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Experimental and theoretical approaches based on a mathematical model, have been
developed to study the evolution of environmental parameters (temperature, total pres-
sure, relative humidity, and water vapor partial pressure) inside a housing of an elec-
tronic device with a window containing a macroporous membrane. The model was based
on the coupling of mass and heat transfer taking into account the effects of polarization
of concentration in boundary layers. Membranes have been characterized by mercury
porosimetry, liquid entry pressure measurements, scanning electron microscopy, and
gas permeation. Once the model was experimentally validated, it was applied to investi-
gate the influence of membranes on heat and mass transfer and to study the impact of
the boundary layers on the global mass transport. The results demonstrated the impor-
tance of the membrane choice and dimensions to get the best temperature regulation
and avoid water condensation inside an automotive electronic control unit (ECU).
© 2008 American Institute of Chemical Engineers AIChE J, 55: 294-311, 2009
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Introduction

The study of mass and heat exchanges between differently
shaped enclosures and the environment are becoming more
and more extensive because this coupled transfer has wide
application domains like on passive protection of electronic
equipment, energy conservation in buildings, solar energy col-
lection etc. In many cases, like on the protection of electronic
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devices, it is very important to control carefully these heat and
mass exchanges through the enclosure surface. Usually the
protection enclosures are made on solid and dense materials
that have a limited capacity to exchange with surroundings.
This characteristic can be prejudicial when quick changes in
gas composition or temperature inside or outside the enclosure
need a rapid response. In such cases, porous membranes can
be used to partially substitute the exchange surface to acceler-
ate, control, and quantify heat exchanges and mass transfer.
Automotive electronic devices or electronic control units
(ECU) are usually placed inside an enclosure, indeed, a good
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knowledge and control of the influence of environmental pa-
rameters (temperature, pressure, and humidity) is very impor-
tant for their right operation. In fact, in nowadays vehicles,
multiple functions are controlled electronically and some
modern cars can have up to 30 electronic ECU’s to manage
all vital, security, and comfort systems. Some ECU’s are
placed in the engine compartment and are often exposed to
extreme conditions because of electronic heat dissipation,
weather condition changes, water splashes, or complete
immersion in some driving conditions.

ECU’s are normally enclosed in a metallic or plastic her-
metically sealed box to protect it from the surrounding fluids
(liquids and gases). The limitation of this solution are the
pressure changes in the box which are essentially the result
of temperature changes due to normal electronic working
conditions or external heat sources such as engine heat dissi-
pation, solar energy accumulation etc. In fact, these phenom-
ena lead to mechanical strains on the sealing and on the box
material itself, leading to a possible loss of reliability.

The use of hydrophobic macroporous membranes, which
can let air pass and prevent all liquids from passing through,
is a solution to this problem. Nevertheless, these membranes
are not selective to water vapor transfer (macroporous mem-
branes have pores with mean pores size higher than 50 X
107° m) and can lead to water condensation in the case of
rapid temperature decrease after a long exposition to high
values of relative humidity (RH).

For the reasons exposed earlier, it is very important to have
a good knowledge of the evolution of mass and heat transfers
inside such electronic devices to quantify the impact of a
membrane in such devices under normal or extreme environ-
mental conditions. For this purpose, the development of mod-
els coupling mass and heat transfers is necessary to understand
the evolution of internal parameters, such as temperature,
pressure, and RH variation during a car typical use conditions.

In the heat transfer domain, different previous studies have
been done and these works are classified according to the
type of the enclosure, its orientation, the existence of a vent,
the type of the heat source and its location.

Ostrach' and Catton? provided large reviews of the litera-
ture and an extensive bibliography on natural convection in
different geometrical enclosures with different orientations.
Yu and Joshi® and Nada and Moawed* paid more attention
to the impact of the presence of vent slots on the heat trans-
fer and on internal fluid velocities. These works have been
done with different heat source positions and forms and with
different contribution of the walls to heat dissipation (adia-
batically isolated, isothermal walls, etc).

Other works have been done to study gas permeation and
heat transfer in porous media and especially in membranes.
Khayet et al.’ studied heat and mass transfer through a
hydrophobic polymeric membrane separating two liquid
phases where the mass transfer is taking place by evaporation
of the first liquid phase (distillate) and diffusion under partial
vapor pressure difference through the membrane pores. They
studied also the sweeping gas membrane distillation process
where permeate is swept by a gas flow.® Other similar mem-
brane processes with macroporous and hydrophobic mem-
branes like osmotic evaporation, membrane extraction or
evaporation have been studied by our group.L10 In these pre-
vious works mass and heat transfer models have been built
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taking in consideration the operating parameters and the
structural characteristics of membranes. In some cases, a
good knowledge of these structural characteristics is difficult
to be determined experimentally and only the coupling of
experiments and modeling is able estimating them.

Beuscher and Gooding,'"' Mourgues and Sanchez'? and
Martinez et al." studied experimentally and numerically the
gas permeation through porous membranes. They have con-
tributed to the characterization of porous membranes by iden-
tifying the mass transfer parameters. They investigated differ-
ent types of mono-layered membranes by experiments of
steady-state gas permeation, isobaric diffusion and transient
diffusion to obtain the parameters of the dusty gas model
(DGM)."* This approach was extended to multilayer porous
membranes. Isothermal conditions are often assumed in these
studies, even if thermal effects are recognized as an important
issue in some models of transfer through membranes.

Gibson'® studied the effect of the temperature on water
vapor transport through polymer membrane laminates used for
breathable clothes and roof protections. Hussain et al.'® have
also studied the heat and mass transfer in tubular ceramic
membranes for membrane reactors to consider all the parame-
ters which can have an impact on the membrane performance.

The main objective of this work was to build up a model
of mass and heat transfer in an enclosure which has a part of
its surface covered with a macroporous and hydrophobic
membrane. This enclosure or electronics housing is placed in
environmental conditions which are representative of auto-
motive working conditions with variations of temperature,
RH, total pressure, and partial water vapor pressure (Figure
1). The housing contains also a printed circuit board (PCB)
that includes a source of heat.

Firstly, this work starts with the characterization of differ-
ent commercial macroporous and hydrophobic membranes to
determine the main relationships between the membrane
structure and mass transport parameters used as modeling
inputs. Secondly, a model was established, starting from gen-
eral heat and mass transport equations and coupling them by
taking into account their reciprocal dependences. Thirdly,
simulation results were compared, for different environmental
conditions, to the experimental data obtained with two differ-
ent enclosures to validate the model.

Finally, we studied the impact of some parameters of the
system on heat and mass transfer fluxes to choose the best
parameters related to both, membrane structure and housing
design. All these rules will be added to the existing Renault-
Nissan specification book in a near future.

