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Abstract 
In this thesis computational fluid dynamics (CFD) was used for simulation of the indoor cli-

mate of low-energy buildings in cold climate. The heat consumption in newly built houses 

was reduced drastically. Along with the different classification systems for low-energy build-

ings the demand for the indoor climate has increased, which causes a need to investigate 

buildings even before they are built. Than CFD is of importance in studies of different heating 

systems and how new construction solutions can affect the indoor environment. 

The work focus was on investigating the computational setup, such as grid size and boundary 

conditions in order to solve the indoor climate problems in an accurate way and compare dif-

ferent heating systems. A limited number of grid elements and knowledge of boundary set-

tings is therefore essential in order to obtain reasonable calculation time. 

 
The models show that radiation between building surfaces has a large impact on the tempera-

ture field inside the building, with the largest differences at the floor level. An accurate grid 

edge size of around 0.1 m was enough to predict the climate. Different turbulence models 

were compared with only small differences in the indoor air velocities and temperatures. To 

explore the viability of this approach, the indoor climate in a building was studied considering 

three different heating systems: an underfloor heating system, air heating through the ventila-

tion system and an air heat pump installation. The underfloor heating system provided the 

most uniform operative temperature distribution and was the only heating system that fully 

satisfies the recommendations to achieve tolerable indoor climate set by the Swedish authori-

ties. On the contrary, air heating and the air heat pump created a relatively uneven distribution 

of air velocities and temperatures, and none of them fulfils the specified recommendations. 

From an economic point of view, the air heat pump system is cheaper to be installed but pro-

duces a less pleasant indoor environment then distributed heating systems. The most widely 

used turbulence model for indoor CFD simulations, the k-ε model, has exhibited problems 

with treating natural convective heat transfer, while other turbulence models have shown to be 

too computationally demanding. One paper therefore studies how to deal with natural convec-

tive heat transfer for a radiator in order to simplify the simulations, reduce the numbers of 

cells and the simulation time. By adding user-defined wall functions, to the k-ε model the 

number of cells can be reduced considerably compared with the k-ω SST turbulence model. 

The user-defined wall function proposed can also be used with a correction factor for different 

radiator types without the need to resolve the radiator surface in detail. Compared to manufac-

turer data the error was less than 0.2% for the investigated radiator height and temperature. 
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1. Introduction 

The energy use worldwide is increasing every year. In the last 40 years the consumption has 

more than doubled [1]. The housing and service sector is one of the largest energy users on 

the Swedish market. In 2011 the sector had a consumption of 144 TWh, which represents 

38% of the total energy used in the country. The heat supply to buildings amounts to approx-

imately 54% of this amount [2]. 

From 2020, all new buildings within the EU should be near zero energy houses. The latest 

proposal from the Swedish national board of housing suggests a specific heat consumption for 

single family houses of 35 kWh/m
2
 per year using an electrical heating system located in 

Stockholm. Today’s regulation stipulates a value of 55 kWh/m
2
 per year, a reduction of 36% 

[2]. For other heat sources it stipulates today a limit of 90 kWh/m
2
 at this location compared 

with a suggestion of 80 kWh/m
2
 for 2020. 

In this proposal there is a request that the energy to the buildings in large part should be from 

renewable sources, that is, energy produced in the home or in the vicinity of the building. In 

order to achieve this goal a weight factor will be introduced where bought electricity is given 

a value of 2.5, other energy sources have a value of 1 and energy produced in or in the vicini-

ty of the building is calculated as free energy to the building [3].  

 

Traditional methods of heating and ventilation can be over-ambitious to maintain a good in-

door climate when the heat consumption is reduced drastically. Along with the different clas-

sification systems for low-energy buildings the demand for the indoor climate has increased, 

which causes a need to investigate buildings even before they are built. 

 

CFD (Computational Fluid Dynamics) is a method that can be used for simulation of the in-

door climate in buildings. With this technique the climate inside the whole building can be 

illustrated with a detailed picture of possible problems that may occur. This is of importance 

in studies of different heating systems and how new construction solutions can affect the in-

door environment. The technique comprises a large number of parameters that make it possi-

ble to create different comfort models in order to describe the indoor climate from a human 

perspective. 

 

1.1 Background 
In this study the focus has been on simulations of buildings located in cold climates for appli-

cation in the urban transformation of the city of Kiruna in Northern Sweden. The city will be 

moved to maintain the iron ore mining when deformations in the ground under the centre oc-

cur. 

The goal of urban transformation is to make the transformed region more climate friendy and 

energy efficient [4]. To achieve these objectives in Kiruna, it is important to reduce the energy 

use in new buildings. The energy supplied to buildings is used for heating, hot water produc-

tion and electricity. As mentioned earlier approximately 54% of the total energy delivered to 

an average Swedish house is used for heating. This value can be reduced considerably by 

building low-energy houses on the actual location too [5]. 
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CFD simulations in order to predict indoor airflow were first made in 1974 [6]. The increased 

computer performance in the last decades has made it possible to handle simulations with 

personal computers today. For CFD simulations most of the published work is studies of indi-

vidual rooms with quite a high rate of supply air or use of natural ventilation [7-8]. Often also 

the focus is on cooling demands and office buildings [9]. Studies that summarize different 

turbulence models for both indoor and ventilation simulations have earlier been performed 

[10]. For a passive house in Lindås in the south of Sweden CFD technique was used, and the 

air velocities and temperatures in the building were investigated [11-12]. 

 

1.2 Objectives 

The aim of this work was to investigate if CFD simulations could describe the indoor climate 

in low-energy buildings. Since a house volume is huge, parameter studies must be performed 

in order to simplify the computational domain. Specific methods in the software must be in-

vestigated and may be improved for this field of application. 

1.3 Energy and Heat consumption in single-family houses 

Single-family houses use most of the energy during the operating time for the building. In 

1995 it represented 85% of the total energy usage. The construction part stands for around 

15% and demolition less than 1%. The major saving potential for buildings is therefore in the 

operating of the building [13]. In Sweden in 2011, single family houses had an annual heat 

consumption of 33.7 TWh, which represents 44% of the total annual heat consumption of all 

buildings in the country [2]. 

 

The heat losses of a building can be divided into four major parts (transmission, infiltration, 

ventilation and tap hot water). Large variations for the various losses arise depending on the 

building and the occupants’ habits. Transmission losses are often the largest, but with better 

insulated buildings these are reduced, and ventilation losses will then have a larger impact on 

the total heating demand. 

 

The average heat demand including hot water production for different time periods in new 

produced buildings is presented in Figure 1. From the forties the heat consumption per square 

meter floor area in new-built houses has been reduced by around 35% [14]. The average value 

for the building stock up to 2011 is 112 kWh/m
2
, while the average value today is 85 kWh/m

2
. 

The heat demand has a potential to be reduced further with new regulations and increased 

interest in different classification systems of the buildings. 
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Figure 1. Mean value of heat and hot water consumption per square metre floor area for 

Swedish buildings built in different time periods.  [14] 

1.3.1 Heating and distribution system  

Sweden has in total around 2 million single-family houses, each with a long life, and different 

heating systems have been popular during varied time periods. For single-family houses there 

is a large variety of heating systems. The proportion of the number of different systems on the 

Swedish market today is presented in Figure 2. The most common heating source is electrici-

ty. Including heat pumps means that every second single-family house uses electricity as heat 

source. District heating and biofuel are used as heat sources in around 45% of the houses. In 

apartments the main heat source is district heating, 81% of the buildings use district heating 

for heat production. [15] 

 

Figure 2. Percenteces of heating Systems used in Sweden 

The most common system for distribution of heat in single-family houses in Sweden today is 

a hydronic distribution system with radiators or underfloor heating. It was used in around 80% 

4% 

26% 

24% 

1% 

22% 

23% 
Oil and gas

Electrical heating

Heat pump

Exhaust air heat pump

Bio fuel

District heating
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of all single-family houses and around 95% of the apartment buildings in 2005. The other 

common distribution systems are direct electrical heating with radiators or air-to-air heat 

pumps. Air heating systems have less than 5% of the market [15]. 

1.3.2 Ventilation systems 

Natural ventilation together with exhaust ventilation is the most common systems (see Figure 

3) in Sweden. Recycling of the heat from ventilation is not so common on the Swedish mar-

ket. Only around 13% of the houses use a heat exchanger or heat pump for the ventilation 

exhaust air. 

 

 
Figure 3. Ventilation system installed in Swedish buildings. 

 

1.3.3 Swedish building regulations, Low energy buildings and classification. 

Swedish regulations state rules for energy performance and indoor climate in buildings. For 

energy usages the country is divided into different climate zones where different amounts of 

consumption are allowed. In the northern part of Sweden the value for newly built single- 

family houses is presented in Table 1. For the indoor environment it is stated that buildings 

should be designed so that a satisfying indoor climate is obtained. A set of general recom-

mendations is established in order to set limits for achieving a tolerable indoor thermal cli-

mate and the criteria presented in Table 1 should be fulfilled within the building’s occupied 

zone [16]. These issues can be omitted if the building constructor proves that a satisfying in-

door climate will be achieved. 

 

The occupied zone (the volume where people normally are located) is defined as the volume 

“enclosed by two horizontal planes, one 0.1 m above floor level and the other 2.0 m above 

floor level; and vertical boundaries that are 0.6 m distant from the exterior walls or other ex-

ternal limits, or 1.0 m from windows and doors” [16]. 
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Low-energy buildings are buildings that consume less heat/electricity then the building regu-

lations. For low-energy buildings there are a lot of different classifications in Sweden and 

there are international ones such as BREEAM (Building Research Establishment Environ-

mental Assessment Methodology) and LEED (Leadership in Energy and Environmental De-

sign)[17]. These concepts have increased the demand on the indoor climate and heat con-

sumption compered to the Swedish building regulations. For the Miljöbyggnad (Gold) and 

FEBY (passive house) the demands on energy usages and indoor climate are presented in Ta-

ble 1 and compared with the Swedish building regulations. The BREEAM and LEED classifi-

cations are based on a point system where energy usages are one part. 

  

Table 1. Comparison of Miljöbyggnad (Gold) and FEBY (passive house) with the Swe-

dish building regulations. 

 
Miljöbyggnad [18] 

(Gold) 

FEBY [19] 

(Passive house) 

BBR 22 [16] 

(Swedish building regulations) 

Energy 

usages 

 With electri-

cal heating ≤

90% of  BBR  

 ≤65% of 

BBR 

 ≤29 kWh/m
2
 year, With 

electrical heating 

  ≤58 kWh/m
2
 year 

 95 kWh/m
2
 year With electri-

cal heating 

 130 kWh/m
2
 year 

Thermal 

climate 

 PPD ≤10% 

with simula-

tion 

 The owner 

declares com-

fort. 

 SVF < 0,036 (SVF = g· 

Aglas/Afloor) 

 For larger glazed sections 

operational temperature at 

dimensioned outdoor tem-

perature should be calculat-

ed. 

 Operative temperature (Top) 

not lower than 18°C. 

 Maximum difference of 5°C 

among the single rooms. 

 Floor temperature in the range 

of 16 to 26°C. 

 Air velocity not higher than 

0.15 m/s during the heating pe-

riod and 0.25 m/s during the 

rest of the time. 
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2. Method 
In order to reduce the simulation time and memory requirements, the number of cells in the 

computational domain must be kept at a minimum level. Correlations included must also be as 

simple as possible but maintained accuracy must always be fulfilled. 

The numerical simulations were performed with the commercially available software Ansys 

15 CFX. The software solves partially differential equations numerically with a control vol-

ume-based finite element method. The governing equations are conservation of mass, momen-

tum and energy. 

 

2.1 Grid refinement 
For indoor climate simulations, as for all simulations, it is of importance to reduce the numer-

ical errors [20]. The discretization errors are almost impossible to avoid and increase the sim-

ulation time. In order to achieve an acceptable grid size and be aware of the discretization 

errors for indoor climate simulations, a grid convergence index (GCI) together with an ex-

trapolated curve according to Richardson’s extrapolation was used [21]. For the simulation 

volume, refinement of the mesh was made by minimizing the maximum size of the element in 

order to achieve a constant refinement rate. Three meshes are needed in order to achieve a 

grid convergence index and the results must converge against the same value. For indoor cli-

mate simulations the most interesting variables are velocity and temperature because of their 

importance for describing the thermal indoor climate. 

