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Abstract: - A suite of routines for the prediction of environment moist condensation and evaporation on
solid surfaces is presented. The physical problems requires the solution of the air flow field along a (cold)
solid surface, the evaluation of the unsteady conduction through the solid itself, and the development of a
suitable model for the heat and mass transfer through the thin water layer on the fogged surface. The
routines for the unsteady simulation of the water layer evolution are designed as a purely interfacial
procedure, minimising the exchange of information with both the flow and the conductive solver. This
allows the coupling with different solvers. Here, the model is used in connection with a commercial CFD
solver, in order to predict the defogging process of a car windshield. The water layer is modelled as a
collection of closely packed tiny droplets, leaving a portion of dry area among them. The effect of the
contact angle is taken into account, and physical assumptions alow to define the local ratio between wet and
dry surface for both the fogging and defogging process..
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1 Introduction
Cold glass fogging and the related reduction of
visihility is a major concern for several industrial
applications. For instance, the certification
processes in automotive or aeronautic industry
require quick windshield defogging, ensuring
adequate visibility and preserving passenger safety.
A typica problem for the commercia
refrigeration industry is the optimization of glass
door demisting in closed display cabinets. when the
door is open, in fact, condensation of the
atmospheric humidity takes place on its cold glass
surface, and quick defogging must be achieved to
ensure proper visibility through the glass. Electric
heaters embedded in the glass are commonly used in
such situations. Unfortunately, they yield undesired
energy consumption, due both to their heat release
and to the refrigeration system power required to
remove such heat. Thus, these systems need careful
designed and the understanding and prediction of
condensation-evaporation is an essential step of
such a design process. Similar problem occurs when
spectacle glasses get fogged as soon as a person

quickly moves from a cold to a warm environment.
Low thermal capacity glasses or proper coatings
may reduce the inconvenience, and we should
understand the effect of surface wettability in order
to evaluate the coating performances.

Physically, dew or glass fogging occurs when
condensation of environment air humidity takes
place on a cold surface. This creates a complex tiny
droplet pattern on the glass surface, leaving small
portions of dry surface; light scattering due to these
droplets reduces visibility through the glass. During
the defogging process these droplets will evaporate.
Thus, all of the above mentioned phenomena are
essentially conjugate fluid-solid heat transfer
problems in presence of a phase changing fluid layer
on the interface. In such conditions, and the
evaporation latent heat plays a significant role.

Since the region where phase change takes place
islimited to a thin layer on the solid surface, we use
standard single phase flow solvers for the main flow
analysis. The coupling between water layer
evolution and flow field depends upon the heat
transfer mechanism. For thermally driven flows, as



in the cae of spedade lenses, the phase change
evolution is fully couped with bah the solid
conduction and the fluid dynamic simulation, die to
latent heda relesse. On the other hand, in forced
convedion devices we wuld have a omplete
dewuding. The adual droplet size and wet-dry area
ratio may affect both the adive surfacefor hea and
masstransfer and define the acual li ght scatering.

A huge amourt theoreticd and experimental
literature is available for relatively larger size
droplets impading and evaporating on hd surfaces
(see as an example, [1,7]). Evaporating (and
moving) low temperature films have been widely
analysed in icing problems[3,4] or shea and gravity
driven water film nwotion [5], in presence of
incoming water massflow [4,5]. Lessreferences can
be found on the dynamics, condensation end
evaporation d small scde dew droplets. A genera
review of the physicd aspeds of the dew formation
is presented by Beysens [6], including a qualitative
description d the droplet pattern evolution and
coalescence processes during the growth of the dew
layer. A theoreticd analysis of the basic nucledion
process as well as experimental data extending to
the frost nucledion, focused on the mntad angle
and supersaturation degree dfeds, has been given
by Na axd Webb [7]. The scdtering of their
experimental results refleds the high sensitivity of
the phenomena on small perturbations. Numericd
simulation o defogging phenomena in industria
applicaion has been caried ou in the aitomotive
indwstry: however, the gproach is significantly
simplified, since droplet detail s are negleded [8] or
taken into acourt in a simplified way [9], simply
using a droplet radius rather then an average film
height in the masshbalance ejuations.

Here we present and vaidate a numericd
procedure for the prediction d fogging-defogging
processs. All the facds of the problem are handed
via numericd analysis: air flow field, which define
the mnvedive hea and mass transfer from the
misted glass to the ewironment, unstealy
conduction within the solid glass which has a major
impad on the temperature rise speed, and water
layer evolution. Althowgh the simulation d the
detail s of the water layer phenomena is extremely
complex and sensitive to small perturbation (surface
finiture, fouling, microscratching), some physicd
consideration will be used to derive asimplified bu
eff edive droplet evolution model.