Experimental Methods
Membranes

Morphological and structural parameters were character-
ized by different techniques for six different commercial flat
sheet hydrophobic membranes provided by three different
membrane manufacturers (W.L Gore, Pall, and Nitto Denko).
These membranes presented different morphologies and
structures and were all made of polymers, have hydrophobic
properties and presented mean pores sizes in the range of
macropores (higher than 5.0 X 10~® m). Table 1 summarizes
the different types of membranes used in this work.

DOI 10.1002/aic 295



heat exchange
between the box and

gas transport through
the membrane

its surroundings by

conduction
P e

heat emitted from

forced convection

natural convection

Figure 1. Schematic representation of the enclosure or protecting box equipped with a membrane and a printed

circuit board.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Membranes characterization

Membranes have been characterized by different techni-
ques like scanning electron microscopy (SEM) (Hitachi S-
4500 I microscope), mercury porosimetry (Autopores 11-9215
Micromeritics) and liquid entry pressure (LEP) which was
used to study the membranes hydrophobicity.'”'® LEP mea-
surements were carried out in a home-made apparatus. A
detailed description of the apparatus and methodology used
here has been already published by our group.'® Finally,
nitrogen permeation experiments were carried out in a
Wilcke-Kallenback cell working on sweep gas conditions.
Retentate and permeate sides pressures were continuously
monitored by the help of very sensitive pressure transducers
(Keller PR23) (=50 Pa). The cell was placed in a tempera-
ture-controlled chamber and permeation was measured at
25°C = 1°C at very low transmembrane pressures (ranged
between 0 Pa and 9000 Pa) to determine the contribution of
different mass transport mechanisms: slip flow, diffusion, and
convection. Results are presented in the third section.

Experimental set-up with an actual electronics housing

Experiments were carried out placing the electronic hous-
ing in a climatic chamber (Heraeus Votsch HC 7020). This
chamber allows establishing very quickly (step variation) sta-
ble environmental conditions (temperature and RH) by using
a fan inside (air velocity ~4 m s '). The experiments were
carried out as follows: the housing (inside and outside) was
equilibrated at initial room conditions (temperature and RH)
and outside conditions were changed quickly by placing the
tested box directly in the stabilized climatic chamber through

Table 1. Tested Membranes

Membrane Material Support
1 Expanded PTFE No
2 Expanded PTFE Yes (PA)
3 Expanded PTFE Yes (PP)
4 Expanded PTFE Yes (PP)
5 Acrylic polymer Yes (PA)
6 Acrylic polymer Yes (PA)

PA, Polyamide; PP, Polypropylene.
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a by-pass. The climatic chamber was connected to its sur-
rounding with the help of opening slots so we can consider
that its internal pressure was equal to the atmospheric one.

A first series of experiments were carried out using an
existing electronic housing currently used to control auto-
matic gear boxes (AISIN SUI1) and which is represented in
Figure 2. This aluminum alloy housing dimensions were:
(164 X 10 *-m length) X (86 X 10 °-m width) X (40 X
10"3-m height) (however, the thickness was not homogene-
ous and an approximate mean value of 2 X 1073 m was con-
sidered). For practical reasons (simulation of the heat emitted
by a PCB) in this series of experiments four resistances
(Sfernice RH10 4.7 Q) were placed inside the box to gener-
ate heat. The resistances were installed on a metallic board
fixed to the inner part of the metallic housing. The metallic
board dimensions were (108 X 10 3-m length) X (50 X
1073-m width) X (1.35 X 10 >-m thickness). Two RH sen-
sors (Honeywell HIH-3601 with an accuracy of 2% in a full
scale of non condensing 0-100%) were placed inside and
outside the box and as close as possible to the membrane
location to follow the evolution of the water vapor concentra-
tion during experiments. A pressure sensor [Honeywell 26
PC with an accuracy of 0.5% of the full working range

Climatic chamber: regulation of temperature and humidity
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Figure 2. Scheme of the actual studied electronic box
placed in a controlled atmosphere and
equipped with different sensors.
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(0—105 Pa)] was placed inside the enclosure. In this series of
experiments, the membrane used corresponds to the number
4 in Table 1 and 5.02 X 107> m? of this membrane were
placed on the upper side of the box. The edges were sealed
with silicon glue (Loctite Silicomet JS 544) to avoid leaks.

All the sensors data were recorded using a multimeter
Keithley 2700.

Two different experiments were carried out; they corre-
spond to existing test cases in automotive applications:

e Maximum electronics heat dissipation (corresponding
to a Diesel Engine Control Unit): equivalent to 25 W and
ambient outside parameters (25°C, 45% RH).

e Maximum temperature of engine compartment with
nondissipating electronics and very high humidity level, these
conditions can also be considered as aging conditions used
for automotive electronics and housings testing (85°C, 85%
RH).

As far as this device is an actual housing for automotive
electronics industry, some parameters (alloy composition,
thickness, etc) were difficult to be determined precisely. This
problem was by-passed carrying out a second series of
experiments with a home-made box with well-known param-
eters (like type of alloy, homogeneous thickness, simple
geometry etc).

This second reference box was used to carry out further
validation experiments; it was made of 316 stainless steel
and had well-known calibrated dimensions: 160-mm length,
100-mm width, and 40-mm height with a homogeneous
thickness of 4 mm. This box did not contain a PCB or resis-
tances placed inside. The used membrane was the same used
for the first actual housing (membrane 4) but had a bigger
surface of 3.14 X 10~* m?.

The experimental results obtained with this box will be
presented in the fifth section.

Membranes Characterization Results

As explained earlier in the introduction, membrane charac-
terizations are necessary first to determine if such commer-
cial membranes are adapted to our application and secondly
to determine some structural parameters which are necessary
for the calculations that will be carried out with the devel-
oped model.

Electron micrographs

Microscopic observations of the surface and the cross sec-
tion of four of the membranes studied here are shown in Fig-
ure 3. In this Figure we can observe the surface (3a, 3c, 3e,
3g) and the cross section (3b, 3d, 3f, 3h) of membrane 1:
(3a, 3c¢), membrane 2: (3c, 3d), membrane 3: (3e, 3f) and
membrane 5: (3g, 3h). Membrane 4 and 6 are not shown
here because they have the same structure than membranes
3, 2, and 5, respectively. We can observe that we have dif-
ferent types of structure, the first one is represented by mem-
brane 1 (3a and 3b) which is made of a monolayer of
expanded PTFE. This type of membrane is made by one
directional PTFE extension process allowing a good control
of the pore size and the porosity. Membranes 2-4 (Figures
3c—f) have a support which provides the mechanical resist-
ance and one or two separative layers. We can notice here
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that expansion process for the manufacturing of separative
layers was probably carried out in different directions allow-
ing obtaining a porous structure with a less precise control of
mean pores size and porosity.

