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Abstract:
In this report the work carried out within the Work Package 5 of the CONGA project under the auspices of
the European Union has been presented. Primarily focused on studying from a theoretical perspective the
degradation of heat exchangers to be used in next generation of European reactor containments under
accident conditions, and particularly the effect of aerosols, the objective has been met quite satisfactorily and
the results can be summed up in three specific items:
s

A mathematical model of a mechanistic nature that has been encapsulated into a FORTRAN code
(HTCFOUL) capable of simulating condensation heat transfer to a horizontal finned tube internally
cooled.
• A theoretical correlation depending upon non-dimensional variables and numbers which embodies most
of the HTCFOUL physics and gives results not beyond 20% of actual HTCFOUL estimates.
© A reasonable interpretation of the major measurements and observations obtained in the heat exchanger
experiments performed within the Work Package 2 of the CONGA project.

"Fundamentos Teóricos e Interpretación de Resultados de los Experimentos sobre
Intercambiadores de Calor del Proyecto Europeo CONGA"
Herranz, L. E.; López Jiménez, J.; Muñoz-Cobo, J. L.; Palomo, M. J.
58 pp. 20 figs. 55 refs.

Resumen:
El presente informe resume los aspectos más destacables del trabajo llevado a cabo dentro de la actividad n°
5 del Proyecto CONGA, patrocinado por la Unión Europea. Dirigido fundamentalmente al estudio teórico de
la degradación de la eficacia de los intercambiadores de calor de la contención de futuros reactores europeos y, en particular, a la ponderación del efecto de la presencia de aerosoles sobre las superficies de
transferencia, se ha alcanzado el objetivo perseguido muy satisfactoriamente. Los resultados concretos son
los siguientes:
•

s
•

Un modelo matemático de carácter mecanicista, implementado en un código FORTRAN (HTCFOUL),
capaz de simular la transmisión de calor por condensación de vapor de agua a tubos horizontales de
superficie extendida internamente refrigerados.
Una correlación teórica, dependiente de números y variables adimensionales, que contiene la mayor
parte de la física formulada en HTCFOUL y predice sus resultados con una precisión media del 20%.
Una interpretación razonable de las medidas más importantes tomadas en los experimentos sobre
intercambiadores de calor realizados en la actividad n° 2 del proyecto CONGA.
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EXECUTIVE SUMMARY
European designs for next generation of nuclear reactors (i.e., EPR and SWR 1000)
incorporate innovative passive systems to remove heat from containment in case of a
postulated severe accident. The Work Package number 5 (WP5) of the CONGA project
{Theoretical Support of Heat Exchanger Experiments) has been aimed at modelling the effect
of aerosol presence on performance of these in-containment heat exchangers. The formulation
has been encapsulated in a FORTRAN code, called HTCFOUL, from which a theoretical
correlation has been derived. The heat exchanger experiments carried out within the WP2 of
the CONGA project were simulated with HTCFOUL and their data were interpreted based on
comparisons between measurements and predictions.
HTCFOUL code is capable of calculating heat transfer of cross-flow non-condensable-steam
condensation onto a single horizontal finned tube in the presence of. Thermal resistances of
gas, condensate, fouling layer, wall and coolant are combined in series to provide a radial
description of heat transmission, whereas axial noding of the tube allows to consider
progressive heating up of the coolant and subsequent heat transfer deterioration downstream
water inlet. Condensate film resistance formulation comes from solving the condensate film
momentum, in which surface tension forces play a major role. Gas thermal resistance
equation is based on a steam diffusion model approach, properly adapted to account for high
mass fluxes. Fouling thermal resistance was demonstrated to be essentially driven by
diffusiophoretic deposition under the conditions of interest, and a diffusion-slip modified
equation has been used to estimate the mass accumulation onto the surface. Coolant and wall
resistances were determined by suitable correlations in which entrance effects are considered.
The model performance has been assessed against broad databases drawn from the open
literature on the matter, and comparisons to other theoretical approaches have been set. Nearly
300 data have been used to check the model behaviour in pure steam condensation scenarios
and a noticeably small error has been found (12.12%), together with a consistent response to
changes in major system variables. Scarcity of useful availabe data involving noncondensable gases has required to adopt an approximate validation strategy. Qualitative
model assessment has pointed out its reasonable evolution as gas temperature, coolant
velocity and non-condensable concentration vary. HTCFOUL estimates comparison to more
than 60 experimental data resulted in an average error (16.8%) within the typical experimental
confidence range of this sort of tests.
A theoretical correlation has been derived based on more than 600 points calculated with
HTCFOUL code over a broad map of conditions, which encompassed those anticipated in
postulated accidents in European advanced reactor containments. It was found that under
condensation conditions heat transfer coefficient is essentially dependent on gas composition
and coolant characteristics embodied in Reynolds and Prandtl nondimensional numbers:
1

hCOT=31exp 0.129X

RePr 2

The error shown by this correlation with respect to HTCFOUL predictions was about 20%.
Noteworthy that this expression conveys very important information concerning WP2
experiments: coolant properties and velocity are, along with steam concentration, the
variables determining to a large extent heat transfer in the system, together with temperature
difference between coolant and gas mixture.
HTCFOUL modelling of WP2 experiments has provided rather good results and insights into
phenomena occurring during the tests. A remarkable agreement has been obtained in all the
cases during the thermohydraulic phase with errors less than 26% in terms of heat flux and
less than 22% as for coolant heating up along the tube in most cases. The results obtained
indicated that thermal resistance was mostly linked to the secondary side of heat exchangers.
During the aerosol phase a remarkable agreement was again attained with data from JRC
experiments, estimating that no deterioration occurred in the scenario due to particle
deposition onto heat exchanger surfaces. A poorer agreement was reached with PSI data,
which pointed some heat degradation that was never found out by HTCFOUL. However,
deposited mass calculated was discussed and compared to data on the basis of radial
temperature distribution and condensation intensity in each scenario. As an outcome it has
been interpreted that other deposition mechanisms than diffusiophoresis should have played a
substantial role in PSI experiments, whereas it was mainly steam concentration gradient the
driving force for aerosol depletion in JRC tests.
Therefore, one of the most outstanding results in WP5 has been that aerosol deposition onto
heat exchanger surfaces causes no deterioration in the device performance. Nonetheless, it
must be emphasised that this is a consequence of thermal resistance being essentially
associated with coolant flow. Hence, other coolant flows enhancing heat transfer (e.g.,
nucleate flow boiling) than those of WP2 experiments could lead to a fully different map of
thermal resistance distribution and, consequently, the aerosol effect could become significant.
Finally, it is worth to emphasise that the mechanistic nature of the model and its structure has
allowed a close examination of condensation heat transfer phenomena onto a single horizontal
finned tube in the presence of aerosols and non-condensable gases. Its validation,
nevertheless, should be extended through comparing HTCFOUL calculations against data
obtained under more representative conditions (i.e., pressure higher than atmospheric,
presence of non-condensable in finned tube experiments, geometry arrangements close to the
actual heat exchanger design, prototypical coolant flows at the secondary side, etc.). It should
be emphasised that the limited number of experiments carried out within WP2 of the CONGA
project and their focus on multiple-tube bundle behaviour prevents this data-predictions
comparison from being regarded as a proper validation of HTCFOUL, which is presently
developed as a single-tube approach to the scenarios. Nonetheless, HTCFOUL capability to
highlight some major phenomena intervening in postulated accident scenarios of next
European reactors generation has been demonstrated, making it an optimum starting point to
undertake a whole-bundle modelling of the systems under study.

1.

INTRODUCTION

European designs for next generation of nuclear reactors (i.e., EPR and SWR 1000)
incorporate innovative passive systems to remove heat from containment in case of a
postulated severe accident. Despite specific design differences, both systems are similar. They
consist of several units of cross flow finned tube bundles which are internally cooled with
water. Steam released into containment atmosphere will condense on these heat transfer
surfaces, thus preventing unacceptable overpressures to be attained in containment. Energy
absorbed by coolant is carried to a pool, which act as a heat sink for at least three days. A
more detailed description of both systems can be found in the CONGA project literature
(ValisietaL, 1997).
Under severe accident conditions heat exchangers efficiency would be challenged by several
phenomena: build-up of non-condensable gases in the nearby of condensing surfaces,
formation of an aerosol insulating layer on tube surfaces and steam content depletion in gas
mixture while flowing down across tube bundle. Several studies have been undertaken within
the framework of the Euratom Research Framework Programme 1994-1998 and, in particular
within the CONGA project (Contract No. FI4S-CT95-0039), in order to ensure that even
under such adverse circumstances no substantial deterioration of heat transfer would occur in
the exchangers, demonstrating, eventually, their capability to cope with the most hazardous
situations anticipated without detriment to containment performance.
Research on condensation on integral finned tubes goes back to late 40's, when Beatty and
Katz (1948) measured vapour-side condensation heat transfer of six different fluids in several
tube geometries, and proposed a Nusselt-adapted model in which surfaces tension forces were
neglected. Later on, it was experimentally observed that, except for low surface tension fluids
and low fin density tubes, these forces played a major role, and they were eventually
introduced in the Beatty-Katz model by Webb et al. (1982). Since then, vapour condensation
modelling ontOo horizontal finned tubes has split into two fundamental approaches. One,
represented by Honda et al. (1987), uses numerical analysis of surface tension drained
condensate flow on the fin surface to develop approximate equations for the heat transfer
coefficient. Prediction errors less than 20 % for most of the available experimental data (11
fluids and 22 tube geometries) were found. The other, led by two research groups (Adamek et
al., 1990; Murata et al., 1992), divides the unflooded zone in several regions where
momentum equation is solved to obtain expressions for condensate thickness. In the case of
Adamek et al., estimates have been reported to be affected by errors less than 15 % for
experimental data from several authors.
Non-condensable gas presence in condensing scenarios has been traditionally considered by
simulating steam motion with the diffusion boundary layer theory (Collier et al., 1994) and
assuming either the heat-mass transfer analogy or the Reynolds analogy (Corradini, 1984). In
the early nineties, a new and easy to handle formulation has been obtained when
concentration driving forces are written in terms of temperature gradients by applying
Clausius-Clapeyron relationship (Peterson et aL, 1992), and its use has proven to yield
remarkable agreement with data in several scenarios (Kuhn et al., 1995; Herranz et al., 1997;
Herranz et al, 1998). However, very few studies are known addressing this effect in a finnedtube geometry under cross-flow natural convection (Ambrosini et al., 1997; De Cachard et al.,
1998).