2 Numerical procedure
In fig.1 we show a sketch of the physicd problem
for the windshield defogging simulation. We need a

solution for the flow field inside the cain, including
the hat jets from the dashboard ha air outlets, in
order to compute the inside hea and mass transfer
coefficients. Then we have to define the proper mass
and energy balances for the water layer, which
shoud be properly modelled to include information
from the adual droplet shape. A solution d the solid
condwction poblem is required to take into acourt
therma cgpadty and thermal resistence of the
windshield glass bah in the normal and transverse
diredions. Finadly, the evaluation d externa side
hea transfer coefficient will close the problem.

windshield Qg

Externa Q.

Fig.1—Physicd problem

The wuping between the different physicd
domains is obtained via an exchange of boundary
condtions, alowing us to define the wuding as a
purely interfadal algorithm, independent from the
detail s of the solversin the different domains. Thus,
the described defogging procedure can be eaily
couded with any commercial or proprietary
computational code; here, CFX5.5 code was
seleded. Since the Poison equation for the solution
of the solid condtction problem is as a spedal case
of the Navier-Stokes equations with zero velocities,
the same flow code @uld be re-used to evaluate the
solid temperature field [4]. However, in defogging
applicaions the solid damain is typicdly limited to
simple geometries like glass plates or windshields.
Thus, a finite volume based code for structured
meshes was used, taking advantage of its
computational efficiency.

2.1 Conjugate heat transfer (CHT)

Flow solution is initiated with a guessed
temperature distribution along the wall; the hed flux
computed by the Navier-Stokes flow solver is then
used as a boundry condtion for the solid
condwtion poblem, which then returns a new
temperature profile on the wall. Neumann boundry
condtion are impaosed on the solid and Dirichlet



ones on the fluid, on the basis of stability
considerations [11]. The procedure for each time
step can be summarized as follows:

1. fluid domain: solve Navier-Stokes and energy
equations with Dirichlet b.c. at the interface I

Of ¢ (T,v, p):O on Q;

1
o T=Tk on I @

evaluate surface heat transfer on I
solid domain: solve the Poisson conduction
equations with Neumann b.c. on I":

11,0)=0
0T __Q
Hon Kk

wnN

on Qg
on I (2)

e

evaluate surface temperature T-on I
Fluid domain: update the Dirichlet b.c. on I
repeat until convergence of temperature.

o o

The above mentioned procedure has proven
successful  for anti-icing and turbomachinery
compressible flow applications [4,12,13] and for
incompressible flow (decoupled thermal and flow
field); strong coupling at each iteration implies that
the number of time steps required for the CHT
computation is of the same order as for a standalone
computation. If an implicit algorithm is used for the
fluid and conduction solvers, the lack of coupling
linearization dlightly reduces global convergence
rate and stability, in comparison to the standalone
computation. The use of Robin, rather than
Neumann, conditions relaxes the problem:

0ol

u T on I

0 T-T,

o f(r)=0 on Q (3)
0T _ h(T-T,

G—=- ( 0) on

on K

Furthermore, if temperature and velocity field are
decoupled and the momentum equation time scale is
much smaller than the energy equation one, as may
happen for forced convection incompressible flow
fogging problems, we can skip the flow computation
step (1) using a distribution for heat transfer
coefficient h from a single, off line, steady state
flow field computation.

If temperature and velocities are coupled, as for
natural convection, or if we follow a dynamic
transient, full coupling is required.

2.2 Water layer mass and energy balance
Under fogging or defogging conditions evaporation
or condensation of atmospheric humidity takes place
on the solid surface. Thus, a transient balance of the
water layer aong the solid surface must be
provided: the latent heat contribution will appear as
an heat sink (evaporation) or source (condensation).

A very thin water layer, such as that on a fogged
window, is composed by a collection of tiny
droplets, rather than by a continuous film, and the
surface tension at the droplets edge is strong enough
to prevent shear or gravity driven flow aong the
surface. Thus, the mass balance includes only the
evaporation or condensating mass flow, while no
mass transfer occurs along the wall surface. Here,
we adapted to these conditions a model originaly
developed for steady state icing and industrial
problems [4,11].

