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Visual investigations of effective wave frequency, structure and formation of isothermal and fully devel-
oped falling liquid films inside vertical tubes are presented without and with countercurrent flow of
vapour. These are supplemented by novel transmissivity measurements leading to considerable improve-
ment of the established wave shape and liquid film structure classifications. In addition, reflux conden-
sation heat transfer data evaluated for the limiting case of zero shear stress are represented in terms of
the wave factor. These are correlated with Reynolds and Kapitza numbers and they are interrelated with
the observed wave characteristics.
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1. Introduction

The first analytical solution of velocity profile and heat transfer
across a smooth laminar film has been presented by Nusselt (1916)
in his pioneering work with and without the influences of the va-
pour-side shear stress. Experimental experience confirmed the
resulting equation as a lower limit for condensation heat transfer
which is found to be enhanced by wave formation and transition
to turbulence. The structure of falling liquid films is usually classi-
fied to be laminar, laminar-wavy, and turbulent depending on Rey-
nolds, Kapitza and Prandtl numbers.

Two different Reynolds number definitions are common prac-
tice, namely Re ¼ _M=ðpdilÞ, based on film thickness and velocity,
and Re� ¼ 4Re, derived from tube diameter and superficial velocity
of the liquid. The former definition will be applied in this paper and
Re* data from the literature will respectively be transferred to Re.
The Kapitza number has been established for classification of the
wave activity in falling liquid films honouring Piotr Leonidovich
Kapitza, and

Re ¼ 0:6075Ka�1=11 ð1Þ

has been compiled as the lower limit for the development of sinu-
soidal waves (see Kapitza (1948)). Three years earlier, Grimley
(1945) published

Re ¼ 0:291Ka�1=8 ð2Þ
as the smallest Re number for a wavy liquid film. A literature review
regarding the Kapitza number shows some confusion with the vari-
ous definitions like Ka ¼ l4g=ðqr3Þ (Chun andSeban, 1971; Alhusse-
ll rights reserved.

torch).
ini et al., 1997; VDI Wärmeatlas, 2006), also common as Ka� ¼ 1=Ka,
Ka�� ¼ ð1=KaÞ1=3, Ka��� ¼ S ¼ ð1=KaÞ1=5 and Ka���� ¼ S� ¼ ð3=KaÞ1=5.

The present authors performed extended measurements of local
reflux condensation heat transfer coefficients inside a vertical tube.
These investigations were focussed on shear stress effects by a
countercurrent vapour flow (upwards) on heat transfer across the
liquid falling film (downwards). Respective results have been pub-
lished by Thumm (2000), Thumm et al. (2001), Gross et al. (2002)
and Gross and Philipp (2006). These experiments were done very
carefully and excellent reproducibility of the results has been ob-
tained, where Nu numbers diverge less than ±1% and ±0.5%, respec-
tively, with water and isopropanol as the working fluids for
experiments repeated after two and three years. This allows a well
based extrapolation of measured data to zero shear stress. The re-
sults are plotted as Nus?0 versus Re numbers with the Pr number
ranging from 2.6 to 55 as additional parameter. This allows a pre-
cise and detailed analysis of condensation heat transfer for smooth
laminar and wavy film flow up to developing turbulence.

The present contribution is directed to interrelations between
the heat transfer enhancement and typical wave characteristics.
In the next sections test rigs, measurement and visualization tech-
niques will be described, starting with a respective literature re-
view. After that the results of visual observations and a
classification of wave shapes will be stated.

2. Literature review

2.1. Heat transfer

Correlations of heat transfer measurements in cases of film con-
densation and/or falling film evaporation have been presented by
many scientists, however, mostly for the configurations of vertical
wall or the outside of tubes. The ratio between measured heat

mailto:storch1@iwtt.tu-freiberg.de
http://www.sciencedirect.com/science/journal/03019322
http://www.elsevier.com/locate/ijmulflow


U. Gross et al. / International Journal of Multiphase Flow 35 (2009) 398–409 399
transfer coefficients (Nuexp.) and those predicted by Nusselt’s the-
ory (NuNusselt 1916) is usually expressed by the wave factor (Fwave)
as:

Fwave ¼
Nuexp:

Nu Nusselt 1916
ð3Þ

Such wave factors have been evaluated from condensation heat
transfer data at zero shear stress, as done by Gross and Philipp
(2006), see Fig. 1, and they may also be derived from respective cor-
relations. For laminar wavy film condensation, McAdams (1954)
and Blangetti (1984) introduced constant wave factors (Fwave = 1.28
and 1.15, respectively). Furthermore, wave factors are found to in-
crease with the Re number as reported by Labuntsov (1957), Zozu-
lya (1959) and Uehara (1980) who introduced Fwave / Re0.04,
Fwave / Re0.11 and Fwave / Re0.083, respectively. Sofrata (1980),
Uehara et al. (1983) and Mitrovic (1990) refined the wave factor cal-
culation by including Ka number effects. In case of laminar wavy
film evaporation, Alhusseini et al. (1997) did the same, whereas
Chun and Seban (1971) restricted the wave factor calculation on
Re number effects similar to Kutateladze’s (1963) approach.

