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NMR Imaging of Falling Water Drops
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The falling water drop is a simple model for studying phenomena related to chemical extraction, where
two immiscible phases are dynamically blended to promote the transport of solute molecules from one
phase to the other. Convective motion inside the drop significantly influences the extraction efficiency.
Whereas optical and tracer methods are model bound or invasive, NMR imaging is noninvasive, direct,
and applicable to nontransparent media. The first NMR measurements of a water drop falling through air
are reported. It is shown that, in drops from pure water, large-scale convection rolls are observed in con-
trast to drops with the surface tension lowered by surfactants.
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Chemical extraction is a fundamental process in the pu-
rification of chemical compounds. Typically drops of one
phase are bubbled through a second, continuous phase.
The size of the contact surfaces and the transport of sol-
ute molecules to the interface are crucial parameters in the
extraction process. Apart from being of fundamental in-
terest, the falling drop is the simplest model for study-
ing extraction phenomena. Nevertheless, the dynamics of
moving drops remain a challenge for scientists [1–7].
Falling drops are investigated, e.g., by optical methods,
where the shape is interpreted in terms of fluid dynamic
models [8,9]. More directly but invasively, convective mo-
tion can be studied by particle tracers techniques [10–12].
NMR is suitable for noninvasive mapping of velocity dis-
tributions even in nontransparent drops [13,14] as long as
identical drops can be generated repetitively over a longer
period.

In this work, water drops with and without surfactant
(2.8% betaine) were generated at a frequency of about one
per second by maintaining a constant filling height above
a glass pipette with a high precision pump, and were al-
lowed to fall free through air. The experimental setup con-
sisted of this glass pipette mounted in a long glass tube
inside a 4.7 T vertical bore magnet equipped with a Bruker
DSX-200 spectrometer, and an infrared photosensor placed
30 mm below the tip of the pipette, which triggers the spec-
trometer each time the drop obstructs its light path. The
center of a bird cage resonator was located about 200 mm
below the tip of the pipette; hence a falling velocity of
about 2 m�s results, and the drop remains within the sen-
sitive volume of the bird cage resonator only for about
10 ms. As a consequence, any ultrafast NMR imaging
method is incapable of completing the measurement within
the residence time of a single drop; the available time of
10 ms allows one to acquire no more than one NMR echo
per drop, whereby echo and acquisition times as short as
possible are desirable for all measurements to avoid mo-
tional blurring. Using triggered cyclic acquisition was the
only possibility for signal accumulation as well as for mak-
ing multidimensional experiments feasible. Because every
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single scan had to be collected from a different drop, the
uniformity in the shape of each drop over an experimental
time up to several hours are indispensable conditions for
reliable NMR experiments. Otherwise, random contribu-
tions would lead to a partial extinction of the accumulated
signal. The uniformity of the dripping process was proven
by various NMR imaging methods. The challenge of ap-
plying NMR imaging methods to a free-falling water drop
is its fast-falling velocity, and the fact that at the “mod-
erate” velocity of 2 m�s, which has been realized in the
presented experiments, the drop did not reach a station-
ary state, which prevails at approximately 10 m�s, i.e., the
drop still experiences accelerated motion. To meet this
challenge, short gradient encoding times of about 0.2 ms
were chosen, so that motional blurring is minimized and
the effect of acceleration can be neglected.

Any magnetic field gradient �G� �r� � �=Bz generated in
the static magnetic field �B0 has the effect of producing a
magnetic field component in addition to the static mag-
netic field �B0 which leads to an encoding of position �r via
the relation of the Larmor precession frequency, vL��r� �
gj �B0j 1 g �G��r� ? �r, where g is the gyromagnetic ratio.
This information can be exploited directly by signal acqui-
sition in the presence of the gradient field, where the spin
density is obtained by Fourier transformation of the echo
signal from the time domain into the frequency domain
(frequency encoding method), or by Fourier transforma-
tion of many echoes following short gradient pulses, which
lead to a phase shift of the signal of each position-depen-
dent spin isochromat (phase encoding method) [13–16].

One-dimensional projections of the falling drop were re-
peated by measurements employing the frequency encod-
ing method with different numbers of accumulations along
all three spatial dimensions. The 1D profiles resulting from
1, 2, 3, and n accumulations, i.e., being collected from
as many different drops as the number of accumulations,
differed only in their amplitude, which was found to be
strictly proportional to the number of accumulations. The
variance calculated between profiles from several experi-
ments was less than 1%, thus setting an upper bound for
© 2001 The American Physical Society 144501-1
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the random variation of the drop formation. In a subse-
quent step further 1D profiles were measured by the phase
encoding method for comparison, where each data point
is obtained by incrementing the amplitude of the gradient
pulse in a triggered cycle so that as many drops as the
number of image pixels times the number of accumula-
tions constitute the signal, which renders the density pro-
file after Fourier transformation. Excellent agreement of
the profiles obtained by both methods was found in all
three spatial directions. The profiles reproduced the drop
diameter, proving the uniform dripping behavior with a de-
viation of less than 1%. The equivalence of the results from
frequency and phase encoding experiments further demon-
strates the complete interchangeability of both methods
despite their inherently different susceptibility to motion
during the imaging sequence [16]. It can thus be concluded
that distortions of position information due to motion ar-
tifacts can safely be neglected. Furthermore the results
of the test experiments prove the applicability of a wide
range of multidimensional NMR imaging experiments to
the falling drop, provided that they can be performed by
employing a short echo time of a few milliseconds.