Membranes 5 and 6 (3g, 3h) have different structure and
manufacturing process as the active layer is embedded in the
polyamide support facing then some stability problems at the
interface support-active layer.

Mercury intrusion method

Table 2 summarizes the results obtained with the mercury
intrusion method. The mean pores size and the porosity have
been used for the modeling. We can notice that all pore sizes
are in the range of macroporosity (mean pores size higher
than 5.0 X 10~® m) with a very high porosity characteristic
of this type of fibrous structure.

Liquid entry pressure

Table 3 summarizes the results of LEP obtained using dis-
tilled water for the tested membranes and the estimated pore
diameter calculated by the Washburn equ21ti0n.18’19 The
results shown in Table 3 confirm the order of magnitude
obtained with mercury pressure intrusion measurements (Ta-
ble 2). However, we can observe that the estimated pore di-
ameter using the water intrusion method is a little higher
than the mean pores size obtained by mercury porosimetry
because in liquid permeation we mostly observe the contribu-
tion of the larger pores. We can observe that all these mem-
branes would be used in automotive electronics housing vent-
ing application because the specifications for the industry
[Membrane supplier data sheets (Nitto Denko: NTF series,
Pall: Versapor series, and W. L Gore: Membrane vents)]
impose a minimum LEP of 60,000 Pa.

Permeation results

Figure 4 presents nitrogen permeation results as a function
of transmembrane pressure for membrane 1 at three different
temperatures (25, 40, and 60°C). The particular shape of the
curves with a first important decrease followed by a small
increase of the permeance with the pressure is classical of a
mixed contribution of different gas transport phenomena:
Knudsen and molecular diffusion, slip flow phenomena and
convection in macroporous materials at very low applied
transmembrane pressures. Scott and Dullien?® and Dullien®'
have also reported this kind of behavior and determined an
equation based on the contribution of three different transport
theories: the Hagen-Poiseuille equation, the theory of gas dif-
fusion in porous media and the gas kinetic theory. At AP close
to 0 Pa the experimental and theoretical curves intercept the
ordinate axis at the corresponding flow rate of pure diffusion
flow (molecular + Knudsen, with relative contributions
depending on the mean free path). The transition region
results normally of a contribution of diffusion slip flow and
convection, whereas in the last part (linear) the mass transport
is mainly due to convection (Hagen-Poiseuille contribution).
Their mathematical treatment resulted in simulation curves
matching well experimental results; however it was difficult
from their theory to obtain, in an explicit form, some parame-
ters of porous media like porosity and tortuosity. Other
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Figure 3. SEM micrographs of membrane 1 surface (a) and cross-section (b); membrane 2 surface (c) and cross-
section (d); membrane 3 surface (e) and cross-section (f); membrane 5 surface (g) and cross-section (h).

Table 2. Mean Pore Size and Porosity of the
Tested Membranes Table 3. Measured Liquid Entry Pressure with Distilled
Water and Estimated Mean Pore Diameters

Mean Pores Mean Pores

Membrane Diameter of the Diameter of the Membrane Measured Estimated Pore
Reference Separative Layer (um)  Support (um)  Porosity (%) Reference LEP (Pa) Diameter (qm)

1 2 N/A 55 1 95,000 1.6

2 0.8 11 52 2 220,000 0.9

3 1 N/A 63 3 226,000 0.9

4 1.5 >10 54 4 200,000 1.1

5 1 2 57 5 72,000 2

6 0.3 1 61 6 >500,000 <0.3

298 DOI 10.1002/aic Published on behalf of the AIChE February 2009 Vol. 55, No. 2 AIChE Journal



6,0E-04
=5 .
&
S 55604
& a
£ 50E-04 w
APy yn I - -
o A 2 g
8 . 244 b
3 40804 L ——
},
3,5E-04 ; : ; ;
0 2000 4000 6000 8000 10000

Transmembrane pressure (Pa)

Figure 4. Gas permeance in function of the applied
transmembrane pressure for membrane 1 at
three different temperatures (H) 25°C, (A)
40°C, (@) 60°C.

researchers have been developing more explicit forms of this
theory which have resulted in the formulation of the DGM
reported by Mason and Malinauskas in 1983'* and described
in detail in the theoretical considerations section here below.
In the works of Dullien named above,?%?! as in our case, the
mass transport which results on the linear part of the curves,
can be considered as a major contribution of convective flow
and described by the Hagen-Poiseuille equation (Eq. 1 which
results from DGM). This equation can be applied because the
transmembrane pressure applied is very low (our experimental
transmembrane pressures are ranged between 0 and 9000 Pa)
and we can consider that the error contribution by the varia-
tion of nitrogen viscosity is also low. Indeed, from Eq. 1, we
can estimate the ¢/t parameter:

B lope” err 1 )
= slopee = ———
0 P T8n RT

Table 4 summarizes the values of the estimated ¢/t param-
eters as well as the values of 7 calculated with the porosities
measured by mercury intrusion for the six different mem-
branes studied here.

The first four membranes show equivalent properties,
which is not surprising as the same technology is used to
manufacture them (expanded PTFE). We can observe that
tortuosity values are relatively high if we consider that these
membranes have a fibrous structure however we should not
forget that this is a rough estimated value which is a whole
contribution of support and separative layers and the com-
plexity of the multilayered material can be responsible for
this relatively high value of the estimated tortuosity. On the
contrary, membranes 5 and 6 show a high &/t ratio and low
tortuosity value. This observation can be explained by a less
good control of the separative layer manufacturing resulting
in preferential ways of transport as it can be seen in SEM
observations (Figure 3g).

Theoretical Considerations
Mass transfer model

In the present work, DGM'#?? has been used to describe
mass transfer through the porous membrane. This model is
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based on the idea of considering the solid phase (the mem-
brane) as large molecules (“dust”) in a multicomponent gas
mixture in order to be able to describe the complex combina-
tion of viscous flow, Knudsen diffusion and molecular diffu-
sion in a porous media. In this work, we deal with macropo-
rous membranes; indeed, the DGM seems to be the best
model to describe the global mass transfer.

Viscous flow is bulk; nonseparating flow caused by total
pressure gradients, whereas in the Knudsen regime the trans-
port is controlled by molecule-wall interactions. Moreover,
molecule-molecule interactions define the molecular (ordi-
nary or continuum) diffusion.