2.2. Wave shape and frequency

Formation and structure of falling wavy films have widely been
studied in the past and numerous investigations can be found for
many liquids and wall surface configurations e.g. by Emmons
(1951), Dukler and Bergelin (1952), Brauer (1956, 1971), Zhivaikin
and Volgin (1961), Wilke (1962), Ishigai et al. (1972), Portalski
(1960, 1963, 1973), Uehara et al. (1983, 1988, 1989), Alekseenko
et al. (1994), Al-Sibai (2004) and Koizumi et al. (2005).

Various experimental methods are reported: needle and induc-
tive probes for getting more or less local transients of the wave
thickness, some optical methods (shadow graphs, particle image
velocimetry (PIV), fluorescence) for cross sectional wave profiles
and their development. An overview has recently been given by
Clark (2002) who presented the various methods for film thickness
measurements, by Lel et al. (2005) concerning local thickness and
wave velocity measurements, by Koizumi et al. (2005) regarding
dimensionless wave characteristics, and by Drosos et al. (2004)
who reported characteristics of developing free falling films. Ado-
meit (1996), Adomeit and Renz (2000), Adomeit et al. (2000), Al-Si-
bai et al. (2002a,b), Al-Sibai (2004) and Lel et al. (2005) presented
extended studies of the local hydrodynamics of waves and falling
films at flat vertical plates (the latter four publications) and inside
tubes (the first three ones). In these studies a fluorescence inten-
sity technique has been used for the measurements of film thick-
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Fig. 1. Condensation heat transfer for the limiting case of zero shear stress.
ness and wave velocity while the velocity distribution inside the
film was determined by PIV. Lel et al. (2005) additionally applied
the so-called ‘‘chromatic confocal imaging method” for measuring
the thickness of wavy films. Besides that, Al-Sibai et al. (2002a,b)
and Al-Sibai (2004) investigated the instantaneous and local wall
to liquid heat transfer (without condensation) by an infrared ther-
mography method. Most recently Schagen et al. (2006) published
first measurements of local film thickness and temperature distri-
butions by application of a new method based on luminescence
indicators.

Waves on falling liquid films inside tubes are found to exhibit a
deterministic or chaotic behaviour depending on Reynolds number,
Kapitza number, and entrance length. Occasionally Froude and We-
ber numbers are also considered in the literature. Various character-
istic wave shapes are found by Philipp et al. (2006) who visually
investigated water films (at 17.5–21 �C) flowing downward inside
a glass tube, as sketched in Fig. 2, with the following conclusions:

– In cases of Re < 7, where liquid water films usually are treated to
be smooth, the visual observations show so-called ‘‘very small
waves”, see Fig. 2a, with a closed symmetrical wave crest around
the inner tube surface being called ‘‘two dimensional”. Actually
it is difficult to identify a falling liquid film which is entirely
smooth without any visible disturbance.

– For 7 < Re < 9 regularly ‘‘small waves” are found still being sym-
metrical, see Fig. 2b.

– For 9 < Re < 13, the wave height is further growing, now forming
‘‘large waves” with single bow waves in front of them, see
Fig. 2c. Such waves are still two dimensional being, however,
not fully circled. The experiments clearly show the development
of such waves starting from the top with several ‘‘small waves”
which step-by-step accumulate and finally disappear forming
those large waves.

– For Re > 13 symmetry gets lost, wave crests become inclined and
interrupted. Such waves are called to be ‘‘two dimensional
inclined”, i.e. they are two dimensional relative to an inclined
coordinate system running down in shape of a horseshoe with
an increasing number of bow waves, see Fig. 2d.

– For Re > 15 first ‘‘fast waves” are identified which are character-
ized by accumulation of a large mass of liquid sliding downward
very fast. Such waves influence the flow pattern by overtaking
and carrying other waves, see Fig. 2e.

– Between Re = 40 and 50 transition from two to three-dimen-
sional wave shape is reported with more or less strong but reg-
ular wave height variations which has been illustrated as
‘‘basketwork” profile.
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Fig. 2. Classification of wave shapes.
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– For even larger Re numbers streak-like and surge-like waves
occur with transition to a nearly semi-circled wave front. Wave
peaks are now running down helically as visible in slow motion
videos. Such streak-like down running waves have also been
observed earlier by Adomeit (1996) and Adomeit and Renz
(2000) and they clearly found first signs of turbulence from local
PIV measurements for dimethylsulfoxide at Re numbers 72 and
85.