The surface tension of the fluid is expected to be a cru-
cial factor, dominating the shape and dynamics of a drop.
In this paper, one set of drops of an aqueous surfactant so-
lution and two sets of water drops (indicated as I, II in the
figures) are discussed. Figure 1 presents 3D spin density
images of a falling drop consisting of 2.8% aqueous be-
taine solution [1(A)] and pure water [1(B) and 1(C)]. The
images were acquired by combining frequency encoding in
one direction and phase encoding in the remaining two spa-
tial directions. Considering that one 3D experiment takes
about 10 h and a total of 33 800 drops constitute the NMR
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FIG. 1. Three-dimensional NMR spin density images of falling drops of 2.8% aqueous betaine solution [(A), (D)] and pure water
[(B), (E), and (C), (F)]. (A)–(C) Surface rendered representations. (D)– (F) Contour plots of the spin density projected onto the
xy plane normal to the gravity axis z. The lines represent 15 equidistant levels of the spin density, where points of the same values
are connected.
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signal, the quality of the 3D images obtained after Fourier
transformation is excellent.

The coordinate system used in the following discussion
is given in Fig. 1(A), where z is the vertical and x, y are the
transverse directions relative to the gravity axis. The im-
ages 1(A)–1(C) are surface rendered representations, and
images 1(D)–1(F) are their corresponding projections onto
z presented as contour plots. As expected, the decrease of
the surface tension obtained from adding surfactants leads
to a reduction in drop size from Ø � 3.6 to 2.8 mm. At the
same time, both the shape of the drops and its reproducibil-
ity are affected: the surfactant solutions form a spherical
drop [Figs. 1(A) and 1(D)], which has been shown to be
fully reproducible in shape and size for different sets of
experiments. In the case of pure water, on the other hand,
once the dripping process has started, identical drops are
produced, but the drop shape deviates from a spherical ge-
ometry and varies from one series to another [Figs. 1(B),
1(E) and Figs. 1(C), 1(F)]. Because of the large surface
tension of water, water remains for a longer period on the
edge of the glass pipette before the drop formation is com-
pleted. This results not only in a drop diameter larger than
for the surfactant solution but also in a critical dependence
of the drop shape on experimental conditions, such as small
impurities on the surface, shape imperfections, and the
alignment of the pipette relative to the gravity axis. The
difference in the drop shape of water and the surfactant so-
lution already indicates different internal drop dynamics.
The Reynolds numbers of the drops were 470 for water
and 360 for the surfactant solution. Both numbers are well
outside the regime of stationarity and laminar conditions.
They are determined as Re � yd�dd�nc�, where yd is the
falling velocity of the drop, dd is the drop diameter, and
144501-2
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nc is the kinematic viscosity of the continuous phase [2,3].
The flow regime of the dynamics of moving drops can be
divided by the Reynolds number into creeping laminar, sta-
tionary laminar, and turbulent regimes, which are defined
by an interplay between the inertial effect of the drop and
the viscous effect of the continuous phase.

