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Abstract

Heat transfer through a laminar-wavy falling silicon oil film on a vertical plate has been investigated. The film flows down an electrically
heated metal foil which delivers a constant heat flux. The temperature field at the backside of the foil is measured by a very sensitive
infrared camera with high temporal resolution. Local and instantaneous heat transfer rates through the film are evaluated from the temporal
development of the local wall temperature. Investigations in two-dimensional waves show the influence of the Prandtl number on the transport
processes even in the laminar region. The experimental data confirm the results of numerical calculations with a spectral element method
Furthermore, the temporal averaged heat transfer has been investigated in thermally developed three-dimensional wavy films over a film
Reynolds number range of 10-129 and a Prandtl number range of 10-45. The Prandtl number dependency of the heat transfer in the laminai
wavy region of the film agrees well with a recently published experimental stu8@02 Editions scientifiques et médicales Elsevier SAS.

All rights reserved.
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1. Introduction five states [28]. At film Reynolds numbeRe< 0.47F;1/10
the film surface is smooth and the Nusselt assumptions

Film flows can be found in a variety of engineering ap- are valid. If the flow exceeds after a first transient regime
plications, e.g., condensers, evaporators and reactors. De0.47FiY/1% < Re< 2.2Fi/1° the flow becomes wavy but
sign and operation of these apparatus require a quantitatives still laminar, therefore this region2ri'/1% < Re< 75
knowledge of the momentum, energy and mass transfer inis denoted as stable laminar-wavy. After a second transi-
the liquid film phase, since its transport resistance frequently tion regime at about 7& Re< 400 where singular turbulent
restricts the performance of the apparatus. spots are induced increasingly by interacting laminar waves

One of the earliest studies on film flows is that of Nus- the flow can be regarded as turbulentRe> 400.
selt [1] who investigated a vertical laminar condensate film  Due to the technical relevance of film flows a variety of
with smooth surface. However, it can be observed that wavesinvestigations have been performed to analyze heat and mass
propagate even on laminar liquid films at low film Reynolds transfer [2—16] of falling films. It was observed that both,
number. The instability of film flows against slightest per- heat and mass transfer in wavy films are significantly higher
turbations has been shown analytically by stability analyses. than those predicted by the Nusselt solution. In these studies
Several experimental studies on flow dynamics of falling semi-empirical correlations of the heat and mass transfer
films reveal that the flow conditions can be classified into enhancementhave been presented, however, the mechanisms

of the transport processes and the flow characteristics of
7 This article is a follow-up a communication presented by the authors at wavy films have not '?ee” fully explained. . . .
the EXHFT-5 (5th World Conference on Experimental Heat Transfer, Fluid Apart from analytical approaches numerical simulation
Mechanics and Thermodynamics), held in Thessaloniki in September 24-techniques have been applied with promising results. Renz

28, 2001. and Gromoll [17] showed the influence of the film waves
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Nomenclature
b foilwidth........... ... i m filmthickness............. ... .o m
c specificheat .................... L n dynamic viscosity ............... kg~t.st
f frequency .......... ... ..., 15 A thermal conductivity .. .......... wh—lk-1
g acceleration of gravity ................ -§1° v kinematic ViSCosity . ................. st
In length of the heating section.............. ; m , AENSIEY . o+ v e oo kg3
mn mass flowrate ... IR SRIC T ' o surfacetension...................... it
Nu Nusselt numbes o - 4 ;1(‘) 87 @ volumetric heatsource............... 3
Pr Prandtl numbesn-c- A
q’ heat fluX. ...oove v W2 Subscripts
Re  Reynolds numbet i -n~t.p71 0 initial value
s foilthickness. ............ ..o, M  aAm ambient
T temperature ... K Ex excitation
t time. S
u stream wise velocity .................. gnt mean value
X stream wise co-ordinate.................... m S surface

