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This paper discusses the results of investigations de-
voted to the study of steam condensation in the presence
of air and a light noncondensable gas. A double strategy
has been adopted, including complementary experimen-
tal and computational activities. Novel data have been
made available by the CONAN (CONdensation with Aero-
sols and Noncondensable gases) facility, investigating
the effects induced by light noncondensable gases in ex-

I. 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. Neverthe-
less, it could strongly affect containment atmosphere mix-
ing, influencing the distribution of hydrogen and other
noncondensable gases hypothetically delivered in severe
accident conditions.

Condensation in the presence of light noncondens-
able gases is therefore of primary relevance in safety
analyses of the containment system, for which an in-
depth understanding is desirable.

In the past decades, the phenomenon has been inves-
tigated from the theoretical and the experimental points
of view, and extensive databases were made available by
both integral and separate-effects test facilities.!~'> How-
ever, the need for producing new experimental data has
recently emerged to promote the validation of computa-

perimental configurations that were scarcely investi-
gated in past studies. Computational fluid dynamics
condensation models have been developed and vali-
dated. The suitability of helium as a substitute for hydro-
gen in experimental activities has been investigated by
theoretical and computational analyses that allow estab-
lishing simple criteria for the scaling of condensation
tests in the presence of a light noncondensable gas.

tional fluid dynamics (CFD) codes in view of their ap-
plication to containment safety analyses.

One of the most important activities carried out in
the field of condensation modeling in the last decades
is probably International Standard Problem 47 (ISP47)
(Ref. 13). Analyzing the results of this benchmark
exercise, researchers recognized a general need for
achieving a better understanding of the effect of light
noncondensable gases and improving the predictive ca-
pabilities of CFD models. For this purpose, smaller-
scale experimental analyses are advisable over those
used for ISP47. In this direction, research activities'*!>
in the field of condensation modeling have been coor-
dinated by University of Pisa and Commissariat a
I’Energie Atomique in the frame of the SARnet net-
work on severe accidents (www.sar-net.eu). The separate-
effects CONAN (CONdensation with Aerosols and
Noncondensable gases) facility operated by University
of Pisa has been modified and adopted to produce data
on steam condensation in an atmosphere of air and
helium.'®-!'8 Computational tools have been developed
having multiple purposes. On one hand, mechanistic
models based on the principles of gas diffusion in the
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boundary layer have been developed and applied mainly
to the analysis of small-scale separate-effects condensa-
tion tests.!22 These models, hardly applicable to large-
scale domain analyses, are however useful in significantly
improving the understanding of physical phenomena in-
volved in the condensation process. On the other hand,
other models have been purposely conceived for the
analysis of large-scale facilities or full-scale contain-
ment. These models have been developed based on the
heat and mass transfer analogy.?32°

The aim of this paper is to summarize the main find-
ings of these computational and experimental investiga-
tions, focusing on those aspects that can constitute the
basis for further improvements in the understanding of
condensation phenomena. The CFD tools developed in
this research activity are first illustrated. Then, the results
of experimental campaigns and the prediction of CFD
tools are discussed. Finally, the suitability of helium as a
substitute for hydrogen in experimental activities is
investigated.

Il. CFD MODELS

The set of balance equations characterizing the be-
havior of a multicomponent mixture of steam, air, and
helium is given by the mixture continuity equation, spe-
cies balance equations for two of the three species (air
and helium in our case), the momentum balance equa-
tion, and the thermodynamic energy balance equation
(see Nomenclature on p. 130):

mixture continuity:

P V(o = (1)
—_ -(pu) = ;
ot 1% m

air species conservation:

IPq
at

+V-(p,w) = —V-j, ; 2)

helium species conservation:

aphe .
— TV (ppe) = =Vejpe (3)
ot
momentum:
dpu
?+V-(puu)=V‘T—VP+pg+Sq ; (4)

thermodynamic energy:

E jkhk) + Sh . (5)
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A common approach for modeling wall condensation in
CFD codes consists of assigning the volumetric source
terms appearing in the mass and species balance equa-
tions only to cells adjacent to the condensing interface.!*
These source terms are linked to the mixture continuity
equation, the steam balance equation, and the momentum
and the energy balance equations (see Fig. 1). Volumetric
sources of mass (steam), energy, and momentum are there-
fore linked in the balance equations, defined as

S, =m, /2Ac ,

Sh = Smhu,i ’
and

S,=S,u,, (6)
where

2Ac¢ = thickness of the cell

h,,; = steam enthalpy at the temperature of the con-
densing interface

u. = mixture velocity in the center of the cell close
to the interface where the source term is
applied.

The heat transfer through the condensing plate is mod-
eled by a conjugated heat transfer approach, obtained by
assigning an appropriate source term to the solid cells
contiguous to the condensing interface:

Sh,p = _Sm hlu,i > (7)
where 4, ; is the steam latent heat. In order to evaluate
the condensation mass flux and thus the sources, different

mixture

Fig. 1. Sketch of the discretization in the near-wall condens-
ing plate region.
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models have been developed adopting different strat-
egies and having different purposes. A brief description
of them is given in Secs. II.A and I1.B.

