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Summary 
Co-simulation of building energy simulation and 

computational fluid dynamics for whole-building heat, 

air and moisture engineering 

 

Building performance simulation (BPS) is widely applied to analyse 

heat, air and moisture (HAM) related issues in the indoor environment such 

as energy consumption, thermal comfort, condensation and mould growth. 

The uncertainty associated with such simulations can be high, and incorrect 

simulation results can lead to a design with adverse effects on health, 

comfort and functionality of space.  

In recent years, the use of BPS tools to predict and analyse the HAM 

behaviour of the indoor environment has grown significantly. Among these 

tools, Building Energy Simulation (BES) and Computational Fluid Dynamics 

(CFD) are recognized as potential tools for assessing HAM behaviour of the 

indoor environment, such as interaction of the HVAC system with convective 

heat and mass transfer. These tools have strong capabilities, but also some 

particular deficiencies in terms of boundary conditions, physical models and 

resolution in space and time. BES is mainly used to assess the thermal 

performance of buildings throughout the entire year. It is a powerful tool, 

but when compared to CFD tools it includes simplified air flow, heat and 

moisture transfer modelling. Detailed HAM modelling of the building indoor 

environment is possible with CFD. In CFD, however, the implementation of 

meteorological boundary conditions, the whole HVAC system modelling etc. 

are significantly less advanced than in BES. 

In this thesis, it is hypothesized that if used correctly, the combination 

of BES and CFD tools will increase the accuracy of HAM simulations of the 

indoor environment. The thesis first presents approaches for domain 

integration, relevant physical phenomena, interface variables, and coupling 

requirements. Then, it introduces a newly developed prototype, which 



 ix 

integrates BES and CFD for high resolution HAM simulation of the indoor 

environment. Next, it describes the verification of the prototype. This is 

followed by the validation study of the prototype, which shows that the 

accuracy of the HAM simulation is enhanced. Finally its usage potential is 

illustrated by discussion of the results of real applications in the building 

industry.  
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Nomenclature 

A  Heat and moisture transfer surface area (m2) 

Cp  Specific heat capacity (J/kgK)   

Dt  Turbulent mass diffusivity (m2/s) 

d  Penetration depth (m) 

ei  Error (difference between the measured and simulated data) 
 

e   Mean error = 
i1

e./1 ∑ =

N

i
N   

g  Moisture gain (kg/s) 

g’  Moisture flux (kg/sm2) 

hm  Convective moisture transfer coefficient (s/m) 

hc  Convective heat transfer coefficient (W/m2K) 

k  Thermal conductivity (W/mK) 

L  Length (m) 

Le  Lewis number (Le = Sc/Pr) 

N  Number of data points to be compared 

P  Water vapour pressure (Pa) 

Pr  Prandtl number (Pr = α/ν) 

Q  Heat gain (W) 

q’  Heat flux (W/m2) 

Ra  Rayleigh number, Ra = 9.81βΔTL3/αν 

Rv  Gas constant for water vapour (J/kgK) 

Sct  Turbulent Schmidt number, Sct = νt/Dt 

T  Temperature (K) 

t  Time (s) 

u  Fluid instantaneous velocity (m/s) 

V  Volume of the zone (m3) 

w  Water content (kg/kg) 



 

 xiv 

x  Humidity ratio (kg/kg) 

y  Position on the axis perpendicular to the surface 

y+  Dimensionless wall unit 

α  Thermal diffusivity (m2/s) 

β  Thermal expansion coefficient (K-1) 

δ  Water vapour permeability (kg/msPa) 

ΔT  Temperature difference (K) 

ξ  Hygroscopic moisture capacity (kg/kg) 

ρ  Density (kg/m3) 
 

σE  Standard deviation = 2N

1i i )e(e./1 ∑ =
−N  

τ  Period of indoor humidity variations (s) 

ϕ  Relative humidity (%) 

ν  Kinematic viscosity (m2/s) 

νt  Turbulent momentum diffusivity (Pa.s) 

Subscripts, superscripts and indices 

a  Air 

c  Convective 

constr  Construction 

equ  Equipment 

ext  Exterior 

i (chapter 3) Summation index over zone surfaces   

i (chapter 4) Index referring to data points that are compared 

i (chapter 5) Index referring to different modelling resolutions    

inf  Infiltration 

int  Interior 

mat  Material 

n  Number of surfaces in a zone 

peo  People 
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r  Zone air node 

ra  Radiation 

ref  Reference 

s  Surface condition 

sat   Saturation 

sec  Second 

sys  System (HVAC) 

v  Vapour 

ven  Ventilation 

w  Wall 
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Acronyms 

AFN  Airflow network 

BEHAM  Building element heat, air and moisture 

BCVTB  Building controls virtual test bed 

BES  Building energy simulation 

BPS  Building performance simulation 

CC  Chilled ceiling 

CE  Common exercise 

CFD  Computational fluid dynamics 

CNDP  Coupling necessity decision procedure 

CTC  Convective transfer coefficient 

CHTC  Convective heat transfer coefficient 

CM  Coupling Mechanism 

CMTC  Convective mass transfer coefficient 

ECBCS  Energy conservation in buildings and community systems 

EMPD  Effective moisture penetration depth 

HAM  Heat, air and moisture 

HVAC  Heating, ventilation and air conditioning 

IAQ  Indoor air quality 

IEA  International Energy Agency 

MR  Modelling resolution 

PI  Performance indicator 

RMSE  Root mean square error = ∑=

NN
1i

2
i )(e./1   

UDF  User-Defined function 
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Glossary 

BEHAM – Building element heat, air and moisture simulation tools are 

computer programs able to calculate transient conjugated HAM transfer in 

porous materials used in buildings. 

BES – Building energy simulation tools are computer programs able to 

calculate transient whole-building heat transfer, without a model for 

moisture transfer or moisture buffering. 

Building element – Combination of solid material layers used in buildings for 

a specific purpose, such as walls, floors, ceilings, floors, windows, vents. 

Building envelope – Set of buildings elements aiming to bind the building 

interior domain, isolating this space from the exterior domain. 

Coupled simulation – Simulation performed using two or more BPS tools that 

exchange information at specified coupling frequency. 

Coupling frequency – The frequency at which the exchange of information 

between two or more BPS tools occurs.  

Exterior domain – Space not bounded by the building envelope. 

Interior domain – Space bounded by the building envelope and, in some 

situations, partitioned by additional building elements. 

Model (noun) – Representation of reality such as a physical model (see 

definition below), a geometrical model (describing the geometrical features 

of objects), a BPS tool (a combination of different models to represent some 

features of buildings in the real world). 

Model (verb) – Act of creating or using a model. 

Modelling resolution – Level of simplification adopted in a model. 

Modelling uncertainty – Uncertainty in the results of a model related to the 

assumptions and simplifications adopted in the model. 

Moisture buffering – The adsorption and desorption of moisture by 

hygroscopic material when the indoor humidity of the air is high and low, 

respectively. Moisture buffering effect is an efficient factor in moderating the 

indoor humidity level. 
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Physical phenomenon – Those related to physics, such as heat, air and 

moisture transfer, solid and fluid mechanics, and related. 

Program – Computer software. 

Prototype – In this thesis, prototype refers to a computer program capable 

of performing calculations, but with no detailed interface and documentation 

for users. 

Residual – Difference between the measured and simulated data. 

Stand-alone simulation – Simulation performed using only one BPS tool. 

Tool – Computer software. 

Whole-building HAM simulation – Simulation capable of simultaneously 

calculating heat, air and moisture transfer in the exterior domain, in the 

interior domain, in all elements of the building envelope and internal 

partitions, and in the HVAC domain. 
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Chapter 1 

Introduction  

 

 

 

 

 

 

 

 

 

 

1.1 Building Performance Simulation for HAM engineering 

One of the major challenges facing the building industry is to find 

suitable methods to simultaneously address the interrelated problems of 

improving energy efficiency in buildings, maintaining and creating healthy 

and comfortable indoor environments for buildings, and at the same time to 

increase their sustainability (ASHRAE 2008; NIST 2008). Better design of 

new buildings will not only lead to a dramatic reduction in energy 

consumption and adverse environmental impacts, but will also create more 

comfortable and healthier indoor environments for the occupants (Clarke 

2001; Malkawi et al. 2005). The design should guarantee that these 

characteristics can be realized and maintained for a significant timespan. 

Such designs must also be aware and take account of the various climate 

scenarios that may result from global warming (Phillipson and Sanders 

2004; CIBSE 2005).  
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Building Performance Simulation (BPS) has been shown to be capable 

of playing an important role in facilitating better design and commissioning 

of new buildings, as well as providing solutions for problems in the existing 

building stock (Mahdavi and Ries 1998; Hensen and Nakahara 2001; Hensen 

et al. 2002; Malkawi and Augenbroe 2003; Hensen and Augenbroe 2004; 

Hensen et al. 2004). In addition to improving the performance of residential 

and commercial buildings, buildings with historical and cultural heritage, 

such as churches and museums have also benefitted from the application of 

BPS (Schellen 2008; Schellen and van Schijndel 2008; van Schijndel et al. 

2008; Briggen et al. 2009; Steeman et al. 2009; van Schijndel et al. 2010). 

The strength of BPS tools is that they allow designers to compare different 

design scenarios by predicting different Performance Indicators (PI) (e.g. 

condensation, mould growth, energy consumption etc) through investigation 

of their relationship with design attributes (e.g. glazing percentage, thermal 

capacity, etc.) (Struck et al. 2009).  

The importance of PIs related to Heat, Air and Moisture (HAM) in 

buildings is widely acknowledged as they provide insight into key issues for 

building such as: mould growth (Olesen and Seelen 1993; Clarke et al. 

1999; Moon 2005; Mudarri and Fisk 2007); thermal comfort (De Paepe et al. 

2003; Teodosiu et al. 2003; Peeters et al. 2009; van Hoof et al. 2009; 

Woloszyn et al. 2009); condensation and moisture damage (van Schijndel et 

al. 2009; Steeman et al. 2010; Van Belleghem et al. 2010); shrinkage and 

swelling of wood (as a building material) (Derome et al. 2010); moisture 

damage to other building materials (Roels et al. 2006; Carmeliet et al. 

2009), Indoor Air Quality (IAQ) and its relation to indoor air humidity (Gulick 

1911; Ingersoll 1913; Fang et al. 1998; Olesen 2007) etc. Examples of these 

PIs are illustrated in Figure  1.1.  

The field of whole-building HAM engineering is defined as the analysis 

and prediction of the PIs mentioned above. The application of whole-building 

HAM engineering is desirable and necessary because it leads to the design of 

buildings that are more sustainable, more comfortable, healthier etc.  
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a) 

 
b) 

 
c) 

 
d) 

Figure  1.1 Examples of PIs related to HAM behaviour: a) damage to 
wood b) condensation c) mould growth d) damage to paintings 

 

Whole-building HAM modelling focuses on three geometrical domains: 

exterior, building envelope and interior, and three physical domains: heat, 

air and moisture. These physical and geometrical domains are schematically 

illustrated in Figure  1.2. Logically, reaching the optimum performance of a 

building, in which there are complex thermal interactions between indoor air 

climate and the building envelope, cannot be achieved unless the building 

itself is considered as a whole  (Hensen 1991; Hensen 1993; Clarke 2001). A 

thorough understanding of HAM behaviour of the building is likewise 

impossible without fully taking into account the interaction of all relevant 

physical and geometrical domains, or in other words considering the building 

as a whole (Hens 2005; IEA 2007). However, the various BPS tools that 

exist are designed to perform HAM simulations in buildings for a specific 

geometrical domain, or for one or more physical domains. Furthermore, the 

level of simplification and abstraction of HAM modelling in buildings differs in 

each BPS tool. This introduces uncertainty in the output of BPS tools 
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regarding the previously mentioned PIs. This uncertainty can be high, 

resulting in less than perfect simulation results, which can lead to building 

designs that cause adverse effects on health, comfort and functionality of 

space, which in turn might lead to undesired extra costs (Mudarri and Fisk 

2007). 

 

 

Figure  1.2 Illustration of physical and geometrical domains in whole-
building Heat, Air and Moisture (HAM) engineering 

  

1.2 BPS tools for HAM modelling 

In recent years, the use of BPS tools to predict and analyse the PIs 

related to HAM behavior of buildings has grown significantly (Hens 2005; 

Woloszyn and Rode 2008). These tools can be classified into three 

categories:  

1. Building Energy Simulation (BES) tools, e.g. ESP-r (Clarke 

2001; Strachan et al. 2008), EnergyPlus (EnergyPlus 2005) 

etc. 

2. Building Element HAM (BEHAM) tools, e.g. HAMFEM (Blocken 

et al. 2007; Janssen et al. 2007; Janssen et al. 2007), WUFI 

(Künzel 1994; Künzel et al. 2004; WUFI 2010) etc. 
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3. Computational Fluid Dynamics (CFD) tools, e.g. Fluent (Fluent 

Inc. 2006), OpenFOAM (OpenFOAM 2004) etc. 

Each of these BPS tools performs HAM simulations in buildings with different 

spacial/temporal resolution for a specific geometrical domain, or for one or 

several physical domains. For instance, the existing BEHAM tools perform 

HAM transfer simulations in the building envelope, and are generally driven 

by fixed or simplified boundary conditions. Detailed HAM modelling of the 

building interior and exterior is possible with CFD tools. However, in CFD 

tools, the implementation of meteorological boundary conditions is 

significantly less advanced than in BES tools. BES is mainly used to assess 

the thermal performance of buildings over the course of an entire year. BES 

is a powerful tool, but it generally includes simplified air flow, heat and 

moisture transfer modelling. For example, transfer coefficients are often 

incorporated in a simplified way.  

In summary, BPS tools are characterized by a large variation in 

modelling, spatial and temporal resolution. 

1.3 Uncertainty in BPS predictions  

Modelling necessarily involves simplification of the physical 

phenomena that exist in the real word, leading to uncertainty in the 

predictions of the models. The level of uncertainty depends on the level of 

abstraction and simplification of the physical process. Modelling resolution 

and level of abstraction of a physical phenomenon are inter-related. Higher 

modelling resolution signifies less simplification of the physical phenomenon 

under consideration, while lower modelling resolution signifies greater 

simplification of the same physical model. Different categories of BPS tools 

for HAM modelling were mentioned in the previous section. The level of 

modelling resolution in these tools, which are used to calculate heat and 

mass transfer phenomena, varies from the very basic and simple approaches 

to the very sophisticated, which consequently corresponds to very large and 

small uncertainties in their outputs. Figure  1.3 highlights the difference 

between simple (e.g. RIBA calculator) and more sophisticated BPS tools 
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(ESP) (Clarke 2001) by presenting the results of annual energy consumption 

using different BPS tools for a multi-storey hotel against different glazing 

scenarios. As can be seen, there is a completely different trend predicted by 

ESP (the curve from C2 to C5) in comparison with other simplified methods. 

Different trends presented in this figure lead to different design decisions 

and can be very misleading in any phase of the design process. 

 

Figure  1.3 Energy consumption predictions using different 
modelling resolutions (Clarke 2001) 

Predicting the important PIs related to HAM problems requires the 

knowledge of inside/outside Convective Heat/Mass Transfer Coefficients 

(CHTCINT, CHTCEXT, CMTCINT, CMTCEXT) (Blocken et al. 2009; Defraeye et al. 

2010). It has been shown that the internal Convective Heat Transfer 

Coefficient (CHTCINT) can result in a 37% difference in energy consumption 

calculations (Spitler et al. 1991; Lomas 1996). These energy calculations are 

based on a simplified heat conduction equation for the building envelope by 

assuming fixed values for CHTCINT, or by using empirical correlations for 

their boundary conditions. These energy calculations are not only sensitive 
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to CHTCINT but also to external Convective Heat Transfer Coefficients 

(CHTCEXT). Figure  1.4 (b) presents the results of ESP-r for annual cooling 

demand for a typical cubic building (Figure  1.4 (a)) using different existing 

empirical correlations for CHTCEXT. The scattered results show 183% 

variation (the minimum value relates to correlation by (Nicol 1977) and the 

maximum value relates to the correlation by (Liu and Harris 2007)), which is 

a clear demonstration of the large uncertainty in the predictions of ESP-r (as 

a BPS tool) regarding this specific PI. 

North

10 m 10 m 

10 m

 
(a) 

Level of insulation: 

External walls, floor and roof: 
0.4 W/m2K 

Internal floors: 2.8 W/m2K 

Windows: 3.0 W/m2K 

 
(b) 

Figure  1.4 Variation of annual cooling demand calculated using 
different CHTCEXT correlations 

Since the analogy of heat and mass transfer is frequently used within 

the building community, a similar situation exists for CMTCINT and CMTCEXT. 

It has been shown that the use of this analogy is valid under strict conditions 

and the analogy can result in large errors if it is used for local transfer 

coefficients (Derome 1999; Steeman et al. 2009). 
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Integration of existing BPS tools can increase the modelling resolution 

of whole-building HAM modelling. Accordingly, increasing the modelling 

resolution will result in less simplification of heat and mass transfer 

modelling, which directly enhances the predictive capability of the important 

PIs mentioned in the previous section.  

1.4 Scope of the work 

Section  1.2 introduced three different categories of BPS tools for 

whole-building HAM modelling. Since many HAM related PIs in buildings are 

local phenomena such as mould growth, condensation etc., this thesis will 

focus on the integration of BES and CFD for the interior in order to increase 

the modelling resolution of such PIs in whole-building HAM modelling (Figure 

 1.5). 

 

 

Figure  1.5 Integration of BES and CFD for whole-building HAM 
modelling 

 

 Integration of BES tools with CFD tools has been investigated in the 

past with different degrees of complexity (Negrao 1995; Beausoleil-Morrison 

2000; Srebric et al. 2000; Zhai 2003; Djunaedy et al. 2005). However, in all 

these previous studies only heat and air were included as physical domains 

and moisture was neglected. There are other developed tools that have 

included all physical domains (heat, air and moisture) (Amissah 2005; van 
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Schijndel 2007) but all of them use internal coupling for integration. In this 

approach, a CFD code is developed within a BES environment. Due to this 

coupling approach, the final numerical package, which is one single package, 

might suffer from certain limitations in the long term. For instance, if a new, 

more efficient and accurate turbulence model is developed within the CFD 

community, the developer should logically be required to rewrite and compile 

the code. In Figure  1.6 internal coupling is schematically compared with an 

alternative approach, “external coupling” (Djunaedy et al. 2005; Trcka 

2008). Internal coupling is the traditional method of expanding a tool (e.g. a 

BES tool). It implies expanding the BES tool by adding missing features 

inside it (Figure  1.6 - left). Internal coupling has been used in many research 

projects. This integration approach involves background research, 

development of a pilot program, etc. (Maver and Ellis 1982). Therefore, this 

strategy for integration is time-consuming and expensive, and the final 

numerical tool might still lack certain aspects in terms of modelling of 

physical phenomena. 

Figure  1.6 – right shows an alternative way of developing a tool in 

which external coupling of different tools is adopted. Within this approach 

existing tools work in parallel and exchange data on a time-step basis (e.g. 

(Trcka  et al. 2006)). Here, instead of rewriting and recompiling the code in 

order to add more features to the tool, external coupling of different tools is 

established. External coupling not only eliminates the disadvantages 

mentioned above, but also yields a final tool with greater flexibility for 

further development. In other words, the effort of expanding a specific tool 

to include missing features is substituted by writing a much simpler code 

that handles the coupling mechanism (CM) between one tool (e.g. BES) and 

another tool (e.g. CFD) that has already implemented and validated those 

features. Furthermore, external coupling solves the perceived problem of 

maintaining legacy code (Ewer et al. 1995). 
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Figure  1.6 External coupling versus internal coupling 

 

This work, which includes all physical domains, uses the external 

coupling approach for the integration of BES and CFD in order to avoid the 

limitations of internal coupling.  

1.5 Objectives 

Considering the scope of the work declared in the previous section, 

this work aims to:  

1. Develop prototype software to perform the external coupling 

of BES and CFD, including all physical domains (heat, air and 

moisture). 

2. Verify and validate the prototype software 

3. Develop a Coupling Necessity Decision Procedure (CNDP), 

which indicates when the prototype is needed for a specific 

problem. 

4. Illustrate the benefit of the prototype and the CNDP by using 

case studies. 
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1.6 Hypothesis 

It is hypothesized that if used correctly, the integration of BES and 

CFD will lead to more accurate results in whole-building HAM modelling when 

compared to BES stand-alone results.  

1.7 Research methodology 

The research started by identifying the capabilities and deficiencies of 

BES and CFD tools, which was necessary for the integration of these tools. 

