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Abstract 

This master thesis is about an investigation of anti-moisture methods for a non-
hermetic electronics enclosure containing a number of printed circuit boards 
(PCB) and placed in a severe climatic environment.  

The relevant theoretical background was provided first. It included the impact of 
moisture on electronics, some useful psychrometrics concepts, heat transfer 
fundamentals, introduction of environmental test, temperature and humidity 
sensing techniques, computational fluid dynamics (CFD) modelling, anti-
moisture methods and commercial heaters in the current marketing.  

Then a CFD modelling methodology was developed and validated based on 
experiment data. An extra heater was added to the enclosure to prevent water 
adsorption on printed circuit assemblies (PCA) surfaces. The heat dissipation and 
switch-on period strategies were parametrically studied in order to maintain the 
internal relative humidity below 60% in the vicinity of PCA surfaces, according to 
the relative humidity control method.  

In the end, results obtained from the environmental tests and the CFD 
simulations were presented and analyzed. Conclusions and future work were also 
discussed.  
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Summary 

A CFD modelling methodology including experimental validation has been 
developed and applied for evaluation of anti-moisture measures in a non-hermetic 
electronics enclosure containing a number of printed circuit boards, and placed in 
a severe storage environment.  

Damp heat test has been done for discovery of risky areas of formation of water 
adsorption on PCA. The variation of the temperature and relative humidity have 
been from +25oC to +55oC and from 93% to 98%, respectively. The Humid hot 
coastal desert test data have been used to supply input for the CFD modelling. 
The variation of the temperature and relative humidity have been from +33oC to 
+71oC and from 14% to 80%, respectively.  

PCA model built in Flotherm have been integrated into validated testing 
environment model in Flovent. Simulation has a good agreement with the 
experiment, achieved through parametric studies and iterative adjustments of the 
model. 

Enclosure heater solutions have been tested by simulation. A heating strategy 
involving various power levels and heater switching time has been determined, 
which is just sufficient to maintain the internal relative humidity below 60%, 
thereby reducing the risk for water adsorption formation on the surface of 
electronics assembly. 

 

Key Words 

Humidity management, severe storage environment, electronics enclosure, 
environmental test, computational fluid dynamics, enclosure heater 

 

 



Table of Contents 

4 

Table of Contents 

1 Introduction............................................................................... 6 

1.1 BACKGROUND........................................................................................................................6 
1.2 PURPOSE AND AIMS ................................................................................................................7 
1.3 DELIMITS ...............................................................................................................................7 
1.4 OUTLINE ................................................................................................................................8 

2 Theoretical background........................................................... 9 

2.1 THE IMPACTS OF MOISTURE ON ELECTRONICS ........................................................................9 
2.2 PSYCHROMETRICS CONCEPTS .................................................................................................9 
2.3 HEAT TRANSFER FUNDAMENTALS ........................................................................................12 

2.3.1 Physical properties .........................................................................................................12 
2.3.2 Heat transfer mechanisms ..............................................................................................13 
2.3.3 Steady state & transient heat transfer ............................................................................14 
2.3.4 Heat transfer in PCBs.....................................................................................................15 
2.3.5 Heat sinks .......................................................................................................................18 

2.4 ENVIRONMENTAL TEST ........................................................................................................21 
2.4.1 Test chamber...................................................................................................................21 
2.4.2 Climatic test standards ...................................................................................................22 

2.5 TEMPERATURE AND HUMIDITY SENSING TECHNIQUES..........................................................23 
2.5.1 Temperature sensor ........................................................................................................23 
2.5.2 Humidity sensor..............................................................................................................25 

2.6 CFD BRIEF INTRODUCTION...................................................................................................26 
2.7 ANTI-MOISTURE METHODS ...................................................................................................28 

2.7.1 Formation of water monolayers .....................................................................................28 
2.7.2 Relative humidity control method ...................................................................................29 
2.7.3 Absolute humidity control method ..................................................................................29 
2.7.4 Coating and potting ........................................................................................................30 

2.8 ENCLOSURE HEATERS...........................................................................................................30 

3 Implementation ...................................................................... 32 

3.1 CASE STUDY METHODOLOGY ...............................................................................................32 
3.2 CASE STUDY IMPLEMENTATION............................................................................................35 

3.2.1 Environmental testing.....................................................................................................35 
3.2.2 Selection of CFD tools....................................................................................................42 
3.2.3 Creation of experimental environment model.................................................................45 
3.2.4 Geometry of device under test in CFD ...........................................................................47 
3.2.5 Integrating CFD models of enclosure and the validated environment ...........................54 
3.2.6 Decision on heater option...............................................................................................55 

4 Results and discussion ............................................................ 58 

4.1 THE DAMP HEAT TEST RESULTS ...........................................................................................58 
4.2 CFD MODEL VALIDATION RESULTS ......................................................................................59 
4.3 ENCLOSURE HEATER PARAMETRIC STUDY............................................................................62 

4.3.1 10 watt heating profile....................................................................................................62 
4.3.2 10-15-10 watt heating profile .........................................................................................64 
4.3.3 10-15-20-15-10 heating profile ......................................................................................66 

5 Conclusions and future work................................................. 68 

6 References ............................................................................... 69 



Table of Contents 

5 

7 Search words ........................................................................... 74 



Introduction 

6 

1 Introduction 
In the recent years, the technology of electronic design developed very fast. With 
the assistance of the computational fluid dynamics (CFD) based software, the role 
of the thermal analysis becomes more and more important in the early electronic 
design stage.  

Numerical thermal analysis can minimize the number of prototype hardware 
revisions and reduce the overall turnaround time from design to production [1]. It 
also increases the reliability of the final design. On the other hand, CFD can assist 
in qualifying existing electronics products for operation/storage in the any extreme 
conditions including temperature, humidity, atmosphere, radiation and shock. 
Those extreme conditions are called as harsh climatic environment. CFD analysis 
increases understanding of a system physical behavior, and to enhance the 
probability of a successful implementation of thermal management measures in a 
cost-effective manner [2].  

This project is within the area of environmental durability, originating from the 
SP Technical Research Institute of Sweden (Borås). Design for environmental 
durability is an important part in robust electronics design. 

1.1 Background 
CFD/Thermal analysis of models are predictions of the fluid dynamics and related 
physical phenomena such as heat and mass transfer. Humidity related analysis is 
also a part of CFD analysis. In a high humid environment water could be 
adsorbed to solid surfaces. Condensation will be formed if adsorbed water is 
accumulated to a high amount. When electronics enclosures are stored and 
operated in a harsh climatic environment with various temperatures and relative 
humidity, humidity management measures must be implemented in order to 
prevent hard and soft failure of electronics. 

Nowadays the usage of commercial off the shelf (COTS) components and systems 
is very popular by military electronic product manufacturers due to significant 
savings in cost and maintenance. However, COTS systems are only adapted to 
indoor/controlled environment use. CFD can be applied to virtually test efficiency 
of ruggedization techniques, subsequently implemented in hardware in order to be 
stored or operated in a harsh climatic environment. 

It is thus be interesting investigation task to apply CFD methodology for choosing 
the right anti-moisture measures to be implemented in an existing electronic 
system for storage in severe climatic environment. 
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There are some scientific articles and journals about current technologies of system 
level thermal analysis and thermal analysis in a harsh climatic environment. An 
overview of thermal management of electronics in harsh environment was 
provided in [3]. Methods, pitfalls and recommendations of the humidity 
management of outdoor electronic equipment were presented in [4]. A number of 
current commercially available solutions to prevent condensation was shown in 
[5,6]. 

1.2 Purpose and aims 
The purpose of this project is that through climatic tests and CFD modelling to 
propose and evaluate humidity management methods for a non-hermetic 
electronics enclosure in severe storage environment. Generally, this project was 
divided into three tasks. They were:  

First was to discover the problem areas in the PCA inside the enclosure through 
environmental tests. 

Second was to model the populated electronics enclosure in test environment by 
CFD tool and validate the model by comparing with the testing data. 

The last task of this project was to evaluate by simulation optional enclosure 
heater to reduce the risk of water adsorption to PCA surfaces of the populated 
electronics enclosure. Various power levels and switch-on periods were tested. 

1.3 Delimits 
In this project only humidity management on the specific case provided by a 
company was considered. The modelled test environment was according to 
STANAG2895 climate zone B3 storage and transit condition [7]. Therefore, the 
definition of harsh climatic environment in this project only considers the extreme 
condition with temperature and relative humidity. 

To simplify the research methodology and anti-moisture design criteria, the 
surfaces of all the assembling components were assumed as not contaminated. 

Only one enclosure heater configuration was proposed. And conducted parametric 
study was considered sufficient to evaluate the proposed heater for humidity 
management in the populated 19” electronics enclosure. According to the project 
requirements, automatic controllers for regulating the temperature of the system 
so that the system's temperature is maintained near a desired temperature were not 
considered. 
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1.4 Outline 
This thesis consists of five chapters. 

In the first chapter, there is a brief introduction of context in the study area of this 
project. The importance of the studied problem is pointed out. The existing 
knowledge and the previous studies are introduced concisely. Then the goals to be 
achieved are stated. Delimits and the structure are introduced, respectively. 

In the second chapter, the relevant knowledge is studied. It includes the impact of 
moisture on electronics, some of the psychrometrics concepts, heat transfer 
fundamentals, environmental testing, temperature and humidity sensing 
techniques, CFD introduction, anti-moisture method and enclosure heaters 
review. 

In the third chapter project implementation phase is presented. Research 
methodology is introduced and motivated. Implementation steps are described in 
details. 

In the forth chapter the results and accomplishments obtained from the 
environmental tests and modelling are analysed. 

In the last chapter there is an evaluation and retrospection of this project work. 
And some of the future works are discussed as well.
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2 Theoretical background 
At the beginning of this chapter, some of the influences of moisture on electronic 
products are going to be explained. Then some of the basic psychrometrics 
concepts that were used in calculations will be introduced. Some of the heat 
transfer fundamentals are then going to be presented, such like physical properties, 
relevant mathematical physics equations, and theirs functional situations. 
Environmental tests results were used to investigate the risk of formation of water 
monolayers and validate the computational fluid dynamics (CFD) modelling. 
Therefore, specifications of test chambers and test standards are going to be 
introduced. Moreover, some of the temperature and humidity sensing techniques 
are included here. CFD tool was used to build and solve the model. Some of the 
characteristics of CFD tools and the advantages are therefore mentioned. At the 
end of this chapter, we provide some information about the anti-moisture 
methods and review of some commercial heaters in current marketing. 

2.1 The impacts of moisture on electronics 
Electronic products are moisture-sensitive devices. If moisture ingresses into 
electronics assemblies, it will cause reliability problems, such as pop corning, 
cracking, delaminating, corrosion of the metallization at the die surface, oxidation 
and dendrite growth [8]. Especially for Ball Grid Array (BGA) and chip-scale 
packages, the damage to them will be hard to detect [9]. Most of the failures 
caused by moisture are shorts and/or opens, no-fault-founds (NFF) and, as such, 
are frequently missing from field failure data bases [4]. 

The vice president of Sales and Marketing at Accu-Assembly Inc. (Andover, MA), 
Doug Derry said, “Moisture control is a bigger problem today than it was a few 
years ago. The main reason is that parts are getting thinner, and moisture can get 
to the critical areas of the part more easily. The critical areas of the part are those 
where the die, wire bonds and wires are located.” [9] 

In the summer of 2006, European Union eliminated lead from their electronic 
devices [9]. The Restriction of Hazardous Substances (RoHS) took effects on July 
1 in the same year. As a result, more and more manufacturers go to lead-free 
alloys. At the same time, more and more specialists begin concerning on the 
control of moisture on electronic systems. Lead-free is significantly affecting the 
moisture sensitive issues, such as pop corning, delaminating and cracking [8].  