Particulate gas-side fouling has been profusely investigated in the 90's in several
technological fields (Marner, 1995), but only few addressed finned-tube geometry (Zhang et
al, 1990; Glen et al., 1992). In addition, full analytical models predicting gas-side fouling
processes are needed (Marner, 1995). While considerable work has been done on the
modelling of particle deposition driven by size-dependent mechanisms (Epstein, 1988), much
less attention has been paid to other type of mechanisms and to other phases of fouling
(Epstein, 1983). Consequently, the ability to accurately predict heat transfer performance of
heat exchangers undergoing fouling in gas-side applications is limited; this becoming even
more severe for finned-tubes on which a phase-change takes place.
The Work Package number 5 (WP5) of the CONGA project (Theoretical Support of Heat
Exchanger Experiments) is aimed at studying from a theoretical point of view the effect of
aerosol presence on performance of in-containment heat exchangers of next generation of
European reactors. The approach followed to meet this goal has been based on developing a
two-dimensional model capable of calculating radial heat transfer from a gas mixture to the
coolant flowing inside a single horizontal-finned tube, accounting for thermal resistances set
up by condensate film, non-condensable gases and deposit layer. In addition, heat transfer
degradation caused by coolant heat-up along the tube is considered. As a result, a stand-alone
code, called HTCFOUL, has been built-up and validated as far as possible against the
available database. By simulating heat exchanger experiments of the WP2 of the CONGA
project tentative explanations of major test results have been given.
This report consists of five sections. Section 2 describes the major physical and structural
characteristics of the HTCFOUL model and illustrates the validation process carried out. The
next two sections summarize the two first applications of HTCFOUL: derivation of a
theoretical correlation and simulation of heat exchanger experiments under representative
conditions (WP2). The former (section 3) is based on a set of hundreds of cases ran with the
code encapsulating the model, HTCFOUL, over a wide range of major variables, and gives a
simple equation depending on nondimensional numbers and variables. The latter (section 4) is
an attempt to get some insight into heat exchanger performance through the mechanistic
approach of the model, at the same time as it serves as a benchmark for its qualitative
validation. Finally, section 5 summarises model features and capabilities, major highlights
drawn from the simulation of WP2 experiments and remaining research needs concerning
modelling of heat exchangers of next generation of European reactor containments. Further
details on the matter have been reported as topical reports within the CONGA project
(Herranz et al., 1999a; Herranz et al., 1999b).
2.

MODEL DESCRIPTION

The major features of the model formulation, the way it has been implemented into a
FORTRAN code called HTCFOUL and its response when validated against the available
databases are described below.
2.1.

FUNDAMENTALS

Model fundamentals are given in terms of its global approach and the individual contributions
of coolant, wall and triple interface (i.e., condensate film, non-condensables concentration
boundary layer and particle deposit).

2.1.1. Global approach
The Newton's law gives the overall heat flux from the gas mixture to the coolant:
qT=hTT-Tc

(1)

where hp is the total heat transfer coefficient which is defined with respect to the outer plain
tube surface area as:
1
A„

1
Rw+Rfoul+R.

(2)

Namely, the total thermal resistance is estimated as a combination in series of the individual
contributions of gas, fouling layer, wall and coolant. A sketch of this approach is given in
Figure 1.

Rgas

Figure 1. Simplified diagram of thermal resistances coupling in the model.
It should be noted that Rg results from a coupling in series of the thermal resistances imposed
by the presence of non-condensable gas (non-condensables thermal resistance) and by the
liquid film adjacent to the wall resulting from condensation (condensate thermal resistance):
R. =
o

hfh

(3)

The surface area in equation (2), Ao, must be seen as a reference area representing the surface
of the plain tube (i.e., without fins). Indeed, heat transfer is assumed to be circumferentially
limited to an angle To (boundary of the unflooded region), from which interfin space is
flooded (Rudy et al., 1985):

To = arceos 1 - - — ^ —

(4)

The thermal resistance of tube wall is estimated by the classical expression:
In'

d/

so that the heat flux through is defined as:
'•w-Tj

(6)

In order to account for a possible wide range of temperature (from room temperature up to
150 °C), solid materials conductivities involved in the model (Le., fin and tube base materials)
are calculated by,
k,=—!

where b¡ coefficients are provided in the model for copper and steel (foreseen materials in the
systems designed for containments and usual in most of finned-tube experiments).
The coolant thermal resistance,
^

)

-

1

(8)

is defined for both turbulent and laminar flow regimes. At Reynolds over 3000, a Haussen
type correlation was shown by Gnielinski to reproduce experimental data with good accuracy
for Prandtl numbers ranging from 1.5 to 500:
Nu = 0.012(Re087-280)Pr0-4 l + l - l

1-1

(9)

where the term in squared brackets modifies the correlation to account for entry length effects
and the Prandtl ratio at bulk and wall temperatures takes into account the temperature
dependence of the properties in the equation (Gnielinski, 1976).
At Reynolds under 3000, a closed-form expression that covers both the entrance and fully
developed regions was developed by Churchill and Ozoe (1973):

Nu = 4.364

11+

Gz/19.04

J

Pr

1+

f

[0.0207 J

(10)
Gz
29.6

1+

where Gz is the Graetz number (ratio of the thermal capacity of fluid and convective heat
transfer).
2.1.2. Condensate thermal resistance
Based on Murata et al. (1992) adaptation of the Nusselt-type modelling of horizontal finned
tubes, the condensate film heat transfer coefficient, hf, can be approximated as a local heat
transfer coefficient calculated at an average angle, *Favg :
- kflai'Vui'l1fin

+

+

n

root^root

(ID

Several major points should be made concerning equation (11). First, the condensation
surface is split in three zones where condensate flow is governed by different forces: fin
region, connecting region and root region. In Figure 2 a sketch of this surface division along
with some geometrical variables appearing in the equations below are displayed; in addition,
the tube cross section showing the circumferential tube division into flooded and unflooded
portions is included.

* si

"fa

Sät/ 2

TUBE SIDE SECTION

TUBE CROSS SECTION

Figure 2. Side and front views of a horizontal tube with annular fins.
The individual surface areas of these zones are restricted to the unflooded portion of the tube
(i.e., heat transfer onto the flooded region is neglected),

(12)

The efficiencies in equation (11), r\¡'s, take into account that temperature along the fin height
is greater than at the fin base, so reducing to some extent the driving forces responsible of
both convection and condensation heat transfer with respect to those at the fin base. On the
assumption that heat transferred to the fin is conducted through to the tube root, it has been
obtained that:

(13)
_1

2(eIBnt+Q.5eeJhfBITirmS

where S is the convex length of the condensate film from the fin tip (tfin/2 + ei), and T[o is
defined as,

(14)

2h fin

Finally, the individual heat transfer coefficients in equation (11) have been found to be:

hfm =2.149

ç>fpfkfofg<ï>

25

1-0.42

(15)

The variable ô appearing in hcon represents the condensate film thickness at the boundary
between fin and connecting region and it is given by:

(16)

pfafhfgco

All the above equations have been analytically derived by the authors and, except for some
minor algebraic differences, it has been confirmed that these expressions turn essentially into
those proposed by Murata, once particularisation for single tubes are removed and specific
assumptions are taken. Some of these major hypotheses and approximations underlying this
formulation are:
© Gravitational force effects in the fin region are much smaller than those induced by
pressure gradients caused by surface tension, so that heat transfer coefficient is determined
from a Nusselt-type balance equation (i.e., no inertia, laminar condensate flow, no
interfacial friction, etc.) between surface tension and viscosity forces.
• Gas-liquid interface in the tube region between consecutive fins is assumed to exhibit a
circular form, which largely simplifies some geometrical considerations needed to derive
hcon. Despite that this approximation could be questioned for very small fin spacings (tight
fin packing), this drawback is smoothed because for such fin arrangements the fraction of
heat transferred through tube root region becomes relatively small.
• Surface tension and inertia forces are ignored in the tube root region, so that condensate
moves circumferentially as a result of gravity and pressure drop due to friction with
surrounding walls and builds up in the lower part of the interfin spacing.
• The average circumferential angle at which hf is estimated is given by,

V

°

J

These assumptions were demonstrated to be acceptable by Murata et al. (1992) who tested
them with data taken with refrigerants R l l and R114. However, no account on their revision
and subsequent extension to other fluids and conditions had been carried out to date, which
turns out to be a must given the substantial differences in some fluid properties of utmost
importance in this sort of systems between steam and these refrigerants (e.g. surface tension).
2.1.3. Non-condensables thermal resistance
The heat flux from the gas mixture to the gas-liquid interface is assumed to be the result of a
parallel coupling between convection and condensation heat fluxes (i.e., that radiative transfer
is neglected):
qgi = 4conv + q cond

ÏT
"Nu k
d

Sh k C O B d
d

T)
^caad

(T.-T,)

from where
N U k

ft

,

S h

k

cco d

0 cond

(19)