Next, a literature survey of existing BES and CFD integrations in whole-

building HAM modelling was performed, leading to: 

1. Apperception of the coupling requirement, which states the 

need for a coupling solution rather than a decoupled 

solution for indoor environment 

2. Identification of the coupling variables 

3. Development of a new coupling strategy for BES and CFD 

The integration of BES and CFD was then carried out using the 

external coupling approach. In the next step the prototype was verified and 

then validated experimentally and also by inter-model comparison, which 

was followed by the development of CNDP based on uncertainty analysis. 

The CNDP indicates the necessity of using the prototype while analysing a 

specific problem. Finally, the prototype was tested in case studies. 

1.8 Potential users 

Both the CNDP and the prototype developed in this work can be used 

as a research platform for other researchers within the field of whole-

building HAM modelling.  

More specifically, this work can be applied to all buildings and 

especially to buildings where HAM related PIs are of high importance such 

as: historical buildings, buildings of cultural importance and sterile 

environments. 
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1.9 Thesis outline 

Chapter 1 introduces the motivation and the idea behind this thesis.  

The capabilities and deficiencies of BES and CFD tools are presented in 

chapter 2.  

Chapter 3 introduces the external coupling of BES and CFD and its 

implementation. It also addresses the coupling requirement, coupling 

variables, coupling strategies and coupling mechanism. Finally, the 

verification of the coupling mechanism is presented. 

Chapter 4 presents the validation of the external coupling of BES and 

CFD. In this chapter the benefits of the external BES and CFD coupling are 

highlighted. 

Chapter 5 first explains different modelling resolutions of CHTC and 

CMTC. Then, the CNDP is introduced, which indicates the necessity of BES 

and CFD coupling. 

Chapter 6 demonstrates the benefits of the CNDP and of the prototype 

by means of case studies. 

Chapter 7 summarizes the conclusions of this thesis and presents the 

future work related to the further development of BES and CFD integration in 

whole-building HAM modelling. 
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Chapter 2 

BES and CFD for HAM engineering 

 

 

 

 

 

 

 

 

 

 

2.1 Introduction 

The building design process is increasingly long and complicated due 

to the growing complexity of buildings and demands of users. As such the 

design of buildings is divided into smaller, design stages. Building Energy 

simulation (BES) and Computational Fluid Dynamics (CFD) tools have been 

proven to be of benefit during all design stages. Nonetheless, in the previous 

chapter it was argued that the integration of these two tools can add further 

value, particularly by enhancing whole-building HAM modelling. 

However, a necessary step to be taken before attempting the 

integration of BES and CFD tools is to identify the points where each tool can 

benefit the other in terms of whole-building HAM modelling. In other words, 

it is important to investigate how modelling deficiencies in one tool can be 

compensated by the other tool.   

This chapter continues in sections 2.2 and 2.3 to offer a concise, 

general introduction of these two separate types of tools. Then, the specific 
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BES and CFD tools that were chosen for the integration in this research are 

explained. This is followed by contrasting their potential capabilities and 

deficiencies in terms of whole-building HAM modelling.   

2.2 Building Energy Simulation (BES) 

A large variety of BES tools have been developed over the past five 

decades (Crawley et al. 2008). These tools allow the analysis of different 

energy flow paths during building operation, which are in direct or indirect 

dynamic interaction with Heating, Ventilation and Air Conditioning (HVAC) 

systems, occupancy, internal gains etc; see Figure  2.1. BES tools can be 

applied to buildings of any size, function and occupancy e.g. historical 

buildings, hospitals, large industrial halls, high performance buildings, 

residential buildings etc. Their main outputs are usually annual 

heating/cooling energy demands, peak heating/cooling, zone air 

temperature, etc.  

By taking into account outside temperature, long/short wave radiation, 

wind speed etc., which are provided by a weather data file, BES tools are 

very powerful in estimating internal and external surface temperatures 

throughout the entire year.   

Usually, all geometrical domains (exterior, building envelope and the 

interior) are considered in BES tools. Although BES tools apply the whole-

building approach in their analysis, most state-of-the-art BES tools (such as 

ESP-r, IES) employ simplified HAM transfer modelling. For instance: 

1. Internal and external transfer coefficients are usually 

represented by fixed values or empirical correlations. These 

empirical correlations were derived under specific 

experimental conditions and might not be appropriate for all 

building geometries and air flow patterns in/around buildings 

(Blocken et al. 2009; Defraeye et al. 2010).  

2. BES tools use the well-mixed assumption for their thermal 

zones, meaning that each zone is represented by a single 

node. This means that a uniform distribution of temperature, 



Co-simulation of BES and CFD for HAM engineering 

 15 

relative humidity etc. is assumed in the thermal zones, which 

might not be valid in several applications (Lain et al. 2005; 

Lain and Hensen 2006; Steeman et al. 2009).  

3. Although air flow modelling in some BES tools is taken into 

account through the nodal network method (or AFN: Air Flow 

Network) (Hensen 1991; Hensen 1999), in this method air 

volumes in the building are represented as a single node and 

uniform distribution of velocity and pressure is assumed. 

4. The heat transfer calculation in the solid domain is usually 1D 

and in case of no surface discretization one node represents 

each wall surface in a zone. 

5. Wind-driven rain, as one of the main sources of moisture 

damages (e.g. for retrofitting of old buildings especially when 

insulation is applied at the inside), is generally not taken into 

account in BES codes. The importance of wind-driven rain has 

been emphasised in the past (Blocken and Carmeliet 2004).  
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Figure  2.1 Energy flow paths in a building (adapted from (Clarke 
2001)) 

 

 

The four limitations of BES tools mentioned above can potentially lead 

to uncertainty in HAM related PIs. In order to move beyond these limitations, 

it is necessary to utilize the capabilities of CFD tools, which is the topic of the 

section 2.3. 

2.2.1 Some fundamentals of BES 

The calculation methods for BES can be generally divided into two 

groups: manual methods and computer simulation methods (Zhai 2003). 

Manual methods such as degree-day and bin methods (ASHRAE 1997) are 

sometimes used in practical design because of their simplicity, although they 

are generally not precise (Zhai 2003; Trcka and Hensen 2010). For instance, 
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degree day methods are the simplest methods for energy estimation and are 

appropriate if the building occupying and operating conditions are constant. 

Some of the limitations of these methods are (Zhai 2003): 

1. they are unable to take into account the dynamic nature of building 

(thermal mass) due to varying boundary conditions, occupying schemes etc. 

2. they cannot include HVAC systems 

3. they cannot assess different control strategies of temperature in the 

thermal zones 

4. they do not take into account thermal inertia  

In many BES tools, the heat balance method as one of the computer 

simulation methods is implemented. This method was introduced in 1970s 

(Kusuda July 1976) and solves heat balances for the room air and enclosure 

surfaces to determine the loads. The heat balance method is much more 

comprehensive than manual methods and does not suffer form the 

limitations mentioned above.  

Usually the heat balance equation for the room air is in the following 

form (Clarke 2001): 

 

t
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where q’i,c is the convective heat flux from the wall surface i to the room air 

(W/m2), Ai is the area of the surface i (m2), Qlights is the heat gain from the 

lights (W), Qpeople is the heat gain from the people (W), Qappliances is the heat 

gain from the appliances (W), Qinf is the heat gain from the infiltration (W), 

Qextraction is the heat extraction from the room (W), ρ is the air density 

(kg/m3), Vroom is the room volume (m3), Cp is the specific heat of air (J/kgK), 

ΔT is the temperature change of the room (K) and Δt is the time step (s). 

The heat balance equation for a surface (wall/window) can be 

expressed as: 
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where q’i is the conductive heat flux at surface i (W/m2), q’i,ra is the radiative 

heat flux from internal heat sources and solar radiation (W/m2), q’i,k is the 

radiative heat flux from surface i to surface k (W/m2) and q’i,c is the 

convective heat flux from wall surface i to the room air (W). 

Eq. ( 2.1) and Eq. ( 2.2) constitute the two essential equations for the 

heat balance method which is used in most state of the art BES tools. The 

reader is referred to (Clarke 2001) for more information about the 

calculation of the individual terms in Eq. ( 2.1) and Eq. ( 2.2). 

  

2.3 Computational Fluid Dynamics (CFD) 

CFD is the process of fluid flow representation by means of solving 

mathematical equations based on the fundamental laws of physics governing 

fluid flow (Versteeg and Malalasekera 1996). CFD deals with numerical 

analysis of a set of non-linear partial differential equations for the prediction 

of velocity, pressure, temperature, species and other variables such as 

turbulence parameters etc. The reader is referred to basic CFD text books in 

order to find out more about its fundamental, existing solution methods and 

its applications (Anderson 1995; Ferziger and Peric 1999). 

In recent years, CFD has been contributing positively to the design of 

energy-efficient, user-comfortable and environmentally friendly buildings 

(Zhai 2006; van Hooff and Blocken 2010). Since CFD can provide much 

higher resolution modelling of flow patterns within air volumes than BES 

tools, CFD represents a means to overcome the limitations of BES tools 

mentioned in the previous section: 

1. CFD is capable of high-resolution near wall modelling, which 

leads to more accurate transfer coefficient predictions. There 

are two different approaches for near wall modelling: a) Low-

Reynolds number modelling, and b) wall functions. Although 
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using wall functions is computationally much less expensive 

than Low-Reynolds number modelling, it can lead to 

inaccuracies in transfer coefficient predictions (Awbi 1998; 

Blocken et al. 2009). 

2. In CFD the momentum, energy and continuity of mass 

equations are numerically solved in 3 dimensions, leading to 

prediction of velocity, pressure, temperature, and humidity 

ratio within the space in 3 dimensions. Therefore, it avoids the 

limitations associated with the well-mixed assumption in BES 

tools. 

In theory, whole-building HAM modelling can be studied in CFD tools 

(conjugate heat and mass transfer). This approach is computationally very 

expensive due to time scale differences between the fluid and the solid. In 

addition, its use is not feasible in practice with the current computer 

resources (Chen et al. 1995; Zhai et al. 2001; Zuo and Chen 2009). 

It should be mentioned that using CFD demands sufficient knowledge 

and expertise. CFD results are generally very sensitive to the grid quality, 

boundary conditions and user settings. Lack of knowledge and experience 

can potentially cause large errors, leading to very misleading design 

decisions.  

In comparison with some BES tools, CFD tools could be described as 

being less user friendly. Shortwave and longwave radiation modelling in CFD 

is very time consuming in comparison with BES. Furthermore, some features 

of CFD are significantly less advanced than their counterparts in BES, 

including the implementation of meteorological boundary conditions, HVAC 

system modelling etc.  

CFD simulations can sometimes be time consuming, depending on the 

size of the domain and user settings. Although the simulation time can be 

considerably reduced with greater computer resources, the use of CFD might 

not be feasible in projects where urgent results are needed. 
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As the above has hoped to show, CFD tools have many capabilities but 

also some deficiencies, which, however, can be reduced through integration 

with BES tools. 

2.3.1 Some fundamentals of CFD 

The following summary of CFD fundamentals is for a large part 

adopted from Blocken (2004). 

2.3.1.1 Equations of fluid flow 

The governing equations are the expressions of three fundamental 

physical principles: (1) Mass is conserved, (2) Newton’s second law and (3) 

Energy is conserved. The resulting equations are (1) the continuity equation 

(1 scalar equation), (2) the momentum equations (1 vector equation or 3 

scalar equations in 3D problems) and (3) the energy equation (1 scalar 

equation). In literature on fluid dynamics, the momentum equations are 

called the Navier-Stokes equations. However, in modern CFD literature, this 

terminology is used to indicate the entire system of flow equations for the 

solution of a viscous flow: continuity, momentum and energy equations 

(Anderson 1995). This set of equations will be referred to by the term 

“Navier-Stokes equations”. The instantaneous three-dimensional Navier-

Stokes equations for an incompressible, viscous, isothermal flow of a 

Newtonian fluid, in Cartesian co-ordinates, in partial differential equation 

form and in conservation form are given by Eq. (2.3) through Eq. (2.6). 
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where u
r  is the instantaneous velocity vector, u1, u2 and u3 are the x-, y- and 

z-components of the instantaneous velocity vector, t is the time co-ordinate, 

p the instantaneous pressure, div the divergence operator, grad the gradient 

operator, μ the dynamic viscosity and ρ the density of the fluid. Eq. (2.3) to 

Eq. (2.6) are a set of non-linear, coupled, partial differential equations. In 

the following section, the numerical modelling of turbulent flow is briefly 

described. 

2.3.1.2 Numerical modelling of turbulent flow 

Turbulent flow is one of the unsolved problems of classical physics. 

Despite many years of intensive research, a complete understanding of 

turbulent flow has not yet been attained. Many researchers and authors 

agree that even providing an accurate definition of turbulence is a difficult 

task (Wilcox 1998). 

A range of methods exists for predicting turbulent flow such as the 

Reynolds-Averaged Navier-Stokes equations (RANS), Large Eddy Simulation 

(LES), Direct Numerical Simulation (DNS) etc (Ferziger and Peric 2002). 

Among these models, RANS models have been frequently used for building 

applications. RANS equations are derived by averaging the Navier-Stokes 

equations (time-averaging if the flow is statistically steady or ensemble-

averaging for time-dependent flows). With the RANS equations, only the 

mean flow is solved while all scales of the turbulence have to be modelled 

(i.e. approximated). The averaging process generates additional unknowns 

and as a result the RANS equations do not form a closed set. Therefore 

approximations have to be made. These approximations are called 

turbulence models (e.g. k-ε models). The RANS method is the one that has 

been most widely applied and validated in the field of numerical computation 

of wind flow in and around buildings e.g. (Tominaga and Stathopoulos 2007; 



 Chapter 2. BES and CFD for HAM engineering 

 22 

Blocken et al. 2009; Mirsadeghi et al. 2009; Defraeye et al. 2010; van Hooff 

and Blocken 2010; Gousseau et al. 2011; van Hooff et al. 2011). The reader 

is referred to (Ferziger and Peric 2002) for more information about 

turbulence modelling.  

2.4 BES and CFD tools selected for the integration 

In this section, the tools that are selected for the integration are 

introduced. The tools chosen for this integration are ESP-r, selected from the 

existing BES tools, and FLUENT 6.3, selected from the existing CFD tools. In 

the following sections the capabilities and deficiencies of these tools are 

contrasted, and the reasons why they are chosen for the integration are also 

described. 

2.4.1 A brief introduction to ESP-r 

ESP-r (ESRU 2002), first developed by (Clarke 1977), is an open 

source code BES tool, composed of different modules and since then its code 

has been further developed and expanded by many researchers e.g. (Hensen 

1991; Aasem 1993; Negrao 1995; Beausoleil-Morrison 2000; Macdonald 

2002). A comparative study of 20 different BES tools reveals that ESP-r is 

one of the most comprehensive state-of-the-art BES tools in research, 

consultancy and practice (Crawley et al. 2008). Its code, which is written in 

FORTRAN 77/90 and C/C++, has been expanded ever since its launch by 

numerous code developers throughout the world. This tool can be installed 

on PCs or workstations under the LINUX or Windows operating system. A 

thorough history of its validation studies over its life time of development 

can be found in Strachan et al. (2008). 

The availability of the source code of ESP-r was one of the important 

reasons to choose this tool for the integration. Another important reason 

that ESP-r was chosen was because of its modularity. The modularity of ESP-

r allows for faster implementation and a faster debugging process. 

Furthermore, the previous integration of BES and CFD by external coupling 

(Djunaedy et al. 2005) was implemented by ESP-r as the BES tool, which 
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made it easier for further development. In addition, ESP-r is a suitable tool 

for research since the user has the opportunity to investigate the problem 

with different modelling resolutions. For instance, it is possible to treat 

shortwave radiation differently by performing insolation analysis (Clarke 

2001). It is also possible to toggle between different approaches for 

modelling CHTC. 

2.4.2 A brief introduction to FLUENT 

FLUENT is a powerful commercial CFD tool with broad capabilities in 

modelling of fluid flow, heat transfer, turbulence, species transport etc 

(Fluent Inc. 2006) based on the finite volume method.  

Although it is not possible to directly access the source code of 

FLUENT, the user has the possibility to write User-Defined Functions (UDF). 

UDFs, which should be written in C programming language, allow 

customization of the source code and enhancement of standard features in 

FLUENT. More specifically, it is possible to customize: fluid properties, 

boundary conditions, source terms etc. With UDFs it is possible to access cell 

and face information and perform any specific calculations.  

FLUENT 6.3 (Fluent Inc. 2006) was selected as the CFD tool for the 

integration specially due to its powerful UDF capabilities and current use and 

expertise with this code. 

2.5 Capabilities of ESP-r and FLUENT in whole-building 

HAM modelling 

Costola et al. (2008) provided a concise comparison of capabilities and 

deficiencies of ESP-r and HAMFEM (a BEHAM tool) in whole-building HAM 

modelling. Those features of ESP-r are contrasted against FLUENT in Table 

 2.1. The table lists different physical phenomena related to the physical 

domains (heat, air and moisture) in the three geometrical domains (exterior, 

building envelope and interior) and explains how ESP-r and FLUENT treat the 

modelling of these physical phenomena. Note that in Table  2.1 the potential 

capabilities of ESP-r and FLUENT are highlighted in gray. 
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Table  2.1 suggests that FLUENT can contribute to improving 

convection modelling due to its strong capabilities in resolving fluid flow near 

the wall surfaces. It should be mentioned that FLUENT is not the only tool 

that has this capability: most of the CFD tools share this strong point. On the 

other hand, ESP-r can provide better boundary conditions for CFD due to its 

treatment of weather data, occupancy level of the building, HVAC system, 

control laws (heat injection and extraction), shortwave and longwave 

radiation modelling etc. Similarly, ESP-r is not the only BES tool that has this 

strong capability: most of the state-of-the-art BES tools are able to estimate 

boundary conditions properly. 

Regarding the building envelope, it can be noticed from Table  2.1 that 

the physical phenomena related to this geometrical domain can be modelled 

with much higher resolution with FLUENT (and in general with CFD tools). 

For instance, FLUENT can calculate 3D heat transfer (and mass transfer 

using special techniques (Mortensen et al. 2007; Steeman et al. 2009)) in 

the solid domain (building envelope). However, using this capability can 

result in two possible problems: 

1. If the solid domain is also included in FLUENT, then the 

problem to be solved is the conjugate heat and mass transfer 

problem. As mentioned in section  2.3, this approach is 

computationally very expensive. 

Table  2.1 A brief overview of ESP-r and FLUENT features in HAM 
modelling 

Geometrical 
domain 

Physical 
domain Phenomenon ESP-r FLUENT 

Shortwave radiation X1 X2 
Longwave radiation X3 X4 Heat 
Convection X5 X7 

Air Pressure coefficient X8 X7 
Convection X9 X7 

Exterior 

Moisture 
Wind-driven rain  X10 
Simultaneous calculation of heat transfer  
through all building elements in a zone  X11 X12 

Heat injection/extraction in one wall node as  
function of the state of another node in the zone X13 X10 

Building 
Envelope 

Heat 

Coupled calculation with other physical domains  
(air and moisture) in three dimensions X14 X12,15 
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Air Air transfer through porous media X14 X15 
Moisture Liquid/vapour transfer X14 X12,15 

Shortwave radiation X1 X2 
Longwave radiation X3 X4 
Convection  X5,6 X7 

Heat 

Schedules for internal gains X16 X10 
Interior 

Air HVAC system and Air Flow Network (AFN) X17 X10 
 Moisture Convection X9 X7 
1 Shortwave radiation modelling in ESP-r is very extensive. Calculation of direct, 
diffuse, ground reflected component is possible. Insolation analysis is possible in ESP-
r and can increase the modelling resolution related to shortwave modelling. ESP-r 
also has anisotropic sky model implemented (Clarke 2001). Shading analysis, effect 
of neighbouring building are other possibilities that can enhance shortwave modelling 
in ESP-r.  
2 Both direct and diffuse radiation modelling is possible within FLUENT. However, the 
solar processor in ESP-r is more advanced and efficient than FLUENT. For instance 
ESP-r calculates ground diffuse component but FLUENT does not take that into 
account. The calculation in ESP-r is much faster than FLUENT. 
3 In longwave radiation modelling in ESP-r, view factors can be calculated based on 
area weighted approach. But the user can also choose the ray tracing facility in ESP-r, 
which leads to more accurate view-factors determination. 
4 There are different radiation models available in FLUENT. For instance S2S radiation 
model is appropriate for modelling enclosures, which is similar to the radiation model 
in ESP-r. However, radiation modelling in FLUENT is considerably more time-
consuming in comparison. 
5 There are several empirical correlations available for Convective Heat Transfer 
Coefficient (CHTC) in ESP-r, which can be replaced by using fixed values. 
6 There is also a built-in CFD module in ESP-r (Negrao 1995), which can be used for 
CHTC calculation, thermal comfort and IAQ studies. However, this CFD module has 
many limitations: a) CFD module cannot handle complex room geometries b) Grid 
generation is limited c) Turbulence model is only limited to standard k-ε (Launder and 
Spalding 1974) d) Low-Reynolds modelling is not possible e) Large computational 
domains cannot be solved by the CFD module f) Other limitations of internal coupling 
mentioned in section  1.4. 
7 High resolution modelling of this phenomenon is possible with FLUENT. 
8 Database and empirical models exist in ESP-r. 
9 It is possible to calculate mass transfer coefficient by means of heat and mass 
analogies in ESP-r.  
10 This is not included in the standard version of FLUENT, but it is possible to add this 
capability through UDF programming. 
11 ESP-r solves one dimensional heat conduction equation for solid domains, and fluid 
domains are treated by well-mixed assumption (i.e. a single node represents the 
whole volume of air). The level of implicitness in the numerical analysis can be 
changed in the ESP-r source code.  
12 3D heat transfer can be solved in FLUENT. 
13 There are many control laws in ESP-r and the tool is very flexible concerning the 
position of the sensor and the actuator (where heat is injected or extracted). 
14 ESP-r has a built-in BEHAM module, which was developed by (Nakhi 1995). 
Nevertheless, this part of the ESP-r source code has not been kept updated for a long 
time, which has led to inconsistencies between the present version of ESP-r and this 
BEHAM model. Therefore, the use of this module in ESP-r is not straight forward.  
15 Conjugate heat transfer modelling is possible in FLUENT. But mass transfer in solid 
domain does not exist in the standard version of FLUENT. Several researchers have 
tried to model mass transfer in solid domain by applying different techniques 
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(Mortensen et al. 2007; Steeman et al. 2009). 
16 User-defined profiles for internal gains can be easily created through ESP-r interface 
(Hand 2010) or through manipulating input ASCII files (*.opr files). 
17 Different HVAC systems in combination with AFN can be simulated in ESP-r using 
predefined system components (duct, fan, mixing box, etc.) (Hensen 1991; Hand 
2010).  

