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Abstract

This paper discusses the results obtained frorntepgerimental investigations devoted to the
study of steam condensation in the presence ofamdr a light noncondensable gas. The
experiments are intended to provide data for tHelat'on of engineering models and CFD
codes. The original experimental data herein dsstdifocus on forced convection turbulent
boundary layer conditions and involve atmospheriesgure, different conditions for mixture
velocity (from 1.5 to 3.5 m/s), mixture compositiform O to 75 per cent of the light species in
the overall amount of noncondensable gases) andntwmauinal electrical power supply of the
steam generator. The experimental data are quhbifigainst correlations based on the heat and
mass transfer analogy and to the predictions obdainy an in house condensation model
implemented in a commercial CFD code.

1. Introduction

Condensation in the presence of noncondensable ¢@sea well known relevance in nuclear
safety analyses, since it represents an importaat $ink for removing the energy released by
the discharge of the primary water during a postdldoss of coolant accident. Nevertheless, it
could strongly affect containment atmosphere mixinfuencing the distribution of hydrogen
and other noncondensable gases hypotheticallyatetivin severe accident conditions.
Condensation in the presence of light noncondeasgdides is therefore of primary relevance in
safety analyses of the containment atmospheraytiaah an in-depth understanding is desirable.
In the past decades the phenomenon has been gatedtiunder the theoretical and the
experimental point of view and extensive database® made available by both integral and
separate effect test facilities [1-16]. Howeverge theed for producing new high quality
experimental data has recently emerged to prometedlidation of CFD codes in view of their
application to containment safety analyses.

In this aim, the CONAN facility was set up somergeago at the University of Pisa, aiming at
addressing steam condensation in the presenceroéna helium in separate effect test
conditions. Computational tools have been develdmadng multiple purposes. On one hand,
mechanistic models based on the principles of siifiu have been developed and applied mainly
to the analysis of small scale separate effect eosation tests [17,21,22]. These models, hardly
applicable to large scale analysis are anyway usefachieve a significant improvement in the
understanding of physical phenomena involved incitredensation process. On the other hand,
other models have been conceived purposed forrthlysas of large scale facilities or full scale
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containment [18-21]. These models have been desdltyased on the heat and mass transfer
analogy or empirical and semi-empirical correlagion

In this paper the results of experimental campapgréormed within the CONAN facility are
presented together with predictions obtained bymputational tool developed at UNIPI and
implemented in the FLUENT code. The main featurethe CONAN facility and its operation
are firstly illustrated. Then, the method for theqessing of experimental data is detailed. The
analysis of available experimental data is theeefmesented, accompanied by a description of
the adopted CFD model and the results of compunstio

2. The CONAN facility

The CONAN facility (CONdensation with Aerosols aNdncondensable gases) is operated by

the Department of Mechanical, Nuclear and Prodackogineering of the University of Pisa

[22]. The apparatus was conceived to collect déatsteam condensation of interest for nuclear

reactor containment thermal-hydraulic analysis. Tduglity consists of three different loops,

primary, secondary and tertiary (see Figure 1),l@fhich accomplish with the operating needs

encountered in running the experiments:

» the primary loop, in which the mixture of steam amahcondensable gases circulates and
partly condenses on a flat wall;

» the secondary loop, which provides the requiredliegoof the condensing plate by
circulating water, whose temperature and flow cate be varied;

» the tertiary loop, which allows controlling the tpemature of the cooling fluid (the water of
the secondary loop).
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2.1  Main features of the CONAN facility

The primary loop contains the test section (seer€id, right), consisting in a roughly 2 m long,
0.34 m side channel having square cross sectiomhich a mixture of steam, air and helium is
circulated. One of the lateral surfaces of the oeaibelongs to a 4.5 cm thick aluminium flat
plate, cooled on the back side by the water ofsé@ndary loop. Condensation occurs on the
inner surface of the cooled plate and the relatetiensate flow is collected at its bottom by a
gutter and routed by a small diameter piping te=ernal vessel; a relatively accurate estimate
of the condensate flow is obtained by differenpis@ssure measurement in this vessel. The other
surfaces of the test section are kept reasonablyated from the external environment, to avoid
that condensation occurs over them. Variable ageosis connect both the test section channel
to the primary loop piping. The bottom part of tlest section is connected to a variable speed
blower for circulating the air-helium-steam mixtugteam produced by a 60 kW electrical steam
generator is injected at the bottom of the prinlapp via a tee junction. The uppermost part of
the primary loop is presently connected to the regtieatmosphere via an open pipe, to maintain
atmospheric pressure conditions. The secondary Inoludes a 5 mm deep, 35 cm wide
rectangular cooling channel located on the back& efdthe aluminium plate, two collectors and
pipes for routing water at the outlet of the coglehannel to a mixing vessel, being a component
common to the secondary and tertiary loop. Theeldssequipped with three heaters, having
each one a power of 3 kW, for water warming uprdythe start up phase and water temperature
control during operation. A pump located at the exithe mixing vessel routes extracted water
again to the secondary channel. The tertiary loag the role of extracting cold water from a
large reservoir available on the site, pumpingtio ithe mixing vessel and extracting by free fall
into an outlet pipe an equal flow of warm watemgtobtaining the required power extraction
from the secondary loop.