Several implicit features of equation (18) are noteworthy. First, gas bulk is assumed to be at
steam saturation temperature (Tg=Ts). Second, a variable having thermal conductivity units
and hereafter called condensation conductivity (k^d) has been introduced in the definition of
the condensation heat transfer coefficient (hcODd). And, third, the suction effect on heat
transmission has been accounted for in both convection and condensation terms (0conv and
0 con d, respectively).
The condensation conductivity was first derived by Peterson et al. (1992) by using the
Clapeyron equation into the diffusion layer theory of gases in boundary layers, thus
expressing condensation heat flux as a function of temperature difference instead of the
traditional pressure driving force. The main advantage of this approach is that it provides a
very compact formulation that has been satisfactorily applied to several containment accident
scenarios under different conditions (Kuhn et al., 1995; Peterson et al., 1996; Herranz et al.,
1998). Minor modifications of the original theory led to the expression (Herranz et al., 1998)
Dh fE 2 C

X¥

9TT2

(20)

nc.avg

in which Xy.avg and Xnc avg are logarithmic averages of the steam and noncondensing gas molar
fractions in the boundary layer, respectively. As can be observed, kcOnd depends strongly upon
interface temperature (T¡).
The model has been enabled to deal with natural and forced convection conditions in crossflow by providing correlations of Nusselt number (Nu=hd/k) for both regimes. Under free
convection, Churchill and Chu correlation is used (Churchill et al, 1975)

Nu = i 0.60+

O.SSVÍGrPr)'

(21)

whereas under forced convection for Pe>0.2 (Pe = Re-Pr), Churchill and Bernstein correlation
is utilised,

= 0.3+-

(

Re

1282000J

(22)

where dm/dt is the mass accumulation rate, which can be estimated as a balance between
deposition and removal fluxes (Kern et al., 1959):

dt

d

(28)

r

Under accident conditions particle deposition flux onto in-containment heat exchangers will
be mainly driven by phoretic mechanisms. In Figure 3 removal rate constants of particle
depletion mechanisms potentially affecting aerosol behaviour in containment (i.e., diffusion,
settling, inertial impaction, thermophoresis and diffusiophoresis) are plotted against particle
diameter. Tube geometry and thermalhydraulic conditions of test Al (BWR mock-up), carried
by PSI within the work package number 2 of the CONGA project at the DRAGON/CESANE
facility (Suckow et al, 1998), were taken as a reference scenario. The results point out that
diffusiophoresis will be the responsible of the nearly 100% of particulate accumulation over
the heat transfer surface, the rest of processes being insignificant even at particle sizes of
around 10 jim.

CONGA TESTAI (BWR mock-up)
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Figure 3. Removal rate constants vs. particle diameter under BWR mock up test conditions.
Regarding the removal term, €>r, resuspension models seem to be far from the maturity shown
by the deposition ones. Fortunately, their absence in the modelling of the scenarios of interest
should not lead to substantial shortcomings. On one side, both the low gas velocities
anticipated under the heat exchanger operating conditions (free convection) and the presence
of condensed water which can enhance particle interaction forming aggregates and/or simply
acting as a kind of glue between deposit and surface, turn resuspension into a quite unlikely
phenomenon. On the other, it seems that in the system under study the "wash off' effect of
condensed water flowing to the bottom part of the tubes and dripping from there could
become the main via of deposit mass loss from the tube surface, which would make
mechanical reentrainment a secondary process as for deposit removal.

and, otherwise, it is the Nakai and Okazaki correlation (slow flows, Pe<0.2) (Nakai et al.,
1975),

0.8237-031n(RePr)
The dimensionless Sherwood number (Sh=kmd/D) appearing in equation (19) is estimated
based on heat-mass transfer analogy, which allows Sh to be correlated as Nu provided that
Prandtl number (Pr) in equations (21-23) is substituted by Schmidt number (Sc). As heat-mass
transfer analogy is known to be accurate enough for low mass flux systems, correction
factors, ©¡'s, are introduced to account for the enhancement of transport processes (@¡'s > 1)
that takes place in high condensing scenarios. This phenomenon, called suction, is due to the
boundary layer shrinkage that steam absorption into the condensate film causes, and that
eventually results in steeper gradients. Under condensation conditions the suction factor,
©cond, is given by (Bird et al., 1960):

(24)

£ vi -x vb
1-X*

In addition, suction affects also the convective term, so that a correction has been deduced and
is also introduced in equation (19) (Herranz, 1996):

-.

—a

1 —e
(25)
k

X
nc,avg

2.1.4. Fouling thermal resistance
Based on a cylindrical geometry, the thermal resistance of a fouling layer can be written as:
lnll + ôfmV
(26)

27uLkfoul

where of and kf are the thickness and the thermal conductivity of the particles deposit,
respectively. Therefore, two major unknowns are brought up from the modelling side: the
particulate accumulation rate responsible of the deposit layer (of) and its thermal conductivity
(kf ). Assuming that kf is known and remains constant over the time, the fouling thermal
resistance can be written as a function of the deposit accumulation rate :
dR

foui

dt

1

=

A

2

oPfoul k foul

dm foul

dt

Once equation (28) has been integrated on the basis of negligible resuspension from the
deposit layer into the gas stream, an expression for the total depleted mass as a function of
time is obtained,

m = m o ll-exp(-k dph t)J

(29)

which is introduced in equation (27), to eventually derive an approximate function of the time
dependence of the fouling thermal resistance on time for the scenario addressed:
RM = . 2

m

°.

[ 1 - exp(- kdph t)]

(30)

A o P foul k foul

where mo is the initial aerosol mass and kdph is the diffusiophoresis rate constant, which is
obtained as the product of the diffusiophoresis velocity times the ratio between available
surface and gas volume. A diffusion slip equation modified to account for Stefan flow has
been adapted to relate diffusiophoretic velocity and condensation heat transfer rate:

-

v
v

dph

where M¡ and X¡ are the molecular weights and the molar fraction of the constituents of gas
mixture, qcond is the condensation heat transfer rate and hfg is the latent heat of vaporisation.
This type of equation was observed to be ± 5% accurate for particles smaller than the mean
free path, and about ± 9% accurate for larger particles (Davies, 1966), which is within the
uncertainty range of the heat transfer formulation of the model. Other authors have pointed
out such a good behaviour (Whitmore et al., 1997), and in particular Snepvangers et al. (1988)
carried out a limited comparison against data taken under simulated containment atmospheres
and recommended diffusion slip based equations to be used in nuclear safety codes.
2.2.

CALCULATION STRUCTURE

The preceding equations have been implemented and structured into a FORTRAN code,
called HTCFOUL, which consists of six subroutines, two of which are used for input and
output tasks (subroutines INPUT and OUTPUT), and the other four are devoted to
calculations supporting estimation of Rg (subroutines HTCFLM and HTCGAS), RfOui
(subroutine DPHRMV), and Rc (subroutine HTCCL). An interface module has been also built
up (subroutine INTRO) to link the subroutines FPROP and THERMO, taken from TRACBF1 code (Borkowski et al., 1992), to the code structure and are called several times during
the calculation steps. The only property calculated out of these subroutines is the steam
diffusivity, which is approximated with Wilke and Lee correlation (Reid et al, 1988) in a
function called DIFF. In addition to DIFF, there is another function (function TINF) which
estimates gas-condensate interface temperature, of utmost importance in the non-condensable
gas simulation, based on a steady state condition (dT/dt=0). Figure 4 outlines the HTCFOUL
calculation flowpath (no reference is explicitly done to the calls that from HTCFLM,
HTCGAS and HTCCL are done to INTRO and from this to FPROP and THERMO).

HTCFOUL

Initia ization of vanables

P-VPr > IQ'3
Calculation of R
Calculation oí R

Calculation of Re-

calculation of R.
Calculation of RT, hT, q

Calculation of X

Calculation of h

qT, Tc

Global printing: h , qT, T

Figure 4. Flowchart of HTCFOUL code

The input deck to be read in the INPUT subroutine is very simple. A first set of data is
devoted to the geometrical characterisation of the scenario: number of nodes; inner and outer
diameters of the plain tube; and, fin spacing, thickness and height. Then the themalhydraulic
initial and boundary conditions are required: gas flow regime, initial coolant temperature; gas
temperature; total pressure; molar non-condensable gas fraction; and coolant and gas
velocities. Finally, the fouling agent data are entered: fouling time, initial mass of aerosol
suspended, density and conductivity.
The MAIN programme governs the flow-path calculation through setting two major loops.
The global loop calculation extends over the whole number of nodes in which the tube length
can be divided (up to 100); as uniform boundary conditions are assumed and given in the
INPUT subroutine, nodes length is a constant. As a single node calculation, e.g. j node, has
been ended, its outlet coolant temperature is determined and transferred to the next node, e.g.,
j+1 node, as its inlet coolant temperature. The single-node calculation is the heart of the
programme. Its accuracy is ensured by a convergence criterion on heat flow rate:

Such an iteration is necessary since initial guesses are required for the inner and outer wall
temperatures at each node and they must be updated until the above criterion is fulfilled. It is
in this part of the MAIN where the individual resistances are estimated and the calls to most
of the subroutines are set.
The programme is provided with a criterion to distinguish between pure steam scenarios and
non-condensables-steam mixtures: non-condensable concentrations below 10"3% of the total
gas concentration are assumed to be non-condensables free situations.
The equations of section 2 related to non-condensables heat transfer decrease are encapsulated
in HTCGAS subroutine, where another iteration is set to find out the interface temperature
between condensate and gas (this being based on imposing a steady state condition in heat
transfer at interface).
The individual node results are printed in the OUTPUT subroutine and it provides a detailed
description of major variables. After reproducing the input data in an ordered manner and the
physical condensate properties (i.e., density, viscosity, conductivity, etc.), it gives relevant
geometry variables such as: flooding and average angle. Lengths and surface areas of the fin
regions; average- and zone-heat transfer coefficient of condensate along with their
efficiencies; nondimensional numbers characterising the whole system (i.e., Gr, Pr, Re, etc.).
Radial temperature distribution at boundaries; and, eventually, total and individual thermal
resistances of coolant, wall, condensate, foulant and gas.
From the equations in section 2 it can be noted that the determination of the length of the
three fin zones (i.e., fin tip, connecting and root regions), requires a numerical solution that
has been obtained by using the Newton-Rapson technique (assisted initially with a bracketing
technique which ensures its convergence).
The global results of the tube calculation, calculated and printed in the MAIN, are expressed
in terms of an average heat transfer coefficient, the total heat flux and heat transfer rate, the
outlet and average coolant temperatures.