 

2. If the intention is to use FLUENT only to calculate the heat 

and mass transfer in the solid domain (building envelope), 

then there are a third group of BPS tools called BEHAM 

(introduced in chapter 1) that can be used instead, which are 

more efficient and specifically designed for this purpose. 

Furthermore, it is possible to include other physical 

phenomena such as wind driven rain in these tools through 

catch ratio charts (Blocken and Carmeliet 2006). The 

integration of ESP-r (as a BES tool) with BEHAM tools is the 

topic of another ongoing research project (Costola et al. 

2008) and it is not addressed in this thesis. 

Therefore in this work (which is the integration of ESP-r and FLUENT) 

ESP-r performs the heat and mass transfer calculations in the building 

envelope. But as can be observed from Table  2.1, ESP-r is not able to 

calculate mass transfer in the building envelope. In order to cover this gap, 

the Effective Moisture Penetration Depth (EMPD) model (Kerestecioglu et al. 

1990) was implemented in ESP-r, which will be explained in the next 

chapter. 

As mentioned in section  1.4, the capabilities of CFD in the interior 

geometrical domain are integrated with BES through external coupling. In 

the next chapter the external coupling of BES and CFD for whole-building 

HAM modelling will be explained. Integration of CFD for the external domain 

is out of the scope of this work. 

2.6 Conclusions 

This chapter provided a brief overview of capabilities and deficiencies 

of BES and CFD tools, and the selected tools for the integration were 



Co-simulation of BES and CFD for HAM engineering 

 27 

introduced. The capabilities of CFD tools can compensate for the deficiencies 

of BES tools and vice versa. It was concluded that boundary conditions are 

the strong and complementary capability of ESP-r (as a BES tool) and 

convective transfer modelling is the strong and complementary capability of 

FLUENT (as a CFD tool). Furthermore, it was concluded that in the 

integration of ESP-r and FLUENT, ESP-r should perform the calculation of 

heat and mass transfer in the building envelope. However, ESP-r cannot 

handle mass transfer calculations in the building envelope, and in order to 

cover this deficiency a simple moisture inertia model (EMPD) was 

implemented in ESP-r. 
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Chapter 3 

External coupling of BES and CFD 

 

 

 

 

 

 

 

 

 

 

3.1 Introduction 

The complementary capabilities of BES and CFD tools that can 

enhance whole-building HAM modelling were presented in the previous 

chapter, as was the reasoning for the choice to use ESP-r and FLUENT for 

the implementation of the external coupling. 

This chapter first describes the features of the newly developed prototype, 

which performs the external coupling of BES and CFD for whole-building HAM 

modelling. This description covers the basic principles of external BES-CFD 

coupling, which are the coupling requirement, coupling strategy, coupling 

variables and the coupling mechanism. Then, the implementation of the 

prototype is described, which uses ESP-r and FLUENT for the external 

coupling. The implementation of the prototype includes the information 

regarding the code modifications to ESP-r and the User-Defined Functions 

(UDFs) in FLUENT. In section  3.4 the verification of the coupling mechanism 

is explained, and finally, conclusions are presented in section  3.5. 
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3.2 Features of the prototype 

3.2.1 Coupling requirement 

Considering the prevailing range of indoor airflow regimes in the 

indoor environment, transfer coefficients (hc and hm) are influenced by 

properties of the building envelope state such as interior surface 

temperature and humidity ratio. Therefore, the coupled solution should be 

considered for the interior domain and for the calculation of hc and hm. 

3.2.2 Coupling variables 

As explained in the previous chapter, CFD has the capability of 

resolving the convection near the wall and of capturing the flow pattern 

within the air volumes of building zones. Therefore, the convective transfer 

coefficients (hc and hm) can be calculated with high accuracy. On one hand, 

these coefficients can be sent to BES for heat and mass transfer calculations. 

On the other hand, BES can estimate better boundary conditions (internal 

surface temperatures (TS) and surface humidity ratios (xs)) for CFD. These 

variables (TS, xs, hc and hm) are called coupling variables in the prototype. 

Coupling variables are exchanged at the interface of the building envelope 

and the interior domain. The choice of these coupling variables to be 

exchanged are the best option because they provide a more stable solution 

in comparison with other defined coupling variables (Zhai 2003). 

Surface temperatures are calculated in ESP-r by using the heat 

balance equation (Clarke 2001). Surface humidity ratios in the current 

version of the prototype are calculated from an EMPD model implemented in 

ESP-r (explained in section  3.3). 

Transfer coefficients are calculated with the help of User-Defined 

Functions (UDF) in FLUENT. In the viscous sublayer region, the heat transfer 

predominantly takes place through conduction and the wall heat flux is given 

by (Incropera and DeWitt 2002): 
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where, q’w is the wall heat flux (W/m2), k is the conductivity of the air 

(W/mK), T is the temperature (°C) and y is the position axis perpendicular to 

the surface (m).  

The convective heat transfer at the wall is given by:  

)( refscw TThq −=′  ( 3.2)

Where hc is the CHTCINT (W/m2K), Ts is the wall temperature (°C) and Tref is 

the average room air temperature (°C). 

Since the convected heat to the air is equal to the conducted heat 

from the surface, hc can be obtained through combining Eq. ( 3.1) and Eq. 

( 3.2): 
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At any arbitrary point in the concentration boundary layer, mass 

transfer is due to both fluid bulk motion and diffusion (Incropera and DeWitt 

2002). At the surface of the walls (y=0) the transfer is by diffusion only and 

can be expressed as: 

0=∂
∂

−=′
y

v

y
P

g δ  ( 3.4)

where g’ is the moisture flux (kg/sm2), δ is the water vapour permeability 

(kg/msPa), Pv is the water vapour pressure (Pa) and y is the position axis 

perpendicular to the surface (m). 

The expression for convective mass transfer at the wall is given by: 

)( ,' refsvm PPhg −=′  ( 3.5) 

where g’ is the moisture flux (kg/sm2), hm is the CMTCINT (s/m), Pv,s is the 

water vapour pressure on the surface of the wall (Pa) and Pref is the average 

water vapour pressure in the room (Pa). 

Combination of Eq. ( 3.4) and Eq. ( 3.5) yields: 
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Note that the reference temperature and reference water vapour 

pressure, which were used in the calculation of CHTCINT and CMTCINT, are the 

average temperature and water vapour pressure in the room, respectively.  

In CFD, the values of both CHTCINT and CMTCINT are first determined 

locally and then averaged for each surface. 

  

3.2.3 Coupling strategy 

There are different strategies for the coupling of BES and CFD tools, 

which have been investigated in the past, such as: static coupling, strong 

coupling (full dynamic coupling), loose coupling (quasi-dynamic coupling), 

dynamic bin coupling etc (Zhai 2003). Among these coupling strategies the 

full dynamic coupling and the loose coupling are recognized as relevant 

coupling strategies for the external BES-CFD coupling (Djunaedy 2005). In 

strong coupling, BES and CFD exchange the coupling variables at each time-

step of BES and perform iterations until they reach a converged solution. In 

other words, the time marching in BES only happens when BES and CFD 

have reached a converged solution. In the second strategy, which is the 

loose coupling strategy, BES and CFD exchange data at each BES time-step 

without iterating the results. In other words, BES sends the boundary 

conditions to CFD for the current time-step and CFD returns the transfer 

coefficients to BES for the next time-step. These two coupling strategies are 

schematically shown in Figure  3.1. 
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Figure  3.1 Coupling strategy 

The strong coupling strategy is much more time-consuming than the 

loose coupling strategy since it demands iterations between BES and CFD at 

each time-step of BES. Zhai (2003) has shown that the loose coupling 

strategy can predict very similar results to the strong coupling strategy and 

can considerably reduce the computing time because it needs no iteration 

between BES and CFD at each time-step of BES. Furthermore, the code 

modification in BES can be kept to a minimum when using the loose coupling 

strategy (Djunaedy 2005). In the following section the coupling frequency is 

described and the new coupling strategy implemented in the prototype is 

introduced. 

3.2.4 Coupling frequency 

Coupling frequency refers to the frequency at which the exchange of 

coupling variables occurs between BES and CFD. In Figure  3.1 the coupling 

frequency is equal to the time-step in BES because the coupling variables 

are exchanged at every BES time-step.  

In cases where the boundary conditions do not change significantly in 

buildings, the coupling frequency can be chosen to be larger than the BES 

time-step. To have a larger coupling frequency, it should not be necessary to 

enlarge the time-step in BES. Therefore, the loose coupling strategy at every 

K time-step of BES is proposed, which is schematically shown in Figure  3.2. 

This new coupling strategy allows CFD to be called every K time-steps of 

BES.  

The coupling frequency of every 2 hours is recommended for BES and 

CFD coupling in order to reach a reasonable solution (Zhai and Chen 2006). 
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As was explained before, in the new coupling strategy the user of the 

prototype can choose this coupling frequency (i.e. 2 hours) without changing 

the time-step in BES. This can be very useful when the user needs a smaller 

time-step in BES in order to avoid instabilities in the results. For instance, if 

the user is applying AFN in the model with a time-step of 6 or 10 minutes, 

the coupling frequency of 1 or 2 hours can easily be adjusted by changing 

the variable K (Figure  3.2). Note that in all the K time-steps in BES, the 

transfer coefficients calculated by CFD are constant. It can also be noticed 

that if K=1 in Figure  3.2, then the coupling frequency is equal to the BES 

time-step and thus the conventional loose coupling strategy is obtained. 

 

Figure  3.2 Loose coupling strategy with the coupling frequency of 
every K time-step 

3.2.5 Coupling mechanism 

The external coupling is based on the data exchange between ESP-r 

and FLUENT. This external data exchange occurs through the text file I/O 

(input/output). At each time-step that CFD should be called, ESP-r dumps 

the surface temperatures and humidity ratios into a text file. A UNIX script 

called “coupling controller”, which is based on previous work (Djunaedy 

2005), was developed in order to convert the dumped file into a readable 

format for FLUENT. These readable format files for Fluent are called “input 
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journal” files. They are also text files, but require a specific format in order 

to be used in FLUENT. Then, the coupling controller calls FLUENT and waits 

until it converges and the surface transfer coefficients are calculated. 

Afterwards, the file that contains the transfer coefficients will be altered into 

a suitable format by the format controller to be used in ESP-r. This 

procedure is repeated at each time-step in BES in which CFD is called. The 

verification of this coupling mechanism is explained in section  3.4.  

 

3.3 Implementation of the prototype 

In this section, the implementation of the prototype is described. This 

implementation is explained in two parts: 

1. Implementation of the EMPD model in ESP-r (section  3.3.1) 

2. Implementation of external coupling (section  3.3.4) 

As mentioned in the previous chapter, a BEHAM model was necessary 

in ESP-r in order to provide internal surface humidity ratios to be used as 

boundary conditions in FLUENT. Therefore, the implementation of the EMPD 

model was necessary before implementing the external coupling.  

Although the principles of external BES and CFD coupling are the same 

for any BES and CFD tools, the implementation of these principles are 

different from tool to tool. This is because of different code languages, code 

structures, platforms etc. The explanation for the implementation of the 

external coupling (part 2) is only applicable to ESP-r and FLUENT. 

3.3.1 Implementation of the EMPD model in ESP-r  

BES tools assume perfect mixing of indoor air, and therefore a single 

node represents the entire air volume. The moisture balance equation for the 

air node can be given by: 

constrksource/sinsyscondven/infequ/peo
, gggggg

dt
dP

TR
V rv

v

+++++=  ( 3.7) 

where V is the volume of the zone (m3), Rv is the gas constant for water 

vapour (J/kgK), T is the temperature (K), Pv,r is the water vapour pressure of 
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the zone air node (Pa), t is the time (s), gequ/peo is the moisture gain from 

equipment and occupants (kg/s), gven/inf is the moisture added or removed 

by ventilation and infiltration (kg/s), gcond is the moisture condensation 

(kg/s), gsys is the moisture gains related to the HVAC system (kg/s), 

gsource/sink is the moisture added or removed by other sources and sinks 

(kg/s) and gconstr is the moisture adsorbed or desorbed by the building 

envelope (kg/s). 

The last term in the equation is given by the following expression: 
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=

 ( 3.8) 

where gconstr is the moisture adsorbed or desorbed by the building envelope 

(kg/s), A is the moisture transfer surface area (m2), hm,i is the CMTCINT 

(s/m), Pv,s,i is the water vapour pressure on the surface i (Pa), Pv,r is the 

water vapour pressure of the zone air node (Pa).  

Eq. ( 3.8) is the moisture flux from the wall surfaces into the indoor 

environment and has a moderating influence on indoor air relative humidity. 

This moderating influence of hygroscopic building materials on the indoor 

relative humidity and its significant importance for indoor air quality has 

been investigated by many researchers in the past (Padfield 1999; 

Karagiozis and Salonvaara 2001; Rode et al. 2001; Rode et al. 2003; 

Svennberg et al. 2007; Janssen and Roels 2009). In order to model the 

water vapour flux to the indoor environment, different numerical approaches 

can be applied. The BEHAM model, which is already implemented in ESP-r 

(Nakhi 1995), is an option. Nevertheless, this code has not been updated for 

a long time, which has resulted in inconsistencies between the present 

version of ESP-r and this BEHAM model. Therefore, the use of this module in 

ESP-r was not possible. The second option would be the external coupling of 

ESP-r with other BEHAM tools such as HAMFEM or WUFI. This option is 

currently being pursued (Costola et al. 2008) and the final results will be 

available in the near future. Considering those options, it was decided to 
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implement the effective moisture penetration depth (EMPD) model 

(Kerestecioglu et al. 1990) in ESP-r. 

The EMPD model as a moisture inertia model, which means it takes 

into account the damping effect of hygroscopic materials on the relative 

humidity of the indoor air, has been used by many researchers. Some BES 

tools such as TRNSYS (TRNSYS 2005) use such models in order to take into 

account the hygroscopic behaviour of the building envelope. The capabilities 

of this model in terms of modelling indoor humidity changes have been 

investigated in the past (Janssens and De Paepe 2005; Steeman et al. 

2009).  

This model assumes that only a thin layer of the most interior building 

material is in interaction with indoor air. The moisture content of this layer is 

assumed to be constant and uniform. The thickness of this layer can be 

obtained by the following expression: 

ξπρ
τδ

mat

satP
d

 
=  ( 3.9) 

where d is the penetration depth (m), δ is the water vapour permeability 

(kg/msPa), Psat is the water vapour pressure at saturation (Pa), τ is the 

period of indoor humidity variations (s), ρmat is the density of dry material 

(kg/m3), ξ is the hygroscopic moisture capacity (kg/kg) – assumed to be 

constant in the current implementation. 

In Eq. ( 3.9), τ is the period of the cyclic variations. For porous building 

materials the effective penetration depth for moisture exchange is typically 

in the order of millimeters for daily variations and in the order of centimeters 

for yearly fluctuations (Janssens and De Paepe 2005). In the implementation 

of the EMPD model in this thesis, the daily fluctuation is assumed for τ. 

In ESP-r, this thickness for each innermost layer should be provided as 

input, in the last line of the construction file (*.con) of the model. Figure  3.3 

depicts the flowchart of the implemented EMPD model. As can be seen from 

this figure, the sorption isotherm of the material should be provided. After 

initialization, the water content in the layer covered by the penetration depth 
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is calculated. Humidity ratio at saturation can be calculated by (Kerestecioglu 

et al. 1990): 
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where xsat,i is the humidity ratio at saturation (kg/kg), Rv is the gas constant 

for water vapour (J/kgK), ρa is the density (kg/m3), Ts,i is the surface 

temperature (K).  

Then, this value is multiplied by the relative humidity to obtain the 

surface humidity ratio. This value and also the humidity ratio of the air are 

then converted to water vapour pressures and finally the construction flux 

(gconstr) can be calculated by the summation of all convection fluxes to the 

indoor environment. 

Figure  3.4 illustrates how the EMPD model is integrated in ESP-r. hc 

values are calculated by existing empirical correlations available in ESP-r. 

Then, Lewis analogy (Steeman et al. 2009; Blocken et al. 2010) is used in 

order to determine hm values. Loose coupling is applied, so at each time-step 

the EMPD model calculates the construction moisture flux and passes it to 

ESP-r to be included in the moisture balance equation (Eq. ( 3.7)) explained 

above. Note that when ESP-r is coupled externally with FLUENT, the EMPD 

model estimates the gconstr based on the transfer coefficients (hc and hm) 

calculated by FLUENT.  

Note that the heat and mass transfer analogy relies on the similarity 

between the thermal and concentration boundary layer. This similarity can 

occur under certain criteria, namely (Defraeye et al. 2011): 

1. Heat and mass are both considered to be passive scalars, 

hence not influencing the flow field significantly, which is 

only valid for forced convective flows and for low mass 

transfer rates. 

2. Heat and mass transfer are considered to be uncoupled, 

indicating that heat transfer does not influence mass 

transfer and vice versa. All fluid properties are however to 
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some extent temperature- and concentration-dependent 

and the influence of mass diffusion is accounted for in the 

heat conservation equation 

 

  

Figure  3.3 EMPD flowchart 

 

 

Figure  3.4 Integration of EMPD model in ESP-r 
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3. Only convective heat and mass exchange with the 

environment occurs and no other heat or mass source 

terms are found at the surface, e.g. radiation absorption or 

droplet/water-film formation. 

4. The temperature and concentration boundary conditions 

have to be analogous, e.g. constant flux conditions, in order 

to have a similar boundary-layer development. 

5. The Lewis number (Le = Sc/Pr) has to be unity. For air, the 

Prandtl (Pr) and Schmidt number (Sc) are however not 

equal (Pr ≈ 0.74 and Sc ≈ 0.6, resulting in Le ≈ 0.81) 

As can be noticed, the use of this analogy is valid under strict 

conditions and as was mentioned in chapter 1, the analogy can result in 

large errors if it is used for local transfer coefficients (Derome 1999; 

Steeman et al. 2009). The implementation of the analogy in this thesis was 

only necessary to make the link between the ESP-r and the EMPD model. It 

was one of the preliminary steps in the development of the final prototype. 

In the developed prototype, the CMTC values from the analogy are 

overridden/ignored when the external coupling with CFD is used. 

There are different levels of implementation of the EMPD model (for 

instance the implementation of this model is different in TRNSYS and 

Clim2000 (Janssens et al. 2008)). The EMPD model is a simple approach to 

simulate the moisture buffering effect in the indoor environment. In 

comparison to BEHAM models, where the coupled heat and mass transfer 

equations are solved, the EMPD model is very simplified. The EMPD model 

ignores water vapour transfer through the building envelope. Furthermore, 

the EMPD model applied here is an isothermal approach to simulate the 

hygroscopic behaviour of the building envelope. This means that while 

solving the buffering layer mass balance, the temperature of the buffering 

layer is constant and the moisture capacity is a constant, hence independent 

of the relative humidity. In this implementation, the interaction between the 

heat transfer in the walls and the moisture balance in the building envelope 

is neglected. However, the latent heat from other sources, e.g. people, , 

equipment etc. do exist in the heat balance equation in ESP-r. For a detailed 



Co-simulation of BES and CFD for HAM engineering 

 41 

investigation of the influence of moisture transfer on the heat transfer 

processes through the building envelope, such as latent heat of absorption 

and desorption in the walls, the integration of a BEHAM tools with BES is 

recommended (Costola et al. 2008).   