2.2 Psychrometrics concepts  
The following are some useful psychrometrics concepts related with this project 
concerning with the determination of physical and thermodynamic properties of 
gas-vapour mixtures. Some of them are used as parameters in the thermal analysis 
calculations.  
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Ideal gas 

“An ideal gas or perfect gas is a hypothetical gas consisting of identical particles of 
zero volume, with no intermolecular forces.”[10] In reality, gas is not ideal. It is a 
mix of gases. For approximation, we usually use some of the properties of ideal gas 
to estimate real gas. 

Partial pressure 

In a mixture of ideal gases, the partial pressure of each gas is the pressure that the 
gas would have if it alone occupied the volume [11].  

Saturation vapour pressure 

“Saturation vapour pressure is the static pressure of a vapour when the vapour 
phase of some material is in equilibrium with the liquid phase of that same 
material.”[12] 

Relative humidity 

Relative humidity is the ratio of the amount of water vapour in air to the 
maximum amount of water that could be at its saturation condition. 

%100
)(

)(

2

2 ×=
OHe

OHeRH
sd

,                      (1) 

where RH is relative humidity of the gas, e is the partial pressure of water vapour, 
esd is saturation vapour pressure [13].  

Absolute humidity 

Absolute humidity is the amount of water in a particular unit volume of air. 

   
n

w

v
m

AH = ,                           (2) 

where AH is absolute humidity of the gas, mw is the mass of water vapour, Vn is 
volume of air [14].  

Dry bulb temperature 

The dry bulb temperature usually refers to as air temperature. Basically it is the 
ambient air temperature. It is called “dry bulb” since the air temperature is 
measured by a thermometer without the moisture of the air [15]. Dry bulb 
temperature associated with the dew point temperature calculation, is the air 
temperature for a critical surface.  

 



Theoretical background 

11 

Dew point 

The dew point is the temperature when water vapour to condense into water at 
constant barometric pressure. When the dry bulb temperature of a surface of a 
specific matter is lower than the according dew point, there is dew. 

When the dew point temperature is below zero, it is called the frost point, as frost 
or hoarfrost is produced by deposition. 

The higher relative humidity it is, the closer the dew point is to the current air 
temperature. When the relative humidity is 100%, the dew point is equal to the 
current temperature [16]. The dew point temperature is approximated according 
to equation (3) [17]: 

16077.8
3.237)66077.0(

−
×−

=
s

s
Dp ,                       (3) 

where 2)lg(%
3.237

5.7
66077.0 −+

+
×

+= RH
T

T
s

air

air ; %RH = relative humidity [%]; 

airT  = temperature of the air [oC]. 

Calculation of water vapour concentration  

RH of an environment is related to water vapour concentration that is the 
calculated parameter in CFD tools. Data profile of water vapour concentration of 
a particular environment indirectly indicates its relative humidity condition. To 
calculate the water vapour concentration, some other equations need to be 
introduced first [18]. 

eP
e

airdryofmass
vaporofmass

X
−

⋅== 622.0
___

__
,                  (4) 

where X = water vapour concentration [kg/kg]; P = measured absolute pressure 
[Pa]; e = partial pressure of the water vapour [Pa]. 

sdX
XRH = ,                           (5) 

where RH = percentage humidity, it is approximately equal to relative humidity 
over the normal atmospheric range; Xsd = moisture content that would exist if the 
space were saturated at the same air temperature [kg/kg]. 

sd

sd
sd eP

e
X

−
×= 622.0 ,                       (6) 

where esd = saturation vapour pressure [Pa] at the controlled air temperature T.  
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)
3.237

27.17(6.610
T

TExpesd +
××= ,                  (7) 

where esd is an approximation of the saturation vapour pressure. 

By combining equations (4)-(7), the water vapour concentration can be expressed 
as:  
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3.237
27.176.610

3.237
27.176.610

622.0 ,              (8) 

The data profile of water vapour concentration attribute in the modelling will be 
calculated from equation (8) based on the relative humidity, temperature and 
pressure values from the experiment. 

2.3 Heat transfer fundamentals 

2.3.1 Physical properties 

When thermal analysis is made for a specific PCA, it is necessary to know the 
material properties as parameters for temperature distribution calculations. 
Different materials have different heat transfer ability. The following below shows 
some of the common material properties affecting the heat transfer: 

Thermal conductivity 

Thermal cconductivity k, indicates the ability to conduct heat of a specific 
material.  

TA
L

t
Qk

Δ×
×= ,                        (9) 

It is defined as the quantity of heat, Q [W], transmitted in time t [s] through a 
thickness L, in a direction normal to a surface of area A [m2], due to a temperature 
difference Δ T [oC] [19].  

Density 

Simply, density is defined as mass per unit volume. It can be expressed as [20]: 

v
m

=ρ ,                           (10) 

where ρ is the density of the substance [kg⋅m-3]; m is the mass of the substance 
[kg]; v is the volume of the substance [m3]. 
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Specific heat 

Specific heat capacity is the amount of energy required to increase one degree in 
temperature of a unit mass of a substance. The heat is supplied to a unit mass can 
be expressed as: 

mcdtdQ = ,                          (11) 

where dQ = heat supplied [kJ, Btu]; m = mass [kg, lb]; c = specific heat capacity 
[kJ/kg oC, Btu/lb oF ]; dt = temperature change [oC, oF]. A substance with high 
specific capacity requires more heat energy to increase the temperature of it than 
the one with low specific heat capacity [21]. 

2.3.2 Heat transfer mechanisms 

From the 3D simulation in CFD tool, it can be known that how the heat be 
transferred between the components or between the component and the 
environment. There are three ways that energy can be transported: convection, 
conduction and radiation. However, there is no only one mechanism involved in 
physics objects.  

Convection 

Heat convection can be divided into natural convection and forced convection. 
Natural convection indicates a heat transfer from a solid to an uncontrolled fluid 
flow. Forced convection indicates a heat transfer from a solid to a moving fluid 
flow, e.g. fans. When CFD tools are used, it is necessary to know the values of 
estimated free convection velocity (EFCV) if there is no forced flow [22]. 
Convective heat transfer is described as follows [22, 23]:  

TRTThAq thfs Δ=−= )( ,                     (12) 

where h [W/m2k] is the heat transfer coefficient, is not a fundamental fluid 
property; A is the wetted surface area; Ts is the surface temperature; Tf is the bulk 
temperature of the nearby fluid; Rth is the thermal resistance due to convection, it 
depends on the area in contact with air; TΔ is the temperature drop. 

Conduction 

Heat conduction is the flow of heat through matter, from a region of higher 
temperature to a region of lower temperature and balance the temperature 
difference [19]. When the case is only made up of solid objects and solving for 
temperature in the CFD tools, conduction can be set only [22].  
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The rate of heat transfer equals the product of the area normal to the heat flow 
path, the temperature gradient along the path, and the thermal conductivity of the 
medium. The law of heat conduction, or Fourier’s law, is expressed as follows [22, 
23]: 

                            
dx
dTkAq = ,                       (13) 

where q is the heat flow [W]; k is the thermal conductivity [W/mK], is the 
thermophysical property which determines the rate of conduction heat transfer 
through the medium; A is the cross sectional area for heat flow [m2], and dT/dx is 
the temperature gradient in the direction of heat flow [K/m].  

Radiation 

Radiation heat transfer occurs as a result of the emission and absorption of the 
energy from the surface of an object due to the object’s temperature. Sometimes it 
is needed to define a radiative condition that can be applied to the faces of a 
cuboid, prism, tet, heat sink, PCB, enclosure or block with holes in the CFD 
modelling [23]. 

The radiative heat flux can be expressed as follows [23]: 

12
4

2
4

1 )( FTTAQ −= εσ ,                      (14) 

where ε  is the emissivity, σ is the Stefan- Boltzmann constant, equal to 5.67 ×  
10-8 W/m2K4 and F12 is the so-called radiation “view factor” between surfaces 1 and 
2; T1

4-T2

4 is the difference between the source and sink temperatures raised to the 
fourth power. Unlike conduction and convection, radiation is not linearly 
dependent on the temperature difference between two surfaces, or between a 
surface and its surroundings. 

2.3.3 Steady state & transient heat transfer 

Water layers are generated gradually. If we want to study when and where the 
water monolayers are forming, we need to do some CFD modelling to know the 
thermal behavior of the system. Therefore, the 3D simulation tells us the process 
of heat transfer of a specific object. Heat transfer is about the temperature 
distribution in both static and transient heat transfer states. 

Environmental cycling tests provide transient heat transfer condition. In the 
transient heat transfer state, the heat gained by the components does not equal to 
the heat lost. Temperature gradient is not a constant.  
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When an electronic system is running for a long period of time, we can say this 
system is stable. That is because the voltage and physical properties of each 
component do not fluctuate much. The ambient condition has no effects on the 
systems, i.e. the system reaches thermal equilibrium. At this time, the rate of heat 
being transferred remains constant. This indicates a steady state heat transfer 
condition [19]. 
In the steady state heat transfer condition, the time constant τ  is one of the 
important parameters which can be considered. The time constant determines 
how fast the temperature rise will occur with respect to time. A large time constant 
shows a large mass or a large resistance in the heat flow (see equation (15)).  
                             RC=τ ,                        (15) 

whereτ =[hr, min or sec]; R is the thermal resistance; C is the thermal capacitance 
[19]. 

2.3.4 Heat transfer in PCBs 

Heat transfer in PCBs is one of the major parts of the thermal behaviour of a 
electronic system. PCBs constitute the primary area which has great influence on 
thermal performance of electronic units. In order to know how the heat is 
transferred in PCB, we need to know the thermal properties of the PCB. 

Metal-plated vias 

Beside their electrical function, vias (see Figure 2) through the board help to 
reduce the resistance to heat flow between the PCB sides. Vias are the heat paths, 
since they are normally copper plated. We can easily calculate the PCB out-of-
plane thermal conductivity to estimate the impact of the vias. 

 

Figure 2: Thermal vias on a PCB 



Theoretical background 

16 

When there is a large number of vias present on PCB, the equivalent thermal 
conductivity in the Z-direction which is the direction that the vias go through 
PCB, is written as [23]: 

)1( MIMMZZ akakk −+= ,                    (16) 

where kM and kI are the thermal conductivity of the metal and the insulator, and 
aM is the fraction of the cross-sectional area occupied by the via metal. 

When a sparse distribution of vias is present, the equivalent thermal conductivity 
in the Z-direction can be written as [23]: 

I

M

M

M
zz

k
t

k
t

k
)1()(

1
−

+
= ,                      (17) 

where tM is the fraction of the PWB thickness occupied by the metal planes.  

Copper layer 

In-plane copper layer can significantly increase the thermal conductivity of PCB in 
the horizontal direction which is perpendicular to the direction of thermal vias, 
since the trace layers can help to transport heat to the edges of the board so that 
the local temperature rise of a mounted component can be dramatically reduced 
[23]. Figure 3 shows the structure of a PCB composite of copper foils and glass-
reinforced polymer (FR- 4).  

