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SUMMARY

This paper represents an experimental study on the secondary flow in rotating
channels having curved passages at the entrance. Uneven distribution of velocity
due to the inlet curvature causes a peculiar wavy motion governed by Coriolis forces.
The maximum velocity points of the uneven flow move on a sinuous curve along the
channel axis. Change of this velocity causes a secondary circulatory flow, which
brings about an abnormal rise of hydraulic resistance in the rotating channel. By
changing the shape of the channel cross sections, the effect on the flow was investi-
gated. The wavy motion is much suppressed in channels having less aspect ratios.

M. Murakami, Nagoya University, Nagoya, Japan

K. Kikuyama, Nagoya University, Nagova, Japan




Nomenclature
Epi= pressure energy flux, Eq. (7) g = number of waves included in
Epg= pressure energy flux, Eq. (8) axial length of 27L¥
Ek = kinetic energy flux, Eg. (3) Vm = mean flow velocity
*= representative length of channel Uz = dimensionless axial velocity
section, Eg. (1) Ux = ¥—component of dimensionless
Li= dimension of the cross section of secondary velocity
channel (&) ﬁ§== y-component of dimensionless
Lr= dimension of the cross section of secondary velocity
channel (B) o= X—coordinate of flow centre,
L3= dimension of the cross section of Eg. (2)
channel (C) W = angular velocity of channel
£ = spin ratio ( = wiL*/ 2vm )

1. Introduction

The flow in a duct rotating about an axis perpendicular to the flow direction receives
Coriolis acceleration which causes deformations of velocity profiles and pressure distributions
of the main flow, and results in an excessive hydraulic loss. This is a major problem in
designing centrifugal pumps or water-cooled turbo-generator rotors.

Many papers on this subject have been previously published but there is little detailed
experimental information because of the inherent difficulty of flow measurements. Domm “ and
Kesslitz® measured the distribution of pressures in the impeller, and Howard and Lennenmann(’
measured both primary and secondary velocities in centrifugal impellers and gave a short analysis
on the secondary flow. Dobner® obtained the velocity distribution and hydraulic resistance of
a rotating channel with a aquare section and discussed
the effect of rotation. Johnston®) Moord® and Moon”
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rotatimg field. The maximum velocity points shift from section to section, showing a wavy locus
along the channel.

The present paper describes the behaviour of this secondary flow observed in cylindrical
channels of rectangular cross sections. Kurosaka®’studied a wavy nature of flow in the laminar
boundaxy layer of a rotating channel. The wavyness is limited only to the inlet region of the
straight rotating channel, and it belongs to a different category than the flow as described in
this paper. Similar kinds of wavy flow are observed in the region of stationary curved ducts.

2. Test Apparatus

A schematic outline of the experimental arrangement and detailed dimensions of the rotating
channel are shown in Fig. 1. The pipe line is composed of a stationary pipe, a U-shaped rotat-
ing chanmnel, another long stationary pipe. The rotating part was supported by two bearings and
driven by a variable speed motor. To correct the flow condition, a rectifying tank was provided
in the stationary pipe upstream of the test section and water was led to the rotating duct. The
test sector of the rotating channel @ in Fig. 1 was replaced by ducts of rectangular cross
sections, the aspect ratios of
which are 1:2, 1:1, and 221, g
respectively. The periphery ®s @5 ®S ®S 8 ®S
of the circular channel section . ! ’
of diameter D inscribes the
square of the cross section of ®:
channel (A). Each channel '
has the same cross-sectional
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area and, hence, the ratio of 3 2
linear dimensions of the sections il @;1‘0 1- 116, 1
measured in the moving direction / 1.1 An

become Lgi : Ly : Lz= 1 Nz

1.4 : 0.707. A cylindrical @; =10~ 0'? A 12 “1@0@

Pitot tube of 2 mm diameter was |

traversed along the lines ) ‘ y )
indicated by (@)~ @, -9, ; ; J

-+, and (@;- @,, at each ®p @ @ ®p @r €)'
section of rotating channel, sS-1,

§-2, +=+=-**+, S-4, respectively, 0.5V,

in Figs. 1 and 2. The pressure

ilxl*a:tsl:i]t’:g:gttzgtﬁ}ela:zgtizigiy Fig. 3 Velocit}frzDistributions at Section S-1
system through mechanical seals (e = 0)

and the pressureswere read by
means of manometers.