W wall
Greek symbols bW  backside of the wall
o heat transfer coefficient.......... W2.K-1 fw forefront of the walll

servation equations. Bach and Villadsen [19] solved the and three-dimensional instantaneous laminar-wavy films are
Navier—Stokes equations of a film flow for Reynolds num- determined experimentally using a highly sensitive infrared
bersRe< 25 employing a finite element technique. In their thermography.
calculations a gravitational wave with a preceding capil-
lary wave arises from an initial Gaussian perturbation which
agrees with experimental observations and is confirmed by Experimental work
further studies, e.g., Kheshgi and Scriven [20], and Ho and
Patera [21]. Stuhltrager et al. [22,23] found by finite differ-
ence calculations that heat transfer through the waves is af-
fected by convection. Jayanti and Hewitt [24], who assumed
the wave form in their calculations, obtained roll waves, i.e.,
a recirculation zone in a moving coordinate system, if the \ X i
wave amplitude exceeds a certain value. However, the influ- constantan foil (length 700 mm, width 240 mm, thickness
ence of this recirculating flow on heat transfer is negligible 0:025 mm). An adjustable gap in the liquid distributor
in their results. They ascribe the amplification of heat trans- llows to set the initial film thickness. The foil is heated
fer to the effective film thinning caused by the waves. Mi- electrically at 190 W The effectlve area of the hgated section
yara [25] solved the Navier-Stokes equations and the energyVas determined with the infrared camera which leads to
equation simultaneously for a Reynolds numbeRet= 100 @ heat flux from the foil to the film of 6000 Wh~2. At
without restrictive assumptions. He obtained gravitational the end of the test section the film flows into a reservoir
roll waves with preceding capillary waves. His investigation €quipped with heating and cooling devices to control the
of heat transfer shows that the heat transfer is enhanced byfluid temperature. The film fluid is circulated by a piston
effective film thinning and by convection. The dominating Pump of adjustable flow rate which is measured by a positive
process depends on the Prandtl number. This was confirmedlisplacement flow meter. The local mean temperature of the
by Adomeit and Leefken [26] who further separated convec- film is measured with two thermocouples (1 mm diameter),
tion from conductive heat transfer. Hence, they could show Which are immersed in the film in a row.
that the influence of convection is dominant in the waves par-  To create two-dimensional waves the film flow can be
ticularly in the roll wave, where a bulk of surface-tempered perturbed in an exactly defined mode by a loudspeaker
fluid is accumulated. located above the liquid distributor. Silicon oils (DMS) with
Due to the lack of experimental data the validity of these different viscosity have been employed as testing fluid. Since
models cannot be verified. Accurate measurements withthe heat conductivity is roughly the same for all silicon oils
high temporal and spatial resolution are needed to provethe Prandtl numbers vary with the viscosity. Three different
the present conclusions and to develop more exact modelsoils with Prandtl number®r = 10, Pr = 25 andPr = 45
In this study the local heat transfer coefficients of two have been used, see Table 1.

2.1. Experimental apparatus

The closed-loop test facility is shown in Fig. 1. Liquid
silicon ol film (Ty = Tam) flows down vertically on a planar
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Fig. 1. Schematic diagram of the experimental facility. Frequency f

Fig. 3. Phase shifnr - f and dampindlyy/ Trw of the temperatur@pw
at the backside of the foil referred to the temperafijig at the forefront if
the heat transfer at the forefront oscillates with the frequeficy

Table 1
Silicon oils used, operating conditions and range of key variables

Fluid Re Pr n ) A o

103Pas kgm=3 wm ikl Nm?
DMS-T02 38-129 10 B8 870 0.26 0.0187 assumed to be a sinusoidal oscillating heat transfer caused
DMS-TO5  14-71 25 45 915 0.28 0.0197 by the liquid film. The heat transfer at the backside caused
DMS-T11 10-35 45 102 933 0.32 0.0201

by radiation and free convection is assumed to be constant.

