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Rayleigh–Bénard convection currents are visualized in a verti-
cal cylindrical tube by means of magnetic resonance imaging.
Axially antisymmetric flow, multiple vertical rolls, and twisted
node planes are observed. The flow can also be induced by strong
RF irradiation. Its effects on the coherence pathways in NMR
experiments employing field gradients are discussed. © 2000

cademic Press

Key Words: Rayleigh–Bénard convection; free convection; flow;
magnetic resonance imaging; coherence pathway selection.

1. INTRODUCTION

A fluid layer exposed to a temperature gradient ove
height is known to produce flow driven by buoyancy forc
Convection occurs when the heat transported by thermal
duction is not sufficient to maintain mechanical equilibriu
Characteristic roll patterns are predicted from theory and
experimentally (1).

A particularly interesting case—from the point of view
applications—is free convection in a vertical cylinder, wh
has been investigated in great detail both theoretically
experimentally (2–5).

Magnetic resonance imaging (MRI) can be easily applie
obtain three-dimensional images and images along arb
planes, unlike many optical techniques (6). Furthermore, th
susceptibility to disturbances caused by dust particles is
tically nonexistent. MRI is used extensively for flow stud
(see for example Refs.25, 26). Recently, MRI was used
visualize thermal convection in porous media (7) and in a fla
horizontal layer (8).

In this publication free convective flow is visualized a
analyzed in a vertical cylinder of moderate aspect ratio (h 5 9
and 3.3) by MRI. The results agree well with the theory
Ostroumov (2) for infinite cylinders. Variable temperature e
periments were conducted with different solvents. Multiple
patterns and a twist in the nodal plane were also observe

1 Correspondence should be addressed at the University of Califor
erkeley.
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predicted by theory (9–11). The velocities measured agree w
with the ones obtained by Loening and Keeler (12), who used
a nonlocalized multiple PGSE NMR experiment in a sim
setup.

Convective flow has been shown to produce a numb
artifacts in standard nuclear magnetic resonance (NMR) e
iments (13–15), sometimes leading to complete signal dis

earance. In these cases it is necessary to take into acco
articular properties of the flow. It is also shown that sim
ow patterns can be produced by intense RF irradiation,
he case in heteronuclear decoupling. The artifacts produc
he convection currents are of an attenuating nature and d
n the coherence pathways. The effects could therefore be

or coherence pathway selection. The underlying princ
ill be discussed.

2. THEORY

We consider here the free convection induced by a li
temperature gradient in a vertical cylinder of radiusR and
heighth. In what follows, the theory of Ostroumov (2) will be
reviewed. The points of departure are the following equat

v̇ 1 ~v¹!v 5 2
¹p

r
1 gbT 1 nDv, [1]

Ṫ 1 v z ¹T 5 xDT, [2]

ṙ 1 ¹~rv! 5 0, [3]

which are the Navier–Stokes, the heat conduction/conve
and the continuity equations. Here,v is the velocity,p the
pressure,r the density,g the gravitational acceleration,b the
expansion coefficient,T the temperature measured from
onvenient reference point,n the kinematic viscosity, andx the

thermal diffusivity. Looking for the steady solution, using
Boussinesq approximation (1) ¹r 5 0 and assuming the flu
to move along parallel streamlines alongz (the vertical direc
tion) gives v/ z 5 0 with v 5 v z. Assuming further tha
at
1090-7807/00 $35.00
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T/ x 5 T/ y 5 0 and ¹p 5 0 (no external pressu
gradient), the following equations are obtained:

2gbT 1 nDv 5 0, [4]

Gv 2 xDT 5 0. [5]

whereG 5 T/ z.
Applying D to Eq. [4] and inserting [5] gives

~DD 2 k4!v 5 0 [6]

with k4 5 gbG/nx. The general solution of [6] satisfying t
boundary conditions

v ~r 5 R! 5 0 ~at wall! [7]

v ~r 5 0! 5 finite [8]

s

v 5 O
n50

`

vnS I n~kr!

I n~kR!
2

Jn~kr!