In its general form, the DGM for component in a mix-
ture of n components is expressed by the following relation-

9
1

Ship]4,22_
RT " [RT Xi Bop
= E (T — x| = —vp — L 20 2
DT - [D,-j (/i = xi f)] Vpi D,-KRTHVP 2)

where D;x and D;; are the effective Knudsen and molecular
diffusion coefficients, respectively, given as:

4
D = gKOVMi 3

8 *
D, =D, @)

vy; 18 the mean molecular speed of the gas molecules of
component i and D; is the intrinsic binary diffusion coeffi-
cient. (For additional notation, see the list of symbols at the
end of the article.)

The structure of the porous medium is described by three
morphological parameters. B adjusts the viscous flow term
on the right hand side of Eq. 2. It is characteristic of the me-
dium and independent of the gas used. K is the morphologi-
cal parameter of the Knudsen diffusion coefficient and
depends primarily on the morphology of the medium, but
also slightly on the absolute pressure and gas nature. These
values were estimated making the assumption of tortuous,
monodispersed capillaries, which neither are interconnected,
nor change their cross-sectional area with their length so K,
and B, can be expressed as:

d2
&
By = ;3—; (6)

The third morphological parameter is the effective poros-
ity/tortuosity ratio, &/t, which adjusts the continuum diffusion

Table 4. Gas Permeation Measurements Results

Membrane Reference et T
1 0.24 2.4
2 0.23 1.9
3 0.22 2.8
4 0.18 2.9
5 0.57 1.0
6 0.48 1.3
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coefficient to the structure of the porous medium. It is impor-
tant to notice that D;x describes not only Knudsen diffusion
but also the contribution of slip flow along the pore walls in
the transition region between Knudsen diffusion and contin-
uum transport.

The main assumptions taken for this model are:

e Ideal gas behavior.

e Air is considered as a binary mixture of dry air and
water vapor.

e The properties of the membrane are perfectly homogene-
ous.

For the case of a binary mixture of components A and B,
the “DGM” can be reduced for component A to the follow-
ing equation:

DB 5A'XA 1
Ja=8|— . .V, —
A ( R-T (1_5A 'XA—(SB 'XB) Vp R-T

By-p
R-T-u'vp>
%)

where D, and J, are the parameters used to compare the
influence of Knudsen diffusion and slip flow with the molecu-
lar diffusion on permeability, they are given, respectively, as:

DA'(1753~xB)7DB'5A-xA

(1 *(SA'XA*(SB'XB)

X -VpA*XA'

1 1\
Da=(—+— 8
A (DAB DAK) ®
OA = Drg O]

Oa is equal to 1 when molecular diffusion is the only trans-
port phenomenon considered through the membrane pores.
The first two terms of the right-hand side of the Eq. 7 repre-
sent the diffusive transfer (Knudsen and molecular) through
the membrane. The last term is related to convection. Then,
Eq. 7 can then be written according to these two terms:

By X Pt

Ja = S<kA.,mem X Apa _XAXm 8 Vp) 4o

where ks mem 1S the term corresponding to all diffusive phe-
nomena:

kAmem = — Ds X 94
’ RXT Xe (1—5A><XA—5B><XB)
1 DAX(I—éBXXB)—DBXCSAXXA
" RXTXe (I — 05 X xp — 0 X xp)

(1)

This approach considers only the impact of the membrane
on mass transport coefficient neglecting the influence of
boundary layers and the geometry of the membrane support.
Therefore, it is essential to complete this approach by cou-
pling the DGM to a classical in series-resistances model to
globally characterize the system and to take into account all
the parameters and phenomena which can enhance or slow
down the mass transport.

The gas permeation of different components of the gas mix-
ture may generate concentration boundary layers on both sides

300 DOI 10.1002/aic
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Figure 5. Schematic illustration of the membrane and
surroundings described by the resistances in
series model.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

of the membrane. In fact, the gas permeation creates a nega-
tive gradient of partial pressure of the different components
which reduces the mass transfer. These effects correspond to
the polarization phenomena by concentration (represented in
Figure 5) which can have a big impact on the diffusive term
of gas permeation.'” The diffusive permeation coefficient (k)
can then be written as the inverse of the sum of the inverse of
the different mass transfer coefficients (equivalent to the con-
ductance in an electronic in-series resistances system).

1 1 1 1\
Kaor = = + + > (12)
Aol RA,lol (kbl,im kA,mem kbl,exl

The contribution of the boundary layers is determined by
the calculation of the Sherwood dimensionless number. To
obtain the correlations for outside and inside of the walls of
the box we can consider the works of Levenspiel> for a lam-
inar flow over a plane plate (Eq. 13) and of Acevedo et al*
for a natural convection flow within a rectangular enclosure
using Chilton-Colburn analogy (Eq. 14):

kblAext : dh . Mair . Pm

D;; * Pair

Shex = 0.664Re'/2Sc'/? =

(13)

Kolint * di - Myir - Py
D;; * Pair

Shine = 1.5(Grmin, - Scing)/* = (14)

The diffusion coefficient of water vapor in dry air at vari-
ous pressures and temperatures can be estimated with the
following empirical relation derived by Massman®>:

P T 1.81
Dig=2178 x 10742 (15)
, Py \273.15

where P, is the atmospheric pressure (1.013bar = 1.013 X
10° Pa).

Heat transfer model
The modeling and simulation of temperature evolution
during transient states were carried out taking into account
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Figure 6. Mesh considered for heat transfer model.

all the parameters related to heat conduction resistances and
calorific capacities of the box walls and PCB installed inside.
Calculations were carried out considering the mesh approach
shown in Figure 6. The model equations for thermal transport
phenomena are available with and without mass transfer and
consider all important heat transfer modes available in and
along the box and the membrane, only radiation was not con-
sidered in this approach. Boundary and initial conditions are
expressed in general way and can be varied depending on
considered experimental conditions.

Conservative heat transfer equation is written at every
node of the meshing leading to seven equations describing
the temperature evolution of every node (we consider that
temperature at node 1 is known):

Equation at node 2: continuity at the external box wall surface:

j-box N box

text - Svox - (T1 — Ta) = (T, — T3) (16)

Zbox/2

here ey, - Svox - (I1 — T>) is the heat power transmitted by
forced convection between the surface of the box and the air
outside the box and )"j;% - (T, — T3) is the heat power trans-
ferred by conduction between the outside surface of the box
and node 3 (half thickness)

Equation at node 3: internal heating of the box wall:

de )vbox : Sbox

—. « Cobox =— (TL, =T
dr Mo p.bo Zbox2 ( 2 3)

+ )~b0x : (Sbox - Smelal) . (T4 . TS)
Zbox /2

+ )~b0x . Smetal

(Tg — T3) (17)

Zbox /2
here % - MpoxCp pox 18 the power accumulated by the box mate-
rial (specific heat capacity). Other terms represent the participa-
tion by conduction of the box material between node 3 and
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respectively the outside surface of the box, the inside surface of
the box and the interface (heat source-inside surface of the box).

