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Abstract 

This paper discusses the results obtained from recent experimental investigations devoted to the 
study of steam condensation in the presence of air and a light noncondensable gas. The 
experiments are intended to provide data for the validation of engineering models and CFD 
codes. The original experimental data herein discussed focus on forced convection turbulent 
boundary layer conditions and involve atmospheric pressure, different conditions for mixture 
velocity (from 1.5 to 3.5 m/s), mixture composition (form 0 to 75 per cent of the light species in 
the overall amount of noncondensable gases) and two nominal electrical power supply of the 
steam generator. The experimental data are qualified against correlations based on the heat and 
mass transfer analogy and to the predictions obtained by an in house condensation model 
implemented in a commercial CFD code. 

1. Introduction 

Condensation in the presence of noncondensable gases has a well known relevance in nuclear 
safety analyses, since it represents an important heat sink for removing the energy released by 
the discharge of the primary water during a postulated loss of coolant accident. Nevertheless, it 
could strongly affect containment atmosphere mixing, influencing the distribution of hydrogen 
and other noncondensable gases hypothetically delivered in severe accident conditions. 
Condensation in the presence of light noncondensable gases is therefore of primary relevance in 
safety analyses of the containment atmosphere, for which an in-depth understanding is desirable. 
In the past decades the phenomenon has been investigated under the theoretical and the 
experimental point of view and extensive databases were made available by both integral and 
separate effect test facilities [1-16]. However, the need for producing new high quality 
experimental data has recently emerged to promote the validation of CFD codes in view of their 
application to containment safety analyses. 
In this aim, the CONAN facility was set up some years ago at the University of Pisa, aiming at 
addressing steam condensation in the presence of air and helium in separate effect test 
conditions. Computational tools have been developed having multiple purposes. On one hand, 
mechanistic models based on the principles of diffusion have been developed and applied mainly 
to the analysis of small scale separate effect condensation tests [17,21,22]. These models, hardly 
applicable to large scale analysis are anyway useful to achieve a significant improvement in the 
understanding of physical phenomena involved in the condensation process. On the other hand, 
other models have been conceived purposed for the analysis of large scale facilities or full scale 
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containment [18-21]. These models have been developed based on the heat and mass transfer 
analogy or empirical and semi-empirical correlations. 
In this paper the results of experimental campaigns performed within the CONAN facility are 
presented together with predictions obtained by a computational tool developed at UNIPI and 
implemented in the FLUENT code. The main features of the CONAN facility and its operation 
are firstly illustrated. Then, the method for the processing of experimental data is detailed. The 
analysis of available experimental data is therefore presented, accompanied by a description of 
the adopted CFD model and the results of computations. 

2. The CONAN facility 

The CONAN facility (CONdensation with Aerosols and Noncondensable gases) is operated by 
the Department of Mechanical, Nuclear and Production Engineering of the University of Pisa 
[22]. The apparatus was conceived to collect data of steam condensation of interest for nuclear 
reactor containment thermal-hydraulic analysis. The facility consists of three different loops, 
primary, secondary and tertiary (see Figure 1, left), which accomplish with the operating needs 
encountered in running the experiments: 
( the primary loop, in which the mixture of steam and noncondensable gases circulates and 

partly condenses on a flat wall; 
( the secondary loop, which provides the required cooling of the condensing plate by 

circulating water, whose temperature and flow rate can be varied; 
( the tertiary loop, which allows controlling the temperature 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 (see Figure 1, right), consisting in a roughly 2 m long, 
0.34 m side channel having square cross section, in which a mixture of steam, air and helium is 
circulated. One of the lateral surfaces of the channel belongs to a 4.5 cm thick aluminium flat 
plate, cooled on the back side by the water of the secondary loop. Condensation occurs on the 
inner surface of the cooled plate and the related condensate flow is collected at its bottom by a 
gutter and routed by a small diameter piping to an external vessel; a relatively accurate estimate 
of the condensate flow is obtained by differential pressure measurement in this vessel. The other 
surfaces of the test section are kept reasonably insulated from the external environment, to avoid 
that condensation occurs over them. Variable area sections connect both the test section channel 
to the primary loop piping. The bottom part of the test section is connected to a variable speed 
blower for circulating the air-helium-steam mixture. Steam produced by a 60 kW electrical steam 
generator is injected at the bottom of the primary loop via a tee junction. The uppermost part of 
the primary loop is presently connected to the external atmosphere via an open pipe, to maintain 
atmospheric pressure conditions. The secondary loop includes a 5 mm deep, 35 cm wide 
rectangular cooling channel located on the back side of the aluminium plate, two collectors and 
pipes for routing water at the outlet of the cooling channel to a mixing vessel, being a component 
common to the secondary and tertiary loop. The vessel is equipped with three heaters, having 
each one a power of 3 kW, for water warming up during the start up phase and water temperature 
control during operation. A pump located at the exit of the mixing vessel routes extracted water 
again to the secondary channel. The tertiary loop has the role of extracting cold water from a 
large reservoir available on the site, pumping it into the mixing vessel and extracting by free fall 
into an outlet pipe an equal flow of warm water, thus obtaining the required power extraction 
from the secondary loop. 

