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Condensation Model for Application of Computational
Fluid Dynamics in Buildings
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Abstract—Moist air is an important factor influencing indoor
air quality, human comfort, energy consumption of buildings
and the durability of building materials. Consequently, the
purpose of this work is to develop a numerical model of
condensation phenomena for humid air in rooms. The model
description is focusing on surface convection heat transfer and
water vapor transport. The model is integrated in the
computational fluid dynamics (CFD) technique. As a result, the
whole numerical CFD model can be used to predict airborne
moisture in rooms, taken also into consideration condensation
of humid air on cold surfaces. The performance of the
numerical model is analyzed using experimental data for water
vapor condensation on a glazed wall in a ventilated test room.
The experimental-numerical comparisons show the capability
of the model to predict in a realistic manner the condensate
appearance and its distribution on cold surfaces. Accordingly,
the results of this study can be applied in several fields:
buildings (indoor air quality, thermal comfort and energy
consumption), industry (microclimate control and technological
conditions), and vehicles (freezing prediction on the
windshield).

Index Terms—CFD simulations, full scale test cell, humidity
modeling, surface condensation model.

I. INTRODUCTION

It is known that most of building construction problems are
related to water (liquid phase or vapor phase). For instance,
humid indoor air can lead to condensation on windows or
even moisture stains on walls, ceilings, furniture, etc. Too
humidity in indoor air can also promote the growth of mould.
On the other hand, when indoor humidity is too low, static
electricity and electronic devices malfunction are among
common problems. In addition, there are some applications
(museums, hospitals, pools, specific industrial fields, e.g.
electronics, precision mechanics, pneumatic control systems,
complex printing processes, food, pharmaceutical, etc.)
where the indoor air humidity levels and condensation issues
are the main concerns in order to correctly manage the indoor
environment conditions for occupants or for technological
purposes.

It is worthwhile to mention that condensation or mould
growth occur locally. These phenomena deeply depend on
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local psyhrometric conditions (temperature, humidity) but
also on local air flows. Consequently, detailed
moisture-heat-airflow models are required. In this context,
the CFD (Computational Fluid Dynamics) approach can be
the appropriate solution as this method allows detailed
predictions of temperature and velocity fields in rooms.
Indeed, the CFD technique became a routinely tool in civil
engineering for predicting air movement in enclosures [1].
Moreover, the CFD models are increasingly employed
nowadays to evaluate detailed heat, air and moisture transfer
mechanisms in indoor environments [2]-[5]. Unfortunately,
the CFD studies dealing with humidity aspects including
condensation in buildings are generally lacking.

As a result the purpose of this study is to propose a model
that takes into account wall surface condensation phenomena
in CFD simulations for buildings.

Il. WATER VAPOR CONDENSATION MODELING

The model for the surface condensation of the water vapor
is based on the following simplifying hypothesis: the humid
air is an ideal gas, being a perfect mixture of 2 perfect gases
(dry air and water vapor); there is no chemical reaction
between these two gases; the binary mixture is an
incompressible Newtonian fluid, the heat and mass transfer
interactions (Soret and Dufour effects, respectively) are
negligible; the surface on which condensation takes place is
impermeable in terms of absorption-desorption phenomena;
the quantity of condensed vapor is low (as it usually happens
in buildings); the amount of condensate is removed from the
computational domain.

The key factor for the surface condensation modeling is the
surface temperature. The accurate calculation of this
parameter (both as value and distribution) is crucial for the
appropriate prediction of surface condensation and its
development. For this reason, the correct approach to
evaluate the surface temperature should take into account the
sensible heat transfer (conduction, convection and radiation)
and latent heat transfer of that surface.

Concerning the surface convection heat transfer and water
vapor transport, the model is based on the methodology
suggested by International Energy Agency [6]. Accordingly,
the water vapor transport in air is mainly carried out by
convective movements, the exception being around the
surfaces where the diffusion plays the main role. As a result,
the last layer near the walls is crossing through the diffusion
mechanisms. This is expressed in the equation of the
condensed vapour density flux as follows:

(Dvap.cond = ﬂ(P\/ap.air - R/ap.surface) (1)

where g (s/m) - proportionality coefficient that describes the
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water vapor diffusion between the indoor air and the walls
surface, Pyap.air is the “vapor pressure within the indoor air”
and Pyap surface 18 the “vapor pressure on the wall surface”.
The correlation between the convective transfer and the
coefficient f is [6]:
[cp RTS, T”
A

where h is the convective heat transfer coefficient, c, is the
specific heat capacity of water vapor and dj, is the water vapor
permeability (coupled to the water vapor pressure gradient).