2.3.

MODEL VALIDATION

In this section model predictions are compared with available data bases other than the one
presently being obtained within the CONGA project, which will be used in a separate study
focused on the aerosol influence on heat transfer under conditions anticipated in hypothetical
accidents. Namely, the validation exercise here reported focuses on the non-aerosol part of the
modelling. Throughout this section, an extensive reference is done to the preliminary work
carried out in the WP5 concerning different approaches to simulate pure steam condensation.
2.3.1. Pure steam experiments
A literature survey aimed at gathering experimental data on vapour condensation onto
horizontal-finned tubes has been conducted to validate the theoretical model described in the
preceding section. Two main criteria have been followed to choose suitable databases. First,
recent and credited databases are considered. Experimental investigation carried out from the
early eighties to now has been generally more systematic and its results more reliable than
earlier research. Furthermore, some of these programmes have been pointed out in the
literature as particularly helpful for validation purposes (Marto, 1988; Adamek et al., 1990).
Second, experimental conditions of interest are those as similar as possible to the anticipated
accident scenarios of advanced NPP's, where finned-tube condensers are planned to be used.
This second criterion allowed for a substantial reduction of information sources since, for
example, investigations using a condensing fluid other than steam have been disregarded in
the present study.
Since mid eighties two research teams have been conducting a comprehensive experimental
programme to study the influence of geometrical variables (i.e., fin spacing, thickness, height
and shape) and boundary conditions (i.e., pressure and condensing fluid velocity) on heat
transfer onto horizontal finned tubes under vapour condensing conditions (Wanniarachchi et
al, 1984,1985,1986; Marto et al, 1986; Michael et al., 1989; Yau et al., 1985; Briggs et al.,
1992a, 1992b). They both demonstrated the outstanding importance of fin spacing for
horizontal finned tubes compared to other variables mentioned earlier, and provided a huge
amount of experimental data on steam condensation onto this geometry. Table 1 summarises
parameter and variable ranges of these two experimental programmes that have been used to
validate the model.
Table 1. Experimental conditions of pure steam tests
Fin Spacing
Fin Height
Fin Thickness
Tube Diameter
Pressure
Steam Velocity

(mm)
(mm)
(mm)
(mm)
(bar)
(m/s)

1.0- 16.5
0.5- 2.0
0.5- 1.0
12.7- 19.1
0.11 -1.0
0.5- 13.0

Figures 5-7 show the consistent trends of HTCFOUL predictions in terms of the evolution of
the gas heat transfer coefficient as the influence of major system variables such as subcooling,
fin spacing, and pressure are examined based on Wanniarachchi et al. database. In those
figures the other Nusselt-type model initially tested in the project (hereafter denoted as
Adamek) has been included; a description of that model can be found in Adamek et al.
(1990a; 1990b). This approach was later abandoned despite its satisfactory response because

its formulation is more intricate than HTCFOUL's, an undesirable characteristic for models to
be used in the nuclear safety field.
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Figure 5. Heat transfer coefficient vs. subcooling (several fin spacings).
Figure 5 presents the evolution of heat transfer coefficients (hT) with subcooling. As observed
experimentally, a subcooling raise involves a decrease in hp's, regardless the fin spacing of
the tube. In practically all the calculations, HTCFOUL, as well as Adamek's approach, tends
to underpredict measurements, and the theoretical slopes are sharper than those of the data
are. Nonetheless, even the largest errors are well within the acceptability limits.
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Figure 6. Heat transfer coefficient vs. fin spacing (several subcoolings)

In Figure 6 it is observed that experimentally was found that there is a fin spacing at which
heat transfer is maximised (Wanniarachchi et al., 1984; Yau et al., 1985. HTCFOUL succeeds
not only in finding a "peaking" shape of h„=f(Sfin) curve, but in pointing the specific value of
Sfin at which maximum condensation heat transfer occurs (around 1.5 mm) under the
conditions analysed. Contrarily, Adamek's estimates do not follow such a trend, showing a
qualitative behaviour other than data at small sfin's.
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Figure 7. Heat transfer coefficient vs. subcooling (several pressures)
Figure 7 highlights that HTCFOUL predictions are sensitive to pressure changes, following
the data trend for two different pressures (-0.1 and - 1 bar). Even though subatmospheric
pressures are out of the range of pressures typical of hypothetical accidents, it is noteworthy
the satisfactory agreement with measured h's at both pressures and the consistent change of
curves slope.
Finally, Figure 8 summarises the HTCFOUL models performance in pure steam condensation
scenarios by representing qmOdei vs qdata for almost 300 experimental points. As can be
observed, most of HTCFOUL estimates lie within the ±15% error band, the average error of
estimates being 9.02%. Bearing in mind that depending upon which measurement technique is
used variations of 10 to 15% in heat transfer coefficients can be found (Wanniarachchi et al.,
1986) and that there are numerous operational difficulties which can affect experimental
results accuracy, this model error turns out to be well within the uncertainty margin linked to
data. Adamek-based model shows a wider dispersion; nonetheless, its average error is around
17%, which makes it an acceptable modelling option too. The tendency of HTCFOUL to
slightly underestimate might be caused by the assumption of quiescent gases; in the
experimental tests used as a data base for validation steam was not static so that a certain
thinning of condensate film thickness should be expected due to gas-liquid shear stress
(ignored in "Nusselt-type" models). Nonetheless, there are so many approximations in the
model fundamentals that it is difficult to ascertain which of them is the actual reason.
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Figure 8. Comparison of measured and calculated heat fluxes

2.3.2. Non-condensables experiments
Contrary to pure steam scenarios, the influence of non-condensables presence in condensation
onto horizontal finned tubes has been hardly studied so far, and other work adressing single
finned tubes than the one published by Mazzocchi et al. (1996) has not been found in the open
literature. Mazzocchi et al. carried out an experimental study to find out an optimum finned
tube geometry for the internal heat exchangers to be used in next generation of European
nuclear power plants. Even though they provided detailed information on test conditions and
results, gas velocity was not measured. As this variable does strongly influence heat transfer,
the comparison between these experimental data and the model predictions should not be
regarded as a rigorous validation. However, as will be seen below, it illustrates the
outstanding qualitative consistency of HTCFOUL as non-condensables are present. Recently,
within the INCON project of the Euratom Research Framework Programme 1994-1998, data
have been obtained on condensation onto tube bundles in the presence of non-condensable
gases, but they were not open yet by the moment this model was being validated (Martin et
al., 1998).
The missing gas velocity was worked out by applying a correlation derived by Rose for single
horizontal tubes under forced-convection condensation (Rose et al., 1980):
Xnc,i XnCjb +X vb
2.28Sc

(32)

The results of this estimation along with other relevant boundary conditions are given in
Table 2 (tube sample 5). In Figure 9 the total heat transfer coefficients have been plotted
against gas temperature. In order to emphasise the qualitative nature of this comparison both
measured and calculated coefficients have been normalised to their lowest value. It is
noteworthy that despite the substantial approximations involved in hHTCFouL estimations the
agreement attained between experimental and theoretical trends is remarkable, the individual
errors being in the range of 5 to 25%.
Table 2. Tests conditions of tube sample # 5 (LT=0.595 m; d=0.038 m; hfin=0.015 m;
Sfm=O.OO5 m)(Mazzochi's database)
Run
Number
1
2
3
4
5
6
7
8
9

Tc
(C)
27.8
27.3
28
28.2
60.6
60.7
60.8
80.8
80.2

Tg
(C)
60
80.2
89.8
97.7
80.7
89.9
95.3
90.8
94.5

A n c,b

0.801
0.523
0.305
0.068
0.513
0.302
0.146
0.278
0.171

vc
(m/s)
0.287
0.343
0.549
0.566
0.264
0.353
0.437
0.263
0.263

(m/s)
2.17
3.25
2.94
0.91
1.04
1.19
0.81
0.33
0.45

Given this data scarcity and the difficulties of using the above reference, unfinned horizontal
tubes have been seen as geometry-approximate systems suitable to provide an indirect
assessment of non-condensables effect modelling.
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Figure 9. Normalised heat transfer vs. gas mixture temperature

The research team led by Rose has been investigating the non-condensable gas effect on
condensation onto single horizontal tubes (Michael et al., 1989) and tube bundles (Abdullah
et al., 1995). The information available concerning single tubes is limited , so that the present
study has been focused on the steam-air mixture condensation on a 10-staggered row bank of
horizontal tubes (4 or 5 per row). The tube total length was 0.272 m, with an inner and an
outer diameter of 0.0127 m and 0.0187 m, respectively. Local gas velocities and composition
were measured at each row.
In order to simulate this scenario, each row was assumed to behave as a single tube (coolant
circulates all the individual rows long), fin spacings were imposed to be right the tube length
and fin height was specified to be 0.0001 m to minimise the fin effect. The influence of two
major variables, coolant velocity and non-condensable concentration, were examined
experimentally and have been displayed in Figures 10 and 11 along with the HTCFOUL
predictions in terms of heat flux. In both plots HTCFOUL trends show a fairly good
agreement with the experimental results. A coolant velocity increase causes an improvement
of wall-coolant heat transfer that lowers interface temperature and, eventually, enhances heat
transfer.
Hence, Figure 10 validates to a certain extent the modelling of radial heat transfer through
wall and coolant implemented in HTCFOUL, in the presence of non-condensable gases. In
Figure 11 the degrading effect of non-condensable on heat transfer is observed; the broad
band outlined by both data and HTCFOUL estimates is a consequence of the change of
variables other than Xnc.
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In Figure 12 the heat fluxes calculated with HTCFOUL are ploted against a total of 63
experimental data. Most of the points are within the ± 15% band, the average error being
16.8%. Since this error is in the experimental confidence range, HTCFOUL is said to provide
a reasonable response to the influence of non-condensable gases.

