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LONGITUDINAL CELLULAR STRUCTURES OF TAYLOR—GORTLER TYPE VORTICES
ON THE HIGH-PRESSURE SIDE OF ROTATING CHANNELS

L. V. Kuz'minskii, E. M. Smirnov, and S. V. Yurkin UDC 532.516

The linear stability of Poiseuille flow between two plates rotating about an axis paral-
lel to the plates and normal to the direction of the basic flow was studied in [1, 2]. It
was shown that the flow is least stable to disturbances in the form of standing waves, known
as Taylor—Gdrtler vortices. The results of the experimental determination of the region of
flow parameters for the formation of above vortices are given in [1] for a channel with
rectangular section, strongly stretched along the axis of rotation. Experimental results
agree well with linear theory. At the same time, it remains unclear about the important
question of the effect of side walls on the stability of the basic flow in practically inter-
esting cases of channels with moderate aspect ratio and, in particular, in channels with
square cross section. The problem is formulated below and the results of experimental study
of this problem are discussed.

The restructuring of the basic flow due to rotation was studied analytically and numeri-
cally in [3-6], assuming developed flow in rectangular cross-sectional channel. Here, as
usual, developed flow means that the flow is sufficiently far from the entrance where the
initial conditions are completely "forgotten" and the flow characteristics are identical at
all cross sectioms.

As characteristic parameters for the channel with the given aspect ratio k = h/7 we
choose Reynolds number Re = wpl/v and the rotation parameter K = wl/wp, where h and I are the
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lengths of the cross section with the side of length h being parallel to the axis of rota-
tion; wy is the velocity based on mean mass flow.

The concrete form of the flow in the channel modified by rotation depends on the values
and ratio of Re and K. However, it is possible to highlight the following general and the
most characteristic features of the restructuring process. Secondary flow, whose develop-
ment is caused by nonuniform distribution of Coriolis forces along the lines parallel to the
axis of rotation, takes the form of a pair of vortices, the central plane of the channel per-
pendicular to the axis of rotation being the plane of symmetry. The relative transverse com-
ponent of velocity attains a maximum when the quantities Rey, = wh®/v = k®KRe have a value of
the order 10 and whenRey, >> 1, it decreases approximately as Re"l/zm [5]. At large k the
secondary flow is concentrated near the narrow sides. The effect of the secondary flow on
the mean flow comes out in the form of the displacement of the maximum streamwise velocity
component in the direction of increased pressure (flow toward the wall) and in the formation
of the core in which the distribution of streamwise and one of the transverse velocity com-
ponents are uniform along the directions parallel to the axis of rotation.

The formation of the core even in the case of channel with an aspect ratio of the order
of one makes it possible to consider, in the qualitative analysis, a significant region as
unbounded plane parallel flow with shear in a direction perpendicular to the axis of rota-
tion. Damping or amplification of disturbances occur in such a flow, similar to the well-
studied flows with circular streamlines. The flow is destabilized in the region in which
the scalar product of the angular velocity and absolute vorticity vectors is negative and,
on the other hand, it is more stable where this product is positive. In the destabiliza-
tion region the mean flow is least stable to disturbances in the form of streamwise vortices,
viz., Taylor—Gdrtler vortices. Computations [1l, 2] show that for a given Re, disturbanceof
this type grow only in a limited range of the parameter K, which extends with an increase in
Re. It is useful to mention that the wavelength of the most unstable disturbance decreases
with an increase in K.

Results of many studies on related flow in the gap between two circular cylinders, with
the inner one rotating, lead to the natural conclusion that even in the case of the flow -
along a rotating channel of aspect ratio of the order one, the effect of side walls which
was neglected in the qualitative analysis of the type of instability, significantly alters
the condition for the growth of disturbances when compared to the idealized problem [1, 2].

Four rectangular cross-sectional channels made of transparent Plexiglas were used for
an experimental flow visualization study. The channels were sequentially set up on a frame
rotating about a vertical axis with an angular velocity w = 0-3 rad/sec. The channel axis
was located in a plane normal to the axis of rotation. It is known that in isothermal in-
compressible flows parallel momentum transfer in the given flow field does not affect the
characteristics of the velocity field in the rotating coordinate system [7]. For the sake
of convenience of conducting the experiments, the channel axis was kept away from the axis
of rotation by 259-300 mm. The necessary electronic instrumentation and the optical system
were also set up on the rotating frame. The majority of the experiments were conducted us-
ing water bubbles [8] based on the electrochemical breakdown of water. Tap water from which
dissolved gases were initially removed was used as the working medium. Water was circulated
by a hydraulic system with automatic pumping into the reservoir. A special setup was used
to transfer the fluid from the rotating frame. The mass flow was measured from the pressure
drop in the measuring plate located in the stationary system and the error in the determina-
tion of mass flow was 3%.

