TECHNICAL UNIVERSITY OF CIVIL ENGINEERING BUCHAREST

STUDY OF CONDENSATION
PHENOMENA ON FLAT SURFACES

Ilie Viorel

Report 1

i

CUPRINS
INTRODUCTION........................................................................................................... 2
2 THEORETICAL MODELS OF VAPOUR CONDENSATION ............................. 6
2.1 LAMINAR FILM ON VERTICAL SURFACES................................................................... 6
2.2 TURBULENT FILM ON VERTICAL SURFACES ............................................................ 13
2.3 DROPLET CONDENSATION ...................................................................................... 16
3 NUMERICAL MODELS APPLIED ON BUIDINGS ............................................ 19
3.1 INTRODUCTION....................................................................................................... 19
3.2 INTERNATIONAL ENERGY AGENCY PROPOSED MODEL [IEA.1991] .... 20
3.3 EVAPORATION CONDENSATION MODEL ................................................... 23
4 CONCLUSIONS ........................................................................................................ 26
REFERENCES .............................................................................................................. 28

Ilie Viorel – March 2016

1

INTRODUCTION
The phenomenon of condensation of a fluid (gaseous) on solid surfaces is associated
with the heat and mass transfer mechanisms that interfere within the fluid flow in many fields
and engineering applications and play an important role in solving two major challenges of
the current century: Energy consumption and environmental preservation.
Studies of heat transfer phenomena can be divided into two categories. The first
category represent the studies dedicated to the industrial field (nuclear industry, aerospace)
where it was intended to increase the amount of energy a surface can receive or give to the
outside environment. In addition to the heat transfer, the mass transfer study has become
indispensable in such applications. Moreover, it has subsequently been shown that not only
mass transfer influences the thermal flux, but also the mechanisms and phenomena associated
with mass transfer have an influence that should be taken into account.
The main objective of the second direction is to study the influences that mass
transfer has on the movement of the studied fluid, but more important is its influence on the
heat transfer. Regarding this matter, an interesting subject is represented by the studies that
have as main object the aeraulic analysis inside the rooms or near the solid frontiers. Airflow
associated with heat and mass transfer is essential for creating and optimizing energyefficient systems according to the requirements of the standards.
In the field of building thermotechnics and building installations, the importance of
studying the condensation phenomenon grew with the increasingly demanding requirements
of air quality standards and energy saving requirments. The main cause of condensation is
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due to the difficulty of getting a good indoor air humidity control with minimal energy
consumption while maintaining the indoor air quality parameters.
The presence of condensation on or inside building elements can lead to early
degradation of buildings, but a first negative effect is the quality of indoor air that increases
the risk of bacteria. These effects have been noticed during the use of various heating
systems. To combat them in the 1950s and 1980s, the use of radiant cooling systems was
avoided and all the "attention" turned on air-only systems. Practically, vapor condensation
took place on the surface of the cooling coil of the air conditioning system, so the humidity of
the air introduced into the air-conditioned space was reduced. This trend has not been
maintained because of its negative aspects. One of them is the sensation of thermal
discomfort given to the occupants due to the presence of cold airflows. The second incidence
was the increased consumption of energy due to the transport of large airflows, but also due
to the energy absorbed by the water vapor when changing the phase. In other words, the old
problems (degradation of building elements and indoor air quality) have been resolved due to
condensation in the undesirable areas of buildings at a much higher price: occupant
discomfort and increased energy consumption.
In the early 1980s, technological advances allowed indoor humidity control so the radiative
cooling systems began to draw the attention of engineers in the field again by imposing
temperatures on cooled surfaces above dew point temperature. This left only the problem of
getting the lowest possible energy consumption. In order to achieve this goal, both numerical
and experimental studies were carried out. However, due to the complexity of the building
geometry, the high construction cost, and due to numerous random factors (building
exploitation, variation of indoor humidity and heat sources, climatic conditions),
experimental studies proved to be expensive.
In addition, the results obtained in the numerical models for studying heat and mass
transfer as well as associated phenomena (surface tension, absorption, desorption) became
indispensable in analysis of the phenomena encountered indoor. At the same time, the
diversity of phenomena has created the need to divide the analyzes into two categories: vapor
transport in the computing field and the evolution of the condensate quantity on the chilled
surfaces. This classification also allowed optimization of numerical models inorder to reduce
computing time. For example, to analyze indoor air quality in terms of humidity and occupant
thermal comfort, it is absolutely necessary to use a numerical model to capture and develop
the condensate layer on the studied surface. A first argument would be the fact that for a
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hygienic and sanitary room, but also for the protection of the building, a number of
conditions are required to eliminate the possibility of condensation on surfaces.
To study the physical phenomena mentioned above, the following categories of
numerical models can be used: monozone models, multi-zone models, zonal models and CFD
(Computational Fluid Dynamics) models.
In this way, it is enough to define mass and energy source terms and then addedto be
added to the mass conservation equation of the energy balance equation in the CFD models.
The result of this process allows the determination of the speed, temperature and moisture
values in any point of the computing domain [Teo.2015]. In addition to these conditions, as
mentioned above, the problem of obtaining a low energy consumption is also needed.
Regarding this matter, numerical models "evolved" to identify areas with a high risk of
condensation ([Liu.2003], [Hoh.2003], [Lon.2005]) in order to impose new boundary
conditions (Higher wall temperatures, increased ventilation flow, or recirculated / fresh air
drying), so condensation phenomena may be avoided on the internal surfaces of walls with
minimum energy consumption. On the other hand, numerical models built for industrial
applications (automobiles, aeronautics, mass and heat transfer processes) have been
developed in advance of those in the residential sector due to economic factors.
Multi-phase CFD models have often been adopted in numerical models. A good
example would be the model presented by [Chi.1998] which uses the boundary layer
equations for condensation in the form of a film of steam vapor on a surface in the presence
of noncondensable gases. Under different conditions (mixed, free and forced convection), the
authors have shown that inertial forces play an important role for reduced Prandtl numbers of
fluid. Other multi-phase CFD models have been adopted for possible applications in the
nuclear industry ([Drz.2012], [Yad], [Yiz.2011], [Fra.2008]) aeronautical industry ([Kar.2012
], [Spa.1999]), chemical industry [Dja.2013], but also in convective flow analysis to improve
heat transfer coefficients ([Moh.2007], [Sha.2014]).
The desire to build increasingly competitive systems has developed numerical
models that capture as many phenomena as possible regarding the technological process that
is studied. Although, a considerable interest remains the analysis of the condensation flow on
vertical surfaces. However, if we focus on building thermotechnics, literature offers very few
studies using CFD models in simultaneous analysis of both flows. Moreover, they only cover
buildings characterized by free water surfaces such as covered swimming pools or baths.
In conclusion, the aim of this paper is to take theoretical elements from the basic
scientific literature and which can be used for the development of numerical models for the
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study of the condensation phenomenon associated with the mass and heat transfer
mechanisms encountered inside buildings.
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2 THEORETICAL MODELS OF
VAPOUR CONDENSATION
When the temperature of the fluid drops below the dew point temperature
(characteristic of the studied fluid) we the phenomenon of phase change occurs
(condensation). Circumstances in which this phenomena occurs are diverse and their
treatment is not the objective of this chapter. The goal is to show how the application of basic
principles and simplifying hypotheses can lead to solving mass transfer problems. The
starting point around which the entire solution of Bejan's problem is built [Bej.2013] consists
in analyzing a simple configuration of condensation flow on a vertical surface taking into
account observations that can be made with the naked eye. Thus, through this analysis, it is
desirable to assess heat and mass transfer between fluid and wall.

