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Abstract

In this paper, we show velocity images for liquid flow in a cylindrical pipe at Reynolds numbers of up to 5000. Three orthogonal
velocity components are acquired from a single excitation over a timescale of 60 ms thus obtaining an ‘instantaneous’ description of
the fluid flow in steady laminar and chaotic turbulent flow. It is also shown how the technique, termed the gradient echo rapid
velocity and acceleration imaging sequence (GERVAIS), can be used to acquire acceleration (convective derivative) images by
incorporation of double pulsed gradient spin echo (PGSE) pairs into the pulse sequence such that the resulting phase shift is a
measure of the change in the velocity over the mixing time between successive PGSE pairs. The technique has also been used to
acquire up to 16 successive z-velocity images, providing spatio-temporal information of the velocity fluctuations over a period of
320 ms, which are then used to calculate spatially resolved velocity autocorrelation functions. It is found that over the timescale of
the velocity measurements, which is principally determined by the residence time in the coil, the local velocity fluctuations are seen to
be small compared to the local velocities, confirming that the data acquisition times achieved are rapid enough to capture ‘in-

stantaneous’ images of the flow field.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

To date, most quantitative MRI studies of liquid flow
have addressed either steady-state flows or, in the case of
non-steady state flows, have focused on negating or av-
eraging the effects of variations in the fluid velocity so as
to maximise the detected phase coherent magnetisation.
Of course, whilst the acquired signal is maximised using
such strategies, our ability to study the spatial and tem-
poral correlations in the flow field is reduced. To achieve
direct, quantitative measurement of spatio-temporal
correlations in the flow requires data acquisition time-
scales that are rapid enough to capture instantaneous
motion, i.e., th e sy stem remains steady during the time it
takes to acquire a whole image; this precondition pro-
hibits the use of most imaging techniques available.

Previous workers have investigated turbulent flow
using a number of different approaches. Kuethe [1]
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reported the first imaging study of turbulent flow in
which the flow was generated by a jet of water passing
through a nozzle. In this study, a measure of turbulent
diffusivity was obtained from a measurement of the
signal attenuation observed in time-averaged images,
employing an approach analogous to that of Stejskal
and Tanner [2]. Again exploiting the phenomenon of
signal loss as measured using a diffusion-weighted pulse
sequence, Gatenby and Gore [3] used a spatially unre-
solved diffusion measurement sequence to study pipe
flow up to Reynolds numbers as high as 6270. Using
these data it was shown that the characteristic timescale
of the velocity fluctuations was greater than the echo
time employed in the experiment. A similar approach
was used by Kuethe and Gao [4] to study pipe flows up
to higher Reynolds numbers of 12,000-58,000. Li et al.
[5] have reported time-averaged velocity measurements
of flow in a cylindrical pipe; one-dimensional (1-D) ve-
locity profiles were measured for Reynolds numbers up
to 9000. These workers used a simple 1-D spin echo
sequence with a set of velocity/phase encoding gradients
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placed either side of the m-refocusing pulse to measure
the time-average velocity profiles and hence the average
of the velocity fluctuations as a function of position. The
results showed a correlation between the measured
profile pixel intensity of the time-averaged flow image
and the local turbulence intensity, with the latter
showing good agreement with earlier data recorded us-
ing a hot-wire anemometer technique [6]. More recently,
Han et al. [7] have used an approach similar to that of Li
et al. [5] to investigate the non-Newtonian flow of blood
in a pipe at Reynolds numbers up to 3500.

An alternative approach to addressing turbulent
flows is based on echo-planar imaging (EPI) techniques.
Kose [8-10] reported the first results of ultra-fast im-
aging of turbulent flow in which individual velocity
vectors characterising the flow were resolved. In par-
ticular, Kose reported results from a one-shot velocity-
mapping EPI sequence that was designed to acquire
data in a short time compared to the velocity fluctua-
tions (50-100ms) occurring during flow at a Reynolds
number of 2250. Two types of image were acquired,
both employing a single r.f. excitation: (i) images of the
v, component of the flow, and (ii) two successive EPI
images with a different velocity encoding between each
image thereby yielding images of both v, and v,. In this
latter case, the first image was preceded by an x-direc-
tion velocity encoding pair after which an x-unwind pair
and a y-direction velocity encode pair were applied be-
fore the acquisition of the second image. Subsequent
analysis of the data allowed the v, and v, component of
the in-plane turbulent flow to be calculated. At a Rey-
nolds number of 2250, on the cusp of the turbulent re-
gime, vortices or eddies in the x,y-directions were
observed to pass through the imaging volume. EPI ve-
locity images of turbulent water flow up-stream and
down-stream of an orifice plate were also presented.
Various transverse images with the velocity-weighting
gradient perpendicular and parallel to the axis of the
pipe were taken at a series of axial distances along the
pipe length. The velocity-weighted spin echo EPI se-
quence used allowed a 32 x 32 image (perpendicular to
the direction of flow) to be acquired in 20.46 ms, with an
echo time of 28 ms.