The square cross-sectional channel was 30 x 30 x 800 mm. The end walls of the channel
were extended to two identical rectangular chambers 140 x 100 x 40 mm, whose narrow sides
were parallel to the channel axis. The water inlet (outlet) to the chamber was carried out
through a 20-mm-diameter orifice drilled in the chamber wall perpendicular to the channel.
An insert was installed at the channel entrance, establishing the initial conditions for the
flow. Two types of inserts were used. The first type was of the type of a honeycomb made
up of a set of thin-walled tubes (2-mm diameter and 15 mm long) and 1-3 screens with differ-
ent mesh sizes. The second insert comprised of rectangular parallelepiped of length 30 mm
made of flexible polyurethane. The flow visualization was carried out in a region 450 mm
away from the insert exit.
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Fig. 1

Three other channels, each of length 800 mm, had rectangular cross sections h x I of
90 x 45 mm, 90 x 22.5 mm, and 90 X 12.5 mm; the aspect ratio of the sections was x = 2, 4,
and 7.2. These channels were not equipped with end chambers but were covered by soundproof
lids. Water inlet (outlet) to the channel was carried out through orifices of 20-mm-diam-
eter drilled into the wide wall of the channel with the center at a distance 30 mm from the
end plates. At a distance 60 mm downstream from the end plates, a 40-mm-long polyurethane
insert was installed. Flow visualization was carried out in a region at least 400 mm away
from the insert exit.

In using the water bubble technique, a 20-pm tungsten wire, used as the cathode, was in-
troduced into the channel through tubes with seals (Fig. 1, line 1). Anode, made of a stain-
less steel plate, was located downstream at a distance 60-90 mm from the test section. A
special generator supplied 0.2-50 msec impulse at 25-100 V. The Impulse frequency was 0.5-
10 Hz. When the periodic impulse voltage is fed, a series of marker particles, viz., hydro-
gen bubbles, separate from .thin tungsten wire and are entrained by the flow (Fig. 1, lines 2).
These rows of hydrogen bubbles form local streamlines since the bubble diameter, not exceed-
ing the wire diameter, is small and the relaxation as well as buoyancy effects of the bubbles
are negligible.

A camera rotating along with the channel photographed the projections of local stream-
lines on the plane parallel to the side with higher pressure. The chosen range of angular
velocity made it possible to conduct direct visualization of local streamlines.

A mixture of aniline ink with spirit was introduced as a dye with neutral buoyancy in
the flow through the square ctoss-sectional channel. The dye came out of a small tube with
an outer diameter of 0.7 mm inserted through the side with higher pressure into the central
plane of the channel. ’

TFor the basic stable flow even a small rotation leads to linearity of streak lines com-
ing from the wire parallel to the axis of rotation, except the short segment immediately
close to the walls perpendicular to the wire. If the streak lines are generated by the wire
located at a small distance from the leading wall, then the development of Taylor—Godrtler
vortices is accompanied by the formation of characteristic valleys in streak lines indicating
the location of the flow directed from the wall into the channel (see Fig. 1). 1In certain
cases the valleys are not aligned because of the increasing distance of streak lines from
the wire and even becomes a peak of the same thickness. These changes in the configuration
of streak lines are associated with the displacement of hydrogen bubbles along with the fluid
in the region where there is a domination of longitudinal acceleration corresponding to the
Coriolis component arising simultaneously with the development of vortices. The number of
valleys (peaks) of streak lines indicate the number of pairs of Taylor—Gortler vortices.

