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Abstract. An experimental apparatus has been designed to determine the effect of the presence of noncondensable
gasesin vapor at atmospheric pressure in the condensation process of vertical and inclined cooled surfacesin filmwise
condensation mode. The heat transfer rates are measured by the cooling water system by means of the mass flow and
the inlet and outlet colling water temperatures. The mass of collected condensate times the latent heat of vaporization
can also be used to evaluate the heat transferred. The overall heat transfer coefficients may be obtained in several
different conditions such as sub-cooling levels, plate inclinations and orientations, Reynolds number of the steanVgas
mixture flow and different concetrations of air. Also, different condensing surfaces can be studied such as: plain,
grooved and porous medium over a flat and grooved substract. The resulting data from this apparatus can be used to
be compered with models and correlations.
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1. INTRODUCTION

Condensation processes can be applied in a varietgigineering industrial and domestic applicationgh as air
dryers, heat transfer devices, water recovery olieg towers, etc. Therefore, the heat transferhmaisms, as well as
the condensate film formation induced by condensgthenomena, have attracted a lot of researctegiteSince the
first work in the field of theoretical analysis 6fmwise condensation developed by Nusselt em 1%16umber of
workers such as Rohsenow [1], Sparrow and Gregg(QBken [3] and others have improved Nusselt's mobgl
removing some of the original highly restrictivesasiptions.

Dropwise condensation has received attention duts thigher heat transfer coefficients when comgasith the
filmwise condensation. The main problem of this mad condensation is related to the difficulty ekking the drops
for a long time. After the drops start to fall, therface becomes wet and the drops have problemsénging again.
Many authors have directed their researches tdekelopment of new coating materials, differentkiri substrates or
other deposition methods, in order to provide dasar with poor wetability better characteristicgl@hough obtain
dropwise condensation for a longer period [4-8].

Although it is desirable to achieve dropwise cors#ion for industrial applications, it is oftenfditilt to maintain
these conditions. For this reason, porous mediurthénfilmwise condensation also has gained attenfiom the
researchers [9-15]. According to Wang et al. [M#o studied the condensation over a wavy surfacered by a
porous medium, significant enhancement in the traasfer can be reached with the increase of théneas, due to
the increase of the contact area. Although theyndidconsidered the effects of capillary forcesuret by the porous
medium, Tong-Bou Chang [17] showed that the poroedia effectively enhances the heat transfer padoce of the
surface. All the researchers mentioned before omtedutheoretical works using the conservation equostin the
formulation of the problem. Not many works concagnexperimental data of condensation of flat sws$acovered by
a porous material are available in the literature.

It is well know that the presence of noncondensghkes in vapor reduces drastically the condemshtat transfer
process and the condensations rates, even if wétimal amount of gases. Bum-Jin et al. [18] and-KueMa [19]
compared filmwise and dropwise condensation of wiatea vertical flat plate with the presence of comdensable
gases (air) over a range of 0 to 6% of air masstitna. They verified that the effect the nonconddais gases are
different for each mode of condensation. The iadl dynamic of dropwise is different from thenfivise
condensation; actually the liquid boundary conditieelp the destruction of the gas boundary laydrsemimproves the
heat transfer process. The effect of noncondensgddes can be decreased by increasing the liguidReynolds
number, so that the liquid film interface becomes/y(transition from laminar to turbulent flow). foer increase of
Reynolds number turns the and later liquid filmbtulent. Park et al. [20] conducted a series of ermnts of filmwise
condensation over a vertical flat plate in the eneg of noncondensable gases in the wavy flow mediocording to
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them, for a given air-mass fraction and a vapor-gesture velocity, the overall heat transfer in@eawith the
increment of the liquid film Reynolds number. Moveo, A. M. Zhu et al. [21] studied the effect ofjhiamounts of
noncondensable gases in the vapor on the condemgater a variety of vertical tube lengths. Ondhair results is
that, as the Reynolds number of the mixture in@gathe effect of the noncondensable gases indhdensation
decreases. According to these authors, the gaslboutayer is destroyed by the mixture velocitytlsat the vapor can
reach the surface and condense easily.

As exposed above, most of the researchers devot@dntork to vertical or horizontal flat platesmipes. Just a few
authors treated the condensation in the undersitlerzontal flat plate and with some differentlination angles [22-
23]. So, this paper presents the conception ofxperémental apparatus developed to study the paysiolved in the
filmwise condensation, with or without the presewfenoncondensable gases, on flat and grooved cas favith or
without porous medium layer deposited over a ftat grooved substrate, on a variety of inclinatioglas. This device
will also provide data to be used for the comparigith new analytical expressions or numerical gtigations of the
condensation phenomena, including the film thicknesndensate mass flow rate and heat transfeficients.

