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Abstract PIV technique is applied for measurements of instant velocity distributions in liquid film flowing
down inclined tube in the form of rivulet. Additional optical calibrations allowed to correct distortion effects
caused by curvature of interface. Vortex flow of liquid is observed inside wave hump in reference system
moving with wave phase velocity. Conditionally averaged profiles for longitudinal and transverse
components of liquid velocity are obtained for different cross-sections of developed nonlinear waves. It is
shown that the rising of wave amplitude slightly change location of the vortex centre. The analysis of
modification of vortex motion character due to wavy flow conditions, such as tube inclination angle, film
Reynolds number, excitation frequency, is fulfilled.

1. Introduction
Three-dimensional liquid films (rivulets) flowing down inclined tubes are the common
features of hydrodynamic regimes in the numerous technological processes and installations (heat
exchangers, absorbers, distillation columns, etc.). The waves appearing on the rivulet surface
strongly affect heat- and mass transfer intensity through a number of mechanisms. Similarly to twodimensional liquid films (Alekseenko et al., 1996, Park & Nosoko, 2003) the most intensification of
heat- and mass transfer takes place at the flow regimes with developed non-linear solitary-type
waves. To describe and control this intensification, primarily, the flow structure including velocity
fields inside wavy film is necessary to be studied. The fundamental question is an existence of local
vortices in the large solitary waves, which can be one of the issues for essential intensification of
the transfer. Moreover, the mechanisms of drops entrainment from the film surface can also be
correctly described only on the basis of velocity field analysis. At present, the measurement of
velocity fields in wavy films is very complicated problem because of small film thickness and
existence of high velocity gradients inside the film. At the same time, obtained empirical
information about velocity field inside wavy film makes it possible to describe the mechanisms of
momentum and energy transfer and can represent a basis for construction of adequate mathematical
models.
While spreading over flat plate the rivulets usually move in the form of nonuniform and
nonstationary S-turn due to the existence of contact angle hysteresis (Towell & Rothfeld 1966).
Dimensional analysis and experimental observations carried out by Kim et al. (2004) revealed the
fact that contact angle hysteresis strongly affect curvature radius of rivulet. Analytical and
numerical modeling of stationary rivulet flowing down inclined plate was performed by Carlos et
al. (2004) and allowed to define the shape of a free surface and calculate velocity field. Myers et al.
(2004) constructed an analytical model for a thin rivulet moving under effects of gravity and
interfacial friction. In the work by Holland et al. (2001) the rivulet flow on heated or cooled
(relatively to the environment temperature) surfaces was investigated. It was shown numerically
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that the variation in surface tension drives a transverse flow that causes the fluid particles to spiral
down the rivulet in helical vortices. Wilson & Duffy (2002) have examined influence of surface
temperature on flow structure of thin rivulet, particularly, via viscosity effects. It was found by
using the lubrication approximation that the temperature of the atmosphere always affects the
rivulet structure.
In contrast to flat plate, rivulet flow along curved surfaces, such an inclined tubes with some
range of diameters, can be stable enough at certain conditions and this fact allows to provide
statistical reliability of the experimental results. Alekseenko et al. (1996) in the first time have
examined wavy structure of rivulets spreading along lower side of an inclined cylinder. The
application of periodical excitation of flow rate allowed observation of wide spectrum of stationary
nonlinear wavy regimes. Several new types of waves were found including two-hump solitary wave
of triangular type. Theoretical approach for determining hydrodynamic characteristics of twodimensional flow of viscous liquid with arbitrary combination of free and solid boundaries with
accounting of surface tension and contact angle was proposed by Alekseenko et al. (1995). Kuibin
(1996) has performed the asymptotic analysis of waveless rivulet characteristics. Theoretical model
of wave motion of rivulet has been constructed (Geshev & Kuibin, 1995), allowing analysis of
dispersion relations.
There are a variety of experimental techniques to investigate the liquid motion structure inside
film flows. While studying falling liquid film flow on the flat plate via electrodiffusion wall shear
stress probes Tihon et al. (2003) registered a backward flow near the wall during large-scale solitary
waves propagation. Using photochromic method, Moran et al. (2002) have measured velocity field
in transverse cross-section of film falling on inclined plate. With application of LDA technique,
Wierschem et al. (2002) have obtained velocity profiles in liquid film spreading in the incline
channel with sinus-like wall.
One of the modern non-intrusive techniques for flow diagnostics is Particle Image Velocimetry.
Contrary to the wide spreading of PIV for different fluid mechanic applications, its use for
measurement of velocity fields in liquid film flows is hindered by a variety of technical problems,
such as necessity of optical distortions compensation, small values of film thickness, presence of
high velocity gradients inside the film, etc. In a number of works these problems are overcome with
the help of special optical schemes and procedures of data correction (Adomeit & Renz, 2000,
Shedd & Newell, 2001, Jensen & Pedersen, 2004).
The present work is devoted to the study of flow structure inside wavy rivulet flowing down
incline cylinder using PIV. The special efforts were done to PIV technique adaptation for
measurements in a small-scale system accounting the presence of interface. The emphasis is made
on the analysis of liquid velocity fields inside the humps of developed stationary waves.