More recent work has again used standard EPI-based
techniques to investigate local shear in the fluid flow, as
determined by its influence on signal intensities in the
image. In particular, Gatenby and Gore [11] used the
theoretical formulation of the influence of shear on sig-
nal intensity reported by Kose [10], to characterise pipe
flow using temporal and spatial intensity autocorrelation
functions calculated from the experimental data.

In this paper we report, for the first time, the acqui-
sition of three-component velocity images of turbulent
flow in a pipe using an r.f. pulse sequence named the
gradient echo rapid velocity and acceleration imaging
sequence (GERVAIS). We also report how a modified

EPI-based technique is implemented to acquire acceler-
ation, or convective derivative, images and how spatially
resolved temporal autocorrelation images of turbulent
pipe flow are extracted from the data. Most importantly,
the acceleration and, in particular, the temporal auto-
correlation data demonstrate that the timescale of 60 ms
required to acquire the three-component 2-D velocity
image of turbulent flow up to the highest Reynolds
number of 5000 studied here, is fast enough to record an
‘instantaneous’ image of the flow field. The temporal
and spatial correlations observed in the flow field are
consistent with the results of hot wire anemometry data
[6], acquired under similar flow conditions.

Whilst our work is related to that of Kose a number
of important differences and improvements exist in
terms of both the implementation and design of the
magnetic resonance (MR) pulse sequence and the
physical nature of the flowing system. With respect to
the development of the pulse sequence itself, we have
incorporated subtle changes to Kose’s original one-shot
velocity EPI pulse sequence. First, an extra, orthogonal,
velocity weighting gradient pair has been added to the
EPI sequence that allows the acquisition of the full
three-component velocity vector; previous results have
only reported two components. Second, the acquisition
of a train of velocity images from which a temporal
correlation of the spatially resolved images is calculated,
has demonstrated the validity of considering the data
acquired using the GERVAIS pulse sequence as in-
stantaneous images of the turbulent flow field at the
Reynolds numbers investigated in this work. The max-
imum number of images acquired in this ‘train’ is de-
termined by either fluid washout within the imaging coil
or the timescale of relaxation of the spin system. Third,
no velocity unwinding gradient is employed in GERV-
AIS and hence the phase shift measured, and also the
resulting velocity image, will be influenced only by
gradients applied in a single direction, thereby making
the measurement of velocity in that direction more ac-
curate. Avoiding use of an unwind gradient also re-
moves errors in the velocity image due to changes in
velocity over the duration of the image acquisition; such
errors arise if the velocity is determined by the phase
shift resulting from a wind-unwind pair. We note that
the images of spatially resolved acceleration in the flow
field reported in the present work confirm that any such
‘errors’ in a given velocity image acquired over the data
acquisition timescales considered here will be small.
However, in application to different systems, GERVAIS
may offer significant advantages. Finally, fast gradient
switching times and a larger acquisition bandwidth give
a significant improvement in the acquisition time for a
single image; image acquisition times being ~10ms
compared to ~20ms in the previously published work.
These image acquisition times have also been achieved
for a larger data matrix of 64 x 32 compared with
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32 x 32 reported in the earlier studies. The matrix size in
the read direction is limited by a combination of the
gradient strength, the acquisition bandwidth and the
required signal-to-noise. In addition to the technical
advances of the EPI-based MR pulse sequence we also
show, for the first time, that the three velocity vectors
can be acquired over a wide range of Reynolds numbers
encompassing the transition from pure laminar flow into
the fully turbulent flow regime (1250 < Re < 5000).
Previous research in this area [8-10] was conducted at a
single Reynolds number of 2250 which is at the transi-
tion of laminar flow to turbulent flow and not fully into
the turbulent flow regime.