2.2 Operating procedure

In the tests performed up to now, at atmosphegssure, the main operating variables are:

* the steam generator power, controlled by an eleitrequipment manually operated in the
facility control room;

» the primary volumetric flow, adjusted to the présed values by varying the frequency of
the electrical supply of the blower motor throughiaverter driven by the related computer
software;

» the air-helium percentages, obtained by injectieiuim in the primary circuit up to the
desired concentration;

» the secondary coolant temperature at the inletetboling channel, controlled by changing
the tertiary loop flow and the temperature set pofrthe heaters in the mixing vessel,

» the secondary coolant flow rate.

Once the steam generator power and the primary di@fixed and the secondary coolant flow
and temperature are set to the prescribed valles,ptimary mixture temperature and
concentration are automatically defined. In fatdtsrg with a mixture rich of noncondensable
gases, injection of steam through the steam gemenatlet line and spontaneous purging of the
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excess noncondensable gases through the pipe apedhet atmosphere increases steam
concentration up to the point in which the obtainedditions allow a condensation rate equal to
the inlet steam flow, provided this does not exdbednaximum system condensing capabilities.
On the other hand, whenever the injected steam iolower than the condensation rate, the
internal atmosphere tends to shrink, sucking @mfthe open pipe and decreasing the steam
fraction down to a new equilibrium condition. Stgaate conditions can be therefore stably
achieved, thus letting investigating a wide ranfyeperating conditions.

Tests are labelled ag®Thb-Vcc-Hee, where:

e aais the nominal steam generator power in kKW,

* bbis the nominal secondary coolant temperatureeaintlet of the cooling channel [°C];
e ccis the nominal inlet velocity in decimal of m/s;

* eeis the nominal molar fractions of helium in thennondensable gas.

In the following, the main steps of the operatimggedure are summarized:

1. Heating up the water stored in the secondary Iddyws is performed by three resistance
heaters in the proper storage vessel. During #ngifg up phase, also the pump of this loop
Is running; the changes in the temperatures ainteeand the outlet of the cooling section
are measured and the temporal changes are dispaytb@ PC screen.

2. Activation of the primary circuit blower and theeatm generator. This step aims at heating

the primary circuit in order to minimize spuriousnclensation heat losses.

The flow rate is adjusted to achieve the desiréat irelocity in the test section.

The steam generator power is set to the desirechipg value.

Filling of helium. The amount of helium is monitdréo achieve the desired ratio with air

and it is continuously measured during the coufsbeotest.

6. The pump in the tertiary loop is activated and waled, in order to evacuate from the
secondary loop the heat released by condensatitimeiprimary loop. The heaters in the
mixing vessel compensate small unbalances.

ok ow

Data coming from the measuring system are contislyacquired and monitored. Once steady-
state conditions are reached, the available messueerecorded with a frequency of 0.5 Hz for
periods of 600 seconds or more. The main measutsragailable in the facility are:

* temperature and relative humidity of the bulk mietentering the test channel, estimated by
temperature measurements through a dry bulb andetabwib thermal resistance, as
indicated by Lioce [23];

« temperature of the bulk mixture at four locatiothsng the channel, by calibrated K-type
thermocouples;

» level in the condensate collecting tank, by whioh ¢condensation rate is deduced;

» volumetric flow of the mixture in the primary cintumeasured by a vortex flow meter;

* temperature at different locations and depths almd) in the thickness of the aluminium
plate, by 1 mm K-type thermocouples inserted inmm holes drilled in the plate;

* temperature of the secondary coolant in the imidt@utlet collectors;

» flow rate of the secondary coolant, via a Coribfjze flow meter;

« temperature of the tertiary coolant at the inlet ahthe outlet of the mixing vessel;

e pressure in the primary vessel;
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* helium mole fraction, obtained by conductivity m@asnent of the noncondensable air-
helium mixture, after sampling the mixture at théei of the channel and condensing the
steam.

