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Condensation from air-steam mixtures on falling water layers is investigated experimentally and theoreti
cally. The thin film flows on the inner surface of a 5em i.d. vertical pipe. This film is wavy turbulent while the
gas phase is kept saturated with steam. Experiments are conducted with the gas mixture effectively stagnant.
compared with the fast moving liquid film. Measurements are also made under a mild vacuum applied on the
gas phase, Heat transfer coefficients averaged over the entire length of the condensing surface, tend to
increase by decreasing the liquid flowrate, by increasing the steam fraction, and by applying a mild vacuum
on the gas phase. However, for the cases examined, there is a liquid flowrate above which the heat transfer
coefficient becomes almost constant.

Numerical predictions are made for a fully developed turbulent film using an eddy diffusivity model. The
results indicate that for a system with a large amount of noncondensable gases-as in this study-the
temperature profile in the liquid film is nearly uniform and that the major resistance to condensation
resides in the gas phase. The analysis also shows that the relative contribution of sensible heat transferred
through the gas phase is small relative to the latent heat released upon condensation. Comparison of
predictions with experimental data suggests that a significant parameter in these analyses is the gas diffusion
boundary layer thickness which seems to be comparable in size with the liquid film thickness. Finally, the
possibility is discussed of correlating condensation heat transfer coefficients with already available statistical
characteristics of the falling wavy layer. Theoretical predictions based on this idea are in good agreement
with data.

KEYWORDS Direct contact condensation Noncondensables Steam/air Falling films

INTRODUCTION

Attention has been focused in recent years on direct contact condensers where the
vapor is condensed directly on moving layers or droplets of subcooled liquid. Interest
has been generated by water desalination equipment design and by energy conversion
applications, such as geothermal, solar and nuclear energy systems (Kreith and Boehm,
I988). Among the main advantages of these condensers one can include their simple
design, minor fouling problems and high specific transfer areas and rates. Thus they
represent a very tempting option since their ability to condense a specified amount of
vapor is dictated (and limited) only by the energy balance between latent heat of
condensation and the sensible heat that can be absorbed by the subcooled liquid.

A survey of contributions on this topic has been recently published by Jacobs (1988).
Serious gaps are identified in the literature concerning both basic understanding of the
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262 T. D. KARAPANTSIOS et al.

process (especially when noncondensable gases are present) and availability of reliable
design procedures.

The present study is concerned with direct contact condensers in which falling thin
liquid layers are flowing on solid substrates, e.g. packing or pipe surface. Relevant work
in the literature refers mostly to pure vapor condensation on the same liquid compound
or other immiscible liquid, for either the case of a flat vertical plate (e.g. Jacobs, 1980;
Rao and Sarma, 1984) or a nearly vertical rectangular channel (e.g. Kim et al., 1985).
Significant work by Bankoff and co-workers (1983, 1985) and Celata and co-workers
(1989, 1991) involves pure vapor condensation in horizontal and inclined channels,
while Tamir and co-workers (1974, 1976) treat the case of thin falling films of spherical
geometry. However, the effects associated with the presence of noncondensables are
not adequately dealt with, while most studies assume laminar film flow, free of
turbulence and waviness. To the best of the authors' knowledge, direct-contact
condensation on wavy turbulent falling films with noncondensables present (studied
here) is not addressed at all in the literature despite its practical significance.

This work is motivated by a parallel project carried out in this Laboratory
(Bontozoglou and Karabelas, 1993) for the separation of noncondensable gases from
high pressure geothermal steam by means of a column filled with structured packing,
operating as a direct contact device for the subcooled water and the geothermal
gaseous stream. The function of this column is to disengage the noncondensable H 2S

and CO 2, before steam utilization in turbines, by condensing the water vapor under
high pressure. As Fair and Bravo (1990) state, mass transfer data for round wetted-wall
columns agree fairly well with experimental results from structured packings, indica
ting that the corrugated surface of the latter is essentially completely wetted. Thus the
relatively simple falling film geometry is considered appropriate for studying the
problem at hand.

One of the main issues addressed here is the effect of farge amounts of noncon
densables which appear to be responsible for dramatic alterations of the transfer rates.
Most previous work (e.g. Minkowycz and Sparrow, 1966) deals with relatively small
amounts of noncondensables (~ 10% mass fraction), although a relatively recent paper
reports data taken with large air/steam ratios (Barry and Corradini, 1988). Yet, the
latter tests are conducted in a horizontal stratified two-phase flow geometry. Further
more, the effect of interfacial waves on the transfer process has received little attention,
and only for the case of relatively thick liquid layers (greater than - 2 mm), moving
horizontally (Barry, 1987).Thus another objective of this work is to collect data helpful
in shedding some light on liquid/vapor interface wave effects.

. The experiments reported here are carried out in a vertical test section, long enough
so that practically fully developed flow conditions are attained by the falling liquid. The
hydrodynamics of such free falling films have already been investigated in this
Laboratory (Karapantsios et al., 1989; Karapantsios and Karabelas, 1990). The new
results involve heat transfer and condensation rates averaged over the entire length of
the condensing (inner pipe) surface. Care is taken in the tests to minimize convective
currents of the air-steam mixture in the pipe core, in order to render that mixture

.effectively stagnant by comparison with the (downward) fast moving liquid film. Thus,
considering that no significant shear is exerted on the interface from the gaseous phase,
an attempt is made to isolate the role played by the interfacial waves on the transport
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CONDENSATION ON WAVY FILMS 263

process. It is of particular interest to explore the effect of such waves in the case of gas
mixtures rich in noncondensables, since then the resistance to heat transfer very likely
resides in the gas phase. Another motivation for reducing convective currents in the
mixture is to approximate conditions prevailing in the aforementioned (Bontozoglou
and Karabelas, 1993)direct contact condensation column. Indeed, as steam condensa
tion proceeds along that column, the mixture is depleted of steam and the gas stream
velocity is greatly reduced, becoming very small compared with liquid film velocity.