ILA. HMITDM Diffusion-Based Method

HMTDM (Heat and Mass Transfer Diffusion-based
Model) is capable of evaluating the mass transfer rates on
the basis of concentration distributions in the near-wall
region, without requiring any additional specific closure
law; however, it requires a very fine space meshing since
its accuracy depends on that of the concentration profiles
next to the condensing wall. The condensation mass flux
is calculated as

Joirm;
my ;= , (8)

where n; is the normal to the condensing interface, point-
ing toward the fluid domain. The mechanistic character
of the model consists of the way in which the diffusion
fluxes are calculated. In this aim, two different models
can be adapted: the effective binary diffusivity approxi-
mation model (EBD) and the full multispecies mass trans-
fer model (MSD).

Here and in the following, the assumption is made
that the condensate film is very thin and then that its
thermal resistance is negligible with respect to the over-
all heat transfer resistance. The interface is therefore iden-
tified with the condensing wall surface.

Commercial CFD codes often make use of the so-
called EBD approximation. The diffusion mass flux of a
species is given by

= _P(ka + Dt)VYk s ©)
where

Dy, = equivalent binary molecular diffusivity of the
species k in the mixture

D, = turbulent diffusivity, estimated according to
the selected turbulence model.

In CFD codes, like FLUENT (Ref. 26), the equivalent
binary diffusivity can be estimated by

1 _Xk
Dy, =———— . (10)
> X;/Dy;
j#k

As shown in a forthcoming work,?” this formulation gives
an appropriate description of diffusion for the condens-
ing species but not for noncondensable gases. Neverthe-
less, itis remarked that in general, this formulation implies

n

> —pD, VY = X #0 . (11)
k=1

k=1
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A systematic error is therefore introduced in the balance
equations of noncondensable species and, in particular,
for the species for which the balance equation is not
solved (being obtained summing the continuity equation
and the balance equations of the other species). Indeed,
when the details of molecular transport are dominant, as
in the condensation boundary layer, the EBD approxima-
tion can lack in accuracy.

Overcoming these difficulties requires an appropri-
ate model that can be deduced based on the principles of
irreversible thermodynamics, as shown by Bucci,'® or
based on the kinetic theory of gases, as shown by Taylor
and Kristhna.?® The diffusion mass flux of the generic
k’th species in a mixture of n species is given by

n—1

jr=—p > (D, +D)VY, , (12)

Jj=1

where Dy; are the terms of the multispecies diffusion
matrix [D], given by

[D] =[A]7'[R] (13)
with
X n X
Akk = _M L + E J N
kaMn J*k Dk]Mj
A X, M ! !
v \byM;  DLM,)
R = (_ >,
Mn Mk
and
R XM ! + ! (14)
ki = Ak M, M, .

Because of its computational cost, HMTDM (mostly
MSD) is hardly applicable to large-scale geometries. How-
ever, it is a very useful tool for achieving a better under-
standing of the physical phenomena involved in
condensation and relevant information for the develop-
ment of coarser models for large-scale analyses.

11.B. HMTAM (Analogy-Based Method)

HMTAM (Heat and Mass Transfer Analogy-based
Model) estimates the condensation mass transfer rates on
the basis of the heat and mass transfer analogy. The con-
densation mass flux is assigned as

Y,

v, i

- Yv,b
1= Yu

W = h =h,B, , (15)

v, m
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where
h,, = mass transfer coefficient
B,, = condensation driving force.
The mass transfer coefficient includes two terms,
hy=h,oF , (16)

which are the mass transfer coefficient at low mass trans-
fer rates h,, o deduced on the basis of the heat and mass
transfer analogy, and the correction factor of Stefan F
(Ref. 29) aimed at accounting for suction effects. Based
on the heat and mass transfer analogy, for low mass trans-
fer rates, we give the Sherwood number by

(17)

and the corresponding local mass transfer coefficient by

Shy , = Nuo,x(SC/Pl")l/3 ,

PD,,
hm,O = Sho)x - . (18)
X

The condensation mass flux is therefore given by

Yv,i - Yv,b pDvm Ync,b
m, ;=h, F ———=Shy , — In
’ ' 1-Y,; X Y,

v, i ne,i

(19)

The key point of the model is the choice of the ap-
propriate correlation for the Nusselt number, which can
be troublesome for complex geometries and not well de-
fined phenomenologically. On one hand, the Schlichting
correlation” can be adopted for forced convection tur-
bulent boundary layers on flat plates:

Sho, .. re = 0.0296ReSc!”? . 0)

On the other hand, in natural convection boundary lay-
ers, the McAdams correlation3' can be used:

Shy . ve = 0.13Gr!3Sc '3 . 1)

To deal with mixed convection effects, according to In-
cropera,®' we estimate the Sherwood number as

Shg,x,MC - |Shg,x,FC + Shg,x,NCl B (22)

where n is taken equal to 3. The plus sign (+) is used in
buoyancy-opposed conditions (gravity and inertia terms
have different directions), whereas the minus sign (—)
should be used in buoyancy-aided conditions whenever
turbulent flows with possible laminarization effects are
addressed.” Despite the difficulties associated with the
choice of appropriate correlation, since the use of rela-
tively coarse meshing is possible, a significant reduction
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of computational resources is achieved, making this model
applicable to large-scale or even to full-containment-
scale analyses.