2. Experimental setup and measurement technique
The test section represented inclined stainless steel tube with artificial roughness to provide
good wetting. The diameter of the tube was equal to 20 mm, length – 1 m and angle of inclination α
could be changed from 5˚ to 10˚. Liquid is supplied to the test section in the form of a capillary jet
issuing from the convergent nozzle. After initial irrigation region, representing continuous annular
film, flow forms as a rivulet on the lower side of the tube. The scheme of experiment is shown in
Fig. 1. 50% water-glycerine solution was used as working liquid with the following physical
properties: density ρ = 1.125·103 kg/m3 , kinematic viscosity ν = 5.3·10-6 m2/s, kinematic surface
tension σ/ρ=53.6·10-6 m3/s2. Liquid flow rate Q was changed from 0.45 to 1.6 ml/s, which
corresponds to the Reynolds number range 7.9 ÷ 20.3, where Re = Q/(b0v). Here b0 is an asymptotic
value of smooth rivulet width given by Kuibin (1996) according to the formula
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Fig. 1. Scheme of experiment

Fig. 2. Photograph of the wave with seeding particles.

3

b0 ≡ b0 / λ = 4.667( R Q )1/13 . Application of method of imposed oscillations (pulsations of liquid
flow rate) allowed us to realize regimes with developed regular waves (similar to Alekseenko et al.,
1996) as well as regimes when liquid droplets detach from crests of big waves (Indeikina et al.,
1997). Wave characteristics of rivulets were measured with the aid of shadow method described by
Alekseenko et al. (1994). For velocity field measurements inside liquid film, 2D2C PIV technique
has been applied. DANTEC 2D PIV FlowMap system equipped with Kodak Megaplus ES 1.0
camera and Nd:YAG Laser Minilase III. Developed PIV software “Actulal Flow” with set of inbuilt
algorithms for raw flow fields calculation, filtration and interpolation was used for processing. The
iterative cross-correlation algorithm with final resolution 16x64 px and 50% overlapping.
Laser knife of ≈ 0.7 mm width cut liquid film flow from below along tube axis, in such a way
that markers were illuminated inside the symmetry plane of the rivulet (Fig. 1). The angle between
knife and tube axis was equal to 45˚. Camera was installed transversely to alighting zone. The size
of tested area was 14.1×14 mm that corresponds to 1018×1008 px CCD sensor. Fluorescent seeding
particles with re-emission wavelength of 550 nm, mean particle’s diameter of D=10 µm and with
density close to that of working liquid were used as markers. Figure 2 shows a typical picture of
tracers’ field lighted by laser knife inside wavy fluid film. The optical filter with maximum of
passing at 550 nm was installed on camera in order to protect from stray reflection of falling laser
light.
In Fig. 3 the photographs of the rivulet wave from below are presented. It is clearly seen that
these waves are essentially three-dimensional. Nevertheless, as was shown by Alekseenko et al.
(1996) and it is confirmed by the present study, such waves have their features appropriated to the
two-dimensional film waves. When the external periodical perturbations are applied to the rivulet
flow the wave formation occurs by deterministic way. Thus, at any set of flow parameters the
certain range of external frequencies F exists where strictly regular waves arise on the rivulet
surface. The frequency of the waves in this case coincides with the frequency of forcing pulsations.
The family of waves can include the regimes from the almost sinusoidal, linear waves up to solitary
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Fig. 3. Photographs of the rivulet from below
(Alekseenko et al., 1996): (a) - α = 10°;
(b) - α=15°. Working liquid – ethanol.

