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Kinematical and geometrical parameters of helical vortices winding in the same (right-handed) or op-
posite direction (left-handed) to the base Taylor-Couette-Poiseuile flow were studied at low Ta = Ry
d/v < 319 and Re = Uy d/v < 10.5 numbers. The inner cylinder (R; = 24.85 mm) rotated and the
outer one (R, = 30.95 mm) was stationary. The parameters of helical vortices were obtained from flow
visualizations and the wall shear rates were deduced from the electrodiffusion currents of three mass
transfer probes flush mounted on the wall of the outer cylinder Kristiawan et al. [11]. The vector field
of wall shear rate on the outer cylinder was reconstructed using a three-segment mass transfer probe. It
is found that the axial component of the wall shear rate of the left-handed helices is greater than that
of the right-handed helices. The motion of the flow structures near the outer wall was described by the
velocity V resulting from the axial drifting velocity (Up) and the azimuthal velocity W. It was shown that
the axial velocity perceived by an observer or sensor fixed in the laboratory system Uggs is composed of
the drifting velocity Up and the velocity due to the helix rotation Ug, known as Barber pole effect. New
insight on the helical structures are revealed from studying the variations of different parameters such as

the helix pitch p, the rotation rate and the observed angular velocity of the helices.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The Couette flow between concentric cylinders induced by the
rotating inner cylinder becomes instable when the Taylor number,
Ta = Ry Q dfv, reaches a critical value. Pairs of counter rotat-
ing toroidal vortices thus form in the so-called Taylor-Couette flow
(TCF). The height of a vortex cell (p) is approximately equal to the
gap width (d) between the cylinders, which means that the axial
wavelength is about 2 d.

Imposing an axial through flow (pressure gradient) on TCF,
“helical-type” instabilities occur when the Reynolds number, Re
=Uy d/v, attains a critical value [4,7,17]. One or several pairs of
counter rotating helices appear. If the outer cylinder is at rest, the
helices arise only due to the imposed axial through flow and the
resulting axial velocity component has a parabolic profile. It should
be noted that the helices between counter rotating cylinders occur
without axial superposed pressure gradient and the velocity field
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has a cubic profile, i.e. the axial flow close to the inner cylinder
has an opposite sign of that close to the outer cylinder [2,18].

The investigation of the flow instabilities in the Taylor-Couette-
Poiseuille flow (TCPF) is interesting from both theoretical and prac-
tical points of view. For example, this type of flows is found in sep-
aration devices, journal bearing and rotating machinery [20]. Since
the axial through flow decreases the torque required by rotating
the inner cylinder at a given speed, understanding the TCPF with
an imposed axial through flow allows to control the related flow
fields.

The TCPF was previously studied from different points of view.
Critical Taylor number and flow stability were studied theoretically
and numerically [1,4,5,7,13,16,19]. Several experimental techniques
were used: flow visualisation [3,12,17,19], electrodiffusion probes
[9] and PIV technique [2,21].

Raguin and Georgiadis [15] reconstructed a velocity field corre-
sponding to the stationary helical vortex (SHV) using experimental
data obtained via magnetic resonance imaging. In their experimen-
tal set-up with the inner cylinder rotating and an axial through
flow, the authors observed one pair of spirals (n = -1) at Ta = 147.2
and Re = 11.14, with n = 0.5. They proposed an analytical re-
construction of the three-dimensional volume-preserving duct flow
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Nomenclature

d gap width between cylinders

fu frequency of structure (passage frequency of he-
lices)

fc frequency of inner cylinder rotation

) helix lead; axial advance of a helix during one com-
plete revolution (27)

ke coefficient for characteristic time of helix passage

n number of starts of helix pairs, number of helix
pairs, number of helix on one perimeter

p helix pitch (vortex cell height); axial wave length of
toroidal Taylor vortices = 2p

Re Reynolds number, Re = Uy dfv

Ry, R,  radius of the inner and outer cylinder

R; correlation between currents of simple probes i and
J

S wall shear rate

Ta Taylor number, Ta = R; Q d/v

thx time shift between the current of probe 2 and cur-
rent k=1 or 3

6o current period measured by probe 2

Um mean velocity of axial through flow

Up drifting velocity due to the axial through flow

Uogs axial velocity seen by an observer or probe fixed
with laboratory system, Uggs = Up + Ug

