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Abstract. The effect of film condensation of pure steam and of mixtures of steam an air streams that reach cooled flat
surfaces from beneath is investigated experimentally at atmospheric pressure. Different amounts of air concentration,
surface sub cooling temperature levels and plate inclination are tested. The tested surfaces have different lengths,
according to the plate inclination angle, in order to keep the same projected area in the direction of the stream. The
heat transferred is measured by the stream mass flow rate and the temperature increase of the plate cooling water.
This same information is obtained measuring the amount of condensate obtained times de latent heat of condensation.
This heat transfer data is also compared with that obtained from the Nusselt model. It is observed that the two phase
boundary layer, caused by the presence of non condensable gases close to the condensing surface, presents a lower
effect in the decrease of the heat transfer rate when compared with free convection condensation
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1. INTRODUCTION

Condensation processes can be applied in a varfegpgineering industrial and domestic applicatisush as air
dryers, heat transfer devices, water recovery olieg towers, etc. Therefore, the heat transferhmaisms, as well as
the condensate film formation induced by the cosdéaon phenomena, have attracted a lot of reséaretest. Since
the first work in the field of theoretical analysi§ filmwise condensation developed by Nusselt9id, a number of
workers such as Rohsenow [1], Sparrow and Gregg(QBgn [3] and others have improved Nusselt's mohgl
removing some of the original restrictive assumpgio

The dropwise condensation has received attentiom fthe researchers around the world due to itsehigieat
transfer coefficients when compared with the filmevcondensation. The main problem of this mod@néfiensation is
related to the difficulty of keeping the drops fation for a long time. After a while, the surfacecbmes wet and the
drops have problems in emerging again. Many authave directed their researches to the developofar@w coating
materials, different kind of substrates or othepatétion methods, in order to provide to the swefagpoor wetability
characteristic and though obtain dropwise condéenrsé&ir a longer period [4-10].

Although it is desirable to achieve dropwise cors#gion for industrial applications, it is oftenfditilt to maintain
these conditions. For this reason, porous mediurthénfilmwise condensation also has been invesith#t1-20].
According to Wang et al. [17], who studied the ocemshtion over a wavy surface covered by a poroudiume
significant enhancement in the heat transfer careehed with the increase of the waviness, dileetdncrease of the
contact area. Although they did not consider tHeot$ of capillary forces induced by the porous mmex Tong-Bou
Chang [18] showed that the porous media effectiealyances the heat transfer performance of thacurRenken and
Raich [20] report 250% of condensation enhanceroerd parallel flowing steam over a surface withagaaty of thin
porous coating (0 to 254 um).

It is well know that the presence of non-condersajdses (NCG) in steam, even in small amounts,cesdu
drastically the condensation process due to tlezfade temperature decrease. Bum-Jin et al. [2d MXare-Hu Ma [22]
compared filmwise and dropwise condensation of miata vertical flat plate with the presence of NG@r a range of
0 to 6% of NCG mass fraction. The gas boundaryrlayedestroyed due to the liquid interfacial dynarm the
dropwise condensation and, consequently, the efiédICG in this mode of condensation is lower ttfan the
filmwise condensation. One way to deal with thifeeffin the flmwise condensation mode is incregghre liquid film
Reynolds number, so that the liquid film interfdmromes wavy. Park et al. [23] conducted a sefiegmeriments of
filmwise condensation over a vertical flat platehie presence of NCG on the wavy flow region. Adaag to them, for
a given air-mass fraction and a water vapor-gasurgxvelocity, the overall heat transfer increaséh the increment
of the liquid film Reynolds number. Moreover, A. Mhu et al. [24] studied the effect of the condéinsaheat transfer
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rates under high amounts of NCG for a variety atival tube lengths. One of their results is tlzst,the Reynolds
number of the mixture increases, the effect ofNl@G in the condensation decreases. According teeth@thors, the
gas boundary layer is destroyed by the mixtureaiglpso that the vapor can reach the surface andense easily.