It is common practice in this type of equipment to apply a mild vacuum in order to
facilitate removal of noncondensables and to improve overall column performance.
Thus, the influence of a mild vacuumon condensation is also explored in this study by
determining average condensation coefficients. Such information is not available in the
literature for vertical condensers.

In the next section certain key simplifications in the theoretical problem formulation
are assessed, leading to the development of a realistic, yet sufficiently simple, model
which is used for predictions and data interpretation. The experimental set-up is
outlined and the results are summarized next. Finally, the possibility is examined of
correlating condensation heat transfer rates with already available statistical proper
ties of the falling wavy layer.

THEORY

The presence of noncondensables in the gas phase causes remarkable reductions in
condensation heat transfer rates. This is because the vapor has to diffuse through
a layer of noncondensable compounds to reach the subcooled liquid film. The gas layer
evidently acts as an additional resistance to heat transfer as indicated in Figure I. In the
present problem formulation, energy conservation in the moving liquid layer is
employed. Free or forced convection in the gas phase are not taken into account

liquid gas

6 b

vag

yvg
YV.

FIG URE t Interface resistance to heat transfer due to the presence of noncondensable gases.
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264 T. D. KARAPANTSIOS et al.

explicitly, but instead a phenomenological description is used. However, the extent to
which convection affects the transport process is a matter of concern, to be dealt with in
a subsequent study.

The system of coordinates as well as notation employed here are shown in Figure 1.
Neglecting motion in the lateral direction, the energy equation describing the thermal
field inside the liquid layer can be written as

where u(y) is the streamwise velocity of the liquid film defined as

Y
u*2f~-Y 1-;5

u(y)=- dy
v 0

o 1 + _(y)
v

(1)

(2)

(3)

(4)

where u* is the friction velocity, u* = (g(j)1/2, and lXe(Y, T) is the effective thermal
diffusivity taken as the sum of molecular and eddy diffusivity, i.e.

o v(T)
lXe(Y, T) = IX(T)+-(y)-p( )

v rr y

Here the turbulent Prandtl number Pr; is obtained from a correlation of data by Veda
et al. (1977), which is claimed to satisfactorily represent the turbulence structure near
the interface:

Prr = 1.4exp( -15~)+0.66

For the eddy viscosity o/v(y), an expression proposed by Mudawar and El-Masri (1986)
is selected. Thus, given the liquid mass flow rate per unit circumferential length 1, the
film thickness (j is obtained by solving the equation

~ = U*2 r~ ry 1 - ~. dxdy (5)

p(j v Jo J, 1 +~(x)
v

The success of this approach in correlating mean film thickness data from our
experimental setup (Karapantsios et al., 1989) is shown in Figure 2.

The boundary conditions representative of our system are

x=o, T=Ti (6)

dT
y=O, -k-=q(T) (7)

dy

y = (j, _k
dT

=0 (8)
dy
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CONDENSATION ON WAVY FILMS 265

350300250150 200
W, g/s

• Karapantsios et aI., 1989

- - - laminar model

- turbulent model

10050

1.50

1.25

1.00

E
0.75E

lO

0.50

0.25

0.00
0

FIGURE 2 Liquid film thickness versus inlet liquid flow rate. Predictions by Nusselt. 1916 (laminar
model). Predictions by Mudawar and El-Masri, 1986 (turbulent model).

(9)

where k is the liquid thermal conductivity. Adiabatic conditions (Re. [8]) are
considered to represent this system well.

The resistance to heat transfer on the gas side is considered next. Owing to
accumulation of noncondensable gases near the interface, the condensing vapor must
diffuse through a gas layer to reach the subcooled liquid film (Fig. I). This diffusion
gives rise to concentration and temperature gradients in the y-direction which are
associated with a finite diffusive flux towards the interface. The heat transfer rate from
the bulk gas mixture to the interface-at a point x along the pipe and for fixed total
pressure, gas concentration and flow pattern-is given by (e.g, Collier, 1972)

_Kip.
q(T) - --(PO'. - PO',) +h.(T. - Ts)

Pam

where

K. = D.lb is the mass transfer coefficient,

h. = k.lb' is the sensible heat transfer coefficient,

Pam = (P., - p••)/ln(p.,!p••) is the log mean partial pressure of noncondensable gas
between the interface and the bulk (a = noncondensable gas, v = vapour, 9 = bulk gas
mixture, S =surface).
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266 T. D. KARAPANTSIOS et al.

The other variables define usual physical properties. It is noted that two length
parameters (b and b') are introduced in the definitions of Kg and hg. These are usually
referred to as the apparent mass and thermal boundary layers at the gas side. It will be
shown that the second term on the R.H.S. of[9] has a relatively small contribution to
the overall heat transfer rate. Thus, one can take b = b' without committing a signifi
cant error.

The above expression for the heat transfer on the gas side is strictly applicable at
a fixed location along the test pipe. This is so, because the boundary layer value b is
expected to vary with x in real situations, even if the gas phase bulk velocity is small or
constant. In fact, b is affected by the details of the gas phase flow pattern near the
interface where the liquid surface waves playa major role. These flow pattern details are
impossible to describe at present. Therefore, for the purpose of this investigation, it is
considered fruitful to utilize an average boundary layer value overthe entire test section
in correlating our integral condensation data. This simplification, despite its obvious
shortcomings, allows one to interpret the data and relate them to film characteristics.