2.1 Laminar film on vertical surfaces
A simple configuration for a phase change situation may be vapor condensation on a
vertical cold surface (Fig.2.1). The condensation layer formed on the cooled surface may
have three distinct regions. A laminar region at the top of the surface where we encounter a
thin coat of condensation. As we move toward to the bottom of the surface, the condensate
layer becomes thicker due to the condensing fluid on the surface of the already existing
condensate film. Thus, we can distinguish a region where the condensation film becomes
thick enough to develop a transient flow regime with Reynolds numbers around 100. In this
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region the visible surface of the condensate film exhibits small uniform corrugations. If the
wall expands sufficiently, the flow of condensation on the surface becomes turbulent and the
visible surface of the condensation film will show waves.

On the right side of figure 2.1 we can see that even in the case of laminar flow the
fluid flow interacts with the downward boundary layer of the cold vapor flow. The
temperature at the liquid-vapor interface is the saturation temperature that corresponds to the
local pressure near the wall, Tsat. In this situation we can say that the saturation temperature
can be understood as an intermediate temperature that links the vapor temperature of the tank
to the wall temperature. Thus, the flow of the condensation film will cause a layer of air that
will have a higher temperature than the cold wall but lower than the vapor temperature in the
tank.

Figura 2.1. Flow patterns of a condensation film on a vertical surface (Bej.2013)
When the flow regime passes from the laminar to the transient and then becomes
turbulent, the situation becomes complicated in terms of heat transfer and implicitly the
amount of vapor that condenses on the cooled wall. Both heat and mass transfer will increase
as the condensation film increase its turbulence level.
Let us consider the laminar condensate represented in Figure 2.1 in which the distance y
measures the length of the condensate layer. This representation is a simpler version shown in
Figure 2.1 because in this case the fluid in the isothermal tank is considered to be the Tsat
saturation pressure. The main advantage of this hypothesis is that it allows neglecting the
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movement of vapors from the tank and giving full attention to the condensation flow.

Figura 2.2. Laminar condensation film from a saturated vapor tank [Bej.2013]

Liquid flow analysis begins with the stationary continuity equations, which in the
case is reduced to a single equation:
𝝏𝒗

𝝏𝒗

𝝏𝟐 𝒗

𝒅𝑷

𝝆𝒍 𝒖 𝝏𝒙 + 𝒗 𝝏𝒚 = − 𝒅𝒚 + 𝝁𝒍 𝝏𝒙𝟐 + 𝝆𝒍 𝒈

(2.1)

The last term on the right is the mass force exerted on each fluid particle. Due to the low
thickness of the condensate layer, the pressure gradient inside the liquid is equal to the
gradient of the hydrostatic vapor pressure in the tank. DP / dy = ρ_v g. Equation 2.1 can be
rewritten by showing that gravitational force acting on the liquid opposes a combination of
forces due to friction and inertia:
𝝏𝒗

𝝏𝒗

𝝏𝟐 𝒗

𝝆𝒍 𝒖 𝝏𝒙 + 𝒗 𝝏𝒚 = 𝝁𝒍 𝝏𝒙𝟐 + 𝒈(𝝆𝒍 − 𝝆𝒗 )

(2.2)

Where on the left side of the equation we have only one inertial term and on the right we
have a first term due to the friction forces and the second due to the gravitational forces.
The analysis continues assuming that the effect of inertia is small compared to the
effect due to the friction forces and we can equalize the right part of equation (2.2) with zero..
Without the inertial term, Equation 2.2 can be integrated twice by x and the wall velocity can
be considered zero when the variable x is zero (v = 0 at x = 0). In addition, we will consider
that shear will be equal to zero at the liquid-vapor interface (∂v / ∂x = 0 for x = δ). The
solution for the vertical velocity profile of the liquid is given by the equation:
𝒈

𝒗(𝒙,𝒚) = 𝝁 (𝝆𝒍 − 𝝆𝒗 )𝜹𝟐
𝒍

𝒙

𝟏 𝒙 𝟐

−𝟐
𝜹

(2.3)

