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Experimental Study on the Vortex Flow in a Concentric Annulus
with a Rotating Inner Cylinder

Young-Ju Kim and Young-Kyu Hwang*
School of Mechanical Engineering, Sungkyunkwan University,
300 Chunchun-dong, Jangan—gu, Suwon 440-746, South Korea

This experimental study concerns the characteristics of vortex flow in a concentric annulus
with a diameter ratio of 0.52, whose outer cylinder is stationary and inner one is rotating.
Pressure losses and skin friction coefficients have been measured for fully developed flows of
water and of 0.4% aqueous solution of sodium carboxymethyl cellulose {(CMC), respectively,
when the inner cylinder rotates at the speed of 0~600 rpm. Also, the visualization of vortex
flows has been performed to observe the unstable waves. The results of present study reveal the
relation of the bulk flow Reynolds number Re and Rossby number Ko with respect to the skin
friction coefficients. In somehow, they show the existence of flow instability mechanism. The
effect of rotation on the skin friction coefficient is significantly dependent on the flow regime.
The change of skin friction coefficient corresponding to the variation of rotating speed is large
for the laminar flow regime, whereas it becomes smaller as Re increases for the transitional flow
regime and, then, it gradually approach to zero for the turbulent flow regime. Consequently, the
critical (bulk flow) Reynolds number Re. decreases as the rotational speed increases. Thus, the
rotation of the inner cylinder promotes the onset of transition due to the excitation of Taylor
vortices.
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Nomenc!at“ré . AP ' Difference of pressure (Pa)
Cy  : Skin friction coefficient R, Radius of inner cylinder (mm)
Crr : Skin friction coefficient with rotation R,  Radius of outer cylinder (mm)

Crs . Skin friction coefficient without rotation Re  Bulk flow Reynolds number, 7D,/ v

C7 Relative skin friction coefficient (see Eq. Re. : Critical Reynolds number
(6)) Re,:. Reynolds number discriminating laminar-
D, Hydraulic diameter, 2(R— R;)

Taylor vortex regime and pure laminar re-
dp/dz: Pressure loss (Pa/m)

gime
€ * Eccentricity (mm) Re,, . Rotational Reynolds number, wR)(R;—
m . Ratio of the eccentricity to the difference R)/v
of raqius ‘ Ro : Rossby number, 20./wR;
N ! Rotational speed (rpm) vz . Velocity in the z-direction (m/s)

Az . Distance between pressure taps (mm)
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o | Density of fluid (kg/m®)
@  Angular velocity of rotating cylinder (rad/s)

1. Introduction

Rotating flows in annular passages with rota-
tion of a inner cylinder are important, since they
have many application in bearings, rotating-tube
heat exchangers and, especially, drilling of oil
well where mud flows between the rotational
drilling string and the fixed well casing to remove
cuttings and friction-generated heat. The present
study covers pressure loss problem associated
with flow instability of Newtonian fluid and non-
Newtonian fluid in a concentric annulus, with
rotation of the inner cylinder, at various Reynolds
number up to that of turbulent flow.

It is well known that the stability of a viscous
flow in a small annular gap between concentric
cylinders with rotation of the inner one was first
considered experimentally and theoretically by
Taylor (1923). He also found that the flow is
stable when the inner cylinder is stationary and
the outer one is rotating. Conversely, if the outer
cylinder is stationary, the flow becomes unstable.

Diprima (1960) and Stuart (1958) applied the
non-linear theory to investigate the relation be-
tween the Taylor number and the stability. The
flow is relatively stable when the outer cylinder
is rotating, and, thus, the critical (bulk flow)
Reynolds number Re. is larger and the pressure
loss is smaller than that with the inner cylinder
rotating (Yamada, 1962 ; Yamada et al., 1969 :
Yamada & Watanabe, 1973). The critical Rey-
nolds number Re. decreases as both the rota-
tional Reynolds number Re, and the ratio of
eccentricity # increases (Nakabayashi et al.,
1974 ; Nouri et al., 1993 and Nouri and Whitelaw
1994) .

Variations in an annular gap, wellbore eccen-
tricity and shaft rotational speed have strong
effects on pressure loss of fluid flowing in the
narrow annulus of a slimhole drilling (Delwiche
et al, 1992). Due to these factors, accurately
calculating and controlling pressures in slimhole
wellbores are difficult, when the inner cylinder
rotates with a proper rotational speed below 1000

rpm, for the sake of the safety of exploration. In
this case, the drilling fluid flow in the small clea-
rance of concentric annulus has the characteristics
of the vortex flow in the transitional regime.