Ug velocity of axial displacement of helical pattern due
to rotation, Barber pole effect, Up = Q [ 2T =Ry
tan o Q2

1% final structure velocity, V 2 = Up? + W 2

w azimuthal velocity, W = Q 4 R,

z axial coordinate

o angle between helix and plane of rotation, tan o = [
|2 Ry = Ug | W

B angle between velocity vector V and its component
W,tan B =Up | W

Qy angular velocity of structure

Q angular velocity of inner cylinder

field and suggested that the SHV mode is a candidate for the study
of particle segregation since it corresponds to a minimum in dis-
sipation and mixing in comparison with a wide class of perturbed
neighboring modes. However, no data was provided about the ro-
tation and axial velocity of the helix.

The flow patterns of a Taylor-Couette-Poiseuille flow at low ax-
ial Reynolds and rotational Taylor numbers (Re < 10.5, Ta < 319)
were studied in our previous work [11]. Cinema films of differ-
ent helical patterns together with the corresponding histories of
the wall shear rate components were presented. The axial and az-
imuthal components of the wall shear rate were measured on the
outer fixed cylinder using a three-segment electrodiffusion (mass
transfer) probe. Different flow structures such as Taylor vortices,
helices winding in the same or opposite direction of the base flow,
helices that were observed as stationary or moving in the axial
direction, with or without superposed azimuthal waves were de-
scribed. It was found that the wall shear stress is a function of Ta
but no significant dependence on Re was observed. Complete map
of flow structures in the space Ta-Re was presented.

The present paper focuses on the kinematic parameters of the
helices and their imprint on the wall in term of shear rate. Two
mysteries that have never been previously explained are investi-
gated experimentally. First, the reason why the right-handed he-
lices are seen to be stationary, i.e. the drifting velocity of the right-
handed helices is equal to the axial velocity caused by the helix
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rotation (Barber-pole effect). Second, the reason for which the pas-
sage frequency of left-handed helices through a fix point, normal-
ized with the rotation frequency of the inner cylinder, has inte-
ger values of 1 for Re < 10 and 2 for Re > 10. This paper also
presents the wall shear rate vectors reconstructed from the mass
transfer measurements using three-segment probe for the entire
cycle of helical structures passing. This represents the first exper-
imental quantitative description of both the axial and azimuthal
wall shear stress components, simultaneously.

2. Theoretical analysis of the helix velocity and the wall shear
rate

The number n characterizes the helix azimuthal wave number
[19]. The absolute value of n gives the number of helix pair starts
(number of helix in the following, n = 1 for one pair etc.) and the
sign stands for its inclination. The positive n means that the helix
inclination is opposite of that of the basic Couette-Poiseuille flow
or “left-handed helix”, while the negative sign corresponds to an
inclination in the sense of the basic CP flow or “right-handed he-
lix”. Taylor toroidal vortices have n = 0. The helix inclination angle
o depends on the helix lead (I) which is the axial advance of a
helix during one revolution (27 ). Using the analogy with a screw
thread, the helix cell height is called the pitch (p). It follows that
I = 2 |n| p. Raguin and Georgiadis [15] used the name axial wave-
length (2p) for stationary helical vortices.

Helices winding in the same (right-handed) or opposite direc-
tion (left-handed) to the base Couette- Poiseuille flow were pre-
sented in our previous paper [11]. We suggested that the helices
rotate because of the inner cylinder rotation and move in the ax-
ial direction at a drifting velocity Up induced by the imposed axial
through flow. The interaction of helices with the stationary wall of
the outer cylinder results in a field of wall shear rate. This field
moves at the velocity V, composed of the drifting velocity Up and
an azimuthal velocity W. The velocity vectors on the unrolled wall
of the outer cylinder are shown in Fig. 1. The wall is viewed from
the exterior in the same way as the helices in Fig. 3. The electrod-
iffusion probe is denoted by the point E. The thick dashed lines
represent points having the same wall shear rate, e.g. a maximum.
The angle « is the helix inclination. The resulting velocity V makes
the angle B with the velocity W. Ug is the axial velocity perceived
with the eye or measured with a probe when a helix only rotates.
This velocity is known as the “Barber pole effect”. It depends on
the angle o and the azimuthal velocity: Ug = We tan «. When
Up = Ug, the helix moves at the velocity V parallel with its pat-
tern, see Figs. 1a and 3. In this case, the helix is perceived as sta-
tionary, see Film. 1.