 

2.2 Turbulence models and wall functions 
For indoor air, the flow conditions are generally turbulent [22]. Turbulence is very hard to 

solve directly, and a turbulence model is therefore introduced to predict fluctuations in the air 

motion. The most common turbulence model used is the k-ε model. The k-ε model is a two-

equation model that predicts the turbulent kinetic energy (k) and the eddy dissipation (ε). Oth-

er commonly used turbulence models are the k-ω models (standard and SST), where the SST 

model switches from a ω-formulation to an epsilon formulation in the free stream.  

 

In the near wall region the turbulence model uses a wall function to solve the flow. For the k-ε 

model the wall functions used to predict the near wall flow are scalable wall functions. The 

improvement from the standard log law is that the singular separation point appears where the 

near flow velocity becomes zero. Since the scalable wall function switches from a logarithmic 

approximation to a linear one for a y+ value of 11.06, this will be avoided [23]. The y+ value 

is a dimensionless wall distance between the wall and the first grid point in the simulation 

volume. 

For k-ω turbulence models the automatic wall function is used [23]. The automatic wall 

treatment switches from a logarithmic approximation to a low Reynolds formulation. For this 

wall function a higher grid resolution is needed in order to describe the viscous sublayer of 

the boundary. In order to fully utilize the benefits of the k-ω SST-model a y+ value close to 1 

is required. 
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The heat transfer between the wall and the fluid is solved by the wall functions. Both wall 

functions use the same expression for convective heat flux according to Equation 1. The dif-

ferent wall treatments induce different ways for calculations of the u* and T+. Their calcula-

tions are described in greater detail in paper C. 

 
*

w p w f

u
q C T T

T



   (1) 

 

Improvement of the modelling of the natural convective heat transfer for the k-ε model was 

made by a user-defined wall function (UDF) implementation. The normalized wall heat flux 

coefficient (w) is calculated according to Equation 2, which represents the quota of the term 

u*/T
+
 in Equation 1. The heat transfer coefficient (hc) is calculated according to theoretical or 

experimental decided equations.  

 

1 /c pw C h C    (2) 

The theoretical expression of the convective heat transfer includes the temperature difference 

between the surface and the bulk temperature in the fluid. The software uses instead of bulk 

temperature the near wall temperature. In order to match these methods a reference point tem-

perature of the air was established. A scale coefficient (C1) used in Equation 3 was calculated 

as 

 

1 ( ) / ( )w ref w fC T T T T    (3) 

 

where Tf is the near wall temperature calculated at the first node value and Tw is the surface 

temperature at the wall. 

 

2.3 Comfort parameters. 

Thermal Indoor climate is very individual and can be described as the aggregated experience 

for each individual person. The experience is affected by a lot of different parameters, not 

only the air temperature but also the temperature of surrounding surfaces, relative humidity 

and air velocities [24]. The operative temperature (Top) is one common way to describe the 

indoor climate. Due to the relatively low air velocity that often occurs in buildings, it is a use-

ful parameter. The operative temperature includes the ambient air temperature (Ta), air veloci-

ty (v) and the mean radiation temperature (M.R.T), see Equation 4-5. 

( . . 10 ) / (1 10 )   ( 0.1 / s)

( . . ) / 2                          ( 0.1 / s)

a
op

a

M RT T v v v m
T

M RT T v m

   
 

 

 (4)

  

𝑀.𝑅. 𝑇 = (
𝐼𝑟𝑎𝑑∙𝜋

𝜎
)
0.25

 (5)
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Draught is not stated in operative temperature descriptions, but is an important factor for in-

door climate experience, especially with velocities above 0.15 m/s. Systems like air heat 

pumps and other air heating systems are often installed, even if it is hard to achieve these low 

air velocities with these systems. Then a parameter called Draught Rating (DR) that was in-

troduced by Fanger et al. [25] can be studied. It is a statistic parameter that describes the pro-

portion of the population that will be dissatisfied by draught. The empirical expression is 

based on ambient air temperature (Ta), air velocity (v) and turbulence intensity (Iu), see Equa-

tion 6. The indoor climate can be seen as unsuitable when the DR value is over 15% (i.e. 15% 

of a population) [26].  

0.62
(34 )( 0.05) (0.37  I 3.14)a uDR T v v     (%)  (6) 

Draught Rating can be considered as a useful parameter for an evaluation of the indoor cli-

mate. The Draught Rating can be implemented in CFD simulations, since all the parameters 

included in the expression can be computer-generated.  

 

2.4 Heating system setup 
In paper B the indoor climate and economic aspects of three common heating and distribution 

systems were studied. A schematic picture of the different systems is presented in Figure 4.  

 
Figure 4. Schematic figure of the different heating systems. 
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In the simulations the underfloor heating system was installed with individual heating supply 

for each room in the house. The air heating system used air devices located close to the floor 

for the supply air, and the air heat pump operated with an airflow through the condenser unit of 

0.164 kg/s, which can be seen as a typical setup for an air heat pump. The temperature of the 

indoor air was simulated to be heated up to +35
o
C when the outdoor air temperature became -

30°C. 
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3. Summary of appended papers 
Important parameters for CFD simulations of the climate in a low energy building were stud-

ied in paper A. The results were implemented on a low-energy building placed in a subarctic 

environment in paper B. Different heating systems’ impacts on the indoor climate were inves-

tigated and the district heating competitiveness regarding cheaper installations were also stud-

ied. Performed work showed a problem with unrealistic surface temperature on the radiators. 

This phenomenon is caused by the k-ε model, which has a problem to predict the convective 

heat transfer with large heat fluxes on the surface. The problem was investigated and solved 

in paper C. 

 

3.1 Paper A: CFD-simulation of indoor climate in low energy buildings, 

Computational setup 
In this paper CFD was used for simulation of the indoor climate in a part of a low-energy 

building. The focus of the work was on investigating the computational setup, such as grid 

size and boundary conditions in order to solve the indoor climate problems in an accurate 

way. 

In a grid independency study an accurate grid edge size of around 0.1m (with 314K element 

in Figure 5) was enough to predict the climate. 

 

 

Figure. 5. Velocity profile and discretisation error of velocities along a studied line in the 

room (from floor to ceiling). 

Other important factors for simulating the indoor climate are buoyance and radiation. Buoy-

ance effects from inner surfaces for the building and the heat distribution systems are the main 

contribution to air movements in the building during the heating period. By excluding radia-

tion between surfaces a large error occurs in temperature gradient. This is because the main 

part of heat transfer between the building’s inner surfaces is caused by radiation and it affects 

the surface temperatures differently from the buoyance. Radiation should be included even if 

the heating system apparatus works with mainly convective heat transfer mechanisms. 
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Different turbulence models were also studied in this work. In general the turbulence models 

can describe the main flows in the occupied zone of the building except for the standard k-ω 

model. The results for the temperature and velocity profile in a vertical line inside the occu-

pied zone are presented in Figure 6. 

 

 

Figure 6. Velocity and temperature profile for the different turbulence models. 

left:Velocity,  right:Temperature 

 

3.2 Paper B: CFD simulation and evaluation of different heating systems in-

stalled in a low-energy building located in a sub-arctic climate. 
The computational setup from paper A was used in order to simulate the indoor climate in a 

low-energy building in the northern region of Sweden. In this study three different heat supply 

systems were compared, an underfloor heating system, an air heating system and an air-to- air 

heat pump. The building was located in the city of Kiruna, where a winter outdoor tempera-

ture below -30°C is often a reality. 

The objective of this work was to investigate how the indoor climate was affected by using 

these systems and evaluate economic aspects. 

 

From the simulations, results regarding velocity and temperature gradient, comfort tempera-

ture and Draught Ratio were visible, (presented in paper B). In Table 2 the performance of the 

different heating systems according to the Swedish building regulations is presented. 

 

Table 2. Summary of the heating system performance according to the recommenda-

tions stated by the Swedish authorities. 

 

Summary Top > 18°C dT < 5°C Tfloor > 16°C vair < 0.15 m/s 
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The system that fulfils all the recommendations is the underfloor heating system. The other 

two systems have problems to fulfil the maximum velocity level. This might be achieved with 

a more proper design. For the air heating system and the heat pump, the highest velocities 

appear where the air temperature is also high. Since the body is not as sensible to these condi-

tions it might still be a proper solution. Draught Ratio was used in order to study if an ac-

ceptable indoor climate can be achieved. For the air heating system problematic areas (DR 

above 15%) occurred close to the ventilation supply devices. For the air heat pump arrange-

ment large areas inside the living room showed values for the Draught Ratio above 15%. 

From an economic point of view the investigated heat pump system has the lowest lifetime 

cost. In Figure 7 the breakpoint of the prices for district heating versus electricity is shown.  

Since installation costs were included different values appear for the different heating systems 

studied.  

 
Fig 7. Limit ratios of district heating and electricity prices. 

 

Figure 7 shows that the district heating prices in Kiruna have difficulty in competing econom-

ically with an air heat pump system for a low-energy building. 

 

3.3 Paper C: CFD modelling of radiators in buildings with user-defined wall functions. 
The k-ε model with scalable wall treatment is the most commonly used turbulence model for 

indoor climate simulations [10]. Previous studies have shown good agreement for predicting 

the airflow within the room [27] and prediction of forced convective flow. However, natural 

and mixed convective flows are the main driving force for the airflows inside a building, and 

these are not accurately predicted using this model [28]. In buildings this phenomenon is 

therefore important to predict correctly in most situations. For simulation of indoor airflow 

with heat transfer the k-ω SST model has shown good agreement with measurements [29], but 

the k-ω SST model needs y+ values around 1 to be beneficial and this will require a larger 

number of cells compared to the k-ε model. 

Paper C shows a method for solving natural convection from a radiator surface with user-

defined wall functions. The user-defined wall functions are compared with the scalable and 
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automatic wall treatment. The aim of the paper was to reduce the amount of grid points in the 

simulation and validate the method compared with the standard test EN 442-2 for a radiator 

surface. 

A comparison between the different investigated turbulence models is presented in Figure 8. 

For the Standard k-ε model with scalable wall functions a lower value appears for the convec-

tion heat transfer part compared to the more grid dense SST model with automatic wall treat-

ment. Implementing the user-defined model for the k-ε model results in quantities of radiation 

and convection heat transfer parts in the same level as for the SST model. The number of cells 

relative to the SST-model was reduced by around 6 times for a 2D case 

 

Figure 8. Amount of convective and radiated heat transfer 

 

The model is also available in order to simulate the radiator in 3D with a simplified surface as 

a flat radiator with satisfactory results. A constant corrects the amount of heat transfer accord-

ing to the radiator geometry and number of panels. In Figure 9 different simplified radiators 

are presented and validated against the standard test EN 442-2. 

 

Figure 9. Results for simulated radiators versus manufacturers’ data. 
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The simplified radiators show good agreement with the EN 442-2 test with an error of 0.2% 

for the MP2 radiator. For the right staple an MP1 radiator with the height 590mm was simu-

lated. The increased error can be reduced by adjusting values as described in paper C.  
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4. Conclusions 
CFD simulations have the potential to be a useful tool in order to investigate the indoor cli-

mate in buildings. The heat demand will decrease in new buildings and new unsophisticated 

heating systems will be interesting options. To investigate the impact on the indoor climate 

using these new systems CFD technique is a powerful tool. More studies in order to simplify 

the procedure must be made to make CFD a useful tool for the construction industry and in-

trapreneurs. 

The indoor climate in buildings can be predicted using CFD simulation. The main airflow 

velocities and temperatures in the building can be captured with a correct computational set-

up. 

A grid independency study in paper A shows that a grid edge size of around 0.1 m is suffi-

cient to get an accurate result according to the discretization errors. Other important effects to 

include are radiation between building surfaces that have a substantial impact on the tempera-

ture level for indoor climate simulations. The buoyancy effect must also be included in order 

to capture the air movements inside the building. 