In this study, the pressure losses and the skin
friction coefficients through the rotating annulus
with the diameter ratio of 0.52 have been mea-
sured under the fully developed flow condition of
water and of 0.4% CMC aqueous solution. The
range of the rotational speeds of the inner cylin-
der is between 0 and 600 rpm, which is corres-
ponds to the range of 100< Re<12000. In addi-
tion, the vortex wave in accordance with the va-
rious rotational speed and Re has been visualized
to observe the effects of the rotation on the flow
instability. From the present result, it is find the
effects of shaft rotation (Ro), flow rate (Re) and
fluid rheology on the pressure loss and flow in-
stability by experimental work. Namely, the value
of Re. is obtained according to the various
Re and rotational speed through a concentric an-
nulus. The effect of rotation on the skin friction
coefficient is significantly dependent on the flow
regime. For laminar flow regime, the change of
skin friction coefficient corresponding to the var-
iation of rotating speed is large, whereas it be-
comes smaller as the bulk flow Reynolds number
Re increases for the transitional flow regime. For
turbulent flow regime, it gradually approaches to
Zero.

2. Data Reduction

The equation of the average axial velocity in a
concentric annulus without the rotation can be
expressed in terms of the pressure loss dp/dz as
follows (Bird et al., 1960):

. =<@>ﬁ.< L—7*
“\dz/ 8u

| — 72
A R
1= In(1/7)

where 7(=R\/R;) is the ratio of a radius. Also,
the skin friction coefficient C can be obtained as
Eq. (2),

_dp. D
Cr=dz" 2002 )

where Dy (=2(R,—R\)) is the hydraulic diame-
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ter. Equations (1) and (2) are combined as Eq.

(3),

I I Gt/ Gt/ A VRS
Cf_Re(l—rf ln(‘1/77))<I 7 3)

where Re(=pv.D./p) is the Reynolds number.

Equations (2) and (3) are used the following
constants: D,=184X10%m, Ri=10X10"°%m,
R,=19.2X10"*m and #=0.52. For a concentric
annulus, Cy is given as

_ 238 (4)

Cr~"Re

In the experiment, the pressure losses have been
measured by Eq. (5)

dp _ ghsin(pec,—p)

dz Az (5)

where p, Pce,, 0. b and Az denote the density
of the fluid, the density of CCl , the inclined
angle of the manometer, the difference of head
of the manometer, and the distance between pres-
sure holes, respectively. The experimental values
of the skin friction coefficients in the laminar
region can be evaluated by substituting Eq. (5)
into Eq. (2).

3. Experimental Apparatus, Methods
and Processes

3.1 Experimental apparatus

The experimental equipments consist of a cy-
linder part, supporting part, fluid-providing and
rotating part and measuring part which measures
the flow rate, pressure loss and the temperature as
shown in Fig. 1. A centrifugal pump delivered the
working fluid from a supply tank to a surge tank.
The fluid flowed into the annular passage with
an outer brass pipe of nominal inside diameter,
D», of 384mm and 3.82m long and an inner
stainless steel rod of diameter, Dy, of 20 mm. To
insure fully developed flow in the measuring sec-
tion, the length of the straight pipe downstream of
the test section was 2.32 m, corresponding to 126
hydraulic diameters, with a uniform step at the
inlet in order to produce an artificially thickened
boundary layer. The rotating cylinder with the
length of 1.5 m and the non-rotating counter part

are connected by bronze bearings. In order to
prevent vibration and eccentricity caused by the
rotation of the cylinder the connectors have been
installed at three parts of the outer cylinder.

Static pressures were measured with holes of
0.5 mm diameter distributed longitudinally in the
outer cylinder. The static pressures were read
from a calibrated manometer bank with =1 mm
resolution. The specific gravity of the manometer
fluid CC/l, was 1.88 giving a height range of
20-600 mm. The effective viscosities used in the
calculation of effective Reynolds number were
obtained by determining the average wall shear
stress from pressure measurements and the divi-
ding by the shear rate determined from the power
law relationship for 0.4% CMC solutions. There-
fore, the effective viscosity of 0.4% CMC solu-
tion for the same flow rate of 6 LPM becomes 18
cp at O rpm and 22 cp at 400 rpm. The maximum
uncertainties were less than &6 and 3% for the
turbulent flow of water and of 0.4% CMC solu-
tion, respectively. The visualization device has
also been installed as shown in Fig. 1. The cylin-
der and the rotating part have been supported by
a construction H-beam of 4 m long construction
steel (SK40).