Integration of (I) with respect to y and division by 0, together with (7) and (8), gives

sr.;
dx

(10)

(II)

(12)

where T.,. is the mass flow weighted average temperature across the film, defined as

J: Tudy

TaY< = J: udy

and Va ve is the average streamwise velocity defined as

I Iu.; =;5 0 udy

For a flat temperature profile, Ta ve ~ Ty=o ~ T, and (10) reduces to the simple form:

dT

dx
(13)

which corresponds to a negligible resistance to heat transfer within the liquid film. This
implies that the film is capable of absorbing instantaneously all the heat released by
condensation at the interface. The computational convenience associated with (13) is
evident. However, the validity and significance of such a simplification needs to be
assessed. Analytical solutions presented in the Appendix permit a quick assessment of
the validity of the constant liquid temperature profile for various sets of parameters.
Moreover, a rigorous numerical procedure is implemented to solve (and compare
results from) (I) and (13) with B.C.'s (6), (7), (8) as outlined below.

In subsequent calculations, the variation ofliquid properties within the flowing film
is taken into account at each point of the computational grid, while for the gas phase all
physical properties are evaluated at the bulk temperature of the mixture. All property
values are obtained from VDl-Warmeatlas (1974). It appears that the reliability of
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CONDENSATION ON WAVY FILMS 267

computational results is significantly affected by the proper choice of fluid properties,
as also reported by Minkowycz and Sparrow (1966).

A semi-implicit third order Runge-Kutta routine is used to obtain a solution of the
system of Equations (I) through (9), henceforth to be referred to as "exact" solution.
Cubic-spline polynomials are used to represent the temperature in the y-direction,
permitting a fairly good approximation of the temperature gradient at the gas/liquid
interface. An "approximate" solution is also obtained easily using a flat temperature
profile, (13). Results for a low initial liquid flow rate (W = 42.1 g/s) are compared in
Figure 3 (air mole fraction 0.85; b = 1.5mm). In these calculations, the thickness b is
evaluated by matching the computed film outlet temperature To with the measured one
for the case of a flat liquid T-profile and then this b value is used in the exact solution,
too. Figure 3 reveals that the agreement of the two solutions is satisfactory, considering
the fact that the flow rate is the most unfavorable encountered in this study. Indeed, for
larger flow rates the increased thermal diffusivity-due to the increasing contribution of
the turbulent eddy diffusivity-would tend to eliminate any thermal gradients within
the liquid layer, leading to a better agreement of the two approaches. It will be noted
that the effective thermal diffusivity may be up to 50 times greater than the molecular
diffusivity for the larger liquid flow rates of this study.

To assess the main assumption involved in the development of (13), computed
representative temperature profiles are displayed in Figure 4. They correspond to the
conditions of Figure 3 which is the worst case for (I) to be tailored to fit (13). The
temperature is plotted in the form of L'i T = (To - Ti) values, scaled as indicated in the

20,-------------------.

15

o
o

10

5

approximate solution

exact solution

1.00.80.4 0.6

x/L
0.2

o+-~---.---~--r-~-r--~-__.__~---l
0.0

FIGURE 3 Comparison between the exact and approximate solution of the model equations. W = 42.1 g/s.
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1.2

1.0

0.8
10->0- 0.6
,....

0.4
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0.0
0.0 0.2 0.4 0.6

x/L
0.8 1.0 1.2

FIGURE 4 Temperature profiles across the liquid film for W = 42.1 g/s along the condensing surface.

graph. In this figure, I - y/[) = 0 represents the wall and I - y/[) = I represents the
interface. At first glance, it appears that there is a small temperature change between the
interface and the wall, especially for locations x]L < 0.5. However, this change is not
considered significant for the determination of the average temperature across the film,
since over most of the film cross section, (I - y/[) < 0.5), To - T, is practically constant.
The flat temperature approximation is quite accurate at large downstream distances
and at high liquid flow rates.

Therefore, the "approximate" method is recommended as it combines satisfactory
accuracy and insignificant computational labour. This method is used in the calcula
tions and comparisons that follow. It will be noted that the same results can be obtained
by assuming a flat velocity profile for the liquid film and employing the analytical
solutions presented in the Appendix.

Some insight into the significant role played by the noncondensables can be gained
by plotting (Fig. 5) the interfacial temperature Ts with respect to xll.; at various air
mole fractions. The conditions (W = 42.1 g/s) are the same as those of Figure 3. In all
cases, saturation is assumed for the gas phase. The axial temperature profiles for the
largest air fractions are almost linear, indicating that greater (longer) condensing
surface is needed to achieve high heat removal, in contrast to the smaller fractions
where just about half of the available length is required.

Figure 6 shows on a percentage basis the relative contribution of the sensible heat,
transferred through the diffusion layer, to the overall heat transferred. The function
q(T) is defined in (9). In this figure, t. T depicts the difference Tg - Ts. The results show
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FIGURE 5 Axial variation of liquid surface temperature, at various fractions y of noneon densables,
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FIGURE 6 Contribution of sensible heat transfer (h!J.T) to the overall heat transfer at relatively large
noncondensable gas fractions.
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270 T. D. KARAPANTSIOS et al.

that, while sensible heat transfer is very nearly negligible in the case of pure vapors or
even vapors with a small amount of inert gases, it may become an appreciable factor
(- 10%) during condensation of vapors that contain large quantities of noncondens
able gases. Of course, 10% is still a relatively small contribution, in which case the
assumption to take the mass boundary layer as equal to the thermal one is reasonable.