2.2 Operating procedure 

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

( 

( 

( 

( 

( 

the steam generator power, controlled by an electronic equipment manually operated in the 
facility control room; 
the primary volumetric flow, adjusted to the prescribed values by varying the frequency of 
the electrical supply of the blower motor through an inverter driven by the related computer 
software; 
the air-helium percentages, obtained by injecting helium in the primary circuit up to the 
desired concentration; 
the secondary coolant temperature at the inlet of the cooling channel, controlled by changing 
the tertiary loop flow and the temperature set point of the heaters in the mixing vessel; 
the secondary coolant flow rate. 

Once the steam generator power and the primary flow are fixed and the secondary coolant flow 
and temperature are set to the prescribed values, the primary mixture temperature and 
concentration are automatically defined. In fact, starting with a mixture rich of noncondensable 
gases, injection of steam through the steam generator outlet line and spontaneous purging of the 
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excess noncondensable gases through the pipe open to the atmosphere increases steam 
concentration up to the point in which the obtained conditions allow a condensation rate equal to 
the inlet steam flow, provided this does not exceed the maximum system condensing capabilities. 
On the other hand, whenever the injected steam flow is lower than the condensation rate, the 
internal atmosphere tends to shrink, sucking air from the open pipe and decreasing the steam 
fraction down to a new equilibrium condition. Steady-state conditions can be therefore stably 
achieved, thus letting investigating a wide range of operating conditions. 

Tests are labelled as Paa-Tbb-V cc-Hee, where: 
as is the nominal steam generator power in kW; 
bb is the nominal secondary coolant temperature at the inlet of the cooling channel [°C]; 
cc is the nominal inlet velocity in decimal of m/s; 
ee is the nominal molar fractions of helium in the noncondensable gas. 

In the following, the main steps of the operating procedure are summarized: 

1. Heating up the water stored in the secondary loop. This is performed by three resistance 
heaters in the proper storage vessel. During this heating up phase, also the pump of this loop 
is running; the changes in the temperatures at the inlet and the outlet of the cooling section 
are measured and the temporal changes are displayed on the PC screen. 

2. Activation of the primary circuit blower and the steam generator. This step aims at heating 
the primary circuit in order to minimize spurious condensation heat losses. 

3. The flow rate is adjusted to achieve the desired inlet velocity in the test section. 
4. The steam generator power is set to the desired operating value. 
5. Filling of helium. The amount of helium is monitored to achieve the desired ratio with air 

and it is continuously measured during the course of the test. 
6. The pump in the tertiary loop is activated and controlled, in order to evacuate from the 

secondary loop the heat released by condensation in the primary loop. The heaters in the 
mixing vessel compensate small unbalances. 

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

( temperature and relative humidity of the bulk mixture entering the test channel, estimated by 
temperature measurements through a dry bulb and a wet bulb thermal resistance, as 
indicated by Lioce [23]; 
temperature of the bulk mixture at four locations along the channel, by calibrated K-type 
thermocouples; 
level in the condensate collecting tank, by which the condensation rate is deduced; 
volumetric flow of the mixture in the primary circuit, measured by a vortex flow meter; 
temperature at different locations and depths along and in the thickness of the aluminium 
plate, by 1 mm K-type thermocouples inserted in 1.1 mm holes drilled in the plate; 
temperature of the secondary coolant in the inlet and outlet collectors; 
flow rate of the secondary coolant, via a Coriolis type flow meter; 
temperature of the tertiary coolant at the inlet and at the outlet of the mixing vessel; 
pressure in the primary vessel; 
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( helium mole fraction, obtained by conductivity measurement of the noncondensable air-
helium mixture, after sampling the mixture at the inlet of the channel and condensing the 
steam. 