Note that the current implementation of the EMPD model does not 

take into account the hysteresis effect. The implementation of hysteresis was 

out of the scope of this study. However, the importance of this phenomenon 

is highlighted in section  3.3.2.   

Note that from now on the notation “ESP-r*” is introduced in this 

thesis to distinguish between the standard version of ESP-r and the ESP-r 

with the integrated EMPD model. As mentioned before, the EMPD model is a 

very simplified approach to simulate the moisture buffering behaviour of a 

porous material. The following section provides some basics on the sorption 

behaviour of porous materials including the hysteresis effect so the reader 

can assess the level of assumptions and simplifications in the EMPD model as 

implemented in this thesis. 

3.3.2 Sorption behaviour of porous material 

The sorption behaviour of porous materials is a complex phenomenon. 

Figure  3.5 schematically illustrates the sorption isotherm, which states the 

relationship between water content and equilibrium humidity of a porous 

material.  

This S-curve, which has hysteresis behaviour (i.e. different curves in 

humidification and drying) is called the sorption isotherm of the material. 

The hysteresis effect can lead to significant differences in the predictions of 

some HAM related PIs (Kwiatkowski et al. 2009; Kwiatkowski et al. 2010). 

 The equilibrium moisture content is dependent on the moisture 

history of material. The moisture content at 98% is called the maximum 

hygroscopic moisture content. In the sorption of water molecules in the 

porous material, the two mechanisms that bind water molecules are (Hens 

2007): 
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1. adsorption of water molecules at the pore walls at low relative 

humidity. 

2. capillary condensation on the water menisci formed by the adsorbed 

layers at higher relative humidity. 

An important property of the porous material is the tangent of the 

sorption isotherm, called the specific hygroscopic moisture capacity which 

represents the quantity of moisture a material absorbs or emits 

corresponding to a unit change in relative humidity on a scale from 0 to 1 

(Hens 2007).  

 

 

Figure  3.5 Sorption isotherm(adapted from (Hens 2007)) 

 

3.3.3 Validation of EMPD model implemented in ESP-r 

The validation is performed using the common exercise 1 of subtask 1 

in Annex 41 (Woloszyn and Rode 2008). It consists of a single zone with the 

same geometry as the BESTEST building (Judkoff and Neymark 1995) where 
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some simplifications are introduced in the materials and boundary 

conditions. The building is not in contact with the ground (all faces in contact 

with exterior air) and only one material type is used for all opaque surfaces 

(15 cm of aerated concrete). The climate file of Copenhagen is used. The 

moisture profile applied in this exercise is shown in Figure  3.6. Heating and 

cooling set points were 20 °C and 27 °C, respectively. The infiltration rate is 

equal to 0.5 ACH and the rest of the settings are the same as in (Janssens 

and De Paepe 2005).  

Figure  3.7 shows the comparison of the results obtained from ESP-

r+EMPD with the results obtained by Janssens and De Paepe (2005) for 9-10 

December. This inter-model comparison can be regarded as a first (but 

limited) validation of the EMPD model implemented in ESP-r in this thesis. 

 

 

 
 

 

Figure  3.6 Left: BESTEST building used in IEA-ECBCS Annex 41, 
right: Moisture profile used in common exercise 1 
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Figure  3.7 Inter-model comparison of the ESP-r + EMPD and the 
results obtained by Janssens and De Paepe (2005) 

 

 

 

3.3.4 Implementation of external coupling 

The previous prototype of external BES-CFD coupling (Djunaedy 2005) 

included only heat and air as the physical domain, and many subroutines of 

internal CFD in ESP-r were involved in the implementation of external 

coupling. These involvements put restrictions on using the external CFD tool 

(here FLUENT). Furthermore, the preprocessing time required for the setting 

up of a model increased because the user had to create a separate model for 

internal CFD in ESP-r. 
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The new implementation of the external coupling is distinguished 

through the following characteristics: 

1. The physical domain “Moisture” is included. 

2. The new implementation is stand-alone and it does not use the 

routines related to internal CFD in ESP-r. 

3. The preprocessing time is reduced for setting up a model in 

the prototype. 

4. Code modification to ESP-r was kept to a minimum. 

Figure  3.8 schematically illustrates the whole coupling mechanism. It 

consists of three main components: ESP-r, data transfer and FLUENT, which 

are presented in the following sections. 

3.3.4.1 Modifications to ESP-r 

ESP-r is defined as the leader tool in this implementation of external 

coupling, meaning that it is the first tool that starts the coupled simulations. 

Furthermore, it initiates the coupling process and reads the results of 

FLUENT. ESP-r notices the external coupling if the user has created a *.xfd 

file in the same folder as *.cfg file (the reader is referred to (ESRU 2002) for 

more information about ESP-r project folder). In the *.xfd file the user has 

to enter an optional description and the zone ID number, which should be 

coupled to CFD. Introducing the *.xfd file demanded some code modification 

to ESP-r. The following subroutines were changed for this purpose: 

1. EMKCFG 

This subroutine creates a system configuration file (ESRU 

2010). 

2. ERSYS_mmode  

This is the subroutine which reads a system configuration file 

which defines the building and/or plant definition for 

simulation (ESRU 2010). 

Any time that ESP-r recognizes the *.xfd file, it asks the user to 

indicate the start and end date/time that the external CFD (FLUENT) 

simulation should run. 
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Figure  3.8 shows the part of ESP-r that is involved in the coupling 

process. MZCONV is the controlling routine for calculating surface convection 

in ESP-r. This subroutine in ESP-r was modified to call another subroutine 

called XTRNCFD to dump ESP-r boundary conditions (Ts and xs) and run the 

coupling controller (XFDCTRL). XFDCTRL is a shell script that is responsible 

for data transmission between ESP-r and FLUENT. The subroutine XTRNCTC 

was also added to ESP-r in order to read the results of FLUENT (transfer 

coefficients) and subsequently use them for heat and mass transfer 

calculations. 

3.3.4.2 UDF in FLUENT 

As mentioned in section 2.4.2, User-Defined Functions (UDF) are 

written in C programming language and allow the customization of the 

source code in FLUENT. A single UDF was developed in order to calculate the 

transfer coefficients (section  3.2.2) after the CFD simulation has reached the 

acceptable convergence level (the convergence criteria in all the simulations 

are set to the scaled residuals of 10-6). This UDF also dumps the calculated 

transfer coefficients for each surface of zone into a text file to be used by 

XFDCTRL and sends them to ESP-r. 

3.3.4.3 Data transfer 

As can be seen from Figure  3.8, the data transfer is controlled by 

XFDCTRL, which is a shell script. This shell script performs three main tasks: 

1. At each time-step of ESP-r in which FLUENT should be called, 

this shell script edits and converts the BC2XFD file (ESP-r 

dumped boundary conditions) into a readable format for 

FLUENT (input journal file). 

2. XFDCTRL starts FLUENT. 

3. After the FLUENT simulation has dumped the transfer 

coefficients into a file, XFDCTRL edits and converts this file 

into a readable format for ESP-r. 
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3.4 Verification  

Verification and validation are an indispensable step in developing 

computational models, and their necessity has been emphasized in the past 

(Jagdev et al. 1995; Oberkampf and Trucano 2002; Oberkampf et al. 2003; 

Trucano et al. 2006). In this section the verification of the developed 

coupling mechanism is described, and in the next chapter the validation will 

be presented. 

There are several definitions of verification in the literature. 

Verification in this thesis uses the definition of the U.S. Department of 

Energy National Nuclear Security Administration’s (NNSA’s) Advanced 

Simulation and Computing (ASC) (Klein et al. 2006): 

“Verification is the process of confirming that a computer code 

correctly implements the algorithms that were intended.” 

Verification of the coupling mechanism entails checking whether the 

data transfer from ESP-r to FLUENT and vice versa and the use of those data 

by each tool are happening appropriately or not. As mentioned before, the 

data transfer occurs in two directions: ESP-r to FLUENT (ESP-r sending 

boundary conditions) and FLUENT to ESP-r (FLUENT is sending transfer 

coefficients). Therefore, the verification of the coupling mechanism is 

presented in two parts in this thesis: 

1. Verification of data transfer from ESP-r to FLUENT 

2. Verification of data transfer from FLUENT to ESP-r 

3.4.1 Verification of data transfer from FLUENT to ESP-r 

In order to verify the data transfer from FLUENT to ESP-r*, the results 

of ESP-r* stand-alone were compared to the results of the external coupling 

where FLUENT is replaced with FLUENT emulator in the coupling mechanism 

Figure  3.9). This emulator mimics the function of FLUENT in the coupling 

mechanism. The function of FLUENT is to provide the transfer coefficients for 

ESP-r*. Therefore, FLUENT emulator is a simple text file that holds the 

information about transfer coefficients.  
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BESTEST case 600 (Judkoff and Neymark 1995) was used to perform 

the simulations for the verification. First, ESP-r* simulation was performed 

with fixed transfer coefficients (hc = 5 W/m2K and hm = 2.5 E-9 s/m) for all 

surfaces of the zone. Next, the external coupling of ESp-r* and FLUENT 

emulator was performed where the FLUENT emulator produced exactly the 

same transfer coefficients (hc = 5 W/m2K and hm = 2.5 E-9 s/m) for ESP-r*, 

regardless of boundary conditions sent by ESP-r*. The coupling frequency 

was chosen to be 1 hour in the external coupling of ESP-r* and FLUENT 

emulator. Finally, the results of external coupling using the FLUENT emulator 

were compared with those of ESP-r* (Figure  3.9).  

Figure  3.10 and Figure  3.11 show the results of the comparison. As can be 

noticed from these figures, the ESP-r* results and the external coupling 

(using FLUENT emulator) results are identical, verifying the data transfer 

from FLUENT to ESP-r*. Note that the same results were obtained using 

coupling frequencies other than at every hour (e.g. every 10 minutes) 

 

 

 

Figure  3.9 Methodology of verification of data transfer from FLUENT 
to ESP-r* 
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Figure  3.10 Comparison of inside south wall surface temperature 
for the first part of verification 

 

 

Figure  3.11 Comparison of inside south wall humidity ratio for the 
first part of verification 

3.4.2 Verification of data transfer from ESP-r to FLUENT 

Figure  3.12 illustrates the methodology of the second part of 

verification. For this purpose, ESP-r* was replaced with ESP-r* emulator in 

the external coupling of ESP-r* and FLUENT. ESP-r* emulator mimics the 

function of ESP-r* in the external coupling. As mentioned before, its function 

is to provide boundary conditions (Ts and xs) for FLUENT simulations. 



Co-simulation of BES and CFD for HAM engineering 

 51 

Therefore, the ESP-r* emulator is a text file including the information about 

boundary conditions. 

First, the pre-processing in FLUENT was manually performed for an 

arbitrary model, meaning the boundary conditions and other settings were 

manually adjusted through all menus of FLUENT. Then, a detailed report of 

the pre-processing was generated via the following command in the FLUENT 

interface: 

 report > summary > y (answer to “write to file?” ) > report1.sum 

The same report was then generated via the coupling mechanism and they 

were compared to each other for possible differences.  

If the two detailed reports from pre-processing are the same, then the 

data transfer from ESP-r* to FLUENT is verified. An example of this 

comparison, which verifies the data transfer from ESP-r* to FLUENT, is 

provided in the appendix A.  

As can be noticed, instead of running FLUENT simulation, only the pre-

processing report was compared. This is due to the fact that if the pre-

processing part of two FLUENT simulations are identical, then the final 

results (transfer coefficients) will be also identical.  

 

 

 
 

Figure  3.12 Methodology of verification of data transfer from ESP-r* 
to FLUENT 

 

3.5 Conclusions 

This chapter presented the features and implementation of the 

prototype performing the external coupling of CFD and BES for whole-

building HAM modelling. A new coupling mechanism was proposed to 
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facilitate the different choices of time-step and coupling frequency. The 

implementation of the coupling mechanism for the external coupling was 

verified.  

Note that due to lack of proper BEHAM model in the prototype, the 

diffusion of water vapour through the building envelope cannot be simulated 

and only the interaction of indoor humidity with the buffering layer is taken 

into account. Another limitation of the developed prototype is that it does 

not consider wind-driven rain which is a major source of moisture damages 

in historical buildings and in retrofitting of old buildings.  
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Chapter 4 

Validation 

 

 

 

 

 

 

 

 

 

 

4.1 Introduction 

4.1.1 Background and literature 

Each Building Performance Simulation (BPS) tool, as a computational 

model, will be used to predict some different physical phenomena in the built 

environment. Validation and verification of these computational models are 

the primary methods for building and quantifying the confidence in their 

predictive capability (Oberkampf et al. 2003; Trucano et al. 2006). Note that 

the verification of the coupling mechanism was addressed in the previous 

chapter. 

The validation of a computational model is usually defined as “the 

process of determining the degree to which a computational model is an 

accurate representation of the real world from the perspective of the 

intended uses of the model” (AIAA 1998).  
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The “validation domain” refers to the physical systems for which the 

computational domain has been validated, while the “application domain” is 

the physical systems for which the computational model has not been 

validated (AIAA 1998). The more the validation domain overlaps the 

application domain, the higher the predictive capability of the computational 

model can be expected (Oberkampf et al. 2003). The validation domain for 

BES-CFD coupling is narrow due to difficulties in obtaining good quality 

experimental data for real applications in buildings. In building performance 

simulation research, most of the validation techniques can be categorized 

into three main categories: (1) Analytical, (2) Inter-model comparison and 

(3) Empirical techniques (Judkoff et al. 1983; Hensen 1991). In analytical 

techniques, the validation is limited to very simple cases for which analytical 

solutions exist. In real buildings, analytical techniques might not be feasible 

due to the complex and dynamic heat and mass processes. However, 

analytical techniques have been used to validate the internal coupling of 

BES-CFD (including only heat transfer) for very basic fluid dynamics 

problems such as the two-dimensional flow between parallel plates (Negrao 

1995). In contrast, inter-model comparison and empirical techniques have 

been used widely for the validation of internal coupling of BES and CFD for 

more complex and realistic cases (Negrao 1995; Beausoleil-Morrison 2000).  

In the past, the external coupling between BES and CFD, which 

included only heat transfer, was validated by using experimental data and 

inter-model comparison techniques for room air temperature and CHTCINT 

(Djunaedy et al. 2005). 

The validation of the current external BES-CFD coupling, which was 

developed in this work and is called “external coupling“, was performed 

using inter-model comparison and empirical techniques. The following 

section describes the methodology applied in this validation. 

4.1.2 Methodology 

The heat, air and moisture flows that are handled by the developed 

external coupling for whole-building simulation are schematically 

represented in Figure  4.1. As indicated in this figure, the external BES-CFD 
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coupling calculates the heat-flows through the building envelope and the 

openings. As can be noticed, the paths of moisture flows in the external 

BES-CFD coupling are not identical to those of heat, meaning that the 

external BES-CFD coupling calculates the moisture flows through the 

openings but not through the building envelope. This is due to the 

implementation of the EMPD model in BES (ESP-r), which is described earlier 

in the thesis. Although the implementation of the EMPD model (Cunningham 

1992) takes the interaction of moisture with the building envelope into 

account, the flow of moisture through the building envelope is not 

calculated.  

 

 

Figure  4.1 Representation of heat and moisture flow through the 
building envelope and openings 

 

The validation of the external BES-CFD coupling was performed in two 

parts: 

− Part 1 (section  4.2): Validation of external BES-CFD coupling with only 

heat transfer by inter-model comparison 

− Part 2 (section  4.3): Validation of external BES-CFD coupling with heat, 

air and moisture transfer by empirical approach 
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In the first part, as indicated in Figure  4.1, the external BES-CFD 

coupling was validated only for heat transfer by an inter-model comparison 

procedure. This procedure was proposed due to existing uncertainties 

associated with experimental data in the previous validation study for 

external BES-CFD coupling, and also because of the discrepancies observed 

in the other validation techniques for CHTCINT (Djunaedy 2005). In this inter-

model comparison procedure, a CFD conjugate heat transfer model (which is 

called the “CFD stand-alone model” in this work) is used to assess the 

performance of the external BES-CFD coupling, focusing on the validation of 

the external coupling for average air temperature, surface temperature and 

CHTCINT. The CFD stand-alone model performs the coupled simulation of 

solid and fluid domain completely within CFD. In the external BES-CFD 

coupling, CFD is only applied for the fluid domain and then the transfer 

coefficients are passed to BES, which is mainly responsible for calculating the 

solid domain. This inter-model comparison is explained in Section  4.2. 

In Part 2, the whole external BES-CFD coupling, which includes heat 

air and moisture transfer (Figure  4.1), was validated empirically using 

experimental data available in the common exercise 2 in the Annex 41 

programme of the International Energy Agency (IEA Annex 41: Whole-

building Heat, Air, and Moisture Response) (Hens 2005; Woloszyn and Rode 

2008; Rode and Woloszyn 2009). The experiment was conducted in a 

climate chamber at the Akita Prefectural University, Japan. In this 

experiment, temperatures and humidity ratios at different locations were 

measured. These data were used to validate the external BES-CFD coupling. 

The results are presented in section  4.3. 

4.2 Part 1: Validation of external BES-CFD coupling 

with only heat transfer by inter-model comparison 

Figure  4.2 shows a schematic view of the inter-model comparison 

procedure. On the left hand side the external BES-CFD coupling is shown. As 

can be seen in this figure, the loose coupling strategy is applied. This means 

that there is no iteration process between the two programs to reach 

agreement on the values at each time-step. In the loose coupling strategy, 
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two or more sets of equations are solved separately, and then the interface 

variables at each predefined or calculated time-step are exchanged. The 

internal surface temperatures, which are calculated by BES, are passed to 

CFD at each time-step. Then, the calculated convective heat transfer 

coefficients (CHTC) from the converged CFD solution are passed to BES for 

the next time-step calculation.  

The right hand side of Figure  4.2 schematically shows the CFD stand-

alone simulation. In this simulation, the fluid and solid domain, which are 

solved separately in the external BES-CFD coupling, are both modeled and 

solved within CFD. This forms the CFD stand-alone model. As indicated in 

Figure  4.2, there are two sets of results from the external BES-CFD coupling 

and there is one set of results from the CFD stand-alone model, which are 

compared in section  4.2.4. 

 

 

Figure  4.2 inter-model comparison procedure 

 

In order to perform the inter-model comparison, all the CFD settings 

were taken the same in both the external BES-CFD coupling and in the CFD 

stand-alone simulation. In other words, they use the same geometry and 

boundary conditions, which are explained in the next section.   

In the following sections, first the geometry of the model and 

boundary conditions are explained (section  4.2.1), then the different steps 
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that are necessary for the CFD stand-alone simulations are described 

(section  4.2.2). Next, the settings for the simulation with the external BES-

CFD coupling are presented (section  4.2.3). Finally, in  4.2.4, the responses 

of the model in the external BES-CFD coupling and in the CFD stand-alone to 

a 20 K step change in surface temperature are compared.  

4.2.1 Description of the model 

The geometry of the model is inspired by (Tian and Karayiannis 2000; 

Tian and Karayiannis 2000) in which experimental data for natural 

convection flow in an air filled cavity (75 cm × 75 cm × 150 cm) was 

presented. These experimental data are used to validate one of the steps in 

the development of the CFD stand-alone model, which is explained in section 

 4.2.2. To reduce the computational time, the length of the domain was 

chosen to be 75 cm, forming a cube. Therefore, the volume of the cube is 

half of the volume of the cavity used in the original experiment. The 

boundary conditions are applied at the exterior wall surfaces. As indicated in 

Figure  4.3, the exterior surface of the south wall is kept at 30°C and a 20°C 

step change in the exterior surface temperature of the north wall is applied. 

The exterior surfaces of the rest of the walls are adiabatic. The construction 

used for all walls is 8 cm concrete. The thermo-physical properties are given 

in Table  4.1.  

 

  

Figure  4.3 Geometry of the cube. Wall thickness = 8 cm 
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Table  4.1 Thermo-physical properties of concrete used in the inter-
model comparison 

Thermal conductivity [W/mK] 1.4 

Specific heat capacity [kJ/kgK] 653 

Density [kg/m3] 2100 

4.2.2 CFD simulations 

The CFD commercial software FLUENT 6.3.26 was selected for use for 

all the simulations. In order to obtain an optimum 3D grid for the CFD stand-

alone simulation, three major steps were required: 

1. A set of 2D simulations of just the cube with zero wall thickness were 

performed and validated by experimental data available in (Tian and 

Karayiannis 2000). Grid sensitivity analysis on the 2D simulations 

was performed before moving to 3D simulation.  