3.

THEORETICAL CORRELATION

Derivation of a theoretical correlation from predictions provided by a mechanistically based
model is essentially motivated by the complexity attained by current safety tools. Computer
codes simulating in-containment accident conditions have evolved in last years covering a
wide range of phenomena and, as a consequence, acquiring an intricate structure that results
in significant consumption of computing resources. This fact has encouraged the use of
correlations to model specific systems rather than the enlargement of code formulation
making them even more cumbersome by adding new modules which often involve iterative
calculation processes. Ideally those correlations should be based on mechanistic models
previously validated against an extensive and sound database.
On these grounds two major facts support the derivation of a theoretical correlation. On one
side, a single-tube correlation is expected to encapsulate relevant information concerning the
whole system, so that it would represent a first step from which some dependencies of major
variables could be drawn to eventually determine the final "whole-system" correlation. On the
other, identifying the most influencing variables on a single tube base can provide a helpful
tool for interpretation of the WP2 experiments.
3.1.

PRELIMINARY STUDIES

Consistent with the main goal of the CONGA project, a scenario in which aerosol influence
on heat transfer degradation is maximised was postulated. The aerosol thermal resistance is
essentially dependent upon the initial mass of aerosol suspended and available to deposit, the
depletion rate and the fouling properties (i.e., density and conductivity). This statement is
made clear in eq. (30) above:
2

[l-exp(-k dph t)]

" • o P f ou!

It is worth recalling that the only mechanism considered effective for aerosol removal onto
heat transfer area is diffusiopheris. Namely, the major driving force acting on particles is due
to steam motion towards surfaces. Therefore, to make Rfoui reach as high values as possible,
and taking into account the potential ranges of thermalhydraulic variables under anticipated
conditions (Valisi et al., 1999), variable values were chosen to enhance condensation even
beyond those intervals. As a result, a pure saturated steam scenario at high pressure (Xv =
1.00; P = 5 105 Nm"2; Tg= TMt = 425.15 K; T œol = 298.15 K) was defined where gas flows
under natural convection (vg= 1.0 ms'1) in a cross flow configuration towards a tube internally
cooled by water flowing at a rate of 1.0 ms"1.
Under such conditions, two cases were investigated. The former (denoted as "upp") was
featured by a high aerosol concentration and low density and conductivity of particles (CmaX =
10"2 kgm"3; pfou, =103 kgm"3; kfoul =lWra 4 K 4 ). The second (denoted as "low") was
characterised by high density and conductivity and low aerosol concentration (Cmin = 10"4
kgm"3; pfoul =104 kgm"3; kfoui = 400 Wrn^'K'1). Thus, upper and lower bounds of the Rfoui range

calculated with HTCFOUL code, resulting in a map of points large enough as to regard
correlation as soundly based. Some points were disregarded because either they did not
involve condensation or they were out of the range of interest.
Table 3. Calculation matrix for correlation development
VARIABLE

v coo i (ms )

STUDY CASES
1, 0.99,0.95, 0.90, 0.70, 0.50, 0.30, 0.1 ,0.01
0.-•1.0
298--423 373 407, 425
ío-1--10.0 0.1, 0.5, 1.0, 5.0, 10.0
293--373 298 323, 343, 363
io- 2 - L O io- 2 , 510~2, 610~2, 7.5-IO"2, 910' 2 , 9.5- ur2, io"\ 5-ío-1

P (Nm"2)

1 0 5 - 5-105

Xv

T g (K)
Vgdns"1)
Tcooi (K)

3.3.

RANGE

io 5 , 3-105, 5-105

MATHEMATICAL EQUATION

The results obtained with HTCFOUL are given in the tables embodied in the Appendix I of
Herranz et al. (1999b) and individual variable plots are presented below in Figure 13 denoted
as (a)-(f).
Graphs (a) and (b) show a great sensitivity of heat transfer with gas composition, expressed as
either steam (a) or non-condensable (b) molar fractions, which might be fitted to an
exponential-like law. As shown in plots (c) and (d) coolant variables (i.e., velocity and
temperature) also affect noticeably heat transmission. Contrarily, gas temperature (e) and
pressure (f) are observed not to be a key influence HTC over the ranges explored. In other
words, gas variables other than non-condensable content were not seen to be significant to get
a good estimate of heat transfer coefficient.
From these observations it was postulated that a possible form of a correlation might be based
on the strong trend shown by HTC with Xv (or Xnc), that is an exponential equation in which
coolant velocity and temperature were somehow included:
e

=a.exp (b.X;..vjQ0l.Tc 0ol

(33)

Such an expression was fed into the SPSS statistical package (Ferran,1996) and the
coefficients took values that were eventually approximated to get to the equation,
(34)

which shows a correlation coefficient (R2) equal to 0.97. The behaviour of the correlation
against all the calculated data can be seen in Figure 14, where heat transfer coefficients have
y y y
been represented against the variable Y ( X ^ v ^ T ^ 3 , ).
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The correlation error was calculated to be around 56% (geometric standard deviation) what
might be considered too high. However, when the error distribution was analysed it was found
that the actual margins of the correlation estimates were within ±10% of those predicted by
HTCFOUL over most of the h range, and that it was only under very weak or no condensation
conditions (i.e., low h) when the correlation deviated severely in relative terms. Thus, if only
those heat transfer coefficients representing condensation conditions were accounted for the
error of the correlation decreases to less than 18.0 %. Figure 15 shows the correlation error
distribution as a function of h.
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Figure 14. HTCFOUL predictions and correlation estimates vs. variable Y
Even though these results might be regarded as very satisfactory, from the point of view of an
easier use of the correlation, variables were intended to be written as functions of
nondimensional numbers. Such a strategy led to an expression depending upon Reynolds (Re)
and Prandtl (Pr) numbers of the coolant (which is the expected behaviour under the forced
convection conditions imposed in the WP2 experiments at the secondary side of the finned
tubes):

hCOT=31exp 0.129XÍ

RePr 2

(35)

This equation is slightly further from the model predictions than the one above in terms of
primary coolant properties, its coefficient R2 being 0.966, and its error with respect the
preceding correlation being about 5%. So the behaviour of this equation was considered rather
good too, being most of the points within the ±20% error band with respect to HTCFOUL
predictions (Figure 16).

Figure 15. Relative error distribution of the correlation
3.4.

DISCUSSION

According to the single tube modelling this correlation is based on, heat transfer coefficient is
only dependent upon fluids acting in the system: coolant and steam-non-condensable gas
mixture. Namely, heat transfer coefficient is essentially independent of fouling thickness and
properties. Furthermore, the only variable concerning gaseous mixture that plays a relevant
role is gas composition, represented above by the molar fraction of steam. Concerning
coolant at the secondary side, both velocity and temperature are required to get accurate
estimates.
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Figure 16. Comparison of HTCFOUL predictions and estimates from eq.(35)
Given the ranges of variable covered in the calculation matrix, some of the results reported
above should be representative of the scenarios under study within WP2 of the CONGA
project. If the single tube modelling is relied on to get a qualitative picture of the whole
thermal scenario, what might be reasonable since most of heat must be transferred to the
secondary side during gas flow across the first few rows, it would mean that most of thermal
resistance is to be associated with the coolant whenever it is subcooled (i.e., no nucleate flow
boiling occurs). In other words, based on the extensive database on which the correlation has

been built-up (HTCFOUL predictions), no aerosol influence should be observed in WP2
experiments, as will be discussed later.
In summary, a correlation for heat transfer coefficients has been developed in terms of
nondimensional variables of gas (Xv) and numbers of coolant (Re,Pr), from which some
insights into the passive system performance have been drawn. However, it should be borne
in mind that the model in HTCFOUL code has not been validated yet, and most of the results,
observations and discussions in these sections should be considered preliminary in nature till
a full validation and an extension to whole bundle geometry is carried out.
4.

SIMULATION OF WP2 HEAT EXCHANGER EXPERIMENTS

The Work Package number 2 (WP2) of the CONGA project was devoted to the experimental
investigation of efficiency reduction of passive containment cooling systems of the European
Pressurised Reactor (EPR) and Simplified Water Reactor (SWR-1000) designs as a result of
aerosol deposition. The Paul Scherrer Institute (PSI) took over studying the effect of aerosol
nature on EPR- and SWR-like mock-ups performance, whereas the Joint Research Centre
(JRC-Ispra) focused its research mainly on the tube multi-layer effect using an EPR-like
mock-up.
In this section the results of WP2 experiments simulation with HTCFOUL are given and
compared with test data. It must be stressed that this data-predictions comparison cannot be
properly regarded as a model validation since the model is limited to a single tube whereas
mock-ups used consisted of several tubes arranged in more than one-single row. Nonetheless,
meaningful conclusions can be drawn from this exercise concerning anticipated heat
exchanger behaviour and needs of further work.
4.1.

