sec-

. tion.
circular
RIw=6 Be=45] ~
02+ squarg <l 107 2nd bend intet 7
Rimy=3 - -
- T -
= <
Qi+
05
/ 1 1 1 1 J ’ -
S T B 4 Aress
01 0 rim 1
(a) Strength of one-directional swirling *N -N

flow in quasi-~coiled pipe
: Bo=90°-bends with square section,
R/Yw =3
————— : Bo=45°-bends with circular sec-
tion, R/Yw=6
—-—-=—1: B0o=90°-bends with circular sec-
tion, R/Yw=3

(b) Distributions of pressure differences
between inside and outside walls near
inlet of 2nd bend

Fig.9

1st bend outlet
(sec1)

Fig.10 Velocity distributions in quasi-coiled pipe (Po=90°~bends with rectangular
section used). wupper side : A shape, lower side : B shape,
measured values along longitudinal direction
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Figure 10 shows the velocity distribu-
tions in rectangular quasi-coiled pipes
measured along longitudinal side of the
section. The upper figures correspond to
the A-type pipe and the lower ones to the -
B-type. With regard to the A-type, we can
see that a weak symmetrical secondary flow
in the 1lst bend outlet turns into a strong
secondary flow in the 2nd and 3rd bends,
and after passing through the 4th bend,
velocity distributions in the 5th bend out-
let take nearly the same form as shown by
broken lines in the 3rd bend again. From
this observation, it is supposed that, in
case of the A-type pipe, the flow pattern
in the 3rd and 4th bends will be repeated
after 5th and 6th bends. about the B-type
coiled pipe, velocity distributions in the
5th bend agree well with ones in the 3rd
bend though the progress of the flow pat-
terns is somewhat different from the A~-type,
so it is supposed that the flow repetition
will be caused after the 5th bend, too.

In either case, a couple of symmetrical sec-
ondary swirls occur in the lst bend, and af-
ter the 2nd bend, they turn into a asymmet-~
rical secondary flow accompanied with a cou-
ple of weak and strong contrary swirling
components.

5.2 Hydraulic losses in quasi-coiled pipes
5.2.1 Circular section

In this paragraph, we investigate the
hydraulic losses caused in these coiled
pipes having different sections. Figure 11
shows the coefficients of bend loss and mu-
tual interference against the number of
bends of R/rw=6, 80=45°, Maximum values of
¥n/%1 are obtained for ¢n=135°, and the min-
imum ones for 180°. The latter fact results
from the weak secondary flow shown in Fig.5.
In case of a wavy pipe of 90° bends quite
opposite results to the case of 45° bends
have been obtained‘’, This is worthy of at-
tention.

About the coefficient of interference,
as shown by broken lines, it reaches a con-
stant at n=10~12 for $,=90° coiled pipes
which have a large hydraulic loss, and at
comparatively small number for $»=180° pipe-

line with a small loss of head., These dif-
ferences described above are based on the

ol :=— m:----
[T R/f=6 Bo=45

10-108 A
N N SN
,n"‘ . m---A\
OB o \F kR o \f'--a- ’A‘ws,

N - tal L VAR > g
’JE 4 “‘."-.. o 5 e A
06 F *a A w - Ta

‘V: Y- (O w0 = S ,*°~.,°__
L 5L .. *- 0 B A BB
04t + [ T s

L L $n $n
TRTE

02; u algpe !

s 1 TN S N TR ST S U I T

1 5 10 n 15

Fig.ll Relations among coefficients of
non-dimensional bend loss Sn/ 5y
and mutual interference m and
number of Bo=45°~bends 7

1385

P

0° 45° 90° 135°3180°

n=5 erw=l

gr,ﬂ
-3—.-&--'-&'{—‘0--0 .
R/fw= 3 R/rw =6

cn/c1

)
i

0 45 90 135 GI80°

Fig.l2 Comparison of non-dimensional bend
loss coefficients ¥n/%, of regular
and irregular connections of bends.
$n expresses mean values of connec-
ting angle. See Table 2 in Ref. (1)
O,V ,0 signs : G =Pp=Ppp = -nn-- '

regular connection

®,v,d : irregular connection of
single bends is due to
shifting of the connecting
angle by 45°

®,Vv,4 :irregular connection of a

couple of bends is due to
shifting of the connecting
angle by 45°

internal flow pattern, in particular, the
intensity of the one-directional swirling
flow (Fig.6).

5.2.2 Loss of bend in quasi-coiled pipes
with circular section of regular or irre-
gular connection as the coefficient of in-
terference becomes steady

As shown in Fig.ll, the coefficient of
hydraulic loss increases linearly after the
interference coefficient reaches the steady
state, Typical examples of such case are
illustrated in Fig.1l2 about the regular or
irregular connection of bends. Irregular
connections are due to a shifting of the
connecting angle by 45°. dn, abscissa, is
mean value of connecting angle.

5.2.3 Square or rectangular section
Relations between coefficient of bend
loss or mutual interference and the number
of bends in both cases of circular and rec-
tangular sections are shown in Fig.13(a), (b).
Losses due to a bend pipe with a square sec-
tion agree with those with circular section
with a little difference so far as n=6,
suggesting that the coefficient of inter-
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ference m will approach the constant at n=

10 as in case ofpz circular section report- Be=90°Rir=3 ®,=9°
ed before?), Rectangular section coiled 101 bR

pipes are divided into two types of A and B |
(Fig.10), and are made with bends of As=4
and 2.5 joined together. Results of rect-
angular case show a considerable difference
in values of the ccefficients from those of
circular or square section in both types.
The former values become larger than those
of the following two sections.

Figure 14 shows the bend loss coeffi~
cients calculated from eqg.(l), in regard to
single bends of 45° or 90° with circular, (a) Comparison of norn-dimensional bend loss
square or rectangular section. Results by coefficients with mutual interference
smith‘®are added as reference. They agree coefficients in quasi-coiled pipes with
with author’s ones. square and circular sections

6. Conclusions 10r - B.=90° Riw=6 ,=90"

(1) Secondary flow of a one-directional 8;
swirl or asymmetrical one with a couple of 081 i 'ﬁ;-
weak and strong swirling components appears £ 7+
in a coiled pipe regardless of its section 06
circular, square or rectangular. Swirl be-
comes strong at small apparent coil diame- 5r
ter and large pitch, but weak at large coil 04+ L
diameter and small pitch.

(2) In a quasi-coiled pipe of square sec-
tion with small curvature ratio, a one- Q2 r
directional swirl develops rapidly and, in R | S E—— n P
some cases, exceeds the case of circular 2 4 6 8 10 n 12
section. In case of rectangular section
bends, it is expected that a couple of .
bends of different aspect ratios produce (b) Relations among number of bends n and

a repeated flow of similar pattern after non-dimensional bgnd loss coeffiCLegts
the 3rd bend 3n/%; and mutual interference coeffi-

cients m of quasi-coiled pipe with
rectangular section

rectanguiar

A A-type
section

vB- (ype}
Q square section
. Q circular section

I i :

(3) Symmetrical secondary flow caused in
a wavy pipe of circular section becomes
most intense in 90° bend, and weakened in Fig.l3
45° or 180°,

(4) Hydraulic loss coefficients of a
quasi-coiled pipe with circular or rectan- 061 present results La/d=oo
gular section were calculated and illust- 45°bend  w : circular section(smooth wail)

e : circular section (zinc atloy g/d=10>)
rated. 9Cbend { 7 rectangular sections (srngoth wail)
04r (Aspect ratio=0.25~8)
Lald =00
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