Fig. 4. Typical wave profiles

waves of large amplitude. Figure 4 presents typical wave patterns of regular exciting waves on the
rivulet surface. Outside the range of «adequate response» (when the forcing and response
frequencies coincide or effect of the doubling of frequency takes place) one can observe different
flow regimes both with random waves and up to liquid ejection. The range of «adequate response»
depends on the whole set of flow parameters - kind of liquid, inclination angle, tube diameter and
liquid flow rate. Sometimes it can depend even on the longitudinal coordinate, when the regular
waves exist not on the whole tube length. In the present work we will consider only regimes with
regular large-amplitude solitary waves with only exception of the case with close-to-dropletdetachment regime, which is also indicative from the point of view of flow structure inside wavy
film.
The presence of interface of complex three-dimensional shape (see Figure 3) considerably

Fig. 5. Influence of interface curvature on the passage of optical rays.
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Fig. 6. The regular wave passing through the threads.

distorts tracers’ disposition registered by digital camera. Figure 5 schematically presents the scheme
of passage and refraction of optical rays at interfacial boundary of rivulet. As is seen, real images of
markers illuminated by laser knife move down and shrink in the cross-section. In the lower part of
rivulet, where curvature of interface is significant, the picture shrinks in maximum degree. The
curves in Figure 5 show estimated intensity coefficient r for light passed through the interface,
versus rivulet thickness coordinate h, counting from below. The reference point coincides with the
lowest point of rivulet profile. Here R is the estimated curvature radius in the lower part of the
rivulet cross-section. R = 8 mm corresponds to the regime with a small wave amplitude, and
R = 4 mm – to the largest wave amplitude, which is typical for regimes with the start of droplet
detachment from wave crest. As it is evident from the diagram, the light intensity registered by
camera decreases considerably at a distance of 0.1 ÷ 0.3 mm from wave boundary.
With the decreasing of rivulet thickness this effect becomes more pronounced and size of the
area of large intensity loss grows. Besides, there is a fact that rivulet film represents itself a lens

Fig. 7. Non-corrected velocity field in the reference system moving with phase velocity of wave.
α = 5°, Qliq = 0.69 ml/s, Re = 9.9, A= 2.95 mm, C= 18.4 cm/s, F = 4.1 Hz.

Fig. 8. Corrected velocity field in the reference system moving with phase velocity of wave.
α = 5°, Qliq = 0.69 ml/s, Re = 9.9, A= 2.95 mm, C= 18.4 cm/s, F = 4.1 Hz.
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Fig. 9. Comparison of corrected and non-corrected
conditionally averaged longitudinal velocity Ux
profiles in the cross-section of wave hump. α = 5°,
Re = 9.9, A= 2.95 mm, C= 18.4 cm/s, F = 4.1 Hz.