Jn~kR!Dcosnf, [9]

whereJn and I n are the Bessel and modified Bessel funct
of the first kind. Using thermal boundary conditions the low
critical Rayleigh numbers Ra5 (kR) 4 5 gbGR4/(nx) are
found for n 5 1. They are 67.4 for insulating and 215.8

erfectly conducting surrounding media (strictly speaking
s only true for a cylinder drilled in some material, but
tructure of the equations is the same for a cylinder with a
f a different material than the surrounding medium; s
orrections apply in this case (2)).
Figure 1 shows the velocity distribution predicted from

9] for the lowest azimuthal mode (n 5 1).
It is evident that the above treatment will not be realistic
bounded cylinder, where flow in thex or y directions mus

ccur. For such a case multiple vertical rolls are predicted
ritical Ra numbers form vertical rolls are (9)

FIG. 1. Theoretical velocity profile corresponding to the lowest antis
metric moden 5 1 for Ra5 100 according to Eq. [9]. For water at 325 K

cylinder of radius 2.1 mm this corresponds to a temperature gradient of
K/cm. (a) Circular cross section. The node line divides the regions of po
nd negative velocity. (b) Velocity distribution.
s
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Racr 5
1

~knR! 2 F ~knR! 2 1 Smp

h DG 3

, [10]

wherekn corresponds to an eigenmode with azimuthal m
numbern, and h 5 h/(2R) is the aspect ratio. Azimuth
modes withn other than 1 are unlikely to occur for the asp
ratios considered here (h . 1) (16, 17), so the velocity profil
is expected to be of the form shown in Fig. 1. As the as
ratio becomes larger the critical Ra numbers for the diffe
vertical modes move closer together and multiple rolls ap
(9). A twist in the nodal plane is predicted (10, 11), occurring
probably as a transient between modes. This was indeed
in the experiment.

3. EXPERIMENTAL

For the visualization of the convective flows a velo
encoded MRI pulse sequence was used (Fig. 2) (18, 19). Be-
fore pulse four in the sequence the moving spins will h
acquired a phase factor

exp~2if! 5 exp~2igGvvdD!, [11]

where g is the gyromagnetic ratio,Gv the strength of th

FIG. 2. Velocity encoded MRI pulse sequence. Pulses 1–4 are har
pulses (duration 10ms); pulse 5 is a sinc-shaped soft pulse over 2.5 pe
with 2-ms duration exciting a slice of approximately 1.4-mm thickness.
velocity encoding gradients were of 0.195 T/m strength and 1-ms dur
D 5 50 ms. The phase encoding gradient was ramped in 32 increment
20.05 to 0.05 T/m and switched on for 1 ms. The spoiler gradient was
shaped with a peak strength of 0.15 T/m and 3-ms duration. The read g
was turned on for 1 ms before pulse 5 and during the acquisition w
strength of 0.1 T/m. A total of 256 points were acquired in the direct dime
in intervals of 13ms. A delay of 200ms was included whenever a RF pu
directly followed a gradient. The phase cycle was:f 1 5 x, x, 2x, 2x; f 2 5
f 5 5 y; f 3 5 y, y, y, y, 2y, 2y, 2y, 2y; f 4 5 2x, f(receiver)5 x,
2x, 2x, x, 2x, x, x, 2x, and the polarity of the velocity encoding gradie
was flipped in consecutive scans as explained in the text and indicated by6
sign. For the calibration experiment pulse 4 was removed and the re
phase wasf(receiver)5 x, x, 2x, 2x, 2x, 2x, x, x.
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127CONVECTION IN NMR
velocity encoding field gradient in T/m,d the duration of th
gradient pulse, andD the time from the start of the first gradie
o the start of the second. Pulse five will rotate the cof
component of the magnetization intoz thus giving zero inten
sity for static spins. The velocity dependence of the si
intensity is given by the sinf component. An appropria
phase cycle and a spoiler gradient were designed usin
CCCP program (20) to remove artifacts. In addition to that t
velocity encoding gradients were switched in sign in con
utive experiments along with the receiver phase for a cle
selection of the sinf component of the magnetization (18, 19).
The velocity is calibrated by an experiment where the rec
phase does not follow the gradient cycle, thus obtaining th
f component of the magnetization (in addition pulse four
to be removed). After zero filling the raw data and Fou
transform, the images were represented in absolute va
order to rule out phase errors. This in no way decrease
ability to distinguish areas of positive and negative flow, s
there were always clear node lines present. The numb
scans was 8, the number of increments 32, and the num
points in the direct dimension was 256. The experiment
10 min (a repetition delay of 2 s was used).