From paper B results show that the recommendations set by the authorities to achieve a toler-

able thermal indoor climate is only fulfilled by the underfloor heating system in a low energy 

building, located in a sub-arctic environment. The thermal climate for the investigated sys-

tems is ranked as follows (underfloor heating system, air heating system and air heat pump 

system). In terms of operative temperature variations, air velocities and Draught Rating, the 

air heating system and air heat pump provide a poorer indoor climate. The air heat pump is 

from an economic point of view the cheapest alternative as heating system for the investigated 

building, over the studied period (30 years). District heating as heat source for the air heating 

system and the underfloor heating system is 22% respectively 33% more expensive than the 

air heat pump using electricity. 

 

Paper C shows that the air temperature in a room can be resolved correctly with CFD simula-

tions using the k-ε model, if user-defined wall functions are implemented on the radiator. 

Compared with the SST model the number of cells is reduced significantly. The theoretical 

heat transfer coefficient agrees well with the simulated results with the user-defined wall 

functions.  

The simulated radiator types show good agreement with measurements according to European 

standard EN-442-2. Further simplifications implemented in the simulations are possible to 

introduce without losing accuracy, like constant surface temperature, a flat radiator surface 

and describing the number of panels through a constant. A radiator with many panels or curvy 

geometry can then be simulated without the need to include all the geometrical details. 

Using the k-ε model for CFD simulations of the indoor climate in buildings with user-defined 

wall functions on all surfaces with large temperature differences must be included, for exam-

ple radiators and windows. 
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5. Future Work 
Crawl Space is a commonly used ground for Swedish buildings. This construction method 

causes a lot of problems with high relative humidity and mould growth. Mainly during the 

summer period the problem occurs when the warm outdoor air is cooled in the crawl space. 

With a higher demand on insulation in new buildings the problem will increase. A common 

method today is to install a dehumidifier. In future work CFD simulations will be performed 

in order to investigate different methods of reducing the relative humidity in the crawl space. 

Measurements will be used to validate the CFD simulations. 

Another work is to simulate and validate the indoor climate in Sweden’s most northern pas-

sive house (Sjunde huset). The building is constructed with an air heating system which is a 

common heating system in passive houses, since the building requires only low amounts of 

heat. The building has the supply air devices in the ceiling, which differs from the building 

simulated in paper B, which had the supply devices located close to the floor. The Fanger 

comfort model should also be implemented in the CFD model in order to include the main 

parameters that affect the thermal climate, like air temperature, air velocity, mean radiant 

temperature, and relative humidity. The model also includes two personal variables, the cloth-

ing insulation and activity level [30]. 
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In this paper computational fluid dynamics (CFD) was used for 

simulation of the indoor climate in a part of a low energy building. 

The focus of the work was on investigating the computational setup, 

such as grid size and boundary conditions in order to solve the indoor 

climate problems in an accurate way. Future work is to model a 

complete building, with reasonable calculation time and accuracy. A 

limited number of grid elements and knowledge of boundary settings 

are therefore essential. An accurate grid edge size of around 0.1 m 

was enough to predict the climate according to a grid independency 

study. Different turbulence models were compared with only small 

differences in the indoor air velocities and temperatures. The models 

show that radiation between building surfaces has a large impact on 

the temperature field inside the building, with the largest differences at 

the floor level. Simplifying the simulations by modelling the radiator 

as a surface in the outer wall of the room is appropriate for the 

calculations. The overall indoor climate is finally compared between 

three different cases for the outdoor air temperature. The results show 

a good indoor climate for a low energy building all around the year. 

Keywords: CFD-simulation, computational setup, indoor climate, 

low energy buildings, Turbulence models, Grid size, Radiation, 

Convection, Radiator, Near wall treatment 

1. Introduction 

Investigation of the indoor climate in buildings can be performed with Computational 

fluid dynamics technology (CFD). The air velocity and temperature can be predicted in all 

parts of the building with these simulations. Many studies have been made with the aim of 

predicting the indoor climate and heat losses in buildings using CFD-softwares. Studies 

concerning computational setup for an entire low energy building are however missing in the 

literature. The first use of CFD to predict indoor airflow was made in 1974 [1]. In the last 

decades computer performance has increased rapidly and even extensive amounts of data are 

possible to handle with personal computers today. Together with improved software 

applications an increased use of CFD has occurred. The heat consumption for single-family 

houses (low energy buildings) decreases each year with more compact and better building 

envelope constructions. The concept low-energy house refer to a building where the heat 

demand and peak load is significantly decreased compared to a building constructed 

according to Swedish National Board of Housing, Building and Planning’s recommendations 
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(BBP), different examples are Passive houses, Zero energy houses and Mini energy houses 

[2]. 

Traditional methods of heating and ventilation may be overambitious in order to 

maintain a good indoor climate when the heat consumption is decreased. New efficient 

methods can maybe result in a similar indoor climate with less investment cost. Most of the 

published work with CFD simulations is focused on individual rooms with quite a high rate of 

supply air or using natural ventilation [3-4]. In this study the flow rate is more realistic (0.35 

l/s m
2
) which is common standard in BBP. Simplifications such as to include the radiator in 

the outer wall and convective heat transfer coefficients through specified equations has been 

implemented, all in order to decrease the computational time. This has not been published 

earlier. Also simulations concerning a low energy building in subarctic climate is new. 

Summarizing of different studies regarding turbulence models for both indoor and 

ventilation simulations have earlier been performed [5]. The conclusion of the paper is that 

many turbulence models have been used for indoor-air simulations and no universal model for 

turbulence can be chosen. The choice of turbulence model is mostly dependent on accuracy 

and time needed. Studies like [6] compare different k-ε models where RNG show slightly 

better results as compared to the Standard k-ε. 

The heat losses through a building envelope are dependent on the conduction through 

the element, convection on both sides of the construction and radiation to/from the surfaces. 

The conduction part of a building element is easy to predict in a good way, but in order to 

predict an accurate model for indoor airflow and temperatures the convective heat transfer is a 

difficult issue. The convective heat transfer coefficients for the isolated building surface are 

dominated by natural convection, and these values are hard to predict correctly both in CFD 

models and in experiments. There are many studies that have performed measurements of the 

heat transfer coefficient with large variations in the results. The study [7] concluded that the 

errors in his results in the best case are around 15%, [8] show that the mean values are around 

1.4W/m
2
K for a wall with no heating and around 1.6W/m

2
K for a continuous heated wall. A 

review of empirical formulas for different isolated building surfaces has been published by 

[9]. 

The aim with this work was to establish computational setups for simulations of the 

indoor climate in low-energy buildings. 
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2. Methodology 

In low energy buildings the convective forces are reduced since the heat transfer rates 

are so low compared to ordinary buildings. This may affect the indoor climate in the building. 

The volume of a one-family house is huge therefore simplifications and a quite coarse mesh 

has to be introduced in order to make the simulation time more reasonable. 

2.1 Simulation object 

The simulated volume has two equal rooms with dimensions W*L*H: 2.0*4.0*2.5 m 

connected through an opening (door), see fig. 1. One room is ventilated with supply air, and 

the airflow is then transferred to the other room where it leaves as exhaust air. The ventilation 

ducts are placed close to the ceiling in the middle of each room. The heat supply through the 

radiators is simulated as a heat flux through the envelope face W*H: 1.0*0.6 m placed as one 

part of the short side of each room, a window W*H: 1.0*1.0 m is placed above the radiator 

and simulated in the same way as the radiator. The supply airflow rate is equal to 0.35 l/s for 

every square metre of floor area, which is around 0.5 air change per hour (ACH). The value is 

according to BBP. In a room the occupied zone (volume people normally exploit) is defined 

as “The occupied zone is enclosed by two horizontal levels, one 0.1 m above floor level and 

the other 2.0 m above floor level, and a vertical level 0.6 m from the exterior wall or other 

external limit, or 1.0 m by windows and doors” [10] . The indoor climate according to BBP 

for operative temperature is at least 18°C inside the occupied zone with a maximum 

difference of 5°C inside this area and a highest temperature at 26°C. Floor temperatures 

should not be lower than 16°C. The air velocities have a limit of 0.15 m/s for the winter 

season and for the relative humidity the critical value is 75% RH [10]. A vertical line from the 

floor to the ceiling was created in the room with exhaust air, see fig. 1. The position was 

chosen to be in the occupied zone and where the influence from window and radiator was 

expected to be strongest. Results from simulations are presented along this line. 

 

 
Figure 1. Simulated volume. 

 

The overall heat transfer coefficient (U) for the different building elements in a low 

energy building was manually calculated according to BBP. The simulations were made for 

three different cases of the outdoor air temperature, winter (-30C), summer (+20C) and for 

an annual mean outdoor temperature (+2°C). This was done in order to examine the indoor 

climate during a year. The supply air temperature was set at +18°C, a design temperature for a 
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mixing supply device in the ventilation system. The room temperature was designed for a 

temperature of +20°C. The transmission losses through the different building elements were 

calculated by multiplying the overall heat transfer coefficient with the air temperature 

difference. Other heat losses caused by infiltration through the envelope due to a pressure 

difference between the indoor and environmental conditions; it was set at a constant value of 

0.1 ACH. Furthermore heating of the supply air from inlet temperature to room temperature is 

made by the radiator. The summation of all heat losses in each room was calculated and 

applied as a positive heat flux from the radiator to obtain the design indoor temperature. 

2.2 Numerical method 

The numerical simulations were performed with the commercially available software 

Ansys CFX 14.5. The programme solves partial differential equations numerically with a 

control volume-based finite element method. The governing equations that are solved for are 

the conservation of mass, momentum and energy. The discretisation method used for the 

simulations was a second order upwind scheme. For the turbulence numerics, first order 

upwind has been used. A convergence target of 1e-7 for the scaled RMS residuals (root mean 

square) was used for all the governing equations and turbulence model equations. For the 

summer case a value of 1e-4 was used. The small value was chosen since the air temperature 

changed very slowly. The buoyancy effect was modulated according to the Boussinesq 

method, which uses a correlation where the density difference is calculated according to eq. 

(1), with a constant reference density ref and buoyancy reference temperature Tref [11]. 

)( refrefref TT     (1) 

The density of the air was also modelled as an ideal gas in order to investigate the 

influence from the chosen method. 

2.3 Turbulence models and near wall treatment 

For indoor conditions the airflow is generally turbulent also for cases with low 

velocities [12]. Turbulent flow is difficult to solve directly, hence the use of a CFD-software 

that utilizes a turbulence model to predict the fluctuations in the air motion. A common model 

is the k- model, which is a two equation model where one predicts the turbulent kinetic 

energy, k, and the other one predicts the eddy dissipation, . The standard k- method is a 

widely used turbulence model for these kinds of applications, which predicts the air flow quite 

well in the simulation domain and is a good compromise between simulation results and 

computing time [11]. The RNG k- model is better adapted for flows with low Reynolds 

number because of an improved consideration of the effective viscosity at low Reynolds 

number [13]. The deviations between the two models are different constant values in the 

equations for described variables above and that in the turbulence equation standard the k- 

model uses a constant C1ε whilst the RNG k- model uses a function C1εRNG. 

Two k- turbulence models (Standard and SST) were also introduced in the 

investigation of turbulence models. The k- models calculate the turbulent kinetic energy, k, 

together with the equation, which predicts the turbulent frequency. The SST model 

combines the k- and k- models utilizing the good behaviour of each model. SST uses the 

formulation in the free stream and the  formulation close to the wall. For the SST model a 
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third wall scale equation is added. 

The buoyancy was incorporated in the production term as a source term for the 

turbulent kinetic energy equation in all investigated turbulence models. Excluding buoyancy 

from the kinetic energy equation was also investigated in order to find the effects of its 

implementation. With the production term included a transient behavior appears, due to this a 

time dependent simulation had to be performed. This leads to long simulation times with only 

small differences in the results compared to neglecting the production term, mostly near the 

boundary regions. Therefore in the simulation the standard setting was to exclude the 

buoyancy turbulence terms in order to get a stable solution 

The wall functions used to predict the near wall flow are the scalable wall functions. 