2. Experimental

MRI images of single-phase flow of a Newtonian
fluid (water) in a long tube, in both the laminar and
turbulent regime, were acquired using the GERVAIS
pulse sequence.

2.1. MRI experimental

The GERVAIS pulse sequence used is shown in
Fig. 1; pulse and delay timings are defined in this sche-
matic. All experiments were performed on a Bruker
DMX 200 vertical 149 mm bore spectrometer operating
at a 'H frequency of 199.7 MHz with a 64 mm diameter
birdcage ‘flow’ probe which allowed full access from
above and below the coil. Spatial resolution was
achieved with a Bruker water-cooled 3-axis shielded
gradient system capable of maximum field gradient
strengths of 14 Gem ™! in conjunction with BAFPA 40 A
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amplifiers. Typical gradient rise times used were 50 ps;
the actual value used was dependent on the gradient
direction. The imaging section of GERVALIS is based on
an MBEST-EPI [12] (or Blipped EPI) sequence with the
addition that after the initial excitation pulse, each im-
age is preceded by a velocity encoding gradient pair,
separated by a 180° refocusing pulse. The velocity en-
coding gradient pair imparts a phase shift that is pro-
portional to the velocity in the direction of the gradient.
Further MBEST image acquisitions are then followed
by a 180° refocusing r.f. pulse and the whole sequence is
then repeated with appropriate choice of direction/
magnitude of the velocity encoding pair. Hence, a series
of images is acquired that have an additional phase shift
due to motion in the direction of the applied velocity
encoding gradients. The 180° pulse that follows each
image acquisition helps to refocus some of the dephasing
due to the inhomogeneous By field. Each velocity image
is calculated from the phase shift between sequential
images (or just the phase angle in the case of the first
image after excitation) and therefore no phase rewind
velocity gradient is required after each image acquisi-
tion. In practice, due to inherent phase shifts associated
with the pulse sequence in the absence of flow, an ex-
periment at zero liquid flow is also performed to cal-
culate a “zero velocity” phase shift reference map which
is then subtracted from the velocity phase shift image.
The velocity is then quantified by calculation of the first
moment of the velocity gradient [13]. All images were
acquired with a field of view of 50 mm x 50 mm and 64
(read) x 32 (phase) points and a slice thickness of
1.7mm. Typical pulse sequence parameters, as defined
in Fig. 1, were as follows: Dwell time=2.5pus; 6 =
l.1ms; 4=345ms; 7, =20ms; g=3.09.7Gem™';
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Fig. 1. Schematic of the GERVAIS pulse sequence, identifying all pulse and delay timings. The pulse sequence shown is that for acquisition of
successive velocity images. The magnitude and orientation of the g-gradient are changed as determined by the velocity or acceleration vector that is to
be measured. Pulse sequence parameters were as follows: Dwell time =2.5pus; 6 = 1.1 ms; 4 = 3.45ms; 1, = 20ms; g = 3.0-9.7 Gem™!; duration of
selective excitation pulse = 500 ps; duration of refocusing pulse = 230 ps.
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duration of selective excitation pulse = 500 pus; duration
of non-selective refocusing pulse =230pus. The slice
gradient has been flow-compensated and the slice is se-
lected towards the ‘entrance’ of the coil to minimise
wash-out effects. The acquisition time for a single image,
i, 18 10.2ms with successive images being acquired in
time intervals, t,, of 20 ms. Where the orientation of the
velocity gradients is changed between image acquisi-
tions, the superficial, z, direction was acquired last.

With reference to Fig. 1, the magnitude and orien-
tation of the magnetic field gradients, g, are modified
depending on the precise experiment being performed.
When acquiring acceleration as opposed to velocity
images, larger magnetic field gradients are used so as to
obtain appreciable phase shifts in the acceleration im-
age. As a result of this modification, the velocity image
acquired after the first PGSE pair tends to suffer from
severe aliasing and is also characterised by a poor signal-
to-noise ratio where regions of high shear exist within a
pixel. This latter effect arises because the large variation
in velocity causes a large variation in phase shift, such
that the resulting vector magnitude is small. However,
these phase shifts are reversed by the second PGSE pair
and therefore the second (acceleration) image does not
suffer from such artefacts.