APPARATUS AND EXPERIM ENTS

The experimental setup is shown in Figure 7. The basic features of this system are
similar to those reported by Karapantsios et al. (1989), with some major improvements.
A vertical, transparent, plexiglas pipe of 50 mm ID and 2.66 m total length is used,
divided in three sections, i.e. inlet (0.3 m), intermediate (0.96 m) and measurement
section (1.40 m). The latter is equipped with six pairs of (diametrically opposite)
thermocouples, mounted in special plugs, almost flush with the inner surface of the

r- -,_~~_-'.T"'.""'w.ter

1. Deareall1d water
2. Water lillers
3. Feeding vessel
4. Rotamelers
5. Measurement section
6. Condensateseparator
7. Receivingvessel
8. Discharge manifold
9. Vacuumpump
10. Ejector(siphon)

LC: Level controller
PI; Pressureindicator
VI: Vacuumindicator
TI: Temperature indicator

--Waler~ne

-J"'-Steam line
..."r-Vacuum line

Steam generator

3

8
Sewage

FIG U RE 7 Experimental set-up.
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CONDENSATION ON WAVY FILMS 271

pipe. The exact location of the tip of a thermocouple is a matter of concern. However,
for the purpose of this study, measuring the temperature either close to the pipe surface
or somewhat deeper into the film provides quite representative values of the average
falling film temperature which is also verified by a separate set of experiments. It will be
recalled that, for the flow rates employed in this study, turbulence and rolling down of
waves tend to minimize all transverse temperature gradients in the film, in line with the
preceding discussion in the Theory section. In this study only the last pair of
thermocouples (at the downstream end of the pipe) was used to measure outlet liquid
temperature. Thus the condensation length of the pipe, taken into account in the
calculations, was 2.46 m. Sufficient external insulation was used to achieve practically
adiabatic conditions.

Steam comes from the building supply at a pressure of 4 bar. It is passed through
a conditioning setup involving two separators, a steam trap and a pressure regulator
which reduces line pressure to only 1.5atm so as to minimize the discharge velocity
when entering the test pipe. This procedure provides a slightly superheated steam,
relatively free of air (< 10- 3 mass fraction air in mixture). Excess steam is discharged to
the atmosphere (in mixture with noncondensable air) through a vent located at the
downstream receiving vessel. Experiments are made with air/steam mixtures saturated
at 50° and 55°C.

Steam is released inside the pipe, at the center of the cross section, in the direction of
the liquid flow. A specially designed feeding section made of a perforated teflon
end-piece is used to spread the steam in the test tube, and minimize forced convection
effects. The system is allowed to operate with 'steam, at a fixed liquid rate, for almost an
hour to reach steady state. It is then observed that upon discharge to the test section,
steam is mixed with air which enters the system from the top of the test pipe. There
appears to be a net gaseous mixture movement downwards from the upper part of the
pipe possibly through dragging by the interfacial shear, exerted by the fast moving
liquid. On the other hand, natural convection tends to move steam-rich gaseous masses
to the upper part of the pipe (above the steam entrance region), in the core of the tube.
Visual observations suggest that the steam/air mixture moves with a finite velocity
which, however, is under all circumstances small enough (well below 10 cm/s), com
pared with the liquid film velocity (of order I m/s), Thus, the gas phase may be
considered effectively stagnant.

The steam entrance level is 1.77m below the liquid feed. At that level the falling film
flow is considered (e.g. Zabaras, 1985; Takahama and Kato, 1980) almost fully
developed, facilitating the interpretation of local condensation measurements
(Karapantsios, 1994). The average gas mixture temperature is obtained by integrating
measurements over the entire pipe length. Higher temperatures are measured at the
steam entrance region. However, gas/steam mixture temperature tends to be roughly
uniform over most of the pipe length (above and below steam entrance) mainly due to
the high percentage of noncondensables and the mixing effect resulting from the
interplay between interfacial dragging and natural convection in the gasphase,

Filtered, deaerated tap water (stored in a large tank) is used in the test, flowing only
once through the system. Flowrates from 36 to 490 g/s are employed. Copper-alumel
thermocouples (Tvtype, 0.0508 em diameter wire) are used for measurements with
accuracy 0.10C. The output temperatures are sampled at 3 Hz and processed by
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272 T. D. KARAPANTSIOS et al.

a Thurlby 1905 mini processor equipped with an 8-bit A/D converter. Signal integra
tion is performed for data acquisition periods of 3 to 10 minutes. Details of data
collection and handling are given elsewhere, (Karapantsios, 1994). Repeatability
checks are made for each set of conditions giving very satisfactory results.

A set of experiments is also conducted with a mild vacuum applied to the gas phase in
the direction ofthe liquid flow as a means of exerting some shearing along the interface.
For this purpose a vacuum manifold is employed consisting of a vacuum pump in
parallel with a ejector (siphon). The vacuum manifold is permanently connected at the
downstream receiving vessel, as shown in Figure 7. During preliminary tests, vacuum
gauges were connected at all six plugs along the test section, to measure the vacumm
variation along the tube. Under the relatively small vacumm level employed in all
subsequent experiments, this variation was not very significant; i.e. at the tube bottom
0.1 bar underpressure was obtained while the topmost gauge (5 cm above steam release)
showed 0.07 bar, both with and without liquid running inside the pipe. The vacuum
pump was only used initially to reduce the air content inside the pipe, but for the main
part of the vacuum experiments only the ejector was operated. The convective gas
velocities created by the ejector could not be easily determined in the present tests.
Nevertheless, to obtain first estimates of the influence of mild vacuum, results from
these runs were directly compared with results from experiments without vacuum.

Special provisions are taken to eliminate vibrations caused by the pumps or the flow
system. Flexible tubing and connections are used to reduce hydraulic pulsations, while
special rubber pads and seals are employed to diminish mechanical vibrations.

RESULTS

For data reduction and calculations the following assumptions are made

- steam saturated throughout the pipe
- total gas pressure constant at I atrn
- the gas/liquid interface is at saturation temperature Ts corresponding to steam

partial pressure Pv,
- the liquid temperature profile is nearly flat at every section along the pipe, i.e.