Equation at node 4: Continuity at the internal box wall
surface:

A X Sﬂx*Smea
Xint,box - (Sbox - Smetal) : (T4 — Ts) _ Zho (Zb / t l)
box/2
X(Ts —Ts) (18)

In the aforementioned equation inpox * (Sbox — Smetal):
(T4 —Ts) represents the heat exchanged by natural convec-
tion between inside surface of the box and internal air.

Equation at node 5: Internal air heating:

dT
d_ts . Zni . Cp,i = Oint,box * (Sbox - Smetal) . (T4 - TS)
dn
+ O‘inl,metal . Smetal N (TG - TS) + (Tl - TS) : ZE : Cp‘i (19)
here % o Cp,i is the heat accumulated by the different

components of inner air due to their specific heat capacities

and (T) —Ts) - ‘fi—’; - Cp,i is the heat transferred by the mass

transfer of air and water vapor through the membrane.
Equation at node 6: Continuity at the interface (heat

source-internal air):
7 tal N tal
Otint,metal * Smetal - (TS - T6) =es e (T6 - T7) (20)
Zbox/2
Equation at node 7: Heat generation:

dT7 )~metal N metal

dr * Mmetal * vametal = Zoox/2 : (Tﬁ - T7)
)~metal : Smetal
4+ (Tg — T7) + Qeleclr (21)
Zbox/2

here %-mmeml - Cpmetar Tepresents the heat power accumu-
lated by the heat source support (specific heat capacity) and
Qelectr Tepresents the power dissipated by the heat source.
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Equation at node 8: Continuity at the interface (box wall-
heat source support)

j-metal . Smetal Abox Smetal

(T7 —Tg) = (Tg — T3) (22)

Zmetal /2 Zmetal /2

Different assumptions are considered in these equations:

Heat conduction through the membrane is negligible (the
membrane surface and its thermal conductivity are very
small when we compared, respectively, to the total box sur-
face and the metal thermal conductivity).

e Internal air has a unique (homogeneous) temperature
(T5) far from the enclosure wall.

e The internal temperature of the box wall (75) is homo-
geneous.

The coefficients Oingpox> ®intmetals %ext> Used to describe
the heat transfer by convection between the walls and the
air, are calculated according to the type of existing convec-
tion:

e Inside the box, only natural convection has to be taken
into account as the only phenomena creating air motion is
the gradient of temperature.

e Outside the box, forced convection is taking place due
to the presence of a fan in the climatic chamber or to the
movement of the car.

An adequate equation describing forced convection of air
on a flat plate using dimensionless numbers has been devel-
oped by Eyglunent,26 it is given here below:

Xt * X X
Nu = 0.024 - Re*805 — Jext” Zext (23)

)Lbox

This equation is only valid for low values of Re and Nu
(Re < 10°, Nu < 2 X 10).

For natural convection, a good correlation is also given by
Eyglunent®:

o %int,box Xint,box

Nu (24)

;vbox

int,metal Xim,metal

Nu =

(25)

)Lmetal

With
Nu =059 - (Gr-Pr)'/* (26)
B-AT - 0% - d.>3
Gr = gﬂ% 27
Pr= CP}' K 28)

The coefficient 0.59 and [1/4] can only be applied for a
value of Gr.Pr included in the interval [10*-10°] which is
true in our case.

This approach takes into account all the phenomena inter-
fering with the change of temperature inside the box in tran-
sient and steady state conditions.

Equation 19 shows a term depending on mass transfer pa-
rameters (dn/dt) so the heat transfer model cannot be com-
plete without coupling it to mass transfer model. In fact, as
far as we have a membrane, rapid mass transfer takes place
with pressure, and then, air temperature inside the box can
be strongly influenced.

The calculation of the coupling of heat and mass transport
models has been carried out with Matlab™ software to draw
simulation curves showed below in the next section. All nec-
essary data and parameters for the calculations were obtained
experimentally and from literature, they are given in Table 5.

Results and Discussion

Comparison between simulation and
experimental results

To validate the model, we carried out series of experi-
ments with electronics housings described in the “Experi-
mental set-up with an actual electronics housing” subsection
of the second section. As explained earlier in the experimen-
tal section, the conditions (% RH, temperature) considered of
the climatic chamber were chosen according to the French
automotive industry regulations. As discussed in the previous
section, all simulation results were obtained by the simulta-
neous resolution of Eqs. 3-15 for two components A (dry

Table 5. Data Used for Calculations

Model Input Used Equation or Value Units Reference
Mass transfer -
Diffusion coefficient Djp =2.178 X 107422 (55h) " m”s ! Massman [25]
Mean molecular speed V 8RT /m.Ma ms ! Mulder [17]
Air Velocity (outside the box) 4 ms™! Measured in this work
Heat transfer
Density of the metal Aluminum alloy (Ist Box): 2700 kgm Perry and Green [27]
Stainless steel 316S (2nd Box): 7990
Conductivity of the metal Aluminum alloy:237 Wm "K' Perry and Green [27]
Stainless steel 316S: 16.2
Heat capacity of the metal Aluminum alloy: 903 Jkg 'K™! Perry and Green [27]
Stainless steel 316S: 500
Conductivity of air Ja = 7.5536X1073XT+0.00343 Wm 'K! McCabe et al. [28]
Conductivity of water vapor Jp = 5.0214X 107> XT+0.00418 Wm 'K McCabe et al. [28]
Heat capacity of air Cpa = 4.19X(6.386 + 1.762X 1073 XT — 0.2656X 1076 XT?) Jkg "K' McCabe et al. [28]
Heat capacity of water vapor Cpp = 4.19%X(8.22 + 1.5X107*XT+1.34X 107°XT?) Jkg "K' McCabe et al. [28]
Viscosity of air pa = 1711075, ;1) Pas Williams [29]
Viscosity of water vapor g = 1.703X1075.(555) 104 Pas Teske et al. [30]
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Figure 7. Evolution of environmental parameters inside the actual enclosure with membrane 4 and without heating.

(a) Temperature, (b) Total pressure, (c) relative humidity, (d) water vapor partial pressure (dashed line: experimental results, continuous line:
simulation results). Initial conditions inside the box: 35°C, 62% of RH, atmospheric pressure. Imposed environmental conditions: 7: 85°C, RH:

85%, atmospheric pressure.

air) and\B (water vapor) and the thermal Eqgs. 16-26 using
Matlab®™ software.