𝜹

Where the thickness of the film is an unknown function that depends on the longitudinal
position, δ (y). The mass flow through a cross-section of the condensation film is:
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𝜞(𝒚) =

𝜹
𝝆
𝟎 𝒍

𝒗𝒅𝒙 =

𝒈𝝆𝒍
𝟑𝝁𝒍

(𝝆𝒍 − 𝝆𝒗 )𝜹𝟑

(2.4)

Mass flow C (kg / s * m) is expressed per unit of length in the normal direction to the plane in
Figure 2.2. Vertical mass velocity and flow are proportional to the effect given by
gravitational forces: g (ρ_l-ρ_v);
The thickness of the condensation film δ (y) can be determined by considering the
first law of thermodynamics for the control volume δ x dy presented at the bottom of figure
2.2a. Notice that on the right side of the control volume we have a saturated vapor stream
whose enthalpy is 𝒉𝒈 𝒅𝜞. The enthalpy associated with the vertical mass flow C (W / m) is:
𝜹
𝝆 𝒗[𝒉𝒇
𝟎 𝒍

𝑯=

− 𝒄𝑷,𝒍 𝑻𝒔𝒂𝒕 − 𝑻 ]𝒅𝒙

(2.5)

The term bounded by square brackets is the specific enthalpy (kj / kg) of the fluid at
the coordinate point (x, y). Since the liquid experience a slight cooling (T <Tsat), its specific
enthalpy will be less than the specific enthalpy of the saturated hf liquid. We further consider
that the local temperature T is distributed approximately linearly along the condensate film
𝑻

−𝑻

𝒙

[NUS.1916]:𝑻 𝒔𝒂𝒕−𝑻 ~𝟏 − 𝜹
𝒔𝒂𝒕

(2.6)

𝒘

Using equations (2.3) and (2.6) in the integral (2.5) we obtain:
𝟑

𝑯 = [𝒉𝒇 − 𝟖 𝒄𝑷,𝒍 𝑻𝒔𝒂𝒕 − 𝑻𝒘 ]𝜞

(2.7)

Returning to the assumption of the linear temperature profile (2.6), the heat absorbed by the
wall is:
𝒒"𝒘 ~𝒌𝒍

𝑻𝒔𝒂𝒕 −𝑻𝒘

(2.8)

𝜹

The first law of thermodynamics for the system δ x dy imposes the following condition in the
stationary regime:
𝟎 = 𝑯 − 𝒉 + 𝒅𝑯 + 𝒉𝒈 𝒅𝜞 − 𝒒"𝒘 𝒅𝒚

(2.9)

Or using equations (2.7) and (2.8):
𝒌𝒍
𝜹

𝟑

𝑻𝒔𝒂𝒕 − 𝑻𝒘 𝒅𝒚 = [𝒉𝒇𝒈 + 𝟖 𝒄𝑷,𝒍 𝑻𝒔𝒂𝒕 − 𝑻𝒘 ]𝒅𝜞

(2.10)

We can assum that the term in the square brackets is a latent condensation heat that also
includes the sensible component responsible for condensation cooling at temperatures lower
than the Tsat condensation temperature. By combining this term with the expression Γ
equation (2.4) and equation (2.10) becomes:
𝒌𝒍 𝒗𝒍 𝑻𝒔𝒂𝒕 −𝑻𝒘

𝒉′𝒇𝒈 𝒈(𝝆𝒍 −𝝆𝒗 )

𝒅𝒚 = 𝜹𝟑 𝒅𝜹

(2.11)

And by integrating from y = 0 where δ = 0,
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𝟒𝒌𝒍 𝒗𝒍 𝑻𝒔𝒂𝒕 −𝑻𝒘

𝜹(𝒚) = 𝒚

𝟏/𝟒

(2.12)

𝒉′𝒇𝒈 𝒈(𝝆𝒍 −𝝆𝒗 )

In conclusion, the thickness of the laminar film increases in proportion to its length
at the strength ¼. Knowing 𝜹(𝒚) , we can calculate the local heat transfer coefficient:
𝒉𝒚 = 𝑻

𝒒"𝒘

𝒔𝒂𝒕 −𝑻𝒘

=

𝒌𝒍
𝜹

=

𝒌𝟑𝒍 𝒉′𝒇𝒈 𝒈(𝝆𝒍 −𝝆𝒗 )

𝟏/𝟒

(2.13)

𝟒𝒚𝒗𝒍 𝑻𝒔𝒂𝒕 −𝑻𝒘

Average heat transfer coefficient for a L:
𝟒

𝒉𝑳 = 𝟑 𝒉𝒚=𝑳

(2.14)

And the average Nusselt number based on a heat transfer coefficient averaged over a length
L:
𝑵𝒖𝑳 =

𝒉𝑳 𝑳
𝒌𝒍

= 𝟎. 𝟗𝟒𝟑

𝑳𝟑 𝒉′𝒇𝒈 𝒈(𝝆𝒍 −𝝆𝒗 )

𝟏/𝟒

(2.15)

𝒌𝒍 𝒗𝒍 𝑻𝒔𝒂𝒕 −𝑻𝒘

It can be seen that the non-dimensional right-hand term of equation (2.15) is almost equal to
the geometric ratio between the length and thickness of the condensation layer:
𝑳
𝜹(𝑳)

= 𝟎. 𝟗𝟒𝟑

𝑳𝟑 𝒉′𝒇𝒈 𝒈(𝝆𝒍 −𝝆𝒗 )

𝟏/𝟒

(2.16)