2.3 Data processing procedure 

Several temperature measurements are available within the condensing plate, allowing to obtain 
the local heat flux values at 18 different points. Given the temperature values TPA and TPh 
measured on the condensing plate for a particular axial location at a distance x from the inlet 
section (see Figure 2), the corresponding transversal local heat flux 0:13 is given by: 

dT AT TPA —TPh
(13 = —k— = —k— = k 

dy 

where k is the thermal conductivity of the plate, estimated at the average temperature Tavg, 

defined as: 

TP,+TPh
Tavg = 2

secondary side 
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Figure 2 Sketch of temperature profile within the condensing plate 

The temperature on the surface of the condensing wall TPi can be also estimated assuming a 
linear temperature profile across the aluminium plate: 

en' 
TPi =TP, + (TPh —TP,)

ep
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Once the heat fluxes are known, to know the local mass fluxes it is necessary to separate the 
sensible heat transfer and the latent heat transfer contributions. If the assumption is done that the 
liquid film, if present, has negligible thickness and thus a negligible thermal resistance, the 
temperature at the condensing interface Ti can be assumed equal to the temperature estimated on 
the condensing wall TPi . As a consequence, it is: 

sensible heat latent heat 
(1) 

where Os and are respectively the local sensible heat flux and the local condensation mass 
flux. Moreover, the ratio between the sensible heat flux and the condensation mass flux can be 
written as follows: 

hsAT Nuxk (Tpi To
x 

mv,i hmBm ShxPD  — Yv,b) 
x 1 — Yv,i ) 

(2) 

where Yv,i is the local steam mass fraction at the interface and Yv,b is the steam mass fraction in the 
bulk. Here, the analogy between heat and mass transfer is introduced: 

Nuox /3r) 

Shox — (Sc) 

To extend the validity of the heat and mass transfer analogy to high condensation rates, the 
Stefan factor F [24] and the Ackerman factor A [25] are also introduced, defined as: 

(fit F =  A = 
Oni — 1 ekt — 1 

with 
rievf 

h
"771,0 

= 
111.11;jCp,v,i 

hs,0 

Since it is reasonable to assume that F.-A, the heat and mass transfer analogy can be turned to 
obtain: 

1 
(Pry Nuox Nux F Nux 

•c • = Shox = A Shx — Shx

(3) 

Substituting Eq.(3) in Eq.(2), after some mathematical manipulations, the ratio between average 
sensible heat flux and mass flux is given by: 
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The local sensible heat flux Os and the local condensation mass flux rieji are therefore obtained 
by solving simultaneously Eq.(1) and Eq.(4) . The experimental local Sherwood Shx number can 
be fmally calculated by: 

Shx = 
th;,'ix th;,'ix ( 1 — Yvi ) 

 - 

pDvm Bm pDvm 4,1 — Y -vb 

The corrected local Sherwood Shox number, deprived of suction effects, is instead given by: 

Sho,x = 
pDvm.14'1Fx Bm P.1.41; vi: 

1771" 1

Y 
b)  = [10 ( nc' 1 1g 

(5) 

Similarly, the local Nusselt Nux number is given by: 

Nux = 
k (TPi — Tb) 

(Ds X 

All properties appearing in the defmition of the Sherwood or the Nusselt number are defined as 
film properties and their value must be calculated according to the following rules: 

Pi + Pb Dvm,i. + Dvntb 

P = Dvm = 
2 2 

k = 
ki + kb 

C 
Cni + CAI, 

— 2 P — 2 

All these quantities are functions of the temperature at the condensing interface and the bulk 
temperature, as well as the mixture composition defined by the species molar fraction X. For this 
reason the helium-to-noncondensable gas-ratio: 

X= 
Xhe 

Xa + Xne

must be know in the bulk and at the condensing interface. Whereas the value of X is measured in 
bulk, the interface value must be hypothesized. Bucci et al. [26] showed that, due to convection 
and turbulence effects, in turbulent condensing boundary layers it can be assumed: 