If the angle « is different from S, the probe E measures the
wall shear rates along the dashed line AE (Fig. 1b and c). When
the point A passes past E, the probe measures again the maximum
of wall shear rate. It means that all the history of wall shear rate
during one period was acquired, see Fig. 10 in Kristiawan et al. [11].
The only exception is the case of a stationary helix when the re-
sulting velocity V is parallel with the helix inclination angle, i.e.
the angle B is equal to «. The points with the same wall shear
rate then defiles past the probe E, see Fig. 9 in Kristiawan et al.
[11]. The period of wall shear rate is given by the length of the
line AE divided by the velocity V. For the same V (same Re and Ta),
the period of the right-handed helix (Fig. 1b) is longer than that
of the left-handed helix (Fig. 1c). The mathematical proof of this
concept is given in the Appendix.

(a) Stationary right-handed helix (inclination is parallel with the
basic CP flow, « = 8, n = -1),

(b) moving right-handed helix (inclination is in the sense of basic
CP flow, ¢ < B, n = -1),
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Fig. 1. Unrolled wall of the outer cylinder with velocity vectors of helix. z/I is the
axial coordinate normalized by the helix lead. Dotted thick lines stand for a wall
shear rate of the same value or visualized helix pattern using rheoscopic liquid, see
Fig. 3.

(c) left-handed helix (the inclination is opposite to that of the basic
CP flow, n = 1).

3. Experimental procedure

The experimental set-up, see Fig. 2, and the electrodiffusion
method were described in detail in [11]. The inner vertical cylinder
(R; = 24.85 mm) rotates counter clockwise when seen from above.
The outer cylinder (R, = 30.95 mm) is stationary. A volumetric
gear pump is used to control axial through flow. It is calibrated
by measurement of time spent by the liquid level to overcome an
axial (vertical) distance in the gap between cylinders. The liquid is
distributed at the bottom through four holes with a diameter of
4 mm on a radius of 20 mm into the gap (n = R;/R, = 0.804) and
flows upwards. It leaves the gap through a spillway in the upper
part. The mean flow velocity and the Reynolds number are calcu-
lated using the volumetric flow rate provided by the pump.

The test liquid was a 25 mol m~3 equimolar potassium hexa-
cyanoferrates (III) and (IV) aqueous solution with 1.5% b.w. K;S04
as supporting electrolyte. The flow was visualized by adding of a
few drops of AQ-1000 rheoscopic liquid (Kalliroscope Corp.,U.S.A.).
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Fig. 2. Experimental set-up. 1-three segment mass transfer (electrodiffusion) probe,
2-array of three simple probes (for detail see Fig. 4), 3-inner cylinder, 4-outer cylin-
der, 5-liquid distribution through four holes.

The rheoscopic liquid contains small laminae reflecting light in a
way that depends on their orientation, which follows the flow di-
rection (Figs 1 and 3).

3.1. Flow visualization and helix characterization

Helices were filmed using a camera with a frequency of 40
frames/s. The parameters such as the helix pitch p, the inclina-
tion angle «, the lead [, and the observed velocity Uggs can be
estimated from the films. The double right-handed stationary he-
lix (Film 1, Ta = 159, Re = 10.5, n = -2) is shown in Fig. 3 and
Film. 1. It should be noted that in order to increase the resolution,
the apparatus on this movie is presented in the horizontal posi-
tion, so the liquid flows from left to right. The helices appear sta-
tionary, i.e. the observed axial velocity Uggs = 0. However, some
non-homogeneity reveal the liquid rotation, especially at the bot-
tom (on the left side in the video).