I1.C. Modeling of Turbulence Effects

The renormalization group (RNG) k — & model is
here used to account for turbulence effects with both
condensation models. Anyway, a different approach is
used to deal with the near-wall turbulence. On one hand,
the HMTDMs require a very fine meshing in the region
near the condensing wall since the accuracy of the con-
densation models relies on the capability to estimate tem-
perature and concentration gradients in the condensing
boundary layer. For this reason, appropriate low Reyn-
olds functions are adopted, which are referred to as en-
hanced wall treatment (EWT) in the FLUENT code.2°
On the other hand, HMTAM allows adopting a relatively
coarse discretization in the near-wall region. Standard
logarithmic wall functions are thus used, even if not pur-
posely conceived to deal with transpirating boundary lay-
ers. Despite the use of the RNG x — & model, other
choices are possible. The authors investigated different
options and concluded that most turbulence models with
low Reynolds capabilities are able to describe the qual-
itative behavior of transpirating boundary layers.!®!° The
use of low Reynolds functions (for HMTDM) or the
standard wall functions (for HMTAM) is legitimated by
the experimental observation that a continuous liquid film
on the surface is unlikely (see Sec. III.C). Whenever a
continuous liquid film is present, the accuracy of these
approaches should be addressed.

I1l. THE CONAN FACILITY

The CONAN facility is operated by the Department
of Mechanical, Nuclear and Production Engineering of
the University of Pisa. The apparatus was conceived to
collect data of steam condensation of interest for nuclear
reactor containment thermal-hydraulic analysis. The fa-
cility consists of three different loops (primary, second-
ary, and tertiary), which accomplish the operating needs
encountered in running the experiments (see Fig. 2):

1. In the primary loop, the mixture of steam and
noncondensable gases circulates and partly condenses on
a flat wall.

2. The secondary loop provides the required cooling
of the condensing plate by circulating water in a rear
channel, whose temperature and flow rate can be varied.

3. The tertiary loop allows controlling the tempera-
ture of the secondary cooling fluid by feeding cold water
in a mixing vessel and extracting from it an equal flow of
warm water.
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Fig. 2. Layout of the CONAN facility.

IIl.LA. Main Features of the CONAN Facility

The primary loop contains the test section, consist-
ing of an ~2-m-long, 0.34-m side channel having square
cross section, in which a mixture of steam, air, and he-
lium is circulated. One of the lateral surfaces of the chan-
nel belongs to a 4.5-cm-thick aluminum 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 small-diameter piping
to an external vessel; a relatively accurate estimate of the
condensate flow is obtained by a differential pressure
(i.e., level) measurement in this vessel. The other sur-
faces of the test section are kept reasonably insulated
from the external environment to avoid condensation oc-
curring over them.

Variable area sections connect the test section chan-
nel to the primary loop piping at both ends. The bottom
part of the loop includes a variable speed blower for
circulating the air-helium-steam mixture. Steam, pro-
duced by a 60-kW maximum power electrical steam gen-
erator, is injected at the bottom of the rising leg in 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 aluminum 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 loops. The mixing vessel is
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equipped with three heaters, with each one having a power
of 3 kW, for warming up water during the startup phase
and for controlling water temperature during operation.
A pump located at the exit of the mixing vessel routes
extracted water again to the secondary cooling channel.
As mentioned above, 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
an equal flow of warm water by free fall into an outlet
pipe, thus obtaining the required power extraction from
the secondary loop.

11l.B. Operating Procedure

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

1. steam generator power, controlled by electronic
equipment remotely operated in the facility con-
trol room

2. primary volumetric flow, adjusted to the pre-
scribed values by varying the frequency of the
electrical supply of the blower motor, through an
inverter driven by related computer software

3. air-helium percentages, obtained by injecting he-
lium into the primary circuit up to the desired
concentration

4. secondary coolant temperature at the inlet of the
cooling channel, controlled by changing the ter-
tiary loop flow and the temperature set point of
the heaters in the mixing vessel

5. secondary coolant flow rate.

For a fixed composition of the noncondensable gas mix-
ture, once the steam generator power and the primary
flow are fixed and the secondary coolant flow and tem-
perature are set at the prescribed values, the primary
mixture temperature and steam concentration are auto-
matically defined. In fact, starting with a mixture rich in
noncondensable gases, injecting steam through the steam
generator outlet line and spontaneous purging of the ex-
cess noncondensable gases through the pipe open to the
atmosphere increase steam concentration up to the point
in which the obtained conditions allow an overall con-
densation rate equal to the inlet steam flow, provided this
does not exceed the maximum system condensing capa-
bilities. On the other hand, whenever the injected steam
flow is lower than the condensation rate, the internal
atmosphere tends to shrink, sucking noncondensable gases
from the open pipe and decreasing the steam fraction
down to a new equilibrium condition. Stable steady-state
conditions are therefore achieved with steam very close
to saturation conditions (appreciable superheating were
never experienced), thus allowing investigation of a wide
range of operating conditions. Tests are labeled as Paa-
Tbb-Vcc-Hee or aa-bb-cc-ee, where
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aa = nominal steam generator power (kW)
bb

nominal secondary coolant temperature at the
inlet of the cooling channel (°C)

cc = nominal inlet velocity in tenths of m/s

dd = nominal molar fractions of helium in the non-
condensable gas.