Obviously there is more than one possible definition of the
wave frequency. Brauer (1956) and Ishigai et al., e.g. considered
large waves only (maximum in film thickness, see Fig. 2c–e series)
other investigations include occasional small waves and bow
waves in addition. Both concepts can be found in the related liter-
ature depending on the various measuring methods and research
aspects. For getting a systematic overview, around 100 recent pub-
lications have been analyzed. The results are found to be wide
spread due to the variety of different measuring methods at differ-
ent distances from the liquid inlet, see Table 1. No systematic
dependency of the wave frequency on Re number and no correla-
tion to heat transfer could be found. Wave frequencies are mostly
evaluated at locally fixed points. Philipp et al. (2006) did this as
well, and the results have been found to be in good agreement with
comparable literature data.

One more example: Karapantsios et al. (1989) determined wave
frequencies from local film thickness measurements with water
(Re = 127–3272). They evaluated spectral density maxima which
brought frequencies from 5 to 8 s�1. Using their published film
thickness versus time plots we counted the number of wave peaks
per second (large and small ones) for comparison. The counted fre-
quency (28 s�1, see Table 1) has been found to be much higher than
those published by the authors. The same applies to Koizumi et al.
(2000) and Al-Sibai (2004) who investigated the wave frequencies
of R-113 (Re = 15–150) and silicone fluids (Re = 2–690).

However, the question is posed which amount of film thickness
change is necessary to deliver a significant influence on heat trans-
fer. So far, for a constant liquid mass flow rate at laminar-wavy
flow conditions it is obvious that heat transfer coefficients increase
along with the number of wave peaks per unit of area and time
(frequency) because each wave peak assimilates liquid from a
Table 1
Overview of some measurements at vertical walls and wave frequencies, see Philipp et al

Liquid Tube (D

Name Temperature
(�C)

Di, Do, W
(width)

Adomeit (1996), Adomeit and Renz (2000),
Adomeit et al. (2000)

Dimethyl
sulfoxide

37 Di = 54;

Ambrosini et al. (2002) Water 20–30 W = 600
Karapantsios and Karabelas, 1995 Water 20 Di = 50
Karapantsios et al. (1989) Water 20 Di = 50
Koizumi et al. (2000), Koizumi et al. (2001) R-113 16–19 Do = 25

Water 23
Koizumi et al. (2005) Water

silicone
Di = 30

Leuthner (1999) Water 22–34 Do = 25.

Park and Nosoko (2003) Water 15–24 W = 205
Park et al. (2004) Water 15–24 Di = 9.6
Takahama and Kato (1980) Water 17 Do = 44.

Takamasa and Hazuku (2000) Water 15 W = 210

Takamasa and Kobayashi (2000) Water 25 Di = 26

Yu et al. (1995) Water 22 Di = 50.8
much larger surrounding area. Frequency determination of the
large waves is self-evident. But the influence of the frequency of
the small waves (between the large ones) on heat transfer is signif-
icant due to the fact that the film-thickness change causes the larg-
est effect at locations of smallest film thickness. This was
motivation for Philipp et al. (2006) to evaluate wave frequency
as the summary of both, large and small waves (without bow
waves) and they called it effective wave frequency.

Nevertheless, many interesting results came from all these pub-
lications which are, however, not directly applicable to analysis
and explanations of the details of measured condensation heat
transfer data inside a vertical tube. This is especially true in cases
where the visual experiments have been done at plane and also
at convex surfaces (outside surface of a tube) or if their quality
and/or quantity is not sufficient.

3. Experiments

3.1. Experimental set-up

The experimental set-up consists of a vertical brass tube with
the total length and inner diameter of 4.2 m and 28.2 mm, respec-
tively, see Figs. 3 and 4. There are two separately assessable cycles,
a liquid and a vapour cycle. In the first one liquid isopropanol pen-
etrates a porous steel section (sintered metal) at the top of the tube
and a uniform film is created flowing downward at the inner wall
surface. A film separation device is located at the bottom of the
tube, and the liquid is re-cycled at constant temperature by a
pump to the porous steel section. In the second cycle, vapour is
generated in an evaporator or alternatively by heating the film sep-
aration device and it is forced to flow upwards countercurrent to
the liquid film. For evaluation, particular mass flow rates were
measured after liquification by means of Coriolis flow meters with
an accuracy of about ±0.15% on the measured value, see Fig. 3.

