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Spatial Mapping of Velocity Power Spectra in Taylor-Couette Flow Using Ultrafast NMR Imaging
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Ultrafast NMR imaging was used to clarify spatiotemporal structures of wavy Taylor-Couette flow.
NMR images designed to give a radial velocity distribution in a cross-sectional plane containing the ro-
tation axis were successively taken at 200 ms time intervals. Distributions of velocity power-spectral
components were obtained by temporal Fourier transform of the sequential velocity images. The ob-
tained spectral maps clearly visualized the spatial structures of the wavy components in the cross-

sectional plane.

PACS numbers: 47.20.—k, 47.32.—y, 47.80.+v

Flow between rotating concentric cylinders (Taylor-
Couette flow) has been studied for many years to clarify
the complicated but interesting character of the series of
hydrodynamic transitions [1]. When rotational speed of
the inner cylinder is raised gradually with the outer
cylinder at rest, a transition from purely azimuthal flow
(circular Couette flow) to steady toroidal vortex flow
around the inner cylinder (Taylor vortex flow) is observed
at a Reynolds number denoted by R.. When the rota-
tional speed is further increased, azimuthal traveling
waves are observed on the Taylor vortices and the flow
becomes time dependent above a Reynolds number denot-
ed by R, (wavy Taylor vortex flow). At much higher
Reynolds numbers, quasiperiodic, chaotic, and turbulent
flows are observed sequentially [2,3].

Although the temporal character of the time-dependent
Taylor-Couette flow has been studied by laser Doppler
velocimetry quite in detail [2,4], there are very few stud-
ies which have measured the spatial character of the
time-dependent flow [5]. These spatial measurements,
however, have been performed at most on a few lines at
an instant time. Since the time-dependent flow has
characteristic frequencies and characteristic spatial struc-
tures at the same time, it is highly desirable to measure
the flow in a volume or in a plane at a high time resolu-
tion.

Ultrafast NMR imaging, pioneered by Mansfield and
named echo-planar imaging (EPI) [6], has a remarkable
advantage in flow measurements that velocity distribution
in a cross-sectional plane can be measured in a very short
time (~50 ms). Although this imaging technique has
been applied almost solely to medical diagnosis since its
invention [7], it has recently been demonstrated that EPI
is a very powerful tool in studying unsteady or turbulent
flow [8]. In the present paper, EPI has been used to clar-
ify the spatiotemporal structures of the wavy Taylor-
Couctte flow and spatial distribution of the wavy com-
ponents has been clearly visualized in a cross-sectional
plane containing the rotation axis.

The inner and outer cylinders used in the experiments
were high quality NMR tubes; the outer radius of the
inner cylinder (r,) was 5.00 mm and the inner radius of

the outer cylinder (r;) was 9.00 mm. Thus the radius ra-
tio n=r/r, was 0.556. Fluid height h of the flow cell
was adjusted to 140 mm by attaching two Teflon spacers
to the inner cylinder. The aspect ratio T=h/(r;—ry)
was thus 35. The working fluid was water, longitudinal
relaxation time (7';) of the water protons being adjusted
to 200 ms by dissolving some CuSOy crystals. The Rey-
nolds number R of the flow was defined as R =r,Qrd/v,
where Qg was the rotational angular speed of the inner
cylinder, d =r, —ry, and v the kinematic viscosity of the
water. In the present experiment, R, was about 70.

When the radius ratio n is near 0.5, the transitional
Reynolds number R,, is known to depend considerably on
the axial wavelength A of the Taylor vortices [9,10],
which can be defined by the distance between adjacent
outflow boundaries. In this experiment, various A values
(normalized by the gap width d) were observed between
1.5 and 1.8 after rapid or gradual increase of the rota-
tional speed. Though R, varied from 4.5R, (A=1.5) to
6.2R. (A=1.725), spatiotemporal behavior observed in
preliminary measurements was essentially identical in
this wavelength range. Thus, A =1.65 (R, = 5.6R.) was
selected for the NMR measurements described below.