 

Figure 3: An example of PCB structure[23] 

The “in-plane” thermal conductivity of PCB is written as [23]: 

)1( MIMMxy tktkk −+= ,                    (18) 

Equation (18) is used to estimate the in-plane thermal conductivity of PCBs in 
subsequent CFD modelling. 
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Calculation of thermal conductivity of PCB in CFD model 

In CFD modelling we usually treat PCB as an orthotropic thermal conductivity 
block, i.e. a block with three conductivities in three dimensions. In order to set 
correct properties of thermal conductivity of PCB, we need to specify the board 
composition by the value of the percentage conductor in the PCB, the total mass 
of the board or by defining each layer of the board (the number of conducting 
layers, the thickness and percentage coverage of each layer) [22, 23].  

The thermal conductivity of a PCB is determined by the in-plane thermal 
conductivity (kxy) and the out-of-plane thermal conductivity (kzz). Figure 4 shows 
the thermal conductivity of a PCB in three dimensions. 

kzz 

kxy

kxy

PCB 

kxy= in-plane conductivity 

 

Figure 4: Thermal conductivity of PCB in three directions[23] 

The equations for calculation of in-plane thermal conductivity and through-plane 
thermal conductivity of a PCB model are [22]: 

∑

∑
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i
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1 ,                         (19) 
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where n is the number of layers; ki is the thermal conductivity of a layer calculated 
from the percentage coverage value and ti is its thickness. 
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2.3.5 Heat sinks 

Heat sinks are devices that are used to dissipate heat by convection and radiation. 
They are widely used on the PCBs. Heat sink modelling is one of the important 
topics in the CFD modelling due to its complex geometry. A change of the 
physical properties and/or geometrical configuration of heat sink might have 
significant influence on the thermal analysis for the whole design. 

There are several types of heat sinks in the current marketing. They are classified 
in terms of manufacturing methods and the shapes. A brief introduction of some 
of the common heat sinks is as follows [24]: 

Stampings: It is the traditional heat sink for electronic components. It is made of 
copper or aluminum sheet metals with the various desired shapes. It is a low cost 
solution. Figure 5 is a photo of stamping heat sink. 

 

Figure 5: Stamping heat sink [24] 

Extrusion: Extruded heat sinks are built by extruding a large billet of material 
through a die to provide the fin shape. Pin fins help to improve the performance 
by approximately 10 to 20%, but with a slower extrusion rate. Figure 6 is an 
extrusion heat sink. 

 

Figure 6: Extrusion heat sink with plate fins [24] 

Bonded/Fabricated Finns: It utilizes aluminum-filled epoxy to bond planar fins 
onto a grooved extrusion based plate. Therefore, the height-to-gap aspect ratio is 
greatly increased, i.e. more surface area can be exposed to the air. Figure 7 is a 
bonded/fabricated heat sink. 
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Figure 7: Bonded/Fabricated heat sink [24] 

Castings: Die casting heat sink is a kind of low cost and efficient heat sink. It is 
used in the case for impingement cooling which needs high-density pin fin heat 
sinks. Figure 8 is a die casting heat sink. 

 

Figure 8: Die casting heat sink [24] 

Folded Fins: This kind of heat sink has large area exposed to the air because of the 
corrugated sheet metal. Figure 9 is a folded fins heat sink. 

 

Figure 9: Folded fins heat sink [24] 
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Heat transfer calculation of heat sink 

The equations below describe the total heat transfer from the single fin area (see 
Figure 10) [23]. 

)( abf TThAq −= η ,                       (21) 

where Af  is the base area of the fin and μ  is the fin efficiency which can be 
calculated as: 

mL
ee
ee
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mL mLmL
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−
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==
)tanh(μ ,                   (22) 
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= ,                       (23) 
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Figure 10: Rectangular longitudinal fin [23] 

As we known, the convective thermal resistance is inversely proportional to the 
products of the heat transfer coefficient and the heat transfer surface area (see 
equation (12). If we keep the same value of heat transfer coefficient and increase 
the heat transfer surface area, we will get more heat transfer. That is the operation 
principle of heat sink with its fins. Fins can substantially increase the surface area 
in contact with the air; the average temperature of the exposed surface of the fin is 
lower than the fin base [23]. 
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2.4 Environmental test 
Manufacturers from a lot of industries perform environmental tests on their 
products in a variety application, such like automotive, aerospace, electronics and 
telecommunications. Such tests are used to verify a piece of equipment can be 
operated or stored in some specific environments [25]. 

There are many kinds of environmental tests. For example, extremely high and 
low temperatures test, very high or low humidity tests, high and low pressures 
tests, vibration tests, blown and setting sand and dust tests, solar radiation test, salt 
spray tests and fungus tests [25].  

Environmental tests are not world wide recognized as EMC tests for electronic 
products. But most of the manufacturers use environmental tests to safeguard and 
optimize the quality of their products. There are many reasons for the necessity of 
environmental tests. It can evaluate the function and performance of products 
before they go to market. It can also help manufacturers to find out and solve the 
potential injury issues before the problems happen. Furthermore, researchers can 
use environmental test results to verify their theories. 

When we talk about environmental tests, we have to mention test chambers and 
test standards. Test chamber is the equipment that can provide different 
controlled environments. Test standards are the information that what kind of 
environment the chamber will provide and how it will perform. There are some of 
organizations that provide test standards, such like IEC (International Electro 
technical Commission), ANSI (American National Standards Institute), NATO 
(North Atlantic Treaty Organization) and STANAG (Standardization 
Agreements).   

2.4.1 Test chamber 

In reality, electronic systems or components are influenced by different climatic 
conditions during transport, storage and use. Test chamber can simulate these 
various thermal conditions. 

Chamber types 

Generally, there are three main types of test chamber [26]. They are reach-in 
chamber, walk-in chamber and thermal shock chamber. Figure 11 is a photo of a 
reach-in chamber. 

The size of reach-in chamber can be from 0.5ft3 to more than 70ft3. Any 
environment can be created. Walk-in chamber can be big enough to walk into or 
drive vehicles into. Thermal shock chamber can change temperature condition 
within seconds.  
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Figure 11: A product placed in a Vötsch VCS 7048-15 test chamber 

Functional principle of test chambers 

Generally, the circulating air duct is installed at the rear wall of test chamber. Air 
can be drawn out of the chamber by a dimensioned fan with an external drive 
motor. If it is needed to be cooled, the circulating air can flow through a heat 
exchanger. An electrical heater could be installed to heat the circulating air. 
Expendable refrigerant and mechanically cooled are the two major ways to cool 
the chamber. Expendable refrigerants are liquids/gases by injecting directly into 
the chamber or through a coil which can absorb heat and flash to air. 
Mechanically cooled refrigeration systems are similar to the home refrigerators. 
The moisture in the chamber will be attracted and condense to the cold surface of 
a low temperature refrigerated coil. The accumulated water will be drained out of 
the chamber. Calibrated sensors are embedded in the chamber monitor the 
temperature, humidity and other environmental influenced factors [26].  

2.4.2 Climatic test standards 

A test standard gives a test method, but that does not indicate what result is 
required during the test. Climatic test standards describe the methods and 
procedures of the environmental tests. In this section, two simple climatic test 
standards will be introduced as examples. 

IEC 60068-2-1 (cold) 

“The object of the cold test is limited to the determination of the ability of 
components, equipment or other articles to be used, transported or stored at low 
temperature.” [27]  
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IEC 60068-2-78 (damp heat, steady state) 

“This standard provides a test method for determining the suitability of electro 
technical products, components or equipment for transportation, storage and use 
under conditions of high humidity. The test is primarily intended to permit the 
observation of the effect of high humidity at constant temperature without 
moisture on the specimen over a prescribed period. ” [28] 

2.5 Temperature and humidity sensing techniques 
To investigate the possible condensation occurrences area, we cannot only trust 
visual inspection right after the environmental test. There are two reasons for that. 
The first reason is that the condensation which appears during the test will 
disappear at the end of the test in a short period of time. Unfortunately, if we 
open the door of chamber during the test to check the condensation formation, we 
will destroy the test condition. The second reason is that the formation of water 
monolayers which can cause failures is invisible. Sensors were used as data 
collectors for the CFD modelling which provides the interface for analyzing 
condensation related problems. 

2.5.1 Temperature sensor 

Temperature sensor are used on electronics assembles in order to measure 
surface/air temperature. Temperature sensor provides data for dew point 
calculation. It can also provide temperature data file for the CFD simulation. 
Temperature sensors can be simply classified into two groups, contact and non-
contact [29]. Non-contact temperature sensors measure the thermal radiant power 
of a known or calculated area on its surface, or a known or calculated volume 
within it [29]. Figure 12 is an example of non-contact sensor [29]. 

 

Figure 12: Sealed sensor 
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Contact sensors 

Contact temperature sensors measure their own temperature. It indicates the 
temperature of the object to which the sensor is affected by assuming that the 
thermal resistance is low. 

Thermocouples are contact sensors. They are pairs of dissimilar metal wires joined 
as thermal conjunction, which generates a net thermoelectric voltage between the 
open pair. The current continues to flow as long as the two junctions are at 
different temperatures [30]. An example of the working principle of thermocouple 
shows in Figure 13.  

Cold Junction 
Copper 

Alumel 

Copper 

Alumel 

+ 

- 

Hot Junction 

Hot Junction 

 

Figure 13: An example of a two circuit of two dissimilar metals [30] 

Thermocouples are widely used in electronic engineering since they are cheap, 
interchangeable and they can measure a wide range of temperature. There are 
many types of thermocouple probes. The most common types are Type E, J, K, N 
and T [31]. Table 1 is about the temperature range of each thermocouple type 
[32]. In Figure 14 there is a K-type thermocouple tip. 

Table 1: Temperature range of each type of thermocouple 

Thermocouple 
Type Names of Materials Useful Application 

Range 

B 
Platinum 30% Rhodium (+) 

Platinum 6% Rhodium (-) 
1370 ∼1700 oC 

C W5Re Tungsten 5% Rhenium (+) 1650 ∼ 2315 oC 

E Chromel (+) 95 ∼ 900 oC 
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Constantan (-) 

J 
Iron (+) 

Constantan (-) 
95 ∼ 760 oC 

K 
Chromel (+) 

Alumel (-) 
95 ∼1260 oC 

N 
Nicrosil (+) 

Nisil (-) 
650 ∼1260 oC 

R 
Platinum 13% Rhodium (+) 

Platinum (-) 
870 ∼1450 oC 

S 
Platinum 10% Rhodium (+) 

Platinum (-) 
980 ∼1450 oC 

T 
Copper (+) 

Constantan (-) 
-200 ∼350 oC 

 

Figure 14: Type-K thermocouple 

Type K (chromel – alumel) is the most commonly used thermocouple for general 
purpose. Sensitivity is approximately 41 µV/°C [33]. 

2.5.2 Humidity sensor 

Relative humidity sensors provide on-chip signal conditioning which is linear 
voltage output versus relative humidity. Different sensors have different 
measurement accuracy. Usually it offers 5%RH accuracy and 2%RH accuracy 
with calibration. Operation range is of - 40°C to 85°C to accommodate harsh 
climatic environments [34]. Figure 15 is a humidity sensor. 
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Figure 15: Humidity sensor VAISALA HMP 243 

Working principles of humidity sensors are different from manufacturer to 
manufacturer. One example is as follows. A thin polymer film either absorbs or 
releases water monolayers. While the relative humidity changes, the dielectric 
properties of the film change, the capacitance of the sensor changes as well. Then 
the capacitance of the sensor is converted into a humidity reading [35].  

2.6 CFD brief introduction 
In this project, computational fluid dynamics (CFD) tool was used for electronic 
assembly modelling and environmental data analysis in order to prevent the water 
adsorption.  

