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First results on NMR velocimetry of falling liquid films are pre-
sented. A film of average thickness 1 mm and width 40 mm is sus-
tained by a continuous flow of silicon oil over a vertical plate made
from PMMA. The spatial distribution of velocities is measured us-
ing a double spin—-echo imaging pulse sequence supplemented by a
bipolar velocity encoding gradient. Spin density and velocity images
as well as two-dimensional velocity maps of different situations, i.e.,
undisturbed and disturbed falling film flow, are discussed. Experi-
mental and theoretical velocity data for undisturbed film flow are
compared. © 2002 Elsevier Science (USA)

1. INTRODUCTION

A film flow is defined as aliquid layer falling down at least
one free boundary under the effect of gravity and shear stress
(2). The thickness of such filmsis on the order of 0.1 to 1 mm.
Falling films areimportant for industrial applications, e.g., con-
densersand evaporators, and inthe context of extraction. Typical
implementations of falling film flow are annular flow along the
internal surface of a tube and flow along an inclined plane ().
One characteristic feature of falling filmsis the natural appear-
ance of nonlinear surface waves at very low Reynolds numbers
Rer. Rer characterizes the flow behavior. It isinversely propor-
tional to the viscosity n of thefluid,
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where p is the density of the fluid, v, the velocity component
in the direction of gravity, and h the film thickness. A critical
Reynolds number, Re;, can be predicted from theory (2). Waves
should occur for Res > Re., while the film should be laminar
and waveless for Re < Re.. For laminar films waves can be
excited by aperiodic disturbance. There are severa realizations
of such disturbances, e.g., acoustic stimuli (2, 3), pulsatile flow
(1), or the oscillating wiretechnique (4). Thesewaveschangethe
properties of massand heat transfer intwo-phasefilm flow. Thus
for the optimization of industrial applicationsof filmflow abasic
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understanding of the hydrodynamics of single and multiphase
film flow is essential.

Nusselt predicted a parabolic dependence of the velocity
component v in the direction of gravity versus the coordinate

through the film x (5),
pgh? / x X2
2— — — 2
(1) 2

where g is the earth’s acceleration constant. This equation was
deduced for laminar flows with Res « 1, but it was proven to
be valid for al laminar film flows (1). Equation [2] corresponds
to a maximum velocity at the surface of the film of

vz(X) =

Uzmax = 53— [3]

and to an average velocity across the film of

— pgh?
Vz = 3'7 .

[4]

Until now mainly optical methods have been implemented to
measure velocities and film thickness. Most of them are based
ontheuseof tracers(e.g., (6-8)), laser doppler anemometry (e.g.,
(9-11)), or particle image velocimetry (3). None of these tech-
niques is chemically selective. Therefore NMR measurements
are highly desirable, in combination with spatial resolution
(12, 13) and the ability to perform velocity measurements (14).

Inthiswork wereport our first results of NMR vel ocimetry of
thin falling liquid films, less than 1.5 mm thick. To our knowl-
edge, until now there have been no published results measured
by means of NMR for a system like this.

2. EXPERIMENTAL

The device used for generation of falling liquid films is
sketched in Fig. 1. It is constructed of polymethylmethacrylate
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FIG. 1. Drawing of the faling film device. The film is falling along a 40-

mm-wide plate (7) made from PMMA. The film is generated using a straight
adjustable blade (6) that allows control of thefilm thickness. The device contains
tworeservoirs(3, 5), inlets (2, 9), and pressure-equalizing gauges (1, 9). It allows
the application of acoustic waves on the reservoir using the loudspeaker (4) to
excitate waves on the film. A level-controlling device (8) is implemented that
regulates the supply pump in case the filling level of the reservoir exceeds
a maximum value. The flow direction is the z direction. The inset shows a
transverse section through the lower part of the device with the tube (10) and
the plate (7), as well as the definition of the axes used in this work: x through
thefilm, y along the film, and z along the falling direction. The plate is shaped
inthe form of aU.