The axial distance between two helix lines corresponds to two
helix pitches, i.e. to the height of the axial cross sections of a
pair contra rotating helices or the azimuthal wavelength. 2p value
of 14.6 mm was obtained as the mean value among eleven helix
pairs. It should be noted that in the case of stationary helix, the
velocity Ug has the same absolute value as Up but opposite direc-
tion.

Helix angle o was estimated from Fig. 3 as the tangent to the
helix line in the middle. For an angle of 9°, the lead (Il = 27w R,
tan o) would be 30.8 mm. As this value is close to 4p value red
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Fig. 3. Stationary right handed double helix (n = -2, Ta = 159, Re = 10.5. The helix
pitch p is 7.3 mm, azimuthal wave length = 2p =14.6 mm (pair of contra rotating
helices) and helix lead I is 29.2 mm (I = 4p). Flow is visualized using AQ-1000
rheoscopic liquid. W stand for azimuthal velocity of helix and Uy for mean axial
velocity of through flow. See Film 1.

from Fig. 3 (29.2 mm), one can conclude that there are two pairs of
contra-rotating helices, i.e. double helix, n = -2. Knowing the num-
ber of helices, more precise value of «, i.e. 8.54 °, can be calculated
from the helix lead I. Video records were also used for evaluating
the velocity of axial displacement of helices, Uggs. For this aim, the
time of passage of several helices with known pitch was measured.
The helix in Film 1 appears stationary, hence Uggs is zero. The er-
ror of p and Uggs readings from films, due to uncertainties in the
length measurement of several helices or in time measurement of
helices passage through a certain point, was smaller than 2%. The
estimation of «, using the manual fitting of tangent to the helix
pattern in its middle, had an error of 6%.

For Ta around 140-160 and Re around 4-6 and a gap n = 0.848,
[12] found what they called “an unusual flow” that consists of he-
lical vortices which appear stationary in both axial and azimuthal
directions. The authors also found that the axial wavelength of the
stationary helical vortices is 1.7d and that they have a positive he-
lix angle of 4.5 ° with respect to the flow direction. They stated
that such result contradicted previous analytical and experimental
results, which indicate that the vortices have a helix angle of op-
posite sign to that of the basic flow [5,14,18]. As discussed in the
previous section, the sign of the helix angle can be either positive

International Journal of Heat and Mass Transfer 182 (2022) 121938
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Fig. 4. Three simple mass transfer (electrodiffusion) probes flush mounted in the
wall of the outer cylinder. View from the exterior. Dotted line presents iso-wall
shear rate or visualized helix (Figs. 1 and 3) moving with azimuthal velocity W.

or negative depending on the winding direction of the helices (see
Fig. 1). The effect of inlet system and flow conditions (Ta, Re) can
explain the formation of right or left handed helices. Most papers
refer to one direction (right or left) helices. In our experimental
set-up, the both right and left handed helices were observed at the
same Ta and Re without changing the inlet boundary conditions. In
this case, the butterfly effect governed helix direction.

Hwang and Yang [8] found an angle of 2.9 ° for a helical
vortex (HV) without traveling wave which occurs at Ta = 129
and Re = 24. The authors found traveling waves at a higher Ta
than with HV. Two wavelengths were observed for Ta = 167 and
Re = 13.1. This type of flow is called “helical wavy vortex” (HWV).

3.2. Measurement of the currents from mass transfer probes

One three-segment probe (¢ = 0.5 mm) and three simple
mass transfer (electrodiffusion) probes (¢ = 0.1 mm) were flush
mounted in the wall of the outer cylinder (namely, probe 1-3).
The probe 3 was placed on the same perimeter as the probe 2 at
a distance of 32.5 mm, and the probe 1 at a vertical distance of
6 mm from the probe 2 (Fig. 4). The simple probes measured the
instantaneous absolute value of the wall shear rate, whereas the
three-segment probe measures the components of the wall shear
rate in the axial and azimuthal directions. Detailed description of
three-segment mass transfer probes and the acquisition of the wall
shear rate components can be found in Kristiawan et al. [11].