Fig. 10. Conditionally averaged longitudinal
velocity Ux profiles for different cross-sections
of the wave. α = 5°, Re = 9.9, A= 2.95 mm, C=
18.4 cm/s, F = 4.1 Hz.

element of high curvature, which changes greatly the length of optical pass (up to 1 mm). As a
result, in this area of film illuminated tracers leave the zone of depth resolution of optical
measurement system, that was equal to 130 µm in present conditions. Effects mentioned above
sharply reduce the possibility to obtain reasonable data in the vicinity of film free surface at the
distances from 0.1 to 0.4 mm depending on liquid film thickness. It should be underlined that
rivulet wavy surface has three-dimensional shape that causes additional distortions leading to
nonuniform shifting of tracer images and to stretching of geometry at longitudinal direction. Thus,
the elaboration of compensation algorithms accounting optical distortion effects mentioned above,
is necessary to measure velocity field inside wave crest.
Let’s consider non-corrected two-dimensional velocity field obtained by direct PIV processing of
distorted images. In the velocity field of m × n vectors each node was associated with the abscissa
coordinate - Xij and the ordinate - Yij, and corresponding values of velocity vector components - Uij
и Vij. This velocity field is distorted and corresponds to a certain true velocity field U’ij = Uij / kxij,
V’ij = Vij / kyij with true grid X’ij= Xij - dxij, Y’ij = Yij - dyij (which is, generally, non-regular). Thus,
the influence of interface can be accounted by application transform matrices dxij , dyij , kxij, kyij to
measured raw data.
As was stated above, the imposed oscillations technique allows obtaining strictly regular wave
regimes with identical waves shape. This is a reason to suppose that velocity distributions inside the
wave are also identical assuming laminar character of the flow. While carrying out calibration
optical measurements it became possible to determine the increments dxij and dyij as well as
distortion coefficients kxij and kyij. Thin (50 µm) regularly marked threads were put into measuring
plane perpendicularly to tube axis. The distance between markers on the thread was equal to
0.3 mm. Taking images of the threads at different stages (see Figure 6) of regular wave propagation,
allowed to get a sufficient data set for calculation of correction matrices. Comparison of the images
of threads situated inside wavy liquid film with curved surface and the images obtained in the
absence of film resulted in matrices of shifting coefficients dxij and dyij and distortion coefficients
kxij and kyij in the studied section. These matrices were applied to correct measured velocity fields.
Then the interpolation using triangle-based cubic scheme was performed in order to return to the
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Fig. 11. Normalized longitudinal velocity Ux
profiles for different cross-sections of the wave.
Flow conditions as in Fig. 9.

Fig. 13. Conditionally averaged transversal
velocity Uy profile in the cross-section parallel to
the cylinder. Y-coordinate coincides with the
centre of vortex. Flow conditions as in Fig. 9.

regular grid. Final resolution of corrected velocity fields in Y-direction could be changed from 110
to 150 µm/vector depending on flow regime.
As an example, Figure 7 presents non-corrected velocity field with isolines in solitary wave in
the reference system moving with phase velocity of wave and Figure 8 shows the same velocity
field after correction. As it is evident from the Figures, correction significantly changes a structure
of velocity field. This fact pointed out that coefficients of correction matrices had not been small
and are of great importance in defining true velocity fields. It should be noticed that the absence of
the vectors near rivulet free surface is the consequence of optical peculiarities of measuring
technique.

3. Measurement results and discussion
Velocity field inside wave hump presented in Fig. 8 corresponds to the case when for the given
physical properties of liquid and inclination angle α = 5˚ the regime with developed regular
stationary waves of the largest amplitude was realized. As it follows from the Figure, in the central
part of wave hump there is a specific vortex motion with the centre located under wave hump
approximately at distance of 1.2 mm from tube surface.
Figure 9 shows effect of correction on profile shape of longitudinal (along the tube) component
of velocity Ux in the cross-section passing through the centre of wave hump (X = 0 mm). A diagram
is built in the reference system moving with phase wave velocity C. The plots contain data from the
ensemble of instant velocity fields obtained at the same phase of wave propagation. Solid line in the
Figure denotes self-similar parabolic velocity profile plotted according to the maximum values of
velocity and film thickness:
2
⎡ y
1⎛ y ⎞ ⎤
U x = 2U max, x ⎢
− ⎜
⎟ ⎥
⎢⎣ hmax 2 ⎝ hmax ⎠ ⎥⎦
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Fig. 12. Conditionally averaged transversal velocity Uy profiles for different cross-sections of the
wave. Flow conditions as in Fig. 9.