𝒌𝒍 𝒗𝒍 𝑻𝒔𝒂𝒕 −𝑻𝒘

In numerical calculations with these formulas, the properties of the liquid are best
evaluated for an average condensate film temperature equal to (Tw+Tsat)/2. Latent
condensation heat hfg can be found in thermodynamic saturation tables and its value
corresponds to the phase shift temperature Tsat. Rohsenow [Roh.1956] refined the previous
analysis by eliminating the linear profile hypothesis and integrating the temperature
distribution across the film. He found a temperature profile whose curve increases with the
degree of cooling of the liquid, 𝒄𝒑,𝒍 = 𝑻𝒔𝒂𝒕 − 𝑻𝒘 . Instead of changing the latent heat 𝒉′𝒇𝒈
defined by equation (2.10), Rohsenow recommended:
𝒉′𝒇𝒈 = 𝒉𝒇𝒈 + 𝟎. 𝟔𝟖𝒄𝒑,𝒍 𝑻𝒔𝒂𝒕 − 𝑻𝒘

(2.17)

Expression is also recommended for calculations involving both the transient regime
and the turbulent flow regime of the condensate film. It can be rewritten in the following
form:
𝒉′𝒇𝒈 = 𝒉𝒇𝒈 (𝟏 + 𝟎. 𝟔𝟖𝑱𝒂)

(2.18)

Where the Jakob Ja number is a relative measure of the degree of subcooling supported by
the liquid film,
𝑱𝒂 =

𝒄𝒑,𝒍 𝑻𝒔𝒂𝒕 −𝑻𝒘

(2.19)

𝒉𝒇𝒈
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The total heat transfer absorbed by the wall per unit of length in the normal direction
to the plane presented in Figure 2.2 is:
𝒒′ = 𝒉𝑳 𝑳 𝑻𝒔𝒂𝒕 − 𝑻𝒘 = 𝒌𝒍 𝑻𝒔𝒂𝒕 − 𝑻𝒘 𝑵𝒖𝑳

(2.20)

The total mass flow collected at the bottom of the wall 𝜞(𝑳) can be calculated by
substituting y = L as the result of the combination of equations (2.4) and (2.12). It is easy to
show that the total condensation rate 𝜞(𝑳) is proportional to the cooling rate given by the
vertical wall,
𝒒′

𝒌

𝜞(𝑳) = 𝒉′ = 𝒉′ 𝒍 𝑻𝒔𝒂𝒕 − 𝑻𝒘 𝑵𝒖𝑳
𝒇𝒈

(2.21)

𝒇𝒈

Equations (2.20) and (2.21) are global and valid for the entire condensation film not
only for the laminar section. Rewritten as a form 𝒒′ = 𝜞 𝑳 𝒉𝒇𝒈 (𝟏 + 𝟎. 𝟔𝟖𝑱𝒂) , Equation
(2.21) shows that the cooling rate 𝒒′ increases with the latent heat 𝒉𝒇𝒈 and the degree of
subcoat of the liquid Ja. This tendency is to be expected as the cooling caused by the wall
determines
condensation of vapors at the distance x = δ but also cooling of the newly formed liquid at
temperatures lower than the Tsat saturation. Laminar film resulting from previous Nusseltderived discussions [Nus.1916] take into account the assumption that the effects of inertia are
negligible in the moment equation (2.2). The momentum in the complete form was used by
Sparrow and Gregg [Spar.1959] in a similar formulation of the same problem. Their solution
for 𝑵𝒖𝑳 has a lower value than that given by equation (2.15) when the Prandtl number is less
than 0.03 and the Jakob number is greater than 0.01.
In a similar analysis, Chen [Che. 1961] renounced the idea of neglecting the relative
movement between liquid and vapor (Figure 2.2), while retaining the effect of inertia in the
moment equation. Saturated fumes were considered stationary up to a sufficiently large
distance from the interface. Near the liquid vapor interface they are pulled down by the
formed liquid stream and form a boundary condition that links the velocity of the
condensation film to the stationary vapor inside the tank (see Figure 2.3). Chen's graph for
calculating the global Nusselt number is reproduced in Figure 2.4, especially for low Prandtl
numbers the values of the 𝑵𝒖𝑳 in Figure 2.4 are lower than those in the solution provided by
Sparrow and Gregg's [Spa.1959a] but closer to experimental data.
In the dimensional analysis of the Bejan condensation laminar film [Bej 1984], it
was shown that the motion of the condensation film is limited by friction when Prl> Ja and
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inertia when Prl <Ja. The group that marks the transition from one flow to another is the Prl /
Ja ratio. Indeed, if we use the Prl / Ja ratio on the abscissa of Figure 2.4, the information for
the reduced Prandtl numbers in Figure 2.3 is correlated with the curve contained and shown
in Figure 2.2:

Figura 2.3. The Prandtl number and the effects of subcooling (Ja) on the laminar
condensate film on a vertical wall surface and on a horizontal surface of the
cylinder ([Bej.1984] and [Che.1961])
Figura 2.4. The transition, from inertial boundaries to friction imposed,
condensation of a laminar condensation on a vertical wall and a horizontal
cylindrical surface ([Bej.1984] and [Che.1961]
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Theoretical models of vapour condensation

2.2 Turbulent film on vertical surfaces
For high Reynolds flow rates, the surface of the air-to-air condensation film
is no longer smooth, and the flow regime passes from laminar to transient and then
turbulent. The local Reynolds number of the condensation film is the group 𝝆𝒍 𝒖𝜹/
𝝁𝒍 [Bej.1993] where δ represent the thickness and 𝒖 the scale of descending vertical
speeds. Because the product 𝝆𝒍 𝒖𝜹 has the same order of magnitude as the mass flow
rate 𝜞, the local Reynolds number can also be written in the form 𝜞/𝝁𝒍 . For this
reason, in the field of heat transfer condensation, the local Reynolds number of the
liquid film is known in the form,
𝟒