2. Based on the optimum 2D grid and its validation, the maximum 

time-step and the minimum number of iterations per time-step 

required for the transient simulation was obtained through sensitivity 

analysis.  

3. Finally, based on the settings obtained in the previous steps, the 3D 

grid including the walls was built for the final CFD stand-alone 

simulation to be used with the boundary conditions shown in Figure 

 4.3. 

2D CFD simulations were performed on a non-uniform rectangular 

grid. Four different grids of 30 × 30, 50 × 50, 100 × 100 and 150 × 150 

cells were tested. The residuals, variables and y+ value were monitored and 

checked. The corresponding Rayleigh number in the experiment was equal to 

1.58 × 109, which is an indication of a turbulent natural convection flow. 

A detailed comparison of different turbulence models for the same 

case was performed by Neale (2006) and his results suggests that the 

standard k-ω model is performing better than other turbulence models. 

Furthermore the most popular turbulence model – the standard k-ε model – 

was avoided since this model suffers from overprediction of the eddy 
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viscosity especially for indoor air flow regimes (Baker et al. 1994), which 

affects the thermal predictions. Therefore, instead, the standard k-ω model 

(Wilcox 1998) was chosen in this thesis. The applicability and the 

performance of this model for indoor air flow regimes has been investigated 

in the past (Peng and Davidson 1999; Bartak 2007). 

Low-Reynolds number modelling was applied, which is necessary for 

CHTC calculation (Blocken et al. 2009). The Boussinesq approximation, 

which treats the density as a function of temperature, was used while 

solving the momentum equation. Since the flow in this case study is 

completely buoyancy driven the “body-force weighted” algorithm is chosen 

for pressure-velocity coupling and the second order upwind discretization 

scheme is used. To account for the radiation exchange between surfaces in 

the cube, the S2S radiation model available in FLUENT was chosen (Fluent 

Inc. 2006). The boundary conditions, which were used for the 2D 

simulations, are illustrated in Figure  4.4. 

Figure  4.5 shows a typical result obtained from the finest mesh, which 

is in good agreement with the experimental data. In these figures, X=x/L 

and Y=y/L are dimensionless coordinates and L is the width of the cube. 

Since the temperature gradient near the wall is very important in the correct 

determination of CHTC values, a comparison of the simulated and measured 

temperatures is provided in Figure  4.6 at Y=0.5, indicating a very close 

agreement with the experiment.  

The same results were obtained with the 30 × 30 (coarsest) grid. Note 

that the same grid density has been used in the past for validation study 

(Omri and Galanis 2007). Therefore, the computational domain with the grid 

size of 30 × 30 was chosen for the next step. Note that the y+ value was less 

than unity for this case, which means that the first mesh cell is submerged in 

the laminar sublayer (Fluent Inc. 2006; Franke et al. 2007). 

Using the grid prepared from the previous step, a set of transient CFD 

simulations were performed in order to investigate the sensitivity of level of 

convergence and the variables to the size of time-step and the number of 

iterations required per time-step. Time-steps larger than 2 seconds caused 
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some oscillation in the prediction of temperature distribution and also in 

convergence.  

 

 
 

Figure  4.4 Description of boundary conditions in the 2D simulations 
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Figure  4.5 Air temperature distribution at different heights obtained 
from CFD simulations versus experimental data 
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Figure  4.6 Comparison of the CFD results with the experiment in the 
near wall region at Y=0.5 

 

In Figure  4.7, the difference between the predicted average CHTC on 

the south wall and that of the reference case can be observed. The reference 

case is the one with 100 iterations per time step and the time-step size of 

0.1 sec, which led to the scaled residuals of lower than 10-6. The negative 

values of the CHTC are due to the direction of heat transfer from fluid to the 

wall. 

As can be seen from Figure  4.7, the difference between the reference 

case and the case with 10 iterations per time-step is not remarkable. 

Furthermore, since the primary focus of this study is the validation of the 

coupling, the accuracy of the case with 10 iterations per time-step lies within 

an acceptable range for this purpose. The 3D grid including the walls (solid 

domain) was constructed based on the previous steps (Figure  4.8-left). 

While the heat conduction equation in ESP-r is 1D, the heat transfer 

mechanism in the solid domain in the present CFD model is 3D. In order to 
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minimize the effect of 3D heat transfer, the corners of the cube were 

eliminated (see Figure  4.8). The CFD simulation was run with the boundary 

conditions and the settings described for 2D CFD simulations. The average 

air temperature in the cube, surface temperatures and convective heat 

transfer coefficients were extracted. These results are compared to those of 

the external BES-CFD coupling in section  4.2.4.  

 

Figure  4.7 The impact of different iterations per time-step on the 
predicted average CHTC on the south wall 

 

 
 

Figure  4.8 3D computational grid for the CFD stand-alone model 
(left), computational grid for BES-CFD coupling (right) 
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4.2.3 Simulation with external BES-CFD coupling 

External BES-CFD coupling was used to perform the same simulation 

for the same model described in section  4.2.1. The fluid domain was 

calculated by using the 3D grid obtained in the previous section, excluding 

the walls (Figure  4.8-right). The CFD settings used in the external BES-CFD 

coupling are similar to the settings described in section  4.2.2. 

The simulation was performed for one hour with the time-step and 

coupling frequency equal to 1 minute in BES. Running the coupling with the 

same time-step as CFD stand-alone would increase the computational time 

dramatically to 600 days, which is neither efficient nor necessary for our 

validation purposes. Next, the simulation was terminated and ESP-r was run 

for more 2 hours in a stand-alone mode. The results are compared and 

presented in the next section.  

4.2.4 Results and discussion 

In order to evaluate the performance of the external coupling, a 

comparison of results from section  4.2.2 and  4.2.3 is presented.  

A comparison of the average air temperature in the cube calculated by 

the external BES-CFD coupling and by the BES stand-alone is given in Figure 

 4.9. During the first hour of simulation, the average temperatures are in 

good agreement. At the end of the first hour in the external BES-CFD 

coupling, CFD was switched off and BES was used to predict the average 

temperature. While using BES-stand-alone, the empirical correlation for 

internal CHTC (Alamdari and Hammond 1983) was applied. The results show 

a 1°C difference for this simple geometry when this empirical correlation for 

the internal CHTC is used.  

Figure  4.10 shows the average surface temperature for the north wall. 

Here, the solid line representing the CFD stand-alone rises slightly before the 

dashed line, representing the external BES-CFD coupling.  
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Figure  4.9 Evolution of average air temperature inside the cube in 
different cases 

A plausible explanation for this could be that the 3D heat transfer in 

the solid domain in the CFD stand-alone simulation leads to a temperature 

distribution at the wall surface, while in the external BES-CFD coupling 1D 

heat transfer exists in the solid domain, and thus can have no such effect. 

Furthermore, since the surfaces in BES are not discretized and each wall of 

the cube is represented by one surface in BES, 1D heat conduction in BES 

leads to a uniform surface temperature for entire area of each surface. In 

case the surface discretization had been performed in BES, better agreement 

in Figure  4.10 could have been expected. 

The contours of temperature are plotted at the 40th minute in Figure 

 4.11. In contrast, in BES-CFD coupling there is no temperature distribution 

at the surfaces since the surface temperature is calculated from a 1D 

conduction equation in BES and passed to CFD as a uniform boundary 

condition at each time-step. Figure  4.12 illustrates the comparison of CHTC 

for the north wall. The difference between the two curves originates from the 

difference between the time-step chosen and also 1D and 3D heat transfer in 

the solid domain in BES-CFD coupling and CFD stand-alone, respectively.  

Surface discretization in BES can enhance the conformity of curves in 

Figure  4.10 and Figure  4.12 and play an important role when studying mould 

growth and condensation. 
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Figure  4.10 Comparison of average surface temperature for the 
north wall 
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Figure  4.11 Contours of temperature at the north wall (inside face) 
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Figure  4.12 Comparison of average CHTC for the north wall 

4.3 Part 2: Validation of external BES-CFD coupling 

with heat, air and moisture transfer  

In this section the validation of the whole BES-CFD coupling, including 

heat, air and moisture transfer is presented. The validation was performed 

using part of the experimental data available in common exercise 2 of 

subtask 1 in Annex 41 (Woloszyn and Rode 2008). The focus of Annex 41 of 

the IEA ECBCS (IEA 2007) is on the whole-building heat, air and moisture 

response. Subtask 1 of Annex 41 is about modelling principles and the 

arrangement and execution of so-called common exercises, focusing on 

modelling the integral heat, air, and moisture transfer processes that take 

place in whole buildings. A complete overview of Subtask 1 and the common 

exercise are provided in (Woloszyn and Rode 2008; Rode and Woloszyn 

2009). Among these common exercises, common exercise 2 (CE2) deals 

with “air flow” and “moisture buffering”, and therefore it is suitable for the 

validation of the BES-CFD coupling (refer to Figure  4.1). The following 

section describes the experimental settings and different cases considered 

for the validation. 
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4.3.1 The experimental setup and validation cases 

The experiment was carried out in the climate chamber at Akita 

Prefectural University, Japan. A schematic view of the test chamber and its 

wall construction is shown in Figure  4.13. The internal volume of the test 

chamber is 4.6 m3 and the area of its interior surfaces is 16.62 m2. The 

material used in the construction of the walls, ceiling and floor are (from 

outside to inside): 100 mm of polystyrene (insulation), aluminum sheet and 

12.5 mm of gypsum board. As can be seen, the air and vapour tightness of 

the test chamber is ensured by placing an aluminum sheet between the 

polystyrene and the gypsum layer. Vinyl sheets were used to cover the 

gypsum board in order to prevent adsorption and desorption of moisture. 

The placement of vinyl sheets differed per experimental case, allowing 

different arrangements of exposed hygroscopic surfaces in the chamber 

(refer to Table  4.3). The gypsum board used in the experiment is reported to 

be the same type of the gypsum board used in the round robin test in 

subtask 2 (Roels 2008). Note that the gypsum board was simulated as one 

homogenous layer. The properties of the gypsum board are presented in 

Table 4.2. 

 

Table  4.2 Properties of gypsum board used in the simulation 

Thickness 

(m) 

ρ 

(kg/m3) 

Porosity 

(m3/m3) 

Cp 

(J/kgK) 

kdry 

W/mk 

Wat 80 % RH 

(kg/kg) 

Wat capillary 

saturation 

(kg/kg) 

0.0125 850 0.65 850 0.2 0.0074 0.4706 

 

The test chamber was mechanically ventilated in each experimental 

case. The inlet conditions, which are the same as ambient conditions, and 

ventilation rates are presented in Table  4.3. Figure  4.14 shows the 

experimental schedule.   
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Figure  4.13 Schematic view of the test chamber (adapted from (Yoshino 
et al. 2009)) 

 

Table  4.3 Illustration of different experimental cases in CE2 (green 
surfaces represent hygroscopic material) 

 
Arrangement of 

hygroscopic 
materials 

Moisture 
production 
rate (g/h) 

Ambient 
temperature 

(°C) 

Ambient 
humidity 
(%RH) 

Ventilation 
rate (1/h) 

Case 1  
All side walls, 

ceiling and floor 

21.7 20.5 51.3 0.88 

Case 2  
Floor 

16.1 20.6 50.7 0.82 

Case 3  
One of the side 

walls 

18.6 20.6 50.7 1.04 

Case 4  
All side walls  

17.5 20.5 51.3 0.94 

Case 5  
Ceiling 

17.0 20.5 49.7 0.83 

Case 6  
None 

16.3 20.7 50.5 0.82 
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Figure  4.14 Experimental schedule (adapted from (Yoshino et al. 
2009)) 

Each experimental case was preceded by 24 hours of pre-conditioning 

followed by 6 hours of humidification and 12 hours without humidification. 

The pre-conditioning for each experimental case was the same as ambient 

temperature, relative humidity, which are listed in Table  4.1. 

Humidity ratio, relative humidity and temperature were monitored at 

different locations. Detailed information about the experimental setup, 

schedule and monitoring points can be obtained in (Yoshino et al. 2009). 

The uncertainty associated with temperature and humidity 

measurements is reported to be ±0.5 °C and ±3%, respectively (see 

Appendix B). It is not very clear from Appendix B whether in the experiment 

one or two sensors are used. However Appendix B seems to suggest that 

two sensors were used in the experiment for temperature and relative 

humidity, each with their own uncertainty bound. In order to compare the 

simulation results with the experiment, it is necessary to calculate the 

uncertainty bound for absolute humidity. Figure  4.15 shows the schematic 

procedure for the calculation of uncertainty for absolute humidity. For each 

available measured data value, the uncertainty of absolute humidity was 

calculated, taking into account the combined uncertainty relating to 

temperature and relative humidity. As can be noticed from this figure, the 

lower bound of the uncertainty was calculated assuming that the sensor 



Co-simulation of BES and CFD for HAM engineering 

 71 

measured T-0.5°C and RH-3% instead of T and RH. Similarly, the upper 

bound of uncertainty for absolute humidity was calculated assuming that the 

sensor measured T+0.5°C and RH+3% instead of T and RH. Via this 

approach, the maximum uncertainty interval for absolute humidity was 

obtained. This uncertainty bound was then assumed for the absolute 

humidity measurements in the comparison with the simulation results. Note 

that if one sensor was used for the temperature and relative humidity 

measurements the above procedure for the calculation of absolute humidity 

should not be used.  

 

 

Figure  4.15 Procedure for calculating uncertainty of absolute humidity 

4.3.2 Simulation with external BES-CFD coupling 

The loose coupling strategy, described in chapter 3, was used to 

simulate each experimental case. As indicated in Figure  4.16, two separate 

models are needed for the simulation with the external BES-CFD coupling, 

which is described in the following paragraphs.  

The geometry and construction of the test chamber was built in ESP-r 

(BES model) without any modification. Inlet conditions of the test chamber 

(Table  4.3: ambient temperature, ambient relative humidity and ventilation 
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rate) were modelled by means of manipulating the climate file and by 

adjusting the infiltration rate in the *.opr file in ESP-r. In order to model the 

moisture injection for each case, the basic controller for heating/cooling in 

combination with the RH control facility in ESP-r was used (Clarke 2001).  

The CFD simulations were performed using FLUENT 6.3.26. In order to 

model turbulence, the standard k-ω turbulence model was used and low-Re 

number modelling was applied for the walls. The SIMPLE algorithm was 

chosen for pressure-velocity coupling. Pressure interpolation is standard and 

second order discretization schemes were used for both the convection 

terms and the viscous terms of the governing equations. The transport 

equation for H2O was solved using the species transport modelling 

capabilities in FLUENT. The inlet condition for each case was set to the 

ambient temperature, ambient relative humidity and ventilation rate 

mentioned for each experimental case in Table  4.3. In all the simulations the 

turbulent Schmidt number (Sct) was equal to the default value of 0.7. The 

preconditioning conditions were used as the initialisation for the simulation 

of each experimental case. 

Note that the results are expected to be sensitive to the choice of Sct. 

Further work needs to investigate this sensitivity. The importance of this 

parameter for gas dispersion has been investigated in the past for outdoor 

air flows (Blocken et al. 2008; Tominaga and Stathopoulos 2010; Gousseau 

et al. 2011). However for the simulations performed in this study Sct was 

chosen to be equal to 0.7 based on the previous studies for indoor air flow 

regimes (Teodosiu et al. 2003; Tominaga and Stathopoulos 2007), which led 

to satisfactory results. 
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 Inlet 

Outlet 
 

Figure  4.16 BES (left) and CFD (right) model 

4.3.3 Results and discussion 

This section examines the performance of the new external BES-CFD 

coupling for heat, air and moisture engineering. Three points in the test 

chamber (near inlet, center and near outlet) were chosen to compare the 

measured and simulated data, as indicated in Figure  4.17. The exact 

measurement locations of the point near inlet and outlet were not mentioned 

in the available documents of the experiments in CE2. Therefore for the 

comparison, relatively arbitrary locations near inlet and outlet were chosen. 

These locations were 3 cm away from the inlet and outlet. 

X

Y

Z

Near inlet

Center

Near outlet
 

Z 

Y 

X 

 

Figure  4.17 measurement points chosen for comparison 
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For all six cases, the measured absolute humidity and relative 

humidity of these three points are compared with the simulation results 

obtained from ESP-r* and external BES-CFD coupling. In all the experimental 

cases, there was a temperature rise of 1.5-2°C due to the vapour production 

(Yoshino et al. 2009). The uncertainty of temperature measurements is 

reported to be ±0.5°C (see Appendix B), which is a large value in 

comparison with the whole temperature range (1.5-2°C). Therefore, it was 

decided to exclude the comparison of temperatures for the measuring points 

from this section, even though the same temperature rise was obtained from 

the simulation results. 

Figure  4.18 through Figure  4.23 illustrate the comparison of absolute 

humidity and relative humidity measured and simulated for case 1 at the 

measuring points (near inlet; center; and near outlet, see Figure  4.17). Each 

curve consists of a pre-conditioning period, adsorption and desorption phase. 

In the adsorption phase, the simulated results using the external BES-

CFD coupling were well within the uncertainty bound of measurements for 

the center and outlet points (Figure  4.20 to Figure  4.23). For the measuring 

point near the inlet, the results from the external BES-CFD coupling lie 

marginally in the lower uncertainty bound of the measurements. As can be 

seen, there are many oscillations (due to large gradient) in the 

measurements for the point near the inlet (Figure  4.18 and Figure  4.19), 

which might imply that the point near the inlet is a difficult location for the 

validation.  

As expected, no distribution in the test chamber was predicted by 

ESP-r* since the results obtained from ESP-r* relate to the single air node 

and the results are the same for the point near the inlet, the center and near 

the outlet (Figure  4.18 through Figure  4.23). This led to erroneous 

predictions by ESP-r* near the inlet both for absolute humidity and relative 

humidity, which affects mould growth or condensation analysis in real 

applications. 

In the desorption phase, both the external BES-CFD coupling and  

ESP-r* under predicted the experimental data. In other words, they both 

predicted a faster drying rate in comparison with the experiment (Figure 
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 4.18 through Figure  4.23). The under prediction is most likely due to the fact 

that hysteresis is not taken into account in these tools.  

Note that using the external BES-CFD coupling resulted in lower 

humidity levels around the inlet (Figure  4.18 and Figure  4.19) and higher 

humidity levels around the outlet (Figure  4.22 and Figure  4.23), while ESP-r* 

yields no distribution in the test chamber. Assuming that the real values of 

absolute humidity and relative humidity exist in the center of the uncertainty 

bound of the measurements, as indicated by dashed line in Figure  4.18, it 

can be concluded that higher accuracy was achieved using external BES-CFD 

coupling. However, it is conceivable that the predictions of the external BES-

CFD coupling are closer to the center line of the uncertainty bound in Figure 

 4.19 through Figure  4.23.  

 

Figure  4.18 Comparison of predicted absolute humidity with the 
experimental data around the inlet in case 1 
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Figure  4.19 Comparison of predicted relative humidity with the 
experimental data around the inlet in case 1 

 

 

Figure  4.20 Comparison of predicted absolute humidity with the 
experimental data at the center point in case 1 
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Figure  4.21 Comparison of predicted relative humidity with the 
experimental data at the center point in case 1 

 

 

 

Figure  4.22 Comparison of predicted relative humidity with the 
experimental data around the outlet in case 1 
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Figure  4.23 Comparison of predicted relative humidity with the 
experimental data around the outlet in case 1 

 

 

The simulation results for other cases (case 2 to case 6) follow a 

similar trend as the results presented for case 1. In addition, assuming that 

the real values of experimental data exist in the center of the uncertainty 

bound (as depicted e.g. in Figure  4.18 by the dashed line), more accurate 

predictions were observed in all cases of external BES-CFD coupling in 

comparison with ESP-r* as a stand-alone BES. For the reader’s convenience, 

this fact is shown in Figure  4.24 through Figure  4.29 by means of 

histograms. These figures illustrate the frequency of differences in absolute 

humidity between the measured and simulated data. In these figures, 

absolute humidity, which is the actual mass of water vapour present in the 

air, was chosen to represent moisture because it is independent of 

temperature.  

Figure  4.24 through Figure  4.29 show cumulative comparisons of the 

measured and simulated absolute humidity for case 1 to case 6, meaning 

that all the results for the point near the inlet, the center and the point near 

the outlet are combined and compared to the experiment. Each Figure 

represents the comparison of 2160 (time series) values with the experiment, 
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which consists of comparison of the 720 values for the point near the inlet, 

720 values for the center point and 720 values for the point near the outlet.  