Local filmwise condensation heat transfer coefficients are mea-
sured at the lower end of a water cooled section (total length
1.7 m; entrance length 1.58, see Fig. 3). The remaining part of the
tube below the cooling section served as an adiabatic entrance
length for the countercurrent vapour flow. The measured heat
transfer data have been extrapolated to zero shear stress, see
. (2006).

i, Do), flat plate (W) Film thickness

(mm)
Distance from liquid
inlet � (m)

Measurement Re f (1/s)

46 1.4 Fluorescence intensity
technique

1.7 Electric capacitance
1.77 Parallel-wire conductance
2.5 Parallel-wire conductance 127 28
0.2–1.2 Video camera and electric

capacitance0.4 and 1
2.8 Laser fluorescence

5 1.4 High-frequency
impedance needle

75 19
93 23

111 29
128 33

0.14–0.48 Shadow image
1 Shadow image

92 0.3 Needle contact electric
capacity

576 40
0.5–1.7 576 31.7
0.234 Laser focus displacement

meters
79 20

>0.133 112 30
0.22 Laser focus displacement

meter
80 25

0.4–1.52 80 20
2 Parallel-wire conductance 75 19
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Fig. 3. Schematic drawing of the test facility.
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Fig. 1. For more details of the heat transfer experiments see Thumm
et al. (2001), Gross et al. (2002) and Gross and Philipp (2006).

For our following visual experiments we used the same test
plant, however, under isothermal conditions. Three different
arrangements of camera equipment and illumination have been
used, see Fig. 4:

– Fig. 4a shows the first set-up with a pencil-like cylindrical cam-
era (PCC, outside diameter 14 mm, 50 half-frames per second)
which is centered inside the tube close to the measuring level
of the previous condensation heat transfer experiments. Light
is supplied through a sight glass at the lower end of the tube.
This arrangement has been used for visual observations of an
isopropanol film (t = 30.3 �C) without shear stress, i.e. stagnant
vapour.
Fig. 4. Schematic drawing of the test rigs arrangements.
– A second arrangement, see Fig. 4b, was used to re-enact these
measurements for comparison of wave types and frequencies
at different positions along the tube. For this purpose a digital
video camera (DVC, 50 s�1) was positioned at the lower end
of the tube with illumination from the upper end. Earlier
investigations by Takamasa and Kobayashi (2000) with water
(25 �C, Re = 80, inner tube diameter 26 mm) brought constant
wave frequency for entrance lengths from 0.4 to 1.5 m where
the large waves changed to small ones. In the present investi-
gation, special lens systems allowed to move the focus along
the lower part of the tube. This arrangement has been used
for taking movies and photos with and without shear stress
effects. Thereby two or rather three different liquid tempera-
tures were adjusted, 14.6 and 37.9 �C with shear stress and
additionally 47.3 �C without shear stress. The shear stress
was realized by the vapour, created by heating the film sepa-
ration device at the lower end of the tube, flowing upwards
countercurrent to the liquid film.

While investigating the liquid film structure and varying the
film temperature, photos have been taken at various film Re
numbers offering a surprising result: The image brightness
diminished for stepwise decreased film temperatures at a con-
stant Re number, see Fig. 5. This has been found to be due to
increasing wave heights, and there seems to be a correlation be-
tween wave shape and transmissivity of light, i.e. resulting im-
age brightness.

– This phenomenon has further been investigated by application
of a digital light meter (DLM, Luxmeter LX 1108, see Fig. 4c)
replacing the DVC at the lower end as the third arrangement.
By this, transmissivities (light intensity E) have been measured
as the mean value during 4–10 min for various Re numbers
(1.1–80) and temperatures (t = 15, 20, 25, and 30 �C). The tem-
perature effect on the digital light meter and its sensor was
investigated as well, and it could be excluded for the studied
temperatures.

From the videos taken with the first two arrangements (Fig. 4a
and b) wave shapes and effective wave frequencies have been eval-
uated as described in the next two sections.

3.2. Wave frequency evaluation

Visual observations were phased to discover specific wave char-
acteristics of the falling liquid films depending on Re number and
temperature. Fig. 5 shows photos taken by the DVC from the lower
end of the tube in upward direction, see Fig. 4b, to give an idea of
the images which subsequently have been evaluated with respect
to wave structure and frequency. There are two series namely
Re = 5 and 13, both of them taken with isopropanol at three differ-
ent temperatures (47.3, 37.9, and 14.6 �C) representing different Ka
numbers. The reader is asked to spend a short eye-training time
and one will clearly discover differences in the wave height which
becomes larger with increasing Re number and decreasing
temperature.

Wave shape and effective wave frequency results have been
evaluated for isopropanol and also for water with the latter ones
taken with a second test rig, see Philipp et al. (2006). This has been
done visually by counting wave crests, dark shadows of the waves,
from slow motion PCC videos (50 half-frames per second) within
an extended part of the inner tube perimeter (>1/6 of perimeter).
Watching the slow motion videos frame by frame all moving shad-
ows (waves) have been counted in the extended part, whether they
have been a cycled or inclined line or only one larger cylindrical
point.