The experimental setup (i.e., flow in a cylindrical
pipe) used in this study can in some ways be considered
an ‘ideal’ system in that it is characterised by long re-
laxation times and has a simple geometry. Clearly, since
GERVAIS is an EPI-based technique, 7> relaxation
times and By field homogeneity must be favourable for
successful implementation. In recent studies we have
successfully used GERVAIS to acquire 3 component
velocity images for systems characterised by 75 relaxa-
tion times as small as 50 ms. By homogeneity is critical
to the quality of the results since a relatively small
constant background gradient produces significant
phase shifts at the highest velocities. Despite this, com-
plex or structured media can be studied if care is taken
to ensure sufficient By homogeneity (i.e., susceptibility
matching). Effects of 75 echo decay on image contrast
have been dealt with by earlier workers [14]; since
GERVALIS is a phase shift technique, such errors are
expected to be small.

2.2. Experimental setup

All experiments were carried out in a straight smooth
Perspex cylindrical tube of internal diameter 29 mm and
length 3.1 m running through the bore of the magnet.
Water (25°C: density=996kgm3; viscosity 8.74 x
10~*kgm~'s~!) was fed in to the tube from the top of
the magnet. The imaging section was approximately
1.8 m from the tube inlet, between which there were no
obstructions to the flow. The water was pumped using a
Draper centrifugal pump through a flow controller and

rotameter, and then through the magnet and back to the
reservoir. GdCl; was added to the de-ionised water to
reduce the longitudinal relaxation time to 500 ms such
that a shorter recycle time could be used and the water
in the imaging section of the magnet had spent sufficient
time in the By field to allow near full 7, relaxation.
Superficial velocities were stepped up from 3.8 to
15.1cms™! corresponding to Reynolds numbers up to
5000 (61min~!). Reynolds number, Re, is defined as
Re = pvavd7 (1)
u

where p is the fluid density, v,, is the average fluid ve-
locity in the direction of superficial flow, u is the fluid
dynamic viscosity, and d, is a characteristic length scale,
in this case the internal diameter of the pipe.

3. Results and discussion
3.1. Three-component velocity imaging

One hundred and twenty eight images were acquired
at each of 6 Reynolds numbers of 1250, 1700, 2500,
3300, 4200, and 5000, which corresponded to average
liquid velocities of 3.8, 5.0, 7.5, 10.1, 12.6, and
15.1cms~!, respectively. Fig. 2 shows samples of these
three Cartesian component velocity images for each of
the different liquid velocities. The velocity component in
the superficial direction (v,) is given by the colour scale
bar and the magnitude and direction of the transverse
(vx, vy) velocity components are indicated by the vector
arrows present on each of the images. The total image
acquisition time for each of these 3-component velocity
images is 60 ms with each velocity component itself be-
ing acquired in <20ms. In pipe flow, for a Newtonian
fluid, the transition from laminar flow to turbulent flow
is characterised by a Reynolds number of approximately
Re =2000 [15] though laminar regions may be observed
up to Re =4000. Figs. 2(A and B) show the flow profile
when the Re is below this critical value. The theoreti-
cally predicted z-velocity profile for laminar flow (Re-
< 2000) of a Newtonian fluid is:

},.2
Urvmax(l az>’ (2)

where v, is the z-velocity at radius r, v,y 1S the maxi-
mum (centreline) velocity and « is the pipe radius. A
radial z-velocity profile taken across Fig. 2(A) and the fit
to Eq. (2) are in good agreement as is shown in Fig. 3 for
the case of flow at Re =1250. The small asymmetry in
the experimentally determined flow profile is most likely
due to the finite entry-length of the pipe. In the laminar
flow regime there should be no component of velocity in
the x,y-directions as observed in Figs. 2(A and B). At
Re =2500 the flow is no longer fully laminar. There is a
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Fig. 2. Three orthogonal component velocity images acquired at increasing Re of (A) 1250, (B) 1700, (C) 2500, (D) 3300, (E) 4200, and (F) 5000. The
colour scale identifies the magnitude of the z-velocity, and ranges from zero to twice the average velocity for A-C and from zero to 1.5 times the
average velocity for D-F. The flow velocity in the plane of the image (i.e., x—y) is shown by the vectors on each image. The vector scale bar on each

image corresponds to 1cms~!.
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Fig. 3. Velocity profile at Re=1250, as a function of dimensionless
radial position. The theoretically predicted parabolic profile for lami-
nar flow of a Newtonian fluid is shown by the solid line.