CFD uses numerical methods and algorithms to solve and analyze problems that 
involve fluid flows. The technique of CFD is mesh based. That is to discretize the 
spatial domain into numerous small cells and then apply a suitable algorithm for 
calculation. Euler equations are used for calculations for non-viscous flow and 
Navier-Stokes equations for viscous flow [22].  

The primitive variables in CFD are the velocities provided in Cartesian coordinate 
directions X, Y and Z, the pressure and the temperature of the fluid and/or solid 
materials [22]. It is also possible to include water vapour concentration into 
equations. 

In CFD Navier-Stokes equations are discretized by sub-division of the domain of 
integration into a set of non-overlapping, contiguous finite volumes which are 
named as “grid cells”. Figure 16 shows a section of the base grid over which the 
Navier-Stokes equations are expressed in algebraic form [22].  

Some advantages of CFD modellings are as follows [36]:  

• Observation of flow properties without disturbing the flow 

• Observation of flow properties at locations which are hard to access  
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• Allowing the virtual prototyping, thereby reducing the number of physical 
prototypes 

 

Figure 16: Navier-Stokes equations are discretized  

using grid cell pattern [22]: 

Heat sinks modelling 

In the CFD heat sink modelling, there are two modelling methods, namely 
detailed model and compact model. The heat sink models in Flotherm are limited 
to heat sinks with uniform base thickness and fin height (excluding end fins), with 
fins on one side of the base only. The fins style options are: tapered or uniform for 
internal fins, and half tapered, tapered and uniform for end fins. 

Detailed model includes more accurate physical and thermal properties. For 
instance, the settings of detailed model includes three dimension of the heat sink 
base, number of inner fins, fin height, centre gap, fin style, etc. But it needs 
numerous calculating cells which are not preferred by thermal designer who want 
to save simulation time [22].  

When an approximation of heat sink performance is sufficient for assessing the 
overall cooling strategy, then compacted model will be chosen. Compacted model 
of heat sink is best suited to heat sinks in forced convection flow, where radiative 
losses are not a significant contribution to the overall heat transfer from the heat 
sink [37].  Compact heat sink model replaces the fins by volume and planar flow 
resistances to account for the friction and contraction/expansion losses as air passes 
through the fin or pin volume [22]. Figure 17 is a simulation model of compact 
heat sink. 

We can reduce solving times by creating compact models. For system level 
analysis, compact modelling is efficient to provide an accurate physical description 
[22]. 
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Figure 17: A compact heat sink model 

2.7 Anti-moisture methods 
Current technologies provide many different ways to prevent moisture. For 
example, we can use fan to draw the wet air out. We can use heater to heat up the 
ambient air. We can also put additional coating layer on circuit boards, like a 
waterproof coat. However, which way is the best one technically and 
economically? And what are the conditions and the limitations of each method? 
Generally, the anti-moisture methods can be divided into three groups, namely 
relative humidity control module (RHCM), absolute humidity control module 
(AHCM) and the use of potting and coating [4]. More details about each group 
are included in this section. 

2.7.1 Formation of water monolayers 

All moisture related failure modes are related to the relative humidity (RH). The 
relationship between the thickness of the surface adsorbed water monolayers and 
relative humidity can be described in terms of the Brunauer Emmett-Teller (BET) 
model of adsorption of vapours. The average number of monolayers on the surface 
is shown in the following: 

[ ]1)(1)1(
)(

/)(

/)(

−+−
= −

−

kTEEo

kTEEo

eRHRH
eRHN ,              (24) 

where the relative humidity (RH) is expressed as a relative number in the 0-1 scale; 
in the BET model the first layer of water is bound to the surface with energy Eo; 
subsequent layers of water molecules bind to the underlying molecules with the 
energy E which is identical to the energy of evapouration; k and T are empirical 
constants for each adsorbent-adsorbate pair at a given temperature [4]. 

There is no general agreement as to the threshold of number of monolayer on the 
surface that could lead to failure. Three-monolayer is sometimes claimed as the 
conservative limit. Figure 18 is the surface coverage with water as function of 
relative humidity for moderately adsorbing surfaces [4]. 
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Figure 18: Surface coverage with water as function of relative humidity for 
moderately adsorbing surfaces 

2.7.2 Relative humidity control method 

RHCM method ensures that critical surfaces are warmer than ambient dew point 
by a specified Δ T so that relative humidity at this surface will never exceed 60%, 
such that number of monolayers of water is kept below three. Since the dew point 
never exceeds 34oC, RH will always be < 60% if the internal temperature is 44 oC 
or above. Most surfaces in practice (PCB materials, epoxies, polyesters etc.) have 
moderately adsorbing surfaces for which the water adsorption energy is close to 
that of heat of water condensation. Δ T ≥ 10 oC is a rule of thumb for the RHCM 
design. This method is only valid for the surfaces which maintain cleanliness. And 
it is simplified as “keep it warm”. [4] 

The method is applicable when there is enough power dissipation and it is also 
relatively constant. This holds when equipment is operating, i.e. components 
dissipate heat. In case of storage conditions application of heaters must be needed. 
In RHCM only the coldest spot in the unit where water adsorption present has to 
be considered [4]. 

2.7.3 Absolute humidity control method 

AHCM method is to minimize the amount of water (absolute humidity) through 
selection of appropriate materials and desiccants. It can be simplified as “keep it 
dry”. Moisture related failure mechanisms become very slow below freezing when 
the water vapour has RH=60% at 0 oC and dew point of -8 oC. Thus the basic 
design guideline for AHCM is that the dew point in enclosure never exceeds -
10oC. Such dew point is according to the water concentration in air of 2.14× 10-6 
g/cm3 or vapour pressure of 0.26 kPa which has RH=60% at 0 oC [4]. 
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This method can be chosen when either the power dissipation is too low to 
achieve Δ T ≥ 10 oC or the dissipation is variable. Comparing to other two anti-
moisture methods, AHCM is more expensive. And it is sensitive to errors due to 
the presence of pinholes, delaminations or any other air gaps. Because moisture 
permeability through air is many orders of magnitude higher than through even 
the most permeable sealant materials (silicones) [4].  

2.7.4 Coating and potting 

This method in many cases will not be recommended. Because the additional 
coating layer over the critical surface will only delay the moisture going into the 
surface but it will not stop it. It will attenuate the ambient humidity changes but 
only if the ambient humidity changes frequently. With the current trend of 
dispensing with the cleaning step after soldering, the additional coating layer will 
make water stay in between the board and the potting compound [4].  

2.8 Enclosure heaters 
Enclosure heaters play an important role in the functional safety of telecom 
systems, control panels, and electrical enclosures. They prevent the formation of 
moisture, protect against low temperatures in outdoor equipment, and 
compensate for temperature fluctuations. In the current electronics marketing, 
there are three basic types of heaters [38]. They are elements & specialty heaters, 
immersion heaters and air & space heaters. However for freeze and condensation 
protection, enclosure heaters are the safe and reliable heating units ideal for harsh 
climatic environments applications. Generally there are three types of enclosure 
heaters. They are fan heater, rail heater and heater with thermostat [39]. 

Usually heaters with small size will be chosen in the electronics enclosure due to 
the limited space. Semiconductor heater is a good example of small size heater. 
The lengths of the semiconductors could be from 65mm to 220mm [40]. Figure 
19 shows two semiconductor heaters and the dimension of the big one [40]. 

Semiconductor heater can be heated up dynamic so that energy can be saved, 
especially in the case of military electronic products. Since they are compacted, it 
is convenient and easy to embed into electronic products. Usually, operating 
voltage of semiconductor heaters is from 110 to 250V AC/DC. Heater body is 
aluminum profile. Operating or storage temperature is from -40oC to +70oC. 
Heating capacity can be from 10W up to 30W. Inrush current maximum value is 
in the range from 1A to 4A. Weight is under 0.2kg [40]. 
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(a) 

 

(b) 

Figure 19: (a) Two semiconductor enclosure heaters; (b) Dimension of the big 
semiconductor enclosure heater 
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3 Implementation 
In this chapter research methodology and the corresponding implementation steps 
will be presented. For the convenience of comprehension, the methodology will be 
shown as a flow chart. The purpose and content for each methodology step will be 
explained. Then how the goals for each implementation step achieved is going to 
be presented. Each step is separated into several sub-tasks. More detailed 
information of each sub-task will be provided as well. 

3.1 Case study methodology 
Setting up methodology is very important for engineering design. An optional, 
clear and sufficient methodology will help us to solve engineering problem in an 
easy, correct and economical way within a limited time period. In order to 
interpret the project methodology in a simple way, a flow chart in shown in Figure 
20. 

Environmental test 

The temperature and relative humidity data will be obtained from the climatic 
tests. The measurement data are going to be used to discover the coldest surfaces 
in PCA and verify the CFD modelling. Environmental test consists of four parts. 
They are test facilities, checklist for preparation of measuring equipment, 
performing and recording the tests. 

Test facilities include test equipment and device under test. The test equipment 
are climatic test chamber with a 19” electronics enclosure, thermocouples, 
temperature and humidity sensors, and data logger. Test chamber supplies with a 
specific environment for testing. Temperature and humidity sensors embedded in 
the chamber will provide data profile for the modelled environment in CFD. 
Thermocouples will provide target surface temperature and the local air 
temperature for dew point calculation and model validation. 

A good checklist of preparation of measuring equipment is the insurance of a 
reliable test. In the checklist all the test details need to be written down to make 
sure everything to be done before test.  

During the test a care must be took, e.g. about how to control the chamber, when 
the door of chamber should be closed, when the door of chamber should be 
opened and results should be checked after the test. A testing log should be written 
during the test. 

Testing data should be recorded. The recorded data include time domain in 
diagrams from temperature & humidity sensors and thermocouples. 
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Figure 20: Block-diagram of the modelling methodology 
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Selection of CFD tools 

A thermal design software that fits the project purpose will be chosen. The work 
menu of the selected tool will be introduced as well. 

Creation of experimental environment model 

The creation of the model of test environment is the first step of CFD modelling. 
It is based on the temperature and humidity data profile from environmental tests. 

Adjusting CFD model 

Modelled chamber environment must follow the testing condition. If the 
simulated environment is different from the testing environment, the model 
should be tuned with the boundary conditions which are the modelling 
parameters in a CFD tool. Boundary conditions include: temperature, chamber 
inlet/outlet, air velocity and water vapour concentration. The other parameters to 
choose are initial values, turbulence models, radiation attributes, inlet/outlet air 
velocity. 

Geometry of electronics enclosure in CFD 

When the simulated environment agrees with the testing, geometry of the 
enclosure including the rack and PCBs will be built. The dimensions and material 
properties will be set up. Enclosure and PCA dimensions will be measured and 
transferred to the model, as well as the material properties of the PCA parts. 

Integrating CFD models of enclosure and validated environment 

In this step the modelled geometry will be plugged into the validated model of 
environment. From the simulation the surface temperature of each component 
and the inside enclosure environment can be seen. The simulation results will be 
compared with testing to make sure they agree. 

If the simulation results are different from testing, some adjustments to the model 
need to be done. The possible parameters that might influence the thermal 
performance could be material properties of electronic packages, thermal paths, 
and the physical properties of heat sinks (e.g. due to their significant thermal 
mass). Sensitivity of the model to time and space grid variation should be tested. 