T~ T.".

Thus the equality T.ve = Ts emerges at each cross-section along the pipe. This assumed
equality implies that the amount of latent heat released by the condensing steam is
instantly absorbed by the flowing liquid, and consequently that the resistance to
condensation resides entirely in the gas phase.

The overall condensation heat transfer coefficient, h, corresponding to the entire
condensing surface (of length L) can be obtained as follows

(14)

with Tf = (To + To)/2 where T; and To are liquid inlet and outlet temperatures,
respectively, and ~WelL is the condensation flux in kg' s - [ . m - 2. Tg is the average gas
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(15)

mixture temperature. It could be argued that ,..T = Tg- Tf , employed here for
simplicity, may not be the appropriate choice to compute h but instead, one could
integrate along the entire pipe by postulating a constant h throughout, using the
corresponding logarithmic mean temperature difference, ,..Tin' Sample calculations of
h with ATin = (To - T,)jln[(Tg - T;}jTg - To)] instead of,.. T = Tg - Tf for the condi
tions of our experiments did not show a change in the trend of data but only slightly in
their values. The mean error in calculating h is estimated to be less than 15%.

A condensation efficiency is defined here

0= To - Ti

Tg-Ti

which provides a measure of the water temperature increase as it relates to the overall
available driving temperature difference. For the ideal case 0 must equal unity.

Figure 8 shows condensation efficiency plotted versus inlet liquid flow rate for all the
experimental conditions examined. In all runs, a large amount of non condensable air is
used; i.e. Tg = 50°C or - 88% air mole fraction and Tg =55°C or - 85% mole fraction.
As the liquid flow rate increases, the condensation efficiency decreases sharply at first.
With further increase in W, the condensation efficiency still decreases but much more
gradually. In both cases with vacuum applied, the condensation efficiency is larger
compared with the cases without vacuum.

For the experiments with no vacuum, 0 is clearly higher for the gas bulk mixture
with less air in it, Tg = 55°C. This holds true for all W. However, when a mild vacuum is

0.8
.. Tg=50°C with vacuum

• Tg=50°C no vacuum

I!- 6 Tg=55°C with vacuum
0.6 6 0 Tg=55°C no vacuum

0.,tJ
e 0.4 ..

• 6o •

0 6•

0.2 ·.06·
.06c.
.00 8•• i

8 • 6

0.0
0 100 200 300 400 500

W, g/8

FIGURE 8 Condensation efficiency (0 = To - TJTg - Til versus inlet liquid Row rate under various
experimental conditions.
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applied the influence of Tg appears to depend on liquid flow rates. In particular, at high
W the efficiency 0 is higher for Tg = 55°C, while at low W somewhat higher 0 is
obtained for Tg = 50°C. Whether this behavior represents a systematic trend should be
investigated further over a broader range of conditions.

At very low liquid flow rates the efficiency is quite high, which means that good
advantage is taken of the coolant capacity. For W larger than ~ 50 g/s the efficiency
exhibits a drastic decrease. It is interesting to point out that for W smaller than 36 g/s
(the minimum value employed in this work) it is impossible to maintain a continuous
and uniform falling liquid layer; film rupture usually takes place, possibly due to surface
tension effects. This was not observed in isothermal falling film experiments (Karapan
tsios et al., 1989)for flow rates down to ~ 20g/s. The film rupture phenomenon may in
effect set an upper limit to condensation efficiency, at ~ 0.5 for this experimental
system, which however may be raised by other means e.g. by applying vacuum on the
gas phase.

In Figure 9 average heat transfer coefficients h ([14]), computed from the data, are
plotted versus inlet liquid rate W. It is interesting, that h tends to decrease with
increasing liquid rate. The same trend is obtained in a similar graph of condensation
rate versus liquid rate. It must be also noted that data reported by Bontozoglou and
Karabelas (1993) - their Figure 3 - for a direct contact condenser with structured
packing, display a similar behavior for the upper part of the column where the amount
of noncondesable gases is large. This is contrary to what one would observe in
condensation of pure steam. An interpretation of this trend may be obtained by
considering the large amount of noncondensables and the complex flow pattern that
may develop in the gas phase by the interplay between the moving liquid interface and

500
• Tg=50°C with vacuum

• Tg=50°C no vacuum•400 Ii Tg=55°C with vacuum
lit· o Tg=55°C no vacuum

Ii •
o

Ii •0 300
N Ii •
E Q>

Ii Ii..... o liliQ Ii

~ 200 - 00 • •- 000 0 0 •or: •••••• • •
100

500400200 300
W, g/S

100
o+-~----r-~-.--~---.--~----,-~---j

o

FIGUR E 9 Condensation heat transfer coefficient h versus inlet liquid flow rate.
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the adjacent gas layer, a situation of no particular significance when just pure steam is
condensed. It is likely that the gas boundary layer b,greatly influenced by the gas flow
distribution, is responsible for this behavior of the condensation rates. This point is
further explored in a subsequent section.

An increase of the steam concentration in the gas phase results in higher condensa
tion rates. The effect of vacuum is to cause a significant increase of condensation rates.
This improved efficiency in the latter case is attributed to significant shear induced by
forced convection. Shear creates agitation of the gas phase with the ultimate effect of
reducing the thickness of the mass transfer boundary layer in the gas phase.

The favorable influence of vacuum has already been reported in the literature (e.g.
Sideman and Maron, 1982) but only as a means to remove the noncondensables locally
from the gas/liquid interphase. An increase of the overall heat transfer coefficient by
even an order of magnitude due to this suction has been reported. Furthermore, all
these studies deal with either horizontal channel flows (Pnueli and Iddan, 1971) or
horizontal fan spray sheets (Tamir and Taitel, 1971)and not with vertical falling liquid
films. Thus, no comparison can be made with the data of this study where mild vacuum
was applied to the gas mixture.