𝑹𝒆𝒚 = 𝝁 𝜞(𝒚)

(2.22)

𝒍

The mass flow rate 𝜞(𝒚) and the Reynolds number Rey, increases in the
direction of condensation flow. Experimental observations of condensation indicate a
disappearance of the laminar film for Re ~ 30. The transient regime is characterized
by a Reynolds number whose values fall within the range (30, 1800). The less we
move down the film becomes turbulent. The sequence of flows presented can be seen
in Figure 2.5.
The experimental data also showed that the heat transfer in the transient and
turbulent flow regime has a higher value than in the case of a laminar flow (equation
2.15 and figure 2.3). An experimental analysis containing correlations between heat
transfer and flow regime was made by Chen [Che. 1987], which developed the
following correlation between the average heat transfer coefficient for a L-height film
that may have regions with transient and turbulent:
𝒉𝑳 𝒗𝟐𝒍
𝒌𝒍 𝒈

𝟏/𝟑

𝟏.𝟑
= 𝑹𝒆−𝟎.𝟒𝟒
+ 𝟓. 𝟖𝟐 ∗ 𝟏𝟎−𝟔 𝑹𝒆𝟎.𝟖
𝑳
𝑳 𝑷𝒓𝒍

𝟏/𝟐
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Figura 2.5. The heat transfer coefficient for the laminar, transient and turbulent
flow regime for a condensation film on a vertical surface ([Bej.2013]).
According to Figure 2.5, the correlation mentioned above is valid for
Reynolds numbers greater than 30. Equation (2.23) gives results similar with
experimental data where the shear effect between the condensate and the vapor is
negligible. For Reynolds values less than 30, the recommended formula for the mean
heat transfer is given by equation (2.15), which, when we impose the condition
𝝆𝒍 ≫ 𝝆𝒗 can be represented in Figure 2.5 as:
𝒉𝑳 𝒗𝟐𝒍
𝒌𝒍

𝟏/𝟑

𝒈

−𝟏/𝟑

= 𝟏. 𝟒𝟔𝟖𝑹𝒆𝑳

(2.24)

The main variable in the vertical condensate film analysis is the total
condensation rate 𝜞(𝑳) , or alternatively, ReL. This unknown influences present on both
sides of the equation (2.23) can be seen in Figure 2.5. Instead of the procedure to try
and then calculate the error obtained to solve equation (2.23) or Figure 2.5, it is more
convenient to override the ordering parameter in Figure 2.5 as [Bej 1984]:
𝒉𝑳 𝒗𝟐𝒍
𝒌𝒍 𝒈

𝟏/𝟑

=

𝑹𝒆𝒚

(2.25)

𝑩

Where B is a new dimensional group proportional to the physical quantities L and
(Tsat-Tw) which, when they grow, tend to increase the condensation rate:
𝑩 = 𝑳 𝑻𝒔𝒂𝒕 − 𝑻𝒘

𝟒𝒌𝒍

𝟏/𝟑

𝒈

𝝁𝒍 𝒉′𝒇𝒈 𝒗𝟐𝒍
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Equation 2.26 is a consequence of global relationships (2.20) and (2.21) and allows us
to override equations (2.23) and (2.24):
𝟏.𝟑
𝑩 = 𝑹𝒆𝑳 𝑹𝒆−𝟎.𝟒𝟒
+ 𝟓. 𝟖𝟐 ∗ 𝟏𝟎−𝟔 𝑹𝒆𝟎.𝟖
𝑳
𝑳 𝑷𝒓𝒍

−𝟏/𝟐

𝟒/𝟑

𝑩 = 𝟎. 𝟔𝟖𝟏𝑹𝒆𝑳

(2.27)
(2.28)

Figure 2.6 shows this information using ReL on the abscissa and parameter B on the
ordonate. We can also see that the condensation rate increases faster when the
turbulent regime is present.

Figura 2.6. Condensing film on a vertical surface: the total condensation rate as
a function of the constraint parameter B [Bej.2013].
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2.3 Droplet condensation
Experimental studies have shown that the heat and mass transfer rate is much
higher when drop condensation happen than the case of condensation in the form of a
continuous condensate film for the same conditions [Gar 1966] [Gr.1965].
Several

theories

have

been

developed

since

the

last

century.