If the simulation results agree with testing, then the modelling is done. From 
simulation the temperature of solid objects and humidity map which are inside the 
enclosure can be gained. Those data can be used for calculating of dew point 
temperatures at some specific surfaces. If surface temperature is below or close to 
dew point, dew formation or water adsorption can be judged on.  
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Decision on heater option 

Then a suitable geometry for one or more heaters can be chosen and the heater 
will be placed in a suitable place inside the enclosure. The heater should be 
compact and have sufficient power dissipation. A suitable place of heater can result 
in %RH reduction inside the enclosure. 

According to the anti-moisture method RHCM [4], the PCA surface and dew 
point temperature should be separated by at least 10oC so that there is no risk of 
formation of multiple water layers on this surface. The theoretical rule based on 
that the modelled inside enclosure relative humidity should be maintained below 
60%. Therefore, if the %RH value in vicinity of the problem areas is larger than 
60%, the decision on the option of heater will be changed. Otherwise we can 
further to the next step. 

Since the tested enclosure is used in the environmentally uncontrolled area, the 
capacity of battery is usually limited. Heater power dissipation should be 
minimized. And switch-on period of heater should be set to maintain RH < 60%. 
From searching the information of current commercially available heaters, the 
heating capacity can be from 10W to 30W [39]. Therefore parametric study of 
the sufficient power dissipation of heater can be made.  

3.2 Case study implementation 
By following the guidance of the methodology, some practical work was done in 
this step. Modelling inputs were collected from the environmental tests. Flotherm 
and Flovent from Flomerics were chosen as CFD tools. Testing environment was 
created in Flovent first. Then PCA and enclosure geometry were created in 
Flotherm. After integrating the models of device under test with the modelled 
testing environment and validating the simulation by the previous testing results, 
an additional heater was plugged in to the model. The power dissipation and 
switch-on period of the heater were parametrically studied. To explain each 
methodology step, a sub-block with details on what was done to achieve certain 
goals is going to be presented. 

3.2.1 Environmental testing 

There were two goals for environmental testing. One was to discover problem 
areas. When we mention “problem area”, we mean the coldest surfaces where the 
risk of water adsorption/dew formation is highest. The other goal of the 
environmental testing was to supply temperature and humidity related data from a 
natural climate test to the computer model. Therefore, in the following these two 
tasks are going to be explained as two different tests, namely Damp heat test and 
Humid hot coastal desert test transient diurnal cycle. Figure 21 shows the working 
sequence and sub-tasks for the environmental testing step, and the purpose for 
each sub-task. 
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Figure 21: Environmental testing with sub-tasks and task goals 

Checklist 

A well planed checklist was done before tests (see Table 2). 

Table 2: Checklist of environmental tests 

Climatic test chamber Programming according to test standards 

Setting uniform condition at the beginning of tests 
with the initial values of temperature and humidity 
of transient diurnal cycle. 

Device under test Assembling according to Figure 22 

1. The standing alone and four stacked PCBs were 
inserted into the VME connectors of the backplane. 
They were mounted together in the sub-rack.  

2. The PCB sub-rack tightly fitted into the 
aluminum enclosure. 

3. There were three holes (ca ∅ 1 cm) drilled on the 
right side of the enclosure so that the thermocouples 
could go through (see Figure 23). 
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Thermocouples 

Glued with HBM Rapid adhesive X60 

1. Thermocouples were spread on and close to PCA 
surfaces (see Figure 24). The other ends of 
thermocouples were connected to switching 
modules (see Figure 25). 

2. Thermocouples are cheap sensors. Nevertheless, 
they are fragile and life-limited. They can cause 
inaccurate readings before any errors are detected. 
The errors usually cause low temperature readings, 
since the thermocouple wires become thinner [32]. 

3. To prevent the failure of thermocouples, extra 
ones were put around the likely problem area, i.e. 
the coldest spots of the whole device under test. 

Data logger Configuring 

Documentation 

1. Taking photos for testing condition 

2. Recording test performance 

3. Recording test data and diagrams 

 

Standing 
alone PCB

Stacked 
PCBs

PCB 
sub-rackBackplane

 

Figure 22: Device under test with the door open 



Implementation 

38 

 

Figure 23: Thermocouples went through at the right sidewall of the enclosure 

 

Figure 24: Thermocouples to measure the PCA’ surface temperatures and the 
local air temperatures 

Test preparation 

The test equipment and device under test are the same in the two environmental 
tests. 

Test equipment: 

- Climatic test chamber Vötsch VCS 7048-15 (see Figure 11) with calibrated 
sensors to monitor the temperature and humidity 
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- Keithley 2700 Multimeter / Data acquisition unit with two Model 7700 
switching modules and a data output connector National Instrument GPIB 
USB NI- 488.2 (see Figure 26) 

- Multiple K-type thermocouples (see Figure 14) 

- VAISALA HMP 243 humidity sensor (see Figure 27) 

 

Figure 25: Thermocouples connected with Model 7700 switching module 

Here thermocouple Type K was chosen as sensing equipment due to its low cost 
and wide measuring range from -200°C to +1200°C. K-type is the 'general 
purpose' thermocouple, which is very common be used for climatic testing. 
Sensitivity is approx 41uV/°C [34]. The typical measuring accuracy is 
± 0.5°C[34]. The temperature and humidity sensors in the chamber have the 
measuring accuracy ± 0.3oC and 1.6%RH, respectively [34]. The measuring 
accuracy of VAISALA HMP 243 humidity sensor placed inside the enclosure is 
1.3%RH [34]. 

 

Figure 26: Keithley Logger 2700 
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Figure 27: VAISALA HMP 243 and its installation   

Device under test: 

- Aluminium enclosure (6U 19” 420mm) (see Figure 22) 

- Aluminium sub-rack (see Figure 22) 

- Backplane with multiple VME connectors (see Figure 22) 

- Standing alone PCB, SPARK CPU-1064-1252H-1(see Figure 22) 

- Stacked PCBs, SPARK CPU-5V/64-110-2 (see Figure 22) 

Damp heat test 

The purpose of this test was to point out the problem areas on PCA by placing the 
device under test in a chosen test cycle that would produce the dew for sure.  

Specification of environmental test: 

This test is performed according to IEC 60068-2-30 Damp heat test (see Figure 
28).  

Temperature:                   +25°C ∼ +55°C 

Humidity:                     93%RH ∼ 98%RH 

Duration:                         24 hours 
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Figure 28: Climatic test profile from the Humid hot coastal desert test according 
to the standard IEC 60068-2-30 [41] 

“This standard determines the suitability of components, equipment or other 
articles for use, transportation and storage under conditions of high humidity 
combined with cyclic temperature changes and, in general, producing moisture on 
the surface of the specimen.”[41] 

Data analysis and calculation: 

Matlab software was used as the tool for the dew points calculation according to 
equation (3). Then by comparing surface temperature and the corresponding dew 
point temperature, we could be able to judge on the risk of water monolayers 
formation if the surface temperature was close to the dew point temperature [4]. If 
the surface temperature was higher than dew point temperature within 10°C, 
there was a risk that more than three water layers were adsorbed [4] to the surface. 
Then there is a possibility for soft or hard failure as described in section 2.1. 
Therefore, by analysing the data the problem area was pointed out. 
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Humid hot coastal desert test 

The purpose of this test was to collect the temperature and humidity data on or 
close to the identified problem surface. The measured data were used for create the 
model of the devices under test and validate the CFD model. The whole 
procedure order was the same as the Damp heat test except the test standard. 

Specification of environmental test: 

This test is performed according to STANAG 2895 B3 Storage (see Figure 29).  

Temperature:                   +33°C ∼ +71°C 

Humidity:                     14%RH ∼ 80%RH 

Duration:                         24 hours 
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Figure 29: Temperature and relative humidity cycle specification according to 
STANAG 2895 B3 [7] 

“This standard applies to those areas which experience moderately high 
temperatures accompanied by high water vapour content of the air near the 
ground in addition to high levels of solar radiation. These conditions occur in hot 
areas near large expanses of water such as the Persian Gulf and the Red Sea. The 
meteorological condition is derived from observations made at Dhahran and other 
hot, humid stations.” [42] 

3.2.2 Selection of CFD tools 

The commercially available software from Flomerics was chosen as CFD tools.  
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Flotherm is powerful 3D simulation software for thermal design. Unlike other 
thermal simulation software, Flotherm is specially designed for a wide range of 
electronic applications, such like telecommunications equipment and network 
system, semiconductor devices, ICs and components, aerospace and defense 
systems, automotive and transportation systems [22]. A customer report from 
Nokia Research Center (NRC) said: “The needed input data for Flotherm has 
been easier to find or estimate for the users than the other simulation tools. … 
Some designers are in general unfamiliar with using simulation tools and there 
uses longer time learn and use it. This has nothing to do with Flotherm, it is just 
the nature of (some) people.” [43]  

The smart part library which enables creating electronic components are included 
in the Flotherm, whereas Flovent has the function for formulating water vapour 
concentration in using Navier- Stokes equations [44]. 

The major procedure of a typical thermal design is as following [45]: 

1. Modelling method 

The features that need to be set in this step are: 

Dimensionality – defines the overall solution domain as three-dimensional 

Radiation – Radiation On/Off 

Solution type (state) – select modelling transient condition 

Store Surface Temperatures checkbox – activation of this option will allow access to 
the true surface temperatures of all modelled conducting objects for examination 
during post-processing. 

2. Ambient environment 

The ambient environment attribute will be applied to all faces of the solution 
domain. The features that need to be set in this step are two parts, global system 
settings and ambient attribute: 

Global system settings: 

Datum Pressure – all other pressures are relative to this pressure 

External Radiant Temperature – the temperature of a remote radiating source 

External Ambient Temperature – used as the reference temperature in the buoyancy 
force and as initial field of temperature in the solving process 

Transient – transient attribute is attached here 
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Ambient Attribute: 

Gauge Pressure – sets the pressure for the fluid external to the domain face, relative 
to the Datum Pressure 

Temperature – sets the temperature for the fluid external to the selected domain 
face 

Radiant Temperature – sets the temperature of a remote radiating source 

Heat Transfer Coefficient – sets the heat transfer coefficient for any solid surfaces 
coincident with the selected domain face 

3. Setting solution domain and building geometry 

Solution domain defines the extent of the geometry model included in the 
Flotherm calculation. Setting solution domain includes setting location and size 
[22]. 

Geometry can be built by Primitive and Smartpart. Primitive is the fundamental 
geometric entities in Flotherm. Cuboid is one of the most common applications in 
Primitive. Any solid objects in the space can be modelled as Cuboid, e.g. enclosure 
walls, components. Electronic components with complex geometries can be 
quickly generated parametrically by using Smartpart, such as heat sinks, PCBs, 
fans, perforated plateds, re-circulation devices, cylinders, and so on. Assembly is a 
group of Primitives, Smartparts and sub-assemblies. It is a collection of items of 
geometry. The properties of a particular object model can be described in 
Attribute and be attached to Primitives and Smartpart. Attribute includes material, 
surface type, resistance, ambient, thermal, source, transient function, radiation and 
surface exchange. 

4. Solution grid 

Flotherm uses the finite volume method to solve the Navier-Stokes equations. The 
finite volumes are referred to as ‘grid cells’, or ‘cells’. Flotherm uses a Cartesian 
grid with the option for localized regions.  

Velocity, temperature, pressure, vapour concentration are calculated for each grid 
cell (see Figure 30). A value for pressure, temperature or vapour concentration is 
calculated at each cell center. Component of velocity is calculated at every cell 
face. 