Most literature work on the effect of noncondensables, as pointed out in the
introduction, is restricted to relatively small (,;;; 10%) gas fractions, which nevertheless,
cause tremendous reduction in heat transfer rates. Recent data by Ong'iro and Kanyua,
(1990), for condensation over a horizontal solid wall, are also available with higher
noncondensable mass fractions (up to 30%). Overall condensation heat transfer
coefficients in the range 200 and 300 W/m 2 °C are obtained for 26% air concentration
in the gas mixture, regardless of the inlet bulk gas temperature. Barry and Corradini,
(1988), did direct-contact experiments in a horizontal channel with extremely high
air-steam mass ratios, (- 50% to 94%). Turbulence and waviness of the liquid layers
were present in their study. They reported overall heat transfer coefficients of about 200
to 600 W/m 2 "C. An important feature in their setup was the intensive forced convec
tion on the gas side (gas velocities 5.5 and 6.5 m/s), In general the data from our study
(e.g. Fig. 9) are in the same range of values with the results from both studies, even
though different flow geometries and conditions are employed in the latter. This may be
attributed to the large amount of noncondensables present in the gas phase, in which
case the liquid hydrodynamics apparently plays a secondary role, the major resistance
to condensation residing in the gas phase.

INFLUENCE OF WAVES ON THE APPARENT MASS TRANSFER
BOUNDARY LAYER

In order to investigate the coupling between the liquid and the gas phase, the model
equations are solved to obtain the apparent gas boundary layer thickness, b,for all the
experiments of this study. This task is accomplished by requiring the average outlet
liquid temperature To, calculated from the model to fit the experimentally measured
one. Ofcourse, this implies that all possible effects that may influence the condensation
rate from the gas-phase side, (e.g. waviness, vapour flow due to interfacial drag) are
combined to just one parameter, the gas boundary layer thickness. Figure 10 shows the
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• Tg=50·C with vacuum
• Tg=50·C no vacuum

/1 Tg=55·C with vacuum

o Tg=55·C no vacuum
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FIGURE 10 Apparent boundary layer b of noncondensables calculated from the present data.

gas phase boundary layer, b, plotted versus the inlet liquid flow rate, W, for all
conditions examined in this study, The general trend for b is to gradually increase,
finally levelling-off to an approximately constant value at higher W. As one might have
expected, when no vacuum is applied the boundary layer is thicker. An increase up to
100% is observed between the cases with and without vacuum. Interestingly, the mass
transfer boundary layer is of the same order magnitude as the liquid film thickness
(Karapantsios et al., 1989).

Comments similar to those presented in relation to Figure 9 may also be made for
the variation of the apparent boundary layer thickness b (Fig. 10) at high noncondens
able fractions. The literature is not helpful in this case since no relevant condensation
data are available. Perhaps the most relevant work is the study of Akers et al. (1960)
who examined condensation of ethanol and carbon tetrachloride on a small (3 inches
long) vertical plate in the presence of nitrogen, helium and carbon dioxide. Their data
are correlated with an empirical expression involving a Schmidt number Sc and'
a generalized Grashof number Gr. In effect, diffusion and free convection in the gas
phase are assumed to be the only controlling mechanisms for the development of the
gas boundary layer. The formula

Lb = 1.02(GrSc)O.373 (16)

where Gr = L3gQ2(I'J.Q/Q)/J1.2 and Sc = J1./QD, is recommended for vertical surfaces in the
range 103 < Cr Sc < 107 (laminar regime) and 0.3 < Sc < 3. If this correlation is
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CONDENSATION ON WAVY FILMS 277

applied to the conditions of the present tests, nearly constant thickness b is obtained i.e.
b = 0.329 mm for Tg = 50°C and b = 0.3I9 mm for Tg = 55°C, regardless of the liquid
flow rate.

In the tests reported here the product Gr' Sc is of order 10' 0 and a turbulent rather
than a laminar regime prevails. However, even a correlation for turbulent natural
convection heat transfer (not available in literature for condensation) could not
account for the experimentally observed increase of b with liquid flow rate. This
disagreement indicates that natural convection and diffusion alone may not describe
adequately phenomena that take place during condensation in systems like the present
one. It seems that forced convection must be included to fully account for such
a behavior.

Attention is now directed to the possibility that the statistical characteristics of the
wavy falling film may have some bearing on the size of the apparent gas boundary layer
b. The wavy falling film may, indeed, influence the neighboring gas phase, inhibiting or
enhancing the growth of this diffusion layer. Statistical characterization of (isothermal)
falling film hydrodynamics has already been carried out in this Laboratory (Karapan
tsios et al., 1989; Karapantsios and Karabelas, 1990).In the latter study very significant
local film thickness accelerations and decelerations (normal to the wall) are found to be
associated with the roll wave motion. It is, thus, very likely that some complex
momentum interchange may take place with the compressible gas phase, possibly
inducing small scale local flow at the gas side.

Careful inspection of the data reported by Karapantsios et at. (1989),on the standard
deviation s of the film thickness fluctuations (their Fig. 4), reveals that there may be
a direct relationship between fluctuations of film thickness about its mean value and the
gas boundary layer b. Figure 11 presents a typical film thickness trace where the mean
(0) and twice the standard deviation (2s) are also depicted. The film thickness trace as
scaled in Figure II gives the false impression of the existence of narrow and steep roll
waves. However, as Karapantsios and Karabelas (1990) reported, the true inclination
ofthe wave front never exceeds about 20 degrees. It is evident that the value 2s can be
considered as a representative measure of the average peak-to-trough distance of the
film. Furthermore, this characteristic thickness (2s) may be linked to the mass transfer
boundary layer, which implies a direct coupling of liquid film thickness fluctuations to
the apparent gas diffusion boundary layer.