The improvement from the standard log law is that the singular separation points appear 

where the near flow velocity becomes zero, since the scalable wall function switches from a 

logarithmic approximation to a linear one for a y+ value (dimensionless distance from the 

wall) of 11.06 [11]. In scalable definition the ut is replaced by u
*
, which describes a scalable 

velocity, in addition to scaling the y+ value to a minimum value of 11.06. For the simulations 

with -based formulation the wall function chosen is the automatic wall function [11], since 

the -formulation requires a better resolution of the near wall region. In order to fully utilize 

the benefits of the SST-model a y+ value close to 1 is recommended. 

The convective heat transfer between wall and indoor air was treated by the software 

according to chosen wall functions. For the scalable wall treatment the convective heat flux 

was calculated as 

 fw

p

w TT
T

uC
q 



*
. (2) 

2.4 Boundary conditions 

The boundary conditions are difficult to set properly in airflow simulations. In this 

study the inlet of the supply device for the ventilation was modulated with a constant velocity 

of 2.23 m/s perpendicular to the inlet face, see fig. 1. The outlet was set as a pressure outlet 

with constant pressure equal to the atmospheric pressure. Infiltration to the volume was 

neglected in the simulation due to the conservation of the mass in the software. The heat 

losses from this phenomenon were however included in the calculations and evenly 

distributed on envelope surfaces. 

The envelope face was expressed with a no-slip condition and the thermal boundaries 

were described as a fixed heat flux on the faces, see section 2.1, with values according to tab. 

1. The radiation model is very important for the prediction of both the temperatures and the 

velocities in the flow domain [14]. Simulations with and without the radiation model were 

performed in order to investigate its influence. The P-1 radiation model [11] was used 

between the internal building surfaces. Inner walls were simulated as adiabatic and for all 

walls an emissivity of 0.9 was chosen. Window surfaces emissivity was set at 0.5, which 

represents a value of a low emissivity window on the market. For the radiators face an 

investigation with and without radiation was performed; an emissivity of 0.1 was used when 

radiation was activated. The low value used is due to the fact that the area of the radiator face 

was modulated smaller than its real size and the high surface temperature determined by the 
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software. The radiant effect used was about 30% of total heat transfer rate according to 

Persson [15]. Investigation of simplifying the radiator as a face in the envelope surface or 

modelled as a real radiator located in the room was made with and without radiation involved. 

For the summer case the solar radiation through the window was modulated as a heat 

flux that is representative of the solar load and placed at a direction in 45 degrees towards the 

floor from the south window. The solar heat flux was calculated as 

)sin(solr IGAq   (3) 

According to this correlation the window directed to the south (positive z direction in 

fig. 1) has a radiation heat flux of 100 W/m
2
 with G of 0.5 and the window area is reduced to 

0.8 m
2
 because of area hidden from the frame. 

 

Table 1. Heat flux for different outdoor temperatures 

Building element Heat flux  [W/m
2
] 

(Winter case) 

Heat flux [W/m
2
] 

(Annual mean case) 

Heat flux [W/m
2
] 

(Summer case) 

Wall -5.45 -1.96 -0.45 

Floor -7.50 -2.70 -2.09 

Ceiling -1.53 -4.25 -0.34 

Window -15.3 -42.5 -3.05 

Radiator +408 +158 0.00 

2.5 Grid verification 

For indoor climate simulations, as for all simulations the goal is to get a grid 

independent solution [14]. A small change in results during a grid refinement is almost 

impossible to avoid. Therefore a grid dependency study was performed for the model, using 

the grid convergence index (GCI) together with an extrapolated curve according to 

Richardson’s extrapolation, which was used to define the discretisation error [16]. The 

investigated grid sizes were chosen in order to get an almost constant value for the refinement 

ratio, r. Refinement of the mesh is done by minimizing the maximum size of the element in 

order to achieve a constant refinement rate. With use of an unstructured grid the ratio can be 

calculated according to eq. (4), following the approach by [17]. The parameter D describes the 

dimensions in the simulation, hence D is equal to 3 in this case. The number of elements, N, 

depends on the grid size and the simulation geometry. 

D
coarsefine NNr

1

)/(  (4) 

Investigated grid sizes with corresponding number of elements and a refinement ratio of 

r=1.41 are as follows; grid 1=883k elements, grid 2=314k elements and grid 3=111k 

elements. Inflation layers (5 rows with a total depth of around 0.25m) were used to resolve the 

convective airflow close to the different surfaces. The zones close to the ventilation devices 

were meshed with a finer grid. 

The most interesting variables for the indoor climate, velocity and temperature, 

respectively, were compared along the chosen line between floor and ceiling in the room with 

exhaust air, see fig. 1. The difference  in variable value ϕ was calculated according to eq. (5), 

ϕ1 is the solution for the finer grid and ϕ2 for the coarser grid. The same relationships were 

used for calculating . 
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1221   . (5) 

The order of GCI p was calculated as following 

)(/ln
)ln(

1
2132

21

pq
r

p    (6) 

The parameter q(p) in eq. (6) is equal to zero when the grid refinement ratio r21 equals 

r32. When the value of  becomes less than zero, oscillating convergence appears, but if 

the value of  or  is nearly zero a sign of a mesh independency has been reached. An 

additional grid refinement was made when both  and  were nearly zero, which gave a 

total number of elements of 2.4 million elements. A global order of p was calculated as 

average value of all local values of p along the investigated line. This value of (p) was used in 

all further calculations. The approximated GCI value was calculated from eq. (7). The 

expression gives the error of the variable value for the finest grid in actual point. 
21

21

21

1.25

1

a
fine p

e
GCI

r

 
  

 
 (7) 

The approximate relative error 𝑒𝑎
21

 was calculated according to 

1

2121



 
ae . (8) 

For the Richardson method an extrapolated solution 𝜙𝑒𝑥𝑡
21

 was calculated for an infinitely 

fine grid according to 

)1/()( 212121

21  pp

ext rr   (9) 

2.6 Heat transfer coefficient 

The heat transfer coefficient used for a surface is divided into two parts, the natural 

convective heat transfer coefficient and the forced heat transfer coefficient. It was found that 

the forced convection term is independent of the inlet jet stream velocity from the air supply 

device, but still related to the ACH as a forced convective parameter and gives a value that is 

proportional to the entire control volume [18]. 
8.0

_ ACHch forcedc   (10) 

where the constant, c, according to [18], is given as 0.19 at the walls, 0.49 at the ceiling and 

0.13 at the floor. A combined model for mixed convection [19] suggested calculating the 

effect of both the natural and the forced convection, see eq. (11). According to [20] the value 

of the constant (a) in the equation was to be set to fit measurements. In the literature, values 

for (a) are set between 3-6 to fit the measurements [20-21]. 

  aa

forcedc

a

naturalcc hhh
/1

__ )()(   (11) 

Because of the low airflow rate, around 0.5 ACH, the forced convection part in eq. (11) has 

no impact on the total convective heat transfer coefficient independent of the constant value, 

a, so only natural convection phenomena were assumed for all building elements. Including 

forced convection increased the total heat transfer coefficient value of less than 0.7‰. 

The natural convective heat transfer coefficient was calculated according to the 

empirical formula presented by [22] for walls, for cold ceilings and warm floors and for warm 
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ceilings and cold floors. The temperature difference in the equations is the difference between 

the surface temperature and the first node point in the computational domain. The actual 

vertical height of each surface was implemented. For the floor and the ceiling the height was 

calculated in the same way as the hydraulic diameter is calculated concerning the Reynolds 

number. The heat transfer coefficient calculated according to [22] gave in buildings values 

less than 5 W/m
2
K. The highest values were derived for the ceiling and the lowest for the 

floor. 

3. Results 

The results were compared along the vertical line illustrated in fig. 1, since it gives a 

good representation of the occupied zone. The velocities have a value slightly higher than the 

mean velocity and the temperatures show a good representation of the average temperatures 

inside the house, with respect to different horizontal planes with varying heights. 

Grid refinement study 

A grid independency study was performed for the case with mean outdoor 

temperature. Furthermore, the Boussinesq approximation, the standard kturbulence model, 

scalable wall functions, a second order discretisation method and the radiation model included 

were used. Fig. 2 show the velocity magnitude and fig.3 the temperature for the different grid 

sizes chosen. The values close to the ceiling in fig. 2 depend on convective heat transfer. The 

velocity plot shows only small differences for the investigated grid sizes; the largest deviation 

arises for the simulation with the smallest amount of elements, see right plot in fig. 2. The 

local order of accuracy p for the velocity profile at different points is in the range 0.14 - 7.07 

with an average of 2.55. The discretisation errors GCI from eq. 7, according to the velocity 

have a maximum value of about 20%. This high value is relative to a low velocity and 

corresponds to a maximum uncertainty in velocity of about ±0.015. The velocities are below 

the recommendation according to BBP in the occupied zone and should therefore not 

effectuate any discomfort in the indoor climate. The extrapolated curve fits to the case with 

2400k grid cells. 

For the temperature profile, fig. 3, the coarsest grid shows deviations compared to the 

other simulations. The remaining cases gave only small differences in temperature. The local 

order of accuracy is between 0.35 and 14.55 with an average of 7.11, see right plot in fig. 3. 

The temperature values for the different grid sizes show oscillating convergence in 70% of the 

values. Since the difference in variable value  for both  and  is nearly zero, an 

additional simulation was made with a refinement grid of 2400k cells. The variable 

temperature seems to show a grid independent solution for the case with around 314k 

elements and small discretisation errors. The extrapolated curve fits to the temperature curve 

for all cases except the coarsest case. 
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Figure 2. Velocity profile and discretisation error of velocitys along studied line. 

 

Figure 3. Temperature profile and discretisation error of Termperature along studied 

line. 

 

According to the grid refinement study a grid with face length around 0.1 m and with 

5 inflation layers (the case of 314k elements) gave acceptable results. For larger volumes like 

one-family houses, the CPU time with this grid size will also be tolerable. Hence, all further 

work in this paper was performed using this grid size. Investigation of two different buoyancy 

models, the Boussinesq approximation and ideal gas law behaviour was performed. All other 

settings that were used during the grid size study were applied. Along the actual line the 

difference was between 0-0.007 m/s for the velocity and 0-0.1°C for the temperature. This 

small deviation between the two models and a faster convergence for the Boussinesq 

approximation motivated the choice of this buoyancy model for all the further work. 

3.2 Turbulence models 

Four different turbulence models were compared in order to investigate the most 

relevant model for CFD simulations of indoor climate. The turbulence models that were 

compared are widely used for indoor airflow calculations. The same settings as used earlier 

were applied. Investigated turbulence models were two k- models (Standard and RNG) and 

two k- models (Standard and SST). Velocities and temperatures are presented for the 

different turbulence models in fig. 4. The results show that the velocities deviate among the 
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different models, while for the temperature the standard k- model creates the results that 

deviates the most.  

The velocities in fig. 4 are lower than the recommendation by BBP, inside the 

occupied zone. The deviation among the models will therefore not affect the indoor climate, 

from a human perspective. The standard k- model shows the largest deviation and was 

therefore excluded. All other models are possible to use for CFD simulation of the indoor 

climate in buildings, since they capture the main flow features for convective heat transfer 

from a radiator according to experiments [23-24]. Even the hot negative buoyant jet that 

appears on the opposite wall from the radiator is detected, see fig. 9. The results from the 

standard k- and k- SST show the smallest difference relative to each other. The average y+ 

for the simulations is in the range of 9-11 with are far from the recommended values for the 

standard k-ω and the SST model. The computing time and convergence rate are fast for the 

standard k- model and it is well used in all kinds of applications; hence this model was 

chosen for all further work. 

 
Figure 4. Velocity and temperature profile for the different turbulence models. 

left) Velocity, right) Temperature 

3.4 Radiation effects 

The effects of radiation in the simulation model are very important even though the 

temperature differences between the surfaces are small. Fig. 5 shows the temperature profile 

along the investigated line for two cases with mean outdoor temperature boundaries, with and 

without radiation involved (radiator surface excluded). For the case without radiation the 

temperature drops to an unreasonably low value at the floor level. The velocities are very 

small and therefore more dense cold air is stacked up in this area. The indoor air temperature 

and velocity are almost the same at the other levels. 
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Figure 5. Surface and air temperature with and without radiation model included.