(PMMA) and consists of atube of outer diameter 64 mm which
is stabilizing a40-mm-wide vertical plate of length 75 cm. The
fluidisflowing on one of the surfaces of thisplate. Thetilt of the
plate can be adjusted within +-3° and was set to be perfectly ver-
tical for the experiments described in this work. The maximum
deviation from vertical orientation is estimated to be 0.5°. The
sensitive volume is located 50 to 60 cm below the beginning of
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the plate, allowing maximum time for the equilibration of the
film flow. The average film thickness is adjustable by varying
the separation of a blade from the PMMA plate. The direction
of the flow, i.e., the direction of the gravitational forces driving
theflow, definesthe z direction, the direction “through” thefilm
isthe x direction, and the one“along” thefilmisthey direction
(cf. Fig. 1). Thefalling film device is constructed in such away
as to maintain the possibility of driving the film as an open or
closed system, i.e., either allowing pressure compensation or
not.

There are two different fluid reservoirs separated from each
other in order to avoid pulsatile flow components from direct
connection to a pulsatile pump. Furthermore, this separation of
reservoirs results in a constant pressure in the second reservoir
and therefore at the position of the film initiation.

The device includes a loudspeaker that can be used to excite
two- or three-dimensional waves in the film depending on Re,
i.e, waves that extend over two dimensions and are constant
over the third or waves that extend over three dimensions, re-
spectively. The properties of these wavy films depend on the
flow velocity, the film thickness, and the material properties of
the flowing liquid (1). However, wavy films are also generated
using excess pressure. Thisrequires aclosed system, i.e., asys
tem where no pressure compensation of the system with the
environment is possible. In this case the pump isapplied in such
away that excess pressureis generated in the reservoirsand low
pressureis generated in the tube containing the PMMA plate by
removal of liquid from the bottom end. If a pulsatile pump is
used, this generates waves on the film.

All experiments were performed at room temperature. As a
sample fluid PDMS (polydimethylsiloxane) has been chosen,
because the NMR spectrum consists just of a single line and
it provides a favorable opportunity for studying the influence
of viscosity on the flow without the necessity of adding fluids
which contribute a different spectral signature. The experi-
ments were performed with silicon oil BaySilone M100 pro-
duced by Bayer with a viscosity of n =97 mPas and a den-
sity of p(25°C) =0.97 g/lcm®. The viscosity of the oil is nearly
100 times higher than that of water, so the flow is rather slow
and outflow effects are reduced.

The NMR measurements were performed in a 4.7-T
150-mm-bore vertical superconductive magnet, driven by a
Bruker DSX-200 console, using a Mini 0.36 gradient system
with a 64-mm inner diameter birdcage resonator. A maximum
resolution of 90 «m per pixel in readout direction, which was
chosen across the thickness x of the film, was achieved. For
velocity mapping we have employed the phase encoding pulse
sequence shown in Fig. 2 (14, 15). The use of two 7 pulsesis
recommended, because phase shiftsdueto background gradients
arerefocused. In thisfigurethe velocity filter, abipolar gradient
pair in between the two 7 pulses, isshown in the read direction,
whereas it can be implemented in any direction. The result of
this bipolar gradient pair is a phase shift of the moving spinsin
addition to the usual phase shift in k space imaging proportional
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FIG. 2. Pulse sequence for phase encoding of velocities. The bipolar
velocity-encoding gradient pair is shown shadowed in the read direction. It can
be implemented in any desired spatial direction. g isthe strength of the gradient
pair, § isthe length of one of the pulses, and A is the pulse separation (14, 15).

toq (12), where

_ 7.
9=5-9 8, (5]

g isthe amplitude of the bipolar gradient pair, and § isthe pulse
length of one of the two gradient pulses, as indicated in Fig. 2.
This phase shift is given by

A¢ = 27qR, (6]

where R isthe spin displacement during the gradient pul se spac-
ing time A. In principle it is sufficient to compare images ob-
tained for two different values of g and to eliminate static phase
shiftswhich areindependent of the application of thebipolar gra-
dient pair. Such static contributionscan arise, e.g., from suscepti-
bility differencesin the sample or from eddy currents. However,
to improve the reliability of the measurements, nine different
g values were chosen in the range from —Qmax t0 gmex- There-
sults presented here were acquired with§ =2 msand A =4 ms
(cf. Fig. 2).