The picture of streak lines formed as a result of the development of cellular vortex
structure is stationary in a limited range of variation in Re and K. Starting from a certain
value of Reynolds number, the lines connecting the center of valleys (peaks) go through an
oscillating motion in the plane parallel to the leading wall and a small increase in Re re-
sults in a vigually irregular flow structure. Similar changes also take place with the dye
structure,
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Figure 2 shows results of flow visualization in the channel with square cross section.
The numbers 1and 2 indicate cases in which the formation of streamwise cellular structure of
Taylor—Gortler vortices were not observed, 3 and 4 indicate the state of the flow with the
development of disturbances along the high-pressure side without limitations on stationary
and nonstationary conditions. The hatched region 5 represents the boundary above which
vortices lose stationary character. The approximate curve 6 divides stable and unstable re-
gions of the flow. The points 2 and 4 correspond to data obtained from hydrogen bubbles; 1
and 3 are the results from observations in dye. We also note that polyurethane inlet insert
was used in flow visualization with hydrogen bubbles, whereas in the case of dye honeycomb
structure was used as the inlet insert. It is seen from Fig. 2 that results from the two
methods agree well,

In the experiments conducted in square cross-sectional channel, streak lines indicated
the formation of only one pair of Taylor—Gortler vortices. Thus, a pair of vortex in the
mean flow is supplemented by one more pair of streamwise vortices adjoining the high-pressure
side. We note that the transition from twc-vortex to four-vortex structure is also observed
in the related case of curvilinear channel with square cross section [9]. The observations
on dyes which describe a spiral motion showed that the area occupied by the supplementary
vortices never exceeded half the channel section. The picture along the channel through the
transparent walls of the end chamber were especially clear.

Figure 3 shows experimental data for channel with aspect ratio k = 4, The numbers 1-6,
respectively, indicate the number of pairs of Taylor—Gdrtler vortices formed. Filled circles
indicate nonstationarity of streak line pattern. Points 7 correspond to flow conditions in
which valleys in streak lines are not observed. The approximate curve 8 divides the stable
and unstable regions of the basic flow. We note that during the passage of the character-
istic parameters through critical values, realized in the experiments, as a rule by a gradu-
al variation in angular velocity, the time for the growth or disappearance of valleys was
quite large (up to 30 sec), which necessitated prolonged direct observations.

The tendency of the number of pairs of vortices to increase with K with Re = const, as
well as with increase in Re with K = const, are considered in Fig. 3. The former tendency
is in agreement with the results of linear analysis [1, 2] and the latter is caused by the
weakening of end effects with increase in Rey = k?KRe.

The nonmonotonic change in the number of pairs of vortices formed is associated, appar-
ently, with nonuniqueness of the possible stable conditions whose formation process is sensi-
tive to the manner in which the chosen values of similar effects appearing as flow bifurcation, are
excellently demonstrated in the study [10] of circular Couette flow in circular gap of small
span. In connection with this, we observe that, in our experiments, the acceleration process,
i.e., the establishment of the quantities Re and K, was not controlled to the necessary ex-—
tent. The bifurcation phenomenon can also explain the nonstationarity of the streak line
pattern for certain pairs of Re and K in the region below Re = 500, in which, for a majority
of other conditions, the flow is stationary. Actually, in approaching the bifurcation curves
in the Re—K plane, even a small disturbance can sharply change the flow to another state, but
since a small oscillation in mass flow through the channel (up to 37%) was observed in the ex-
periment, it, apparently, was the cause of the periodic establishment of one or the other
type of flow, observed as nonstationarity of flow as a whole.
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A more complete study of bifurcations in flows of this type requires the setting up of
special and very subtle experiments,

Results of flow visualization in channels with ¥k = 7.2 (points 1-3) and « = 2 (points 4
and 5) are given in Fig. 4. Studies were confined basically by visually fixing the beginning
of the formation (curves 1 and 4) of one valley in the streak lines with a slow and gradual
increase in angular velocity and later by observing conditions for the disappearance of the
valley (curves 3 and 5) during the transition through the second branch of the stability
boundary. The points 2 indicate the initial formation of two pairs of vortices in the chan-
nel with ¢« = 7.2,

Curve 6, plotted according to computed results [2], represents the geometric location
of neutral stability points for the most dangerous disturbances in the rotating plane-parallel
channel. It is seen that the experimental data for x = 7.2 agree very well with the results
of linear theory. Curves 7 and 8 are reproduced from Figs. 2 and 3 where they are indicated,
respectively, by numbers 6 and 8. The observed increase in the stability limit for the basic
flow with a decrease in k is mainly due to a shift (caused by the secondary flow) in the
maximum of the streamwise velocity component toward the high-pressure side, i.e., due to a
decrease in the characteristic transverse dimension of the flow region where rotation has a
destabilizing effect.
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