Note that the pre-conditioning phase has no influence on the 

conclusions drawn from Figure  4.24 through Figure  4.29 because it is not 

considered in the comparison. The following observations were made: 

1. The first observation from Figure  4.24 through Figure  4.29 is that 

the maximum error in absolute humidity was reduced when the external 

BES-CFD coupling is used instead of ESP-r*. However, the improvements in 

the results were not the same for all cases. For instance, the improvement 

presented in Figure  4.24 for case 1 is higher than the one presented in 

Figure  4.25 for case 2. The reason for this fact will be explained in the 

following paragraphs.  

2. The second observation is that for the experimental case where no 

walls interacted with indoor humidity (case 6), the improvement in the  

  

 

Figure  4.24 Cumulative comparison of absolute humidity predicted by 
(a) external BES-CFD coupling and (b)BES stand-alone with the 

experiment in case 1 
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Figure  4.25 Cumulative comparison of absolute humidity predicted by 
(a) external BES-CFD coupling and (b)BES stand-alone with the 

experiment in case 2 

 

 

Figure  4.26 Cumulative comparison of absolute humidity predicted by 
(a) external BES-CFD coupling and (b)BES stand-alone with the 

experiment in case 3 

accuracy provided by the external BES-CFD coupling was much less 

remarkable, as presented in Figure  4.29. On the other hand, when more 

walls interacted with the indoor humidity (as in case 1 and case 4) more 

improvement in the accuracy was observed (Figure  4.24 and Figure  4.27). 

The reason is due to the fact that when more walls interacted with the indoor 

humidity, CFD could also contribute more by enhancing the transfer 

coefficients. In other words, the more walls interacted with the indoor 

humidity, the more the improvement can be expected in the predictions by 

using external BES-CFD coupling. Nonetheless, external BES-CFD coupling 

has reduced the maximum error occurred in BES stand-alone simulations in 

all experimental cases. 
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3. The third observation is that the level of improvement provided by 

the external BES-CFD coupling in cases where only one wall interacted with 

the indoor humidity (case 2, case 3 and case 5) depended on the intensity of 

the moisture buffering effect in these cases. The more the moisture buffering 

effect existed, the more the improvement can be expected in the predictions 

by using the external BES-CFD coupling. In cases where the mass flux from 

the surface had more influence on indoor humidity, using the external BES-

CFD coupling led to higher improvement when compared to ESP-r* stand-

alone. According to the measurements of absolute humidity for these cases 

(see Figure  4.30), it can be seen that when the hygrothermal material was 

used on the side wall (case 3), more moisture buffering effect was observed 

in comparison with case 5 and 2, where the hygrothermal material was 

placed on the ceiling and floor, respectively. Furthermore, in case 5 the 

moisture buffering effect is higher than in case 2. The higher moisture 

buffering effect in case 3 might be because of the larger area of the 

hygrothermal material (A = 2.89 m2) and the flow conditions near the side 

wall. However, the higher moisture buffering effect in case 5 in comparison 

with case 2 can be only due to the flow conditions, because the same area of 

the hygrothermal material was used in the experiment (A = 2.56 m2). In 

case 5 the hygrothermal material was very close to the inlet while in case 2 

the hygrothermal material was on the floor and it was far from the inlet. 

 

Figure  4.27 Cumulative comparison of absolute humidity predicted by 
(a) external BES-CFD coupling and (b)BES stand-alone with the 

experiment in case 4 
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Figure  4.28 Cumulative comparison of absolute humidity predicted by 
(a) external BES-CFD coupling and (b)BES stand-alone with the 

experiment in case 5 

 

 

Figure  4.29 Cumulative comparison of absolute humidity predicted by 
(a) external BES-CFD coupling and (b)BES stand-alone with the 

experiment in case 6 

This means that the flow conditions near the floor in case 2 were 

different from the flow conditions near the ceiling in case 5. The contours of 

velocity and absolute humidity at 1 cm away from the ceiling and 1 cm away 

from the floor are depicted in Figure  4.31 for case 5 and 2, respectively. 

Figure  4.32 presents the standard deviations (σE) and the root mean 

square error (RMSE) of the comparisons made between the simulated and 

measured data for each experimental case. The left side of the figure 

presents the results for the case 1 where the largest improvement in the 

results was obtained by using the external BES-CFD coupling. In contrast, 

the right side of the figure presents the result for the case 6 where the least 

improvement in the results was obtained by using the external BES-CFD 

coupling. As can be seen, the moisture buffering effect decreases from the 
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left side of the figure to the right side of the figure (due to less area of 

hygrothermal material used or different positions), therefore, less 

improvement in the results was obtained by using the external BES-CFD 

coupling. 

4. The fourth observation is that in all the results obtained, external 

BES-CFD coupling tended to under predict the experiment. It can be noticed 

from Figure  4.24 through Figure  4.29. Therefore, the results had a negative 

bias, meaning that the external coupling consistently under predicted the 

results. The reasons for the negative bias are not totally clear. Using 

different CFD settings such as different turbulent models or using more 

sophisticated BEHAM models in ESP-r may reduce the absolute value of the 

bias. However the root mean square error using the external BES-CFD 

coupling is less in all experimental cases (see Figure  4.32) which confirms 

the first observation of this validation study explained previously.  

 

 

 

 

 

Figure  4.30 measured absolute humidity in case 2,3,5 and 6 
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Figure  4.31 Contours of velocity and absolute humidity in a horizontal 
plane for case 5 (a and b) and for case 2 (c and d)  
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Figure  4.32 Standard deviation and mean residuals of the simulation 
results 

 

 

4.4 Conclusions 

External BES-CFD coupling was validated by inter-model comparison 

and also experimentally. The inter-model comparison led to the following 

observations: 

− For the cube, 1°C difference was observed when there was no CFD 

involved in the simulation. For complex geometry this difference might be 

more remarkable, highlighting the impact of coupling CFD with BES. 
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− The discrepancies in CHTC and surface temperature curves signify 

the need for surface discretization in BES tools when focusing on certain 

performance indicators such as condensation and mould growth. 

Also experimental validation was performed to assess the performance 

of the external BES-CFD coupling. Considering the uncertainty induced by 

the measurement technique, the predictions of the external BES-CFD 

coupling were well within the uncertainty bounds. The validation study 

proved that external BES-CFD coupling has great potential to improve the 

accuracy of predictions when compared to BES stand-alone packages, 

especially when more moisture buffering effect exists in the room, which is 

the case in every real room. 
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Chapter 5 

Coupling necessity decision procedure  

 

 

 

 

 

 

 

 

 

 

5.1 Introduction 

Over the last five decades, a wide variety of BPS tools have been 

developed within the building energy community to predict or assess 

important Performance Indicators (PI) (DOE 2009). A noteworthy point 

about these various tools is that they employ different approaches to model 

similar physical phenomena in the built environment (Crawley et al. 2008). 

This can be further outlined by considering the four principles of modelling 

(Booch et al. 1999): 

1. The choice of models has a profound influence on how a problem 

is attacked and how a solution is shaped. 

2. Every model may be expressed at different levels of precision. 

3. The best models are connected to reality. 

4. No single model is sufficient. Every nontrivial system is best 

approached through a small set of nearly independent models. 
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These principles suggest that in different modelling approaches, the 

level of abstraction of the same physical phenomenon is different. 

Abstraction here refers to the simplification of physical phenomenon. This 

need for simplification stands in direct relation to the complexity of the 

problem at hand: “as the size of our problems grow, the need for abstraction 

dramatically increases” (Cook 1999). The need for abstraction seems 

obvious when considering buildings as a system where complex physical 

phenomena exist. Nonetheless, achieving confidence in modelling is 

problematic because different BPS tools currently in use apply different 

abstraction levels when predicting a certain PI in a specific building. 

Modelling Resolution (MR) and level of abstraction of a physical 

phenomenon are closely linked. A higher MR level indicates less 

simplification of the physical phenomenon under consideration, while 

conversely, a lower MR level indicates greater simplification. Different MRs of 

the same physical phenomenon, which are implemented in the current range 

of BPS tools, results in outputs with different uncertainties. 

Of the four different sources of uncertainty in BPS tools that have been 

identified by (De Wit 2001): numerical, scenario, specification and modelling 

uncertainties, it is the last one, “modelling uncertainty”, which is introduced 

by employing a certain MR level in the current BPS tools. The external BES-

CFD coupling described in chapter 3 aims to reduce “modelling uncertainty” 

by using a high MR level for heat and mass transfer. However, the accuracy 

required for the predictions of each specific PI is different and depends on 

economic, technological and social constraints from designers, contractors 

and end users. Therefore, it is important to indicate under what 

circumstances external BES-CFD coupling should be used by the designer. 

An extremely noteworthy point needs to be made here: in cases where there 

is a lack of knowledge and sufficient experience of using BES or CFD, the use 

of the external BES-CFD coupling should be avoided. This is due to the fact 

that the improper choice of settings and adjustments related to BES (such as 

choice of the right insulation level, infiltration rate etc.) or CFD (such as 

turbulence model, proper grid resolution, convergence issues etc.) in the 
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external BES-CFD coupling, will lead to erroneous results, which can 

jeopardize the design decisions.  

In the previous chapter it was shown that using the external coupling 

of BES-CFD can yield more accurate results than stand-alone BES results. 

However, using external BES-CFD coupling as a BPS tool, which uses higher 

MRs for heat and mass transfer, is not always necessary. In several cases 

lower MRs for heat and mass transfer suffice for a certain PI, even 

considering their uncertainties. In order to guard against unnecessary use of 

this tool exploiting a higher MR level, there is a need for a procedure which 

helps users of the model to choose an appropriate MR. Previous work in this 

field can be found in (Hensen et al. 1996; Slater and Cartmell 2003; 

Djunaedy et al. 2004), but its focus was limited to heat and air in the study 

of convection in the internal geometrical domain, and it does not explicitly 

consider different MRs of heat transfer and their uncertainties. The new 

procedure proposed in this research is called the “Coupling Necessity 

Decision Procedure” (CNDP). The CNDP is designed to be applicable for heat 

and mass convection in the internal geometrical domain. This is due to the 

fact that the main contribution of CFD in the external BES-CFD coupling is its 

enhanced and high resolution modelling of the convection phenomenon. In 

other words by integrating CFD, the MR of convection increases and not 

other physical phenomenon such as conduction. 

In CNDP the uncertainty analysis of different MRs is introduced and 

embedded in the procedure. In the following sections, the general CNDP, the 

modelling resolutions for CHTC and CMTC, the detailed CNDP and the 

uncertainty analysis are explained. 

5.2 General CNDP 

The flowchart of the general CNDP is depicted in Figure  5.1. The 

general CNDP proposed here is based on previous research (Hensen et al. 

1996; Slater and Cartmell 2003; Djunaedy et al. 2004; Mirsadeghi et al. 

2010).  

The general CNDP has four inputs: PI, physical process, building, and, 

target value(s). Using these inputs, the general CNDP determines the 
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required MR for a specific PI that is affected by a certain physical process in 

a specific building. 

 

Figure  5.1 General CNDP 

 

Once the inputs mentioned above are provided, the general CNDP 

begins performing uncertainty analysis of the predicted PI by using the 

minimum available MR in the BPS tool (uncertainty calculation for different 

MR is explained in section  5.4.1). As illustrated in Figure  5.1, these results 

from uncertainty analysis are compared with target value(s). Target value(s) 

is (are) normally found in standards, building regulations or in guidelines for 

sustainable building, such as the HK-BEAM, BREEAM and LEED certifications 

(Lee and Burnett 2008). They are sometimes minimum and maximum 

allowed values in the built environment such as: the maximum PPD value of 

10 (%) recommended by ANSI/ASHRAE (2004). Therefore the target 

value(s) are the value(s) that the designer wants to reach, avoid, maintain 

within the limits etc. 

Three possible outcomes can occur through the comparison of the 

results with the target value(s). An example is provided here in order to 

show these three outcomes. Take it that the PI under study is condensation 

risk during the working hours (8-16) on a specific surface of a building. 

Here, the target value is the incidence of condensation on a specific surface. 

Surface condensation occurs when the difference between the surface 



Co-simulation of BES and CFD for HAM engineering 

 91 

temperature and the dew point temperature of the air becomes zero (ΔT = 

Ts - Tdew = 0). The three possible outcomes, case A, case B and case C, are 

shown in Figure  5.2. In this figure the black line represents ΔT, and the gray 

border surrounding the black line represents its uncertainty. As can be noted 

in case C, since there is a risk that the condensation could take place 

anywhere between 8-16 hours, this uncertainty compromises the designer’s 

judgement. In this case the designer does not know whether the 

condensation will occur or not. In contrast there are two other outcomes in 

which uncertainty does not compromise the designer’s judgement, which are 

case A and case B. In case A, the condensation does not occur even in the 

highly uncertain scenario. Conversely, in case B it is known that 

condensation will occur, therefore allowing the designer to judge and change 

the design parameter and proceed as required. Although the uncertainties of 

the results in case A and case B are large (when compared to case C), the 

designer is capable of making a deterministic decision about whether or not 

the condensation will happen. In both case A and B, the simulations can be 

regarded as “valid” in the general CNDP. A “valid” comparison is a 

comparison that leads to a definite and deterministic decision by a designer 

or user. If the result of the comparison leads to situations like case C, MR 

  

 

Figure  5.2 Comparison of the result of uncertainty analysis with the target 
value 

 

refinement (increasing MR) can be initiated and the uncertainty analysis and 

the comparison can be repeated. This process is repeated until the 

uncertainty in the results does not compromise the designer’s judgement. 
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When this level is achieved, the MR is accepted and no further refinements 

are necessary. 

One might argue that the designer can change the design parameter 

also in case C to reach a similar situation like case A. This decision depends 

whether or not the designer is seeking a definite answer from the simulation. 

This also depends on which phase of the design process the simulations are 

performed. In case of early design phase, the designer can change the 

design parameter, while in the later phase of the design a definite answer 

might be needed. Further refinement in MR in case C can also happen in 

case of a research question that is focused on the phenomenon of surface 

condensation.  

The reason for increasing the MR in the CNDP is to decrease the 

modelling uncertainty and consequently allow more accurate results to be 

obtained. The output of the CNDP is the minimum required MR for a specific 

PI in given conditions. However, working with higher MR levels requires 

greater knowledge and expertise. Therefore, it cannot be expected that a 

novice modeler could successfully apply the CNDP proposed here. Even 

experienced modelers are currently restricted in their choice of BPS tool. In 

practice, designers are often forced to choose a specific tool because it is 

available or because it has the highest MR. Since the general CNDP is 

problem-led rather than tool-led, it does not impose such a restriction. 

The general CNDP is very broad and can be applied to any PI, building 

and physical process. Each physical process in a building has its own 

different MRs in different BPS tools. For instance, the MRs for taking into 

account shortwave radiation in a building vary from an area weighted 

approach to insolation analysis in ESP-r as a BES tool (Clarke 2001). The 

physical process of concern in this thesis is heat and mass convection in 

buildings in the interior domain. Therefore, a separate, specific CNDP (called 

detailed CNDP) dedicated to this physical process is proposed in section  5.4 

in order to determine when the external BES-CFD coupling should be used 

by the designer. First, however, it is necessary to identify the existing MRs 

for heat and mass transfer in BPS tools (interior domain) that will be used in 

the detailed CNDP. 
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5.3 Modelling Resolution (MR) for heat and mass 

convection in BPS tools 

Five levels of MRs related to the Convective Transfer Coefficient 

(MRCTC) can be identified in BPS tools. Note that in the following text, 

MRCHTC[i] refers to the MR of CHTC, and MRCMTC[i] refers to the MR of CMTC. 

In addition, MRCTC[i] refers to the MR of both CHTC and CMTC. The index “i” 

indicates the level of MR, and the higher the i, the higher the MR and vice 

versa. 

Table  5.1 shows the existing MRs for CHTC and CMTC in BPS tools. In 

this table, a successive increment of MR of CHTC and CMTC from i=1 to i=5 

can be noticed. Level 1 (i=1) refers to using fixed CHTC and CMTC, which is 

the most simplified approach in BPS tools. The fixed coefficient for CMTC in 

this level can be obtained from existing heat and mass transfer analogy 

(Steeman et al. 2009). The next level (i=2) uses empirical correlations for 

CHTC and analogy for CMTC. Level 3 (i=3) uses adaptive convection 

algorithms developed by Beausoleil-Morrison (2000) for the CHTC and 

analogy for the CMTC. These algorithms assign different empirical 

correlations to different surfaces of a zone. Level 4 (i=4) uses CFD for CHTC 

and analogy for CMTC. Level 5 (i=5), the highest MR that can be found in 

BPS tools, uses CFD for both CHTC and CMTC. The difference between i=4 

and i=5 is that in i=5 an additional transport equation for H2O mass fraction 

is solved, while in i=4 analogy is used to calculate the CMTC.  

Table  5.1 shows that these MRs change from very simplified 

approaches (fixed values for CHTC and CMTC) to a very complex approach 

(using CFD for both CHTC and CMTC). This table is embedded in the detailed 

CNDP for the purpose of determining MR levels, as will be explained in the 

following section. 
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Table  5.1 Existing MRs for CHTC and CMTC in BPS tools (interior 
domain) 

 Modelling Resolution (MRCTC[i]) 

Level MRCHTC[i] MRCMTC[i] 

i=1 Fixed coefficient Fixed coefficient/analogy 

i=2 Empirical correlations Analogy 

i=3 Adaptive convection algorithms 

(Beausoleil-Morrison 2000) 
Analogy 

i=4 CFD Analogy 

i=5 CFD CFD 

5.4 Detailed CNDP 

Section  5.2 offered an explanation of the general CNDP, which can be 

applied to any physical process in a building. In this section a more detailed 

CNDP that is specifically designed for heat and mass convection in buildings 

is proposed.  

The structure of the detailed CNDP is shown in Figure  5.3. This 

procedure determines whether the user should use BES with a specific 

MRCTC[i], or whether to use the external BES-CFD coupling. 

As indicated in Figure  5.3, the detailed CNDP begins by choosing the 

lowest MRCTC from Table  5.1. It then performs BES uncertainty analysis using 

MRCTC[i] and the three inputs: PI, building and other sources of uncertainty. 

In section  5.4.1 the methods for uncertainty analysis are explained. 

Following this explanation the results of the uncertainty analysis are 

compared to the target value(s). This comparison is identical to the 

comparison of the results with the target value(s) in the general CNDP, 

which was described in section  5.2. If the comparison is “valid”, it means 

that similar situation such as case A or case B exists for the problem and 

therefore the BES model is accepted and the procedure ends at this point. If 

the comparison cannot be regarded as “valid”, a sensitivity analysis is 

necessary in order to identify the main source of uncertainty in the results.  
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The techniques for uncertainty analysis are described in (De Wit 2001; 

Saltelli et al. 2008). If the major source of uncertainty originates from CHTC 

or CMTC, then the detailed CNDP increases the MRCTC and performs the 

uncertainty analysis again. In this case, where MRCTC should increase, the 

detailed CNDP checks the index i. If the index i is equal to 3, then the first 

three levels of MRCTC have been tested and the uncertainty analysis has been 

performed for all of them but the comparisons are not yet valid. Therefore, if 

i is equal to 3, the detailed CNDP recommends the use of external BES-CFD 

coupling for the simulation. 

If the major source of uncertainty is other than CHTC or CMTC, 

increasing MRCTC is not necessary because it does not help to reduce the 

uncertainty in the results. In this case, where the major source of 

uncertainty is not CHTC or CMTC, the uncertainty from other sources will be 

decreased and the uncertainty analysis is performed again. For instance, if 

the conductivity of building materials turns out to be the major source of 

uncertainty, then this source should be decreased, e.g. by using a more 

precise value for conductivity. In this thesis, for simplicity, it is assumed that 

the uncertainty from other sources does not exist and therefore it is not 

necessary to include them in the uncertainty analysis. If the uncertainty 

from other sources is omitted, the detailed CNDP appears as shown in Figure 

 5.4. 