2.3  Data processing procedure

Several temperature measurements are availablenwiith condensing plate, allowing to obtain
the local heat flux values at 18 different poin&ven the temperature valu@®. and TPy
measured on the condensing plate for a particide &bcation at a distance x from the inlet
section (see Figure 2), the corresponding tranal/tsal heat fluxd is given by:

dT AT  TP.—TP,
b=-k—=—-k—=k—m
dy ep ep

wherek is the thermal conductivity of the plate, estindatt the average temperatufgy,
defined as:

TP, + TP,
avg = 2
secondary side | | aluminum plate | test section
1y
P,
| L
i €p i
D= D+ m,; hlv,i : ; S
C—— , e',, , C— mv,,-h[v,;

Figure 2 Sketch of témperature profile within the ondensing plate

The temperature on the surface of the condensing MPa can be also estimated assuming a
linear temperature profile across the aluminiuntepla

el
TP, =TP, + (TP, — TPC)e—p
14
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Once the heat fluxes are known, to know the locassrfluxes it is necessary to separate the
sensible heat transfer and the latent heat transfgributions. If the assumption is done that the
liquid film, if present, has negligible thicknesadathus a negligible thermal resistance, the
temperature at the condensing interfcean be assumed equal to the temperature estimated
the condensing wallP;. As a consequence, it is:

_ < 1!
d = D, + My,
e ~————
sensible heat latent heat

1)

where®; andm,,; are respectively the local sensible heat flux tedlocal condensation mass

flux. Moreover, the ratio between the sensible Hieat and the condensation mass flux can be
written as follows:

Nu,k
o, kAT —— (TR —=T))
my; a hmBm a thpD (Yv.i _ Yv,b)
X 1- Yv,i

2)

whereY,jis the local steam mass fraction at the interfaxcEYq,is the steam mass fraction in the
bulk. Here, the analogy between heat and masdérassntroduced:

1
3

Nug, (Pr)
Shox \Sc

To extend the validity of the heat and mass trarefalogy to high condensation rates, the
Stefan factoF [24] and the Ackerman factér[25] are alsintroduced, defined as:

P P
_ ebm — 1 ebr —1
with
My _ MyiCppi
¢m - hm'o ¢t - hs'o

Since it is reasonable to assume tRaf, the heat and mass transfer analogy can be tuoned
obtain:

1
3 Nugy Nu, F Nuy

(5)
Sc¢)  Shyy A Sh, Shy

3

Substituting Eq.(3) in Eq.(2), after some matheo@tmanipulations, the ratio between average
sensible heat flux and mass flux is given by:
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2
CDS _ Cp (TPL — Tb) (SC>§ p (TP Tb)
Pr

My (Yv,i — Yv,b) ( )
(4)

1-Y,;
The local sensible heat fluk; and the local condensation mass fia¥; are therefore obtained

by solving simultaneously Eq.(1) and Eq.(4) . Thpeximental local Sherwoagh, number can
be finally calculated by:

m, ;X myx [ 1=Y,;
Sh, = =

pDvm Bm a pDvm Yv,i - Yv,b

The corrected local Sherwoéd, ,, number, deprived of suction effects, is insteagigiby:

N7 N7 -1
Sh = MwiX | TeX [log <Ync,b>l
0% pDvm F Bm pDvm Ync,i

(5)
Similarly, the local NusselVu, number is given by:
N = o, x
TP =Ty

All properties appearing in the definition of theeBwvood or the Nusselt number are defined as
film properties and their value must be calculatedrdaog to the following rules:

_ Pi t Pp _ Dvm,i + Dvm,b
=T2 PmmT
_kitky Gt Cpp

2 P 2

All these quantities are functions of the tempemtat the condensing interface and the bulk
temperature, as well as the mixture compositiomdefby the species molar fracti&n For this
reason théelium-to-noncondensable gas-ratio:

Xhe

X=X+ X,

must be know in the bulk and at the condensingfexte. Whereas the value pfis measured in
bulk, the interface value must be hypothesized.cBetal. [26] showed that, due to convection
and turbulence effects, in turbulent condensingidary layers it can be assumed:

Xi~ Xb
3. Analysis of experimental data

The test series considered in this paper includee4®. Two different nominal power levels of
the steam generator (20 and 25 kW), five differantture velocities (1.5, 2.0, 2.5, 3.0, and 3.5
m/s) and different helium concentration (from O07&% of the total amount of noncondensable
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gases) were considered. A useful way for analysiyerimental results consists in comparing
local experimental Sherwood numbers deduced by uneaents, as shown in Eq.(5), to those
predicted by the analogy adopting an appropriateetaiion, which in turbulent forced

convection could be predicted by the Schlichtirmpgrelation [27]:
0.8

V y 1033
Shox = 0.0296 Re285¢%33 = 0.0296 (p ) ( )
U Dym

In Figure 3 and Figure 4 the results of this analgse shown for the series at 20 kW and 25 kW
respectively. A remarkable agreement of experimeStaerwood number points and the
Schlichting correlation is experienced for Reynatdsnber higher than 20As a conclusion, for
fully developed forced convection condensationtteat and mass transfer analogy is capable of
providing an appropriate description of phenomena.
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Figure 3 Experimental Sherwood number in forced cowection tests at 20 kW
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Figure 4 Experimental Sherwood number in forced cowection tests at 25 kW

Relevant information provided by the analogy andficmed by experiments is also that, for a
given inlet velocity and a given steam generatavgrp helium concentration has a minor effect
on the overall condensation rate (see Figure 5¢ ifbrease of the steam diffusivity and the
condensation driving forces are in fact countenbadd by a reduction of the mixture density,
which implies a decrease of the maximum attaindR&ynolds and Sherwood numbers.
However, it can be shown that, for a given Reynaldsiber (and therefore a given Sherwood
number), helium has a positive effect on the comdion rate (see the trends of experimental
condensation rates for the two series at 20 anldA2t Figure 6): in this case density effects are
limited and therefore the increase of moleculafudifiity results in an increase of the mass
transfer coefficient and the of condensation rate.

3.1  Other formulation of the heat and mass transfer aalogy

The various forms of the heat and mass transfelogpnaan be roughly divided in two main
categories: those cast in terms of mass fractionstlaerefore adopting mass approach and
those cast in terms of molar fraction, adoptingnahar approach. In the present work, results
available by the CONAN facility have been presergecbrding to a formulation cast in terms of
mass fraction, as reported in Spalding [29] or hemd [30]. However, in past studies,
Ambrosini et al. [31] investigated the differentrfts of the heat and mass transfer analogy and
guantified differences among the different formiglias in the analysis of CONAN steam-air
condensation tests.
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In particular, they investigate the difference begw the mass approach and the formulation of
Bird [32], Chilton and Colburn [33], and Petersdnaé [34]. They showed that formulations
based on the molar approach give higher Sherwoosbars with respect to the formulation
based on the mass approach, but differences wiatevedy small (< 10%). In this section, the
mass approach formulation is compared to the fatimar of Bird and Peterson, for which the
local Sherwood numbers are given respectively by:

Th”'x X -1
- _ _Myx 1 nc,b
0,x,molar Mv c Dvm l 8 <ch,i
(6)
and
Sh = 1hy, ;x i
0,x,Peterson v,i k, [Ti _ Tsat(PV.b)]
(7)
with
2 32 0 log (M>
MR, PG T aei) - Too T
= — avg —
¢ Tavg RZTO2 IOg (i((nc,b) 10g (%)
nc,i '

For a given experimental mass flux,;, the ratio between the Sherwood number predicyed b
the molar approach (6) and the mass approach ¢fyes by

X M;
lo ( nc,b _l)
Sho,x,molar — ﬁ 5 ch,i Mb
Sho x Mv (ch b )
) l =
o8 ch,i

(8)

where it was assumed thgt = x, = x, M = p/c and
Mb = Xv,bMv + (1 - Xv,b)(XMhe + (1 _X)Ma)
M; = X,;M, + (1- Xv,i)(XMhe + 1 - M)