Xi — Xb 

3. Analysis of experimental data 

The test series considered in this paper include 18 tests. Two different nominal power levels of 
the steam generator (20 and 25 kW), five different mixture velocities (1.5, 2.0, 2.5, 3.0, and 3.5 
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The local sensible heat flux Φ� and the local condensation mass flux � �,���  are therefore obtained 
by solving simultaneously Eq.(1) and Eq.(4) . The experimental local Sherwood -"+ number can 
be finally calculated by: 

-"+ � � �,��� ,
./�' (' � � �,��� ,
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The corrected local Sherwood -"4,+ number, deprived of suction effects, is instead given by: 
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Similarly, the local Nusselt )*+ number is given by: 
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All properties appearing in the definition of the Sherwood or the Nusselt number are defined as 
film properties and their value must be calculated according to the following rules: 
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All these quantities are functions of the temperature at the condensing interface and the bulk 
temperature, as well as the mixture composition defined by the species molar fraction K. For this 
reason the helium-to-noncondensable gas-ratio: 

L � K
�K� � K
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must be know in the bulk and at the condensing interface. Whereas the value of L is measured in 
bulk, the interface value must be hypothesized. Bucci et al. [26] showed that, due to convection 
and turbulence effects, in turbulent condensing boundary layers it can be assumed: L�  ~ L� 
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gases) were considered. A useful way for analysing experimental results consists in comparing 
local experimental Sherwood numbers deduced by measurements, as shown in Eq.(5), to those 
predicted by the analogy adopting an appropriate correlation, which in turbulent forced 
convection could be predicted by the Schlichting's correlation [27]: 

p V x 0.8 V 0.33

Shox  = 0.0296 R4.8 Sc°33 = 0.0296
p Dorn 

(-) 

In Figure 3 and Figure 4 the results of this analysis are shown for the series at 20 kW and 25 kW 
respectively. A remarkable agreement of experimental Sherwood number points and the 
Schlichting correlation is experienced for Reynolds number higher than 105. As a conclusion, for 
fully developed forced convection condensation the heat and mass transfer analogy is capable of 
providing an appropriate description of phenomena. 
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Relevant information provided by the analogy and confirmed by experiments is also that, for a 
given inlet velocity and a given steam generator power, helium concentration has a minor effect 
on the overall condensation rate (see Figure 5). The increase of the steam diffusivity and the 
condensation driving forces are in fact counterbalanced by a reduction of the mixture density, 
which implies a decrease of the maximum attainable Reynolds and Sherwood numbers. 
However, it can be shown that, for a given Reynolds number (and therefore a given Sherwood 
number), helium has a positive effect on the condensation rate (see the trends of experimental 
condensation rates for the two series at 20 and 25 kW in Figure 6): in this case density effects are 
limited and therefore the increase of molecular diffusivity results in an increase of the mass 
transfer coefficient and the of condensation rate. 

3.1 Other formulation of the heat and mass transfer analogy 

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

and 

with 

icc

.411;,ix  Flog ( )Cnb)1 
Sho,x,molar 

MD C Dvm Xnc,i 

-1 

hlv 
Sho,x,Peterson = .411; Lx it.c [T1 — Tsat(Pv,b)1 

1 — Xncb) 
hl„ Pa .1 m log ( _ vn • 

CA 

Tavg R2T02 log (Xx: bi ) 

Tb — Ti
Tavg  

log ( 7-9 

(7) 

For a given experimental mass flux •rit;:i, the ratio between the Sherwood number predicted by 
the molar approach (6) and the mass approach (5) is given by 

Sho,x,molar 
ShO jx 

log (Xnc,b Mi
M Xnc,i Mb.

My 
log (X—nc,b 

Xnc,i 
(8) 

where it was assumed that Xi = Xb = X, M = p/c and 

Mb = Xv,bMv + ( 1  Xv,b)(XMhe (1 — X)Ma) 

Mi = XvjiMv + (1 — Xv,i)(XMhe X)Ma) 