3. Experimental Results and Discussion - - ' *Re = 5x10%
=0. o = b

i) Channel (&) (Square Section) 1.2 Re 6'5“%;;

The velocity distribution, including both primary Distribution of {z g %
and secondary velocities in channel (A) in the station- P"‘:P 5g5
ary state, is shown in Fig. 3. Distribution of 10 :ﬁ??"
velocity components ¥z , ¥ , and Z@ are nearly in X
symmetry with respect to the plane of bend represented 0.8 W 04
by @i' @o, showing the effects of the inlet bend. "~ B ’
Rotation of the channel changes the velocity profiles. "q‘cz\
The results are shown in Fig. 4, where is the spin % 0.2
ratio given by wL*/,?Vm : the reciprocal of which is ‘ng\
Rossby number. The representative length in this Distribution B\L
expression is as shown in Fig. 2, namely: of Uy —‘T" —0

L¥* = Lz= 0.71Lp = 1.41 La consasans (1) by
Similarity of velocity profiles is seen to be confifmed Distribution of Uk 4 0.2
when J2 is kept constant, irrespective of Reynolds W ‘P-,Q 9 ’
numbers and rotational speeds. The changes of veloci- ®; : | "ﬁé_?qi’ @o
ty profiles along the channel are shown in Figs. 5(a), ®p-1,6” 0 160.4®
(b), and (c) for 2 = 0.5. At section S-1 high r S 8

velocities are displaced from the channel axis toward
the suction side (®s'®s'®s) ; where the pressure is
lowered by the Coriolis force. The high velocity

near the outer wall (®), will be due to the curved motion
of water in the inlet bend, and another high velocity

Fig. 4 Similarity of Velocity Profiles
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near the inner wall (§); will be
caused by the accelaration of
the Coriolis force based on the
secondary flow velocity as
described later. The Coriolis
force based on the primary vel-
ocity acts on the direction
perpendicular to {/z so as to
elevate the pressure on the
wall in the direction of rot-
ation and to decrease the
pressure on the opposite wall.
The change of wall pressure
is intensified in the high vel-
city region. If some defor-
mation of flow pattern is in-
itially given, the Coriolis
force based on the deformed
velocity produces unbalanced (a) Section S§-1
pressures on the channel wall,
and a secondary circulating
flow will be developed.

Rotation

Thus, the shifted higher
velocities in section S$-1,
just after the inlet bend, will
call forth a clockwise component
of secondary circulating flow
Uy as shown in Fig. 5.
coupled with the velocity of
channel & , this secondary
flow gives rise to another
Coriolis force M =-Zpwly .
which acts parallel to the
channel axis. The sign of
the velocity component Uy is
negative in the outer part of
the section and positive in the
inner part. The force acceler-
ates the slower moving water
near the inner wall and deceler-
ate the faster moving water in (b) Section 5-2
the outer region. Resulting
flow pattern in section $-2 is
nearly opposite to the flow
patterns observed in section
S-1. This newly constructed,
uneven velocity at section S-2
causes again unbalanced pressure
rise on the channel wall and a
counterclockwise secondary
circulating flow begins to grow.
This secondary flow again shifts
the high velocity point to the
outer region as is seen in
section S-3. These phenomena
are repeated downstream and,
thus, the position of maximum
velocities is changed alterna-
tively along the channel,
displaying wavy pattern of flow
as seen in Fig. 5.
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direction of motion as in the impeller
channels of a centrifugal pump. When
the chainnel is held stationary, the
velocity distributions, both primary
and secondary, are symmetrical to the
plane of bend represented by Cl- CL in
Fig. 2(B). Change of velocity distri-
butions due to rotation is illustrated
in Figs. 6(a), (b), and (c), when .2
0.42. The main axial flow is shifted
to the low pressure side at section S-1,
and a clockwise secondary flow 3@ is
produced by the Corioclis acceleration
due to the mainflow. In this case an
alternative change of the velocity
distributions along the channel is
hardly seen, but when > .57, it
is visible within a limited range.

This will probably be due to a strong
damping action on the wavy motion.