Furthermore we employed a single stripe tagging technique
(16, 17). A thin dlice in the z direction is excited with a dice-
selective /2 pulse. Following a time delay t a conventional
spin-warp imaging pulse sequenceis started. The magnetization
of the dice is stored in the z direction by the initial 7 /2 pulse
of the spin-warp sequence. Thus the resulting image includes a
tagged dlice essentially without magnetization depending on .
By varying t the flow behavior can be visuaized. The results
presented here consist of atagged slice of width2mmand z in
the range from 0 to 200 ms.
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3. RESULTS

A spin density image of the y—z plane of wavelessfalling film
flow isdepicted in Fig. 3. A variation of the thicknessin the y
direction is detected, which is due to surface tension effects that
increase the thickness of the film toward the side boundaries
of the plate. Figure 3 reveals a region of about 10-mm width
wherethefilmisnearly flat and wavel ess. Therethefilm exhibits
a thickness of 1.0 mm. This means that by imaging slices in
the y direction with widths not exceeding 10 mm one images
theflat region without the need to consider boundary effects. The
curved shapes at the boundaries of the image are a consequence
of distortions resulting from the particular resonator used. The
bright “ spot” inthe center of theimageresultsfromaDC artefact
at the crossing point of the linesindicating zero frequency after
Fourier transformation; the high intensity at this point has been
set to zero.

Figure 4 shows a velocity map of undisturbed film flow at
Rer = 1.2. In order to obtain this map two vel ocity components,
v, and vy, were measured spatially resolved in the y and z di-
rections and combined to produce this vector plot. The velocity
map reveals the fact that the flow is much faster in the regions
of greater film thickness near y =10 and 40 mm. This can be
understood by considering the fact that even in the laminar flow
case both the surface and the average velocity are faster if the
filmthicknessh isgreater. Following Egs. 3] and [4] higher flow
velocities in the edge regions result for increasing h, and both
the surface vel ocity and the velocity averaged with respect to x
increase. At Re; = 1.2 waves should already appear, because for
thesiliconoil used Re. = 0.9isvalid. Asthedatain Fig. 4 arenot
spatialy resolved in the x waveswould just change the averaged
velocity v,. In the center region, the velocity component v, av-
eraged with respect to X amounts t0 vy, genter = 75 mm/s, which
is in good agreement with the results of single dice tagging
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FIG.3. y-zspin-densityimageof awavelessfallingfilm. Thefilmthickness
is approximately 1.0 mm. No waveisvisible. A variation in the film thickness
can be observed, due to the surface tension and the U-shape of the falling film
plate (cf. Fig. 1). The film thickness increases at the edges of the plate. The
region of film flow without boundary effects is about 10 mm wide.
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FIG. 4. Two-dimensional y—z velocity map of an undisturbed falling liquid
film at Rer = 1.2. Magnitude and direction are represented as velocity vectors.
The flow is faster at the edges of the plate, due to creep of the silicon ail. The
velocity vectors are nearly parallel to the z direction at all locations.

experiments. Most particles move parallel to each other. This
results in an average velocity of zero in the y direction, which
isindeed observed within the precision and accuracy of the ex-
perimental data.

Figure 5 shows the results of single slice tagging experi-
ments at Rer =1.2. A seguence of images is shown, with in-
creasing t, the time between the tagging and the start of the
imaging sequence. The delay t isvaried between 0 and 200 ms.
The faster flow, corresponding to the larger film thickness at
the edges of the plate, isvisible aswell asthe slower flow in the
center and aregion of slow flow in between thetwo. Theflow in
the edge regionsis so fast that even during tagging (which takes
approximately 1 ms) the particles move from pixel to pixel, as
can be seen in the distorted pattern near the edges for t =0.
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FIG.5. Tagging experimentson undisturbed film flow at Res = 1.2. T sym-
bolizes the time between the tagging of a single slice of width 2 mm along z
and the beginning of the imaging experiment. It can be seen clearly that the flow
near the edges of the PMMA plate is faster than that at the center.
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At t =200 msthe fastest components have already left the sen-
sitive volume of the birdcage. These tagging images confirm
that for the measurement of velocities spatialy resolved in x
direction athin slice centered with respect to y in the middle of
the film should be used. Surface waves have no direct impact
on the tagging images, because these have no spatia resolution
inXx.