Pressure tap |-

Z direction

Pressure gauge

X L

Supply tank  Pump Surge tank Flowmeter

Fig. 1 Schematic diagram of experimental appara-
tus ; all dimensions in m
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The flow rate has been measured with a mag-
netic flow meter whose accuracy is within the
limit of +0.5%. The temperature of the working
fluid has been measured with a digital multi-
meter. In order to visualize a vortex flow field in
a concentric annulus, a glass tube of diameter of
38.4 mm with length of 330 mm has been connect-
ed to the outer cylinder by a connector. A glass
box with the thickness of Smm filled with water
has been installed to prevent diffused reflection
because the visualization part is cylindrical. Par-
ticles used for visualization are PVC powders
(Poly Vinyl Chloride, y=1.1) with a mean di-
ameter of 150 pm.

3.2 Experimental method

The development of the flow is identitied by the
change of the axial pressure gradient. Therefore,
the value of pressure losses according to Re has
been measured between the tap | and taps 2~5 of
Fig. | to check the development of the flow.

In the case of water, the pressure loss along
the z direction has been illustrated in Fig. 2 with
various Re. Since the measured values of AP,»
and AP, s have large errors due to the short dis-
tances between taps, experiments have been re-
peated several times to minimize the errors. The
errors have appeared at the maximum of +7%
for = 1000, because the viscosity coefficient is rela-
tively small. The measured pressure losses along
the flow of z direction at each tap are shown in
Fig. 2 to confirm the development of the flow.

1000 |
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>
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0.0 0.2 0.4 0.6 0.8 1.0 1.2

Fig. 2 Pressure differences of water as a function of
z with various Re

4. Experimental Results

2.1 Pressure losses and flow characteristics
The relations between the pressure loss dp/dz
and Re are shown in Fig. 3(a), for the various
rotational speed in the range of water flow rate
1~60 LPM(200< Re <11000).
tions between C, and Re are shown in Fig. 3(b).

Also, the rela-

In the case of water, it is hard to measure the
pressure loss accurately because it is so small for
the low Re. However, in the case of 0.4% CMC
solution, it is relatively easy to measure the pres-
sure loss since its viscosity is 8 times larger than
that of water. The measurement of pressure loss
for 0.4% CMC solution has been carried out for
100< Re < 12000. Figures 4(a) and (b) show the
effects of rotation on dp/dz and C;, respectively.
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Fig. 3 (a) Pressure losses and (b) skin friction coefti-

cients of water as a function of Re for 0<
N <600 rpm
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The critical Reynolds number Re. for 0.4%
CMC solution has been found to be slightly lower
than that for the water because of the different
viscosities at the same rotational speed of as
shown in Table 1.

Table 1 Variation of Re. with respect to N and Ro

N Water 0.4% CMC
(rpm) Ro Re. Ro Re.

0 0 2300 0 2250
100 1.83 2170 6.70 1980
200 0.89 2100 3.16 1800
300 0.53 1900 2.04 1720
400 0.37 1736 1.47 1600
500 0.27 1597 1.13 1480
600 0.21 1500 0.89 1340
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Fig. 4 (a) Pressure losses and (b) skin friction co-

efficients of 0.4% CMC as a function of Re

for 0<< N <600 rpm
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44.1 Laminar regime

Laminar regime has been confined to the range
Re< Re., where, Re. decreases according to the
increase of rotational speed as shown in Table 1.
From the experimental result of pressure losses
for both water and 0.4% CMC solution, the gra-
dient of the skin friction coefficients is almost
irrespective of the change of rotational speed N
for N <200 rpm, but it becomes steeper for N =
300 rpm as N increases as shown in Figs. 3 and 4.

The relative skin friction coefficient C; is de-
fined as Eq. (6) where, suffixes s and R repres-
cnts the skin friction coefficient for rotation and
for non-rotation, respectively.