ANALYSIS OF TEST SCENARIOS

The experimental rigs, mock-up geometry and instrumentation have been described in detail
along with the test results in the final reports of WP2 (Suckow et al., 1999a; De Santi et al.,
1999). In Table 4 the geometric variables needed as input for HTCFOUL code are gathered
specifying the reference reactor.
Table 4. Geometrical data of experimental mock-ups
Variable
Number of tube rows
Total number of tubes
Finned length
Inner diameter
Outer diameter
Fin diameter
Fin height
Fin spacing
Fin thickness
Fin pitch
Fin frequency

Units

m
m
m
m
m
m
m
m
fpm

BWR
2
5
0.6

PWR

32.0 10~3

5.0 10"3
0.4 10"3
5.4 10~3

44.4 10"3
48.3 10~3
82.3 10~3
17.0 10~3
5.0 10~3
0.4 W 3
5.4 10~3

200

200

38.0 10"3
68.0 10~3
15.0 10~3

*PSI used a PWR mock-up consisting of 2 rows and 5 tubes in total

4*
24*
0.6

In addition to the geometric dissimilarities shown in Table 4 between BWR and PWR mockups there are others of a thermohydraulic nature. As a result, three generic thermohydraulic
scenarios were identified: JRC-PWR tests (WP2.2), PSI-BWR tests (WP2.1-BWR) and PSIPWR tests (WP2.1-PWR). The reasons to discern between the JRC-PWR and the PSI-PWR
were their different coolant temperatures (as will be noted later). Nonetheless, even within the
same scenario, tests showed minor discrepancies in some boundary variables that affected
experimental results slightly. Concerning aerosol nature, both laboratories used both pure tin
dioxide particles (SnO2, insoluble) and mixtures of SnC>2 and caesium hydroxide (CsOH,
soluble), but as the theoretical model does not incorporate such a differentiation capability it
does not mean any difference from the simulation point of view. Based on this analysis a
simulation matrix resulted and is presented in Table 5.
Table 5. WP2 experiments modelled

BWR

PWR

PSI
Al
A2
A4
A7

L_

JRC

HXP2
HXP3
HXP4
HXP5

Table 5 deserves some additional comments. First, test notation follows those given in the
final test reports delivered (Suckow et al., 1999a; De Santi et al., 1999). As to PSI tests only
those involving insoluble aerosol material were chosen, so that two simulations were carried
out for each heat exchanger type. Regarding JRC, HXP1 test was discarded because of the
problems reported on coolant flow control (Krasenbrink, 1998).
Following the experimental procedure and according to the CONGA project objectives, tests
simulations were split into a thermalhydraulic and an aerosol phase. Comparisons to data
could be made in both, so that a separate assessment of thermohydraulic and aerosol
formulation in the model was feasible and the aerosol effect could be readily discriminated.
4.2.

PSI EXPERIMENTS (WP2.1)

Table 6 summarises the input data that along with the system geometrical description (Table
4) were given to HTCFOUL code, as well as the experimental results, the HTCFOUL
estimates and the error. Thermohydraulic comparisons are set in terms of heat flux (q") and
coolant temperature rise along tubes (AT), whereas those concerning aerosols were based on
heat flux and deposited mass (mdep).

Table 6. PSI data and HTCFOUL predictions
BWR
Al
151.0
28.7
2.8 105
0.136
0.135
2.1
8.8
8.98
2.1

A2
141.0
28.4
2.8 105
0.135
0.135
2.1
8.4
8.17
-2.8

A4
141.0
90.6
2.8 105
0.39
0.054
2.6
1.99
2.38
19.8

A7
141.0
89.5
2.8 105
0.39
0.054
2.6
2.0
2.41
20.6

Test
HTCFOUL
Error (%)

13.8
13.3
-3.5
8.67
3.0
26
7200
5.54
8.98
62.1

12.7
12.1
-4.6
2.02
4.5
26
7200
7.42
8.17
10.1

4.90
6.53
33.3
10.0
4.5
26
7200
1.69
2.38
40.8

6.2
6.6
6.4
9.1
4.3
26
7200
1.83
2.41
31.7

Test
HTCFOUL
Error (%)

77.3
65.0
- 15.9

32.4
26.0
- 19.7

94.3
57.0
-39.5

163.1
50.5
-69.0
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Some of the input data in the table deserve some explanation. The coolant velocity of BWR
tests (i.e., Al and A2) is that of the central tube of the first row of the heat exchanger
(Suckow, 1999). Additional calculations were carried out using the average coolant velocity
(0.104 ms"1) and, as expected, the resulting heat flux decreased to 7.19 kWm"2 (Al) and 6.53
kWm*2 (A2), what meant errors around -18.3% and -22.3%, respectively, which can still be
considered very good. The gas velocity (vgas) imposed was an average of the maximum and
minimum values of the Gaussian distribution experimentally observed along tubes. Even
though this could seem a rough approximation, gas velocity is not a key variable in the
scenario so that it was seen as acceptable. Indeed sensitivity calculations performed with the
lower and upper bounds of the range confirmed the small effect of any variation in the gas
mixture velocity. Finally, Concerning aerosol input data, the suspended mass (msusp) was
obtained from the airborne concentration measured and the free volume above the mock-up
(1.449 m3). Even though aerosol species has not been specified in the table, both thermal
conductivity (kaer) and density (paer) correspond to SnO2. Then, in this case no test was
simulated in which a soluble-insoluble particle mixture was injected because of data
availability at the time these analyses were undertaken.

As noted the thermohydraulic results of HTCFOUL showed an extraordinary agreement with
data when the central single tube velocity of the coolant was used in the BWR tests. However,
given that errors lower than 15-20% are truly meaningless due to factors such as the own
experimental uncertainty, the accuracy of correlations used in HTCFOUL and the own nature
of this comparison (single tube calculation - multi-tube test), these numbers only point out
that the thermohydraulic formulation encapsulated in HTCFOUL responds consistently to the
thermal behaviour of WP2.1 tests. In all the cases (i.e., BWR and PWR) when using the
average coolant velocity the error band ranged from 18.0 to 23.0% in terms of heat flux.
2.50E-01

-i-

2.00E-01

5=
S
e

1.50E-01

ce

o

Gas side

a

Tube wall

-¿

Coolant

•68

u

1.00E-01

s
5.00E-02

• 3

O.OOE + 00
0

2

<•

4

*>•-•

6

8

10

12

Axial nodes

Figure 17. Thermal resistance vs. axial length (A7 test; HTCFOUL estimates)
The similarity found between data and predictions in the thermalhydraulic modelling broke
down for aerosols. First, contrary to experimental measurements no heat transfer degradation
was estimated by HTCFOUL in any case. Second, mass deposited onto tube and fin surfaces
was always underestimated, particularly in PWR scenarios where the quantitative discrepancy
reached a factor of around 3 in test A7 (the deposited mass attributed to HTCFOUL in the
table is the product of HTCFOUL result times the total number of tubes in the mock-up
bundle). With respect to heat transfer deterioration, HTCFOUL estimated that thermal
resistance was essentially linked to the coolant. This predominance is illustrated in Figure 17,
where such a variable is observed to be about an order of magnitude higher for coolant than
for tube wall or the triple interface (particles, condensate film and gas) along the whole tube
length in test A7 (similar profiles were found in the other tests analysed).
Even though not coming straight from HTCFOUL analyses some reasons can be postulated to
explain the heat transfer deterioration in PSI tests. It must be underlined, however, that a quite
moderate degradation was observed in all the tests but Al (-35%). According to
measurements and experimental data recorded, it is important to note that in such experiment
SnO2 particles showed a much bigger size (AMMD-2.5 |im) compared to those in the other
tests, and the GSD reached values around 6. Both particle distribution characteristics might
have led to an enhancement of inertial aerosol removal processes that, as discussed later,
could have been present in PSI scenarios and would have affected big particles to a much
larger extent since they are functions of particle diameter (raised to a certain power in many
cases). The pictures 9.1 to 9.13 in Suckow et al. (1999a) showed that the aerosol layer at the
top of the fins looked more compact than in the other experiments, what could have produced

a screening effect on the surface area available for heat transfer. In addition to compactness, a
comparison of deposit distribution (for instance, between Al and A4 experiments) allows to
note meaningful differences, such as that in Al all the first row tubes were covered with a
thick aerosol layer while it was not so in the side tubes of the first row in A4. Hence, it is
postulated that the noticeable heat transfer decrease in Al was at least partially related to a
screening effect of the surface motivated by the singular features of the particles in such test.
The "screening effect" is supported by observations from the rest of BWR tests of the PSI test
programme. In those experiments an aerosol mixture (SnC>2 - CsOH) was injected and the first
row tubes became heavily charged of aerosols as in Al test. Also in those cases the heat
transfer degradation was in the range of thirties percent, except for A3 test, where deposits
were so wet that they underwent a sort of "wash-off' (Suckow et al., 1999b). The presence of
a soluble compound would have meant a higher potential particle growth than in SnC>2 tests,
which would have promoted inertial deposition mechanisms too. A SnC>2 - CsOH test in the
PWR configuration was already done (A5), but a low degradation was measured in this case
(7.7%). The reason for this small degradation could be the mass injected in the vessel, that
was less than one third of that of A4 test and even so the degradation was only half of what
measured in A4. That is, A5 experiment also showed and enhancement of particle with
respect to a similar test (A4), which is in accordance with the above dicussion.
Nonetheless, the above discussion would not justify the -10% heat transfer decrease observed
in the other tests, where such a thick aerosol cloth was not observed. In these cases, it is
postulated that some steam might have been removed from the gas flow (e.g., by condensing
onto aerosol particles or at some cold spots in the vessels) before reaching tube surfaces. This
interpretation, though a mere postulate, is based on several facts. First, no aerosol top layer
was found in A2 experiment, which discarded the screening effect as the only reason for this
degradation. Second, thermal resistance is predicted by HTCFOUL to be associated by far to
the coolant, so that a phenomenon out of HTCFOUL scope could have determined the
observed behaviour (i.e., steam condensation onto surfaces other than tube ones). Third, if
non-condensable molar fraction is assumed to be 25% higher than experimentally specified
(i.e., gas flow composition is other than the one injected in the vessel), HTCFOUL results
indicated a heat transfer degradation of about 5%.
Whether such a "steam pre-removal" had occurred somehow onto the particles, it would have
brought about their growth, which would reinforce the postulated significant role acquired by
inertial mechanisms in PSI tests. This would have been more likely in those cases in which
soluble particles were fed into the vessel and gas was injected in the vessel as a jet (otherwise,
it would have required oversaturation conditions to be attained uniformly or locally at some
points over the tube bundle).
Finally, the difference recorded between A4 and A7 degradation could be explained on the
addition of the screening and the "steam pre-removal" effects.
Concerning the large underprediction of deposited mass, especially in A4 and A7 tests, it
might be considered the potential reason not to find any deterioration in heat transfer.
Nonetheless, a parametric calculation was carried out in which deposited mass was increased
by an order of magnitude in test A7 simulation, and no effect was recorded in total heat
transfer. An examination of thermal resistance distribution indicated that it was again the
coolant which governed heat transmission. The fouling resistance, as expected, had risen an
order of magnitude, but it was still about two orders of magnitude below the thermal