The flow cell was placed vertically in a superconducting
NMR magnet (Oxford Instruments) with an 89 mm di-
ameter room temperature bore operated at 4.7 T [11].
The inner cylinder was connected to an acrylic shaft
which was rotated by a dc controlled motor through a
pulley and belt system. Temperature of the water was
kept (35%0.5)°C throughout the measurements by
blowing temperature controlled air over the fixed outer
cylinder. NMR images were taken with a home-built
NMR imaging system using the superconducting magnet
and an actively shielded gradient coil (Doty Scientific).
NMR images were reconstructed and observed in a real-
time manner using a high-speed image reconstruction sys-
tem developed in our laboratory [12].

Figure 1(a) shows the pulse sequence used in the ex-
periments. At ?=0, proton spins in the cylindrical
volume [Fig. 1(b), 16 mm in height] are selectively excit-
ed by the 90° pulse under the application of the magnetic
field gradient along the z direction. At ¢t =24 ms, the
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(a) NMR pulse sequence used in the experiment.
Gx, Gy, and G, are magnetic field gradients along the x, y, and
z directions. The data-acquisition time is 40.96 ms. (b) Cross-
sectional slice imaged in the experiment.

FIG. 1.

spins in the plane containing the rotation axis (2 mm in
thickness) are selectively irradiated by the 180° pulse un-
der the application of the magnetic field gradient along
the y direction. Thus, NMR signal only from the spins
that were in the slice at £ =24 ms is observed at around
t =48 ms. This signal is used to reconstruct the distribu-
tion of nuclear magnetization in the cross section by two-
dimensional Fourier transform [7].

When there is a macroscopic motion in the water, a
phase shift of the nuclear magnetization proportional to a
specified velocity component is observed [13]. This is be-
cause the precessional phase of moving spins under the
oscillating magnetic field gradients is not canceled out as
that of stationary spins. Although any velocity com-
ponent can be measured by designing the wave form of
the magnetic field gradients [8], the radial direction was
selected for the following velocity measurements because
the radial velocity is a major velocity component for the
Taylor vortices. Thus, (almost) instantaneous radial ve-
locity distributions were obtained from phase images cal-
culated using the reconstructed images [14]. The velocity
range detected in the experiment was from —3.0 to +3.0
cm/s and the velocity resolution was about 0.05 cm/s.

After the rotational speed of the inner cylinder had
been raised from 0 to 132 rpm (=5.5R.) and an equilib-
rium state with A =1.65 was established, 256 successive
NMR images were taken at 200 and 250 ms time inter-
vals. The measurement was repeated at R=5.75, 6.0,
6.25,...,8.0R,. after the rotational speed had been grad-
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FIG. 2. Radial velocity distributions at four successive in-
stants measured at 200 ms time intervals when R=6.75R..
The higher velocity toward the right is displayed brighter and
the higher velocity toward the left is displayed darker. The ve-
locity becomes very large at outflow boundaries of Taylor vor-
tices. The adjacent boundaries move in phase as shown by the
arrows.

ually increased to each measurement point.

Figures 2 and 3 show radial velocity distributions at
four successive instants measured at 200 ms time inter-
vals when R =6.75R,. The center of the images is locat-
ed 40 mm apart from the lower edge of the cell and the
field of view of the images is 19.2 mmXx19.2 mm. The
number of the image matrix is 64 X 64; thus the pixel size
is 0.3 mmx0.3 mm. Each side of the gap thus contains
about 13 pixels along the radial direction. In these im-
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FIG. 3. Radial velocity distributions at four successive in-
stants measured under the same condition as that of Fig. 2.
The adjacent boundaries, however, move in antiphase as shown
by the arrows.
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ages, the higher velocity toward the right is displayed
brighter and the higher velocity toward the left is
displayed darker. Although a large geometric distortion
due to magnetic field inhomogeneity is observed near the
upper left corner of the images, high speed flows from the
inner to the outer cylinder are clearly visualized. These
“jets” correspond to outflow boundaries of Taylor vortices
[9,10]. The maximum speed in the jets is about 2.5 cm/s
in these images.

As shown by the arrows in the figures, the adjacent
outflow boundaries move in phase in Fig. 2 and antiphase
in Fig. 3. These two modes are calculated and named
“harmonic jet” and “subharmonic jet” by Jones [10].
Both modes were observed at Reynolds numbers from
5.75R. to 8.0R.: In most cases the in-phase modes were
observed first and spontaneous transitions to the anti-
phase mode were observed at fixed Reynolds numbers.
The transition of the reverse direction, however, was not
observed in these experiments. Since the motional phases
of the wavy jet motion in the right and left gaps were al-
ways opposite to each other as shown in the figures, the
azimuthal wave number m is odd. Although the value of
m cannot be determined by this experiment, m is con-
sidered to be 1 from the earlier studies [9,10].