When vacuum is applied in the gas mixture, the resulting convective currents may
tend to destroy the boundary layer above the waves, i.e. in the gaseous mass not
sheltered in the troughs between waves. In that case, one may assume that b is
reduced in size to a value roughly equal to 2s. Figure 12 illustrates this idea better,
showing a striking similarity of the variation of gas boundary layer b determined
from the condensation data, in the case of vacuum, and of the standard deviation
(2s) of liquid film thickness fluctuations. This similarity and related arguments
are only speculative since no other direct experimental evidence exists to relate the
dffusion layer to film thickness fluctuations. Nevertheless, Figure 13 provides
additional support to this idea. The computations of the overall heat transfer
coefficient in this figure are based on (13) with 2s values substituted in place of the
diffusion layer thickness b. The agreement between predictions and measurements is
remarkable.
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FIGURE II Typical film thickness time record with superposed two standard deviations (2s);b is the mean
film thickness.
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FIGURE 12 Experimentally determined apparent boundary layer of noncondensables, and comparison
with available statistical information of film thickness fluctuations (Karapantsios et aI., 1989).
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CONDENSAnON ON WAVY FILMS 279

One may now go one step further. It is a natural extension of the above arguments to
assume that, if no vacuum is applied, then the gaseous boundary layer is roughly the
sum of a part attributed to gas sheltered inbetween waves and a part above the waves
attributed to diffusion and convection effects. The latter part may be called effective
diffusion layer (b,rr). A value b,rr = 0.9 mm is employed in Figure 12 (for comparison of
data with predictions), using arguments not presented here due to space limitations.
The good agreement, between the quantity (28 +.b,rr) and the b values determined from
the data, lends support to the hypothesis that the waves again influence the gas phase
resistance in the case of no vacuum.

CONCLUDING REMARKS

A phenomenological description of a falling turbulent liquid film in contact with an
effectively stagnant gas/vapor mixture is employed. It is shown that for the case
considered here (large percentage of noncondensables) a significant simplification can
be made in the mathematical description due to the fact that the main resistance to heat
transfer resides in the gas phase. The liquid film itself does not seem to offer significant
resistance to heat transfer. Consequently, a flat temperature profile across the liquid
film provides a very satisfacory simplification. It is also shown theoretically that, for the
high concentration of air employed in this study, the interfacial temperature varies
almost linearly with condenser (pipe) length and that the contribution of sensible heat

Tg-50°C with vacuum

.. Experiment

- - - Predicted

400300200
W. g/5

100

\
\
\
\
\
\
\
\

.. "\,
.... "

.. ",.. ,,.. "
......................... .. ~~~~~~~ .---.
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500

U
4000
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E-3: 300-.s:::.
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FIGURE 13 Condensation heat transfer coefficient versus liquid flow rate. Comparison between exper
mental data and predictions based on the assumption b = 2s (standard deviation s from the data by
Karapantsios et at., 1989).
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transfer is not very significant approaching only 10% of the overall heat transfer
rate.

In this experimental effort, integral type of condensation data are collected to
evaluate'the overall performance of a relatively long test pipe which resembles in some
ways a large part of a direct contact column condenser, under development in this
Laboratory (Bontozoglou and Karabelas, 1993), for geothermal applications. The
integral data reported here are helpful in improving our understanding and in
preparing the ground for the development of design procedures.

The experimentally determined condensation heat transfer coefficients h display
a rather unexpected trend; i.e. a decreasing h, with increasing liquid flow rate, which
tends to reach an asymptotic value. A similar behaviour is also obtained in the
aforementioned direct contact condensation column. This interesting trend may be

.attributed to the thickening of an effective boundary layer rich in noncondensables.
This thickening may be aided by local currents at the interface on the gas mixture side
(possibly induced by the wavy liquid motion) that may not be effectively counterbal
anced by lateral diffusion.

Tests to explore the influence of a mild vacuum on the condensation rates show
that it can significantly improve such rates. In the data reported here an increase
of condensation rate by as much as 100% is noted, and it is ascribed to the thinning
of the gas diffusion layer (at the interface) possibly caused by small convective
currents.

The gas phase may be regarded as quasi-stagnant insofar as its bulk velocity is small
relative to the liquid surface velocity. However, the wavy liquid surface may induce
local convective motions in the gas phase or may interact with it otherwise modifying
the gas mixture concentration gradients. Such considerations are irrelevant in the case
of pure steam condensation. Along these lines, an interesting observation is made by
comparing the independently measured standard deviation (5) of liquid thickness
fluctuations to the gas diffusion layer thickness (b) determined from the condensation
experiments. The quantity 2s appears to be (at least qualitatively) quite representative
of wave effects on the gas side resistance to heat transfer. Furthermore, for vacuum
applied, using 2s instead o(b the theoretical predictions of condensation heat transfer
coefficient h are in good agreement with measured h values. This observation suggests
that the wavy liquid layer strongly influences the diffusion layer, possibly through
a complex momentum exchange type of mechanism. It will be pointed out that the very
significant (Eulerian) accelerations and decelerations of the liquid interface normal to
the wall, reported by Karapantsios and Karabelas (1990), may be at the heart of such
a mechanism.
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A, B Constants,j
b Apparent mass boundary layer at the gas side, m
b' Apparent thermal boundary layer at the gas side, m
C 1, C 2 Constants,j
cp Specific heat, J kg- 1°K- 1