Fig. 5. Wavy film flow for isopropanol at different temperatures and Re numbers.
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After these counting instructions and a short eye-training time,
various persons (at least two) repeated counting several times at
one and the same video sequence (3–6 s) for reducing scatter of
the averaged frequency results. So an averaged accuracy of about
±4% was reached.

For reproducible results (evaluated from taken videos), firstly a
best possible video quality is required, i.e. a definite and clearly vis-
ible image with maximum contrast realizable by different prede-
fined aperture-settings. Additionally the illumination has to be
optimized, i.e. no overexposure and huge reflections, wherefore
the arrangement of illumination has been tested for the whole Re
number section of investigation. An optimum (clearly visible im-
age) was found with an indirect inclined illumination in the tube,
and this was not changed during the measurements.

One example how to influence the clearly visible image (vi-
deo): With increasing Re number the brightness of the image de-
creases because of growing wave heights wherefore the aperture
has to be opened. The well-defined maximum of the opening
width of the aperture is one limitation for the visual evaluation
of frequency.

4. Results and discussion

4.1. Effective wave frequency without shear stress

Fig. 6 shows effective wave frequencies evaluated from the vi-
sual observations with the PCC, Fig. 4a, for isopropanol
(t = 30.3 �C, two series) and water (t = 50 �C). The effective wave
frequency is found to increase with the Re number. Characteris-
tic curves have been obtained with local wave frequency maxima
for both liquids. Respective peaks and representative shapes are
indicated by thick solid curves. For both liquids the correspond-
ing peaks have been numbered alphabetically (F–K) relating to
the same wave shape. They are nearly on the same wave fre-
quency level, with section ‘‘K” as an exception, and they will
be discussed in the following with respect to the visual observa-
tions. One photo series, see Fig. 7, is added for illustration of re-
lated wave shape changes.
– Peak F (about Re = 8–9.5 in Fig. 6 in case of isopropanol, Re = 14–
16.5 for water): At Re numbers below peak F two-dimensional
waves are observed being not fully circled. These waves start
to become irregular with occasional liquid mass accumulations
when peak F is approached changing to a characteristic mass
distribution beyond. These are first signs for fast waves and
can be seen in Fig. 7 for Re = 9.4 and 9.9. The resulting image
from the ‘‘top-view” has been sketched in Fig. 8 which is
intended to illustrate the variations of the mass accumulation
along the perimeter in Fig. 7.

– Peak G (Re = 10–11.8 and 17.5–21, respectively): With increas-
ing Re numbers the irregular succession of waves and the
related mass accumulations disappear, the two-dimensional
characteristic without fully circled waves is still valid, however,
with occasional inclinations of the wave crest. A wave deforma-
tion is observed close to peak G with an increase of height and a
decrease of the lateral extension by about 1/4–1/3 of the tube
perimeter, see Fig. 7 for Re = 11.7 and 12.4. The ‘‘fast running
waves” are clearly visible at these Re numbers containing a large
amount of liquid. The film surface is strongly influenced by over-
taking of slower waves.

– Peak H (Re = 14–16 and 31–35, respectively): Wave shape is
still two dimensional and almost all waves are inclined and
not fully circled like a horseshoe, see Fig. 7 for Re = 14.4 and
15.9. With increasing Re number, waves more and more inter-
leave each other and continuous transition from two to three-
dimensional wave characteristic is observed. Waves exhibit
regular mass accumulations in horizontal direction which
can be described as a kind of basketwork, see Fig. 7 for
Re = 17.3.

– Peak I (Re = 19–23 and 45–51, respectively): Transition from
two- to three-dimensional wave shape is nearly completed.
Periodic vertical wave displacement is observed with irregular
succession of waves with respective transient accumulations
when the waves interact and interleave each other. The basket-
work profile is still present, see Fig. 7 Re = 17.3–20.3.

– Peak J (Re = 24–28 and 55–62, respectively): Wave shapes are
fully three dimensional with increasing wave interferences and
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regular horizontal mass concentrations as observed earlier. Due
to increasing wave interferences two distinct conditions of wave
shapes and resulting wave frequencies are detectable. Further-
more, caused by large wave heights possibly some smaller
waves are masked out, the wave frequency peak ‘‘J” (for isopro-
panol) is somewhat low in wave frequency. Thus the high wave
frequency data points were used for indication by the thick solid
curve.
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Fig. 8. Schematic drawing of wave shape at Re = 9.9 and t = 30.3 �C.
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– Peak K (Re = 32–40 and 74.5–81, respectively): The waves are in
a persistent development and transition to turbulence with
streak-like and surge-like waves starts. Adomeit (1996) and
Adomeit and Renz (2000) observed these wave shapes, too.

The isopropanol data points encircled by a grey dotted ellipse
are rather low in effective wave frequency caused by the large
wave height and resulting bad illumination of the video section
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where smaller waves are masked out nevertheless showing a char-
acteristic minimum.