Although the outer shape of the drop allows one to draw
some conclusions about the dynamics, the large potential
of NMR imaging is more fully exploited by measuring
directly the velocity field of the drop in different spatial
directions. Spatial distributions of velocities within the
drop have been analyzed, acquiring 2D projections along
the cross section of the drop, where the NMR phase f
of the signal encodes either the vertical �yz� or transverse
�yx� velocity component. For phase encoding of veloc-
ity a standard pulsed field-gradient pair with amplitude G,
duration d, and time separation D was used so that f �
gdGyD [13]. Figures 2(A)–2(C) show the distributions
of yz along the xy plane and Figs. 2(D)–2(F) show the dis-
tribution of yx along the zy plane of the drop. For the drop
of surfactant solution, the distributions of yz [2(A)] as well
as of yx [2(D)] reveal small-scale variations. The fact that
the averaged transverse velocity amounts to zero excludes
the contribution of any net motion of the drop itself in the
transverse direction. The existing variance of yx between
12 mm�s and 22 mm�s can be attributed to fluctuations
or small-scale vortices. The average of the yz distribution
amounts to the expected falling velocity of 2.0 m�s, super-
imposed with a variation of 60.04 m�s. This is still a
small fluctuation compared to the net motion, but 20 times
larger than the variation in yx. The yz [2(B) and 2(C)]
and yx [2(E) and 2(F)] distributions in falling water drops
show characteristics fundamentally different from those of
the surfactant drop. Large-scale structures in the velocity
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FIG. 2. (A)– (C) Velocity component yz as a function of position in the xy plane, averaged over the z dimension of the drop.
(D)– (F) Velocity component yx as a function of position in the zy plane, averaged over the x dimension. The labels (A)– (F)
are assigned in agreement with Fig. 1. Each figure of (A)–(C) reveals a falling velocity of 2.0 m�s, whereby the variance of (A)
�0.04 m�s� is much smaller than that of (B) or (C) �0.3 m�s�. Similarly (D) shows a much smaller variance �2 mm�s� than (E)
or (F) �30 mm�s�. It is concluded that drops of distilled water reveal not only large-scale structures in their spatial distribution of
velocities but also larger variances of velocity values compared to drops of the surfactant solution.
144501-3
distribution and larger variations are common to all four
images. Although the two series of water drops [2(B)and
2(E) versus 2(C) and 2(F)] differ from each other, both se-
ries have a net transverse velocity of zero and an average
falling velocity of 2.0 m�s, in agreement with the behavior
of the surfactant drop, but with a broader velocity distribu-
tion with a full width half maximum of 0.3 m�s. Excluding
net transverse motion of the drop itself, the marked struc-
tures in the yz and yx distributions can be attributed to
large-scale motion inside the drop. In Fig. 2(B), two pro-
nounced holes are symmetrically placed relative to the cen-
ter on the xy plane. Although Fig. 2(C) is different from
Fig. 2(B), the depression of the yz signal on two opposite
sides of the drop plane is a common feature as well as the
elevation of yz intensity in between. Because an upstream
motion results in a reduced yz value, the depression can be
explained by the presence of at least one pair of convec-
tion rolls with their upstream motion placed on the posi-
tion of the holes and their downstream motion in between.
Whereas the structure in Fig. 2(C) can be interpreted by
one pair of large convection rolls along the z direction in
the drop, the increase of velocity at the edges observed in
Fig. 2(B) indicates the presence of more complex motion.
This marked behavior goes along with a larger deformation
of the drops from spherical shape [Figs. 1(B) and 1(E)]. In
Figs. 2(E) and 2(F) the distribution of transverse velocity
in the projection onto the zy plane is presented. The un-
ambiguous information which can be derived from the yx

distribution is its net velocity of zero, which proves that
the structure is likely to originate from large-scale motion.
Evidence for the presence of convection rolls was already
given in the discussion of the yz distribution, but Figs. 2(E)
and 2(F) indicate that additional large-scale oscillations
of the drop shape should be considered as well. Such
144501-3
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FIG. 3. Velocity components yz , yx for a drop of pure water
falling at 2.0 m�s as a function of the position along the zx plane,
averaged over the y dimension of the drop. The magnitudes of
the velocities are indicated by the lengths of the arrows. The
yz component is scaled relative to the average falling velocity
of 2.0 m�s. A pair of vortices is readily identified.

oscillations add their contributions to the velocity field
of the drop motion and result in even more complex dy-
namics, which can be expected for such high Reynolds
numbers. Although the unambiguous interpretation of the
observed velocity field in terms of a simple convection pat-
tern is not possible from those data, a net variation in the
velocity field means a net average velocity yx in the x di-
rection, which is different from zero in each pixel of the zy
plane. It should be noted that, even for the largest veloc-
ity components measured, the total change in drop shape
during the data acquisition time is still negligible. Large
oscillations therefore represent no contradiction with the
notion of a reproducible drop shape, because due to the
short gradient encoding times the maximum amplitude of
oscillatory motion during the measurement time of the
drop shape is below 0.1 mm.

A much more direct way to visualize internal fluid dy-
namics is to measure both the yz and yx components in
each pixel of the zx plane simultaneously within a single
experiment and to combine this information into a vecto-
rial representation. Such experiments are time consuming
because two 3D measurements containing two spatial and
one velocity dimensions have to be completed within one
experimental run lasting about 18 h. Because water drops
evidently contain large-scale dynamics in contrast to the
surfactant drop, they remain the object of our interest. This
experiment was performed on the second series of the wa-
ter drops (II). The vector plot (Fig. 3) clearly reveals the
presence of stable vortices within the drop. Because the
measured signal is from water and not from the surround-
ing air, and the velocity components are plotted relative to
144501-4
the average falling velocity of 2.0 m�s, the velocity vec-
tors outside the drop indicate the negative falling velocity
and help to visualize the motion inside the drop. In ad-
dition to two vortices right and left in the drop, a node
is observed in the upper center. It is explained by an ad-
ditional oscillatory motion, which had been confirmed by
optical methods to last a few seconds, i.e., much longer
than the 205 ms, which passed in the lifetime of the drops
until their observation by NMR.

These investigations demonstrate that NMR is capable
of directly measuring the internal velocity pattern of a
free-falling drop. The presence of large-scale convection
rolls was confirmed and visualized directly. NMR imag-
ing appears to be the only technique able to acquire in situ
internal dynamic information from free-falling drops in a
noninvasive and direct way. This work establishes the basis
for comprehensive NMR studies with the ability to re-
construct the three-dimensional structure of the inner vor-
tex and oscillation dynamics in falling drops and related
flow phenomena. Considering the ability of NMR imaging
to access chemical shift information, these investigations
can be expanded towards chemically selective analysis of
transport characteristics in multicomponent systems within
and outside a drop.
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