Passage frequency of moving helices can be measured by any
probe. The electric current of stationary helices is constant. Us-
ing the observation, that the helix inertia is strong enough to keep
their form for more than hundred second after stopping the axial
flow, several geometrical and kinematical characteristics (W, Qy, n,
o, |, p, Ug) can be deduced from the currents of the probe array
(Fig. 4) measured after stopping axial through flow.

4. Results and discussion

The cross- and auto-correlation of the currents and the dis-
tances between the probes were used for the calculation of W, Qy,
n, «, I, p, Ug. The correlations Ryq, Ry, Ry3 between the currents
of each two simple probes, for the double right handed stationary
helix (Ta = 159, Re = 10.5, n = -2) after stopping axial through
flow, are shown in Fig. 5. The time ¢,; stands for the delay of pas-
sage of the wall shear rate array between the probes 2 and j. The
periodicity t,, is the same for all three currents.

The velocity W was calculated as the distance between the
probes 2 and 3 divided by the delay t,3 (32.5 [ 2.35 = 13.8 mm/s).
Using the radius R,, the angular velocity was Qy = W [ R, = 0.446
rad/s. From the known W and the periodicity of current t,, we can
estimate the number of helices n on the perimeter. The perimeter
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Tab. 1
Parameters of helices.
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n = -1 single right helix; n = -2 double right helix; n = 1 single left helix; n = 2 double left helix.

Ta Re n 2p tane tan B Qy Uogs
mm rad/s mm/s

Uq Up 14 w AE
mm/s mm/s mm/s mm/s mm

fulfe ke

159 505 -1 8.82
159 105 -2 146
112 105 1 10.9
130 105 2 12.6

0.045
0.150
0.056
0.129

0.075
0.164
0.208
0.184

0449 030
0426  0.00
0334 261
0379 3.1

-0.63 0.93 12.6
-1.98 1.94 12.0
0.58 1.94 9.5

1.52 1.94 10.7

13.91 3642 0.20 3.072
1320 o 0.00 9]

1036  41.2 2.01 0.770
11.75  39.1 2.03 0.561

05 |

tZZ

tZl t23

2 4 1
0 6 t 8 0

Fig. 5. Correlations between electrodiffusion currents of mass transfer probes 1-3
for stationary right handed double helix (Ta = 159, Re = 10.5, n = -2) measured
after stopping axial flow. t;; = 2.35 s, t3 = 3.08 s, ty; = 7.38 s (current period).

divided by the path covered by one helix pair during the time t;,:
27 Ry | W ty; = 1.91. This result shows that there are two pairs of
helices |n| = 2, as n must be an integer.

If the number of helix is known, the rotation rate can be cal-
culated from the frequency of the ED current measured after stop-
ping axial through flow. The single helix (Ta = 177, Re =5.1) in Fig.
12 of Kristiawan et al. [11] had a period of 14 s after stopping axial
through flow. As the inner cylinder rotated with a period of 5.9 s,
the dimensionless angular velocity Qy | 2 = 0.421. The rotation
rate can also be deduced from the spectra of ED signal measured
after stopping axial through flow.

The helix angle can be calculated from the time t,;, the dis-
tance between electrodes Li; and the azimuthal velocity. For the
case Ta = 159, Re = 10.5, n = -2 (Fig. 5): tan o = Ly | (ty
W) = 0.141. The deviation from the value estimated directly from
the cinema film (tana = 0.150) was about 6% larger. The helix lead
was calculated as follows: | = 2w R, tan o = 27.4 mm. The helix
pitch p is p = I /| 2n = 6.85 mm. Deviation of this result from a
value of 7.3 mm obtained from Film 1 is about 6.2%.

The velocity of axial displacement of helical pattern due to ro-
tation Ug (Barber pole effect) was computed as the distance be-
tween the probes 2 and 1 divided by ty;.

The velocity Uggs was the only parameter evaluated from the
currents measured under axial through flow. It was calculated from
the distance between the probes 2 and 1 divided by the time ty;.

The drifting velocity cannot be measured directly as the helices
always rotate. This velocity can be calculated as Up = Uggs - Ug.

The radius of outer cylinder R, was used for the calculation of
several parameters. This choice is exact for the calculations issuing
from the electrodiffusion current or wall shear rate which are mea-
sured on the wall. In the visualization study, the radius on which
the effects take place can be slightly different from R,.