Fig. 9a and b shows results of the transmissivity measurements,
see Fig. 4c for the arrangement. Light intensity E (measured in l�)
is plotted versus the Re number. Individual curves are obviously
visible for each of the four selected temperatures 15, 20, 25, and
30 �C. Increasing the Re number starting with Re = 1 (at about
E = 250 l�) brings monotonically decreasing transmissivities with
variations of the slope. Evaluation of the obtained curves allows
accurate conclusions for wave shape transitions at points A–L,
see Table 2 where comprehensive explanations of changes in wave
shapes are compiled. The transition points are in good agreement
with the effective wave frequency maxima and minima in Fig. 6.
Furthermore, the temperature effect upon wave shapes can be de-
tected, and for rising temperatures displacement of the transition
points to larger Re numbers and transmissivities are found and
marked by ellipses (A–L). Contrary to expectations the transition
point ‘‘J” is not definitely detectable that is why it is marked by a
grey dotted ellipse.
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Table 2
Detected and particularized changes in wave-shape and formation using a DLM.

No. Isopropanol (Re) Wave shape – formation and structure of falling film

14.6 �C 20 �C 25 �C 30 �C

A 1.31 1.39 1.43 A transition from laminar smooth film to laminar wavy film with very small waves can be observed.
B 1.64 1.74 1.84 1.86 The transition from laminar wavy film to first small waves is visible.
C 2.53 2.72 2.89 3.03 Furtheron small waves but with rising mightiness.
D 3.48 3.62 3.77 3.91 First large waves characterized by bow waves are visible.
E 4.5 4.72 4.85 5.0 A two-dimensional, not fully circled wave shape with an increase in number of bow waves and mightiness is visible.
F 8.3 8.6 8.8 9.1 Irregular wave-succession with wave-accumulations are first signals for ‘‘fast waves”. Some circumferential mass concentration

inside the waves gets started (Re 9.9 – see Figs. 7 and 8 (30 �C)).
G 10.5 10.9 11.2 11.6 Reduction of horizontal wave extent by about 1/4–1/3 is obviously visible. The wave shape is almost two-dimensional-inclined

(relative to an inclined coordinate system) looking like a horseshoe. The irregular wave-succession stopped and an increase in
wave-height is detectable.

H 12.6 13.4 14 14.7 The wave shape is almost 2-dimensional-inclined and the waves interleave themselves whereby a steadily transition from two-
to three-dimensional wave shape is visible. The horizontal circumferential mass concentration inside the waves are nearly in
regular distances over the extent.

I 18.5 19.5 20.6 21.4 The transition from two- to three-dimensional wave shape is nearly completed, the waves interleave and interact themselves.
The wave shape can be described as a basketwork profile with periodic horizontal mass concentrations.

J 22.5–
27.1

24.6–
29.2

26.0–
30.0

32.3 Fully three-dimensional wave shape with wave interferences and superposition.

K 31.6 33.1 35.1 36.5 The wave shape is fully three dimensional and first indications for a transition to turbulence are detectable.
L 45.4 47.6 The transition to turbulent wave shapes starts (streak-like and surge-like waves).

U. Gross et al. / International Journal of Multiphase Flow 35 (2009) 398–409 405
4.2. Correlation of heat transfer data

Wave factor results have been evaluated following Eq. (3) from
the author’s condensation heat transfer data at zero shear stress for
water, ethanol and isopropanol, see Thumm et al. (2001), Gross
et al. (2002) and Gross and Philipp (2006), and they are plotted
in Fig. 10 versus the film Re number. A clear effect is seen for
increasing Re and Ka numbers which yield remarkable intensifica-
tions of heat transfer in terms of the wave factor. After comparing
these data with corresponding wave shape observations and eval-
uation of effective wave frequencies four characteristic ranges are
encountered:

– Smallest wave factors amount to Fwave = 1.028, and they are
obtained for water at Re < 7, i.e. in a range which is usually con-
sidered to be free of waves. Visual observations, however,
showed occasional ‘‘very small” waves throughout with some
limited effect on heat transfer.

– The next range is characterized by a strong increase of the wave
factor up to about Fwave = 1.345. Two-dimensional waves are
visually observed including small and large ones. Development
of these waves is enhanced by increasing Re and Ka numbers.
The first one (Re) is governed by film thickness and/or film
velocity, while the second one (Ka) includes an increasing ratio
of viscose to surface tension effects. The development of waves
is promoted by the combined effects.

– Wave factors 1.345 6 Fwave 6 1.375 are created by three-dimen-
sional wave shapes, but the increase shows to be shallower.

– Wave factors Fwave > 1.375 characterize transition to local turbu-
lence where the principle of combining laminar film theory with
wave factors for consideration of heat transfer enhancement
starts to loose its sense.