Differently from the case of binary mixture of steand air, for which the ratio expressed by
Eq.(8) is always greater than one, in steam-aiuhemixtures this ratio can be lower than unity.
Indeed, depending on the helium concentrationptixéure molecular weight at the interface can
be even lower than in bulk. In Figure 7, a commarivetween the mass and the molar
formulation is reported, together with the thea@tipredictions obtained by Eq.(8), considering
the average bulk and interface temperatures ofséhected experimental series. As it can be
deduced from Figure 7, when the interface mixtgréeavier than the bulk mixture the molar
approach tends to give higher Sherwood number safDe the contrary, if the interface mixture
is lighter than the bulk, that is for high heliumncentration in bulk, the molar approach predicts
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lower values. The Peterson model is also comparéidet mass formulation in Figure 8 Ratio of
the Sherwood numbers calculated accordmdpeterson et al. [34] and Lienhard [30] models.
Differently from the molar approach, for the avhlieexperimental data, the ratio between the
Sherwood numbers in Eq.(7) and Eq.(5) is generhlgher than unity. However, large
differences could be experienced when the interfawe bulk mixtures have similar molecular
weight.
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4. Predictions by CFD tools

A common approach for modelling wall condensatiandFD codes consists on assigning

volumetric source terms to cells adjacent to thedeosing interface. These source terms are
linked to the mixture continuity equation, the stehalance equation, the momentum and the
energy balance equations. Volumetric sources ofsmateam, energy and momentum are
therefore linked in the balance equations, respelgtdefined as

Overall Mass S, =m,,;/2Ac Steam S, =Sm
Energy Sy = Smhy; Momentum  Sq = Spu,

where 2Ac is the thickness of the celh,; is the steam enthalpy at the temperature of the
condensing interface and. is the mixture velocity in the centre of the celhere the source
term is applied. Moreover, the heat transfer thiotlge condensing plate is modelled by the
conjugated heat transfer approach by assigningpanopriate source term to the solid cells
contiguous to the condensing interface

Energy in the solid plate Shp = —Smhuw,i

wherehy,,; is the steam latent heat. In order to evaluatednelensation mass flui,, ; and thus
the sources, different models have been developegtiag different strategies and having
different purposes. These models are named HMTDMat{Hand_Mss _Tansfer _Dffusion
Method) and HMTAM (kat and Mss Tansfer Aalogy Method). Two different variants of the
HMTDM model exist, depending on the diffusion methibat they are based on: the effective
binary diffusivity approximation (EBD) or the futhultispecies mass transfer model (labelled
MSD). Details of all these models are reported?ity] or [28]. In the next paragraph a summary
description of the EBD model is given, whose cajgds in predicting condensation in the
presence of air and helium are shown in sectionRe3ults obtained by the other models can be
found in [21] or partially in [28].

4.1 The HMTDM model (Heat & Mass Transfer Diffusion Method)

The HMTDM model evaluates the mass transfer ratethe basis of concentration distributions
in the near wall region, without requiring any sfieclosure law. It requires a very fine space
meshing since its accuracy depends on the contient@ofiles next to the condensing wall and
therefore is hardly applicable to large scale geadewe It is anyway a very useful tool for
achieving a better understanding of physical phemarnvolved in condensation and relevant
information for the development of coarser modetddrge scale analyses.

The condensation mass flux is calculated as

s ]v,i * nl

vt 1- Yv,i

wherej,, ; is the steam diffusion mass flux at the interfandn; is the normal to the condensing
interface, pointing towards the fluid domain. Theamanistic character of the model consists in
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the way the diffusion fluxes are calculated. Ac@ogato the EBD approximation, the diffusion
mass flux of a species is given by

jx = —P(Dym + D)VY,

where the ternDy,, is the equivalent binary diffusivity of the spexlein the mixture and; is

the turbulent diffusivity, estimated according e tselected turbulence model. As shown in [26],
this formulation provides an appropriate descriptaf turbulent condensation phenomena in
ternary mixtures. With respect to the MSD diffusiandel that is due to provide a more accurate
description of molecular transport effects, the EBIDdel is simpler to implement and is less
expensive in terms of CPU time.

The turbulence model selected for this analysigthess RNG k—€. To deal with near wall
turbulence, appropriate low Reynolds functions adepted, which are referred to as Enhanced
Wall Treatment in the FLUENT code [36].