Validation experiments: 85°C, 85% RH outside
conditions and without heat dissipation inside
the actual housing

For this first validation experiment, we used conditions
usually applied in automotive electronic tests to evaluate the
limits of the systems. These conditions are considered as the
best aging conditions. Therefore, it was important to start
the model validation with these parameters to observe the
response of the model in those extreme situations. The
experiment was carried out with the actual electronics hous-
ing, starting at room conditions: initial temperature and RH
of 35°C and 61% respectively, a rapid variation of surround-
ing conditions is applied to reach 85°C and 85% of tempera-
ture and RH respectively.

Figure 7 shows a plotting of experimental (dashed line)
and simulated (continuous line) evolutions of the internal
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environmental parameters, which are temperature (7), total
pressure (P), water relative humidity (%RH) and water vapor
partial pressure (Py).

Simulated internal temperature follows very closely the
experimental results. Indeed, the thermal approach is precise
and the meshing chosen is good enough to consider the delay
due to the box material warm up and all heat transfer modes
considered.

The internal total pressure increases slightly and the evolu-
tion with time of the simulated pressure follows the experimen-
tal results. In transient conditions, the measured pressure is a
little different from the simulated one. This difference should
be due to the error range of the pressure transducer and to the
variation of the atmospheric pressure during the test time, this
parameter is not taken into account in modeling.

P, and RH evolution on time fit well experimental results
except at the beginning where experimental P, increases
faster than the simulated one whereas the experimental RH
decreases less than calculated. This result indicates that appa-
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Figure 8. Evolution of environmental parameters inside the actual enclosure with membrane 4 and with a heating
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(a) Temperature, (b) Total pressure, (c) relative humidity, (d) water vapor partial pressure. (--) dashed line: experimental results, (—) con-
tinuous line: simulation results. Initial conditions inside the box: T: 27°C, RH: 46%, atmospheric pressure. Imposed environmental condi-

tions: Tt 25°C, RH: 45%, atmospheric pressure.

rently other phenomena, which are not considered in the
model, may occur. An explanation can be done if we con-
sider that water vapor desorption can take place from poly-
meric materials of the PCB and the electronic components
enclosed in the housing (in this first experiment resistances
were not plugged in). Indeed, this desorption phenomena will
influence the total P,. This explanation will be confirmed
later by other tests carried out with the polymer-free refer-
ence electronics housing.

Validation experiments: 25°C, 45% RH outside
conditions and with 25 W of heat dissipation inside
the actual box

These conditions are closer to the real function of an ECU
and are often met in electronic applications where heat dissi-
pation can be important. Initial conditions inside the box
were 27°C, 46% RH (room conditions) and atmospheric pres-
sure. The small variation of these surrounding conditions was
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very fast compared to the experiment duration (25°C, 45%
RH outside).

Figure 8 shows a comparison between experimental and
calculated evolution of the environmental parameters inside
the box.

As it has been presented in the previous case, calculated
temperature evolution fits well the experimental one; this ob-
servation corroborates the complete and general aspect of the
thermal approach. The total simulated pressure shows a devi-
ation compared to the measured one but the stabilization
time is respected. However, it is important to note that the
deviation observed is very small when compared with the
error range of the pressure transducer (=500 Pa).

Concerning the P, and the RH, the experimental results
are slightly higher than the modeled ones. This result is simi-
lar to the aforementioned previous case and a similar expla-
nation about water desorption from polymeric materials can
be given. In fact, in this case the impact of desorption is
more perceptible because the RH outside the box does not

February 2009 Vol. 55, No. 2 AIChE Journal
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Initial conditions inside the box: T: 25°C, RH: 55%, atmospheric pressure. Imposed environmental conditions: 7: 83°C, RH: 20%, atmos-

pheric pressure.

change during the test. Therefore, no water vapor exchange
is expected and the only observed variation is due to phe-
nomena taking place inside the box. The created P, differ-
ence is low, so, the kinetics of diffusion through the mem-
brane is slow and the equilibration time is long. However,
we can observe that all the studied curves follow the same
time dependent evolution.

We can then conclude, a priori, that the modeling of the
internal environmental parameters is valid. Nevertheless to
confirm our hypothesis of water desorption we carried out
validation tests with a home-made housing which is made of
100% of stainless steel.

Reference box validation experiment: 83°C, 20% RH
outside conditions
The home-made reference box was build with the objec-

tive of having an enclosure with well-known characteristics
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and with materials which do not adsorb water vapor in the
inner compartment. Indeed, all the characteristics of the ma-
terial used to build up the box and of the membrane (mem-
brane 4) are exactly known. The chosen experiment is differ-
ent from the first two validation experiments to test the flexi-
bility of the model when changing multiple parameters.
Initial conditions were room conditions: 25°C, 55% RH and
atmospheric pressure, then housing was introduced in the cli-
matic chamber which was maintained at 83°C and 20% RH.
As explained earlier the variation of the surrounding condi-
tions was fast compared to the test duration.

Figure 9 shows the evolution with time of all internal pa-
rameters listed previously and obtained results corroborate
the validity of the developed model.

In this case pressure calculated with the model does not
follow experimental results mainly in the first 3000 s. This
behavior can be explained because of the level of error range
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Figure 10. Simulated evolution of environmental parameters inside the enclosure using three different membranes
and without electronic heat dissipation. R = 0.005.

Initial conditions inside the box: T: 25°C, RH: 55%, atmospheric pressure. Outside conditions: 7: 82°C, RH: 21%, atmospheric pressure.
-O- membrane 1, -*- membrane 4, -/\- membrane 6. (a) Temperature (7), (b) total pressure (P), (c) relative humidity (RH) and (d)

water vapor partial pressure (Py).

of the sensor (£500 Pa) or a little underestimated membrane
permeation. In terms of simulated pressure variation we can
also note that this variation is lower (less than 300 Pa) than
the variation calculated with the actual enclosure (~800 Pa)
because the membrane surface is bigger in this last case
3.14 X 104 mz). All the other simulated evolutions: tem-
perature, P, and RH, fit exactly the experimental results.
This test confirms the validation of the model and the hy-
pothesis of water desorption from polymeric materials with
the actual housing during the heating up step. Indeed, as the
reference box does not enclose any plastics no overshoot on
humidity is observed.

Simulation study

Once, we have validated the model we carried out simula-
tions to study the influence of: 1-membrane type and surface,
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2-different fluxes contribution to heat transport, 3-boundary
layers. All simulation results described here below have been
carried out considering that the electronic housing, with in-
ternal initial conditions (7: 25°C, P: atmospheric pressure,
RH: 56%) was placed in a climatic chamber at 82°C and
21% RH.

Simulations with different membranes

Figure 10 gives simulation results for a box equipped with
a membrane surface of 3.14 X 10~ * m? which corresponds
to a ratio of “membrane surface/housing surface” (R) of
0.005 for all different membranes characterized in this work.