Equation (2) can be rewritten, for applications in the field
of thermal building, as a relationship that depends mainly on
the convective heat transfer coefficient [6]:
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The convective heat transfer coefficient is calculated in our
model taking into account the triangular faces (on the walls)
of the discretization mesh and the centers of the first
tetrahedral discretization elements within the indoor air
(viscous zone), supposing that an unstructured mesh is used
for the discretization of the computational domain in the CFD
model. Therefore, for the viscous sublayer (e.g. cell with a
triangle of area Sk and temperature Tg), the convective heat
exchange (Newton’s law) can be written in the following
manner:

q):hc(Tw alr)S h (TF CO)SF
where T,,— wall surface temperature, T, — air temperature
and S — surface; T¢q — first barycenter tetrahedron (near the
wall) temperature, based on the notations of Fig. 1: there are
triangles on the border with centroids FO;; in addition, each
triangle (i) represents the geometric basis of a tetrahedron
with the barycenter CO;; in the end, the mesh of the interior
volume is characterised by a centroid C;, node in which the
calculation is performed.

As a result, we make use of the compute nodes FO; for the
surface treatment, taking also into account the centers CO; in
order to make the connection between surfaces and the

internal computing field.
.-" 4 .co S
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Fig. 1. Surface and boundary layer discretization (unstructured mesh):
FO; — border node; CO; — first tetrahedron node; C; — internal volume node.

Moreover, the viscous region near the solid borders (walls)
is characterised in terms of heat exchanges by heat diffusion
(conduction), the convection having a much less important
role. For this reason, the heat flux density can be taken into
account by the classical Fourier law:
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where A, is the thermal conductivity of the humid air and
temperature gradient is computed as follows:
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( ﬂ j (TF co) (6)
on Se
where Sg represents the area of a triangle and o
S * S
a ==E—F; with s, =(coord_ —coord,)
Sg*s,

Consequently, the coefficient g in (3) always varies with
the convective heat transfer coefficient (derived in turn from
heat exchanges calculation between the fluid and the walls in
the CFD simulations). As an example, for a cell that has one
face on the wall, we realize the computation of the convective
heat transfer coefficient as a function of. temperature
difference between the center of the triangle (on the wall) and
the centroid of the tetrahedron which contains the triangle;
distance between the center of the triangle and the centroid of
the tetrahedron enclosing the triangle; the surface of the
triangle; thermal conductivity of the moist air located in the
tetrahedron centroid.

As soon as the coefficient £ is solved, the mass flow rate of
water vapor condensed on the surface Myap cong is calculated,
for each triangle that is positioned on the solid boundary of
the computational domain, in the following manner:

. _ dmliq.surface
mvap.cond - dt
If
I:’vap ~ Tvap.sat >0 (7)
mliq.surface - 7 4X10 h S ( vap. vap sat)
Else
mliq.surface = O

where Miigsuriace 1S the condensed vapour flux, calculated
using (1), Pvap.sat IS the saturation pressure of water vapor and
Pvap. IS the partial pressure of water vapor. These pressures
were calculated using correlations proposed in the literature
[71.

In this way, based on the mass flow rate of water vapor
condensed on the surface, the connection with the volume
computation is achieved, by means of two balances: mass
balance, where the condensate flow rate is removed from the
computational domain through the intermediary of the source
term that appears in the water vapor conservation equation of
the CFD model (see Section I11), and energy balance, where
sink terms that correspond to latent heat of vaporisation and
sensible heat of the condensed water vapour amount
(removed from the computational domain) are added in the
CFD model:

* (TFi -

Trer)]

where Hcong represents the total enthalpy of condensed water

(8)

Hcond. = mvap.cond [Lvap + Cp
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vapor, taking into account L., — water latent heat of
vaporization (with T, — reference temperature).

Finally, to better understand the implementation of mass
and energy source/sink terms in the equations of the CFD
model, we show in Fig. 2 a simplified scheme.

i, (CO) = rin, (F)

Fig. 2. Condensation model: integration in the CFD model of
mass and energy source/sink terms.

)

It should be said that the model of surface condensation
presented above can be easy extrapolated for predictions of
volume condensation, using the same approach based on
mass and energy source/sink terms added in the CFD
simulations (equation of water vapor conservation and
equation of energy, respectively).