The parameters of four typical helices are summarized in
Table 1.

4.1. Instantaneous wall shear rate vector fields

It is possible to reconstruct the field of instantaneous wall shear
rate when « is different from B. All wall shear rate vectors of the
flow manifest themselves along the line AE (Fig. 1b and c).

The three-segment mass transfer probe measures wall shear
rate components as a periodical functions of time. The periodic-
ity T = 2w fy of signals corresponds to the time of the passage of
a selected value between the points A and E in Fig. 1. Since the
objective was to obtain the shear rate components distribution at
the wall of the outer cylinder, the time series was transformed into
space distribution using the fact that this distribution is periodical
about one perimeter (27 R;) and one helix lead [ The area (2w
Ry x ) was divided into k; = 19 (i = 1.19) and k; = 10 (j = 1.10)
nodes on perimeter (x axis) and helix lead (y axis), respectively. It
holds for the shear rate component

.. i—1 j—1
Sz(ls])=f2<277 (k,‘l +kj1>>

The wall shear rate vectors for moving single right-handed helix
(n = -1, Ta = 159 and Re = 5.5, Fig. 11 in Kristiawan et al. [11] are
shown in Fig. 6a. The arrow lengths correspond to the absolute
value of wall shear rate and their direction to the flow direction
close to the wall. It is evident that there is only one maximum
for each axial distance z/l which corresponds to a single helix.
The field of absolute values of wall shear rate, see Fig. 6b, shows
even more clearly that there is a single helix. The mean azimuthal
component was removed in Fig. 6¢c. Counter rotating helices can
be distinguished from the arrow directions. This approach reveals
the oscillation pattern of the wavy vortices better than the instata-
neous representation. It should be noted that the velocity vectors
in Fig. 6¢. are scaled by the maximum value of the given case.
Therefore, the arrows in c) are longer than that in a).

The field of wall shear rate vectors for the double left-handed
helix (n = 2, Ta = 130 and Re = 10.5, Film 5 in Kristiawan et al.
[11] is shown in Fig. 6d. The wall shear rate magnitude distribution
(Fig. 6e) shows that at any axial distance z/I there are two maxima
of wall shear rate, which confirms the presence of double helix. It
should be noted that the axial components of wall shear rate are
greater than that of the single right-handed helix in Fig. 6a. The
vector field with removed mean azimuthal component is shown in
Fig. 6f. The axial components are significant without any change of
direction towards downwards flow. Fig. 6 also shows that the sin-
gle helix results in a higher wall shear rate magnitude as compared
to the double helix. This could be related to a higher interaction
between the helix pairs as compared to the single helix case. The
difference in the wall shear rate could also be explained by smaller
value of Ta and higher pitch of double helix as compared to single
helix.

Right handed helix (n = -1) for Ta = 159 and Re = 5.05: (a)
vector field, Smax = 20 s~ 1, (b) absolute value, (c) vector field with
the azimuthal mean component removed.

Left handed double helix (n = 2) for Ta = 130 and Re = 10.5:
(d) vector field, Smax = 7.6 s, (e) absolute value, f) vector field
with the azimuthal mean component removed.
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Fig. 6. Instantaneous wall shear rate

The velocity vectors are scaled by the maximum value of the
given case. Therefore, the arrows in (c) and (f) are longer than that
in (a) and (d).

4.2. Rotation rate and pitch of helices

The azimuthal and angular velocities W and 2y of four typi-
cal structures are given in Table 1. The distribution of the rotation
rate of helices normalized by that of the inner cylinder (2y4/2 ) is
shown in Fig. 7. It can be seen that Qy/Q2 decreases with increas-
ing the Taylor number. The curve shown in the Fig. 6 represents
the best fit Qy / Q = 1.069 Ta ~0187_ It should be also noted that
Qy/R2 is always greater than 0.35, which is in agreement with that
of toroidal vortices [6,10]. The dimensionless rotation rate mea-
sured after stopping axial flow can be used for the estimation of
number of helix starts. The rate should be lower than 0.5. If the
rate is superior to 0.5, there are several helix starts.