The main steps of the operating procedure are
summarized:

1. The water stored in the secondary loop is heated
up. This is performed by the three resistance heaters.
During this heating-up phase, the pump of this loop also
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 a personal com-
puter screen.

2. The primary circuit blower and the steam gener-
ator are activated. This step aims at heating the primary
circuit in order to minimize spurious condensation heat
losses.

3. The primary 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. Helium is injected. The amount of helium is mon-
itored to achieve the desired ratio to air, and it is contin-
uously measured during 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 contin-
uously acquired and monitored. Once steady-state con-
ditions are reached, the available measures are recorded
with a frequency of 0.5 Hz for periods of 600 s or more.
The main measurements available in the facility are

1. temperature and relative humidity of the bulk
mixture entering the test channel, estimated by
temperature measurements through dry bulb and
wet bulb thermal resistance

2. temperature of the bulk mixture at four locations
along the centerline of the test section channel,
by calibrated K-type thermocouples

3. level in the condensate collecting tank, by which
the condensation rate is deduced

4. volumetric flow of the mixture in the primary
circuit, measured by a vortex flowmeter

5. temperature at different locations and depths
along and in the thickness of the aluminum plate,
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by l-mm K-type thermocouples inserted in
1.1-mm holes drilled in the plate

6. temperature of the secondary coolant in the inlet
and outlet collectors

7. flow rate of the secondary coolant, via a Coriolis-
type flowmeter

8. temperature of the tertiary coolant at the inlet
and at the outlet of the mixing vessel

9. pressure in the primary vessel

10. helium molar fraction, obtained by conductivity
measurements of the noncondensable air-helium
mixture, after sampling the mixture at the inlet
of the channel and condensing the steam.

11l.C. Data-Processing Procedure

Several temperature measurements are available
within the condensing plate, allowing one to obtain the
local heat flux values at 18 different points. Given the
temperature values 7P, and 7P, measured on the con-
densing plate for a particular axial location at a distance
x from the inlet section, we obtain the corresponding
transversal local heat flux ® as

dT AT  TP.— TP,
b= —k—=—h—=k— |

dy e, e,

(23)

where k is the thermal conductivity of the plate, esti-
mated at the average temperature 7,,,, defined as

TP, + TP,
Tavg =
2

(24)

The temperature on the surface of the condensing wall
TP; can also be estimated assuming a linear temperature
profile across the aluminum plate:

e/
TP, = TP, + (TP, — TP.) = .

e

P

(25)

Once the heat fluxes are known, to know the local mass
fluxes, we must separate the sensible heat transfer and
the latent heat transfer contributions. If the assumption is
retained that the condensate liquid film, whenever present,
has negligible thickness and thus a negligible thermal
resistance, the temperature at the condensing interface 7;
can be assumed equal to the temperature estimated on the
condensing wall TP;. This conviction is confirmed by the
experimental evidence that in the CONAN or in the CO-
PAIN facilities3? (both square cross-section channels, 2 m
long), a continuous liquid film is highly unlikely even for
the largest condensation rates. On the contrary, the con-
densate tends to form droplets or liquid rivulets wetting
only a small portion of the condensing plate, as shown in
Fig. 3 for a high condensation mass flux and high free



Bucci et al.

Fig. 3. View of the COPAIN condensing plate during a test at
high mass transfer and high free stream velocity.

stream velocity in the COPAIN facility.’> As a conse-
quence, it is

d= & + myhy,, (26)
—~— e
sensible latent

where ®; and 71, ; h,, ; are the local sensible heat flux and
the local latent heat flux, respectively. Moreover, the ratio
between the sensible heat flux and the condensation mass
flux can be written as follows:

D, h AT Nu, K/x(TP; — T,)
= = . (27
mz’),i hmBm Yu,i Iy
’ Sh . pD, /x| ——
Xp vm/ 1 _ Yv,i
where

Y, ; = local steam mass fraction at the interface
Y, », = steam mass fraction in the bulk.

Here, the analogy between heat and mass transfer is
introduced:

Nuo’ x Pr 1/3
== . (28)
Sh,, \Sc

To extend the validity of the heat and mass transfer anal-
ogy to high condensation rates, we introduce the Stefan
factor F (Ref. 29) and the Ackerman factor A (Ref. 33),
defined as
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/e, e,
F_e/"’m— and A_e/¢’z_1 (29)
with
mz/z/,z mz:,,z p.u. i
®, = and @&, = —— "2 (30)
hm,O hs,O

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

Pr\'3 Nu,, Nu, F Nu,
Sc/  Shy,

—_— e~

A Sh, Sh

X

€20

After some mathematical manipulations, the ratio be-
tween average sensible heat flux and mass flux is
given by

®,  G(TP.—T,) (Sc\* C,TP.~T,)
mz,)l,l Yv,i_Yu,b Yv,i_Yu,b
1 - Yv,i 1 - Yv,i

Pr
The local sensible heat flux @, and the local condensa-
tion mass flux 7, ; are therefore obtained by solving
simultaneously Egs. (26) and (32). The experimental local
Sherwood number Sh, can be finally calculated by