The mean thickness of the coated paint, which was
2.2. Infrared thermography determined by a displacement meter is about 15 um. Fig. 3

shows the dimensionless phase shift f of T, referred to

In order to measure the local heat transfer the liquid Tiw and the dampin@hw/ Thw at different frequencieg of
film is heated with a constant wall heat flux provided by the heat transfer at the forefront. The response of the 15 um
the electrically heated constantan foil. Due to film waves coating is sufficiently accurate over the whole frequency
the wall temperature will vary spatially and temporally range. The comparison with 30 um coating and no coating
depending on the local flow condition. The local wall is givento show the influence of the coating on the response
temperature is measured on the backside of the foil by Tow. For a 30 pm coating the measured temperat@isas
an infrared camera. This technique was suggested andwill significantly differ from the temperatur&y if the heat
performed by Hetsroni and Rozenblit [27]. Fig. 2 shows transfer oscillation exceeds 10 Hz. Hence, it is strongly
an exemplary measured time regime of the temperature atrecommended to keep the coating as thin as possible. The
the backside which is coated with paint which is black influence of the foil itself (no coating) is negligible.
within the camera’s spectral range of 9-11 um wavelength.  The local heat transfer coefficieatis defined with the
The temperature oscillations caused by the fluctuating heatlocal wall temperaturdsy and the local mean temperature
transfer through the film is about 100 mK, which is in the of the film T :
order of the camera’s resolution of 25 mK. The amplitude p
of the noise signal could be reduced to approx. 10 mK by , — __ 9w (1)
averaging the data spatially over an area of 0.25 mm by Trw — Tm

0.50 mm (8 pixels). The data are recorded at a frame rate ;4 5 Nusselt numbeNu based on the heat transfer

of 2480 Hz. _ coefficient defined by Eq. (1)
The temperaturdy,w measured on the backside of the
foil is not exactly the desired temperature on the forefront L2\ 131 gl 2\ 131
Trw . The underlying transient heat conduction problemwas Nu=o — ) —=—Y (=) ==143Re /3
8 Ao Tw—Tw\ g A

solved numerically to estimate the difference betw&gp
andTqw . The boundary condition at forefront of the foil was ¢y, = const (2)
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The local wall heat fluxgyy, is calculated by the locally E 0.8 ' T J J T J

supplied heat source less the unsteady heating of the foil: 5 B Re=40 .
< 0.6F ]

. . dTq .

Gy =5 — chWSd—W €)) g " Re=71 _

t = 0.4

wheres is the thickness of the foil angét”” is the electrically R B 7

supplied volumetric heat sourcey andeyw are the density 2 B Prandtl number Pr=25 .

and the heat capacity, respectively of the constantan foil. & 0-20 5 OI 2 OI 3 Ol 6 0'7 Ol8 0'9 T0

Eqg. (3) is derived from an integral energy balance of the
foil, assuming an uniform foil temperatu&y which was X/lh
validated by comparing Eq. (3) with a numerical solution of

the governing energy equation. The heat transfer by radiation
and free convection on the backside of the foil is neglected

Fig. 4. Nusselt number at different lengthsl.

since it is less than 0.1% of the heat transfer through the 1.57F Prandtl number Pr=45 ]

liquid film. 1558 5 "
= i 1 1 1 1 ]
Z 1.53

3. Results b5} T T T T
@ 1.02F Pr=25

In most studies experimental data are compared to the a 1.00 ~—— N ———— ]
Nusselt solution to show the heat and mass transfer enhance- = E
ment caused by the waves. Usually, the Nusselt solution for '8 0.98 : : : :
condensation is used where the heat transfer coefficient is 3 T T T T

defined with a temperature difference between the wall tem- Z0.59F Pr=10 7
peratureTyy and the temperature of the film surfate In 0.57 }\/\/\/\/\/\/\/\/Z
this work the heat transfer coefficient is defined with the wall - -
temperature and the mean temperature of the liquidZijm 0-550 0'2 0 p 0 16 0 18 0
. 4 0. S g L
Time