3.5 Radiator modelling 

Due to the irregular shape the radiator cannot be meshed in its real shape since it 

would result in too many elements in the total volume of a house. A simplified radiator 

model, a face on the outer wall, was compared with a rectangular box (WxHxD: 1.0x0.6x0.05 

m) placed 0.05 m from the outer wall inside the room. Only convective heat transfer was 

assumed for these cases, and comparison where radiation was also included for both cases 

(30% of total heat flux) was performed. The air velocity and temperature along the line for the 

different cases are presented in fig. 6. A difference in velocity for the models appears, but the 

overall velocity is still small when compared with BBP. For the rectangular box with radiation 

the lowest velocities appear due to the lower rate of convective heat flux from the radiator. A 

larger area compared to the face approach and radiation contribution is included. For the 

temperature the difference is small between the models but a smaller gradient appears for the 

rectangular box with radiation included. It can be concluded that modelling the radiator as a 

surface on the outer wall is sufficient when simulating the indoor climate in buildings.  

 
Figure 6. Air velocity and temperature along studied line for the different radiator 

models. 

3.6 Different environmental conditions 

The indoor climate was simulated for three typical cases of the outdoor conditions 

representative of the north part of Sweden, with settings according to the study above. A 
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opposite wall and from the floor to the ceiling, is presented in figs. 7-9. Planes located in the 

other room and at other positions indicate equivalent results.  

The winter case with an outdoor temperature of -30°C (see fig. 7) shows the highest air 

velocities above the radiator and along the ceiling towards the air supply unit. The highest air 

temperatures are also found in this area all due to buoyancy. The vertical temperature 

difference in the occupied zone of the plane is only 1.86°C. This value is a good 

representation of the temperature gradient for the total volume of the two rooms. The air 

velocities in the plane show good mixing of the air and only low velocities. The heat supplied 

by the radiators was 245W and with an area of 0.6 m
2
 for each radiator. 

The indoor climate for the mean outdoor temperature case is presented in fig. 8. The 

radiators supply 95 W each for this case. The air movements show a similar pattern as for the 

winter case, but the magnitude of the velocity and air temperature difference is somewhat 

lower than for the winter case because of the reduced heat exchange between the surfaces and 

the indoor air. The comparable temperature difference inside the occupied zone is 0.77°C in 

the plane. 

For the summer case the heating system is turned off, and the solar radiation is 

modelled as one part that describes the direct solar radiation. The direct solar radiation is 

calculated from eq. (3) and applied at the floor with a direction of 45
o
 from the south window 

with an intensity of 100 W/m
2
. The summer case is presented in fig. 9. The velocities inside 

the occupied zone are low and the air shows a good mixing. The temperature gradients in the 

plane show very small variations, 0.1
o
C inside occupied zone of the plane, and the air 

temperature increases inside the simulation volume to a value of 24
o
C in the occupied zone. 

The temperature is lower than 26
o
C, which is the recommendation by the Swedish 

Government. 

 
Figure 7. Conditions at a plane in the inlet room during the winter case.  

Left) velocity vector field, Right) temperature distribution. 

 
Figure 8. Conditions at a plane in the inlet room during the mean outdoor temperature 

case. . Left) velocity vector field, Right) temperature distribution. 
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Average air temperatures in the room were calculated in horizontal planes every 0.5 m 

from the floor to the ceiling. In order to avoid the influence from the radiator instead of the 

level 0.5 m two levels 0.1 and 0.75 m above the floor were chosen. The mean surface 

temperature for the floor and the ceiling was also included in fig. 10. The temperature 

gradient inside the room is steeper for the winter case, which is what one would expect due to 

the increased heat transfer through the external surfaces. The deviation arises at the floor 

surface temperature and in the area up to 1.5 m above the floor. For this low energy building 

the U-values are small and the temperature difference between floor and ceiling is low. The 

temperature gradient in the occupied zone is 1 
o
C/m for the winter case and 0.4 

o
C/m

 
for the 

mean outdoor temperature case. 

 

 
Figure 9. Conditions at a plane in the inlet room during the summer case.  

Left) velocity vector field, Right) temperature distribution. 

 
Figure 10. Average temperature gradient for two cases with different outdoor 

temperature during the heating season. 

3.7 Validation 

Measurements in a low energy building with one family resident have been 

performed. The building was located in the northern part of Sweden. To minimize the 

influence of the inhabitants the validation was done at early morning at 5am. The air 

temperature in one point in each of the five rooms was measured. The outdoor temperature 

was +6C. Fig. 11 shows measured and simulated values according to chosen CFD model of 

the air temperature in each room. Room 1 is the open planned living room and kitchen, room 

2, 3 and 5 are bedrooms and room 4 is the WC. The difference is at maximum 0.75 ºC, the 

simulated values are not including internal heat from the people sleeping in rooms 2, 3 and 5 
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.  

Figure 11. Validation of CFD simulation. 

 

4. Discussion 

In CFD simulations very specific problems are often studied, with large gradients in 

temperature and velocities and small grid cells are therefore normally used. When an entire 

building is to be simulated, an acceptable result can be established also for a coarse grid 

solution, since the gradients are small. A course grid is also necessary because of the large 

volumes investigated. 

The scalable wall functions calculation of the surface temperature for the radiator 

seems to be high, but the air temperature in the first node point is feasible. A high surface 

temperature also causes an emissivity value that is fairly low in order to not overestimate the 

heat transfer mechanism. 

A radiation model is very important to include in the simulation. The effect shows 

mainly on the floor temperature. Without radiation the floor temperature decreases to 

unreasonably low values due to buoyancy and low convective heat transfer rate. To increase 

the indoor climate the temperature on the floor and up to a level of 1.5 m above the floor 

should be raised. 

With higher temperatures in this area the indoor climate can probably be preserved 

even if the air temperature inside the room decreases, i.e. the heat losses can be decreased 

even more. 

5. Conclusions 

CFD-simulation can be used to predict the indoor climate in buildings. For simulations 

of the indoor climate it is important to capture the main flow velocities and temperatures in 

the building. 

A grid independency study shows that an acceptable number of elements is around 

300k elements for the chosen simulation volume. This value represents a grid edge size of 

around 0.1 m to get an accurate result according to the discretisation errors. 

The buoyancy effect must be included in the simulations of the indoor climate, and the 

Boussinesq approximation fulfils that demand. A comparison of different turbulence models 

shows quite small deviations, although the standard k- model shows the largest deviation. 

The Standard k-model should be used since it is numerical stable and gives good results 

with reasonable CPU time. 

The velocities are much lower in the occupied zone as compared to the maximum 
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acceptable value according to BBP, therefore the deviation between the models will not affect 

the indoor climate from a human perspective. 

Radiation between building surfaces have a substantial impact on the temperature 

level for indoor climate simulations. Simulations with radiation excluded show too low 

temperatures on the floor. For a simulation with the mean outdoor air temperature a floor 

temperature around 12
o
C was obtained, while with radiation included a floor temperature of 

around 19
o
C was achieved. Radiation from the heat source has a small effect on the 

temperature gradient inside the occupied zone. However, the gradient in the room becomes 

straighter with radiation included in comparison with only involving convective heat transfer 

for the radiator. Simplifying the simulations by modelling the radiator as a surface in the 

envelope of the room is appropriate for simulations of the overall indoor climate. 

Simulations of the climate inside the room with environmental winter conditions of -

30°C show low air velocities and temperature differences of less than 2°C. When the outdoor 

temperature increases to +2°C the indoor air temperature difference is only 0.8°C. The 

temperature gradient inside the occupied zone decreases with increasing outdoor air 

temperature, which would be expected. The small difference originates from small heat fluxes 

through the envelope (low energy building). For the summer case (outdoor air temperature 

+20°C) with direct solar radiation no temperature gradient appears inside the occupied zone 

due to the direct solar radiation and is detected by the floor. The average indoor air 

temperature was +20°C except for the summer case where it rose to +24°C. 
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7. Nomenclature 

A  Surface Area (m
2
) 

ACH  Air change per hour 

pC  Specific heat capacity 

(J kg
-1

 
o
C

-1
) 

D  Dimensions in the simulation 

volume (m) 

hD  Hydraulic diameter (m) 

21

ae  Relative error 

G  Transmission of solar 

radiation through the 

Window 

GCI  Grid convergence index 

ch  Convection coefficient  

(W m
-2 

K
-1

) 

forcedch _  Forced convection coefficient 

(W m
-2 

K
-1

) 

naturalch _
 Natural convection 

coefficient (W m
-2 

K
-1

) 

solI  Solar radiation intensity (W 

m
-2

) 

k  Kinetic turbulent energy (m
2
 

s
-2

) 

p  Order of GCI 

trQ  Transmission losses (W) 

supplyairQ  Heat losses from supply air 

(W) 

rq  Radiation flux through the 

Window (W m
-2

) 

wq  Heat flux 

 (W m
-2

) 

fT  Near wall fluid temperature 

(
o
C) 
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inT  Temperature indoor air (
o
C) 

outT  Temperature outside air (
o
C) 

refT  Reference temperature (
o
C) 

supplyairT  Air supply temperature (
o
C) 

WT  Wall temperature (
o
C) 

U  Overall heat transfer 

coefficient (W m
-2 

K
-1

) 

V  Volume flow rate (m
3
 s

-1
)  

r  Grid refinement ratio 

ACH  Air change per hour (h
-1

)  

Greek symbols 

  Density (kg m
-3

) 

ref  Reference density (kg m
-3

) 

  Coefficient of expansion (
o
C

-

1
) 

21

ext  Extrapolated solution 

  Turbulent eddy dissipation 

(m
2
/s

3
) 

  Turbulent frequency (s
-1

) 

  Variable value 

  Difference between variable 

values 
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a b s t r a c t

Computational Fluid Dynamics (CFD) simulations were used to study the indoor climate in a low energy
building in northern Sweden. The building's low heat requirement raise the prospect of using a relatively
simple and inexpensive heating system to maintain an acceptable indoor environment, even in the face
of extremely low outdoor temperature. To explore the viability of this approach, the indoor climate in the
building was studied considering three different heating systems: a floor heating system, air heating
through the ventilation system and an air heat pump installation with one fan coil unit. The floor heating
system provided the most uniform operative temperature distribution and was the only heating system
that fully satisfied the recommendations to achieve tolerable indoor climate set by the Swedish au-
thorities. On the contrary, air heating and the air heat pump created a relatively uneven distribution of
air velocities and temperatures, and none of them fulfills the specified recommendations. From the
economic point of view, the air heat pump system was cheaper to be installed but produced a less
pleasant indoor environment than the other investigated heating systems.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The town of Kiruna is located in the very north of Sweden well
above the Arctic Circle (Fig. 1) and is home to the world's largest
underground iron ore mine [1].

Mining activities in the vicinity of the town have caused
extensive deformations of the ground, which are starting to affect
the town itself as shown in Fig. 2. As a result, an extensive urban
transformation of the area will be required in order to allow the
continuation of mining operations [2].

Ideally, urban transformations should make the transformed
region more climate-positive and energy efficient [3]. In order to
achieve these goals in Kiruna, it will be important to reduce the
energy utilization for newly built houses. The energy supplied to
buildings is used to satisfy heating, hotwater and electricity de-
mands. Notably, around 60% of the total energy supplied to the
average Swedish house is used for room heating [4]. This value can
however be greatly reduced by building low energy houses [5].
Nine passive houses located in Sweden has been investigated and
compered with conventional buildings. The specific annual energy
use for heating was in line with the predictions at a value of around

21 kWh/m2
floor area and year [6]. Swedish building regulations

state a maximum allowed value of 55 kWh/m2
floor area and year

in the same region [7].
Due to its northerly location, Kiruna has a sub-arctic climate

with winter temperatures that often drops below �30 �C [8].
Consequently, the amount of energy spent on room heating in the
average house within the town is significantly greater than the
Swedish average, meaning that there is a considerable margin for
reducing the town's overall energy consumption by constructing
energy-efficient housing.

The low energy building concept is based on the use of well-
insulated envelopes made from components with low U-values
and with relatively small quadruple-glazed windows. This results
in reduced heating requirements, energy utilization, higher inter-
nal surface temperatures and lower air velocities than those found
in conventional Swedish houses.