Concerning the heat conduction in walls of the CFD
computational domain, the condensation model in the present
form takes into consideration one-dimensional simulations
(heat conduction only in the wall-normal direction). The
walls are considered as “monolayer” components from the
point of view of conductive heat transfer, using the thermal
resistance to compute the heat transfer across them. Further
work should include two-dimensional calculations of the
conduction heat flux through walls to better assess the
influence of thermal bridges on surface temperature of walls.

On the other hand, there are several methods to calculate

the radiation heat transfer in conjunction with CFD technique:

discrete transfer radiation model (DTRM), P-1 radiation
model (the simplest case of the more general P-N radiation
model), discrete ordinates (DO) radiation model, Rosseland

radiation model and surface-to-surface (S2S) radiation model.

The formulation of these models can be found in fundamental
books on thermal radiation and its modeling [8]. Any of these
methods can be used to account for the radiative heat transfer
within the condensation model proposed here for CFD
simulations.

In order to integrate in CFD simulations the condensation
model developed here, an equation describing the
conservation of the water vapor mass fraction should be
compulsory added to the basic equations governing a
turbulent non-isothermal airflow. This equation is written in a
tensor notation as:

INTEGRATION OF CONDENSATION MODEL IN CFD

0 0
pa(uimi. )+&Ji',i =S, 9)

where the left-hand side terms stand for the convective term
(p - density of the humid air, x; - spatial coordinate, u; -
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velocity component in i direction, m;. - water vapour mass
fraction) and diffusion term respectively (J;;- — water vapour
diffusion flux), while the right-hand side term S;. represents
source/sink term (e.g. the term computed based on the
condensation model as explained above).

The diffusive term in (9) takes into account both classical
aspects of diffusion, molecular and turbulent:

-5t

where D;.,, stands for the water vapor molecular diffusion
coefficient and u;’m’; signifies the turbulent mass flux of
water vapor, u;” being the velocity fluctuation.

Regarding the molecular diffusion, this can be
classically fulfilled by taking into account the Fick’s first law
(diffusion due to concentration gradients) by means of a
moisture diffusion coefficient in the air. It can be used a
constant value for the diffusion coefficient of water vapor in
air since its variations as a function of temperature and
viscosity are insignificant in the field of thermal building.

On the other hand, the turbulent mass flux of water vapor is
estimated based on the turbulence model used in CFD
simulations.

It can be noticed that the convection-diffusion equation for
the conservation of the water vapour (9) is similar to classic
transport CFD equations. In fact, it has the same form as the
other equations describing in the CFD model the
conservation of a variable within the computational field (e.g.
mass, momentum, energy, turbulent quantities). For this
reason, (9) can be numerically solved by the same methods
used for all convection-diffusion equations of the CFD
model.

0

OX;

0

OX;

om,.

1 (10)
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IV. CONDENSATION MODEL APPLICATION: CASE STUDY

The condensation model and its integration in CFD
simulations are exemplified for water vapor condensation on
a glazed wall in a ventilated test room. In fact, the numerical
results are compared to experimental data completed in a full
scale test cell (3.1 x3.1 x2.5 m®) - test cell 1 in Fig. 3.

/1
/
/
/
/

Glass Wall

s
/
y
Digital \/

camera /

Thermal Guard

/]
/

A

%
i

/
/ Testcell 1
/

&

UPPLY

Air Extract

Test cell 2

\ﬂiﬂjlk Chamber

Fig. 3. Experimental set-up.

The experimental set-up contains the following main
elements: 2 identical rooms (test cell 1 and test cell 2 — Fig. 3);
5 thermal guard spaces (maintained at a constant temperature
of 21...22°C); 1 climatic chamber where the temperature can
vary between -10°C...+40°C (a single glazed “fagade”
separates this space from the test cell 1); mixing ventilation
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system for test cell 1; supply air humidification system (based
on 2 steam immersed electrode humidifiers); condensation
qualification system (based on digital camera with high

quality images; the camera is located in the climatic chamber).

The exhaustive experimental description can be found in [9].

The experimental test configurations taken into account
are presented below. The air inlet characteristics are given in
Table I. Concerning the thermal boundary conditions, the air
temperature in the climatic chamber adjacent to the glass wall
was maintained at 11.7 °C during the investigations.

TABLE |: EXPERIMENTAL CONDITIONS (AIR INLET CHARACTERISTICS)

Archimedes  Reynolds Inlet moisture Inlet air
number number content [g/kg] temperature [°C]
0.0032 19187 10.2-13.1 413

The principal characteristics of the CFD model used for
the implementation of the condensation methodology
developed here are presented in Table 1. This model has been
assembled on the basis of a general-purpose, finite-volume,
Navier-Stokes solver (Fluent version 15.0.0). It is worthwhile
to mention that the condensation modeling has been
integrated in the CFD simulations using the code facility,
called “user defined functions” (UDF). These “UDfs” have
been programmed following the model description (see
Section II).