4.2 Computational domain and boundary conditions

The optimized computational domain adopted for thedelling of CONAN tests with the
FLUENT code is shown in Figure 9. The width of thed domain (0.34 m) is divided in 100
cells, refined near the walls according to the meguoents of the turbulence model with low
Reynolds capabilities; the nondimensional distafroen the wall y* of the centre of cells
adjacent to walls must be maintained lower thaorlafl tests. The fluid domain in front of the
cooled plate is also divided in 100 longitudinalurnes. The region near the inlet section is
more refined in order to provide a more detailedcdgtion of entrance effects. As shown in
Figure 9, the fluid domain includes also the conpzat near the outlet section, having adiabatic
walls. Finally, the cooled plate (orange block imgUfe 9) is discretized, having the same
longitudinal discretization than the fluid domaimdafinely refined in the transversal direction.

At the inlet section, uniform temperature, concatmn and velocity profiles are imposed.
Turbulence intensity and equivalent hydraulic diteneare imposed as turbulence inlet
conditions. On the secondary side of the condenglatg, a uniform heat transfer coefficient

h.. is imposed with the cooling water of the secondarguit, for which a linear temperature

profile is assumed. To estimahg,. the Dittus-Boelter correlation for fully developadbulent
flows within pipes has been used.

4.3 Results of CFD analysis

The comparison between calculated and experimeala¢s can be cast both in terms of integral
and local quantities. In Figure 10, the overalldmmsation rates predicted by the EBD model are
compared to the experimental ones. The behaviouhefmodel is excellent, mostly for the
series at 25 kW, for which the discrepancy betwesoulated and experimental condensation
rates never exceeds 5% and the average discredafiogd as

n
Z |CRcalc - CRexpl
i=1 CRexp
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is 2.57%. Tests at 20 kW are slightly underestighabeit the discrepancy never exceeds -15%
and the average discrepancy is 7%, confirming ts#tipe performance of the EBD model.

Tsec,out
k l
inlet section
il T V' Ya' Yhe; T
adiabatic walls
1 d=0
hsec
outlet section
—> <+
Tsec,in
Il
AL LI
LAY 1111
Il NI
i i1
111 [
[l 11
T Il
NI L 1
I Il
1M Il
I1 10
condensing !
plate i

Figure 9 Computational discretization and boundaryconditions
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Figure 10 Comparison between calculated and experiemtal condensation rates.

In Figure 11 and Figure 12 the comparison betwedsutated and experimental local heat fluxes
is shown for the two series. As it can be seen,ntibeel is capable of providing an accurate
description of the fully developed flow region ioth series, where calculated heat fluxes are
always included within the range of uncertaintyegperimental measures. However, local heat
fluxes and therefore local mass fluxes are slightigerestimated near the inlet section, resulting
in a slight underestimation of the overall cond¢éinsarate, mostly for the series at 20 kW.
Indeed, the selected turbulence model is capabpgayiding a satisfactory description of fully
developed flow conditions, but lacks of accuracyiedicting developing boundary layers. This
could be the reason for a slight underestimatioerafance effects. Entrance effects could be
relevant also in the secondary circuit. A higheatheansfer coefficient should be expected in
correspondence to the outlet section of the chafthel entrance region of the secondary
channel) than the one based on the Dittus-Boeltarelation for fully developed flow
conditions. As it can be seen in both figures,ighslincrease of heat flux is in fact experienced
in correspondence to the last thermocouples. Ruithprovements of aforementioned CFD
models should take into account the developingtlefay the secondary heat transfer coefficient
or even the modelling of the secondary circuitlitse
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Figure 11 Comparison between calculated and experiemtal heat fluxes in tests at 20 kW.
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Figure 12 Comparison between calculated and experiemtal heat fluxes in tests at 25 kW.
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5. Conclusion

This paper has presented the results of a recgeriexental activity performed on condensation
heat transfer in presence of air and helium. Forcedvection turbulent boundary layer
conditions have been addressed, varying the hefielative concentration from 0 to 75%.
Experimental data have been qualified against that land mass transfer analogy and the
prediction obtained by an in house CFD model naERD used inside the Fluent code.
Sherwood numbers deduced from experimental measmtemhave been compared to
estimations obtained by the heat and mass traastdogy. Different formulations based both on
the mass and the molar approaches have been adweiitetthe aim to improve the conclusions
of a previous analysis proposed by some of theaasitbn the various forms of the analogy for
steam-air mixtures [31]. The predictive charactiethe heat and mass transfer analogy has been
clearly shown, demonstrating its capabilities iryiing an appropriate description of the
phenomenon.

Predictions obtained by the EBD condensation mbdeke also been shown, demonstrating a
very satisfactory behaviour of the model, mostly fidly developed flow regimes. Moreover,
hints for future improvements in the modelling héveen identified.
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