Several heating alternatives are available for new homes, as
example radiators-, floor- and air heating systems and point source
units like a stove or fan coil. Each one of them has different
installation cost. Radiators and floor heating systems with district
heating is particularly costly to install, in fact when constructing a
house these systems are around four times higher than the cost for
an air heat pump system with single fan coil unit. Table 1 shows
which heating source that is coherent with each different heating
system.
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The indoor thermal climate is primarily affected by the tem-
perature and velocity of the air and the incident radiation, as well as
the relative humidity to a lesser extent. The humidity of the out-
door air is very low in Kiruna during the winter, and so the relative
humidity of the heated indoor air may be as low as 10% RH during
this period.

In this paper the performance of a floor heating system and an
air heating system with district heating was compared with an air
heat pump system with one fan coil unit in a low energy building
concept. These were evaluated and compared, and an analysis of
their operation was performed to assess their ability to satisfy a
good thermal indoor climate. The criteria were set according to the
Swedish building regulations. Actually the low energy building
concept has been studied with several different heating systems
[9], but for sake of brevity only three of them are considered here.

CFD (Computational Fluid Dynamics) simulations were used to
perform detailed investigations of the indoor climate within the
complete conditioned volume of the house.

Different studies concerning CFD simulation in buildings have
been published. The research work has been focused on the

computational setup for ventilation in a plane of a room [10].
Different k-ε turbulence models for 3D geometry were investi-
gated in Ref. [11]. A review of different turbulence models used in
buildings was done in Ref. [12]. In a single room installation,
altered heating systems have been modeled and the indoor
climate studied [13], simulation of the indoor climate in an office
room with cooling ceiling has also been performed [14]. For the
whole building a passive house in Lindas in the south of Sweden
with an air heating system has been investigated with CFD tech-
nique, air velocities and temperatures in the building were
investigated [15,16].

More specifically, the aims of this work were to:

� Use CFD models in order to evaluate temperature and velocity
field within an entire building.

� Investigate how the indoor climate is affected by using different
heating systems.

� Evaluate the economical aspect of the different heating systems.
� Make conclusions about the investigated heating systems and
rank them according to different perspectives.

� Evaluate the possibility to use district heating as a heating
source for low energy buildings.

2. Method

2.1. Simulated building and boundary conditions

The investigated building, shown in Fig. 3, is a single family
house with three bedrooms (floor area of 98 m2) equipped with a
balanced ventilation system featuring a heat exchanger unit for
recovering heat from the exhaust air (the temperature efficiency is
76%). The building is oriented so that the entrance door opens to the
south. Window dimension is 1 � 1 m and the house has 11 win-
dows in total. The overall heat transfer coefficients (U-values) for
each structural element are presented in Table 2. Boundary setups
were assigned to the different building surfaces according to their
calculated U-values. The emissivity for the surfaces was set to 0.9
[17] for all building elements but the windows, for which a value of
0.84 [18] was used (Table 2). An annual heat demand of 8200 kWh
was estimated from the building specifications, and the annual hot
water production was set to 4500 kWh [19]. The peak heat supply
was estimated to be 2.6 kW with an indoor temperature of þ20 �C
and an outdoor temperature of �30 �C. The time constant was
calculated from building specifications and typical furniture setup
and was found to be 37 h.

2.2. Swedish building regulations

Swedish regulations state that buildings should be designed so
that a satisfying indoor climate is obtained. A set of general rec-
ommendations are issued in order to set limits for achieving a
tolerable indoor thermal climate and the following criteria should
be fulfilled within the building occupied zone [7], these issues can
be omitted if the building constructor proves that a satisfying in-
door climate will be achieved.

1. Operative temperature (Top) not lower than 18 �C.
2. Maximum difference of 5 �C in each room (within the occupied

zone both horizontal and vertical).
3. Floor temperature in the range of 16e26 �C.
4. Air velocity not higher than 0.15 m/s during the heating period

and 0.25 m/s during the rest of the time.

the occupied zone (the volume where people normally live) be-
ing defined as the volume “enclosed by two horizontal planes,

Nomenclature

C cost (Euro)
c cost (Euro/kWh)
E energy demand (kWh)
DR draught rating (%)
Irad radiation intensity (W/(m2 sr))
Iu turbulent intensity (%)
M.R.T mean radiation temperature (Ta)
Nr number (pcs.)
Ta ambient air temperature (�C)
Top operative temperature (�C)
v velocity (m/s)
s Stefan Boltzmann constant (kg/(s3 K4))

Fig. 1. Location of the town of Kiruna, Sweden.
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one 0.1 m above floor level and the other 2.0 m above floor level;
and vertical boundaries that are 0.6 m distant from the exterior
walls or other external limits, or 1.0 m from windows and doors”
[7].

The criteria listed above were used as evaluation parameters in
order to assess the performance of the different heating systems
considered.

2.3. Analysis parameters

Air temperature should not be the only parameter used to define
the thermal indoor climate, but indeed it is the most commonly
used. An indoor climate can be described as the aggregated expe-
rience for each individual person, affected by different variables
such as air temperature, temperature of surrounding surfaces,
relative humidity and air velocities [20]. In this paper the operative
temperature (Eq. (1)) is calculated, which includes the ambient air

Fig. 2. Predicted deformation zones.

Table 1
Interaction between energy supply systems and energy distribution systems.

Energy distribution
systems

Energy supply systems

District
heating

Electrical
boiler

Heat
pump

Biofuel
boiler

Water based Floor heating ✓ ✓ ✓ ✓

Radiator ✓ ✓ ✓ ✓

Air heating ✓ ✓ ✓ ✓

Point source Fan coil X X ✓ X
Stove X X X ✓

Fig. 3. Floorplan of investigated building specifying the location of the supply/exhaust ventilation devices, the air heat pump and the investigated vertical temperature gradient.

Table 2
Data for building elements.

Structural element Area [m2] U-value [W/m2, K] Emissivity

Ceiling 98.0 0.085 0.9
Wall 87.1 0.109 0.9
Window 11.0 0.850 0.84
Entrance door 2.1 0.900 0.9
Floor 98.0 0.150 0.9
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temperature (Ta), air velocity (v) and the mean radiation temper-
ature (Eq. (2)) that is as a function of the radiation intensity (Irad)
from each surface. Due to relatively low air velocities in buildings,
the operative temperature is a useful parameter in order to describe
the indoor climate, since it includes the parameters that affect
mostly the climate from a human perspective.

Top ¼
(�

M:R:T þ Ta
ffiffiffiffiffiffiffiffi
10v

p �.�
1þ

ffiffiffiffiffiffiffiffi
10v

p �
ðv � 0:1 m=sÞ

ðM:R:T þ TaÞ=2 ðv<0:1m=sÞ
(1)

M:R:T ¼
�
Irad$p
s

�0:25

(2)

In the definition of operative temperature the air velocity is one
of variables, and a change at low velocities (but greater than 0.1 m/
s) affects the operative temperature more than a variation at high
velocities. In this study low velocities were expected and another
way of determining the quality of the indoor climate is to verify the
appearance of draught. Draught is not stated as a regulation to be
fulfilled, but is an important factor for indoor climate experience.
The part of the human body that is most sensible to draught is the
face and a sitting person experiences draught more than a walking
one. A parameter called Draught Rating (Eq. (3)) was introduced by
Fanger at al [21]. as an empirical expression based on ambient air
temperature, air velocity and turbulence intensity (Iu). The result is
meant as a statistic parameter that describes the share of a popu-
lation that will be dissatisfied by draught. When the DR value is
over 15% (i.e. 15% of a population), the indoor climate can be seen as
unsuitable [22].

DR ¼ ð34� TaÞðv� 0:05Þ0:62ð0:37vIu þ 3:14Þ ð%Þ (3)

Thus, Draught Rating can be considered as a useful parameter
for a more advanced evaluation of the indoor climate.

2.4. Numerical setup

All the presented simulations were conducted using ANSYS CFX
15.0, a software package for numerically solving partial differential
equations (PDEs) using a 3D-finite volume method. The governing
equations that are solved in the simulations are those related to
conservation of mass, momentum and energy. The calculations
were performed using a second order upwind discretization
scheme inwhich the normalized RootMean Square (RMS) residuals
converge to a level of 10�5. The simulations were performed under
the assumption of steady state conditions, which applies to all the
studied systems.

The turbulence model used in the simulations was the standard
k- 3model; a scalable wall treatment was used to obtain the tem-
perature and velocity profiles in the near-wall region. The k- 3model
is a two equation model: k is the transport equation for the tur-
bulent kinetic energy and 3is the eddy dissipation [23]. The influ-
ence of buoyancy was predicted using the Boussinesq
approximation. The radiation between different building surfaces
was evaluated using the P�1 thermal radiation model [24]. All the
simulations were run until a steady-state solution was achieved for
a given set of outdoor conditions. A grid consisting of elements with
a length of 0.1 m was selected based on the results of previous
studies [25] using Roaches GCI method and Richardson extrapola-
tion [26]. Inflation layers were used to achieve a better resolution at
the near-wall regions, bringing the total number of elements
required to simulate the entire building up to approximately 1.7
million.

2.5. Heating system setup

The three different distribution systems chosen for the simula-
tions were: a floor heating system, an air heating system, and an air
heat pump system. A schematic sketch of the different heating
systems is shown in Fig. 4. The floor heating system is installed in
each room of the house, the air heating system uses the floor air
devices in the rooms as sources of supply air, and one air heat pump
was installed above the entrance door and operates as a concen-
trated heat source (see Fig. 3). The air flow through the condenser
unit was set to 0.164 kg/s, which can be seen as a standard setup for
a typical air heat pump. The internal air was calculated to be heated
up to 35 �C when the outdoor temperature became �30 �C. It
should be noted that the simulations assume that all the internal
doors in the house are open (except for the one leading to the
bathroom).

The ventilation air flow was set according to Swedish building
regulations [7]. Air supply devices are located in the living room
and the bedrooms, with exhaust devices in the bathroom, kitchen,
laundry and the storage space (Fig. 3). The supply and exhaust air
flows are presented in Table 3; the total simulated ventilation air
flow is 34 l/s. Normally the supply air temperature for air heating
system is in the range between 40 and 50 �C [27], so a temperature
of 45 �C is selected. In order to fulfill the heat demand, ventilation
flows have to be adjusted according toTable 3. To be consistentwith
the conservation of mass, the air flows (supply and exhaust) were
balanced in the simulations. For normal constructions the supply
air flow is set to 90% of the exhaust air flow in order to create a
negative pressure inside the building compared to the
environment.

3. Results

3.1. Operative temperature gradients

Hot air has a lower density, so warmer air will rise towards the
ceiling. Due to continuity, air that is cooled by contact with rela-
tively cold surfaces will descend towards the floor. These processes
create vertical temperature gradients in each room and their
steepness depends on the nature of the heating system used.
Convective heat supply systems produce more pronounced vertical
temperature gradients whereas those that rely on radiation for heat
transfer result in smaller gradients. In addition, low energy build-
ings with modest heat losses produce less pronounced gradients
than ordinary houses.

To evaluate the vertical operative temperature distribution ob-
tained with the different heating systems considered in this work,
calculations all along a vertical line located 1 m from thewindow in
the living room was performed (Fig. 3). This location was selected
because it was considered likely to accurately illustrate a typical
vertical operative temperature distribution produced by the stud-
ied heating system.

Fig. 5 shows the operative air temperature gradient for an out-
door air temperature of �30 �C. In the occupied zone (from 0.1 to
2.0 m above the floor) the floor heating system produced an almost
uniform temperature distribution. The air heating system produced
an operative temperature gradient of 1.2 �C and the air heat pump
with the condenser located above the entrance door produced a
temperature difference of 1.4 �C. In the air heat pump simulation,
the highest temperature occurs at a height of 1.7 m above the floor.
This is due to the significant movement of the indoor air caused by
the condenser fan (Fig. 5).

To estimate the vertical operative temperature gradient
throughout the house, two horizontal planes were created, one
located 0.1 m above the floor and the other 2.0 m above the floor,
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where the lowest and highest temperature was expected to be
found. The highest temperature difference for these two planes was
used as an indicator of the vertical temperature gradient for the
overall house (in fact, if the gradient for the complete building is
within the stated temperature range, then the gradient for each
room is also fulfilled).

