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Rayleigh-Bénard convection currents are visualized in a verti-  predicted by theoryd—11). The velocities measured agree well
cal cylindrical tube by means of magnetic resonance imaging. with the ones obtained by Loening and Keel&2)( who used
Axially antisymmetric flow, multiple vertical rolls, and twisted 5 ponlocalized multiple PGSE NMR experiment in a simila
node_ plar_les_ are observed. The flow can also be induced b_y strong setup.

RF irradiation. Its effects on the coherence pathways in NMR 0 e ctive flow has been shown to produce a number
experiments employing field gradients are discussed. © 2000 . . .
Aeadomic Proc grtlfacts in standard m_JcIear magnetlc resonance (_NMR) expe

Key Words: Rayleigh-Bénard convection; free convection; flow; iments (3-19, sometlmes_ I_eadlng to complete _S|gnal disap
magnetic resonance imaging: coherence pathway selection. pearance. In these cases it is necessary to take into account
particular properties of the flow. It is also shown that simila
flow patterns can be produced by intense RF irradiation, as

1. INTRODUCTION the case in heteronuclear decoupling. The artifacts produced
the convection currents are of an attenuating nature and depe

A fluid layer exposed to a temperature gradient over it the coherence pathways. The effects could therefore be u:
height is known to produce flow driven by buoyancy forcesor coherence pathway selection. The underlying principle
Convection occurs when the heat transported by thermal cavill be discussed.
duction is not sufficient to maintain mechanical equilibrium.

Characteristic roll patterns are predicted from theory and seen 2. THEORY
experimentally 1).

A particularly interesting case—from the point of view of We consider here the free convection induced by a line:
applications—is free convection in a vertical cylinder, whictemperature gradient in a vertical cylinder of radigsand
has been investigated in great detail both theoretically ahdighth. In what follows, the theory of Ostroumog)(will be

experimentally 2-5). reviewed. The points of departure are the following equation:
Magnetic resonance imaging (MRI) can be easily applied to

obtain three-dimensional images and images along arbitrary ] Vp

planes, unlike many optical techniques).(Furthermore, the VA (VW) =~ s 98T + vAv, (1]

susceptibility to disturbances caused by dust particles is prac- )

tically nonexistent. MRI is used extensively for flow studies T+ v-VT = XAT, (2]

(see for example Ref®5, 2§. Recently, MRI was used to b+ V(pv) =0, 3]

visualize thermal convection in porous medra &nd in a flat
horizontal layer §).
In this publication free convective flow is visualized an
analyzed in a vertical cylinder of moderate aspect raiie=(9 ; o ;
. ressurep the densityg the gravitational acceleratiog, the
and 3.3) by MRI. The results agree well with the theory P yg g .

Ost for infinit lind Variable t ; xpansion coefficientT the temperature measured from a
stroumov g) for infinite cylinders. Variable temperature ex'ﬁ?nvenient reference pointthe kinematic viscosity, angthe

periments were co_nd_ucted with different solvents. Multiple rofl,¢ diffusivity. Looking for the steady solution, using the
patterns and a twist in the nodal plane were also Observed'B%%ssinesq approximation)(Vp = 0 and assuming the fluid

! Correspondence should be addressed at the University of Californiat_ﬁtmov_e along parallel St_ream"nes aloz‘@the_ vertical direc-
Berkeley. tion) givesav/az = 0 with v = v,. Assuming further that
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(i\llhich are the Navier—Stokes, the heat conduction/convectio
nd the continuity equations. Here,is the velocity,p the
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b f(v) Ra — 1 CR)? mar\ 3 .
Qr—w(n)+7 : [10]
wherek, corresponds to an eigenmode with azimuthal mod
numbern, andn = h/(2R) is the aspect ratio. Azimuthal
-V A

max max modes withn other than 1 are unlikely to occur for the aspec
FIG. 1. Theoretical velocity profile corresponding to the lowest antisym{@tios considered here)(> 1) (16, 17, so th.e velocity profile
metric moden = 1 for Ra= 100 according to Eq. [9]. For water at 325 K iniS expected to be of the form shown in Fig. 1. As the aspe
a cylinder of radius 2.1 mm this corresponds to a temperature gradient of abgitio becomes |arger the critical Ra numbers for the differer
1 K/cm. (a) Circular cross section. The node line divides the regions of pOSitiV/%rtical modes move closer together and muItipIe rolls appe
and negative velocity. (b) Velocity distribution. (9). A twist in the nodal plane is predicted@, 11, occurring
probably as a transient between modes. This was indeed fou

in the experiment.
aT/lox = aT/loy = 0 andVp = 0 (no external pressure

gradient), the following equations are obtained: 3. EXPERIMENTAL

—gBT + vAv = 0, [4] For the visualization of the convective flows a velocity
encoded MRI pulse sequence was used (Figl8) 19. Be-