The grid constraints for the solid objects of interest are created first. Then we 
access the System Grid Dialog, and choose Fine Grid type. Keeping Dynamic 
Update box checked so that the grid updates as the slider bars move. Carefully 
move the slider for Smoothing to the right direction. Maximum Aspect Ratio 
displays the size of the largest cell aspect ratio. It is recommended to keep the 
maximum aspect ratio as low as possible (<20 - very good, <40 – acceptable if 
“narrow cells” are not located in the critical regions) (e.g. high flow gradients). 
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Figure 30: Calculated variables in each computational cell in CFD [45] 

5. Solution process 

In Project Manager window, go to the Solve item in the Main Menu and click on 
the Sanity Check. If there are no Errors and no Warnings, solution process can be 
started. 

6. Post-processing and visualization of results 

Data can be checked in Table and 3D simulation results in Flomotion. 

3.2.3 Creation of experimental environment model 

Creating the CFD model of test environment is the first step for modelling. The 
closer the properties of the modelled environment to the real ones, the more 
accurate results get from modelling data. Therefore, an accurate modelled test 
environment is the solid base of the whole modelling work. There was a lot of 
work that was done at this step as follows.  

Setting boundary conditions and model parameters 

As boundary conditions the computation domain was modelled with open faces in 
X, Y, Z three directions; Datum Pressure was set as 1.0 Atm; External Radiant 
Temperature was set as 3.519× 100C; External Ambient Temperature was set as 
10C. Setting the External Ambient Temperature as 10C can be explained by using 
of transient attribute, where the values of temperature are multiplied by the basic 
temperature, i.e. 10C. 

Ambient condition was also part of the boundary condition. The transient 
attributes including temperature and water vapour concentration sources were 
described in the Ambient dialog. The data profiles of the two sources were 
transferred from the climatic environmental tests.  

The experimental environment was modelled with dimension 0.8 × 0.57 × 1m3 
according to the real testing chamber. The air was fed into the chamber through 
the rear wall. Therefore, the humidity and airflow sources were collapsed on the 
backside wall of the modelled chamber (Z-low face). 
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Water vapour concentration source 

The parameter, water vapour concentration [kg/kg] was used to describe the 
transient function attribute of humidity changing. According to the collected data 
from the temperature and humidity sensors in the test chamber, the water vapour 
concentration at different time was calculated by using equation (8). The plot of 
the transient function attribute of humidity source in the modelling is shown in 
Figure 31. Figure 31 affected from the graph in Figure 29. 

 

Figure 31: Transient function attribute of humidity changing 

Airflow source 

Typical values for fixed air flow are 0.5, 1, 1.5 and 2m/s. Initially, Z-velocity at Z-
low face was set as 1m/s as the inlet air flow velocity when the testing environment 
was modelled. Then the value of air velocity was tuned to 1.5m/s after integrating 
the modelled PCA into the validated environment so that the modelled 
environment agreed with the testing. Z-high face was set as outlet with the same 
velocity value as inlet (see Figure 32).  

 

Figure 32: Airflow source with velocity of 1.5m/s in Z direction in the validated 
model 
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Furthermore, the other model parameters were also set. The initial values of 
temperature and water vapour concentration were set according to the testing 
results (see Figure 29 and Figure 31) which were 35.2oC and 0.025Kg/Kg, 
respectively. The turbulent fluid flow was simulated as Automatic Algebraic model 
which is for program calculated viscosity where the solution domain is highly 
cluttered with objects and is ideal for system-level model. The algorithm was 
convergent by setting the transient time distribution as uniform with value 0.21 
steps/min for 24 hours duration. The air properties in the modelled experimental 
environment were defined as the air at 20oC with thermal conductivity 2.57× 10-2 
W/(mK), viscosity 1.82× 10-5 Ns/m2, and density 1.19Kg/m3. 

The transient thermal attribute is shown in Figure 29. 

When the modelled environment satisfied the testing condition according to the 
curves in Figure 29 and Figure 31, we went to the next step. 

3.2.4 Geometry of device under test in CFD 

The device under test was modelled in Flotherm. The dimensions for each 
component were measured and transferred in to the model. Monitors of 
temperature and humidity in the modelling were spread at twenty locations which 
correspond to the placements of thermocouples and the humidity sensor in the 
testing. Monitors in the simulation which were one cell above the solid surfaces 
measured the air temperature and water vapour concentration. 

Enclosure 

Enclosure walls were made of aluminum profiles, as showns in Figure 33. The 
inner surface of the enclosure is irregular. One sensor was set on the top outside 
surface to the enclosure, namely MP1. Figure 33 shows the inside geometry of the 
enclosure and the position of the sensor. The door was closed during the tests. 
And there are two locks on the door. The humidity sensor was passed through the 
door. (See Figure 34) 

 

Figure 33: Geometry of the inside enclosure and the position of the sensor MP1 
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Figure 34: Humidity sensor passed through the door 

Enclosure was modelled with external dimensions as 554× 294× 453mm3 and the 
sidewall thickness as 2mm. Three long apertures with the estimated width 2mm 
were modelled on the wall junctions, on the side walls and back wall. Figure 35 
shows the modelled enclosure in Flotherm and the position of monitor according 
to the climatic tests.  

 

Figure 35: Model of enclosure the monitor point according to the climatic tests 

Sub-rack 

The sub-rack had external dimensions 490× 265× 217mm3. The sidewall thickness 
was 2mm. Figure 36 (a) and Figure 36 (b) are from the climatic test and the CFD 
modelling, respectively. The holes on the side walls of the rack were not modelled. 
Instead the thermal conductivity of the aluminium sub-rack was adjusted in order 
to have smaller thermal mass in the modelling. 
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(a)                          (b) 

Figure 36: (a) Thermocouple set on the left side wall on the sub-rack; (b) 
Modelled sub-rack with monitor point MP2 

Backplane 

The dimension of the backplane model was set to 405 × 265 × 5mm3. 
Thermocouple MP3 was attached in the middle of the front surface (see Figure 37 
(a)). Multiple VME connectors were modelled as several solid blocks (see Figure 
37 (b)). Monitor point MP3 was set according to the measurement point on the 
backplane. 

 

                   (a)                               (b)                        

Figure 37: (a) Thermocouple set in the middle of the front surface of the 
backplane; (b) Modelled backplane with monitor point MP3 

PCB 

The outline dimensions of standing-alone PCB and four-PCB stack were 
modelled as 234mm×160mm. The thickness of the PCB was modelled as 1.7mm. 
The four-PCB-stack consisted of four PCBs separated by different distances. The 
FR4 PCBs were populated mainly with SMT plastic IC packages and plastic 
connectors. Aluminum interface panels were mounted on the front edge of each 
PCB. They were modelled as continuous aluminum blocks. 
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Each PCB was modelled with six copper layers. Each layer had the thickness 35 
micron and with 25% copper coverage. The vias on each PCB were counted. 
Then the in-plane thermal conductivities were calculated by using equation (18). 
PCBs have orthotropic thermal properties. In the direction of the out-of-plane 
direction (Z direction), the thermal conductivity of the backplane was estimated 
to 31W/(mK). The thermal conductivity of the standing-alone PCB was 1.03 
W/(mK). The four out-of-plane thermal conductivity values of each stacked PCB 
were 0.78 W/(mK), 0.74 W/(mK),1.01 W/(mK) and 1.20 W/(mK), respectively. 
In X and Y directions, all the PCBs were estimated to have the same value of 
thermal conductivity which is 30 W/(mK). 

Figure 38 (a) shows the standing alone PCB, with attached thermocouples on the 
front surface. Figure 38 (b) shows the modelled front surface of the standing alone 
PCB with monitors. Figure 38 (c) shows the standing alone PCB with attached 
thermocouples on the back surface. Figure 38 (d) shows the standing alone PCB 
with monitors on the back surface. Heat sink models were named as HS. HS1 was 
on the standing alone PCB. HS2 and HS3 were placed on the stacked PCBs. 

 

 

Figure 38: (a) Front surface of the standing alone PCB with 4 thermocouples; (b) 
Front surface of the modelled standing alone PCB; (c) Back surface of the 

standing alone PCB with 3 thermocouples; (d) Back surface of the modelled 
standing alone PCB 
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Figure 39 shows the stacked PCBs with monitors and the distances between 
stacked PCBs. Figure 40 shows the side view of the PCB stack. Figure 41 (a) 
shows the front surface of the modelled stacked PCBs with monitors. Figure 41 
(b) shows the stacked PCBs with set monitors on the back surface. Figure 41 (c) 
shows the side view of the PCB stack model 
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Figure 39: Stacked PCBs and their distances in X direction 

Computational domain was meshed with 1,228,000 cells. The minimum size of 
the cell was 0.35mm and the maximum size was 17.9mm. The Maximum Aspect 
Ratio was set as 40.8. The PCBs and the small holes on the walls of the enclosure 
received a special treatment with the local grid which was imposed on the existing 
system grid. 
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Figure 40: The side view of the PCB stack 

 

 

Figure 41: (a) Front surface of the modelled stacked PCBs with monitors; (b) The 
stacked PCBs with monitors on the back surface; (c) The side view of the 

modelled PCB stack 
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The property of the materials is one of the main factors that could influence the 
thermal analysis. In the modelling, the thermal properties of PCBs were estimated 
based on the library of Flotherm (see Table 3); the physical properties of IC 
packages were estimated based on the library of Flo/PCB which is another PCB 
design tool from Flomerics (see Table 4).  

Table 3: Thermal properties from Flotherm [45] 

Material   / Component Density, 
kg/m3 

Specific 
heat, 

J/(kg⋅K)

Thermal 
conductivity, 

W/(m⋅K) 

Aluminium 

(enclosure, sub-rack) 
2710 913 201 

FR4 (PCB) 1200 880 0.3 

Copper (PCB layers) 8930 385 385 

Epoxy over mold (rails in 
sub-rack) 

1820 882 0.68 

 

Table 4: Physical properties of IC packages from Flo/PCB [45] 

Material   / Component Density 
kg/m3 

Specific 
heat 

J/(kg⋅K)

Thermal 
conductivity 

W/(m⋅K) 

Typical plastic package 2000 395 5 

Typical chip array 2000 470 1 

MQFP 2000 50 1 

PLCC, TQFP 2000 250 1 

TSSOP 2000 50 1 

Typical connector 2000 400 kx = ky = 5; kz = 20 

 

Figure 42 shows the 3D simulation model with sidewalls removed and its 
complexity in wire frame. 
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Figure 42: (a) 3D views of the final model with sidewalls removed in Flotherm; 
(b) The complex wire frame of the model 

3.2.5 Integrating CFD models of enclosure and the validated 
environment 

When the modelled chamber environment corresponded to the temperature and 
humidity conditions in the testing chamber, and the PCA geometry was created, 
these two models were integrated together in Flovent. Figure 43 provides the steps 
of integrating CFD models of enclosure and the validated environment. 

First only enclosure was integrated into the modelling environment. The air flow 
condition around the enclosure was checked. The air should come in from the 
inlet and be sucked out from the outlet without significant turbulence. The 
temperature and humidity of the enclosure followed that of the outside 
environment. Otherwise the value of air flow velocity was changed. Finally the 
value was set as 1.5m/s in the direction of air flow.                                       

Then the whole CFD model of PCA was integrated into the validated 
environment, it was found out that the simulation results deviated from the 
experiments. Simulation results did not follow the measured temperatures 
especially for the three heat sinks on PCBs. 