The model is a 3D extension of the classica
Messinger model. In our 3D Navier-Stokes context
we take into account the film introducing a suitable
heat sink at the interface between solid and flow
domain. The film equation are solved on a 2D
curvilinear mesh lying on the interface between the
fluid and the solid, and each control volume on the
interfface is much larger than the droplet size.
Neglecting the thermal and resistence capacity of the
water layer, due to the small droplet size, the thermal
balance of the interface control volume yidds:
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where Q_ is the conduction heat flux per unit area
from the solid, Q; is the convective flux per unit
areato the air, computed from the fluid solution, r,
is the evaporating or condensating mass flow rate, A
is the evaporation latent heat, T; the local interface
temperature. Since the water layer is discontinuous,
we must take into account different surfaces, as
shown in fig.2: A, is the area of the droplet/solid
interface, Ay, isthe asrea of the dry portion of the
solid surface, A, is the area of the droplet/fluid
interface, here assumed as a spherical cap [1], A is
the total area A=A +Ayy . If H is the cel-
averaged layer height, the mass balance yields:

H _ A v

Pw at - At mw (5)
The maximum evaporation mass flow rate could

be computed using either the proper transport

equation or a heat and mass transfer analogy [14]:
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Fig. 2. Water layer: surfaces, contad angle 3,

hea fluxes
2
it =N B_Bs MHZO Hps; ~% Ps, | ©)
Cp,, OSSO My, g L
: D D pe pSf E

In eq.(6) the mnvedive heda transfer coefficient h
comes from the external flow solution and the last
term involves the saturated steam presaure & film
temperature pg , and at freestream temperature py,,
the freestrean pressure p. and humidity @.
Saturation vapour presaureis given by:
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The euation (6) is commonly accepted and hdds
true if the hea transfer scdes with Prt/3, as often,
athough na aways, happens [14]. In the present
work we adopted the hea and masstransfer anal ogy.
Eq. (4) provides the hea flux used as solid thermal
boundry condtioninthe CHT procedure.

2.3 Droplet evolution

The geometry of the droplet has a fundamental
impad on the misting process since it defines the
arearatios in Eq.(4). Asauming a sphericd segment
shape for the droplet, such geometry can be
computed, for a given volume, from the contad
angle between mist droplet and solid surface
However, the contad angle is not constant during
the growing and evaporation pocess If a old
surface, below dew point temperature, is exposed to
a warm environment, nucledion of tiny condensing
droplets occurs at the surface The mntad angle
during this phase can be related to the alvancing
contad angle value, which is higher than the static
and recaling ones. When the droplets cover a
significant part of the solid surface coalescence
between neighbouing ones will occur [6]. Since

coalescence preserves volume, a release of freedry
surface follows, alowing for new nucleaion. This
leads to self similarity in the droplet pattern [6],
with a stabili zation d the value of surface overage
similar to the one rrespondng to close padking of
smal droplets. If the droplet or the substrate
temperature rises above the dew paint evaporation
begins. Experimental evidences [2] show that during
this phase the base aea of the droplet is at first
constant, and the mntad angle deaeases urtil the
recaling value is readed (see fig.2, t = 1,2,3,9.
From this point on, the mntad angle is preserved
and the droplet volume reduction yields a wet area
deaease (seefig.2,t =5, 6).

Fig. 3. Evaporation doplet shape evolution

In oder to mimic these phenomena, duing
condensation we ssaume a ontad angle equal to the
advancing one, and compute asingle representative
base droplet diameter d correspondng to a closely
padcked dstribution with an average cdl-averaged
height computed from eq.(5):

124/3(sin9)* H

n(l - cos79)2 (2 + cos&)

d= )

This diameter and the mntad angle ae used to
evaluate the aea ratios in eq.(4). During demist
process we @mpute the droplet volume reduction
from the height variation (eq.(5)) and oliain the new
contad angle 9 from the geometricd relationship

_m(d/2)®

3 (sing)’?

Actua 3 will bethe larger between the computed

value and the asumed recealing contad angle J,. If

the computed value is lower then &, a new wet area

Ayet Will be computed from I, and droplet volume,
yielding an increase in dry area

(1 - cosd )2 (2 + cosﬁ) (9)

3. Results and discussion

The simulation o the windshield defogging
homologation tests of a FIAT Punto was chosen as
an indwstrial test case. During the test the ca is
placel in a dosed room at a mnstant temperature of
-3°C. A stean generator introduces in the cain a



steam mass flow rate of 350 g/h. Thus, the misting
process occurs in anearly still air environment.

Fig.4 Physical domain

After five minutes the mass flow is reduced by
140 g/h and two passengers enter in the cabin. At
this point, the engine and the defogging system are
switched on. The defogging system blows hot air
along the windshield, promoting the fogged layer
evaporation. At fixed time interval the defogged
region are recorded. Safety regulations impose that
specified areas of the windshield are defogged
within prescribed times.