While numerous experimental and theoretical ingasibns on condensation heat transfer enhancemefiati
plates and pipes have been studied, only a fewrigngetal researches were conducted on the countegrt mixture
flowing over the condensate liquid film. Gerstmamu Griffith [25] worked on the condensation effeEFREON-113
on the underside of a cooled copper surface irmdfft inclinations. Bum-Jin Chung et al. [26] cocigd a series of
experimental tests of condensation in this physicaifiguration under natural convection and witk firesence of
NCG varying between 0 to 6% for water vapor.

In the present paper, the effect of condensati@t tiansfer under forced convection in counteraniriflow over
the underside of a condensing plate under diffeneclinations, for several NCG mass fraction concgions, is
reported.

2. EXPERIMENTAL APPARATUS AND PROCEDURES

The experimental facility developed in this worknststs of a test section and auxiliary equipmenth sas steam
generator, cooling water system, NCG supplier aatd dcquisition system, which are grouped in tineé sections:
boiler, vapor supply line and test section. All ferts of this equipment are insulated with 50 nackwool to avoid
energy loss to the environment.

The boiler consists of a container where watereistéd up to its vaporization. It is made of galzadicarbon steel
with 2 mm of thickness and with 600x500x270 mm iohehsions. The heating is provided by means of &ectrical
heater modules, which can be controlled (on or, ofijnprising three heaters each, that supply obedr heat power to
the water to be vaporized. A level gauge is usedé¢mtify the level of water inside the boiler. Fiy shows the
schematic of this part of the device.

| Mixture (Steam + Air) Outlet
P -

WWater Inlet " ;

Level Gange 5§

Figure 1. Schematic of the boiler (left) and the vaor and air supply system (right).

The vapor supply line, which also is shown in Fig.consists of a main cylindrical vertical colummndaa small
square section horizontal duct. Both ducts are nwdgalvanized carbon steel with 2 mm of thickneBlse main
column has 147 mm of inner-diameter and 1000 mrheaight, whereas the square duct has 50 mm crosi®rsec
internal side and 300 mm of length.

The square duct, which is connected to the columim charge to deliver the controlled amount of ®BlGases to
the stream. The NCG gas employed is the atmospagyie/hich is introduced to the main cylinder bgans of an air
blower. Inside this duct, an electrical heater @sponsible to heat this air to the same temperaifitne steam
generated by the boiler, so that the water vapdef in a dry saturated condition. Two k-type thecouples were
installed in the beginning and in the end of tljeare duct. So, knowing the power supplied to thewdich is made
by means of a controlled electrical source, thentila capacity of the air and the temperature diffiee measured by
the thermocouples, the main column inlet NCG mksg fate can be obtained through the followingagpn:

Q

Mys = ———
NCG Cp, AT (1)

where Q is the heat provided to air through the electrhuisdater,Cpair the heat capacity and\T the temperature
difference measured by the thermocouples.
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The main column receives the steam from the bddleated in its bottom and the controlled NCG jusbwe the
steam inlet. Just after the entrance of these tuid fines, there is a flux rectifier that is inarge to organize the
velocity profile and to aid in the homogenizatidrtieese two components. Two k-type thermocoupledarated in the
inlet of this main column, to make sure that stgaoduced by the boiler is in a saturated condit@rthe atmospheric
pressure. Two more thermocouples are installetiaroutlet of the column to guarantee that the méxta this region
has the same conditions as it is provided, in titeom.

Therefore, the vapor and air mixture comes fromathigom of the vapor supply cylinder and leavesdfsopening,
reaching the condensing surface to be studied.t@$iing surface is installed over the lower sideacsmall heat
exchanger, made by a hollow thermal insulated hie{adrallelepiped box. Inside this box, coolingteracirculates at
controlled rates and temperatures, so that the anadlneat removed inside the box is known. As ieaetmoved from
the surface, water vapor condensation happens ifade. As this cooling surface is not in horizbmasition, the
resulting condensate is drained and collected bgnsef gravity. The residual mixture flows througle lateral gaps
(between the tested surface and the test sectitinalevalls) and reaches the environment at tipeoticthe box.