The first theory was exposed by Jakob [Jak.1955]. Starting from a simple case: water
vapor condensation on a chilled surface. High values of heat transfer coefficients are
explained by the fact that in such cases the water vapor comes in direct contact with
the cooled surface, forms a continuous vapor layer near the cooled surface, condenses
and then forms a thin layer of water on the surface . Over time, the condensate layer
becomes thicker, breaks down to form droplets. The formed droplets under the
influence of external forces are moved, leaving behind a dry surface which then
allows the formation of new droplets. At the same time, there is the possibility that the
moving droplets will merge with other smaller droplets in its descending path. Since
the condensation rate is maximal in the absence of condensate film on the surface (as
a film or droplets), periodic cleaning is performed by droplets that renew finite
regions of the surface, thus creating a repetitive condensation process. [Bej.1999].
In comparison with Bejan's analysis (Bej.1993) of a vertical condensate film
(Chapter 2), Jakob retains the idea of forming a continuous condensate layer until the
moment the thickness increases. Basically, instead of a stable film defined by
different flow and variable thickness regimes, we will have a film whose thickness is
limited by the superior instability due to the droplet formation mechanism. In other
words, if the thickness of Nusselt's condensation film depends on condensation and
wall height, Jakob's film, responsible for droplet formation, depends on the purity of
water vapor and the properties of the chilled surface.
Even though Jakob's theory has been supported by Welch and Westwater
microscopic studies [Wel.1961], application to numerical models represented at 1:1
scale is almost impossible to achieve at present. Practically, the need to create a fine
mesh network in order to capture the appearance of Jakob's microfilm leads to an
exponential increase in calculation time for any numerical simulations.
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Another theory of condensation in the form of droplets was proposed by
Emmons [Emm. 1939]. He suggested that the molecular processes of evaporation,
condensation and reflection of surface molecules studied in connection with the
catalytic emission of electrons can be applied to the condensation mechanism in the
form of droplets [Gar.1969]. It defines Nusselt's laminar film as being composed of
several layers. The first layer of condensation occurs when the rate of arrival of water
vapor molecules is higher than of those leaving the surface. In this way, the vapor
molecules will accumulate near the lower temperature limit but before the entire
surface is covered, some of the vapor molecules will come above the first layer
already fixed to the surface, representing the first elements of the second layer. The
process can continue in two ways, depending on the balance between the
intermolecular forces inside the liquid and the forces between the liquid and the
surface. If the adhesion forces are large enough, the liquid will wet the cooled surface
by forming a laminar condensate film comprising several layers characterized by
different flow rates. If the intermolecular forces predominate, a first layer of
condensation will appear on a small portion of the surface, and the appearance of the
next layers will lead to the formation of the first droplets of condensate. According to
Emmos, droplets only appear when there is a thin layer of supersaturated vapors on
the surface. When droplets begin their downward movement they will interact with
the saturated vapor layer resulting in a rapid condensation around the droplet. Local
pressure is reduced in the droplet area, so local vapor currents are generated around
droplets. This explains the mechanism responsible for the high values of heat transfer
coefficients
In conclusion to these theories, we can say that for a detailed analysis of the
condensation phenomenon it is necessary to determine in advance the form that the
water vapor will take from the condensation: film or droplets. The numerical analysis
of the condensation phenomenon in the form of droplets is complicated by the
temporal composition, the dominant effect of the superficial stress (the shape and size
of the condensate droplet) and the uncertainty about the precise position where the
condensate droplets will occur, but also the moment when the large droplets will start
the downward movement. A theory of condensation in the form of droplets on a
surface to come up with solutions to the main problems mentioned above has not yet
been fully developed.
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In the scientific literature, we can find some numerical models that can
represent or provide an idea that can lead to the development of a numerical model
that takes into account the effects of condensation in the form of drops on heat and
mass transfer. We can recall two representative models that correlate Young's contact
angle with the geometric shape of the droplets in contact with the surface: the Wenzel
model and the Cassie-Baxter model. Both models define the degree of watering of the
surfaces according to their roughness and texture. The main problem is represented by
the physical techniques required for the designing of specific roughnesses. But with
the technological advancing, methods of modification of the surface roughness
advanced and superhidrophobic surfaces were defined. It should be noted that
maintaining this superhydrophobicity property is a problem for which solutions are
still being sought. Practically due to the external factors determined mainly by the
cyclic processes, it causes deterioration of the surface texture and implicitly of the
hydrophobicity property.
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3 NUMERICAL MODELS
APPLIED ON BUIDINGS

3.1 Introduction
The numerical modeling of the condensation phenomenon and the study of
the evolution of the condensate on cooled surfaces represented an increased interest in
the field of building thermotechnics. The last two decades have been a period of
major changes in the design of facilities for dwellings. If in the past we wanted to
build as many buildings as possible, nowadays we can not conceive a building
without taking into account three criteria: indoor air quality, occupant thermal comfort
and energy efficiency. Moreover, these criteria are the basis for the sizing and choice
of building facilities. At the same time, indoor air humidity can have negative effects
on the occupants as well as on the building [Lon.2005]. Although the negative effects
of humidity are well known, a numerical model that treats the coupling between
humidity, heat transfer, air flow and analysis of heat transfer coefficient according to
the geometric form of condensed vapor on building surfaces is not yet fully
developed. However, the number of studies on this direction has seen considerable in
progress in recent years ([Teo.2013], [Gon.2011]).
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3.2 INTERNATIONAL ENERGY AGENCY PROPOSED
MODEL [IEA.1991]
A numerical model that takes into account humidity, air flow and heat
transfer can be based on CFD (Computational Fluid Dynamics) technique, adding an
equation for preserving the mass fraction of water vapor equations describing the nonisothermal and turbulent flow of humid air. Humid air is considered to be a mixture of
dry air and water vapor. The newly added equation can be written in the following
form:
ρ

(3.1)



ui mi' 
J i',i  Si'
xi
xi





Where the terms on the left side of the equation are terms due to convection (ρ density, xi - spatial coordinate, ui - velocity component in the direction i, mi '- the
mass fraction of water vapor) and the terms due to diffusion (J i, Diffusive water vapor
stream). The term on the left side of the equation represent the source terms.
The diffusion term in equation (4.1) contains both the molecular component
and the turbulent component. Molecular diffusion is solved by Fick's law (the
diffusive flow of water vapor is proportional to the concentration gradient). On the
other hand, turbulent water vapor diffusion is solved by the turbulence model chosen
to describe humid air flow in the CFD simulation.
Regarding the condensation modeling in buildings, the International Energy
Agency proposes a specific model [IEA.1991]. Within this model, the condensate
water vapor flow density is calculated considering the transport of water vapor into
the air is largely achieved only by convection. On the other hand, near solid walls,
diffusion becomes the main component:

vap.cond   ( Pvap.air  Pvap.surface )

(3.2)

Where β (s / m) is a proportionality coefficient describing the diffusion of water vapor
between the inner environment and the surface of the walls, the vapor pressure in the
air and the vapor pressure on the surface of the walls. In addition, the coefficient β in
equation 4.2 may be correlated with the heat transfer coefficient for applications that
include heat transfer in buildings [IEA.1991]. Thus, the coefficient β in equation (4.2)
varies with the heat transfer coefficient, resulting from the calculation of heat
exchange between fluid and solid surfaces (within CFD simulations).
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Φ = 𝑐 𝑇𝑤 − 𝑇𝑎𝒆𝑟 𝑆 = 𝑐 𝑇𝐹 − 𝑇𝐶0 𝑆𝐹

(3.3)

Where the terms of equation (4.5) have the following meanings: Tw - temperature on
the surface of the walls, Taer - ambient temperature, S - surface of a face, Tco temperature in the center of gravity of the cell layer adjacent to the wall (Figure 3.1).