A standard 5 mm NMR tube was used for the experime
with the active RF coil region positioned in the region
10–26 mm from the bottom of the tube. The experiments

FIG. 3. (a) Velocity encoded images of slices through the circular cro
of pure dimethyl sulfoxide (DMSO). The slice selection and velocity enc
read gradient was alongx. (b) Temperature dependence of the maximum
reduced fill height,h 5 14 mm (h 5 3.3).
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performed on a Bruker DRX600 (600 MHz) (Figs. 3, 4, an
and DRX300 (300 MHz) NMR spectrometers (Fig. 5), us
multinuclear inverse TBI and TXI probes, respectively, an
Eurotherm VT2000 temperature regulation. An airflow of
L/h was used throughout. The height of the liquid was 3.7
unless stated otherwise. The setup used in this work is k
to produce a near-linear temperature gradient and precise
perature data are available for the range of experimenta
rameters used.

4. FLOW PROFILES

Figure 3 shows the results of the experiments perform
different temperatures for samples of dimethyl sulfox
(DMSO), water, and water with a reduced fill height (to fit
active region of the RF coil). The maximum velocities
calculated using a calibration experiment as described a
The reduction in the sample volume has the effect of dec
ing the maximum velocity by about a factor of 3. This is
qualitative agreement with the increase of the critical Ra n
ber as given by Eq. [10]. DMSO shows a slightly hig
velocity than water. Loening and Keeler (12) have used
thulium(III) complex for the accurate localized measurem
of the temperature using the same setup. They determine
temperature gradient as approximately 1 K/cm for the hig

ection of the cylinder (inner diameter 4.2 mm) at different temperatures fle
g gradients were performed alongz and the phase encoding gradient alongy. The

ocity observed using a calibration experiment for DMSO, water, and wa
ss-s
odin
vel
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128 ALEXEJ JERSCHOW
temperature setting (325 K) and accordingly smaller grad
for lower temperatures. The velocities measured in a nonl
ized PGSENMR experiment agree well with the ones repo
here.

Figure 4 shows experiments on DMSO at 311 K. The s
were taken at differentz positions along the cylinder. The no
plane is seen to rotate as predicted by Normand (10, 11). The
pitch of the helix is about 3.5°/mm. The maximum veloci
are fairly constant over the slices (within experimental un
tainty): 0.63, 0.63, 0.56, 0.54, 0.50, 0.51, and 0.58 mm/s (
top to bottom). Figure 4h shows the image along thex 2 z
plane with z velocity encoding andy slice selection. Th
ncrease in intensity from the bottom to the top on the ri
and side is due to the twist of the nodal plane (the same i

or the left-hand side in the inverse direction). The appa
dditional nodes at the very top and bottom are prob
aused by the nonideal behavior of the pulse sequence
dges of the active region (B1 inhomogeneity and gradie

nonlinearity (21)).
Figure 5 shows the occurrence of multiple rolls in a sam

f DMSO on a different instrument (300-MHz spectromet
here the geometry of the probe is slightly different. The n
lane of the upper roll is also rotated slightly with respect to

ower one. It is possible that in this case nonlinear temper
radients (22) play a role, all other conditions being the sa
s in the previous experiments. Efforts are underway to in

igate the temperature distribution more closely by means
uitably accurate NMR temperature shift reagent.
No significant time variations of the velocities or the p