2. EXPERIMENTAL FACILITY

As already mentioned, the experimental facility trius designed to allow the study of the condensaifocooled
surfaces subjected to a controlled mixture of nodemsable gases and vapor, in terms of mass fldbcamposition.
Several different surfaces, with different surfamnditions, materials and surface finishing (grapveeposition of
porous media, etc) will be tested, under diffelientinations, temperatures, etc. The experimeraailify developed in
this work consists of a test section and auxiliaguipments, such as: steam generator, cooling veatstem,
noncondensable gases supplier and data acquisigtem, which are grouped in three main section#et) vapor
supply line and test section.

All parts of the test equipment are properly ingdain order to avoid considerable energy lossesh®
surroundings.

2.1. Boiler

The boiler consists of a container were water atd up to its vaporization. It was designed wilvgnized carbon
steel with 2 mm of thickness and with 600x500x27 wf lengths. The heating is provided by meansledtacal
heaters. The delivered heat power is controlledniesans of four modules, with three electrical heatesich can be
individually controlled (on or off). Each module able to deliver 7.5 kW. The control of power leielachieved by
means of a Variac, which is connected to the heaterevel gauge is used to identify the level ditev inside the
boiler and a rotameter is able to measure the velflonv rate of the inlet water supplied. Figurehbws the schematic
of this part of the device.

The main purpose of the boiler is to produce anddelea controlled amount of steam, which reactesdownward
condensation surface to be tested. By means detled gauge and the rotameter, the mass flow ragteam can be
known. The apparatus is open to the atmospheretharkfore, the steam temperature is equivalettteasaturation
temperature at atmospheric pressure.

Water Inlet ﬂﬂ]:>

Rotamester HH

HH Electrical Heater

Level Gauge

Figure 1. Schematic of the boiler
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2.2. Vapor Supply Line

The vapor supply line consists of a main cylindrim@umn and a smaller square section duct. Batkdlducts were
projected with galvanized carbon steel with 2 mnthaékness. The main column has 147 mm of inneméiar and
1000 mm of height, whereas the square duct hasrB@nmoss section internal side and 300 mm of length.

The square duct, which is connected to the colusnim, charge to deliver the controlled amount oficendensable
gases to the equipment. The noncondensable ga®yadpis the atmospheric air, which is introducedh® main
cylinder by means of an air blower. Inside thistdhere is an electrical heater. Knowing the poswgrplied to the air
and its thermal capacity, the mass flow rate caotitained through the difference of dry bulb terapare from the
thermocouples before and after the electrical heBesides, the air flow is measured and is dedigty the equipment
at same temperature of the steam generated byilee, Iso that the water vapor keeps its dry sé¢draondition. Even
if the literature states that the amount of vapadry air is negligible, in this experimental setthe humidity of the air
is checked before reaching the cylindrical columroider to know exactly the ratio of air and vapetivered for
testing.

The main column receives the generated steam terbailer located in the bottom, which dry bulb perature is .
A checked by a thermocoupleJust after the steaet, ithe noncondensable gases are introduced aretmiith the
vapor, in a controlled proportion. In the top ostholumn, there is a rectifier which organizesoedl profile of the air
and vapor mixture and helps in the homogenizatfchestream.

ﬁ Mixture (Water Vapor + Air) Outlet

Rectifier

Fan

@ ...... - Y

Water Vapor Inlet ﬁ

=

Air Inlet

Figure 2. Schematic of the vapor and air supply.lin

As the apparatus is insulated and no energy igdoste environment, one can consider that no viegoondensed
while the vapor and air mixture moves through tylender. As the vapor and the air mass flows aravikm the mixture
velocity can be determined using the conservatfanass equation.

2.3. Test Section

The schematic of the test section is shown in [Eidhir The mixture composed by vapor and air cona®s the
bottom of the vapor supply cylinder and leavestais opening, reaching the studied surface. Théntgpsturface is
installed over the lower side of a small heat erglea, made by a hollow metallic parallelepiped Hoside this box,
cooling water circulates at rates and temperataogdrolled, so that the amount of heat removeddashe box is
known. As the surface is cooled, condensation happeits face. As this cooling surface is not arihontal position,
the resulting condensate is collected in a draimegns of gravity. The residual mixture flows ttgbuhe lateral gaps
(between the tested surface and the test sectitinalevalls) and reaches the environment at thetbp.

Two vertical glass walls are provided to the tegtt®n box to allow the visualization of the conslation
phenomena over the tested surfaces. The other avallmade by galvanized carbon steel with 2 mnhiokbess. The
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small heat exchanger, test surface and the insolatie fixed by their sides on the metallic waligte test section,
allowing the variations of the slopes.