1y ;X myx [ 1-Y,,;
= . (33)
Bm pD Y, — Yv,b

v, 1

2/3

(32)

Sh, =
pD

vm vm

The corrected local Sherwood number, deprived of suc-
tion effects, is instead given by
Ync,b !
n . (34)

Shy = =
’ pD Y,

vm m vm ne, i

. .1

Similarly, the local Nusselt number is given by
O x

Ny, = ———— .
7 ke, - 1)

35)

All properties appearing in the definition of the Sher-
wood or the Nusselt numbers are defined as film prop-
erties, and their value is calculated according to the
following rules:

i + Dvm,i + Dum,b
p=p Pr and D,,=——— ;
2
k; +k, C,,+C,,
k =  and C =227 (36)
P 2

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

X he

= — 37
Xa + Xhe ( )

X

must be known both in the bulk and at the condensing
interface. Since the value is measured only in bulk, the
interface value must be evaluated. It can be assumed that
because of convection and turbulence effects, in turbu-
lent condensing boundary layers it is%’

Xi = Xp - (38)
This assumption translates the conviction that owing to
the overwhelming effects of turbulence in the boundary
layer, the different molecular mobility of mixture com-
ponents has a little role in the near-wall region.

I11.D. Uncertainty on Experimental Heat Fluxes

Temperature measurements 7P. and TP), contribute
to the reduction of local heat fluxes and introduce mea-
surement uncertainties. The typical standard deviation
obtained for temperature measurements is of the order of
0.25 K. The nominal distance between the two thermo-
couples is 17 mm, but a standard deviation of 0.5 mm
was assumed to include manufacturing imperfections.
Last but not least, the uncertainty on the thermal conduc-
tivity of the condensing plate was accounted for, consid-
ering a standard deviation of 5%. This accounts for
uncertainties on the formula correlating the thermal con-
ductivity of the material with temperature, and uncertain-
ties around the nominal value of the average temperature
T,vq- The uncertainty on local heat fluxes was therefore
deduced based on the error propagation theory.>* It was
ascertained that standard deviations o on local heat fluxes
do not exceed 7% of the average values for all tests (in
Figs. 20 through 23, heat fluxes are reported with error
bands +20).

IV. ANALYSIS OF EXPERIMENTAL DATA

Two main physical properties differentiate a noncon-
densable light gas and air: molecular diffusivity and mo-
lecular weight. To investigate the effect of helium on
steam condensation, we have thus divided the analysis
into two parts: forced convection condensation, focusing
on the effect of diffusivity, and natural convection con-
densation, combining both diffusivity and buoyancy ef-
fects. Two different experimental campaigns and two series
of computations have been carried out with a multiple
purpose: to qualify experimental data, to validate CFD
models, and to achieve information on the involved
phenomena.
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IV.A. Forced Convection Tests

Eighteen forced convection tests have been performed
in this campaign. Two different nominal power levels of
the steam generator (20 and 25 kW), five different mix-
ture velocities (1.5, 2.0, 2.5, 3.0, and 3.5 m/s), and differ-
ent helium concentrations (from 0 to 75% of the total
amount of noncondensable gases) were considered.

A useful way for analyzing experimental results con-
sists of comparing local experimental Sherwood num-
bers deduced by measurements, as shown in Eq. (34), to
those predicted by the analogy between heat and mass
transfer, adopting an appropriate correlation, which in
turbulent forced convection could be Eq. (20).

In Figs. 4 and 5, the results of this analysis are shown
for the series at 20 and 25 kW, respectively, together
with the composition of the inlet mixture. Remarkable
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Fig. 4. Experimental Sherwood number Shy , in forced con-
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agreement of experimental Sherwood number points with
the Schlichting correlation is observed for Reynolds num-
bers >107. As a conclusion, for fully developed forced
convection condensation, the heat and mass transfer anal-
ogy is capable of providing an appropriate description of
phenomena.

As said in Sec. IIL.B, in the CONAN facility, for a
given helium percentage, once the steam generator and
the primary flow are fixed and the secondary coolant
flow and temperature are set to the prescribed values, the
primary temperature and steam concentration are auto-
matically defined, and so is the condensation rate. This is
confirmed by experimental results shown in Fig. 6. On
one hand, helium improves the diffusivity of steam and
makes the steam mass fraction increase (see Figs. 7 and
8), resulting in an increase of the driving force that is
approximately given by In(1 — Y, ;). On the other hand,
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Fig. 9. Mixture density in forced convection tests at 20 kW and 25 kW.

the mixture density is reduced (see Fig. 9), resulting in a
decrease of the maximum attainable Reynolds and Sher-
wood numbers.

However, it can be shown that for a given Reynolds
number (and therefore a given Sherwood number), in-
creasing helium concentration seems to have a positive
effect on the condensation rate (see the trends of exper-
imental condensation rates for the two series at 20 and
25 kW in Fig. 10): In this case the increase of molecular
diffusivity results in an increase of the mass transfer co-
efficient and of the condensation rate.