ions of the nodal planes were observed in any of the ex

FIG. 4. (a–g) Observation of a twisted nodal plane with a sampl
DMSO at 311 K. The slices are acquired at different positions alon
cylinder. (h) Experiment with the velocity and phase encoding gradients
z (maximum strength 0.195 and 0.039 T/m, respectively). Thez positions o
the slices a–g are indicated. The slice selection is alongy (0.075 T/m), and th
read gradient alongx (the solid line in (g) indicates the position of the slic
ts
al-
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ents, probably due to signal averaging over the course o
xperiment.
In another experiment the buoyancy forces were gene

y heat from prolonged RF irradiation, as is common in N
Fig. 6). The flow pattern always formed with the nodal pl
long the same direction, indicating that the geometry o
F coil plays a major role. The same flow pattern formed,

he maximum velocity was 0.18 mm/s, thus being compa
o the flow velocities produced by the “natural” tempera
radients in Fig. 3.

5. IMPLICATIONS FOR COHERENCE PATHWAY
SELECTION

Convective flow has been shown to produce severe art
in NMR experiments employing pulsed field gradients (13–
15). In this section we state how the flow affects differ
coherence pathways and how it can in principle be use
coherence pathway selection. This was already alluded
two previous publications (14, 20) but was stated without r
ferring to the actual flow pattern.

f
e

ng

FIG. 5. Experiments on DMSO on a Bruker DRX300 (300 MHz) NM
spectrometer. Multiple rolls are observed here. (a, b) Circular cross sect
the top and at the bottom of the active volume; (c) image obtained withz phase
and velocity encoding,x slice selection. Other parameters were the same
Fig. 4h. The solid lines indicate the positions of the slices.

FIG. 6. A slice along the circular cross section for an experiment
DMSO where 31-kHz multiple pulse GARP decoupling (24) was turned on fo
200 ms before every scan on the carbon-13 channel, thus heating the
and causing convection currents.



di
on
ren
r th
risi

as

w
t e
s esc
t

ec
ce
-

. F
t
ly
th
bl

s

ive
ay
e
ow
mo
ou
us
d b

ver,
can

hieve
ts. A
ated

iven
on)
.

using

the
med
ions
like
se the
low

ich
s zero,
* way

th the
due to
er the

actor
rigin

129CONVECTION IN NMR
Thermal convection in combination with pulsed field gra
ents leads to the appearance of phase factors depending
gradient strength, the velocity, and the traversed cohe
pathways. The dispersion of the convection velocities ove
sample leads to an effective attenuation of the signals a
from different pathways.

A signal following a particular pathway acquires the ph

f~r ! 5 E
0

t

gG* ~t9! z r ~t9!dt9, [12]

hereG*( t) 5 p(t)G(t) is the effective gradient (18, 20), p
he coherence order, andr the location of the spin in th
ample. Heteronuclear cases are encompassed in this d
ion by using the composite coherence order (23) pc 5 ¥ ig ipi /

g 1, where the sum runs over all occurring nuclei.
Using the expansionr 5 r 0 1 vt 1 1

2at 2 1 . . . we can write

f~r ! 5 r 0 E
0

t

gG* ~t9!dt9

zeroth moment

1 v E
0

t

gG* ~t9!t9dt9

first moment

1 1
2a

E
0

t

gG* ~t9!t9 2dt9

second moment

1 · · · [13]

The zeroth moment corresponds to matching the gradient
condition (for static spins). All higher moments introdu
additional constant phase shifts ifv, a, and the higher deriva
tives are kept the same for the duration of the experiment
simplicity we shall be concerned only withv being constan
and nonzero (i.e., no flow acceleration). In this case on
phase factor proportional to the velocity is introduced. Wi
velocity distributionf(v) present in the sample, the ensem
average results in a signal attenuation

F 5 E f~v!exp~2if~v!!dv, [14]

where the integral is taken over the ranges of the velocitiev x,
v y, v z, andf(v) 5 v * 0

t gG*( t9)t9dt9.
Figure 7a illustrates how the phase is calculated for a g

coherence pathway. The zeroth moment for this pathw
zero (i.e., the echo condition is fulfilled), but the phase du
flow is nonzero resulting in signal attenuation. Figure 7b sh
another pathway, for which both the zeroth and the first
ments are zero, resulting in no signal attenuation. This w
be an example of a coherence pathway selection setup
free convective flow. The two pathways are both refocuse
-
the
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e
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s
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the gradients in the static case. Convective flow, howe
leads to the attenuation of one of them. In practice one
adjust the timings and the gradient strengths in order to ac
a simultaneous nulling of the zeroth and the first momen
similar trick has been applied for the convection compens
GOESY and GROESY experiments (14).