The uneven main flow velocity recovers
its uniformity rapidly.

iii) Channel (C) (Rectangular Section
with Aspect Ratio of 2:1)

Figures 7(a), (b), and (c) show
the velocity distributions when the
channel was rotated at the rate of
0:56. At section S-1 the maximum
axial velocity point is found near the
inner wall ( s ) and a strong clockwise
secondary flow can be seen. At section
5-2, however, the senSe of the secondary
flow is reversed and at section S-3 the
maximum flow velocity is displaced
toward the outer side of channel (Cl).
The wavy change of velocity distribution
in this channel is more remarkable than
in channel (B), showing less damping
action.

iv) Centre of Momentum Flux

To investigate the longitudinal
change of the axial velocity distri-
butions the centre of the momentum flux
through a section is employed as expressed

* X, = III’?J}IG[IJJ{

where X is the dimensionless expression
of Jl-coordinate as in Fig. 2. The
value of )(; for the channels of rec-
tangular cross section is plotted in
Figs. 8. In channel (B) the wavyness
of X, is only visible when the spin
ratio exceeds 0.57, but in channel
(C) the wavyness appears at much lower
values of With the results in
Fig. 8 the relationship between the spin
ratio and the number of waves
included in the axial length of Z =
27/¥ can be derived as in Fig. 9.

The result is approximately expressed
by = éaﬁz , which is independent
of the shape of the channel sections.
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v) Pressure and Kinetic Energies

Dimensionless expression of flow of kinetic and pressure energies per unit time across a
channel section is given by

=P /’/‘Vz%a/xa.’g L el (3)

Ep f/‘f(_;_}y"f/(_ﬁ)g bas e ¢ s 0D

where ,S is the cross-sectional area of the channel, and P is the pressure corrected for the
centrifugal effects of channel rotation. Due to the effects of the Coriolis force, the pressure

is not uniform across a channel section, and if it is referred to the pressure at the centre
of each section Po , the pressure at any point is expressed by

P - A _(37?!/0"2‘0%;&5[3' .......... +(5}

Substitution of Eg. (5) into Eg. (4) gives

Ep = Epsr + Epa  eeeeeeees (6)

where

]

Eps= - //( z&dy)wlzalg---- v
-1

In this expression denotes a dimensionless 1.6 —_—
expression of --coord:.nate For channel (2) the
pressure P “at the channel centre is confirmed by ° =
experiments to be nearly eqgual to the pressures at 1.2 Q
points @o and @!- on the wall. The averaged value ,"\,
is employed for po : qs @

B - APutle) cera(9) 0.8 :

2 x  Channel
Thus, the change of the pressure .Po along the rotating (A)
channel can be estimated. Figure 10 shows the differ- 04 |—oe - e » (B)
ence of the pressure energies between sections S-1 and

S-4 of channel (B), APP" The value of AFps does not L2 " (C)
exactly exhibit a hydraulic loss, but it still may be 0 | .
considered to roughly represent the loss. The loss 02 0.4 06 03 1.0
begins to increase when .Q exceeds 0.2 and a notice- Q

able effect of rotation appears on flow.
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ownstream along the channel, because the water
particles having higher velocities are shifted by 10 At for | w
secondary flow to the region of higher pressure. " 0 025 05 075 1.0
Figure 12 shows the kinetic energy flux Zj and , '
it is seen to decrease downstream. This means
gradual flattening of velocity profiles in the .
course of flow. Rate of change of Ejc along the Fig. 13 Change of Energy Flux due to
channel is increased with . The total Rotation

energy flux is given as the sum of each energy
described above:

ET = EK + EPI + EPZ esessesccsasnssssaness (10)

To examine the change of energy flux along the channel, the difference of energy fluxes
between sections S-1 and S-4 is calculated by

{Er);..;‘ (Er)s-1= {{Ek)ﬁ-f_ (FKJS-Jf G f {Efilr-;r-(EP')_J T )(EPz)S'-eﬂ - (EP’)H}

Namely: AET = AEK -+ AE_PI + AEPJ e e s wwsoene owanfLL)

The results are illustrated against ,_Q in Fig. 13. The positive value of 4k 2 and the negative
values of 45,1 and aﬁr will be expected from the foregoing results. The total energy flux E- T
reduces downstream but the rate is always less than that of the Pressure energy flux E%z .

The results for channels (B) and (C) are also shown in Fig. 13. Rate of increase of 4!}2 in
channel (B) exceeds that of Afpz in channel (Q).

4. Conclusion

(1) Uneven distribution of primary velocities due to the inlet curvature of a rotating
channel causes a Coriolis force to produce a circulating secondary flow. The secondary
flow produces again another Coriolis force which acts to change the velocity distribution
of the primary flow. The mutual effects of the Coriolis forceScause a wavy pattern of
flow along the rotating channel.

(ii) The wavy motion is quite suppressed in channels having small aspect ratios.
(iii) The loss of flow energies in the rotating channel is increased with the spin ratio JZ
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