First, we can notice that, at the exception of membrane 6
which presents the smallest mean pore size among the tested
membranes, no noticeable difference exists, during the tran-
sient or steady state, in the evolution of temperature, RH, P,,
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and total pressure. For membrane 6, the calculated overshoot
of total pressure inside the box is relatively high when com-
pared with simulations carried out with other membranes. It
corresponds to the difference between gas expansion by tem-
perature increase and the relatively low gas flow rate. Never-
theless, we have to consider that this variation is in reality
small if we compare it with the experimental results shown
in previous sections. In fact errors of experimental pressure
measurements are much higher than the calculated variation
here. Membranes 1 and 4 show almost the same behavior
even if membrane 1 has larger mean pores size. However,
the separative layer of membrane 1 is twice as thick as the
corresponding layer of membrane 4 and we know that per-
meation rate is inversely proportional to thickness

In general, we can consider that all macroporous mem-
branes (mean pore size higher than 5 X 10~% m) are equiva-
lent if we consider the temperature, RH and P,. Therefore,
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we decided to continue the simulations considering only
membrane 4 characteristics because this membrane had been
already chosen for validation tests.

Effect of membrane surface on the evolution of the
studied parameters inside the box

To size the chosen membrane for each application, it is
important to study the evolution of different environmental
parameters inside the box with different membrane dimen-
sions. Thus, we evaluated by simulation five membrane sur-
faces corresponding to different ratios “membrane surface/
housing surface” (R;) (R = 0.0013, 0.005, 0.02, 0.08, and
0.35).

Figure 11 shows the evolution of temperature, total pres-
sure, RH and P, for the five chosen ratio. Firstly, we can
observe that the membrane surface increase has a very small
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impact on temperature evolution. Indeed, two opposite phe-
nomena take place: the heat flux increases with mass transfer
surface, but at the same time, the heat flux by conduction
decreases because the metallic surface of the housing is
being reduced. Therefore, we can assume that the membrane
plays also a thermal regulation role even if the polymeric
material of the membrane has very low intrinsic heat conduc-
tivity. The influence of the membrane on the heat transport
will be studied in details in the next section.

Secondly, membrane surface has an important influence on
total pressure and RH. However the most strongly affected is
P, evolution. Concerning total pressure, we can give the
same aforementioned explanation: at low R the difference
between gas expansion, by temperature increase, and the low
gas flow rate explains the behavior observed.

In the case of RH evolution if we exceed a ratio mem-
brane surface/metallic housing surface of 0.02 the mass
transport of air at 21% of RH and 85°C is much more rapid
than temperature step-up. Indeed, we have a peak of RH
inside the box (higher than 1) during the first 1000 s. In
those conditions of relatively high membrane surface, con-
densation takes place immediately on the cold parts of the
metallic housing. Therefore, we can notice that a very small
membrane surface can be useful in some conditions when
the electronics needs a good control of the RH and RH
inside the housing to avoid water condensation.

The developed model will help to carry out a dimension-
ing work and to choose the best membrane size depending
on the box specifications (material, size, etc.), the maximum
working temperature and the allowed pressure.

Study of the influence of mass transfer on heat transfer

This work aims coupling mass and heat transfer to simu-
late the environmental internal conditions of electronics
housing. As the developed model matches well the experi-
mental results, the importance of the impact of each phenom-
enon or parameter on other ones, can be evaluated. The
impact of heat transfer on the mass transfer is obvious and
has been observed in previous simulations, since temperature
change will lead to variations of pressure, which is one of
the main forces causing the transport of fluid through the
membrane. In addition, all mass transfer coefficients also
depend on the temperature. However, the influence of the
flux of fluid through the membrane on temperature changes
in the box is more uncertain. Therefore, the evaluation of the
contribution of mass transfer on temperature changes should
be simulated to better understand all the phenomena taking
place inside the box.

e Study of the different fluxes contribution to heat transfer

To evaluate the importance of the different heat transfer
phenomena compared to each other, we decided to simulate
the heat flux by conduction through the metal and the heat
flux due to the mass transfer through the membrane as a
function of time. Here we considered for the simulation 7:
25°C, RH: 56% and atmospheric pressure as initial condi-
tions. The surrounding conditions were varied rapidly in a
step way to 83°C and 20% RH and keeping atmospheric
pressure. This simulation was done considering electronics
housing similar to the second reference box at different Ry
and with membrane 4 on its surface.
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Figure 12. (a) Simulated evolution of different molar heat
flows (W/mole of air inside the enclosure):
Heat flow due to the mass transport through
the membrane (— solid lines). Heat flow by
conduction through the wall of the box (--
dashed lines) for three different membrane
surface/metal wall surface ratios. (b) Zoom
on the first 200 s of Figure (a).

In (a) the membrane surface/metal wall surface ratios: -O-
R, = 0.0013, -*- R, = 0.005, -/A\- Ry = 0.08. Initial condi-
tions in the box: 25°C, 55% of RH, atmospheric pressure.
Imposed conditions outside the box: 83°C, 20% of RH and
atmospheric pressure.

In Figure 12a we can observe that heat flow due to the
mass transfer through the membrane is much lower than heat
flow transferred through the walls of the box by conduction,
but it should not be neglected. In fact, this flow is opposed
to the first one slowing down the heating of the humid air
inside the box. We can also notice that the maximum of heat
flow due to the mass transfer through the membrane takes
place at the same time as the maximum of heat conduction
through the wall. This behavior can be explained by the pres-
sure increase under the influence of the heat conduction
through the box walls (gas expansion by the temperature
increase). Indeed, this created over-pressure allows air con-
vection through the membrane and in consequence, more
contribution to the heat loss by mass transfer.

We can observe in Figure 12b that membrane contribution
to the heat transfer increases with membrane surface and can
even be positive and bigger than heat conduction through the
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metallic part of the housing at initial times (if we exceed a
certain surface ratio). This result can be explained by the
delay introduced by the specific heat capacity of the metal
and the high permeation flux that increases with the mem-
brane surface. Indeed, at initial times, the metal warms up
before heating the internal air by natural convection; how-
ever, the air permeation through the membrane is instantane-
ous leading to a rapid contribution to the heating of the air
inside the box.