Therefore, there was a consideration on the heat sink models. Initially, the heat 
sinks were modelled as solid blocks with the properties of pure aluminum. Then it 
was noticed that there was no big difference when the thermal conductivity and 
the heat capacity values for the heat sinks were changed to reduce their thermal 
mass. As was found out, the problem arose from underestimated convection heat 
transfer from the air to the heat sinks, modelled as solid blocks. Finally the heat 
sink SmartPart  was used for modelling the heat sinks as compact models to 
reduce the complexity of the computation and the simulation time. HS1 heat sink 
was modelled with dimensions 81.9mm×116mm×1.8mm. The effective fins on it 
were modelled as plate fins with height and width as 7.5mm and 1mm, 
respectively. HS2 heat sink was represented by a compact model with dimensions 
42mm×42.1mm×1mm. The height and width of the effective uniform plate fins 
were 8mm and 1mm, respectively. 
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Figure 43: Sub-block showing the steps of integrating CFD models of enclosure 
and the validated environment 

Other possible parameters adjusted here were the time and space grids. Then the 
time step was refined to 3.67steps/min to get more accurate time response in the 
model. 

3.2.6 Decision on heater option 

The results of experiments and modelling were analyzed and the need in enclosure 
heater was identified. When the modelling was ready, a heater model was chosen 
to reduce the risk of formation of water monolayers. The purpose of this step was 
to bring the %RH inside the enclosure below 60% by separating the local surface 
temperature and the corresponding dew point temperature by approximately 10oC 
according to the anti-moisture method RHCM [4]. The parameters that have to 
be considered in this step are shown in the Figure 44. 

Heater option

Placement Geometry Power dissipation

 

Figure 44: Heater parameters affecting the choice of the heater 
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Placement 

Since there was not any fan to speed up the air flow, a smart choice of the 
placement was needed within the enclosure at low air flow conditions. Putting the 
heater in a proper place, would provides a sufficient heat dissipation to the PCA. 
The purpose here was to heat up the air inside the enclosure. Therefore, there were 
no contact between the heater and the PCBs. In the end, the heater was placed 
above the inner surface of the bottom of the enclosure where hot air raised up 
from and went through all the PCBs (see Figure 45). Figure 46 is a close look of 
the heater from the side. 

Geometry 

Since the distance between the PCBs’ lower edges and the enclosure was only 
19mm, the heater was modelled as a 43cm long copper string with a square cross-
section area 9mm2. It was separated from the bottom of the enclosure and from 
the bottom sub-rack with PCBs by 7mm and 12mm, respectively. The shape of 
the heater was determined by the need of having as uniform heat dissipation along 
the enclosure length as possible. 

String-shaped enclosure heater

 

Figure 45: Position of an additional enclosure heater 

Power dissipation 

For a non-operated electronic system, a low level power of the heater was not 
enough. Therefore, assumption of the initial value of the total power of the heater 
was made as constant 10W for the period of time identified in the experiment. 
Another purpose of this assumption was to check the thermal response of the PCA 
during the heating cycle. Three different heater dissipations and switch-on periods 
have been tested in the simulation. 
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When the %RH was still higher than 60%, the power dissipation was adjusted. 

MP18

 

Figure 46: A close look of the enclosure heater from the side 
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4 Results and discussion 
In this chapter, the research results will be presented. Generally the results are 
divided into three parts. They are Damp heat test results, CFD model validation 
results and enclosure heater parametric study. 

4.1 The Damp heat test results 
To identify the problem surfaces in PCA, 18 thermocouples were attached all over 
the surfaces of PCA. Right after 24 hours testing cycle, condensation was visually 
identified on the surface of the stacked PCBs with the large heat sink. Figure 47 
shows the problem surface discovered by the Damp heat test. 

Condensation was found 
by visual inspection on the 
whole surface.

 

Figure 47: Problem surface identified by the Damp heat test 

The testing data was processed in Matlab. Then the surface temperature and its 
local dew point temperature were compared. Figure 48 shows the comparison 
results. 
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Figure 48: Result from Damp heat test 
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In Figure 48, the surface temperatures and the dew point temperatures at all the 
thermocouples group together. Theoretically it indicates there is high risk of dew 
formation in all PCA surfaces, between 800 and 1440 minute of the test [4]. It 
followed from the Damp heat test that the dew might occur in virtually all PCA 
surfaces. It was however decided to focus on PCB stack as having the largest 
thermal mass due to a large heat sink (see Figure 49), and since the dew was 
visually identified on PCB stack. In order to make sure to have correct data for the 
modelling, some extra thermocouples were added around the problem surface 
before the Humid hot coastal desert test. 

 

Figure 49: Thermocouples on the surface of the PCB stack 

4.2 CFD model validation results 
The temperature and water vapour concentration data with respect of time of the 
chamber from the Humid hot coastal desert test were considered as the input to 
construct transient attributes of the modelled environment (see Figure 29 and 
Figure 31). The initial values of the temperature and water vapour concentration 
inside and outside the enclosure were 35.2oC and 0.025Kg/Kg, respectively. 
Calculated air flow rate inside the enclosure was 10cm/s at the maximum. 

The following results are from the validated CFD modelling (see Figure 50 (a), 
Figure 50 (b) and Figure 50 (c)). Although the test cycle was 24 hours, the data 
was plotted which were for only for 18 hours for visibility reason. 

Figure 50 (a) shows that the temperature curves of the CFD modelling have good 
agreement with the environmental test. That is the temperature of the chamber is 
higher than that of the enclosure surface. And the air temperature of the inside 
enclosure is lower than the surface temperature of the enclosure. The maximum 
difference between the CFD modelling and the environmental test occurs in the 
air temperature of the inside environment of the enclosure. The maximum 
deviation is 1.6oC at 600th minute. 
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Figure 50 (b) shows that there is a good agreement between the surface 
temperatures of the stacked PCBs in the CFD modelling and in the environmental 
test. The maximum temperature difference is less than 1oC. Furthermore, it also 
shows that the minimum difference between the surface temperature of the 
stacked PCBs and its local dew point temperature is 4oC. It confirms that there is a 
risk of formation of water monolayers on the surface of the stacked PCBs 
according to the BET model [4]. After 500th minute, the difference between the 
surface temperature of the stacked PCBs and its local dew point temperature is 
more than 10oC. Then there is less risk for formation of water monolayers on the 
surface of the stacked PCBs according to the BET model [4]. 

Figure 50 (c) shows that the maximum difference in %RH inside the enclosure 
between the simulation and the climatic test expectedly amount to 2.5%RH at 
about 500th minute, i.e. where the deviation in the air temperature inside the 
enclosure was maximal. And it also confirms that after 500th minute there is 
reduced risk for formation of water monolayers, since the value of the percentage 
relative humidity inside the enclosure is less than 60%. 
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Figure 50: Comparison between the CFD modelling results and the Humid hot 
coastal desert test 
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4.3 Enclosure heater parametric study 
When the modelling had good agreement with the experiment, an extra heater was 
added to reduce the risk of the formation of water monolayers. The strategy here 
was to keep the relative humidity value below 60% by adding a string-shaped 
heater. The choice of the shape, placement, geometry and initial power dissipation 
of the heater were discussed in Chapter 3.2.5 and Chapter 3.2.6. Figure 45 and 
Figure 46 show the position of the heater. The results from the enclosure heater 
parametric study were separated into three parts. They are 10 watt heating profile, 
10-15-10 watt heating profile, and 10-15-20-15-10 watt heating profile. The 
heater was first switched on at the 10th minute in all the cases in the simulations. 

4.3.1 10 watt heating profile 

A 10W heater was chosen with a switch-on time as a constant for the first 550 
minutes according to the results of climatic test. The heating profile is shown in 
Figure 51. The relative humidity profile and the temperature results for the model 
with 10W heater are shown in Figure 52 (a) and Figure 52 (b). 
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Figure 51: 10 W heating profile 
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(b) 

Figure 52: Simulation results for 10 watt heating profile 
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From the results of the 10W heating profile, it can be seen that the heater did not 
solve the problem. The %RH is kept below 60% only up to the first 100 minute. 
During this time period, the relative humidity is below 60%. But afterwards it still 
follows the change of the outside enclosure %RH value. The difference between of 
the stacked PCBs surface temperature and its local dew point temperature is equal 
to or less than 10oC, which still have the condition for the formation of more than 
three water monolayers. The locations of the monitors MP11, MP12, MP13 and 
MP17 of the CFD model were according to Figure 41. 

4.3.2 10-15-10 watt heating profile 

In the second model, the combination of 10W and 15W heating with different 
switch-on period (see Figure 53) was tested. 
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Figure 53: 10-15-10 heating profile 

The 10-15-10 heating profile improved %RH conditions in enclosure (see Figure 
54 (a) and Figure 54 (b)). The relative humidity is just around 60%. The 
difference between the surface temperature of the stacked PCBs and its local dew 
point temperature is still less than 10oC during some of the time segments. There 
is still has the possibility for significant water adsorption. 
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(b) 

Figure 54: Simulation results for the 10-15-10 watt heating profile 



Results 

66 

4.3.3 10-15-20-15-10 heating profile 

The third model includes the combination of 10W, 15W and 20W heating with 
different switch-on periods (see Figure 55). 
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Figure 55: 10-15-20-15-10 heating profile 

The simulation results for the third model are shown in Figure 56 (a) and Figure 
56(b). 
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(b) 

Figure 56: Simulation results for the 10-15-20-15-10 watt heating profile 

From Figure 56 it is can be seen that the relative humidity is below 60% up to the 
600 minute except a 20 minute exceeding at about 450th minute. This is because 
the heater was switched off a little bit early. However at the switch-off time, the 
inside enclosure temperature started to increase and the relative humidity started 
to decrease. Therefore this heating profile still works. The difference between the 
surface temperature of the stacked PCBs surface and its local dew point 
temperature is about 9oC or 10 oC. 
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5 Conclusions and future work 
The objective of this project is that through climatic tests and CFD modelling to 
propose and evaluate the risk of forming water monolayers on the printed circuit 
assembly housed in a non-hermetic electronics enclosure in severe storage 
environment. Based on the results of this research project, the scientific article 
“Application of CFD modelling for energy efficient humidity management of an 
electronics enclosure in storage under severe climatic conditions” [46] was 
published on some international conferences. 

Damp heat test has been done for the discovery of risky areas of water adsorption 
on PCA. The variation of the temperature and relative humidity were from +25oC 
to +55oC and from 93% to 98%, respectively. The Humid hot coastal desert test 
data was used to supply input for the CFD modelling. The variation of the 
temperature and relative humidity were from +33oC to +71oC and from 14% to 
80%, respectively.  

Components were built in Flotherm. Climatic testing environment was created in 
Flovent. When the modelled climatic environment was validated by the test 
results, PCA model was integrated into the modelled testing environment in 
Flovent. Parameter studies were done afterwards, such as placement of sources, air 
flow velocity, PCBs thermal conductivities, heat sink physical and thermal 
properties, and time and space grid refinements. The simulation had a very good 
agreement with the experiment by iterative adjustments. The validated CFD 
model of the electronics enclosure was used to evaluate anti-moisture measures. 

Then an extra heater was introduced to reduce the risky of the water adsorption by 
keeping the relative humidity value inside the enclosure below 60%. A 
combination effect on the electronics enclosure was studied in order to find a 
choice to reduce the heater power because of the non-operation condition, such as 
heater switching time, power level, changing of external atmosphere, and time 
response of the assembly on the environmental change. 

Eventually the objective of the project was well achieved. 

In this project, only the coldest PCA surface was considered. And only one 
climatic environment was modelled. Therefore, the thermal behaviour of the 
whole system in different climatic environments could be studied in the future 
research for a better understanding. A more thorough parametric study could be 
performed in the future in order to better motivate the sufficient power levels of 
the heater.