In the following section the uncertainty analysis is described, which is 

the most crucial part of the detailed CNDP. Uncertainty analysis is crucial 

because it allows the determination of the most relevant MR level that is 

appropriate for a certain problem to be applied. 
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Figure  5.4 Detailed CNDP for the external BES-CFD coupling assuming 
there are no other sources of uncertainty 

5.4.1 Uncertainty analysis 

Much research has been done in the past in order to obtain the 

uncertainty due to the inputs in BPS tools (De Wit 2001; Macdonald and 

Strachan 2001; Macdonald 2002; Macdonald and Clarke 2007; Struck and 

Hensen 2007; Hopfe 2009; Struck et al. 2009). This research has largely 

investigated the uncertainty in BPS results due to inputs such as material 

properties (input uncertainty). The modelling uncertainty, which originates 

from using different MR in BPS tools, has not yet been thoroughly studied. In 

order to be able to use the detailed CNDP, it is necessary to estimate the 

modelling uncertainty related to MRCTC[1], MRCTC[2] and MRCTC[3]. MRCTC[4] 

and MRCTC[5] result in the least modelling uncertainty because they are the 

most complex approach for CHTC and CMTC, which is expected to the most 

accurate result if used properly. In other words, in the detailed CNDP the 

level of abstraction in MRCTC[4] and MRCTC[5] is much less than MRCTC[1], 

MRCTC[2] and MRCTC[3]. It is assumed that the user of CNDP applies MRCTC[4] 

and MRCTC[5] correctly without any faults. Therefore, based on this 

assumption it is not necessary to estimate the modelling uncertainty when 

using MRCTC[4] and MRCTC[5] because it is regarded to be negligible.  
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For uncertainty analysis, the detailed CNDP requires MRCTC[i] and three 

other inputs: PI, building and other sources of uncertainty. “Other sources of 

uncertainty” refers to sources of uncertainty other than CHTC and CMTC 

such as: internal heat and moisture gains, occupancy periods, material 

properties, infiltration/ventilation rate etc. If these parameters are fully 

known by the user, there is no need to include them in the uncertainty 

analysis. As mentioned earlier, in this thesis it is assumed that other sources 

of uncertainty do not exist. Table  5.2 describes the different methods for 

calculating the uncertainty when using MRCTC[1], MRCTC[2] and MRCTC[3].  

Calculating modelling uncertainty for MRCTC[1] is similar to calculating 

input uncertainty since CHTC and CMTC are fixed coefficients and can be 

regarded as inputs to BES simulation. The reader is referred to (De Wit 

2001; Macdonald 2002) for more information about calculation of input 

uncertainty. To demonstrate the CNDP in this thesis, a simplified uncertainty 

analysis was used instead. In this approach, first three or more constant 

CHTC and CMTC values are chosen. These values should be relevant and 

cover possible minimum and maximum values that can occur in a simulation. 

This can be determined for instance via existing empirical correlations. Then 

different simulations are performed for each possible combination of CHTC 

and three values for CMTC. For instance, in case of three values for CHTC 

and CMTC values, nine different simulations are performed. The uncertainty 

bound for MRCTC[1] is then calculated via determination of the minimum and 

maximum values in the results. 

MRCTC[2] refers to the empirical correlations. In contrast to MRCTC[1], 

which refers to the fixed transfer coefficient, there is no distinct method to 

determine the modelling uncertainty associated with empirical correlations. 

There are many empirical correlations for internal surfaces of buildings in the 

literature and they are used in BES tools (Alamdari and Hammond 1983; 

Halcrow 1987; Khalifa and Marshall 1990; Fisher and Pedersen 1997; Awbi 

and Hatton 1999). The method proposed here for calculating the modelling 

uncertainty when using MRCTC[2] is to use different relevant empirical 

correlations that exist in the literature for the same case. A large list of 

existing empirical correlation can be found in the “convect2.F” file in the 
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ESP-r source code (ESRU 2010) . Via this approach the uncertainty bound 

can then be obtained. 

MRCTC[3] refers to adaptive convection algorithms. Similar to MRCTC[2], 

here it is proposed to obtain the uncertainty bound by using different 

relevant convection algorithms (Beausoleil-Morrison 2000).  

 

Table  5.2 Determining the uncertainty due to different MRCTC 

MRCTC Modelling Uncertainty calculation 

MRCTC[1] Similar to input uncertainty calculation 

MRCTC[2] Using different empirical correlations 

MRCTC[3] Using different adaptive convection algorithms 

 

5.5 Quality assurance in using the external BES-CFD 

coupling  

It was described that the external BES-CFD coupling provides high 

resolution information about HAM transfer in the buildings. Apart from the 

knowledge and expertise needed to correctly use the external BES-CFD 

coupling, there are two separate issues, which if resolved, can potentially 

improve the simulation results, which relate to modelling the geometry in 

BES or CFD. These two issues are: 1. the geometry resolution in CFD and 2. 

surface discretization in BES, which are described below. 

5.5.1 Geometry resolution in CFD 

In order to use the external BES-CFD coupling, it is necessary to 

create two separate models, which describe the geometrical representation 

of the building/zone under study: 1. geometry of the building/zone in BES 

and the geometry of the building/zone in CFD. 

It is a common practice to simplify and ignore minor details of the 

geometry while creating them in the BES environment e.g. ignoring the 

geometry details near windows, transverse ribs of vertical walls etc. 
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Including these details in BES will not necessarily enhance the convection 

modelling and simulation results since the MR in BES does not take such 

details into account. However, these minor details of the zone geometry, 

which might be considered as minor details in BES, can have a significant 

impact in CFD results. An example is provided here to clarify: 

Transverse ribs (e.g. shelves) on vertical walls can be seen in many 

buildings. Sometimes these geometrical details are larger than the depth of 

the boundary layer. Therefore, they can influence the momentum and 

thermal boundary layer in natural convection flows near the wall, leading to 

the reformation of the boundary layer. The flow patterns near a smooth 

vertical wall and a ribbed vertical wall in a vertical channel are shown in 

Figure  5.5. As can be noticed, the flow patterns are not identical, leading to 

completely different CTC determinations (e.g. CTC determinations for 

smooth and ribbed vertical channels show significant differences (Tanda 

1997)). The external coupling of BES and CFD allows taking these important 

geometrical features that affect CTC determinations into account. Figure  5.6 

schematically illustrates two geometrical representations of a vertical wall in 

BES and CFD. In BES the ribs can be ignored. However, they considerably 

influence the flow near the wall so they should be considered in CFD. 

Therefore, instead of considering only one CTC value for the entire vertical 

wall, CFD calculates different values for each part of the wall and passes 

them to BES for thermal and mass calculations (as shown schematically in 

Figure  5.6). It can be noticed that the vertical wall in BES should also be 

discretized into three pieces. Surface discretization in BES may also be 

needed due to other reasons, which will be explained in the next section.  
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Figure  5.5 Velocity vectors near a) smooth vertical wall and b) ribbed 
vertical wall in a natural convection flow 

 

 

 

 

 

Figure  5.6 Different resolutions of geometrical representation of a 
vertical wall and  
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Note that horizontal discretization for vertical smooth walls might lead 

to erroneous results while using only BES stand-alone tools. This is because 

of some empirical correlations for convective heat transfer calculations that 

use characteristic length, such as the Alamdari and Hammond correlations 

(Alamdari and Hammond 1983). This characteristic length is usually the 

length of a whole vertical wall and if the vertical wall is discretized, this 

length is modified and the accuracy of heat transfer calculations can 

potentially be compromised. However this problem does not exist when BES 

is coupled with CFD. 

Consequently, through the approach described above, higher accuracy 

is reached by considering a higher geometry resolution in CFD and by better 

capturing the flow pattern near the wall.  

5.5.2 Surface discretization in BES 

In BES tools there is usually a one-to-one correspondence between 

each surface and the wall in the reality. In other words, the number of walls, 

partitions, doors, windows etc. is equal to the number of surfaces considered 

in BES tools. This means that a single node represents the whole surface of 

the wall and a uniform distribution of temperature, relative humidity etc. is 

assumed all over the surface. However, in reality there is a distribution of 

temperature and relative humidity due to: 

- Different air flow regimes near the surface. 

- Three dimensional conjugate heat and mass transfer in the building 

envelope.  

- Distribution of sunlight penetrating windows. 

- Shading effect of internal / external objects. 

Surface discretization can help to improve the overall quality of 

external BES-CFD coupling. Through surface discretization, BES can provide 

more realistic boundary conditions for CFD, taking into account the 

temperature and humidity distribution over the surface. 

Different discretization patterns (vertical or horizontal) might be 

needed for each of these reasons for each wall of the building. This is a 
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broad and general topic and out of scope of this thesis. However, as an 

example, the need for surface discretization in case with distribution of 

sunlight penetrating the windows is briefly explained here. 

The distribution of shortwave radiation entering the windows is not 

uniform and varies in the course of time over the interior surface of the 

buildings. In ESP-r, insolation analysis can be performed in order to take into 

account this physical phenomenon (Clarke 2001). However, some portions of 

walls might not receive any shortwave radiation due to their position in 

relation to the position of the windows, leading to a large temperature 

distribution over the surface. As an example, this is shown by calculating the 

differences between surface temperatures of the two different BESTTEST 

case 600 models (Judkoff and Neymark 1995): 

1. Standard BESTEST case 600  

2. BESTEST case 600 with the discretized west wall 

The difference between the surface temperatures calculated for model 

2 and 1 and their frequency is plotted in Figure  5.8. Although not visible in 

this figure, temperature differences up to -10 °C can be calculated, which 

certainly influence the surface relative humidity. 

Using the discretized BES model in the external BES-CFD coupling can 

enhance the boundary conditions predicted by BES, and it can improve the 

accuracy of the final results.  

 

  

Figure  5.7 Illustration of shortwave distribution (adapted from (Clarke 
2001)) 

 

 



 Chapter 5. Coupling necessity decision procedure 

 104 

 

Figure  5.8 The frequencies of the difference between the temperature 
of red node and the blue node 

 

5.6 Discussion 

In this section the limitations of the detailed CNDP are explained and 

the issues that should be taken under consideration are presented. 

CNDP is based on the assumption that the use of higher MR leads to 

results with less modelling uncertainty. Therefore, it assumes that by 

applying MRCTC[4] or MRCTC[5] (using CFD) higher accuracy is reached in the 

results when compared to other MRCTC. It is noteworthy that this assumption 

is only true if the user has the expertise to apply CFD to a certain problem. 

Without sufficient expertise and knowledge about CFD, while using MRCTC[4] 

or MRCTC[5], one can produce wrong or more uncertain results. Obviously 

this can be regarded as one of the limitations of the detailed CNDP. 

Using the detailed CNDP is very time-consuming and it might not be 

applicable in case of emergency when the results are needed as soon as 

possible. 

As mentioned before, the detailed CNDP increases the MR until a 

“valid” comparison is reached between the results of uncertainty analysis 

and the target value. A “valid” comparison leads to a deterministic and 

definite decision by a designer. In case when the detailed CNDP has to 

increase the MRCTC due to a non-valid comparison (like case C in section 

 5.2), one might argue that instead of increasing MRCTC, it is possible to 
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change the design parameters so that a valid comparison is reached via a 

low MRCTC (such as MRCTC[1] or MRCTC[2]). At least in 2 cases this approach is 

not possible: 

1. In case of a late design phase, where changing the design 

parameter is much more expensive than using the CNDP. In this 

case the designer needs take a deterministic decision and 

therefore CNDP will play an important role. 

2. In case of a research question, where it is needed to investigate 

the impact of design parameters on a certain PI. In this situation 

CNDP can provide a deterministic answer. 

5.7 Conclusion 

The level of complexity and resolution of these modelling approaches 

varies from very simplified approaches to very sophisticated ones, resulting 

in different levels of uncertainty in their outputs.  

Using external BES-CFD coupling as a BPS tool, which uses higher MRs 

for heat and mass transfer, is not always necessary. In several cases lower 

MRs for heat and mass transfer suffice for a certain PI, even considering 

their uncertainties. Therefore, there is a need for a procedure which helps 

the model users to choose an appropriate MR.  

This chapter has proposed a coupling necessity decision procedure 

(CNDP), which determines the appropriate modelling resolution (MR) for 

CHTC and CMTC for a specific performance indicator under certain 

conditions.  
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Chapter 6 

Applications 

 

 

 

 

 

 

 

 

 

 

6.1 Introduction 

This chapter presents two case studies in order to demonstrate the 

benefits of using the external BES-CFD coupling. In each of these case 

studies, the CNDP introduced in the previous chapter is applied to assess the 

necessity of using the external BES-CFD coupling. 

The two case studies cover common HAM related problems in the built 

environment. The first case study addresses the condensation risk and the 

thermal comfort analysis in office spaces, and the second case study 

addresses mould growth analysis in residential buildings. 

6.2 Simulation of an office with chilled ceiling and 

mechanical ventilation 

6.2.1 Background 

One of the major concerns of Indoor Air Quality (IAQ) professionals is 

condensation in buildings, which can cause mould growth and other IAQ 
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problems. Chilled ceilings have been reported as one of the potential 

applications where condensation can occur (Jeong 2003; Hao et al. 2007; 

Keblawi et al. 2009). This phenomenon is sometimes referred to as “office 

rain” in the literature (Alamdari and Hammond 1983). However, among 

other HVAC systems, chilled ceilings offer more advantage in terms of 

thermal comfort, energy consumption, space saving, noise elimination and 

less pollutant emissions (Alamdari and Hammond 1983; Stetiu 1999; Facão 

and Oliveira 2000). Due to these advantages chilled ceilings have received 

much attention in recent years.  

Chilled ceilings are usually installed in combination with mechanical 

ventilation. This section discusses the possibility of using the external BES-

CFD coupling in order to predict condensation risk and thermal comfort in a 

typical office building with such systems. 

6.2.2 Description 

This case study was used for illustration purposes in order to 

demonstrate the potential use of the external BES-CFD coupling. The case 

under study was an office building (called Unilin building) located in 

Wielsbele (Latitude: 50.59° N, Longitude: 3.36° E), which is a municipality in 

the Belgian province of West-Flanders. Figure  6.1 shows snapshots of the 

building from different views. 

In all the individual offices, chilled ceilings in combination with 

mechanical ventilation were installed. Note that the information regarding 

construction, HVAC, ventilation, lighting and occupancy periods are provided 

in Appendix C. 

The focus of this case study was to predict the surface condensation 

risk and the thermal comfort in one of the offices in this building. The office 

is situated in the south-west of the building, as indicated in Figure  6.1 by the 

red ellipse. This specific office was chosen because there have been incidents 

of thermal comfort complaints in this office.  

A BES stand-alone simulation revealed that the 17th of May was one of 

the critical days throughout the year when condensation risk and thermal 
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comfort problems can occur. Therefore, this period was chosen for analysis 

in this case study.  

In the following section, the CNDP was used in order to determine the 

appropriate Modelling Resolution (MR) for this case. 

 

 

Figure  6.1 Different views of Unilin building 

6.2.3 Detailed CNDP results for surface condensation 

In this section, the results obtained from the detailed CNDP are 

presented. In this case study, it is assumed that “other sources of 

uncertainty” do not exist and that high quality input data were provided for 

BES simulations (there are no uncertainties in the input for the BES 

simulation). Consequently, the detailed CNDP illustrated in Figure  5.4 was 

used for this case. 

According to Figure  5.4 the detailed CNDP starts with i=1, forming the 

following three inputs for the uncertainty analysis: 

1. MRCTC[1] (described in Table  5.1) 

South-west view North-east view 

Inside view  
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2. Performance indicator: surface condensation 

3. The building (geometry of the building for BES) 

The geometry of the building (only the last floor) in BES (here ESP-r was 

used) is shown in Figure  6.2.  

 

Figure  6.2 Geometry of the 2nd floor including the office in ESP-r (CC = 
Chilled Ceiling) 

North 

CC1 

CC2 

CC3 

Window 
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As can be noticed, the south west office (shown by the red oval in 

Figure  6.2) was reproduced with the details available from *.dwg files 

because this zone was the focus of the case study. In this figure, CC refers 

to Chilled Ceiling, and in this study CC3 is chosen for condensation analysis. 

Note that the chillers are not explicitly but rather conceptually 

modelled through applying control laws (ideal system). The chilled ceiling 

were controlled through the “multi-sensor heating/cooling” control law in 

ESP-r (ESRU 2002). This control law is based on ideal control and allows to 

inject/extract heat in one zone based on the conditions in an other zone. In 

order to use this control law, separate auxiliary thermal zones should be 

constructed above each chilled ceiling (not shown in Figure  6.2). The set 

points for these auxiliary thermal zones are equal to the temperature of the 

working fluid in the chilled ceiling. For each control law in ESP-r, the user 

should specify the location of sensor (which senses the temperature) and 

actuator (which inject or extract heat). In this case, the sensors are located 

on the exterior surfaces of the auxiliary thermal zones (which are the same 

as chilled ceilings facing inside the office) and the actuators are on the air 

node of the auxiliary thermal zones. In order to ensure the flux is transferred 

to the panel, high CHTC values for the auxiliary thermal zones are assigned. 

This is possible by creating a *.htc file in ESP-r. Note that these fixed CHTC 

values are assigned just for the auxiliary thermal zones and will not affect 

the external coupling with CFD for the office. In this control law, the set 

points of the occupied zone (office) should be also specified.  

As can be seen from Figure  6.2, other zones were made with more 

simplification because they were only important to provide better boundary 

conditions for the office. 

The results of the uncertainty analysis in the detailed CNDP using i=1, 

2, 3 are illustrated in Figure  6.3 a, b and c, respectively. In each of these 

figures, the gray area represents the uncertainty related to using a specific 

MRCTC. The methods of performing the uncertainty analysis for each MRCTC[i] 

are described in section  5.4.1 (listed in Table  5.2). The target value, which is 

the zero difference between the surface temperature of the CC3 and the 
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room air temperature, is indicated by the red line in Figure  6.3 a, b and c. 

From these figures the following observations can be obtained: 

1. The gray area shown in Figure  6.3 a, b and c becomes 

narrower as the MR increases. In other words, increasing the 

MR from MRCTC[1] to MRCTC[3] led to the reduction in the 

modelling uncertainty of predicted surface condensation risk. 

2. Through the comparison of the uncertainty results with the 

target value, it can be concluded that the confidence cannot be 

reached regarding whether or not the surface condensation 

happens between 8 and 19 hours. In all the figures (Figure  6.3 

a, b and c) the gray area covers the red line, compromising 

the decision of the designer about the surface condensation. 

Therefore the comparison of the results of uncertainty analysis 

with the target value is regarded as not “valid” (refer to the 

previous chapter for the definition of a valid comparison). 

As can be seen, the first three MRCTC was tested and analysed by the 

detailed CNDP, and the index “i” reached “3” in the flowchart shown in 

Figure  5.4. According the detailed CNDP (Figure  5.4), the external BES-CFD 

coupling should be used for this case.  
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Figure  6.3 Uncertainty analysis for surface condensation on CC3 using: 
a) fixed coefficients b) empirical correlation c) adaptive convection 

algorithms 
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In practice, the design for this performance indicator may be rejected 

even at i=1, and higher MR may not be tested or analysed. Changing the 

design may be cheaper and cost less time than using the external BES-CFD 

coupling in order to see whether the surface condensation occurs or not. 

However, in research this question can be fully investigated and answered by 

using the external BES-CFD coupling. In the following section the results of 

the external BES-CFD coupling, which was applied to the office, are 

presented. 

6.2.4 External BES-CFD results for surface condensation 

The office was discretized using a non-uniform structured hexahedral 

grid. This computational domain consisted of 346320 hexahedral cells and is 

shown in Figure  6.4. For the CFD simulations the following settings were 

considered: the standard k-ω turbulence model is chosen for modelling the 

turbulence and low-Reynolds modelling is employed for near wall treatment. 

Vapour transport modelling is performed by “species transport” available in 

FLUENT. The density of the humid air is determined using the incompressible 

ideal gas law. The second order upwind discretization scheme is used and 

the SIMPLE algorithm is chosen for pressure-velocity coupling (due to forced 

convection). The residuals and the y+ values were monitored and checked. 

Ventilation outlet 

Ventilation inlet 

 

Figure  6.4 Computational domain to be used in the external BES-CFD 
coupling 
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The y+ values reached to less than unity and the scaled residuals were 

less than 10-6 for all the simulations. 

The office has three ventilation inlets with fixed inlet velocities and 

relative humidity conditions and two outlets. The “Pressure outlet” boundary 

condition in FLUENT was assigned to these outlets. Other boundary 

conditions were provided by BES during the coupling, as described in chapter 

3. 

The same BES model shown in Figure  6.2 was used in the coupling 

and only the zone “office” was coupled to the CFD model explained in the 

previous paragraph. 

The loose coupling strategy described in chapter 3 was applied and the 

coupling frequency was equal to 1 hour, as was concluded and 

recommended by the previous researchers (Djunaedy 2005; Zhai and Chen 

2006).  

Figure  6.5 shows the results of surface condensation risk analysis 

using the external BES-CFD coupling on CC3. This result shows that surface 

condensation risk is very likely during the whole working hours, except for a 

small period between 16:00 and 17:00. However, the design seems to 

operate very marginally with regard to surface condensation. 

 

 

Figure  6.5 Possibility of surface condensation on CC3 obtained from 
the external BES-CFD coupling 
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One of the advantages of using the external BES-CFD coupling is the 

possibility of analysing different state (temperature etc.) distributions in the 

domain at different points of time. For instance, Figure  6.6 (a) and (b) 

illustrate the distribution of relative humidity and temperature 1 cm away 

from the ceiling, respectively. It can be noticed from Figure  6.6 (a) that 

surface condensation does not occur on the whole surface of CC3 due to 

different flow conditions and that it is limited to a smaller area. 