resistance caused by non-condensables presence (high non-condensable content scenarios). In
short, at the gas side the thermal resistance was essentially embodied in the non-condensable
boundary layer adjacent to condensate film.
In accordance with gas mixture velocities attained in CESANE vessel over the tube bundle,
forced convection was chosen in the input deck to model heat transfer at the gas side during
Al, A2 and A4 tests (natural convection was imposed in A7 simulation). It was
parametrically studied the potential influence of considering gas moving under natural
convection. Even though in such situation the gas thermal resistance became more relevant,
sometimes reaching values around 20% of the total thermal resistance at the beginning of the
tube and the total heat flux decreased about a 15% with respect to forced convection
conditions, no effect could be attributed either in this case to the aerosol deposited on the
tube.

Al

A2

A4

A7

PSI experiments

Figure 18. Comparison of observed mass deposited and HTCFOUL estimates
Finally, a closer look into data-predictions comparison concerning mass deposited is given in
Figure 18, where individual tube measurements are plotted along with HTCFOUL estimates
for all the PSI tests analysed. As already noted in Table 6, HTCFOUL behaved rather
consistently in BWR scenarios and showed a noticeable underprediction in PWR tests,
particularly in A7 experiment. A potential explanation could rely on the small temperature
differences and high non-condensable contents in PWR tests, which provided a much weaker
condensation driving force.
The only particle depletion mechanism accounted for in HTCFOUL is diffusiophoresis, which
was shown to be by far the dominant deposition process in BWR-like scenarios (Herranz et
al., 1999). When investigating radial temperature profiles in BWR- and PWR-like scenarios,
it was found that, according to HTCFOUL formulation, fin efficiency was very low, around
0.1 in all the cases. This fact pointed that under BWR conditions (high gas-coolant
temperature difference and low non-condensable concentration) a large fraction of heat
passing to water at the secondary side flowed via tube base and only about one third of it was
transmitted through fins. In short, in no case fins played the major role in the coolant heatingup process. Under PSI PWR conditions fins were almost thermally equilibrated with the gas,
but even more importantly, the thermal potential of tube root (Tg-Tbase) was strongly reduced
to about one fourth of the calculated BWR values. That is, diffusiophoresis driving force

decreased substantially under such circumstances, and other particle depletion phenomena
(i.e., turbulent deposition, inertial impaction, interception, etc.) would become significant in
relative terms, contributing in an appreciable percentage to the total deposited mass. Given
the shape of gas profiles in the vessel, mechanisms such as impaction and interception would
have been very effective in A4 (no baffle), whereas others like turbulent deposition could
have acted in A7 (baffle plate). This would provide an explanation of HTCFOUL
discrepancies with respect to A4 and A7 data (particularly the latter), as well as an
interpretation of these tests observations.
4.3.

JRC EXPERIMENTS (WP2.2)

As shown in Table 5, JRC focused their experiments upon mock-ups simulating PWR passive
containment cooling systems. Even though all the tests were essentially the same from the
point of view of their simulation with HTCFOUL (no differentiation between soluble and
insoluble aerosols is feasible), there were some minor dissimilarities that can be used to assess
HTCFOUL consistency to small changes in variables such as gas temperature and pressure,
injection time and aerosol mass over the tube bundle. The data used to build-up the
HTCFOUL input deck and to compare with are shown in Table 7 along with HTCFOUL
results.
Gas velocities used in HTCFOUL (vg) were only approximate values. However, as said
above, gas velocity was not a key variable of WP2 tests, particularly in the case of JRC in
which gas moved towards the tube bundle under natural convection. As in PSI tests, particles
mass suspended over the bundle was worked out from the concentration corrected to actual
conditions (it was expressed in normal conditions in the experimental report) and the upper
gas volume of the vessel.
HTCFOUL estimated quite consistently both heat fluxes and coolant temperature increases
while the thermohydraulic phase of the tests, with errors between 5% and 26% in q" and
between 3% and 22% in AT. Thus, this comparison underlines the sound bases of the
thermohydraulic formulation within HTCFOUL, as it had been already brought up in the PSI
tests simulation.
Contrarily to what happened in the case of PSI experiments modelling, a qualitative and
quantitative agreement with measurements was found regarding aerosols. Experimentally,
heat flux did hardly change, measurements never exceeding further than 6% of their
preceding value during the thermohydraulic part of the test. HTCFOUL remained providing
practically the same results, though some slight variations caused by numerics rather than by
physics were reported. Such a behaviour responds to the same reasons already discussed in
the previous section: scenario thermal resistance was governed by coolant, the one at the gas
side (i.e., non-condensable gas, condensate and particles) being more than one order of
magnitude less. In Figure 19 the thermal resistance at the gas side, tube wall and coolant are
plotted along the tube.

Table 7. JRC data and HTCFOUL predictions
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130.0
70.9
2.75 105
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0.1
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HTCFOUL
Error (%)

5.51
5.31
-3.6
11.44
2.5
26
7200
2.06
1.95
-5.3

5.72
6.54
14.3
13.78
3
26
7200
2.25
2.43
8.0

5.43
6.17
12.9
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2
26
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9.1
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21.4
7.8
3
26
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2.29
18.6

Test
HTCFOUL
Error (%)

115
177.1
54.0

_
356.6
-

110
175.2
59.5

156
176.6
13.2

In spite of the deposited mass overprediction shown in Table 7, such a trend in HTCFOUL
estimates is consistent with the way the comparison has been set. HTCFOUL code calculated
deposited masses on single tubes of 7.38 g (HXP2), 14.86 g (HXP3), 7.31 g (HXP4) and 7.36
(HXP5), and they were multiplied by the total number of tubes (24) to obtain the integral
mass deposited onto the bundle (mdep). Single-tube masses were computed assuming
conditions representative of first-row tubes, but that possibly cannot be extrapolated to others.
The deeper the row, the less applicable the boundary conditions. As steam condenses on the
tubes at the bundle forefront, gas mixture non-condensable concentration rises and the
anticipated steam condensation onto next row of tubes must be necessarily lower. As a
consequence, aerosol particles removed by diffusiophoresis must be maximum at the first
row, where condensation attains its highest rate. Hence, HTCFOUL predictions should be
considered an upper limit of mass deposited onto the mock-up. Additionally, the potential
wash off of the tubes could carry away some of mass initially deposited onto bundle surfaces.
No reference has been made in the preceding paragraph to removal mechanisms other than
diffusiophoresis. JRC experiments, unlike most of PSI experiments, were characterised by
their low gas velocities and their flat profiles (achieved by a diverting baffle plate at the
entrance of the vessel). This and the moderate particle size made depletion phenomena driven
by inertial forces not to attain any significance. Furthermore, the staggered configuration of

the mock-up reduces the augmentation effect that wake region of former tubes cause on
transfer processes of next row tubes, what could have gained more importance if an aligned
mock-up had been used.
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Figure 19. Thermal resistance vs. axial length (HXP4 test; HTCFOUL estimates)

Additionally, some insights into the experimental measurements concerning deposited mass
can be got. Both measures and predictions did consistently show that there was only a small
difference between HXP2 and HXP4 tests. Parametric studies carried out with HTCFOUL
indicated that such similarity was caused by the offset between the less aerosol injection time
and the bigger thermal potential (AT) in test HXP4. However, no reason was found to support
the data discrepancy between tests HXP4 and HXP5 other than the conduction of the latter
without baffle plate. As can be noted, HTCFOUL predicted about the same amount of mass
depleted based on the balance set between the lower concentration over the bundle in test
HXP5 and its longer aerosol injection phase; worth to note that the thermal potential was
quite similar this time. Therefore, HTCFOUL analyses indicate that aerosol removal
processes other than diffusiophoresis should have played a role in HXP5 due to the jet profile
adopted by the gas in the particular test configuration. This is consistent with the discussions
held concerning PSI tests, where no baffle was used (except for A7 test) and HTCFOUL
results highlighted the potential existance of inertial depletion mechanims of aerosols.
4.4.