slight loss of symmetry and the profile is not parabolic.
Instead there is a flattening of the profile at the centre of
the pipe. It is also evident that, in the absence of tur-
bulent ‘puffs’ [9,16], there are no significant x,y-veloci-
ties. For a small number of the velocity images recorded
at Re=2500, significant disturbances to the flow were
observed in both the direction of superficial flow and the
x,y-directions as turbulent puffs or eddies moved
through the imaging section. This is likely to be due to

the imperfection of the experimental set-up and the ex-
treme non-linearity of the system such that a slight
perturbation in the input parameters may cause a tur-
bulent puff or eddy to form [16]. As Re is increased
beyond the critical value, the flow becomes turbulent.
These flow patterns can be qualitatively characterised by
the following features:

o loss of radial symmetry and parabolic shape of the

velocity profile

chaotic flow evidenced by turbulent eddies

high shear at the walls
e low z-velocity ‘fingers’ extending from the boundary

layer at the pipe edge into the bulk fluid as indicated

by the highlighted regions in Figs. 2(D-F).

Low z-velocity fingers are spatially correlated with
both local high z-vorticity and transport away from the
boundary layer, as evidenced by the x,y-velocities. With
increasing Re all these characteristics remain, though
more subtle differences are observed including higher
magnitude velocity components in the x,y-velocity plane
and a narrowing of the boundary layer.

Fig. 4 shows the azimuthally averaged radial profile
of the flow velocity in the z-direction averaged over the
128 sets of images for each of the Reynolds numbers
studied. Each profile has been normalised to the average
velocity for each value of Re to obtain a dimensionless
velocity, v/v,y, for easy comparison. As discussed ear-
lier, the theoretically predicted half parabola is observed
at low Re (<2000). As Re increases, the velocity profile
in the centre of the pipe flattens off and with further
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Fig. 4. Radial velocity profile of the z-velocity for Re in the range
1250-5000.

increases in Re the extent of plug flow increases, as
identified by the constant velocity region in the norma-
lised velocity profile. The measured velocity at the wall,
non-zero due to the high shear rates and partial volume
effects, also increases suggesting an increased shear rate
at the pipe wall with increasing Re.

The following two sections report images of acceler-
ation and velocity autocorrelation obtained using im-
plementations of the GERVALIS pulse sequence. Whilst
the ability to obtain these experimental data is of interest
in its own right, both results also confirm that acquisition
of the 2-D three-component velocity images has been
achieved over a sufficiently fast timescale that the images
shown in Fig. 2 can be considered an ‘instantaneous’
snapshot of the velocity field during turbulent flows up to
the highest Reynolds number studied here.

3.2. Acceleration imaging

Acceleration, or convective derivative, images in the
x- and z-direction are shown in Fig. 5 for Re=15000. In

A

-40 cm s~ I

both cases, the mixing time, 75, was 20 ms correspond-
ing to the time between images such that the accelera-
tion image is calculated from a change in velocity over
Tm using a methodology based on a double PGSE ve-
locity gradient sequence [17]. These images correspond
to a convective derivative because the data are essen-
tially Lagrangian, i.e., moving in a frame of reference
that follows the excited magnetisation with displacement
in the image plane less than the pixel resolution, and will
therefore represent the acceleration along the stream-
lines. In addition to demonstrating the ability to acquire
images of acceleration directly, these data also confirm
that changes in velocity over the timescale of acquiring
the three-component velocity images, i.e., 40 ms between
first and last velocity encoding pairs, are small compared
to the overall velocities. In particular, for similar values
of 0, 4, g to those used in the velocity imaging pulse
sequence and for 7, = 20 ms the maximum phase shifts
are less than 10% of those in the velocity image corre-
sponding to a maximum change in velocity of less than
10% of the maximum velocity during the acquisition
time for a single velocity image.