Other formulations of the heat and mass transfer anal-
ogy have been used to analyze experimental data. It is
known that the various forms of the heat and mass trans-
fer analogy can be roughly divided into two main cat-
egories: those cast in terms of mass fractions and therefore
adopting a mass approach and those cast in terms of
molar fractions, thus adopting a molar approach. In the
present work, results available by the CONAN facility
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Fig. 10. Overall condensation rates versus maximum attain-
able Reynolds numbers in forced convection tests.

have been presented according to a formulation cast in
terms of mass fractions, as reported in Spalding® or
Lienhard.’® However, in past studies, Ambrosini et al.?’
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. In particular, they investigated the
difference between the mass approach and the molar for-
mulations of Chilton and Colburn3® and Peterson et al.?%;
they showed that formulations based on the molar ap-
proach give higher Sherwood numbers with respect to
the formulation based on the mass approach, but the dif-
ferences were relatively small (< 10%) in relevant pa-
rameter ranges. In this section, the mass approach
formulation is compared to the formulation of Bird et al.*
and Peterson et al.,?° for which the local Sherwood num-
bers are given, respectively, by

mt,)’,ix ch,b !
Sho . motar = In 39
o ! MUCDvm ch,i ( )
and
Sh ! i (40)
=m. .
0, x, Peterson v, kC(T; _ T:va[(Pv’b))
with
Mzh l)”l
< CIJTang 2’
1 - ch,b
In ——
1- i
b= - ,
ch,b
In
X

ne,i
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and

Ti+ Tsar(Pu,b)
Tye=—""F"".
2

(41)

"

For a given experimental mass flux ;) ;, the ratio be-
tween the Sherwood number predicted by the molar ap-
proach by Eq. (39) and the mass approach by Eq. (34) is
given by

Mi ch, b
In ——
Sh(),x,molar M Mb ch,i
= (42)
ShO, x Mv ch, b
In

where it was assumed that y; = x, = x, M = p/c, and
M, =X, ,M, + (1 =X, ,) (XM + (1 = x)M,)
and

Mi:Xv,in+(l_Xu,i)(XMhe+(l_X)Ma) . (43)
Differently from the case of binary mixtures of steam and
air, for which the ratio expressed by Eq. (42) is always
>1, in steam-air-helium mixtures this ratio can be lower
than unity. Indeed, depending on the helium concentra-
tion, the mixture molecular weight at the interface can be
even lower than in bulk. Figure 11 compares the mass
and the molar formulations, together with the theoretical
predictions obtained by Eq. (42) considering the average
bulk and interface temperatures of the selected experi-
mental series. As can be deduced from Fig. 11, 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, which occurs for high helium concentra-
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Fig. 11. Ratio of the Sherwood numbers calculated according
to Bird and Lienhard models.
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Fig. 12. Ratio of the Sherwood numbers calculated according
to Peterson and Lienhard models.

tions in bulk, the molar approach predicts lower values.
The Peterson model is also compared to the mass formu-
lation in Fig. 12. Differently from the molar approach,
for the addressed experimental data, the ratio between
the Sherwood numbers in Egs. (40) and (34) is generally
higher than unity. Moreover, very large differences could
be experienced when the interface and bulk mixtures
have similar molecular weights.

IV.B. Buoyancy Effects in Low-Velocity Tests

A second experimental campaign was performed to
investigate buoyancy effects induced by helium (e.g., of
the order of 0.6 m/s). Low-velocity tests were thus per-
formed with different helium concentrations. In condens-
ing mixtures of steam and air, the fluid close to the
interface is heavier than in bulk, since the condensing
interface is cold and rich of air. Natural convection re-
gimes are established if buoyancy forces are strong enough
to overwhelm inertia forces. In the presence of large
quantities of helium, however, the difference in weight
between the interface and bulk density can be reduced.
For certain helium concentrations the density difference
can even be annealed, and forced convection regimes can
thus be experienced even at low velocities since buoy-
ancy becomes irrelevant. This phenomenon has been ob-
served in CONAN tests with helium concentrations in
bulk close to ~62% (see Figs. 13 and 14). While for low
concentrations of helium a natural convection regime is
experienced [see Fig. 15, blue dashed line (color online
only)], for tests at high helium concentration (around
60%), the comparison between experimental asymptotic
Sherwood numbers and correlations for forced and nat-
ural convection (Schlichting and McAdams, respec-
tively) pointed out the presence of a forced convection
regime (black dashed line).

The transition between the steam-air natural convec-
tion regime and the steam-air-helium mixture convection
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regime is investigated in Fig. 16. Experiments and com-
putations confirm a progressive reduction of the Sher-
wood number from 0% to 60% of helium, due to a
reduction of buoyancy forces. However, the most inter-
esting phenomena have been observed with helium con-
centrations >62%. For these concentrations an inverse
density gradient establishes, since the density at the in-
terface is lower than the bulk density. This phenom-
enon is here referred to as buoyancy reversal: Buoyancy
and inertia forces act in opposite directions. If reversed
buoyancy forces are strong enough, a local inversion of

EXPERIMENTAL AND COMPUTATIONAL ANALYSIS OF STEAM CONDENSATION

10

3%
33%
34%
30%
47%
52%
55%
57%
58%
62%
B64%
65%
66%
B7%
69%
70%
75%
78%
90%

[

Y

[ | ———- FORCEDCONVECTION

Shyy/ 0.13 er°‘33scﬂ,33

—— = NATURAL CONVECTION
NATURAL CONVECTION {flaw reversal)

PERCENTAGE OF HELIUM

sl=R- N -N-N=N-N ReN-N-N-N NeR-N-§ N |

L ADDITIONAL COPAIN DATA (0.3 m's)

0'1 I 1l I1 1 1 1i1] ! [ | :
0,01 0,1 1 10 100
Gr,/ReZ

Fig. 15. Experimental Sherwood number in condensation tests
at low velocity.