Figura 3.1: Discretizarea stratului limită și a suprafețelor [Teo.2013]

On the other hand, the viscous region near the walls is characterized in terms of heat
exchanges due mainly to conduction mechanism. In this case the convection can be
neglected. Consequently, the density of the heat flux is taken into account by Fourier's
law, so the heat transfer coefficient is determined as follows:

air  T 
 T 
  air gradT n  air    hc (TF  TC 0 )  hc 
 
(TF  TC 0 )  n 
 n 

(3.4)

Where λair - the thermal conductivity of humid air and the temperature gradient is
calculated with the following formula:
(3.5)

 T  (TF  TC 0 )

 
SF
 n 

Where SF represents the area of a triangle α:


SF * SF
S F * s0

cu s0 = (coordF – coordC0).
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From equation (3.4), the value of the convective heat transfer coefficient is
determined for each cell in the mesh that has a common face with one of the solid
areas of the computing domain, taking into account the following data:
- temperature difference between the center of gravity of the common
triangular face (mesh cell and solid surface) and the center of gravity of the cell.
- the distance between the triangle and the center of gravity of the trianglecontaining cell.
- the thermal conduction of humid air in the center of the cell [Teo.2013].
Once the coefficient has been solved, the mass transfer rate (condensation rate) on the
mvap.cond surface is calculated for each cell of the mesh domain having a common face
with the solid surfaces [Teo.2013]:

mvap.cond 

dmliq.surface

(3.6)

dt
if
si

Pvap  Pvap.sat  0
mliq.surface  7, 4x109 hc S Fi ( Pvap.  Pvap.sat )
else
mliq.surface  0
Where mliq.surface – condensation rate, based on equation (3.2), pvap.sat - the saturation
pressure of the water vapor. Pvap- Partial water vapor pressure.
Using the water vapor condensation rate on the surface, the connection to the
calculation volume is accomplished by the mass and energy balance equations
[Teo.2013].

Ilie Viorel – March 2016

22

Numerical models applied on buidings

3.3 EVAPORATION CONDENSATION MODEL
The condensation evaporation model proposed by [Lee.1979] is a model that
can be used in CFD models. It’s use is closely related to the multiphase term allowing
simultaneous analysis of multiple flows. In the case of the humid air and condensation
study, besides the definition of the air-water mixture, water is also defined as the
secondary phase. The separation between the two phases is performed by means of an
interface located at the boundary between the gaseous fluid (wet air) and the
condensed water vapor on the chilled surface. Mass transport at the fluid-liquid
interface is governed by the following transport equation:
𝜕
𝜕𝑡

𝛼𝜌𝑣 + ∇ 𝛼𝜌𝑣 𝑉𝑣 = 𝑚𝑙→𝑣 − 𝑚𝑣→𝑙

(3.7)

v – gase state; α – vapor mass fraction; 𝜌𝑣 – vapor density; 𝑉𝑣 - vapor velocity;
𝑚𝑙→𝑣 , 𝑚𝑣→𝑙 – evaporation and condensation rates;
It is noted that in the water vapor transport equation (3.7) the mass transfer is
considered positive when the evaporation process takes place. Depending on the
temperature regime, mass transfer can be described as follows:
then 𝑚𝑙→𝑣 = 𝑐𝑜𝑒𝑓𝑓 ∗ 𝛼𝑙 𝜌𝑙

-

if Tl>Tsat

-

if Tv>Tsat then 𝑚𝑙→𝑣 = 𝑐𝑜𝑒𝑓𝑓 ∗ 𝛼𝑣 𝜌𝑣

𝑇𝑙 −𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡

𝑇𝑙 −𝑇𝑠𝑎𝑡

(3.8)
(3.9)

𝑇𝑠𝑎𝑡

Where the term coeff - is a coefficient that can be interpreted as a relaxation factor.
The source term for the energy equation can be obtained as the result of the product
between the mass transfer rate and the latent heat of the water when changing the
phase from liquid to vapor or vapor in the liquid.

Considerând

formula

Hertz

Knudsen [Her.1881] [Knu.1915], se poate determina fluxul de evaporare-condensare
în funcție de teoria cinetică pentru o interfață plană:
𝐹=𝛽

𝑀
2𝜋𝑅 𝑇𝑠𝑎𝑡

(𝑃∗ − 𝑃𝑠𝑎𝑡 )

(3.10)

Where: F - the flow is expressed in kg / s / m2; P - the pressure; T - temperature; R universal gas constant;
The coefficient β represents the amount of water vapor molecules that are
transferred to and absorbed by the liquid surface. P * represents the partial pressure of
water vapor at the gas-liquid interface on the gas side. The Clapeyron-Clausius
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equation relates pressure and temperature to the saturation condition (obtained by
equalizing chemical vapor and liquid potentials):
𝑑𝑃
𝑑𝑇

= 𝑇(𝑣

𝐿

(3.11)

𝑔 −𝑣𝑙 )

𝑣𝑔 𝑠𝑖 𝑣𝑙 is the volume per unit area of gas and liquid; L - latent vaporization heat (J /
kg);
Starting from differential expression, we can get the temperature variation from the
variation in pressure close to the saturation condition.