These simulation results show that membranes can also
play a regulation role of the temperature and can have a pos-
itive or negative contribution to the heating of the air inside
the housing, this result should also explain the same tempera-
ture behavior for different membrane surface/metallic surface
ratios (Figure 11a)

e Study of the influence of boundary layers on mass
transfer

It is of interest to compare the different existing mass
transfer coefficients to evaluate the importance of the bound-
ary layers and membrane on the total air flux. Figure 13
shows the evolution with time of resistances of different
layers described in Figure 5. Calculations were made using
same initial conditions and parameters used for Figure 12 but
with a membrane surface/metal wall surface ratio of 0.08.
We can observe that mass transfer resistance inside the box
increases with time. This enhancement is almost linear dur-
ing the first 2500 s and accelerates beyond this time. As it
has been shown in previous simulations curves after the in-
stantaneous change of environmental conditions, we have
first a high permeation flux through the membrane allowing
rapid pressure equilibrium between the inside and the outside
of the box; nevertheless, this rapid transfer (1000-1500 s)
has not an strong influence on the calculation of the bound-
ary layer resistance. Then, natural convection and diffusion
take place inside the box. Therefore, we can reasonably
believe that with time and temperature stabilization, diffusion
becomes the major transport phenomenon. Thus, we should
have a rapid increase of the boundary layer thickness and

10’ Mass tranfer resistance of the different layers
7 T T T T T T

mass transfer resistance {Pa.s.mol-1}

Time {s)

Figure 13. Calculated mass transfer resistances with
time: -A- membrane, -*- outside boundary
layer and -O- inside boundary layer.

R, = 0.008. Initial conditions in the box: 25°C, 55% of
RH, atmospheric pressure. Conditions outside the box:
83°C, 20% of RH and atmospheric pressure.
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Figure 14. Instantaneous (t = 0) mass transfer resist-
ance of different layers for three surface
ratios (R = 0.0013, 0.005, 0.08).

Initial conditions in the box: 25°C, 55% of RH, atmos-
pheric pressure. Imposed conditions outside the box: T:
83°C, RH: 20%, atmospheric pressure.

then, a continuous enhancement of the internal boundary
layer resistance, as observed.

Figure 14 shows the calculation of the relative resistance
of boundary layers and membrane for different R at time =
0 s. It can be established that for low Ry ratios, the mem-
brane resistance is of little importance for mass transfer
between box inner side and surroundings. Indeed, the highest
resistance is given by boundary layers and especially inside
the box because air movement is very slow and uniquely due
to diffusion and natural convection. Therefore, we can con-
clude that hydrophobic membranes make possible mass trans-
port between the gas inside the box and the surroundings and
protect the box inside from liquid water intrusion; but they
do not have a strong impact on total mass transfer resistance.

Conclusions

A mathematical model has been developed to investigate
the influence of the use of a membrane on electronics hous-
ing. This model is based on a complete approach of the mass
transfer through a membrane taking into account the effects
of boundary layers (concentration polarization). The mass
transfer equations were coupled to the heat transfer based on
one-dimensional fine meshing. All structural parameters of
membranes were determined by different characterization
techniques to be introduced into the model.

Theoretical curves obtained fitted well the experimental
work, validating then the developed model. The comparison
between simulation and experimental results were useful to
observe a water desorption phenomenon from plastic materi-
als placed inside the automotive ECU. This phenomenon can
have an important influence on the P, inside the box during
the heating up step.

This work allowed the formulation of some other impor-
tant conclusions:

Firstly, for all tested membranes having pores size in the
domain of macroporosity, the total pressure variation inside
the box should not exceed 1000 Pa. Indeed, this type of
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membrane is efficient for the dynamic and rapid regulation
of the total pressure. However, we observed that the evolu-
tion of P, inside the box does not depend on the type of the
membrane used because the main resistance to diffusion of
water vapor is given by boundary layers and not by the
membrane. This effect can only be reduced by increasing
significantly the membrane surface, which is not interesting
from an industrial point of view. Therefore, any of the tested
membranes would be suitable for this application.

Secondly, we showed that membranes have a small role in
the heat transfer by conduction as the metallic housing of the
box has much higher surface and thermal conductivity.
Nevertheless, their impact can not be completely neglected.
In fact, for large membrane surfaces heat transfer through the
membrane by means of mass transfer can be relatively im-
portant, especially at the beginning of the heating step. The
metal needs time to get warm due to its specific heat
capacity but the gas permeation is instantaneous. We con-
cluded that the membrane in some conditions can also con-
tribute to the temperature regulation inside the box.

Thirdly, because of its mixed contribution to both heat and
mass transfer, the membrane controls the RH inside the box.
The RH is directly related to the risks of condensation which
is one of the major causes of failure in electronics placed
inside automotive ECUs.

We proved with the present work that using a venting
membrane on electronics housing should be done carefully
as it can help internal pressure and temperature regulation
but it can accelerate water vapor permeation flux, increasing
then the risk of condensation.

The present work will be the basis for a dimensioning
work of membranes and the settlement of new rules in the
specification book concerning the choice and validation of
membranes for electronics housings.

Notation

By = membrane morphological parameter (m?)
Cp = specific heat (J kg ' K™Y
dy, = hydraulic diameter (m)
d, = pore diameter (m)
D;; = effective diffusion coefficient m>sh
Di*j = diffusion coefficient in a binary mixture m?s™h
D; x = Knudesn diffusion coefficient for a component i m>s
e = membrane thickness
Gr = Grashoff number

2,73
Grm = mass Grashoff number = £ gL Ap

w2 p

g = gravity (9.81 m s~
J =molar flux density (mol m2sh
k = mass transfer coefficient (mol m2s! Pa )
Ky = membrane morphological parameter (m)
m = weight (kg)
M = molecular weight (kg mol ")
N = Avogadro number (mol D)
Nu = Nusselt number
P = Pressure (Pa)
P; = Partial Pressure (Pa)
AP = Transmembrane pressure (Pa) = Pipiet — Poutlet
P, = water vapor partial pressure (Pa)
Pr =Pandtl number
Q = heat dissipation power (W)
R = pore radius
R =ideal gas constant (8.314 m® Pamol 'K
R, = membrane surface/metallic surface ratio
RH = Relative humidity (%)
Re = Reynolds number
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S = surface (m?)
Sc¢ = Schmidt number
Sh = Sherwood number
T = Temperature (°C)
v = air velocity (m s~ ")
x =molar fraction
X = characteristic distance (m)
z =box wall thickness (m)

Greek letters

o = convective heat transfer coefﬁcient (Wm 2K
p= therm.al expansion factor = %g—‘T (K™Y

& = porosity

0 = contact angle (°)

J.= heat conductivity coefficient (W m~' K™

1= dynamic viscosity (Pa s)

v =mean molecular speed (m sh

p = density (kg m?)

T = tortuosity

Subscripts

A =dry air
air = humid air (A+B)
B = water vapor

box = box wall
ext = outside the box

int = inside the box
m = mean (average)

metal = electronics metallic support
mem = membrane
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