For the first three ranges the correlation of the condensation
heat transfer data results in the following equations. They express
the trend of wave factor with increasing Re number in the given
limits:

Range 1 Fwave ¼ 1:028 ðReKa0:09 < 0:8Þ ð4Þ

Range 2 Fwave ¼ 1:096Re0:141Ka0:0126 ð0:8 � ReKa0:09 < 4:2Þ
ð5Þ
Range 3 Fwave ¼ 1:270Re0:040Ka0:0036 ð4:2 � ReKa0:09 < 7:3Þ
ð6Þ

By fitting the measured data points in Eqs. (5) and (6), inclined lines
were generated and together with a horizontal line due to the con-
stant value of Eq. (4) added in Fig. 10.

4.3. Shear-stress effects

In practical applications like heat exchangers and chemical pro-
cess columns, zero shear stress is just the limiting case for the con-
densing vapour being in cocurrent or countercurrent motion to the
liquid film. The resulting shear stress influences film flow charac-
teristics and heat transfer as well. Gross et al. (2002) and Gross
and Philipp (2006) presented film condensation heat transfer
experiments in the counter flow situation. Some of the isopropanol
results are shown in Fig. 11 as Nu number versus the dimension-
less shear stress s* at vapour–liquid interface.

In case of a smooth liquid film, e.g. Re = 0.68, the Nu number de-
creases with rising shear stress which is in excellent agreement
with an analytical solution presented by Gross and Philipp
(2006). This model is based on the balance of gravity, viscose and
vapour-side shear forces to the liquid film

Refilm ¼
dþ

3

film

3
� dþ

2

film

2
s� ð7Þ

where

dþfilm ¼
dfilm

m2
liq

.
g

� �1=3 ð8Þ

and

s� ¼ s

g qliq � qvapm2
liq

.
g

� �1=3 ð9Þ

are the dimensionless film thickness and dimensionless shear
stress, respectively.
Application of Nusselt’s theory

Nu ¼
h m2

liq

.
g

� �ð1=3Þ

kliq
¼ 1

dþliq
ð10Þ
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Fig. 10. Wave factor (condensation heat transfer data) versus Re number.
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and an approximation, suggested by Thumm (2000) for cases with
0 < s* < 3, yields

Nu ¼ 0:59s� þ 31=3 � 0:0086s�
� �

Refilm þ 0:28s�3
� �1=3

h i�1
ð11Þ

which is plotted in Fig. 11 as an almost straight line.
This effect starts to be modified when the film Re number is in-

creased, e.g. for Re = 1.4, still showing a decrease of Nu number for
low shear stress cases. However, a minimum is obtained at about
s* = 0.25 with the transition to a re-increase of the Nu numbers.
For even larger Re numbers the transition point is displaced to
s* = 0.15 (Re = 2.4) and finally to s* < 0.05 for Re P 6.7 at 25 �C.
The transition shear stress and also the slope of the curves obvi-
ously depend on the temperature, i.e. on liquid film properties like
the Ka number, as can be seen for Re = 6.5 at 50 �C where a weak
minimum is found somewhere around s* = 0.3 with a slight subse-
quent increase. This behaviour is strongly different from the case
Re = 6.7 at 25 �C with the steep increase of Nu. An overview of the
state-of-the-art in reflux condensation is given by Gross (2006).