GLOBAL DISCUSSION

As stated in section 4.1., three major thermohydraulic scenarios were set-up in the WP2 of the
CONGA project. Along the preceding sections they have been presented and discussed in
detail, and some intercomparisons have been already done. A full global view of them is
given here in order to emphasise the main reasons that, according to HTCFOUL estimates, led
to the experimental data recorded. Tentative explanations of heat transfer deterioration in PSI

tests are, therefore, left out of this section since they did not come directly from HTCFOUL
analyses.
Figure 20 shows inlet and outlet temperatures (in Kelvin degrees) at coolant bulk, inner and
outer sides of base tube, fin surface and gas temperature, for the BWR and the two PWR
configurations (i.e., PSI-PWR tests and JRC tests). Dimensions in the drawings have been
scaled down approximately.
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Figure 20. Radial distribution of inlet and outlet temperatures in WP2 experimental scenarios.

An examination of temperatures in each phase shows that in all the cases the largest
temperature jump occurred within the coolant, pointing water at the secondary side as the
region of higher thermal resistance. Likewise, it is observed that fin-gas temperature
differences were in no case comparable to those held between tube base and gas. However,
the surface area increase they provide made them attain contributions in the heat transfer rate
that, though they were never predominant, attained one third of the total in some cases. In
other words, most of heat transfer to the coolant went through the tube base.

As can be realised, the biggest temperature difference between tube and gas was achieved in
JRC-PWR scenarios, in which they ranged approximately from 9.5 C (at the inlet) to 6.5 C at
the outlet. Such thermal potential turned condensation into the major heat transfer mode,
despite the high thermal resistance built-up by non-condensable gas diffusion away from the
surface. That was the main difference with PSI-PWR scenarios, in which temperature
differences between gas and surfaces were so low (of the order of 1 C) that condensation was
not that intense and aerosol particles reached surfaces driven by mechanisms other than
diffusiophoresis. Concerning BWR scenarios, thermal potentials were in between the PWR
scenarios commented above (around 3 to 4 C) and, what is even more important, noncondensable gas concentration was less than half of the one in PWR environs, so that
condensation became the key heat transfer mode as well in this case, so that the relative
contribution of inertial deposition process with respect to diffusiophoresis was not so
noticeable.
The above interpretation agrees with the consistency between data and predictions observed
in mass deposited for PSI-BWR and JRC-PWR scenarios discussed in the previous section.
Nonetheless, some explanation is worth regarding the relative position of HTCFOUL
calculations and measurements. As said in section 4.3, as gas flows down across tube bundles
its steam content decreases and, as a consequence, diffusiohoretic driving force weakens
resulting in less deposition than in upper row tubes. Such an interpretation of JRC-PWR
experiments does apparently disagree with what HTCFOUL predicted in PSI-BWR scenarios,
where HTCFOUL underestimated deposited mass. However, it must be noted that, as
pinpointed in section 4.2 concerning PSI-PWR tests, removal mechanisms other than
diffusiophoresis should have meant a substantial contribution to the total aerosol depletion in
the scenario, probably related to both the higher gas velocity in the vessel (e.g., turbulent and
inertial deposition) and its jet configuration (e.g., jet impingement and impaction) on one side,
and to flow disturbances in the bundle nearby (A7) on the other.
5.

SUMMARY AND CONCLUDING REMARKS

In this report the work carried out within the Work Package 5 of the CONGA project under
the auspices of the European Union has been presented. Primarily focused on studying, from a
theoretical perspective, the degradation of heat exchangers to be used in next generation of
European reactor containments under accident conditions, and particularly the effect of
aerosols, the objective has been met quite satisfactorily and the results can be summed up in
three specific items:
•

A mathematical model of a mechanistic nature that has been encapsulated into a
FORTRAN code (HTCFOUL) capable of simulating condensation heat transfer to a
horizontal finned tube internally cooled.

® A theoretical correlation depending upon nondimensional variables and numbers which
embodies most of the HTCFOUL physics and gives results no beyond 20% of actual
HTCFOUL estimates.
• A reasonable interpretation of the major measurements and observations obtained in the
heat exchanger experiments performed withing the WP2 of the CONGA project.
Some further details are shortly described below along with important remarks concerning
shortcomings of the work and issues on which further research would be worth.

Development of HTCFOUL model
A model capable of simulating heat transfer of cross-flow non-condensable-steam
condensation onto a single horizontal finned tube in the presence of aerosols has been
developed (HTCFOUL code). It is based on a combination in series of gas, condensate,
particles deposit, tube wall and coolant thermal resistances. HTCFOUL code consists of
several subroutines and functions compatible with safety analysis codes, particularly TRAC,
from which the formulation to assess fluid properties were taken. A proper adaptation to
steam as a condensing fluid and the introduction of minor corrections into a "Nusselt-type"
approach resulted in a set of equations estimating condensate thermal resistance. Gas
diffusion theory was used to derive a compact way of expressing gas thermal resistance due to
non-condensable presence. The influence of an aerosol deposit onto a tube wall was taken
into account by a diffusion slip equation conveniently modified to account for Stefan flow and
adapted to match the aerosol-free formulation of the model.
The HTCFOUL code has been designed to account for progressive coolant heating-up
downstream tube entrance. Traditional conduction theory and appropriate correlations have
been used to estimate heat transmission through the wall to the coolant. Thus, a very simple
input deck characterising coolant (i.e., velocity and initial temperature) and gas-steam mixture
(i.e., temperature, pressure, non-condensable gas molar fraction and velocity) are necessary,
in addition to the geometrical description of the problem, to run the code. The output includes
a detailed information of the n nodes specified in which tube is to be analysed, as well as the
value of major variables defining heat transfer.
The model performance has been assessed against broad databases drawn from the open
literature on the matter. Nearly 300 data have been used to check the model behaviour in pure
steam condensation scenarios and a noticeably small error has been found together with a
consistent response to changes in major system variables. Scarcity of useful available data
involving non-condensable gases has required adopting an approximate validation strategy.
Qualitative model assessment has pointed out its reasonable evolution as gas mixture
temperature, coolant velocity and non-condensable concentration vary. HTCFOUL estimates
comparison to more than 60 experimental data resulted in an average error (16.8%) within the
typical experimental confidence range of this sort of tests.
Given the scarcity of prototypical experimental data against which HTCFOUL can be
compared with, a comprehensive validation has not been feasible so far, particularly in the
aspects concerning aerosols. As a consequence, further validation is needed to confirm the
good results obtained so far and to extend such a data-predictions comparison to more
representative conditions (i.e., pressures higher than atmospheric, presence of noncondensables in finned tube experiments, geometry arrangements close to the actual heat
exchanger design, suspended particles, etc.). As can be drawn from this paragraph, it can be
said that CONGA WP2 tests are one-of-a-kind experiments and, therefore, the database
initiated should be enlarged by launching new experimental programmes on the matter.

Derivation of a theoretical correlation
The work on deriving a correlation from a broad map of HTCFOUL-calculated data (more
than 600) was successful two regards. On one side, an error about ±20% was obtained with
respect to model predictions, which can be seen as reasonable. On the other, the final form of
the correlation (Eq. (4)) provides relevant information concerning the scenarios addressed.
First, under single-phase water flow, the overall thermal resistance would be mostly linked to
the water at the secondary side of heat exchangers. Second, the only significant variable of
heat exchanger surrounding atmospheres would be gas composition (i.e., non-condensable
molar fraction). And, third, coolant velocity and temperature would determine to a large
extent heat transfer in this type of systems. All this information can be readily identified in eq.
(35):

hCOT=31exp 0.129X{

Interpretation of WP2 experiments
HTCFOUL code has provided good results during the thermohydraulic phase of the
experiments. In no case heat flux errors did exceed 26%, their average being around 13%,
which is tremendously satisfactory bearing in mind that accompanying uncertainties
(experimental-, model-, and approach-related) extend the whole uncertainty range over such a
margin. During the aerosol phase an outstanding similarity to JRC data was achieved as to
heat flux, and deviations noted with respect to depleted mass were discussed and found to be
consistent. Therefore, according to HTCFOUL estimates, no heat transfer deterioration should
be foreseen in the scenarios studied. This was, however, the major discrepancy with PSI data,
and some explanations pinpointing two potential degrading effects (i.e., surface screening and
steam pre-removal), which are out of the scope of HTCFOUL, have been postulated.
HTCFOUL underpredicted PSI deposited mass measurements in an acceptable extent during
BWR tests (<20%), but such a discrepancy attained much higher values in PWR tests (within
an order of magnitude, though). In both cases, this tendency was interpreted as a consequence
of removal processes other than diffusiophoresis acting in the scenarios. These unexpected
contributions were brought about by the hydrodynamic characterisation of gas flow in PSI
tests and, in particular, in PWR's, where this effect was stressed by the extremely low
intensity of condensation and, hence, of diffusiophoretic deposition.
Further work and results application
In sight of the outstanding consistency and accuracy demonstrated by the results here
presented it can be stated that HTCFOUL code is soundly based from a mechanistic point of
view. Furthermore, it has been shown to be a capable tool to assist in test interpretation,
throwing light on major phenomena involved in heat removal from containments of next
generation of European reactors, particularly heat exchanger fouling. Therefore, HTCFOUL
can be considered an optimum starting point to undertake a whole-bundle modelling of the
systems under study, which research should be extended to confirm the conclusions achieved
within the CONGA project and to encompass broader conditions ranges of heat exchanger
performance. No doubt, the next Fifth Framework Programme of the European Union would
be a unique framework to do it.

Finally, some of the ideas concerning heat exchanger performance have been brought up in
this work deserve to be highlighted in an appropriate context. First, no heat transfer
deterioration (or negligible) has been predicted by HTCFOUL, what is consistent with the
WP2 experimental findings. Second, fin performance has been estimated to be very low,
never playing the main role in heat transfer scenarios. Nonetheless, it should be stressed that
if heat transfer regime at the secondary side attained nucleate flow boiling conditions, which
would reduce to a large extent the coolant thermal reistance, these results could not hold any
more.
6.
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