References 

69 

6 References 
[1]     Zhang, Ying, Thakar Dipak, Ackerman Roger, “SYSTEM LEVEL 

THERMAL ANALYSIS OF A TELECOMMUNICATION HIGH 
DENSITY ECHO CANCELLER CABINET”, Holm Mechanical 
Design and Engineering Group Lucent Technologies, pp.1 

 

[2]    Martin, Grant, Brian Bailey, “ESL Design and Verification: A 
Prescription for Electronic System Level Methodology (Systems on 
Silicon), chapter 1 

        http://electronicsystemlevel.com (Acc.25/04/2008) 
 

[3]   Ohadi, Michael, Jianwei Qi, “Thermal Management of Harsh 
Environment Electronics”, 20th IEEE SEMI-THERM Symposium 
(2004), pp.1 

 

[4]    Tencer, Michal, John Seaborn Moss, “Humidity Management of 
Outdoor Electronic Equipment: Methods, Pitfalls, and 
Recommendations”, IEEE Trans. Components and Packaging Tech., 
Vol. 25, No.1 (2002), pp.66-72. 

 

[5]     “TLZ 10 Microprocessor-based Digital Electronic Thermocontroller”,       
Operating Instructions – Vr. 01 – ISTR 06455, TECNOLOGIC S.p.A,  

        http://www.electracool.com (Acc.25/04/2008) 
         

[6] “Components for Thermal Management in In- and Out-door       
enclosures,” Enclosure Technology GmbH (2001) 

        http://www.enclosure-tec.com (Acc.25/04/2008) 
 

[7]   “AMBIENT AIR TEMPERATURE, HUMIDITY AND DIRECT 
SOLAR RADIATION DATA”, APPENDIX 6 to ANNEX B to 
STANAG 2895, personal communication at SP, Dec. 2007 

 

[8]    “Frequently Asked Questions about CALCE Electronic Products and     
Systems Consortium Membership”, 
http://www.calce.umd.edu/general/faq.pdf (Acc.27/02/2008) 

  

[9]    Weber, Austin, “Moisture-Sensitive Devices”, Assembly magazine    
(April 1st, 2006), http://www.assemblymag.com (Acc.27/02/2008) 

 
 



References 

70 

[10]    “Ideal gas” 
        http://www.engineeringtoolbox.com/ideal-gas-law-d_157.html       

(Acc.27/02/2008)  
 

[11]    “Partial pressure” 
        http://www.answers.com/topic/partial-pressure?cat=technology  

(Acc.25/04/2008) 
 

[12]    “Saturation vapour pressure” 
        http://www.engineeringtoolbox.com/water-vapour-saturation-  

pressure- air-d_689.html (Acc.25/04/2008) 
 

[13]    “Relative humidity” 
        http://www.answers.com/topic/relative-humidity?cat=technology  

(Acc.25/04/2008) 
 

[14]    “Humidity” 
        http://www.answers.com/topic/humidity?cat=technology  

(Acc.25/04/2008) 
 

[15]    “Dry Bulb, Wet Bulb and Dew Point Temperature” 
        http://www.engineeringtoolbox.com/dry-wet-bulb-dew-point-air-

d_682.html (Acc.25/04/2008) 
 

[16]    “Dew point” 
        http://nsidc.org/arcticmet/glossary/dew_point.html  

(Acc.25/04/2008) 
 

[17]   “Dewpoint Calculation,” SHTxx Application Note - Rev 0.90, 
SENSIRION Sensor Company, Zürich, Switzerland (2001), 
http://www.sensirion.com. (Acc.27/02/2008) 

 

[18] McPherson, M. J., Subsurface Ventilation and Environmental   
Engineering, Chapter 14 - Psychrometry: The Study of Moisture in Air, 
Chapman and Hall (New York, 1993) 

        http://www.multimedia.vt.edu. (Acc.27/02/2008) 
 

[19]    Steinberg, Dave S., “A WILEY – INTERSCIENCE PUBLICATION”,   
chapter 9: Transient Cooling for Electronic System, John Wiley & Sons, 
Inc (1991) 



References 

71 

[20]    “Density” 
       http://www.answers.com/Density?cat=technology (Acc.25/04/2008) 
 

[21]    “Specific heat capacity” 
       http://www.answers.com/Specific+heat+capacity?cat=technology     

(Acc.25/04/2008) 
 

[22]    Flotherm 7.2, www.flomerics.com (Acc.25/04/2008) 
 

[23]    Tummala, Rao R., “Fundamentals of Microsystems packaging”, chapter 
6: Fundamentals of Thermal Management, Georgia Institute of 
Technology, McGraw-Hill (2001) 

 

[24]    Lee, Seri, “Aavid Thermal Technologies” 
       http://electronics-cooling.com/articles/1995/jun/jun95_01.php 

(Acc.03/03/2008) 
 

[25]   “What is rugged? – Explaining the ruggedness testing standards” 
       http://www.ruggedalgiz.com/what_is_rugged.asp (Acc.03/03/2008) 
 

[26]  “Perfection in performance, equipment and design”, Weiss     
Umwelttechnik GmbH Simulationsanlagen Messtechnik 

 

[27]   “Internal standard IEC 60068-2-1”, six edition, International Standard 
IEC, International electrotechnical commission, IEC central office, 
GENEVA, SWITZERLAND, 2007-03 

 

[28]   “Internal standard IEC 60068-2-78”, six edition, International Standard 
IEC, International electrotechnical commission, IEC central office, 
GENEVA, SWITZERLAND, 2007-03 

 

[29]   “Temperature Sensor Types”,  
       http://www.temperatures.com/sensors.html (Acc.03/03/2008) 
 

[30]   “Thermocouple Types” 
      http://www.temperatures.com/tctypes.html (Acc.03/03/2008) 
 

[31]   “THERMOCOUPLE TECHNICAL REFERENCE DATA” 
       http://instserv.com/rmocoupl.htm (Acc.03/03/2008) 



References 

72 

[32]   “Thermocouples – A Quick Guide” 
       http://www.azom.com/details.asp?ArticleID=1208 (Acc.03/03/2008) 
 

[33]    “Thermocouple” 
        http://www.answers.com/Thermocouple?cat=technology  

(Acc.03/03/2008) 
 

[34]    “Vaisala INTERCAP® Sensor” 
        http://www.vaisala.com (Acc.2008-03-03) 
 

[35]    “Humidity sensor overview” 
        http://content.honeywell.com/sensing/prodinfo/humiditymoisture/ 

(Acc.2008-03-03) 
 

[36]    “Computational fluid dynamics” 
    http://www.answers.com/Computational+fluid+dynamics?cat=technology 

(Acc.2008-03-03) 
 

[37]    “Modelling Compact Heat Sink” 
        http://www.flotherm.com/support/supp/mm/compacts 
        (Acc.03/03/2008) 
 

[38]    http://www.ccithermal.com/products-caloritech.php?product=ph 
        (Acc. 04/03/2008) 
 

[39]    “Enclosure heater” 
     http://www.watlow.com/literature/specsheets/files/heaters/coleh0303.pdf 

(Acc. 04/03/2008) 
 

[40]    “Semiconductor heater HG 140 Series” 
http://www.enclosure-tec.com/documents/HG140.pdf   

        (Acc. 04/03/2008) 
 

[41]   “Internal standard IEC 60068-2-30”, six edition, International Standard 
IEC, International electrotechnical commission, IEC central office, 
GENEVA, SWITZERLAND, 2007- 03 

 

[42]    The Standardization Agreement (STANAG) of North Atlantic Treaty 
Organization (NATO) 



References 

73 

[43]    “NOKIAS USE OF FLOTHERM” 
       http://www.flomerics.com/files/casestudies/772/t52.pdf       

(Acc. 04/03/2008) 
 

[44]    http://www.flomerics.com/products/flovent/ (Acc.2008-03-03) 
 

[45]    “Introduction to Version 4.1 - Lecture Note”, Document Number: 
FLOTHERM/L/05/03, Issue 1.0, (Acc.2008-03-03) 

 

[46]    Belov, Ilja, Rydén, Joakim Lindeblom, Yafan Zhang, Torgny Hansson,      
Fredrik Bergner, Peter Leisner, “Application of CFD Modelling for 
Energy Efficient Humidity Management of an Electronics Enclosure in 
Storage under Severe Climatic Conditions”, EuroSime 2008 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Search words 

74 

7 Search words 
A 

absolute humidity ............................. 10, 28, 29 
AHCM.............................................. 28, 29, 30 

B 

backplane.................................... 36, 40, 49, 50 
boundary condition................................. 34, 45 

C 

CFD modelling .....7, 14, 16, 17, 18, 23, 26, 32, 
34, 48, 59, 60, 61, 68 

computational fluid dynamics .............. 6, 9, 26 
conduction .............................................. 13, 14 
convection .................................. 13, 18, 27, 54 
copper layer ............................................ 16, 50 
COTS.............................................................. 6 

D 

Damp heat test ...................... 35, 40, 42, 58, 68 
density .............................................. 12, 19, 47 
dew point 10, 11, 23, 29, 32, 34, 35, 41, 55, 58, 

59, 60, 64, 67 
dry bulb temperature............................... 10, 11 

E 

environmental test ..7, 8, 21, 22, 23, 32, 34, 35, 
36, 38, 39, 40, 42, 45, 58, 59, 60 

F 

Flotherm ........27, 35, 43, 44, 47, 48, 53, 54, 68 
Flovent.............................................. 35, 43, 68 
formation of water layers.23, 35, 55, 60, 62, 64 

G 

geometry....................34, 35, 44, 47, 54, 56, 62 
grid ............................26, 27, 34, 44, 51, 55, 68 

H 

harsh environment .................................... 7, 25 
heat sink..18, 19, 20, 27, 28, 34, 44, 50, 54, 58, 

68 

heater 7, 8, 9, 22, 28, 29, 30, 31, 35, 55, 56, 57, 
58, 62, 64, 67, 68 

Humid hot coastal desert test35, 41, 42, 59, 61, 
68 

humidity sensor............... 25, 26, 32, 39, 46, 47 

P 

PCA 7, 9, 12, 32, 34, 35, 37, 38, 40, 46, 54, 56, 
68 

PCB.. 14, 15, 16, 17, 18, 29, 34, 36, 40, 44, 49, 
50, 51, 52, 53, 54, 56, 58, 60, 64, 67, 68 

power dissipation .................. 29, 30, 35, 56, 62 

R 

radiation ................ 6, 13, 14, 18, 21, 34, 42, 43 
relative humidity .... 6, 7, 10, 11, 25, 28, 29, 32, 

35, 42, 60, 62, 64, 67, 68 
RHCM......................................... 28, 29, 35, 55 

S 

saturation vapour pressure ................ 10, 11, 12 
specific heat ............................................13, 53 
steady state....................................................14 
sub-rack........................... 36, 40, 48, 49, 53, 56 

T 

temperature sensor ..................................23, 24 
test chamber ................ 9, 21, 22, 32, 36, 38, 46 
test standard ............................ 9, 21, 22, 36, 42 
thermal conductivity 12, 14, 15, 16, 17, 48, 50, 

53, 54 
thermal management...................................6, 7 
thermocouple 24, 25, 32, 36, 37, 38, 39, 58, 59 
transient heat transfer....................................14 

V 

via ...........................................................15, 50 

W 

water adsorption 6, 7, 26, 29, 34, 35, 59, 64, 68 
water vapour ................... 10, 11, 12, 29, 42, 59 
water vapour concentration.. 11, 26, 34, 43, 45, 

46, 47, 59 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