It was found that the operative temperature differences for the
floor heating system are lower than 0.4 �C and there is little vari-
ation in this value throughout the building. A maximum difference
of 4.3 �C is observed for the air heat pump system. Regarding the air
heating system, the maximum difference is 20 �C in the vicinity of
the air inlet device in bedroom 1, otherwise the temperature dif-
ference is lower than 3.8 �C. By this it is shown that the floor
heating system and the air heat pump system fulfill the regulation

stated by the authorities, but the air heating system does not. It can
also be established that the air supply device in bedroom 1 has an
inappropriate location when it is placed inside the occupied zone.

3.2. Floor temperature

As previously stated, the floor temperature should be in the
range of 16e26 �C, in Table 4 the values of floor temperatures for
the different heating systems is shown.

All systems are within the specified temperature levels and
therefore fulfill the criterion. In all three cases the lowest temper-
ature was found close to the entrance door, outside the occupied
zone. For the air heating system, regions with cold spots are found
around the inlet devices, which are also outside the occupied zone
except for the device in bedroom 1.

3.3. Operative temperature, air velocity

To find the lowest operative temperature of the indoor air a
horizontal plane at a height of 0.1 m is used for verifying if the
heating system fulfills the stated criteria. In order to find the
highest air velocity within the occupied zone different plane levels
were tested and evaluated, and it is found that a horizontal plane in
the range between 1.95 and 2 m is the most representative. Fig. 6 to
8 shows the simulated operative temperature and indoor air ve-
locities for the entire house at the specified planes. The minimum
level (blue color) in the left contour plot and the maximum level
(red color) in the right contour plot are used to indicate values that
are outside the range specified by the criteria.

3.3.1. Floor heating system
Fig. 6a shows that the differences in temperature over the entire

house are very small when using floor heating as the heat

Fig. 4. Schematic figure of the different heating systems.

Table 3
Ventilation air flows for different heating systems [9].

Supply air Volume flow Exhaust air Volume flow

Heat pump,
floor heating
[l/s]

Air heating
[l/s]

Heat pump,
floor heating
[l/s]

Air heating
[l/s]

Living room 14 21 Laundry
room

11 16.5

Bedroom 1 10 15 Kitchen 10 16.5
Bedroom 2 5 15 Bathroom 11 16.5
Bedroom 3 5 15 Closet 2 16.5

Fig. 5. Vertical operative temperature gradients produced by the different heating
systems at a position marked in Fig. 3.
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distribution. In this case, the heat is supplied via a large surface the
temperature of which is almost similar to that of the air, so the
resulting temperature distribution is smooth. Fig. 6b shows that the
air velocity field generated from floor heating system is charac-
terized by small gradients and generally low air velocities.

The simulation shows that all values of the operative tempera-
ture and air velocity are within specified ranges when using a floor
heating system.

3.3.2. Air heating system
The air heating system gives a uniform horizontal operative

temperature distribution, although some warmer and colder re-
gions are found close to the air inlets (Fig. 7a). The bathroom is
colder than the rest of the house because it is only heated via the
transfer of air from the hall. The temperature difference between
the supply air and the indoor air will cause a column of air rising
towards the ceiling quite close (less than 1 m) to the device. Air
velocities that exceed the stated values were found mainly in the
vicinity of air inlets and door openings.

The simulation showed that the operative temperature is within
the boundaries when using an air heating system. The air velocity
exceeds the stated value at several locations within the occupied
zone. As a result of this, the air supply devices should be placed
outside the occupied zone when planning a house with an air
heating system. In particular, air transfer devices should be
installed above the occupied zone between the rooms in order to
lower the air velocities within the occupied zone.

3.3.3. Air heat pump system
Simulations were conducted with an air heat pump unit located

in the entrance hall as shown in Fig. 3 (in practice heat pumps are
usually installed above the entrance door). This layout yields the
lowest variation in operative temperature compared to other
simulated locations of the air heat pump, which is positive for the
thermal climate.

In this case, the operative temperature show the most unevenly
distribution among the three considered systems (Fig. 8a). More-
over, the internal air velocities exceed the upper limit of 0.15 m/s
mainly in the hallways and in the living room.

The simulation showed that the operative temperature of the air
heat pump system is within the boundaries set by the authorities.
The air velocity exceeds the recommended maximum level at
several locations within the occupied zone. It is hard to find a
location for an air heat pump that fulfills the stated criteria.

3.4. Draught rating

In Fig. 9 the Draught rating is shown for a horizontal plane at
1 m above the floor, which was chosen as representative of the
height for the face of seated person [28]. With the floor heating
system the effect of draught is small and values above 15% appears
only outside the occupied zone (Fig. 9a). With the air heating sys-
tem high values are shown close to the ventilation supply devices,
where the velocity is high (Fig. 9b). Finally, with the air heat pump
system large areas inside the living room show values above 15%
(Fig. 9c).

3.5. Economic evaluation

In order to enlarge the perspective about the criteria according
to which the considered heating system should be ranked, a
techno-economic evaluationwas performed. The energy supply for
the air heat pump is electricity and for the other systems the hot
water from district heating was chosen.

In Sweden, most buildings are heated by a local district heating
system. On the secondary circuit (i.e. in the building), the heat is
typically distributed using radiators or floor heating systems. Kir-
una has a well-developed district heating system to which most of
town buildings are connected; it supplies 90% of the town's total
heat requirement. This system primarily generates heat by burning
a mixture of fuels, including waste, biomass and oil, together with
some electric heating. The district heating system is considered to
be a sustainable and environmentally friendly heat production
technology. Air heat pumps consume electricity, which is an energy
source that ideally should be conserved. The cost of the energy
consumed by the considered systems is an important factor when
comparing their convenience.

The initial cost of connecting a house to the district heating
network in Kiruna is around 4400 V and, based on current tariffs,
the heat supplied by the system costs consumers 0.10 V/kWh. This
is approximately equal to the national average cost of heat supplied
by district heating systems. The system installation cost is 4495 V

for floor heating [29] and 910 V for air heating (it is the additional

Table 4
Simulated floor temperature for the different heating systems with an outdoor air
temperature of �30 �C.

Floor temperature Operative room temperature
gradient

Minimum
[�C]

Average
[�C]

Maximum
[�C]

Maximum [�C]

Floor heating 17.9 21.6 22.3 0.4
Air heating 16.1 18.3 19.0 20 (3.8)
Air heat pump 17.8 19.4 21.4 4.3

Fig. 6. Floor heating system, a) operative temperature distribution at 0.1 m, b) air velocity field at 2.0 m.
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Fig. 7. Air heating system, a) operative temperature distribution at 0.1 m, b) air velocity field at 1.95 m.

Fig. 8. Air heat pump system, a) operative temperature distribution at 0.1 m, b) air velocity field at 2.0 m.

Fig. 9. Draught rating distribution for a) floor heating system, b) air heating system, c) air heat pump system.
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cost compared to a traditional ventilation system). The operation
lifetime for both system is assumed to be 30 year.

The cost of purchasing and installing an air heat pump is around
2800 V (2100 V for materials and 700 V for the installation) [30].
Based on average daily temperature measurements for the period
between 2008 and 2011 [8] and data from an independent testing
organization [31], which was testing 17 different air heat pumps for
three different locations in Sweden, an average annual COP of 2.3
was calculated for an air heat pump located in Kiruna. At the cur-
rent electricity price of 0.12 V/kWh, this is equivalent to a heat cost
of 0.052 V/kWh. The air heat pump was assumed to have an
operational lifetime of 15 years and therefore would need to be re-
installed once during a 30 year period.

In addition to room heating, the energy consumed for pro-
duction of hot water must be considered. This is normally done
by using electricity in houses that have an air heat pump. The
studied house has three bedrooms and is assumed to be occu-
pied by a typical Swedish household of two adults and two
children. On average, this household would require 4500 kWh/
year for the production of hot water [19]. Cumulative costs for
the household using the systems considered in this work over a
period of 30 years were calculated according to Eq. (4). The
equation includes the initial cost of installing the heating system
(Cinst), how many times it has to be replaced (Nrunits, one for the
air- and floor heating system and two for the air heat pump
system), any applicable connection fees (Cconnection), as well as
the unit cost of energy for room heating (cheat) and hot water
production (chotwater). The setup and result using Eq. (4) are
shown in Table 5.

X
Operation lifetime

C ¼ NrunitsCinst þ Cconnection þ Eheatcheat

þ Ehotwaterchotwater (4)

3.5.1. District heating price level
As shown in Table 5 the air heat pump system is the least

expensive over a 30 year period and the most expensive heating
system is floor heating. In order to make the air and floor heating
systems attractive from the economic point of view, their cost has
to match with the cost for an air heat pump system. In Fig. 10, the
yearly cost for the different systems can be seen.

The unit cost of heating for both air and floor heating systems is
allowed to be higher than that of the air heat pump system, because
of the higher unit cost for making hot water with electricity. The
district heating price for the air and floor heating systems has to be
reduced by 23 and 33%, respectively, to match the total cost of an air
heat pump system.

3.5.2. District heating compared with electricity price level
In order to have a break even with the air heat pump the unit

cost of energy for an air heating system should be 64% of the
electricity price and only 56% for the floor heating system in order
to have the same total cost as the air heat pump system for a period
of 30 year. In these calculations the development of market prices
was not taken into account, but if electricity and district heating
prices maintain their ratio the results are still valid.

When the price variation of electricity is taken into account,
limit values for the district heating price can be found belowwhich
floor and air heating system are more convenient. Considering any
given electricity price, the set of the corresponding limit values
forms a curve for the considered system (floor or air heating), as
shown in Fig. 11. The current price for district heating is 83% of the
electricity price and this makes the air heat pump amore profitable
heating system to install from an economical perspective. In order
to make air heating or floor heating system more appealing with
current electricity price the cost for district heating has to decrease
along the dotted line in Fig. 11.

As can be seen in Fig. 11, with a low electricity price the instal-
lation and connection fee represent the dominant part of the total
cost, which are an advantage for the air heating system and a
drawback for the floor heating system.With an increased electricity
price the energy cost will be the dominant part of the total cost
during 30 years, and the limit ratio between the district heating and
electricity prices tends be somewhat higher than 60% as the fixed
part of the total costs become relatively unimportant.

4. Discussion

The urban transformation of Kiruna will necessarily involve the
construction of many new buildings. If the builders and planners
only consider the total cost of construction and operation when

Table 5
Setup and calculation of total heat and hot water production cost for the operating lifetime.

Demand

Heat [kWh] Hotwater [kWh]

Building 8200 4500

System System installation Con. þ ins. fee COP Heating Hot water Technical lifetime Total cost Yearly cost

[Euro] [Euro] [Euro/kWh] [Euro/kWh] [Years] [Euro/30 year] [Euro/year]

Air heat pump 2800 e 2.3 0.052 0.12 15 34,524 1151
Air heating 910 4400 e 0.1 0.1 30 43,410 1447
Floor heating 4495 4400 e 0.1 0.1 30 46,995 1567

Fig. 10. Yearly cost for the different heating system.
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selecting the heating systems for these homes, they may install air
heat pumps or alternative heating systems rather than using the
district heating service. However, by using the district heating
service it becomes possible to fit water-based heating systems in
the homes, which provide the best indoor thermal environment as
discussed in the previous sections. In public buildings and indus-
trial facilities, the use of the district heating systems is practically
more convenient; to minimize network losses and installation
costs, such buildings should be grouped together when rebuilding
the town.

In the current situation there is only a partial cooperation about
the heat transfer between Kiruna's district heating network and the
local mining industry, which produces large quantities of waste
heat. As a result, the margin for reducing the cost for heat gener-
ation in the town is likely to be considerable by expanding this
cooperation. This would further increase the attractiveness of using
district heating technology in new housing.

In Table 6 a performance summary for the considered heat
systems is shown according to the stated recommendations set by
the Swedish authorities, indicating with an X the advices that are
not fulfilled.