In the present contribution countercurrent vapour-flow effects
on the wave characteristics have been visually observed by the
DVC, see Fig. 4b. With this camera position from below the wave-
types could not be clearly defined as ‘‘small” or ‘‘large” ones. So we
counted all visible waves, obviously resulting in a lower wave fre-
quency than shown in Fig. 6. This is due to the fact that some small
waves are masked out by larger ones.
In Fig. 12 frequencies of the visbile waves (fvw), mainly large
waves, are plotted versus the dimensionless shear stress for iso-
propanol at Re 6 30 (taken at 38 �C) covering the entire lami-
nar-wavy flow regime. For Re < 9 the frequency is found to be
not influenced by the shear stress in the limited range of investi-
gation, however, at Re > 9 the wave frequency is clearly enhanced.
The experiments have been repeated at a lower temperature
(15 �C) where the lower limit for shear stress effects seems to
be dislocated to smaller Re numbers. The detected wave fre-
quency increase due to shear stress effects is coupled with a dis-
placement of the wave shape regime. This has been visually
observed and the frequency versus Re number plot, Fig. 13, shows
respective results for both of the film temperatures under inves-
tigation. There are three classes of shear stress levels represented
by hollow (s* = 0), grey (0.01 < s* < 0.05) and dark symbols
(0.05 < s* < 0.08). Keeping the Re number constant at Re P 9 (for
t = 38 �C), the frequency increase with s* can easily be seen. This
is occasionally also found for t = 15 �C (Re = 5 and 13). Similarities
of the wave shapes were observed at certain wave frequencies,
whereby the data points with similar wave structures are encir-
cled by ellipses (level (1): at about fvw = 10–11 s�1; level (2): at
12–13 s�1; and level (3): at 15–16 s�1) in Fig. 13. Level (1) is char-
acterized by two-dimensional waves with bow waves being occa-
sionally inclined and it corresponds to peak G in Fig. 6. For
t = 15 �C this wave shape is obviously obtained at Re = 9 (for
s* = 0), but with shear stress it is already visible at Re = 5. Level
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Fig. 12. Shear stress effect on large wave frequency for isopropanol at t = 38 �C.
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Fig. 11. Shear stress effect on heat transfer for isopropanol in the low Re number
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(3) corresponds to peak H with the transition to three-dimen-
sional wave structure as obtained at Re = 30 (for s* = 0) and al-
ready at Re = 19 (t = 38 �C) with countercurrent vapour flow.
This effect will now be considered from a different point of view,
namely for constant Re = 5 (t = 15 �C): At s* = 0 as the starting
point, two dimensional, horizontal and not fully circled waves
are observed (frequency fvw = 8.5 s�1). An increase of shear stress
supports transition to fvw = 10.5 s�1 with inclined waves in some
cases and occasional mass accumulations in horizontal direction.
As a second example, Re = 19 (t = 38 �C) may be considered where
shear stress promotes the transition from two- to three-dimen-
sional waves and a respective frequency increase from 13 to
15 s�1. Finally at Re = 30 (t = 38 �C) shear stress acts to a gradually
transition to turbulence (fvw = 18 s�1) starting from the three-
dimensional film structure (fvw = 16 s�1).

Despite the only small shear stress variations in the visual
experiment which have been limited by the evaporation capabil-
ities, Figs. 12 and 13 clearly show the observed increase of wave
frequency and also the shift to a more structured liquid film for
Re > 5 and t = 38 �C. The increase of wave frequency as seen in
Fig. 12 for s* < 0.05 is thought to be continued for larger shear
stress resulting in a shear stress driven respective heat transfer
enhancement as seen in Fig. 11. For the smallest Re number
(Re = 0.68) no waves are expected with and without shear
stress. The respective curve is well represented by the simple
analytical model balancing gravity, viscose and shear forces,
see Gross and Philipp (2006). For Re = 1.4 and 2.4 in Fig. 11,
small shear stresses bring again no heat transfer effect in addi-
tion to that basic one, a fact which can easily be explained by
diminishing effects on structure and frequency of the waves
which are expected to be ‘‘small” ones and two-dimensional
with the frequency in the order of fvw = 5 s�1 (see Fig. 12). Shear
stress effects on heat transfer enhancement are measurable for
s* > 0.25 (Re = 1.4) and s* > 0.15 (Re = 2.4) respectively. The
resulting heat transfer effect seems to be increased from Re
6.7 to 9 and further to Re = 12 brings an increasing slope of
the curves in the Nu versus s* plot.

5. Conclusions

Earlier condensation heat transfer experiments of the present
authors, Gross and Philipp (2006), have been evaluated and supple-
mented by visual investigations of falling liquid films.

For the limiting case of a stagnant vapour the enhancement
of local heat transfer coefficients has been evaluated in terms
of the wave factor. Correlations are obtained for three of four
characteristic ranges of the wave activity: (1) so-called ‘‘small
waves” at ReKa0:09 < 0:8 bring heat transfer coefficients which
exceed Nusselt’s solution by about 2–3%; (2) for
0:8 � ReKa0:09 < 4:2, two-dimensional waves are found with
wave factors ranging from 1.06 to 1.345; (3) transition to
three-dimensional waves are obtained at 4:2 � ReKa0:09 < 7:3
with some additional but limited increase of the wave factor
up to about 1.375; and (4) for even larger Re and/or Ka numbers
transition to turbulence is observed making the principle of
enhancement factors questionable.

Visual observations included the determination of wave fre-
quencies from slow motion videos and light transmissivity mea-
surements. Detailed characteristics of the wave frequency have
been detected and up to 12 different changes of the wave structure
are obtained. These transition points are found to be shifted to lar-
ger Re numbers when Ka is decreased. The wave structures are ob-
tained as typical and reproducible maxima and minima when the
wave frequency is plotted versus Re number.

For countercurrent vapour-flow a characteristic decrease and
subsequent re-increase of heat transfer coefficients have been ob-
tained for increasing shear stress. This has been found to be due to
the wave activity which is negligible at smallest Re numbers where
Nu number is found to follow a simple balance of gravity, viscose
and shear forces. The wave activity, in terms of the wave fre-
quency, is found to be enhanced for increasing shear stress, and
the latter one promotes transition of, e.g. the wave structure from
two to three-dimensional characteristic.
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