One vertical glass wall is provided to the texttimecbox to allow the visualization of the condetitsa phenomena
over the tested surfaces. The other walls are moadalvanized carbon steel with 2 mm of thickngdse small heat
exchanger, the test surface and the insulatioffixad by a pin located in the lateral sides on rietallic walls of the
test section, allowing the variations of the slofs® Fig. 2).

The heat exchanger cooling water is provided byatembath, keeping the device at a controlled teatpee level
and allowing the study of the influence of sub-tmgltemperature levels in the condensation. Thdirgaevater mass
flux is measured by a rotameter. Seven k-type theouples, connected to the data acquisition systeendesigned to
be embedded below the condensing surface, in todeeasure the surface temperatures.

Fig. 2 shows the condensation surfaces to be tesledhe surfaces are rectangular and planar wthmm of
thickness and 100 mm of horizontal length. As alyementioned and shown in Fig. 2, the surfacesestd under
different inclinations. So, different lengths oftlsurface were tested for each inclination anglerder to keep the
same projected area in the direction of the steadnaér mixture that hits the surface. The firstface of Fig. 2 has
116.2 mm of length and is tested in a conditio3®fdegree of inclination in relation to the horitaraxes. The next
surface has a length of 142.8 mm and is teste& idegirees, while the last one presents 200 mmgtheand is tested
at 60 degrees of inclination.

Cooling Coils

Thermmocouples

s

-2
Coolng Water
Tank

WA a0z

Botameter

Condesate Reu:n:rverjr-j'_ ik - =

o

Mixture Inlet
Figure 2. Testing box and tested surfaces.

According to some results from the literature [2%W &6], systematic reductions in the heat transig¢es are
observed as inclination angles approaches to rengzpntal position). This behavior was deductegbtktical for the
case of a quiescent vapor condensing on a flag¢ phdthough Gerstmann and Griffith [25] and Bum-@hung et al.
[26] studied the condensation on the undersiddabfpiates in different inclinations using the saseface and, by
modifying the mixture of water vapor and air flownditions through deflectors, they changed thecktengle of the
stream over the tested surface, so that the effactpor shear stress at the liquid interface chelaheglect.

In the present study, it is observed, during trststethat pure steam or the mixture of steam an M&ach the
surface with a considerable force, so that, noandlshear stress are noted .

Figure 3 illustrates the entire apparatus compbgetie boiler, vapor supply line and test sectieady for testing.

The tests were carried out at atmospheric presgitinea mass flow of 2.4 g/s and a mass fractiomfbto 50% of
NCG. The surface temperature varied between 38B&#@d. The heat transfer rates are evaluated bg theg's for the
pure steam case and by two ways for the NCG migturbe heat removed from the condensation plat&dygooling
water was determined by:



Proceedings of COBEM 2011 21* Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

q' = Mg CPuates (Towt =) )

where M, ;o is the mass flow rate of the cooling watén;,pWater is the specific heat of the cooling water and

TOut and T, re the outlet and inlet temperature of the coolirger, respectively.

The second way to check the heat removed from thmelensing surface is by measuring the liquid mdss o
condensate and the latent heat of condensatiog tisgrequation:

q;ondensaie = rncondensate I‘\/I (3)

where My gensate @Nd h,, are the condensate liquid mass rate collected filmenplate and the latent heat of
condensations of water, respectively.

Figure 3. Entire experimental apparatus.

For the pure water vapor case, the Nusselt flaeplandensation analysis, reevaluated by Rohsehhvalgo was
used to estimate the condensation coefficient af tiansfeth, which is given through the following equation:

NG

h=0943 " (0 -, )gsin(6)«? (h, + 068CP AT)

Lu AT X
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where 0, and o, the density of the water and vapd, the gravity accelerationk, the thermal conductivity of
water, hv| the latent heat of condensatio,T the sub cooling temperature of the walll; the viscosity of waterL

the length of the condensing plate a@jD, the specific heat of the water. This model was bges for pure saturated

quiescent vapor in contact with cooled condensimfase and will be used as a benchmark for theraxpatal data.