Cr= [ (Cf.R —Crs) /Cf,R] (6)

We can obtain CF, in the case of water, by
Eq. (6) as shown in Fig. 5. The value of C7
significantly increases from 40 to 76% in the la-
minar regime as N increases from 100 to 400 rpm.
On the other hand, in the case of 0.4% CMC
solution, the value of Cy slightly increases from
4 to 26% as N increases from 100 to 400 rpm.
Namely, the influence of the rotational speed on
the pressure losses for 0.4% CMC solution is
relatively weaker than that for the water, because
the value of Rossby number Ro for 0.4% CMC
solution is larger than that for water (i.e., Ro=
0.7). Note that Ro is the ratio of Rews to Re,
which represents the ratio of Coriolis to inertial
forces.

The pressure losses for 0.4% CMC solution are
shown in Fig. 6. The previous researchers also

80 -

-
J - o = 5 - - 2
C.'(%)
40 L] L) - - --- L]
-#— 100 rpm

ok o-— 200 rpm
b e 300 rpm

r <— 400 rpm

) Re *10°

Fig. 5 Normalized relative skin friction coefficients
CF of water with Re at N=100~400 rpm
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Fig. 7 Relation of C,Re with Ro for laminar flow
in water

observed that laminar-Taylor vortex exists in the
range of 131<Re<927 (Wereley and Lueptow,
1994) .

It is found from the present results that the la-
minar-Taylor vortex exists in the range 0< Re<
Re,,;. The value of Re,,, increases as N increases
and, at the same time, Ko decreases (see Table 1).
If the bulk flow increases for Re > Re; , the flow
belongs to the laminar flow regime where the
Taylor vortex has the least influence.

The Figs. 7 and 8 show the relation between
Cs*Re and Ro in the case of water and 0.4%
CMC solution, respectively. Thus, the skin fric-
tion coefficient Cy can be correlated with Ro and
Re as Eq. (7) and for water and Eq. (8) for 0.4
% CMC solution, respectively.
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Fig. 8 Relation of CsRe with Ro for laminar flow
in 0.4% CMC

CsRe=453 Ro™"*" (N
CsRe=77.27 Ro™™'™ (8)

The deviation of experimental data with the cor-
relations is within 9%, As Ro becomes infinite
it tends to approach to Eq. (9) for water and Eq.
(10) for 0.4% CMC solution, asymptotically.

C;=238Re™! (9)
C;=693Re™! (10)

4.1.2 Transitional regime

From the experimental results, the critical Rey-
nolds number Re. is dependent on the rotational
speed NV and the Rossby number Ro as shown in
Table 1 and Fig. 6. Although many controversies
have arisen regarding the true distinction between
laminar and turbulent flow of non-Newtonian
fluid, the change of pressure gradient is used in
this study. The value of Re. decreases as N
increases. At the same time, Re. decreases as Ro
decreases.

If C} is used to express the influence of N (i.e.,
Re) on the skin friction coefficients, C} is con-
sistently unchanged in the laminar regime as seen
in Fig. 5. But, C} tends to increase in the transi-
tion regime for Re~ Re., and to decrease in the
turbulent regime (i.e, Re>Re.). However, this
tendency decreases as N increases, due to the
Taylor vortex. The increased rate of skin friction
coefficient Cyr— Cr,s/Cy,s due to the rotation is
about 65% in the case of water at N=100 rpm.
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4.1.3 Turbulent regime

In the case of water, the skin friction coefficient
C; can be correlated with Re as Eq. (11) in Fig.
3(b) for 9000.

C;,=0.0016+0.137Re "% (1)

According to Egs. (9) and (11), the change of
Cy corresponding to variation of Re in a laminar
regime is larger than that in a turbulent regime.
The measured values are up to 10% smaller than
those of Eq. (12) from by Nouri et al. (1993).

C;=0.36Re™"* for 4000< Re<30000 (12)

If the material of the cylinder and the difference
of the radius (7=0.5) of the concentric annulus
are considered, in the case of 0.4% CMC solution,
the measured values are up to 5% smaller than
those of Eq. (13) from Metzner and Reed (1955).