TABLE II: MAIN FEATURES OF THE CFD MODEL

Three-dimensional, steady, non-isothermal,

Flow turbulent

Computational

. Finite volumes, unstructured mesh (tetrahedral
domain

- S lemen
discretization elements)
Turbulence ) ]
Two-equation model (“realizable” k- model)
model
Near-wall Two-layer model
treatment

Radiation model  discrete ordinates (DO) radiation model

Segregated implicit solver

Diffusion terms: second-order central-difference
scheme

Convective terms: second-order upwind scheme
Velocity_pressure coupling: SIMPLE algorithm
Convergence acceleration: algebraic multigrid

Numerical
resolution

Finally, it is worthwhile to mention that the radiative heat
transfer modeling considered the humid air in the room as a
non-participating radiation medium. This hypothesis has led
to satisfactory results [10] in spite of the fact that most air in
the condensation model contains water vapor, known as
absorbing constituent in the infrared. This assumption
remains valid even at the saturated state of the humid air [11],
a situation that usually leads to the appearance of surface
condensation. In addition, all the surfaces of the
computational domain are considered to be gray-diffuse
surfaces in the condensation model in order to evaluate the
radiative heat fluxes with their multiple reflections that take
place in rooms. This is a usual hypothesis in the field of
thermal building for the calculation of radiative exchanges.

V. RESULTS
The numerical results put in evidence the condensate
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distribution on the inner surface of the glazed wall (mass of
liquid). The data are presented for the following values of
supply air moisture content: 10.2 g/kg (case 1) and 13.1 g/kg
(case II).

Before submitting the qualitative experimental-numerical
comparison in terms of condensation on the cold wall of the
cell test, we first analyze the specific humidity of extract air
(Table 111).

TABLE IlI: SPECIFIC HUMIDITY OF EXTRACT AIR (CASE I)

Experimental Numerical Relative error
(9/kg) (9/kg) experimental-numerical (%)
10.66 10.83 1.6

There are small deviations between measures and
numerical results (1.6%). This proves that the room balance
in terms of water vapor quantity in the humid air is correctly
achieved. This also indicates that the mass of liquid that
appears by condensation on the glazed wall is correctly
predicted in the CFD model.

Concerning the appearance of the condensate and its
distribution on the glass wall, Fig. 4 shows condensate traces
in the areas A3 and F3 in the two pictures (numerical and
experimental), for case I. In addition, there is an uniform
distribution of condensation on the glass surface, which is
explained by the symmetric jet, the side walls maintained at
the same temperature, the constancy of temperature in the
climatic chamber and border effects.
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Fig. 4. Distribution of condensate on the cold glazing (case ).
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For the other condensation test (case I1), the water vapor
amount is more important than the first situation taken into
consideration (case 1). Consequently, this allows acquiring
more eloguent images of condensate distribution on the
window (Fig. 5).
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Fig. 5. Distribution of condensate on the cold glazing (case II).
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It can be noticed good numerical predictions of
condensation distribution: the surfaces covered by
condensate are located in the numerical model in a more than
satisfactory manner compared to experimental condensate
distribution.

VI.
The numerical model presented in this study is capable of

CONCLUSION
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estimating the appearance of the condensate and its
distribution on cold surfaces.

This conclusion is based on experimental validation using
water vapor condensation tests on a glazed wall in a
ventilated test cell.

On the other hand, it should be remembered that, at the
base, the condensation phenomenon are quasi instantaneous
S0 unsteady treatment is necessary if we want to achieve an
eloquent description of the mechanism. As a result, transient
simulations should be carried out in order to be able to predict
the exact moment of condensate appearance and its evolution
in time. It should be mentioned that unsteady simulations
already completed, based on the condensation model
presented here, have led to relevant results. Nevertheless, this
study proves that computations in steady state conditions for
the phenomenon of humid air condensation on cold surfaces
can lead to realistic results. This is an important benefit, taken
into account the important decrease of central processing unit
(CPU) time in comparison to unsteady simulations.

In addition, further work should be performed in order to
attach an evaporation model to this numerical approach. On
the other hand, the experimental technique must be improved
in order to determine the exact quantity of condensate on the
glazed wall and its development.
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