50
5 | NN R, WO | J | = HMTDM- MSD
£ g | EAEEXT o EXPERIMENTAL
[a s i {
wi R SRR B R B ; i i
2 !
S 30 R S ma e M SR I |
= !
8 " I I ‘ | : |
2 20 i ! ! ++ 1 } -
P Tt

4 . . . -. 1 . +

% ; | -.'ir. | . |
P T TS IS, TR, ST .. RS
8 STEAM GENERATOR POWER 5 kW | !
= ESTIMATED INLET VELOCITY 0.6 m/s D

0 ‘ }

0 2 4 6 8 10

PERCENTAGE OF HELIUM

Fig. 16. Buoyancy reversal in CONAN tests at low velocity.

the velocity field can even be experienced. This phe-
nomenon, named flow reversal, is clearly reproduced
by HMTDMs, e.g., for tests at 90% of helium (see
Fig. 17), but experimental data suggest its presence
also for tests at lower concentrations (see Fig. 16).
Indeed, the phenomenon is associated with a sharp in-
crease of the mass transfer coefficient and the conden-
sation rate. As shown in Fig. 15, a natural convection
regime is established with improved mass transfer char-
acteristics (red dashed line). Detailed computations show
that the occurrence of buoyancy reversal and the sub-
sequent flow reversal involves a significant increase in
turbulence in the near-wall region, which is suggested
as one of the causes of improved mass transfer with
respect to steam-air natural convection.



Bucci et al.

0.6 T T T T

VELOCITY [m/s]

75% He -+ '

78% He ------ )
90% He '

0.4 i i i

o
o
3
-
-
5

2 25
DISTANCE FROM THE WALL [cm]

Fig. 17. Predicted flow reversal in CONAN tests at low veloc-
ity near the plate exit.

V. RESULTS OF COMPUTATIONS

Computations have been performed with the FLU-
ENT code, where three different condensation models
have been implemented. Turbulence effects have been
modeled with the k — & model. To deal with near-wall
turbulence, we used the FLUENT EWT with the
HMTDMs (EBD and MSD), whereas standard logarith-
mic wall functions have been used with HMTAM. An
overview on the performance of the condensation mod-
els is given in Figs. 18 and 19, where the overall con-
densation rates calculated by the three models are
compared to the experimental rates. The overall behavior
of the models is satisfactory for both the forced convec-
tion and the low-velocity cases. A relatively poorer pre-
diction of local heat and mass transfer rates has been
ascertained in the entrance region (see Figs. 20 through
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Fig. 18. Comparison between calculated and experimental con-
densation rates in forced convection conditions.
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Fig. 20. Comparison between calculated and experimental heat
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23), which could have caused a slight underestimation
of overall condensation rates. Indeed, even if the asymp-
totic behavior of local heat fluxes is correctly repro-
duced, a lack of accuracy affects the description of the
developing region next to the inlet section, for which
the selected turbulence models are less appropriate. The
actual distribution of flow velocity at the test section
inlet is also hardly expected to be completely flat as
assumed in calculations, introducing other justifications
for the observed discrepancy. Important information de-
duced by analyzing local heat fluxes is also that, in
turbulent forced convection condensation, only minor
differences must be expected between EBD and MSD:
As expected, the more important turbulent diffusion is,
the more similar are the results obtained by the two
formulations. Finally, the trend of local heat flux pre-
dicted by EBD and MSD for the case at low velocity
and high helium concentration (see Fig. 23) is worth
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considering. Near the outlet section of the channel, a
sharp increase of the experimental heat flux is ascer-
tained, reproduced correctly by the HMTDMs. This phe-
nomenon is attributed to the presence of flow reversal,
as shown in Fig. 17.

VI. SCALING OF CONDENSATION TESTS FOR HYDROGEN
SAFETY ANALYSIS

Based on the molar formulation of the heat and mass
transfer analogy, we can find simple scaling criteria,
estimating the ratio of the local condensation rates for
mixtures of steam-air-hydrogen (labeled with h,) and
steam-air-helium (labeled with he) having equivalent
molar concentration. As in the previous analyses, the
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Fig. 23. Comparison between calculated and experimental heat
fluxes (low velocity—high helium concentration).

cases of forced convection and low velocity have to be
treated separately.