Differently from the case of binary mixture of steam and air, for which the ratio expressed by 
Eq.(8) is always greater than one, in steam-air-helium mixtures this ratio can be lower than unity. 
Indeed, depending on the helium concentration, the mixture molecular weight at the interface can 
be even lower than in bulk. In Figure 7, a comparison between the mass and the molar 
formulation is reported, together with the theoretical predictions obtained by Eq.(8), considering 
the average bulk and interface temperatures of the selected experimental series. As it can be 
deduced from Figure 7, when the interface mixture is heavier than the bulk mixture the molar 
approach tends to give higher Sherwood number values. On the contrary, if the interface mixture 
is lighter than the bulk, that is for high helium concentration in bulk, the molar approach predicts 
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where it was assumed that  L� � L� � L,  X �  ./6 and 
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� � �1 � L�X�� 
 
Differently from the case of binary mixture of steam and air, for which the ratio expressed by 
Eq.(8) is always greater than one, in steam-air-helium mixtures this ratio can be lower than unity. 
Indeed, depending on the helium concentration, the mixture molecular weight at the interface can 
be even lower than in bulk. In Figure 7, a comparison between the mass and the molar 
formulation is reported, together with the theoretical predictions obtained by Eq.(8), considering 
the average bulk and interface temperatures of the selected experimental series. As it can be 
deduced from Figure 7, when the interface mixture is heavier than the bulk mixture the molar 
approach tends to give higher Sherwood number values. On the contrary, if the interface mixture 
is lighter than the bulk, that is for high helium concentration in bulk, the molar approach predicts 
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lower values. The Peterson model is also compared to the mass formulation in Figure 8 Ratio of 
the Sherwood numbers calculated according to Peterson et al. [34] and Lienhard [30] models. 
Differently from the molar approach, for the available experimental data, the ratio between the 
Sherwood numbers in Eq.(7) and Eq.(5) is generally higher than unity. However, large 
differences could be experienced when the interface and bulk mixtures have similar molecular 
weight. 
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4. Predictions by CFD tools 

A common approach for modelling wall condensation in CFD codes consists on assigning 
volumetric source terms to cells adjacent to the condensing interface. These source terms are 
linked to the mixture continuity equation, the steam balance equation, the momentum and the 
energy balance equations. Volumetric sources of mass, steam, energy and momentum are 
therefore linked in the balance equations, respectively defined as 

Overall Mass Sm = Steam Si, = 

Energy Sv = Momentum Sq = Smug

where 2Ac is the thickness of the cell, hv,i is the steam enthalpy at the temperature of the 
condensing interface and uc is the mixture velocity in the centre of the cell where the source 
term is applied. Moreover, the heat transfer through the condensing plate is modelled by the 
conjugated heat transfer approach by assigning an appropriate source term to the solid cells 
contiguous to the condensing interface 

Energy in the solid plate = - Sm 

where h1v,1 is the steam latent heat. In order to evaluate the condensation mass flux and thus 
the sources, different models have been developed adopting different strategies and having 
different purposes. These models are named HMTDM eat and Mass Transfer Diffusion 
Method) and HMTAM (Heat and Mass Transfer Analogy Method). Two different variants of the 
HMTDM model exist, depending on the diffusion method that they are based on: the effective 
binary diffusivity approximation (EBD) or the full multispecies mass transfer model (labelled 
MSD). Details of all these models are reported in [21] or [28]. In the next paragraph a summary 
description of the EBD model is given, whose capabilities in predicting condensation in the 
presence of air and helium are shown in section 4.3. Results 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 rates on the basis of concentration distributions 
in the near wall region, without requiring any specific closure law. It requires a very fine space 
meshing since its accuracy depends on the concentration profiles next to the condensing wall and 
therefore is hardly applicable to large scale geometries. It is anyway a very useful tool for 
achieving a better understanding of physical phenomena involved in condensation and relevant 
information for the development of coarser models for large scale analyses. 
The condensation mass flux is calculated as 

lv,i •  Ili 
— _ v

vi 

where jv,i is the steam diffusion mass flux at the interface and ni is the normal to the condensing 
interface, pointing towards the fluid domain. The mechanistic character of the model consists in 
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� �,��� � e�,� · g�1 � 1�,� 
 
where e�,� is the steam diffusion mass flux at the interface and g� is the normal to the condensing 
interface, pointing towards the fluid domain. The mechanistic character of the model consists in 
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the way the diffusion fluxes are calculated. According to the EBD approximation, the diffusion 
mass flux of a species is given by 