The actual signal attenuation is now calculated for a g
phasef(v0) and a flow profile of the first (and most comm
mode in the convection flow pattern (i.e.,n 5 1) using Eqs
[9], [11], and [14]:

F 5
1

pR2 E
0

R E
0

2p

3 expF if~v0!S I 1~kr!

I 1~kR!
2

J1~kr!

J1~kR!DcosuG rdrdu.

[15]

This can be reduced to a one-dimensional integral, and
the dimensionless quantitiesk 0 5 kR andk 5 kr one gets

F 5
2

k 0
2 E

0

k0

J0Ff~v0!S I 1~k!

I 1~k0!
2

J1~k!

J1~k0!
DGkdk. [16]

Apparently this form may not be reduced any further and
calculation of the attenuation factors has to be perfor
numerically. Figure 8 shows the signal attenuation funct
for different flow regimes. It is interesting to note that un
the attenuation factors due to the gradients in the static ca
signal here does not drop below zero, except for very

FIG. 7. Calculation off(v0) for two different coherence pathways wh
atisfy the echo condition (i.e., the integral over the effective gradient is
G(t) p(t)dt 5 0) and a given sequence of field gradients. (a) A path

acquiring a nonzero phase due to motion. (b) A pathway, refocusing bo
zeroth and the first moments of the gradient leading to no signal loss
convective flow. The phase factor is proportional to the shaded area und
curves at the bottom. The overall signal attenuation is found from this f
by integrating over the velocity profile according to Eq. [16]. The time o
is set at the center of the first gradient pulse.
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Rayleigh numbers. A behavior of this type is also witnes
experimentally in Fig. 1 of Ref. (14). A gradient strength o
ust 0.094 T/m in a gradient echo with a gradient duration

s, a spacing of 100 ms, and a maximum flow velocity of
m/s will produce a phase of 1 rad. At this point most fl
rofiles will produce a substantial signal attenuation. For R5
00, the signal will be attenuated to 7% of its original size.
igher order coherences the gradient strength necess
chieve a certain attenuation factor is accordingly lower,

lar to the case of coherence pathway selection via pulsed
radients in the static case.
To summarize, coherence pathway selection via the co

ion currents can be achieved by choosing the gradient tim
nd strengths, such that the first moment of the effe
radient for the desired pathways is zero (in addition to
eroth moment), and a large value for the unwanted pathw
nder conventional NMR conditions the free convection

ents are reasonably well controllable and allow for a re
ucible coherence pathway selection process.

6. CONCLUSIONS

Free convection flow patterns in a vertical cylinder w
visualized by means of MRI. They agree well with Ostr
mov’s theory (2) for infinite vertical cylinders. The appearan
of multiple rolls and a twist of the nodal plane were confirm
experimentally (10, 11). Combined with a proper NMR the
mometer (12, 22) MRI is an ideal method for verifying the
retical predictions of flow behavior. The knowledge of
actual flow pattern is very important for NMR employ
pulsed field gradients. Serious artifacts can arise and mu
taken care of in NMR experiments (13–15). These are bett
understood with a detailed view on the flow pattern. W
generic temperature gradients may be avoidable, stron
irradiation and the use of strong pulsed field gradients ar

FIG. 8. Calculation of the overall signal attenuation as a function off(v0)
according to Eq. [16]. The Rayleigh numbers 80, 100, 120, 140, 160, 18
200 correspond to temperature gradients of about 0.8, 1.0, 1.2, 1.4, 1
and 2 K/cm for water at 325 K.
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and will also cause convective flow. Deliberate RF irradia
on the other hand, can be used for the creation of “custom
temperature gradients. The convection currents can be
good use in NMR for coherence pathway selection of w
the principles have been laid out in this article.
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