Figure shows that correction leads to shift of experimental points upwards and stretches
distribution along Y axis. Absolute values Ux decrease approximately on 10 %. Relative error in
measuring Ux was estimated as 10 %. Similar effect of correction on velocity component Ux is
observed for all analyzed regimes and all wave cross-sections.
For the same regime the corrected conditionally averaged profiles of longitudinal velocity
component Ux in different wave cross-sections are presented in Fig. 10 in the reference system
moving with the phase velocity of wave. Conditional averaging assumes here using 10 or more
instant velocity fields put into one plot. Solid line indicates self-similar parabolic profile, and
dashed line - calculated profiles according to Nusselt formula for smooth laminar film:

Fig. 14. Velocity field in the reference system moving with phase velocity of wave. Regime with
detaching drop. α = 5°, Qliq = 0.73 ml/s, Re = 10.4, A= 4.5 mm, C= 18.4 cm/s.
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Fig. 15. Conditionally averaged longitudinal
velocity Ux profiles for different cross-sections
of the wave. Flow conditions as in Fig. 14.

Fig. 16. Relative location of vortex centre yv/A
versus wave amplitude A.

2
2 ⎡
ghres
y 1⎛ y ⎞ ⎤
−
Ux =
⎢
⎥.
ν ⎢ hres 2 ⎜⎝ hres ⎟⎠ ⎥
⎣
⎦

As appears from the Figure, in the zone of maximum values of thickness and at the leading edge
of the wave the profiles of velocity component Ux are more filled in comparison with self-similar
profile, but closely to the wave boundary they begin to bend and tend to the value of phase wave
velocity. For the residual layer, with minimal values of thickness (cross-sections 7 and 8) velocity
profile changes drastically, and Nusselt formula for thin laminar film describes this behavior rather
well.
The value of maximum velocity Ux,max is used to present schematically the data on velocity
profiles in coordinates [y/h; Ux/Ux,max] (Fig. 11), where h and Ux,max are local values of thickness and
velocity component Ux on the surface. Line 1 indicates self-similar parabolic profile:
⎡ y 1 ⎛ y ⎞2 ⎤
Ux
= 2⋅⎢ − ⎜ ⎟ ⎥ .
U x ,max
⎢⎣ h 2 ⎝ h ⎠ ⎥⎦

In these coordinates the difference between measured velocity distributions and self-similar
parabolic profile is more pronounced. The largest deviation is observed for leading edge of the
wave. Some of similar effects are also reported in the book by Alekseenko et al. (1994) for twodimensional falling liquid films with excited waves. However, for studied conditions no vortex
motion was detected.
Figure 12 presents profiles of transverse velocity component Uy for different wave crosssections, these profiles are built by using of 10 instant realizations, measured at the same phase of
wave propagation. The negative sign in velocity component Uy corresponds to the direction towards
tube surface. Absolute values Uy are lesser in order of magnitude than Ux and error of
measurements reaches here 50 % relatively to maximum of transversal velocity in each cross-9-
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Fig. 17. Velocity field with the reference system moving with phase velocity of wave. α = 10°, Qliq =
1.58 ml/s, Re = 20.3, A = 3.3 mm, C = 40.0 cm/s, F = 6.1 Hz.