The heat exchanger cooling water is provided byatemcooling bath which removes the latent heaassd by the
surface condensation process and keeps the dewittee atontrolled temperature level, allowing thedst of the
influence of sub-cooling temperature levels in toadensation. The mass flux of this cooling wasemeasured by a
rotameter. Seven thermocouples, connected to ttee atajuisition system, are designed to be embetdkniv the
condensing surface in order to measure the sutésaperatures.

Cooling Coils Thermocouples

Cooling Water Tank

Rotameter

Condensate Recovery <:]”[| ]

Mixture Inlet
Figure 3 Schematic of the test section

Figure 4 shows the condensation surfaces to bedtestl the surfaces are rectangular and planah % mm of
thickness and 100 mm of horizontal length. As alyementioned and shown in Fig. 3, the surfacesest&d under
different inclinations. To keep the same gap arffeaapor and air mixture passage between the saegges and the
lateral test section walls, the height of the caorsiteg surfaces must change, according to the t@stédation. The first
four flat surfaces shown in Fig. 4, from left teethight, have 106.4, 116.2, 142.8 and 200 mm aftierespectively
and they are made of flat cooper. The other finveelthe same dimensions: 200 x 100 x 10 mm. Theatamurface is
also flat and made by aluminum,while the last trsedaces are made by cooper. The sixth surfacéonagudinal
grooves; the seventh has a porous layer made iofexesi deposit of copper powder of 10 mm thickn@&$e last one
has this same porous layer deposited over a groawdgce. The insulation, made of Nylon, has 10 efithickness.

Figure 4 Schematic of the testes surfaces.

According to some results from the literature [22 23] systematic reductions of the heat transfeoindensation
process are observed as the angle from the hoalzmeduces, for condensation occurring in the doandwsurfaces.
But, in these works, they used the same surfaceruttifferent inclination angles, so that the prtgecarea relative to
the vapor and air mass flux were not the sametHaravords, the amount of vapor or vapor and nodengable gases
mixture reaching the surface of the plate are n@tsame. Therefore the comparison among diffenefihation angles
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and the conclusions about the effectiveness otinface as a vapor condenser are notconsistens, hthe present
work, in order to clarify this point, the variatiaf the angles is followed by different lengthsloé surfaces, so that the
projected area is the same, for all the tests anderjuently it is expected that the same massréaehes the tested
surfaces.

Figure 5 shows the complete set up mounted (condplegehe boiler, vapor supply line and test segti@ady for
testing.

Figure 5 Schematic of the experimental apparatus
3. HEAT TRASNFER MEASUREMENT

The main objective of the surfaces under investigas to condensate as much vapor present in turaipf air and
vapor as possible. Actually, the condensate isiplesslue to the removal of the heat from the vapgw.already
described, the cooling water delivered to the leeahange by means of a pump is kept at a congtenerature using
a thermal bath. . As observed from Fig. 2, thetiatel outlet temperatures of the cooling watemagasured as well as
the vapor volume flow rate through a rotameter.réfuee, the heat removed from the condensatiore ffigtthe water
can be determined by the equation:

Quater = Myater Co (Tout — T ) (1)

Where myqris the mass of water, & the specific heat of the water and Tout andtfiginlet and outlet temperatureas
of the water. Another way to check this amountedithdelivered to the surface is through the liqaaddensated by the
plate. Therefore, the latent heat removed can termaned by:

Qcondenwte = rrlcondensatehvl (2)

where mgnqensae@nd Ky are the condensate liquid collected from the cosihg plate and the latent heat of water,
respectively. The hypothesis of vapor in its saadastate is adopted (actually this is a fairly dydoypothesis).
According to [5] and [6], the heat balances obtdibg these two methods agrees to within 10%. Theeethe heat
transfer data can be considered precise enough tmimpared with analytical expressions or cormatideveloped
from experimental and numerical investigations.



Proceedings of ENCIT 2010 13" Brazilian Congress of Thermal Sciences and Engineering
Copyright © 2010 by ABCM December 05-10, 2010, Uberlandia, MG, Brazil

4. CONCLUSION

The conception of an experimental apparatus wadimbe to test new surfaces in order to enhancedhdensation
heat transfer in the filmwise mode in downward posi and to improve the understanding of the effecf
noncondensable gases over new designed condensatfages. The flexibility of the apparatus allothe study of a
number of effects such as plate inclination, masgentration of air to steam, flow, variation oé tReynolds number
of the mixture and sub-cooling of the surface terapee. This knowledge will give useful informatitor heat transfer
engineers to design and construct heat air dryesgater recovering systems in cooling towers fatustrial plants,
among many other applications.
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