It should be noted that the rotation rate of wavy toroidal vor-
tices, 2y/2 = 0.34 [6], was lower than that of the helices. Hwang
and Yang [8] found values above 0.4 for both toroidal vortices and

on perimeter (27t R,) for one helix lead L

helices. This high value for toroidal vortices can be explained by
the numerical simulations at Taylor numbers close to the critical
levels.

The helix pitch p was assessed from the wall shear rate distri-
bution of the three simple mass transfer probes (see above). The
iso-values of the pitch normalized by the gap width p/d for differ-
ent Taylor and Reynolds numbers are shown in Fig. 8. The pitch
of the left-handed helices was close to d, similar to the case of
toroidal vortices. The right-handed helices were often axially elon-
gated, with a pitch much larger than d. For example, p/d as high as
1.57 was found for Ta = 177 and Re = 7.4.

The differences in p/d for a given Re are explained by "butter-
fly effect” of inlet conditions, which was never studied for such a
flow. It follows from this figure, that p/d increases with increasing
Re. There is a bifurcation at Re = 5 where p/d increases sometimes
strongly. The helices with a high p/d values are distorded, as mani-
fested by the course of the axial shear rate component (Fig. 9). The
helices with p/d about 1 have the distribution of both the axial and
azimuthal shear rate components almost sinusoidal.
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Fig. 7. Dimensionless rotation rate of helices winding in the same direction as the base flow (right-handed). Curve stand for the best fit Q / Q = 1.069 Ta —°297 R = 0.967.

Fig. 8. Dimensionless helix pitch of right-handed helices as function of Re and Ta.

4.3. Observed velocity of axial displacement of helices and frequency
of helix passage

The superposition of the drifting velocity Up and the velocity
due to helix rotation Ug is elucidated on the moving right helix,
Table 1, n = -1, Re = 5.05, Ta = 159. A frequency of 0.071 s~! was
estimated from the period of 14 s after stopping axial through flow.
The downward velocity due to the helix rotation was equal to the
helix frequency multiplied by too helix pitch (8.82 mm) and the
number of helix (n = -1). The resulting value (Ug = - 0.626 mm/s)
agrees well with the value - 0.645 mmy/s obtained from the film.
It is suggested that the effect of axial through flow on the helices
was the same as on the toroidal vortices, i.e. their drifting velocity
was 1.12 times the mean axial velocity. Under this assumption the
helix moved at a velocity Up = 0.934 mm/s. The observed velocity
is the sum of this velocity and the velocity due to the rotation Ugq
(barber-pole effect), i.e. Uggs = 0.308 mm/s which agrees well with
the value obtained from the film (0.303 mmy/s). The observed ve-
locity can also be calculated from the frequency of the ED current
measured under axial through flow, multiplied by the axial wave
length 2p : Upgs = 0.298 mmy/s. The difference in the axial velocity
using the three methods was less than 4%.
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Fig. 9. Wall shear rate components of right handed helix for Re = 7.4, Ta = 177.3
and p/d = 1.57.

The observed velocity of axial displacement of structures (Uggs)
normalized with the mean velocity of the axial through flow (Uy;)
is shown in Fig. 10. It is obvious that this velocity does not de-
pend on Taylor number. The Taylor vortices moves with a non-
dimensional velocity of about 1.12, which is close to the value cal-
culated using the results of Recktenwald et al. [16]. The present
results are also in agreement with those of Snyder [17] and Hwang
and Yang [8]. It should be noted that the right-handed helices ap-
peared stationary, Upgs = 0. A few helices moved upward at a di-
mensionless velocity of between 0.36 and 0.54. The left-handed
helices moved always upward at a velocity in the interval 1.5-2.
After the cessation of axial through flow, the velocity Uggs of the
stationary right handed helices was downward with an absolute
value equal to Up before the flow cessation.

The frequency of helix passage was obtained under axial
through flow, either from the period of electrodiffusion current or
by counting the passage of structures through a fix point in the
cinema films. This frequency for left-handed helices, normalized
with the inner cylinder frequency, has entire values of 1 or 2. For
Re > 10 and low Ta numbers this value is 2 as shown in the Fig. 11.
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Fig. 11. Frequency of passage of left handed helices normalized by that of the inner
cylinder is equal to: ® two, o one, A two [21].