section. The profile of transverse velocity component Uy in the cross-section parallel to tube axis
and passing through the centre of the vortex is presented in Fig. 13. It is built on the basis of 20
instant realizations. For regimes with smaller amplitudes of regular waves, but with the same
inclination angle of the tube α = 5˚ the vortex motion in the central part of wave hump was also
observed.
In Figure 14 the instant velocity field is shown (inclination angle α = 5˚) for the wave of larger
amplitude that corresponds to unstable regime with droplet detachment. Fig. 15 shows profiles of
longitudinal velocity component Ux for this regime in the reference system moving with wave phase
velocity (C = 18.4 cm/s) versus distance to the tube. Solid line corresponds to self-similar parabolic
profile. Similar to the cases with regular wave regimes, velocity profiles at the cross-section
coinciding with hump centre and at the leading edge are more filled than self-similar profile, and
banding towards the value of wave phase velocity is more pronounced. Obtained results obviously
show that commonly accepted assumption about parabolic character of velocity distribution inside
the wave, which is often used in mathematical modeling of wave motion should be corrected and
for consideration of strongly nonlinear wave regimes it is necessary to attract another model
profiles. At the same time, for this regime, like in the waves with smaller amplitudes, the velocity
distributions in the vicinity of wave tail can be satisfactory described by parabolic profiles.
On the basis of obtained velocity fields the analysis was performed on the vortex position
determination inside the wave. As it follows from the diagrams above the location of vortex centre
along longitudinal axis X for most regimes is at a distance of approximately 1 mm beyond the
centre of wave hump. Similarly, in absolute coordinates for the waves with different amplitudes
the location of vortex centre yv along Y axis is also practically invariable. At the same time, as it is
shown by Fig. 16, the relative location of vortex centre yv/A (where A is wave amplitude, see the
definition in Fig. 4) changes in the range from 0.35 for regime with droplet detachment up to 0.65,
corresponding to the regimes with small wave amplitude.
The set of experiments was also performed for another tube inclination angle α = 10˚. Figures 17
and 18 show results for most indicative case – the regime with largest wave amplitude for such
conditions. It is evident that vortex becomes less intensive and shifts along Y-axis towards wave
surface. Vortex centre is located now at Y = 1.7 mm far from tube surface. The location of the
vortex centre on X-axis remains the same as for regimes with inclination angle of tube α = 5˚ - at
1÷1.5 mm behind the centre of wave hump. Increase of inclination angle and liquid flow rate for
- 10 -

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006

Fig. 18. Conditionally averaged longitudinal velocity Ux profiles for different cross-sections of the
wave. Flow conditions as in Fig. 17.

studied case, causes increase of phase velocity up to C = 40 cm/s. Thus, absolute values of
longitudinal velocity component Ux rise more than 2 times, while values of velocity component Uy
remain at previous level. As a result, velocity gradients enlarge that leads to decrease of measuring
accuracy and causes only approximate determining of velocity isolines. Profiles of longitudinal
velocity component Ux in different cross-sections of the wave are presented in Fig. 18. Results
manifest similar flow behavior as for regimes with smaller inclination angle (α = 5˚), except the
cases with waves of extremely large amplitude (Figs 14 and 15).

3. Conclusion
With the aid of PIV the instant velocity fields are measured in liquid film flowing down inclined
tube. Additional optical calibration measurements were performed in order to correct optical
distortions caused by interfacial surface curvature. It is found that in reference system moving with
wave’s phase velocity the vortex motion exists in the wave hump. Conditionally averaged
longitudinal velocity profiles were measured in different cross-sections of developed nonlinear
waves. It was shown that for all tested regimes longitudinal velocity profiles are more filled in the
zones of the highest thickness and leading edge of the wave in comparison to parabolic profile. On
the contrary, profiles are less filled in the area close to wave tail, with low film thickness. Velocity
profiles in residual layer are in good agreement with Nusselt formula. For the first time the profiles
of transverse velocity were measured using statistical data obtained by condition sampling. It was
found that with growth of wave amplitude the absolute coordinates of vortex centre location change
weakly for chosen inclination angle. With the increasing of inclination angle and corresponding
grows of longitudinal velocity, vortex motion becomes less intensive and vortex centre shifts
toward the interface.
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