VI.A. Scaling of Forced Convection Tests

Based on the Schlichting correlation, we can express
in forced convection conditions, for a given mixture inlet
velocity and temperature boundary conditions, the ratio

i (hy) Dy (ho) VP u(y) \ T
il (he)  \Dy,(he) )\ m(he)

(p<h2> )/
X .
p(he)

A scaling criterion can thus be established simply based
on film properties, which are the properties of the mix-
ture evaluated at the average temperature between the
bulk and the condensing interface. The quantity R ¢ can
be plotted in triangular diagrams where the three axes
represent the molar fractions of the three species (see
Fig. 24). Moreover, since steam is considered in satura-
tion conditions, as in actual CONAN tests, if the mixture
is assumed to behave as an ideal gas mixture, the steam
molar fraction can be occasionally replaced by the steam
saturation temperature corresponding to its partial pres-
sure. As a consequence, the lines representing constant
steam molar fraction are also at constant temperature.
The theoretical correlation proposed above has been tested
against the prediction of the MSD model, proving the
consistency of the analysis. For the sake of simplicity, a
single case having 30°C of condensation temperature and
90°C of bulk (inlet) temperature is considered. The line
identifying the intersection of R ¢ with the steam molar
fraction corresponding to a film temperature (60°C) is
reported in Fig. 25 (dashed line). In Fig. 25, the values

RFC

(44)
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Fig. 25. Comparison between theoretical and calculated Rp¢
at atmospheric pressure and 60°C of film temperature.

predicted by CFD computations performed with the MSD
model are reported. The results of this analysis allow us
to conclude that mixtures of hydrogen and helium having
the same molar concentrations give similar mass fluxes
in forced convection.

VI.B. Scaling of Low-Velocity Tests

Contrary to forced convection, in the presence of
buoyancy forces, the ratio of the local condensation rates
for mixtures of steam-air-hydrogen and steam-air-helium
cannot be expressed as a simple function of film proper-
ties. This is because in buoyancy-driven flow, the veloc-
ity scale is not assigned independently but is intrinsically
defined by the density difference between the condens-
ing wall and the bulk. Based on the McAdams correla-
tion, we obtain the following relationship:
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consisting of a film properties function, given by the
product of density and viscosity ratios, and a function of
density differences. Considering the same temperature
conditions as the forced convection case, we compare the
term and computational results in Fig. 26. The same phe-
nomena described for helium tests must be expected, but
buoyancy and flow reversal would occur in hydrogen
tests for lower molar concentrations of the light gas, since
hydrogen is lighter than helium.

(45)

Vil. CONCLUSIONS

Condensation phenomena in the presence of light
noncondensable gases have been investigated in this work.
The synergy between experimental and computational
analyses has allowed consolidating knowledge about
forced and natural convection condensation, focusing on
peculiar phenomena occurring in the presence of buoy-
ancy effects. Indeed, a better understanding of buoyancy
and flow reversal effects has been achieved, made pos-
sible by simultaneous experimental and computational
investigations.

We have developed and validated different CFD mod-
els, adopting different modeling strategies and having
different purposes. All models are capable of correctly
reproducing the phenomena involved in steam-air-helium
condensation tests, confirming also the reliability of ex-
perimental results. An experimental database is therefore
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made available for the validation of codes. Finally, sim-
ple criteria for scaling of condensation tests in the pres-
ence of a light gas have been provided, demonstrating
the suitability of helium as a substitute for hydrogen and
thus reinforcing the confidence in present and previous
studies making use of this substitution and providing
relevant guidelines for the design of future experimental
investigations.

NOMENCLATURE

A = matrix of MSD

A = Ackerman suction factor

B,, = condensation driving force

D = diffusion coefficient (m?/s)

e = internal energy (J/kg)

F = Stefan suction factor

g = gravity (m/s?)

h = enthalpy (J/kg)

h,, = mass transfer coefficient (kg/m?-s~1)
J = diffusion mass flux vector (kg/m?-s™')
k = thermal conductivity (W/m-K™!)

M = molecular weight (kg/kmol)

m, ; = condensation mass flux (kg/m?-s!)
n; = outer oriented normal

P = pressure (Pa)

R = scaling factor

S = vectorial source term (units/m?)

S = scalar source term (units/m?)

T, TP = temperature (K)

t = time (s)

u = velocity vector (m/s)

u = velocity module (m/s)

X = molar fraction

X = spatial coordinate (m)

Y = mass fraction

Greek

a = thermal diffusivity (m?/s)

e = turbulent kinetic energy dissipation (m?/s3)
K = turbulent kinetic energy (m?/s?)

u = dynamic viscosity (kg/m-s~!)

EXPERIMENTAL AND COMPUTATIONAL ANALYSIS OF STEAM CONDENSATION

v = kinematic viscosity (m?/s)
p = density (kg/m?)
= shear stress tensor (Pa)
X = helium—to—noncondensable-gas ratio
Subscripts
a = air
c = near-wall cell, or cold
FC = forced convection
h = enthalpy, or hot
i = condensing interface
j = species j
k = species k
LV = low velocity
[ = liquid
lg = light gas
MC = mixed convection
m = mass or mixture
NC = natural convection
nc = noncondensables
p = condensing plate
q = momentum
t = turbulence
v = vapor

Dimensionless Numbers

Gr, = local Grashof number = pgApx3/u?
Le = Lewis number = «/D,,,

Pr = Prandt] number = v/«

Re, = local Reynolds number = pux/u

Sc¢ = Schmidt number = v/D,,,

Sh, = local Sherwood number = h,,x/p/D,,,
Shy,, = local Sherwood number = h,, ox/p/D,,,
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