3.1. Thermal development of the film

Fig. 5. Temporal evolution of the local Nusselt number of varying Prandtl

The liquid entering the heating section is cold and has number in two-dimensional laminar-wavy films = 26 atx /Il =0.1.
to be heated before it reaches its thermally developed state.
From Eg. (1) it can be seen that the low mean temperatureregion for the wavy film exceed the correlation of Gim-
of the liquid and the higher temperature of the wall at the butis [29] for smooth liquid films by a factor of 3 to 4.
beginning of the heated region will lead to higher temper-
ature difference and therefore to a lower local heat transfer 3.2. Two-dimensional film flows
coefficient as the heat source is constant. Afterwards both,
the fluid and the wall temperature increase. At a certain dis-  Two-dimensional waves can only be found in a small re-
tance the temperature difference between wall and mediumgion at the beginning of the film. Investigations of Nako-
and hence the temporally averaged local heat transfer reachryakov and Alekseenko [28] show that two-dimensional
constant values. The film flow can be regarded as thermally waves can reach a stationary state if they are excited in a lim-
developed even though both temperatures further rise. It hadted range of frequencies which depends on the liquid prop-
been shown by experimental investigations of Wilke [3] and erties and on the flow rate. In the present investigations the
Bays and McAdams [2] that the length of the developing re- film flow has been excited by a loudspeaker to generate sta-
gion is related to the product of Prandtl and Reynolds num- ble two-dimensional waves. However, the waves can only be
ber. This has been reviewed by Seban and Faghri [8]. Therealized in a region where the flow is not thermally devel-
developing length has been investigated in the present studyoped. This means that the temporally averaged local Nusselt
for a liquid of Prandtl numbePr = 25 and Reynolds num-  number cannot be compared with the Nusselt solution. Fig. 5
ber ofRe= 40 andRe= 71. A Reynolds humber die= 71 plots the temporal evolution of the local Nusselt numbers at
leads to the highest produBte- Pr of the observed cases. a Reynolds number dRe= 26 for different Prandtl num-
The total length of the heating section is about 455 mm; the bers.
local heat transfer has been measured at 5 different positions. Nevertheless, the analysis of the local heat transfer can
Fig. 4 shows the evaluated Nusselt number along the heatedjive insight to the heat transfer processes and to the quality
section forPr = 25 atRe= 40 andRe=71. of the infrared thermography technique. The excitation fre-
As expected, the Nusselt number reaches its constantjuencyfex of 8—10 Hz is exactly reflected by the oscillation

value earlier for lower Reynolds numbers. The developing of the Nusselt number which is shown in particular by the
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" 1.0 4. Conclusion

Fig. 6. Numerical calculation of the temporal local Nusselt number for a Heat_tranSfer oflaminar-wavy films has begn |nvest|gz_ated
film with two-dimensional waves at different Prandtl numbers Ree- 8. by an infrared thermography technique with very high
temporal resolution.

The results for two-dimensional waves confirm own nu-
curve of Pr = 10. This indicates the eminent sensitivity and merical prediction, that the heat transfer by convection in-
high temporal resolution of the applied infrared thermogra- creases with increasing Prandtl number. Since convection is
phy. Moreover, the amplitude of the oscillating Nusselt num- high in regions where heat conduction is low the increasing
ber decreases with increasing Prandtl number. This effectconvection leads to a smoothed temporal course of the total
confirms the numerical results of Adomeit and Leefken [26] heat transfer.
for film condensation: If the Prandtl numberis low heatcon-  The evaluated heat transfer coefficient in three-dimen-
duction dominates the heat transfer. The heat transfer bysjonal waves is time averaged as a time-dependent local
convection which increases with increasing Prandtl number heat transfer can hardly be interpreted without information
is dominant in the waves and therefore smoothes the over-about instantaneous flow condition. The experimental data
all heat transfer rate. A numerical result is depicted in Fig. 6, show a clear dependence of the Nusselt number on the
which shows the calculated local heat transfer coefficient in Prandtl number. Alhusseini et al. [10] published recently a

a two-dimensional wave for different Prandtl numbers. correlation for the Nusselt number which shows a significant
effect of the Prandtl number supporting the present findings.
3.3. Three-dimensional film flows In future work the instantaneous local film thickness and

heat transfer will be measured simultaneously to gain a

In laminar-wavy film flows three-dimensional waves deeper insight to the influence of flow dynamics on heat
transfer and to verify the present models.

are arising due to slightest system immanent disturbances. i :
Therefore, the external excitation with the loudspeakeris not ~ 1h€ temporal resolution of the instantaneous local heat
transfer has to be improved by taking the heat transfer

needed. - s >
The local wall temperature is measured in a region where through the foil and the coating into account. Efforts will
be made to solve the underlying inverse problem.

the film flow can be regarded as thermally developed. The
heat transfer coefficient is evaluated according to Eq. (2) and
time averaged.
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