 

 

Figure  6.6 Contours of a) relative humidity and b) temperature 1 cm 
away from the ceiling at 15:00 hours 

In the following section, thermal comfort as another performance 

indicator is analysed by the detailed CNDP. 

6.2.5 Detailed CNDP results for thermal comfort at 12:00 

The second performance indicator chosen for analysis was the thermal 

comfort at 12:00. The results of uncertainty analysis for MRCTC[1] to 

MRCTC[3] are shown in Figure  6.7. In this figure the Predicted Percentage of 

Dissatisfied (PPD) is plotted during the whole day (17th of May). The target 

value of 10 (%) was considered according to ANSI/ASHRAE (2004). 

Parameters that are used in calculating thermal comfort by ESP-r are 

presented in Table  6.1. The calculated range for PPD value at 12:00 is shown 

in Figure  6.7 for different MRs.  
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Table  6.1 Parameters considered for thermal comfort analysis in 
ESP-r 

Clothing level Activity (met) Air velocity 

0.7 1.2 0.1 

 

As can be observed form Figure  6.7, the calculated uncertainty of PPD 

value using MRCTC[1] and MRCTC[2] led to [5.5~16] and [6.6~14], 

respectively. In both cases, the target value of 10 (%) is covered by the 

uncertainty band, meaning that the designer is not capable of determining 

whether the predicted PPD would satisfy the standard situation (the PPD 

value of less than 10 (%)).  

According to the detailed CNDP, the next MR (MRCTC[3]) should be 

used and the results should be compared to the target value. Using MRCTC[3] 

led to the uncertainty bound of [7~9.1] for the PPD value at 12:00. Since 

the whole uncertainty bound is below the target value of 10 (%), it is 

possible to conclude that the level of thermal comfort will be acceptable at 

12:00 under the current design parameters of the office, although this 

design shows poor performance during the rest of the day. At this point the 

CNDP stopped the iteration and the MR was accepted. Further refinement of 

the MR was not necessary, and using the external BES-CFD coupling was no 

longer needed to analyse the thermal comfort at 12:00 for this case.  

This case study highlights the fact that low MR levels are not always 

subject to objection because of their simplicity and assumptions in modelling 

the physical phenomenon. It is true that their predictions contain 

uncertainties that are larger in comparison with higher MR levels. However, a 

larger uncertainty bar can sometimes be regarded as a reliable answer to a 

specific design question, but only if it is compared to target values. 

As can be noticed, the target value chosen in this analysis was a real 

value (10% PPD value). As mentioned in the previous chapter, the target 

value is not always expressed as a value. Sometimes it can be the incidence 

of a specific phenomenon such as mould growth (next section), which should 

be translated into target value(s) in order to use CNDP. 
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Figure  6.7 Uncertainty analysis for thermal comfort using: a) fixed 
coefficient b) empirical correlations c) adaptive convection algorithms 



Co-simulation of BES and CFD for HAM engineering 

 119 

6.3 Mould growth analysis 

6.3.1 Background 

One of the most important HAM related PI is mould growth in 

buildings. The adverse health effects of mould growth on human beings and 

the importance of its prediction have been investigated and emphasized by 

many researchers (Zerfiridis 1985; Clarke et al. 1999; Mudarri and Fisk 

2007; Abuku et al. 2009; Isaksson et al. 2010). Therefore, this PI was 

chosen as a case study in this thesis, and the following sections discuss the 

possibility of using the external BES-CFD coupling in order to predict the 

incidence of mould growth in residential buildings. 

6.3.2 Description 

The BESTEST case 600 building (Figure  6.8-a) was chosen for the 

mould growth analysis. The simulations were performed for the 8th of May 

using the Belgian climate file. The other settings (e.g. construction, 

infiltration rate, etc.) of the model conform with BESTEST case 600 settings 

(Judkoff and Neymark 1995).  

The moisture profile used in the common exercise 2 (ANNEX 41 – 

subtask 1 (Woloszyn and Rode 2008)) was applied to the BESTEST building 

in order to simulate the typical moisture production for a household of three 

persons (Figure  6.8-b). In order to implement this moisture profile, the ‘ideal 

control’ in ESP-r (ESRU 2002), which has an integrated relative humidity 

control, was used. In this control law the injection and extraction of moisture 

(g/s) to and from a zone air node is possible. As can be noticed from Figure 

 6.8-a, the mould growth analysis was performed on the west wall of the 

BESTEST building. Since the mould growth is a local phenomenon, the west 

wall was discretized according to the discussion in the section  5.5.2. The 

mould growth analysis was performed on the small portion of the west wall 

(highlighted in Figure  6.8-a). This was due to the fact that lower 

temperatures on this surface led to higher surface relative humidity, 

increasing the risk of mould growth in comparison with other parts of the 

west wall. 
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Figure  6.8 a) fixed coefficient b) empirical correlations c) adaptive 
convection algorithms 

 

In the following section, the detailed CNDP was applied in order to 

investigate which MRCTC will produce sufficiently reliable results.  

6.3.3 Detailed CNDP results for mould growth risk 

In this section, the results obtained from the detailed CNDP are 

presented. Similar to the previous case studies it is assumed that “other 

sources of uncertainty” do not exist and that high quality input data were 

provided for BES simulations (there are no uncertainties in the input for the 

North 
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BES simulation). Consequently, the detailed CNDP illustrated in Figure  5.4 

was used for this case. 

Limiting growth curves for different categories of mould proposed in 

Clarke et al. (1999) were used in order to investigate this phenomenon. 

According to Figure  5.4 the detailed CNDP starts with i=1, forming the 

following three inputs for the uncertainty analysis: 

1. MRCTC[1] (described in Table  5.1) 

2. Performance indicator: mould growth 

3. The building (BESTEST case 600) 

For the uncertainty analysis of MRCTC[1], three fixed values (0.1, 3.05, 

6 W/m2K) for CHTC and three fixed values (1.00E-9, 8.70E-9, 1.64E-8 s/m) 

for CMTC were considered, which made 9 different combinations. This led to 

nine different simulations for the first uncertainty analysis in the detailed 

CNDP. Note that the uncertainty analysis using MRCTC[2] and MRCTC[3] was 

similar to the previous case study. 

The results of uncertainty analysis using the first three MRCTC are 

presented in Figure  6.9. The target value of the detailed CNDP is shown by 

the red line in this figure. This line defines the minimum combination of local 

surface temperature and humidity for which growth will occur on the 

building. In Figure  6.9 the letters A, B to F refer to the different categories of 

moulds which are described in Clarke et al. (1999). 

It can be noticed from Figure  6.9 that using MRCTC[1] can lead to 

scenarios with or without the risk of mould growth. This means that the gray 

area is below and above the red line, and as such the designer cannot be 

reassured whether the risk of mould exists or not. Therefore, CNDP 

continued to increase MR. Although the uncertainty due to using MRCTC[2] 

and MRCTC[3] is reduced considerably in comparison with MRCTC[1], there is 

still one scenario of no mould growth risk predicted by MRCTC[2] and 

MRCTC[3].  

As emphasized earlier in section  6.2.3, the above analysis might be 

enough for the designer to change the design parameters. However, in case 
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Figure  6.9 Uncertainty analysis for mould growth using: a) fixed 
coefficient b) empirical correlations c) adaptive convection algorithms 
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of a need for a deterministic answer to the question of whether there is the 

risk of mould growth or not, the detailed CNDP suggests the use of the 

external BES-CFD coupling. This is due to the fact that using MRCTC[1], 

MRCTC[2] and MRCTC[3] could not provide a deterministic answer. 

6.3.4 External BES-CFD results for mould growth risk 

The BESTEST building was discretized using a non-uniform structured 

hexahedral grid. This computational domain consisted of 36750 hexahedral 

cells and is shown in Figure  6.10. For the CFD simulations the following 

settings were considered: the standard k-ω turbulence model is chosen for 

modelling the turbulence and low-Reynolds modelling is employed for near 

wall treatment. Vapour transport modelling is performed by “species 

transport” available in FLUENT. The density of the humid air is determined 

using the incompressible ideal gas law. The second order upwind 

discretization scheme is used. Since the flow in this case study is completely 

buoyancy driven the “body-force weighted” algorithm is chosen for pressure-

velocity coupling. Unsteady simulations with the time-step of 1 sec were 

performed in order to reach an acceptable level of convergence (10-6). The 

Sct was equal to 0.7. The y+ values reached to less than unity and the scaled 

residuals were less than 10-6 for all the simulations. 

The loose coupling strategy described in chapter 3 was applied and the 

coupling frequency was equal to 1 hour. The same BES model shown in 

Figure  6.8–(a) was used in the coupling. 

Figure  6.11 shows the final results of the external BES-CFD coupling, 

and as can be observed the mould growth risk of group A is well predicted. 

Obviously, the exposure time is another important component of mould 
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Figure  6.10 Computational domain and the grid for CFD to be used in 
the external BES-CFD coupling 

 

growth analysis, and for a complete analysis it is necessary to run all the 

simulations for a much longer period (a season). However, this case study is 

presented here for illustration purposes and to demonstrate the usability of 

the external BES-CFD coupling. 

Figure  6.12 shows the contours of relative humidity and temperature 

near the west wall at 07:00 hours. As can be seen from the contours of 

temperature, the right half of the west wall has a lower temperature in 

comparison with the left half due to receiving less short wave radiation, 

resulting in 6 °C temperature distribution. This distribution resulted in higher 

humidity levels on the right half of the west wall. In case of no surface 

discretization in ESP-r, much lower variation in temperature could be 

obtained. This is because only one surface temperature would be calculated 

for the west wall in case of no surface discretization, while in the discretized 

model 4 different surface temperatures are calculated and sent to CFD at 

each coupling frequency. 

 



Co-simulation of BES and CFD for HAM engineering 

 125 

 

Figure  6.11 Mould growth analysis results obtained from the external 
BES-CFD coupling  

 

 

 

Figure  6.12 Contours of relative humidity and temperature 1 cm away 
from the west wall at 7:00 hours 

 

6.4 Conclusion 

This chapter presented two case studies and investigated three PIs 

related to HAM problems in buildings, and the usability of CNDP and the 
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external BES-CFD coupling was shown. The following concluding remarks can 

be made: 

- The external BES-CFD coupling can be considered as a higher MR 

that can be used in the design process.  

- The external BES-CFD coupling can be used as a research tool in 

order to scrutinize the PIs related to the whole-building HAM problems. 

 - Lower MR (MRCTC[1], MRCTC[2] and MRCTC[3]) can sometimes provide 

a reliable answer to the design questions, although they generate results 

with large uncertainty bounds. This suggests that the use of the external 

BES-CFD coupling is not always necessary. 
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Chapter 7 

Conclusions and prospective 

 

 

 

 

 

 

 

 

 

 

7.1 Summary of the thesis 

The thesis started by highlighting the importance of Performance 

Indicators (PIs) related to the whole-building Heat, Air and Moisture (HAM) 

transfer in the built environment. It was explained that the Building 

Performance Simulation (BPS) tools can predict these PIs and play an 

important role in many areas in the building process, including the 

designing, commissioning, renovating etc. Different categories of BPS tools 

exist for this purpose, and each group has its own Modelling Resolution (MR) 

with specific capabilities and deficiencies, which leads to different levels of 

uncertainties in the output. These uncertainties can sometimes be very 

large, and it was shown that such uncertainties can compromise the 

deterministic decisions that a designer must make. Among the categories of 

BPS tools, Building Energy Simulation (BES) and Computational Fluid 

Dynamics (CFD) are recognized as potentially suitable tools to assess HAM 

behaviour of the indoor environment, such as interaction of HVAC systems 

with convective heat and mass transfer. The thesis hypothesized that if used 
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correctly, the integration of these tools by means of external coupling (or co-

simulation) will enhance the simulation results, and therefore will lead to less 

uncertainty in the predictions of HAM related PIs. This hypothesis was 

confirmed and the benefits of the developed prototype based on this 

hypothesis were illustrated by two case studies, the first focusing on 

prediction of surface condensation and thermal comfort, and the second on 

mould growth. 

7.2 Contributions and concluding remarks 

In this section the objectives of the work explained in chapter 1 are 

reviewed and compared to the contributions and conclusions of different 

chapters of this thesis: 

 

1. To develop prototype software to perform the external 

coupling of BES and CFD, including all physical domains (heat, 

air and moisture). 

Chapter 3 provided the information regarding the implementation of 

the prototype that performs the external coupling of CFD and BES, and also 

the new features of the prototype. The description of the implementation is 

not tool-led and it can be applied to different, current BES and CFD tools.  

It was concluded that the external coupling (or co-simulation) is an 

efficient means for software development. 

 

2. To verify and validate the prototype software. 

Chapter 3 presented the verification of the prototype, which verifies 

the coupling mechanism in two parts: a) data transfer from BES to CFD, and 

b) data transfer from CFD to BES.  

Chapter 4 was dedicated to the validation of the prototype. The 

prototype was validated by inter-model comparison and through empirical 

investigation. The conclusion that emerged from this validation study is that 

the correct combination of BES and CFD provides enhanced results that can 
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ameliorate the treatment of problems for whole-building HAM transfer. This 

conclusion confirms the hypothesis of the thesis stated in chapter 1. 

 

3. To develop a Coupling Necessity Decision Procedure (CNDP) 

clarifying when the prototype is needed for a specific problem. 

Chapter 5 introduced the CNDP based on the concepts of uncertainty 

and sensitivity analysis. In this chapter different Modelling Resolutions (MRs) 

related to Convective Transfer Coefficients (CTCs) were described. For each 

specific MR, a certain method to perform the uncertainty analysis was 

proposed in order to estimate the modelling uncertainty used in the CNDP.  

 

4. To illustrate the benefit of the prototype and the CNDP through 

the analysis of case studies. 

Chapter 6 exemplified this objective by investigating three important 

PIs related to the whole-building HAM transfer problems. Both CNDP and the 

prototype were used to study these PIs (surface condensation, thermal 

comfort and mould growth). It was concluded that the prototype can be very 

useful in real applications and can be used as a research tool for whole-

building HAM transfer problems. However, another important conclusion is 

that using higher MR in the design process is not always necessary and that 

lower MR can sometimes provide reliable answers. 

 

7.3 Recommendations for future work 

 

Development of adaptive coupling frequency algorithm 

An adaptive coupling frequency algorithm can be used to obtain a 

more stable and more efficient co-simulation. In circumstances where 

sudden changes in boundary conditions occur, instabilities might be 

introduced in the co-simulation which can be predicted and avoided by an 

adaptive coupling frequency algorithm. Furthermore, as was discussed in 

chapter 3, it is not necessary to perform the external coupling at every BES 



Chapter7. Conclusions and prospective 

 130 

time step; it can be performed at every K time steps. Future work should 

focus on the development of an algorithm with adaptive coupling frequency, 

where K can be adjusted during the simulation by evaluating and pre-

processing the boundary conditions. Another important deliverable of future 

work should be a general guideline explaining the computational cost versus 

coupling frequency and its influence on the accuracy of the predictions of the 

most important HAM related PIs. 

 

Including wind-driven rain in the prototype 

Consideration of wind-driven rain is vital when analysing HAM related 

PIs in historical buildings and retrofitting of old buildings (especially when 

insulated at the inside). The current prototype does not include this 

important feature and future work should focus on integrating BEHAM model 

in the prototype in order to consider the wind-driven rain in the simulation 

(Costola et al. 2008; Cóstola et al. 2009). 

 

Further validation studies of the prototype 

The prototype developed in this study should be further investigated 

by comparison of its results with, for example,the results from other IEA 

annex 41 exercises. These comparisons will enable a better assessment of 

the performance of the prototype and can be used as a starting point in 

order to quantify the modelling uncertainty of the prototype in different 

cases. Further investigation on the sensitivity and validation of the results to 

the turbulent Schmidt number (Sct) is also necessary, and would lead to 

more insight in choosing the correct Sct for indoor air flow regimes.  

 

Towards increased modelling resolution 

The prototype developed in this work can be further expanded, and 

the MR of other physical phenomena such as heat and mass transfer in the 

envelope can be increased via external coupling with BEHAM tools. The 

externally coupled BES-CFD-BEHAM in combination with surface 

discretization in BES (section  5.5.2) allows higher resolution modelling of the 
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local hygrothermal response of the building envelope with both the indoor 

and outdoor environment.  

Furthermore, simplified models previously implemented in BES, which 

are affected by CFD results, can be replaced by the simulation tools designed 

for that purpose via external coupling. Future research should address the 

development of the prototype through external coupling with the following 

domains: 

a) Extensive simulation models for thermal comfort (e.g. (Fiala 

1998)). 

b) Simulation tools with strength in explicit representation of Heating, 

Ventilation and Air Conditioning (HVAC) systems (e.g. (TRNSYS 2005)) 

c) Air Flow Network (momentum coupling) (Hensen 1991) 

 

Reducing computing costs 

Using the external coupling of BES and CFD costs time, and it might 

be considered as a drawback in some situations. Integration of BES tools 

with Fast Fluid Dynamics (FFD) (Zuo and Chen 2007) is one suitable remedy. 

However, more research needs to be conducted into the application of the 

FFD method in indoor air flow regimes (weakly turbulent and turbulent 

flows).  

Using wall functions leads to less simulation time. However, they 

cannot provide an accurate representation of heat transfer from internal 

surfaces of buildings. Therefore, developing an uncertainty calculation 

method that determines the level of modelling uncertainty associated with 

laws of the wall (e.g. standard wall functions, adaptive wall functions) is one 

of the challenges that future research should focus on. 

 

Intelligent grid generation 

Future research should also explore the possibilities of integrating 

intelligent methods for grid generation. This is necessary because of the 

changing nature of boundary conditions in CFD in the external coupling of 

BES and CFD. For instance, in one time-step there might be a wall jet flow 
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near a surface, while in the next time-step the air flow pattern might change 

into (up/down)ward plumes of air due to receiving intense direct solar 

radiation on that surface.  

Consequently, employing different discretized computational domains 

and optimum grid (which is based on grid-sensitivity analysis) in 

combination with different CFD settings in the coupling can improve the 

convergence and reduce the simulation time.  

 

Web based data exchange 

Future research should concentrate on developing a coupling 

mechanism that can establish the external coupling remotely by using web 

based data exchange. For instance, the use of eXtensible Markup Language 

(XML) can be applied for this purpose. The remote external coupling can help 

the user to take advantage of more advanced and different CFD or BES tools 

that the user might not personally own. As mentioned earlier, the concept of 

external coupling is broad and should not be limited to specific tools. 

 

Improvement of CNDP  

The developed CNDP in this thesis is performed manually. However, 

automization of this process will accelerate the delivery and acceptance of 

CNDP in industry. Furthermore, future research should be directed to more 

precise determination of modelling uncertainty associated with different 

modelling resolutions that are used in the CNDP. In addition, the 

investigation of other sources of uncertainty using detailed Monte Carlo 

analysis should also be included in future research. 

 

Improved interface for the external coupling 

Development of a user-friendly environment such as Building Controls 

Virtual Test Bed (Wetter and Haves 2008) for the external BES-CFD coupling 

will help the users to establish the simulations more efficiently and with less 

time. 
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Appendix C  
This appendix contains information about Unilin building used in the one of 

the case studies in chapter 6. 

Construction: 

Type U-value (W/m2K) 

Roof 0.22 

Floor above carpark 0.19 

Wall 0.33 

Opaque parts 0.40 

Windows 1.54 

 

Occupancy: 

Type Occupancy/floor 

Landscape offices 79 

Individual offices 16 

Total 95 

 

Time Occupancy (%) 

 7:00 – 8:00 10 

 8:00 – 12:00 90 

12:00 – 13:00 60 

13:00 – 17:00 90 

17:00 – 18:00 60 

18:00 – 19:00 20 
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Clothing level: 

 Summer Winter 

Clothing 0.5 1 

Activity (met) 1.2 1.2 

Internal gains ~ 300 W/pers 

Lighting: 

Basic lighting: 200 lux (~5 W/m²) 

Workplace lighting: 500 lux (~2 W/m²) 

HVAC and ventilation 

Constant air flow 

No humidity control 

Chilled ceiling: cooling water 15° C, capacity: 156 W/m2 

Set points: 

Cooling setpoint: 24°C 

Heating setpoint: 20°C 

Plan of the office: 
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For more information please contact: 

Daidalos Peutz Bouwfysisch Ingenieursbureau bvba, Oudebaan 391, 3000 

Leuven 

Email: info@daidalospeutz.be, tel. 016/35.32.77, fax 016/35.32.78 
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