The final defogging time is the result of the
evolution of both athermal and a dynamic transient.
However, the time scale of the thermal problems are
related to the thermal capacity of the windshield, of
the air inside the cabin and the thermal inertia of the
defogging system. Such time scale is of the order of
the minutes. On the other hand, the dynamic time
scale is related to the time required by the flow to
run through the defogging system ducts and along
the windshield. Thisis amuch quicker process, with
a time scale of a few seconds, and we should
quickly achieve a steady state solution. Assuming
uncompressible flow and neglecting buoyancy
effects, the heat transfer coefficient should not
depend on the temperature. Thus, we could consider
a single steady state flow solution with arbitrary
Dirichlet boundary condition aong the glass,
solving a transient problem only for the energy
equation. Unfortunately, it is not possible to clearly
define a reference temperature for the heat transfer
coefficient: the inlet defogging air temperature is a
good guess for the windshield area reached by the
jet themselves, but the average cabin temperature
drives the heat transfer in the regions far from the
jets. Furthermore, the flow reaches a quasi-periodic
regime, with unsteady large scale vortices growing
in the rear part of the cabin (fig.5), rather than a
steady condition. These oscillations have a
relatively small effect on the flow structure near the
windshield, but can affect the mixing of hot and
cold air in the cabin and the average temperature.

CFX

Figura 5. Cabin flowfield: streamlines

The unstructured mesh for the cabin (fig.6,7),
refined near the windshield, has 7010° cells. The use
of the original CAD geometry ensured geometrical
accuracy of the dashboard and of the ventilation
system hot air outlets, while the rear of the cabin
was simplified, thus sparing nodes and CPU time.

Fig. 6. Computational mesh

We simulated only the defogging process. The
initial water layer thickness of 0.126mm comes from
literature suggestion, empirical correlations and
water mass balance considerations. However, if
required, the procedure can also compute the mist
deposition process [15]. Even if the windshield is
thin, with respect to the whole cabin, an accurate 3D
solution of the conductive problem in the multilayer
glass is essential. This is demonstrated in Fig.8,
where we plot the temperature time history on the
inner glass surface in a node close to the upper right
windshield corner. Neglecting both the thermal
resistance and capacity of the windshield glass we
computed the case (a): the equilibrium temperature
is reached in six minutes. In case (b) we took into
account the glass thermal capacity, but we still
neglected the transverse heat transfer through the
glass, thus alowing a simple lumped parameters



modelling. Windshield warming process is slower,
but still significantly shorter than the more accurate
fully 3D prediction (line (c)).
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Fig. 7. Computational mesh: dashboard detail
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Fig. 8. Windshield temperature: (a) zero thermal
capacity and thermal resistence; (b) no transverse
conduction; (c) fully 3D glass temperature solution

Fig.9 compares the computed and experimental
contour of the defogged area after two and four
minutes from the defogging system start up, during
a standard homologation test. The extension and
position of the demisted area are satisfactorily
predicted, while the actual shape of the clean areais
a bit different. However, defogging phenomena are
strongly influenced by a number of external factors
(such as fouling). This yields significant
uncertainity levels in the experimental data, as
shown in [16]. It is worth notice that preliminary
computations assuming a uniform film layer, rather
than the discontinuous droplet layer, overestimated
demisting time by 70%.

4. Conclusions
A numerical procedure for the prediction of
transient defogging processes was described. The

procedure computes the evolution of the water layer
on an interface 2D grid, and the interaction with the
flow solver is achieved through an exchange of
boundary conditions.

Fig. 9. Defogged surface: top, experimental data;
bottom, computational results

Thus, a high level of flexibility is granted, both
in the choice of the flow solver and in the degree of
interaction between the solver and the water layer
routines. In particular, one can perform an off line
single computation of heat transfer coefficient if the
thermal field is decoupled from the velocity ones.
The phenomenological modelization of the mist
droplet shape and evolution is able to mimic some
of the effects of the contact angle on the demist
speed, alowing the investigation of the effects of
proper glass coatings. The procedure was validated
through the simulation of an homologation
defogging test for the automotive industry.

The flexibility of the computational approach
suggest a wide range of future application, including
optical and commercial refrigeration industry.

Nomenclature

A,,  Dry solid area[m’]

A4 A, Interface area, droplet/solid, droplet/air [m7]
C Air constant pressure specific heat [kJkgK]
Droplet base diameter [m]

Heat transfer coefficient [kW/m’K]

Film call-averaged height [m]

Thermal conductivity [KW/mK]
Evaporating mass flow [kg/]

Pair
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M Molealar weight [kg/kmol]

p Static pressure [Pa]

Pr Air Pranatl number

Q! Q. Condictive and convedive hea flux [kW]

S

< Air Schmidt number

t Time[9

T Temperature [K]

g Contad ange

A Latent hea of evaporation [kJKkg]

Q, Q. Fluid and solid damain
o0 Solid density, water density [kg/m’]
r Solid - Fluid interface
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