3.3. Flow stability and the velocity autocorrelation
function

The number of velocity images that can be acquired
from a single excitation is generally limited by either the
T, relaxation time or, in the case of this experimental
setup, the fluid residence time in the coil. A series of 16
z-velocity images were acquired from a single excitation
with a time increment of 20ms between them. Fluid
washout from the r.f. coil affected images acquired later
in the image train, but even at the highest flow rate, the
first 6 images were unaffected by this. If a series of
velocity data are acquired over time the normalised
velocity autocorrelation function (VACF), R,(t), can be
calculated as:

(v(0)o(t+ 7))

RO ="

3)

40 cm s

Fig. 5. Acceleration images in the (A) x-direction and (B) z-direction. Data are shown for liquid flow at Re = 5000, corresponding to an average

superficial velocity of 15.1cms™!.
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Fig. 6. Six consecutive z-velocity images acquired at 20 ms time intervals are shown (A-F) for flow at Re = 5000. The average VACF maps calculated
from pairs of images separated by time intervals of (G) 1 = 40 ms and (H) t = 80 ms are also shown.

averaged over all ¢, where v(¢) is the local velocity at time,
t [13,18]. When a series of velocity images are acquired,
the spatially resolved temporal VACF is calculated by
applying Eq. (3) on a pixel-by-pixel basis to produce a
VACF map, two time delays, 7, of which are shown in
Figs. 6(G and H). These data have been calculated from
images obtained from 32 excitations (i.e., 192 images in
total) so as to average over many different vortices and
hence to produce a time-independent VACEF. Again this
will be essentially a Lagrangian VACF since the pulse
sequence only refocuses signal that was initially excited
by the n/2 pulse and in-plane displacements during data
acquisition are less than the image resolution. In par-
ticular, Figs. 6(G and H) show the normalised average
VACEF at time intervals of 40 and 80ms. These VACF
maps are of uniform intensity corresponding to a nu-
merical value of ~1 with the standard deviation of values
of the normalised VACF values within a map being less
than 0.02. This analysis is consistent with there being
only very small changes in the measured velocities over
the timescales of 40 and 80 ms. Fig. 6 also shows 6 con-
secutive z-velocity images for Re = 5000. The images are
acquired over 120 ms in total and show very little change
between them with the low-velocity fingers extending
from the wall remaining in the same position in each
image. These images confirm the conclusion drawn from
the VACF analysis and clearly illustrate that the time-
scale over which this series of images has been acquired
does not exceed the eddy correlation time. These images
also support the results obtained from the acceleration
imaging experiments which showed that only small ve-
locity changes are observed compared to the absolute
velocity over these timescales. These result are important
when assessing the extent to which the three-component
velocity data shown in Fig. 2 can be considered an ‘in-
stantaneous’ velocity measurement. The results shown in
Fig. 6 clearly demonstrate that the timescale of changes
in the velocity field occur over significantly longer time-
scales than 40ms which is the time delay between ap-
plying the first and last set of velocity encoding gradients.

Therefore, the images can be said to be ‘instantaneous’ or
snapshot images of the turbulent flow field.

4. Conclusions

Three orthogonal component velocity imaging from a
single excitation has been demonstrated for flow in a
cylindrical pipe. Reynolds numbers in the range 1250-
5000 have been studied and quantitative velocity profiles
in laminar flow are shown to agree well with the theo-
retically predicted parabolic profile. In the turbulent
regime, low z-velocity fingers extending from the walls
toward the centre of the pipe were observed in addition
to multiple turbulent puffs within a single image. These
fingers were also often associated with in-plane motion
away from the pipe wall into the bulk region. Acceler-
ation, or convective derivative, imaging has been dem-
onstrated by the use of a double PGSE sequence
incorporated into the basic GERVAIS sequence, which
confirmed that velocity variations are small over the
timescale of the three-component imaging sequence.

The technique has also been used to acquire up to 16
velocity images at time intervals of 20ms. The small
changes seen over 40 and 80 ms in the spatially resolved
velocity autocorrelation function calculated from these
data confirm that the maximum duration between ve-
locity encoding gradients of 40 ms used to acquire the
full 2-D three-component flow image was sufficiently
fast to capture an ‘instantaneous’ picture of the flow field
up to the highest Reynolds number investigated here.
The maximum timescale over which the spatially re-
solved velocity autocorrelation function can be calcu-
lated is limited by the residence time of the moving fluid
within the imaging coil.
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