C;=0.0014+0.125Re ¥ (13)

4.2 Flow visualization

In the case of water, Taylor vortices were ob-
served between the rest outer cylinder and the
inner cylinder rotating. Photos | and 2 show
Taylor vortices for Re=0 at N=100 and 150

A
18 13
4 b4 ;

rpm, respectively. When the flow rate was zero,
the Taylor vortex could not be observed for N <
50 rpm, due to the small effect of rotation on the
flow. The wavelength A is defined as the length
of a pair of the Taylor vortex. The value of A is
20 mm at N=100 rpm (see Photo 1). For 200<
N<300rpm at Re=0, the wavelength was not
observed clearly because increase of rotational
speed is promoted in the turbulent effect. After the
Taylor vortices break down, the rotating flow
between the coaxial cylinders becomes turbulent
flow. Thus, the Taylor vortex could not be ob-
served for IV >400 rpm due to the turbulent effect.
This physical phenomenon is very important for
considering the rotating flow between the coaxial
cylinders. When the gap between the outer rest
cylinder and the inner rotating cylinder becomes
wide, the wavelength of the Taylor vortices be-
comes longer with lapse of time. If the gap be-
tween the inner and outer cylinders is very nar-
row, the wavelength A of the Taylor vortices can
be predicted by Eq. (14) from Ogawa (1993).

A=R:(116.8/ Rew)?® (mm) (14)

As the rotational speed N is changed from 100
to 150 rpm, the theoretical value of A obtained

i‘a
.

Photo 1 Taylor vortices with rota- Phote 2 Taylor vortices with rota- Phote 3 Taylor vortices with rota-

tion of inner cylinder at
100 rpm (Re=0)

tion of inner cylinder at
150 rpm (Re=0)

tion of inner cylinder at
100 rpm (Re=400)
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by Eq. (14) is decreased by 23%, but the mea-
sured A from Photo | is decreased by 17.3% ap-
proximately. Because the above Eq. (14) is only
available in the case of narrow gap 7>>0.8, the
theoretical A is different with the experimental Ain
the case of 7=0.52. The wavelength is signi-
ficantly influenced by the rotation and the size of
gap between the concentric cylinders.

Even though the wavelength was not observed
for Re=500 at N =80 rpm, the existence of the
spiral flow was observed. The spiral flows with
Taylor vortices were observed for Re=400 at
N =100 rpm, since the eftect of rotation on the
flow is large. When Re is in the range of 500<
Re <1300, the observed waves show unstable be-
havior. For example, photo 3 in the case of Re=
400 at N=100 rpm, shows the wavelength of 28
mm which is longer than that in the case without
the bulk flow.

If the bulk flow exists, it is difficult to compare
its wavelength because of deficient data of the wa-
velength according to the change of the rotational
speed. However, it is found that the wavelength
decreases as the rotational speed increases, which
was also observed by Becker and Kaye (1962).

5. Conclusions

In this study, the effects of the rotational speeds,
the flow rates and the working fluids on the pres-
sure losses and skin friction coefficients have been
investigated experimentally for the rotating flow
between the rest outer cylinder and the inner cy-
linder rotating. From the present results, the new
correlations among the skin friction coefficients,
the Rossby numbers, and Reynolds numbers have
been presented within the reasonable limits of the
accuracy in the laminar regimes.

It is clear that the critical Reynolds number
Re, 01 0.4% CMC has a slightly lower value than
that of water due to the difference of rheological
characteristics. The pressure loss slightly increases
as the rotational speed increases although the
relative skin friction coefficient C; decreases as
the bulk Reynolds number Re increases in the
regimes of the transition and turbulence. The
value of Re. decreases if the rotational speed

increase (i.e., Rossby number Ro decreases).
Also, the strong flow disturbances caused by the
Taylor vortex between the concentric cylinders
results in decrease of Ke. and, also, the increase
of C,. The effect of the rotation on the pressure
loss is significantly smaller in the turbulent re-
gime than that in the laminar regime.

The Rossby number of the water is smaller than
that of 0.4% CMC solution. Thus, the effects of
rotation on the pressure loss in water are much
greater than that in 0.4% CMC solution.

The distinct Taylor vortex has been observed at
50~ 130 rpm for the zero bulk flow rate. When
the bulk flow exists, the Taylor vortex has been
observed at the rotational speed of 100 rpm for
Re=400. Also, it is shown that the Taylor vortex
has a significant effect on the flow transition for
small Re, since the wavelength decreases as the
rotational speed increases.
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