I'v—xAT=0. [] fore pulse four in the sequence the moving spins will hav
acquired a phase factor
wherel” = 9T/oz
Applying A to Eq. [4] and inserting [5] gives exp(—id) = exp(—iyGVoA), [11]
(AA —k*Hv =10 [6] where y is the gyromagnetic ratioG, the strength of the

with k* = gBI'/vy. The general solution of [6] satisfying the

boundary conditions 1
RF |
v(ir=R)=0 (atwall [7]
v (r = 0) = finite [8] < A
veloc. ?li
is ,
(k) 3y(kr) phase
o= 3wl R )o@ |
n=0 slice
spoil
whereJ, andl, are the Bessel and modified Bessel functions  ,eaq l_l l l

of the first kind. Using thermal boundary conditions the lowest _
FIG. 2. Velocity encoded MRI pulse sequence. Pulses 1-4 are hard 9

iy . 4 4

critical Raylelgh numbers Ras (kR), - gﬁFR /(VX) are pulses (duration 1Qus); pulse 5 is a sinc-shaped soft pulse over 2.5 period
found forn = 1. They are 67.4 for insulating and 215.8 foyith 2-ms duration exciting a slice of approximately 1.4-mm thickness. Th
perfectly conducting surrounding media (strictly speaking thiglocity encoding gradients were of 0.195 T/m strength and 1-ms duratio

is only true for a cylinder drilled in some material, but th& = 50 ms. The phase encoding gradient was ramped in 32 increments frc

structure of the equations is the same for a cylinder with a walP'05 10 0.05 T/m and switched on for 1 ms. The spoiler gradient was sir
shaped with a peak strength of 0.15 T/m and 3-ms duration. The read gradi

of a different material than the surroundmg medium; SOmv?as turned on for 1 ms before pulse 5 and during the acquisition with

corr.ections apply in this CaS_Q)Q-_ o . strength of 0.1 T/m. A total of 256 points were acquired in the direct dimensio
Figure 1 shows the velocity distribution predicted from Eqn intervals of 13us. A delay of 200us was included whenever a RF pulse
[9] for the lowest azimuthal moden(= 1). directly followed a gradient. The phase cycle was:= X, X, =X, —X; ¢, =

Itis evident that the above treatment will not be realistic fdbs = ¥ ¢2 = ¥ ¥: ¥: ¥» =¥, =Y, =y, =y; ba = =X, d(receiven) = x,
. . . . —X, =X, X, =X, X, X, —X, and the polarity of the velocity encoding gradients
a bounded Cy“nder’ where _ﬂOW In t,heor y dlrecuons_ must was flipped in consecutive scans as explained in the text and indicated hy the
occur. For such a case multiple vertical rolls are predicted. TEgn. For the calibration experiment pulse 4 was removed and the receis
critical Ra numbers fom vertical rolls are 9) phase wasp(receiver)= X, X, =X, =X, =X, —X, X, X.
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FIG. 3. (a) Velocity encoded images of slices through the circular cross-section of the cylinder (inner diameter 4.2 mm) at different temperaturesefor a
of pure dimethyl sulfoxide (DMSO). The slice selection and velocity encoding gradients were performed atahthe phase encoding gradient algndhe
read gradient was along (b) Temperature dependence of the maximum velocity observed using a calibration experiment for DMSO, water, and water
reduced fill heighth = 14 mm @ = 3.3).