D Tube diameter, m
D9 Binary mass diffusivity coefficient, m 2 s - 1

Fo Liquid Fourier number (rxLjut?),j
9 Gravity acceleration, m s - [
Gr Gas Grashof number (L 3gQ/j.Qj IJ2),j
h Condensation heat transfer coefficient, W m - 2 OK - 1

hg Sensible heat transfer coeffiicient on the gas side (k.fb'), W m - 2 OK - 1

k Thermal conductivity, Wm - 10K - 1

Kg Mass transfer coefficient on the gas side (Dg/b), m S-l

L Distance between measuring stations, m
Nu Liquid Nusselt number (Mjk),j
P Partial pressure, j
Pam Log mean partial presssure of noncondensable air (Pa, - Pag)(ln(Pajpag), j
q Local heat flux, W m - 2

S Standard deviation, m
Sc Gas Schmidt number, (lJjQDg},f
T Temperature, -x

Time,s
y Distance in the radial direction, m
u Local velocity component in the flow direction, m s - 1

Vave Average streamwise velocity, m s" [
W Liquid flow rate, kg s" [
x Distance in the axial direction, m

Greek symbols

rx Molecular thermal diffusiviy, m? s - [
rxe Effective thermal diffusivity, m 2 S-1

r Mass flow rate per unit width, kg m - 1 S - 1

(j Film thickness, m
e Dimensionless temperature,j
.Ie Latent heat, Jkg" [
IJ Dynamic viscocity, kg m- 1 S - [

v Kinematic viscocity, m? s- [
Q Density, kg m - 3

Subscripts

a Air
ave Average
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eff Effective
9 Bulk

Inlet
o Outlet
s Surface
v Vapour
w Wall
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APPENDIX

A quick preliminary assessment of the influence of various parameters on the heat
transfer process, depicted in Figure I, can be made by using the .results of the following
analysis. To obtain closed Form solutions, constant velocity u and thermal diffusivity
(J, = k/Qcp are assumed for the liquid film. Thus the energy equation for the thermal field
inside the film is written as

[AI]

with general boundary conditions

at the entrance, x = 0

at the interface, y = 0

at the solid wall, y = c5

T= T,

oT
-k-=h(T-T)oy S S

oT
-k-=h(T-T)oy W W

[A2]

[A3]

[A4]

Here the subscripts sand w designate conditions at the gas/liquid interface and at the
solid wall, respectively.

The following dimensionless variables and parameters are introduced

(J,L
!=Fa= uc5"

T-T x
0= T _ ;, x=I'

S ,

hsc5
A=Nu'=k'

y
y=-

<5

h s
B=Nuw=~

k

where L is the length of the condensing section Fa designates a Fourier number, which
may also be viewed as the inverse of a modified Graetz number (ratio of convective over
conductive transfer). Equation [AI] with RC.'s [A2]-[A4] become

00 0'0
ox = f oy' [A5]

x=O 0=0 [A6]
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ae
ay = -A(I-e)

ae
ay = -B(e-eJ

[A7]

[A8]

The solution of differential Equation [AS] is given by

tt>a'[ A ]e=c,y+c2 - l: --;; sin(AnY)+--" COS(AnY) exp(-A;JX)
n= J an A

where

[A9]

AB(ew - I)
c - ....,---,-::-"----,-::
,- A+B+AB'

A +AB+Bew
c2 = -A-+--'-::B-+-A-O"'::' [AIO]

, (sin(A n) COSP.n)) (I cos (An») c, ( . (') cos (An) I) c2 · (')a =c ----- +c ---- +- Sin A +---- +-Sln An 'A2 A 2 A A A n A A A n
n n n n n n

[All]

with An obtained from

[AJ2]

An tan (An)
A

1+ B/A
I-AB

[A13]

One may now examine the temperature profile within the liquid film under various
conditions; e.g. large or small convection (using J == Fa), adiabatic (B = Nu ; = 0) or
nonadiabatic (B #-0) solid wall, considering a finite (A = Nus #-0) or negligible resis
tance at the gas/liquid interface. For a given physical situation, it is relatively easy to
estimate the magnitude of the dimensionless groups Fa and N uw' while (as discussed in
this paper) order of magnitude differences may be observed in the range of variation of
Its(and of A = Nus) even within the same equipment. One should, therefore, pay special
attention to the influence of A on the heat transfer process.

For the system examined in this work, adiabatic conditions are assumed for the solid
wall (B = 0), and a finite resistance (A #-0) at the vapor side which actually controls the
condensation process.

For such conditions the solution to [AS] is of the form

~ 2sin(An) '2
e=l- L, 1 • (') 1 cos(,ln(l-y))exp(-A.Jx)

n= 1 An + Sin An cos (An)

with values of An computed from

An tan(An) = A

[AI4]

[AIS]

If in particular, J. x> 0.5 (which holds just after a few centimeters in the direction of
flow for our system) and A < 1.0 one may keep only the first term of the series in [A 14].
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Then, Al is given by the perturbation solution of [AI5], that is

(
I II )A = AD•S I--A +_A 2

1 6 360

285

[AI6]

Further, if A < 0.1, e is given by

e=I-(I-~y)eXP(-AfX) [AI7]

and finally, if A « I, e.g. 0(10- 2), then the solution for the dimensionless temperature
e becomes independent of y

e= I-exp(-Afx) [AI8]

Equation [AI8], shows that for such a set of parameters the temperature profile
across the liquid film is flat (independent of y) which in turn indicates that the resistance
to heat transfer resides entirely in the gas phase.

It is pointed out that in the steam/water system studied here, both f and A are
usually or order 1.0. In the latter case, [AI8] suggests that the deviation from the flat
temperature profile is at most 5%. The simplified appproach given in this Appendix is
obviously useful for preliminary estimates.