ik = —P (Dkm + Dt)VYk 

where the term Dkm is the equivalent binary diffusivity of the species k in the mixture and Dt is 
the turbulent diffusivity, estimated according to the selected turbulence model. As shown in [26], 
this formulation provides an appropriate description of turbulent condensation phenomena in 
ternary mixtures. With respect to the MSD diffusion model that is due to provide a more accurate 
description of molecular transport effects, the EBD model is simpler to implement and is less 
expensive in terms of CPU time. 
The turbulence model selected for this analysis is the RNG K—E. To deal with near wall 
turbulence, appropriate low Reynolds functions are adopted, 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 the modelling of CONAN tests with the 
FLUENT code is shown in Figure 9. The width of the fluid domain (0.34 m) is divided in 100 
cells, refined near the walls according to the requirements of the turbulence model with low 
Reynolds capabilities; the nondimensional distance from the wall 37+ of the centre of cells 
adjacent to walls must be maintained lower than 1 for all tests. The fluid domain in front of the 
cooled plate is also divided in 100 longitudinal volumes. The region near the inlet section is 
more refined in order to provide a more detailed description of entrance effects. As shown in 
Figure 9, the fluid domain includes also the conical part near the outlet section, having adiabatic 
walls. Finally, the cooled plate (orange block in Figure 9) is discretized, having the same 
longitudinal discretization than the fluid domain and finely refined in the transversal direction. 
At the inlet section, uniform temperature, concentration and velocity profiles are imposed. 
Turbulence intensity and equivalent hydraulic diameter are imposed as turbulence inlet 
conditions. On the secondary side of the condensing plate, a uniform heat transfer coefficient 

hsec is imposed with the cooling water of the secondary circuit, for which a linear temperature 

profile is assumed. To estimate hsec the Dittus-Boelter correlation for fully developed turbulent 
flows within pipes has been used. 

4.3 Results of CFD analysis 

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

i IC Rcalc — C Rexpl 

i=1 C Rexp
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is 2.57%. Tests at 20 kW are slightly underestimated, but the discrepancy never exceeds -15% 
and the average discrepancy is 7%, confirming the positive performance of the EBD model. 
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Figure 10 Comparison between calculated and experimental condensation rates. 

In Figure 11 and Figure 12 the comparison between calculated and experimental local heat fluxes 
is shown for the two series. As it can be seen, the model is capable of providing an accurate 
description of the fully developed flow region in both series, where calculated heat fluxes are 
always included within the range of uncertainty of experimental measures. However, local heat 
fluxes and therefore local mass fluxes are slightly underestimated near the inlet section, resulting 
in a slight underestimation of the overall condensation rate, mostly for the series at 20 kW. 
Indeed, the selected turbulence model is capable of providing a satisfactory description of fully 
developed flow conditions, but lacks of accuracy in predicting developing boundary layers. This 
could be the reason for a slight underestimation of entrance effects. Entrance effects could be 
relevant also in the secondary circuit. A higher heat transfer coefficient should be expected in 
correspondence to the outlet section of the channel (the entrance region of the secondary 
channel) than the one based on the Dittus-Boelter correlation for fully developed flow 
conditions. As it can be seen in both figures, a slight increase of heat flux is in fact experienced 
in correspondence to the last thermocouples. Further improvements of aforementioned CFD 
models should take into account the developing length for the secondary heat transfer coefficient 
or even the modelling of the secondary circuit itself. 
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5. Conclusion 

This paper has presented the results of a recent experimental activity performed on condensation 
heat transfer in presence of air and helium. Forced convection turbulent boundary layer 
conditions have been addressed, varying the helium relative concentration from 0 to 75%. 
Experimental data have been qualified against the heat and mass transfer analogy and the 
prediction obtained by an in house CFD model named EBD used inside the Fluent code. 
Sherwood numbers deduced from experimental measurements have been compared to 
estimations obtained by the heat and mass transfer analogy. Different formulations based both on 
the mass and the molar approaches have been adopted with the aim to improve the conclusions 
of a previous analysis proposed by some of the authors on the various forms of the analogy for 
steam-air mixtures [31]. The predictive character of the heat and mass transfer analogy has been 
clearly shown, demonstrating its capabilities in providing an appropriate description of the 
phenomenon. 
Predictions obtained by the EBD condensation model have also been shown, demonstrating a 
very satisfactory behaviour of the model, mostly for fully developed flow regimes. Moreover, 
hints for future improvements in the modelling have been identified. 
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