Figure 6 shows v, versus x for two different Rer. Figure 6a
was measured at Res = 0.5, which is well below the critica
Reynolds number, Re. = 0.9. Thismeansthefilmisin the lam-
inar flow regime. The experimental data (shown as diamonds)
follow a parabola. The data can be approximated by Eq. [2]
with reasonable parameters. The fit is plotted as a solid line.
Thefilm thicknessis 1.0 mm, identical to the one at film initia-
tion. With increasing Rey, the situation changes. For Res = 1.3
as shown in Fig. 6b the experimental data cannot be fitted to
a simple parabola but to two parabolas in distinct areas. The
apparent film thickness increases to approximately 1.3 mm.
This can be explained by the natural appearance of waves, be-
cause Res > Re. applies. The film behavior is laminar-wavy
but not turbulent, which would be expected for Rer > 75 (18).
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FIG. 6. Flow velocity components v, versus position x across the film
thickness for different Rer. (8) Rer = 0.5 < Reg. Inthis case the film islaminar
and the velocity is described by Eq. [2]. The film thickness is 1 mm, which is
equivalent to the thickness at the film initiation. (b) Res = 1.3 > Re;. Thefilm
is laminar-wavy. The experimental data (shown as diamonds) can be described
by two parabolas. One parabola, extending from 0 < x < 0.9 mm, is due to
the residua film; the other, for 1.1 mm < x < 1.3 mm, is due to the averaged
waves.
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Such a wavy film is divided into two parts with respect to
X. Underneath the waves exists a residual film that behaves
quasi-laminar, thus showing aparabolic velocity profile follow-
ing Eq. [2]. It is measured in the region of 0 <x <0.9 mm.
Each single wave also exhibits a parabolic velocity profile it-
self (3). When analyzing the data one has to keep in mind that
the waves are measured in atime-averaged fashion, asit is not
easily possible to trigger to the waves because of their sponta-
neous appearance. Thusin every single scan awaveis measured
in a different state. This means that the parabola in the sec-
ond region (1.1mm < x<1.3 mm) is due to time-averaged
waves. The intermediate region (0.9mm < x < 1.1 mm) is due
to small fluctuationsin theresidual film thickness. Both Figs. 6a
and b show a small deviation of the fit functions near the
plate, which is situated at x=0.0 mm. This is due to the
sudden change of magnetic susceptibility at this point. All in
al the NMR data prove the validity of the critical Reynolds
number Re..

In the case described above the system was driven in an open
manner; i.e., pressure balancing of the film flow device with the
environment was possible. In order to investigate the feasibility
of measuring flow behavior in filmsin the presence of standing
waves, the system was driven as a closed circuit as described
above. Figure 7 shows a spin-density image of such wavy film
flow. The triangular wave in the center of the image is clearly
visible and could also be seen during the experiment by optical
inspection. The two strong signals at the edges of the film plate
are due to creep of the silicon oil. The wave was generated
by sealing the system against the environment, applying excess
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FIG. 7. y-z spin-density image of a pressure-induced wavy falling liquid
film. The triangular shape of the wave in the center can be clearly seen. The
regions with the high signals at the left and right are due to surface tension
effects at the edges of the plate confining the film.
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pressure (i.e., low pressure in the tube) and by using a pulsatile
pump. If the system is opened for pressure equalization the film
flow is waveless, as discussed above. The wave was stationary
over the experimental time, which was about 40 min.

4. CONCLUSION

We have demonstrated the general possibility of performing
NMR measurements on thin falling liquid films. Vel ocity maps
and images are presented for undisturbed film flow with an av-
eraged thickness of 1.0mm as well as spin density images of
wavy and waveless films. Future work will include one-shot ve-
locimetry measurements (19). The results presented here arethe
first step toward a systematic study of falling film flow by NMR.
Introduction of wave excitation by acoustic vibrations, hereby
varying both frequency and amplitude, and the use of fluidswith
different surface tensions will follow.
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