velocity encoding field gradient in T/nd, the duration of the performed on a Bruker DRX600 (600 MHz) (Figs. 3, 4, and 6
gradient pulse, and the time from the start of the first gradientand DRX300 (300 MHz) NMR spectrometers (Fig. 5), using
to the start of the second. Pulse five will rotate the dos multinuclear inverse TBI and TXI probes, respectively, and a
component of the magnetization iredhus giving zero inten- Eurotherm VT2000 temperature regulation. An airflow of 10(
sity for static spins. The velocity dependence of the signalh was used throughout. The height of the liquid was 3.7 cr
intensity is given by the sinp component. An appropriate unless stated otherwise. The setup used in this work is knov
phase cycle and a spoiler gradient were designed using tbgroduce a near-linear temperature gradient and precise te
CCCP programZ20) to remove artifacts. In addition to that theperature data are available for the range of experimental p
velocity encoding gradients were switched in sign in conseameters used.
utive experiments along with the receiver phase for a cleaner
selection of the si component of the magnetizatiohg, 19. 4. FLOW PROFILES
The velocity is calibrated by an experiment where the receiver
phase does not follow the gradient cycle, thus obtaining the cogmigure 3 shows the results of the experiments performed
¢ component of the magnetization (in addition pulse four hakfferent temperatures for samples of dimethyl sulfoxide
to be removed). After zero filling the raw data and FourigDMSO), water, and water with a reduced fill height (to fit the
transform, the images were represented in absolute valueastive region of the RF coil). The maximum velocities are
order to rule out phase errors. This in no way decreased ttaculated using a calibration experiment as described abo
ability to distinguish areas of positive and negative flow, sincehe reduction in the sample volume has the effect of decree
there were always clear node lines present. The numberig the maximum velocity by about a factor of 3. This is in
scans was 8, the number of increments 32, and the numberoélitative agreement with the increase of the critical Ra nun
points in the direct dimension was 256. The experiment todler as given by Eq. [10]. DMSO shows a slightly higher
10 min (a repetition delayf® s was used). velocity than water. Loening and Keelet?) have used a
A standard 5 mm NMR tube was used for the experimentsulium(lll) complex for the accurate localized measuremer
with the active RF coil region positioned in the region obf the temperature using the same setup. They determined
10-26 mm from the bottom of the tube. The experiments wetemperature gradient as approximately 1 K/cm for the highe
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. FIG. 5. Experiments on DMSO on a Bruker DRX300 (300 MHz) NMR
spectrometer. Multiple rolls are observed here. (a, b) Circular cross sections

f the top and at the bottom of the active volume; (c) image obtainedapttase
and velocity encodings slice selection. Other parameters were the same as fc
Fig. 4h. The solid lines indicate the positions of the slices.

FIG. 4. (a-g) Observation of a twisted nodal plane with a sample Ghants probably due to signal averaging over the course of t
DMSO at 311 K. The slices are acquired at different positions along the

cylinder. (h) Experiment with the velocity and phase encoding gradients aloﬁg)j(pe”ment'

z (maximum strength 0.195 and 0.039 T/m, respectively). Tpesitions of IN @nother experiment the buoyancy forces were generat
the slices a—g are indicated. The slice selection is ajof@y075 T/m), and the by heat from prolonged RF irradiation, as is common in NMF

read gradient along (the solid line in (g) indicates the position of the ince.)(Fig_ 6), The flow pattern a|Way3 formed with the nodal plam
along the same direction, indicating that the geometry of tt

. ) ~ RF coil plays a major role. The same flow pattern formed, an
temperature setting (325 K) and accordingly smaller gradienfs maximum velocity was 0.18 mm/s, thus being comparab

for lower temperatures. The velocities measured in a nonlocgd-the flow velocities produced by the “natural” temperatur
ized PGSENMR experiment agree well with the ones reportﬁ%dients in Fig. 3.

here.
Figure 4 shows experiments on DMSO at 311 K. The slices 5 |MPLICATIONS EOR COHERENCE PATHWAY
were taken at differer# positions along the cylinder. The node SELECTION

plane is seen to rotate as predicted by Normd@j {J). The

pitch of the helix is about 3.5°/mm. The maximum velocities Convective flow has been shown to produce severe artifac
are fairly constant over the slices (within experimental uncefr NMR experiments employing pulsed field gradient8<

tainty): 0.63, 0.63, 0.56, 0.54, 0.50, 0.51, and 0.58 mm/s (fron®). In this section we state how the flow affects differen:
top to bottom). Figure 4h shows the image along the z coherence pathways and how it can in principle be used fi
plane with z velocity encoding andy slice selection. The coherence pathway selection. This was already alluded to

increase in intensity from the bottom to the top on the rightwo previous publications1é, 2Q but was stated without re-
hand side is due to the twist of the nodal plane (the same is tfeéring to the actual flow pattern.

for the left-hand side in the inverse direction). The apparent
additional nodes at the very top and bottom are probably

caused by the nonideal behavior of the pulse sequence at the
edges of the active regiorB( inhomogeneity and gradient
nonlinearity @1)).