An uncertainty analysis was performed using thehotlogy suggested by Holmann [27]. The verticaslom the
data points in Figs. 4 to 9, represents these tainges. One can see that the uncertainties véiried 10 to 50% for
the determination of the heat transfer rate usiggZand it is always less than 5% using Eq. 3g&auncertainties
associated with Eq. 2 are observed for higher teatpees as the difference between the inlet antktoaboling
temperatures is very small. Also the mass flow imtgbtained using a rotameter and the uncertagngsociated with
the measurement equipment. On the other handjrtbertainties obtained using Eqg.3 are smaller sisicee in this
case, the mass flow rate is determined by the a@le of condensate for a long time period. Both timcertainties of
the timer and of the weighing scale are much smétien the values of the measurement obtained fbisndevices.
By this reason, the error bars for the heat meddayeEq. 3 is difficult to note in figures that limlv.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 4 shows plots of the heat rate, given by Ed3 @nd 4, as a function of the surface temperafarehe vertical
case (90°), for pure vapor streams. The blue peasents the results obtained by the Nusselt sindlyq 4), while the
red solid and open symbols represent the resuliingua through Egs. 2 and 3, respectively. The taaisferred
obtained from Egs. 2 and 3 shows a good agreenutiobh present a large disagreement with the Niutbs®ry. This
can be explained analyzing the test conditions Wwilaie quite different from the hypothesis adoptadtiie Nusselt
model. In the present experimental study, the vapas not quiescent, especially in the region sumdng the
condensing surface. As it can be seen in Fig. 23atige test section is fully opened in the vapéetiand outlet, which
causes a large vapor flow. As the only obstaclthefmoving vapor stream is the condensing surfdeepart of the
steam and air flux that does not reach this coslethce, escapes by the openings between thedides plate testing
box walls and also there is the stress caused éydpor flow in the falling film, moving in counfeyw directions.
According to Fahgri [28], heat transfer rates, iimfvise condensation within a vertical thermosyphtends to
decrease as the vapor velocity increases. Therbi#stae caused by the vapor shear stress at liqqodrinterface tends
to thicken the liquid film. Moreover, when the liguilm regime of flow becomes wavy, the interfdcéear tends to
tear droplets of the wave crest, sending them upwarstrike the end cap of the thermosyphon. $tilreflux
condensation, Chen S. L. et al. [29] say that tiesp change over the condensation liquid film etsaribute for the
augmentation of the shear stress. Although therpiumy configurations are different from flat platessidered in this
paper (in the thermosyphon case the space throbgthwhe vapor and the condensation falling filawfs in counter
current is narrow) the effect of the gas streanr dive condensing film still can be observed ingihesent case, due to
the position of the cooled condensing surface, whHaces down and receives the vapor flow directligerefore,
normal and shear stress are expected in the lippdr interface, leading to decrease of the haaster coefficient,
similary as observed for thermosyphons.
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Figure 4. Plate inclination of 90° for pure steam

In Fig. 5, plots of the heat transfer rate as ation of the surface temperature are presented.sdle symbols
represent the heat transfer measured by Eq. 2¢ wiel hollow symbols represent with Eq. 3 data. €areobserve that
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the heat transfer rate decreases, both for thervppee case and for the NCG and vapor case, asufface
temperature increase, as it is expected. The reatfer rates also decrease systematically, wreemdss fraction of
air increase. In this case, the decay of the haasfer rates by the presence of NCG is causetépuild up of NCG
at the liquid interface, resulting in a reductidrtlee partial pressure of the steam, decreasingaheation temperature,
in which the condensation takes places. This behafar moving mass flow configurations, is noteaffed so hard as
for the case of a quiescent mixture of vapor andGN@s it was reported by the theoretical work cateld by
Minkowycz and Sparrow [30] and Rose [31]. In thbieoretical work, even with 0.5% of NCG mass fractithe heat
transfer could decrease to about 50% when compaitecthe pure steam condensation. Due to the tadfiguration,
the reduction of the heat transfer rate for 20%NGIG mass fraction was about 20% of the pure vapsecfor the
same range of wall temperatures, and about 40%h&50% of NCG mass fraction. This can be explhiby A. M.
Zhu [24], who states in his work that the veloditythe flowing mixture hitting the liquid film, hpt spreading the

NCG boundary layer over the liquid film interfacenproving the heat transfer when compared to puapow
condensation flows.