We can obtain spatial distributions of velocity power-
spectral components by temporal Fourier transform of
the sequential velocity images. Figures 4 and 5 show to-
tal velocity power spectra integrated over the cross sec-
tion and four typical power-spectral maps selected from
128 spectral maps. These results are calculated from se-
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FIG. 4. Velocity power spectra integrated over the cross sec-
tion. Slightly broadened spectra at w; and 2w, in (b) are due to
the result that two wavy modes are contained in the image se-
quence as shown in Figs. 2 and 3.

quences of 256 images measured at 200 ms time inter-
vals. As shown in Fig. 4, wavy frequency components are
seen at w =0.60Qg (=w;) and its second harmonics are
seen at aliased frequencies. This aliasing has been con-
firmed by spectral maps obtained from image sequences
measured at 250 ms time intervals.

Spatial distributions of these wavy spectral components
are shown in Figs. 5(c) and 5(d). These maps have been
obtained for the subharmonic mode. Spatial distribution
of the w; component for one outflow boundary consists of
two lobes symmetrically separated by the horizontal radi-
al line going from the origin of the jet. We denote this
line by L;. This pattern can be understood by considering
the up-and-down oscillation of the outflow boundaries as
shown in Figs. 2 and 3. This distribution agrees with that
of the eigenfunction of the velocity perturbation calculat-
ed under the condition, n=0.56, A=1.6, and R =5.35R,
[16], which is close to the present experimental condition.
Spatial distribution of the 2w, component for one outflow
boundary consists of three lobes. This spatial pattern
may be understood to consist of two 2w, oscillations, the
center lines of which are located slightly apart from the
line Lj.

Although similar spatial maps as Fig. 5 were obtained
also at the Reynolds numbers up to 8.0R., measurements
at much higher Reynolds numbers where quasiperiodic or
chaotic flows will be observed were difficult in the present
system. This is mainly because of the experimental limi-
tation that the data acquisition time (40.96 ms) is rela-
tively long comparing with the fluid speed in the cross

(a) 0 Hz (b) 156.25mHz

(c) 1.484Hz  (d) 2.031Hz

FIG. 5. Typical spatial distributions of velocity power-
spectral components obtained at R=6.25R.. Time averaged
velocity distribution (a) shows high-speed flows at the outflow
boundaries. When there is no specific spectral component, the
spectral map shows a random noisy distribution except near the
inner cylinder and the lower left corner [(b)] [15]. Though the
2w, component is seen at the aliased frequency (2.031 Hz), the
true frequency is 2.969 Hz.
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section at such high Reynolds numbers. If the measure-
ment system is scaled up, a major part of the experimen-
tal difficulties could be cleared.

In conclusion, dynamical spatial structures of the wavy
Taylor-Couette flow have been clearly visualized using ul-
trafast NMR imaging. Experiments at much higher
Reynolds numbers using this technique are promising fu-
ture extensions of this work.
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FIG. 2. Radial velocity distributions at four successive in-
stants measured at 200 ms time intervals when R =6.75R..
The higher velocity toward the right is displayed brighter and
the higher velocity toward the left is displayed darker. The ve-
locity becomes very large at outflow boundaries of Taylor vor-
tices. The adjacent boundaries move in phase as shown by the
drrows.



FIG. 3. Radial velocity distributions at four successive 1n-
stants measured under the same condition as that of Fig. 2.
The adjacent boundaries, however, move in antiphase as shown
by the arrows.
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FIG. 4. Velocity power spectra integrated over the cross sec-
tion. Slightly broadened spectra al @, and 2w, in (b) are due to
the result that two wavy modes are contained in the image se-
quence as shown in Figs. 2 and 3.
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FIG. 5. Typical spatial distributions of velocity power-
spectral components obtained at R =6.25R.. Time averaged
velocity distribution (a) shows high-speed flows at the outflow
boundaries. When there is no specific spectral component, the
spectral map shows a random noisy distribution except near the
inner cylinder and the lower left corner [(b)] [15]. Though the
2w component is seen at the aliased frequency (2.031 Hz), the
true frequency is 2.969 Hz.