Figure 5 shows the occurrence of multiple rolls in a sample

of DMSO on a different instrument (300-MHz spectrometer),
where the geometry of the probe is slightly different. The node @
plane of the upper roll is also rotated slightly with respect to the y

lower one. It is possible that in this case nonlinear temperature

gradients 22) play a role, all other conditions being the same

as in the previous experiments. Efforts are underway to inves- X

tigate the temperature distribution more closely by means of a ) ) . ) )
. . FIG. 6. A slice along the circular cross section for an experiment with

Su'tab'Y a(.:(_:urate .NMR tgm_perature shift re"’,‘ge”t- DMSO where 31-kHz multiple pulse GARP decouplirzg was turned on for

No significant time variations of the velocities or the posigg ms before every scan on the carbon-13 channel, thus heating the san

tions of the nodal planes were observed in any of the expedid causing convection currents.
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Thermal convection in combination with pulsed field gradi- a b
ents leads to the appearance of phase factors depending on the [ L pt) 1 —
gradient strength, the velocity, and the traversed coherence —
pathways. The dispersion of the convection velocities over the
sample leads to an effective attenuation of the signals arising ﬂ—D—D—D— G ‘D—*D—D_D—
from different pathways.

A signal following a particular pathway acquires the phase U_D_D_ﬂ pG [1 ] UJL

¢ [ paGt
¢(r) =J yG*(t') - r(t")dt’, [12] . S/
o [p-Gtat

FIG. 7. Calculation of(v,) for two different coherence pathways which
whereG*(t) = p(t)G(t) is the effective gradientl®, 20, p satisfy the echo condition (i.e., the integral over the effective gradient is zer
the coherence order, andthe location of the spin in the J G(t)p(t)dt = 0) and a given sequence of field gradients. (a) A pathwa
sample. Heteronuclear cases are encompassed in this desegﬂgl_mng a nonzero phase due to motion. (b) A pathway, refocusing both tl

z

tion b ina th it h -y / th and the first moments of the gradient leading to no signal loss due
ion by using the composite coherence ordi) p. = 2;vp; convective flow. The phase factor is proportional to the shaded area under

v1, where the sum runs over all occurring nuclei. curves at the bottom. The overall signal attenuation is found from this factc
Using the expansion= r, + vt + lat? + ... we can write by integrating over the velocity profile according to Eq. [16]. The time origin
is set at the center of the first gradient pulse.

t t
o(r) = rof yG* (t)dt’  + VJ yG* (1)t dt’ the gradients in the static case. Convective flow, howeve
0 0 leads to the attenuation of one of them. In practice one c:
zeroth moment first moment adjust the timings and the gradient strengths in order to achie

a simultaneous nulling of the zeroth and the first moments.

t ey o similar trick has been applied for the convection compensats
la YUY (i3] GOESY and GROESY experiments4].

0 The actual signal attenuation is now calculated for a give

second moment phased(v,) and a flow profile of the first (and most common)

mode in the convection flow pattern (i.e.,= 1) using Egs.
The zeroth moment corresponds to matching the gradient e¢Bp [11], and [14]:
condition (for static spins). All higher moments introduce
additional constant phase shiftsvifa, and the higher deriva-
tives are kept the same for the duration of the experiment. For g — 1 f
0

szﬂ
0

simplicity we shall be concerned only with being constant mR?
and nonzero (i.e., no flow acceleration). In this case only a
i ity is i i I,(kr Jq(kr
phase factor proportional to the velocity is introduced. With a « expl i(vy) i(kr) — Jy(kr) cos6 | rdrdo.
velocity distributionf(v) present in the sample, the ensemble 1,(kR)  J;(kR)
average results in a signal attenuation [15]
_ . This can be reduced to a one-dimensional integral, and usi
F= J f(v)exp(—ig(v))dv, [14] the dimensionless quantitieas = kR andk = kr one gets

where the integral is taken over the ranges of the veloaities 2 [ (k) Ji(k)

Vy V,, and(v) = v [§ yGH(t)t'dt. F= 2J Jo[¢>(Vo)<,1(KO)— Jl(KO)HKdK- (16]
Figure 7a illustrates how the phase is calculated for a given 0

coherence pathway. The zeroth moment for this pathway is

zero (i.e., the echo condition is fulfilled), but the phase due fpparently this form may not be reduced any further and th

flow is nonzero resulting in signal attenuation. Figure 7b showalculation of the attenuation factors has to be performe

another pathway, for which both the zeroth and the first maumerically. Figure 8 shows the signal attenuation functior

ments are zero, resulting in no signal attenuation. This woular different flow regimes. It is interesting to note that unlike

be an example of a coherence pathway selection setup udimgattenuation factors due to the gradients in the static case

free convective flow. The two pathways are both refocused bignal here does not drop below zero, except for very lo
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and will also cause convective flow. Deliberate RF irradiatior
on the other hand, can be used for the creation of “customize
temperature gradients. The convection currents can be put
good use in NMR for coherence pathway selection of whic
the principles have been laid out in this article.

e
)

o
o

signal attenuation
o o
SRS
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