Wereley and Lueptow [21] found the same value for a left hand
helices in the ranges Re = 14-23, Ta = 120-150. However for
Re < 10, it is found that the helix passage frequency is equal to
the cylinder rotation frequency within a maximum difference of
7%, fu/fc € (0.93, 1.07). This frequency does not depend on the Ta
number.

5. Conclusion

Helical vortices winding in the same (right-handed) or opposite
direction (left-handed) to the base Taylor-Couette-Poiseuile flow
were studied at low Taylor and Reynolds numbers. The motion
of helical structures is composed of azimuthal velocity induced
by the inner cylinder rotation and drifting velocity due to super-
posed axial through flow. The kinematical and geometrical param-
eters of helical vortices were obtained from flow visualizations and
the wall shear rate measurements. The vector field of wall shear
rate on the outer cylinder was reconstructed using a three-segment
mass transfer probe.

Flow visualizations showed that the time averaged velocity vec-
tors are in the same quadrant (0-90 °) for both helices winding in
the same direction and opposite direction to the base flow. In addi-
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tion, the axial velocity due to helix rotation depends on azimuthal
velocity, helix lead and number of helix starts. The helices look like
spiral tubes which rotate in the meridional plane in contra sense,
but there is no net flow through these tubes.

The mass transfer measurement showed that the axial compo-
nent of the wall shear rate of the left-handed helices is greater
than that of the right-handed helices. The helices rotate around
the cylinder axis at an angular velocity inferior to that of the inner
cylinder (0.37-0.45). The helices move axially at a drifting velocity
superior to that of mean axial through flow (multiple of 1.12). The
observed axial velocity of helices is composed of the drifting veloc-
ity and the velocity resulting of helix rotation (barber pole effect).
These velocities have the opposite or same direction in the case of
helices winding in the same or opposite direction to the base flow,
respectively.

It was also found that the right-handed helices were axially
elongated for wide range of Re and Ta. This was illustrated from
a pitch much larger than the gap width and could be explained by
"butterfly effect" of inlet conditions. The resulting helices are dis-
torded, which was illustrated by the variation of the axial shear
rate.

The obtained results are helpful for verification of numerical
simulations of rotational flows.

The effect of higher values of Ta and Re on the flow between
cylinders will be studied in the future.
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Appendix

The helix inclination angle o depends on the helix lead and the
perimeter of the outer cylinder.

tan o = 7R,
The angle B is a function of the drifting and azimuthal velocity
Up and W, respectively.
Up

tan,B:W

The drifting velocity cannot be measured directly because he-
lices always rotate. The analysis of the observed velocity Uggs has
shown that the Up of helices is the same as that of toroidal vor-
tices, i.e. about 1.12 multiple of the mean axial velocity. The az-
imuthal velocity W was calculated from the measured period af-
ter stopping axial through flow. The axial velocity due to the he-
lix rotation Uy was expressed as the frequency of helix rota-
tion multiplied by his lead. Using these hypothesis, the equation
Uoss = Ug + Up was fulfilled with an error smaller than 4%.

The period of helices is equal to the distance AE divided by the
velocity V.

AE _AEsinB | cosa sinf

tieft = ~— =
left =7y Up nUp sin (« + B)

_ b cosa sinf

" nUp sina cosP + cosa sinf8

l 1 l 1 l

=TL][) 1+Sina€0§ﬂ=@ 1+tana_@

cosa sinf tan B
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b AE _AEsinB | cosa sinf
gt =y T T U, |nfUpsin(B —a)
| cos sinf
" |n|Up sinB cosa — cosB sina
l 1 l 1 l K
= : = = i
[milp 1~ e o = TnfUp 1— &~ [nly

where k; is the coefficient proper to the right (ki > 1) or left
handed (k;; < 1) helix. The term I / |n| Up represents the period
of passage of toroidal vortices where [ is equal to their azimuthal
wavelength.

It follows that:

l
tright > |n|_UD > tleft
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