Figura 3.2 Diagrama stabilității fazei [Ans.2013]
The Clausius-Clapeyron equation leads to the following formula as long as P
* and T * are close to the saturation condition:
𝑃∗ − 𝑃𝑠𝑎𝑡 = − 𝑇(𝑣

𝐿

𝑔 −𝑣𝑙)

(𝑇 ∗ − 𝑇𝑠𝑎𝑡 )

(3.12)

Using this relationship in the Hertz Knudsen equation (3.10) results:
𝐹=𝛽

𝑀
2𝜋𝑅 𝑇𝑠𝑎𝑡

𝐿

𝜌𝑔 𝜌 𝑙

(𝑇 ∗ −𝑇𝑠𝑎𝑡 )

𝜌 𝑔 −𝜌 𝑙

𝑇𝑠𝑎𝑡

(3.13)

Factor β is defined by the properties of the fluid (water vapor). It approaches the value
1 near the equilibrium conditions. In flow-specific multiphase models the flow regime
is assumed to be dispersed. Assuming that all vapor bubbles have the same diameter
then the density of the area is given by the following calculation relation:
𝐴𝑙

=

𝑉𝑐𝑒𝑙

6𝑎 𝑣

(3.14)

𝑑

The cell represents the cell volume and the phase source phase (kg / s / m3) becomes:
𝐴𝑙

𝐹𝑉

𝑐𝑒𝑙𝑙

6

=𝑑𝛽

𝑀
2𝜋𝑅 𝑇𝑠𝑎𝑡

𝐿

𝜌𝑙
𝜌 𝑙 −𝜌 𝑔

𝜌𝑔 𝛼𝑣

(𝑇 ∗ −𝑇𝑠𝑎𝑡 )
𝑇𝑠𝑎𝑡
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From equation (3.15), the coeff coefficient is the inverse of the relaxation time (1/s)
and can be defined as:
6

𝑐𝑜𝑒𝑓𝑓 = 𝑑 𝛽

𝑀
2𝜋𝑅 𝑇𝑠𝑎𝑡

𝐿

𝜌𝑙

(3.16)

𝜌 𝑙 −𝜌 𝑔

This relationship leads to the final expression for vaporization of the liquid, as defined
by equation (3.9). Similar expression can be obtained for condensation. In this case,
the small droplets are considered to be in a continuous phase of water vapor even if
the primary phase is a liquid. Note that the coeff coefficient, theoretically, should be
different for condensation and evaporation expressions.
Moreover, the theoretical expression is based on the following simplifying
assumptions:
- Flat interface
- Constant dispersed mode;
- The β coefficient is known;
The main inconvenience is related to the setting of the bubble diameter values and the
β coefficient, since in most situations they are not known. For this reason, the coeff
coefficient is chosen arbitrarily or according to experimental data available.
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4 CONCLUSIONS
In the literature, different theoretical and numerical approaches are proposed
for the study of the condensation phenomenon on solid surfaces.
An interesting approach to the condensation layer modeling is to define the
boundary layer as a layer adjacent to the condensation film and which is at rest from
it. Practically, relative motion between the condensation and vapor film is neglected,
obtaining close results from experimental data [Che. 1961]. On the other hand, it has
been demonstrated that the motion of the condensation film is directly related to the
inertia forces and limited by the friction forces [Bej.2013]. Based on the experimental
data taken into account in the models [Bej.1984], [Bej.1993], [Bej.2013] it was shown
that the heat transfer rate for the condensation flow on vertical surfaces characterized
by transient and turbulent flow regimes record values higher than in the laminar
regime. This fact also affects the condensation rate.
The formation of the transient or turbulent flow regime is possible when the
height of the wall or the vertical surface allows it. Practically, the mass forces must be
greater than the frictional forces and act on the fluid for a long time so that the
"kinetic energy" "surplus" can be turned into turbulent energy. It is also noted that the
literature is quite generous in the development of film condensation on
surfaces([Spa.1959a], [Che. 1961], [Bej.1984], [Bej.1993] [Bej.2013], [Che.1987],
[Chi.1998], Mic.09], [Sun.2012]) which led to the creation and development of new
numerical models.
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On the other hand, the phenomenon of condensation in the form of droplets
on chilled surfaces has been studied in industrial applications (eg heat exchangers)
and very little in the field of building thermotechnics. Thus, a complete numerical
model that translates the physical phenomenon into mathematical equations has not
yet been developed.
The problems of mass transfer modeling in this situation are complex
because it is not possible to determine precisely the positions, the dimensions and the
moment when the first droplets of condensate will appear on the chilled surface. Until
now, only experimental studies have been able to provide realistic data for the
calibration of certain numerical models. The best example is the [Lee.1979] model
where a coefficient need to be set by the user in order to take into account the droplet
size and to calculate the condensation or evaporation rate.
Basically, the validity of results depends very much on experimental data for
each studied configuration. Another problem whose numerical solution is delayed is
to determine the moment when the condensate droplets will begin to descend the
vertical wall.
With regard to the condensation patterns in the form of droplets, an
important objective is to determine the heat transfer rate. In this respect experimental
studies show that the rate of thermal transfer can increase substantially if the
condensation occurs as an continous film.
Another important aspect of condensation in the form of droplets is that this
mass transfer method does not depend only on the degree of wettability of the surface
but also on its morphology. Thus, in the past, dropwise condensation can also be
applied in engineering applications for surface self-cleaning (eg the helmet windshield
of the pilots' of formula 1). The self-cleaning effect has been studied by analyzing
how the leaves of the lotus plant "reject" water droplets ([Bar.1997]).
Based on the review of the models proposed in the literature, it can be
concluded that starting from the [IEA.1991] model, a methodology can be developed
to simulate the condensation on cold surfaces in the construction field. The model is
based on the definition of energy and mass source terms added to the water vapor
preservation equation (3.1) for modeling water vapor transport within the computing
domain.
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