50

= MCpAT Pure Steam ¢ mhlv Pure Steam

4 MCpAT 20% & mhlv 20%
50 | E Q + mCpAT 30% < mhlv 30%
; = mCpAT40% o mhlv 40%
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& T
40 - =
(=]

20 +

Heat Transfer Rate [kW/m?]
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40 45 50 55 80 85 70 75 80 85 90
Surface Temperature [°C]

Figure 5. Plate inclination of 30°

Similar trends were observed for the cases whexgldte presents the inclinations of 45°, 60° &fj $hown in
Figs. 6, 7 and 8, respectively. From these figuoeg, can see that, as the plate inclinations apprtiee vertical case
(90°), the heat transfer rates decrease, for atleosing wall surface temperatures. In this casegtavity, which is the
force that pulls down the liquid film, does noaplas an important role as in the case for a gergstondensation
vapor, adopted in the Nusselt theory. Due to thaefigoration of the condensation process of this kwadhe
condensation heat transfer rates were higher fotl#h for the vertical case (90°). Actually, faradl inclinations, the
testing surface blocks and hold much more vapar thathe case with higher inclinations, increading heat transfer
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Figure 6. Plate inclination of 45°
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Figure 8. Plate inclination of 90°
Fig. 9 shows the results for the heat transfersréefte pure vapor condensation obtained using Egmd 3, as a

function of the surface temperature and for diffiéiiaclinations. In this graphic, is more evidematt heat transfer rates

are higher with some inclinations when comparedh wie vertical case, which does not match withpteslictions of
is the Nusselt theory.
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Figure 9 Pure Vapor

For all the data presented in Figs, 4 to 9, Egan@ 3 predict similar values of the heat transteobserving the
cooling plate water flow mass and temperature®idifices and by the amount of the condensate. fbigssthat the
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experimental apparatus is well designed and progatel data. Therefore, through these two methodscan double
check of the test heat transfer results.

On the other hand, both the results provided byZasd 3 show different trends for the verticaktgleonfiguration
when compared with the inclined cases. The heasfea results obtained using Eq. 3 are alwaystle hiigher those
obtained with Eq. 2 for the inclined plate casedsisTrend is reversed for the vertical case. bhatieved that this is
because there is a certain amount of vapor thahpats the plate and are not condensated.

4. CONCLUSIONS

A set of film condensation experiments were cardatto study the effects of plate inclination, miass fraction
and sub cooling levels of the condensing surfaée dondensation occurs in counter current forcetvection film.
The pure vapor or the mixture of vapor and air,agisvat atmospheric pressure, flow freely over tided surface. .

The test results for the pure vapor condensatiowst a great disagreement with the Nusselt headfearates,
showing that the hypothesis of quiescent vaporriggéon close to the condensing surface, cannosbd in the present
experimental work. The calculation of the heat sfarred, based on the heat removed by the watdingosystem
agrees very well with prediction based on the casdte collected, showing that the experimentabegips is well
designed and provides good data. The discrepanthyeadata with the Nusselt analyses theory is chbgethe vapor
free flow over the cooled surfaces and the streggavokes over the liquid film. The Nusselt thealgo shows
different effects of the inclination angles tharsetved in the data, where systematic increasdwsediaat transfer rates
are observed when the angle from the horizontalaes] unlike predicted by Nusselt, for the quiescendensation
case.

The presence of NCG showed to be an importantteéfigdbe decrease of the heat transfer rates.ligudécrease
in the heat transfer rate with the increase ofNM in the vapor stream was lower than observedréa convection
cases.
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