The floor heating system generates an even distributed tem-
perature field with low air movement and near-ideal operative
temperatures. Local or sub-local heat distribution systems (i.e. air
heating and heat pump) generate larger differences in tempera-
tures and air velocities within the building, the internal air veloc-
ities exceed the maximum advised values specified in the Swedish
building code. The air heating system exceeds the temperature
difference (as marked with an asterisk in Table 6) in bedroom 1,
where the air inlet device is placedwithin the occupied zone.When
planning for a house with air heating it is important to place the air
inlet devices outside the occupied zone and air transfer devices
installed between rooms in order to reduce the air velocity below
the limits of the stated criteria.

The larger temperature gradients observed when using air
heating and air heat pump systems occur because these heat
sources increase the strength of natural convection, and it should
be noted that if some doors were closed even higher temperature
differences would be created.

Air heat pump manufacturers suggest that the size of the heat
pump should be calculated so that it can cover 100% of the
maximum heat requirement, even in sub-arctic climate. This was
the sizing criterion that was adopted for the simulation of the air
heat pump system.

Besides the discussed parameters, the quality of indoor climate
includes also the absence of odors and polluting substances,
lighting and low noise levels which are not included in this work.
Maintenance and availability are other factors that must be
included in the final decision about the heating system to be
installed.

5. Conclusions

The results show that only floor heating system fulfills the
recommendations set by the authorities to achieve a tolerable
thermal indoor climate in a low energy building located in a sub-
Arctic environment.

The investigated heating systems can be ranked as follows ac-
cording to the quality of the indoor thermal environment, starting
with the best:

� Floor heating system.
� Air heating system.
� Air heat pump system.

A local concentrated heat source such as in air heating and air
heat pump systems provides a poorer indoor climate in terms of
operative temperature variations, air velocity, and Draught rating.
The floor heating system creates almost negligible temperature
gradients with very low air motions.

From an economical point of view the air heat pump is the
cheapest alternative for heating buildings, over the studied period
district heating with air and floor heating system is 22% respec-
tively 33% more expensive than the air heat pump. To make district
heating an economically attractive heating source for households a
dramatic increase in the cost of electricity or a significant reduction
in price for district heating is needed.
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Fig. 11. Limit ratios of district heating and electricity prices.

Table 6
Summary of the heating system performance according to the recommendations stated by the Swedish authorities.
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The most widely used turbulence model for indoor CFD simulations, 

the k-ε model, has exhibited problems with treating natural convective 

heat transfer, while other turbulence models have shown to be too 

computationally demanding. This paper studies how to deal with 

natural convective heat transfer for a radiator in order to simplify the 

simulations, reduce the numbers of cells and the simulation time. By 

adding user-defined wall functions the number of cells can be reduced 

considerably compared with the k-ω SST turbulence model. The user-

defined wall function proposed can also be used with a correction 

factor for different radiator types without the need to resolve the 

radiator surface in detail. Compared to manufacturer data the error is 

less than 0.2% for the investigated radiator height and temperature. 

 Keywords: CFD modelling, Radiator, User defined wall functions, Indoor climate 

Introduction 

The indoor climate in buildings is often modelled using building simulation software that 

predicts the indoor climate as well as the mixed airflow with a uniform velocity in each room. 

This method does not meet the requirements for detailed indoor climate analysis where it 

necessary to predict the air velocity and temperature at different locations inside the room [1]. 

With CFD simulation technique the indoor climate can be predicted in the whole simulation 

volume. Therefore the velocity and temperature distribution in a building can be studied in 

detail [2]. Several studies of simulation of the indoor climate have been carried out but 

usually focusing on single rooms or specific areas inside a building [3]. These limitations are 

mainly caused by the amount of cells in the computational mesh being too huge for simulation 

of an entire building. One way to be able to simulate the indoor climate in a complete building 

is to simplify the model to reduce the number of cells in the simulation volume. 

For indoor climate simulations the most common turbulence model used is the k-ε model [4] 

with scalable wall treatment. Previous studies using this model have shown good agreement 

for predicting the airflow within the room [5] and prediction of forced convective flow. 

However, the model is not accurate for predictions of natural and mixed convective flows [6]. 

In buildings this phenomenon is the main driving force for the indoor airflow in most 

situations and is therefore important to predict correctly. The scalable wall treatment has been 

shown to underestimate the convective heat transfer coefficients [7]. An underestimation of 

the convective heat transfer coefficients will results in a large temperature difference between 
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surfaces and the indoor air, which will result in an over-prediction of the radiation heat 

transfer from the surfaces. This phenomenon has a large effect on the temperature of the 

warmest and coldest surfaces inside the building, for example radiators and windows. 

Other turbulence models have been used to simulate indoor climate with good agreement and 

in order to predict the mean velocity and temperature gradient where large eddy turbulence 

models show the most accurate results [8]. The main drawbacks of large eddy simulation are 

the long computational time and large memory requirements and it is therefore not used for 

simulations of large volumes. The main reason for this is the treatment of the near wall region 

where a very fine computational mesh is required that gives y+ values (dimensionless 

distance from the wall) around 1; furthermore the simulation needs to be time resolved. Also 

the k-ω SST model has shown good agreement with measurement for simulation of indoor 

airflow with heat transfer [9]. The k-ω SST model also needs y+ values around 1 and will 

require a higher number of cells compared to the k-ε model, which allows higher y+ values. 

Therefore the k-ε model can use a courser mesh and the computational time will decrease 

significantly compared to other models.  

The aim of this work was to investigate if the k-ε model could be used as turbulence model in 

order to correctly describe the indoor climate for a room with radiators as heat distribution 

system. Another objective was to simplify the geometry of a radiator in the model to be able 

to decrease the number of cells in the simulation volume.  

Theory 

Radiator type 

The most common type of radiator is the panel radiator consisting of one or several panels to 

distribute the heat to the room (see Figure 1). Different kinds of radiators have a different 

amount of convective heat transfer, which depends on the numbers of panels and the area of 

the radiator. The amount of radiation and convection heat transfer for a typical panel radiator 

is presented in Table 1. 

  

Figure 1  Radiator with two panels. [10] 
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Table 1. Amount of convection- and radiation heat transfer from different types of radiators in 

an isothermal cooled surface-enclosure [11]. 

Type Radiation heat transfer [%] Convection heat transfer [%] 

Single panel 50 50 

Double panels 30 70 

Triple panels 25 75 

 

Radiator Standard testing 

A radiator in Europe is tested according to European Standard EN 442-2 [11]. The test is 

performed with a 1 metre wide radiator for each height. The supply water temperature to the 

radiator is specified at 75ºC and the water mass flow into the radiator is adjusted to give a 

return temperature of 65ºC. During the experiment all surrounding surfaces in the room are 

uniformly cold except the wall behind the radiator, which is insulated. The cooling rate is 

adjusted so that an indoor air temperature of 20ºC is obtained at a distance of 1 m ahead of the 

radiator and 1 m above the floor. During the experiment the heat transfer rate from the 

radiator is determined. The dimensions of the testing room are (LxWxH) 4x4x3 m and the 

radiator is placed at a distance of 0.05 m from the wall and at a height of 0.10 m above the 

floor level. 

In order to decide the heat transfer rate () for a radiator with other widths and temperatures a 

formula called the one exponent formula is used [12] 

 /1( / )n

n nb T T      (1) 

where (n) stands for the determined heat transfer rate according to EN 442-2 and b is the 

width of the radiator in unit metre. The logarithmic temperature 𝛥𝑇 is the temperature 

difference between the air in the reference point and the radiator mean surface temperature, it 

is calculated according to Equation 2. The exponent n in Equation 1 is the radiator exponent 

that usually is in the range of 1.2 to 1.4 for all types of radiators. The most common value is 

around 1.3 [13]. 𝛥𝑇𝑛 is the logarithmic temperature for the normal test case (water 

temperature 75/65°C) with an air room temperature of 20ºC. 

 
supply return 

supply ref return refln((T ) / (T ))

T T
T

T T


 

 
 (2) 

where Tsupply  is the water supply temperature, Treturn is the water return temperature from the 

radiator and Tref is the air temperature at the reference point. 

Convective heat transfer calculations. 

The main problem for convective heat transfer is to determine the boundary conditions at a 

surface exposed to a flowing fluid. The local Rayleigh number (Rax) is calculated as 

3

ref( )w
x

g T T x
Ra






  (3) 
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where g is the acceleration of gravity, β the thermal expansion coefficient, Tw is the wall 

(surface) temperature, x is the vertical position on the radiator surface, ν is the kinematic 

viscosity and α is the thermal diffusivity. The Nusselt number (Nux) is established by [14] 

according to Equation 4. The Prandtl number (Pr) describes the relationship between 

momentum diffusivity and thermal diffusivity. 

1

4 1

4
1

2

3 Pr

4
2.435 4.884 Pr 4.953 Pr

x xNu Ra
 
 
 

    

  (4) 

The convective heat transfer coefficient (hc) is calculated as 

x
C

Nu
h

x


  (5) 

The fluid thermal conductivity () and vertical position on the radiator surface are included 

when the heat transfer coefficient is determined. Air data for ν, α and  at different water 

supply temperatures are presented in Table 2. 

Newton’s law of cooling [15] expresses the heat transfer rate due to convective heat transfer 

as 

ref( )c wQ h A T T


     (6) 

where (A) is the area of the surface. 

Table 2. Data for different supply temperatures. 

Water supply 

temperature (°C) 

Mean difference 

temperature (°C) 
ν (m

2
/s) α (m

2
/s) λ (W/m

2
 K) 

75.0 47.5 17.97·10
-6 

27.83·10
-6

 25.56·10
-3

 

55.0 37.5 16.97·10
-6

 27.09·10
-6

 24.08·10
-3

 

45.0 32.5 16.46·10
-6

 26.72·10
-6

 23.34·10
-3

 

Numerical details 

The k-ε model is a two-equation model where one predicts the turbulent kinetic energy (k) and 

the other predicts the eddy dissipation (ε). 

The wall functions used to predict the near wall flow for the k-ε model are the scalable wall 

functions. The improvement from the standard log law is that the singular separation point 

appears where the near flow velocity becomes zero, since the scalable wall function switches 

from a logarithmic approximation to a linear one for a y+ value of 11.06 [16]. In scalable 

definition the ut (friction velocity) is replaced by u
*
 (scalable velocity).  

For simulations with k-ω turbulence models the wall function chosen is the automatic wall 

function [16]. The automatic wall treatment switches from a logarithmic approximation to a 
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low Reynolds’ formulation. A higher grid resolution is needed in order to describe the viscous 

sublayer of the boundary. In order to fully utilize the benefits of the k-ω SST-model a y+ 

value close to 1 is required. 

 The heat transfer for scalable wall functions and automatic wall treatment uses the same 

expression for convective heat flux according to Equation 7. The different wall treatments 

induce calculations of the u* and T+ in different ways. 

 
*

w p w f

u
q C T T

T



   (7) 

The k-ε model with scalable wall functions calculate T
+
 (the non-dimensional temperature) as 

*0.1ln( )T y D    (8) 

The variable D is established through 

1/3(3.85 Pr 1.3) 0.1 ln(Pr)D       (9) 

The scalable velocity, u* for the model is calculated as 

1 1
4 2*u C k   (10) 

Cμ is a turbulence model constant with a value of 0.09 and k is the turbulent kinetic energy. 

The k-ω SST-model with automatic wall functions determines the variable T
+
 as 

* ( ) * ( 1/ )Pr (2.12ln( ) )T y e y e        (11) 

where the variables β and ᴦ are determined as  

1/3 2(3.85Pr 1.3) 2.12ln(Pr)     (12) 

* 4

3 *

0.01(Pr )

1 Pr

y

y
 


 (13) 

The scalable velocity, u* for the k-ω SST-model is calculated as 

 
4

4
*

4
1

U
u a k

y





 
    

  

  (14) 

The relative tangential velocity to the boundary is denoted as ΔU. Δy is the distance to the first 

node and a1 is the proportionality constant with standard value of 0.31 [16]. 

In order to improve the modelling of the heat transfer for the k-ε model, user-defined wall 

functions (UDF) were implemented. The normalised wall heat flux coefficient (w) is 
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calculated according to Equation 15, which represents the quota of the term u*/T
+
 in Equation 

7. The heat transfer coefficient (hc) is calculated according to Equation (3-5). 

1 2 /c pw C C h C     (15) 

The theoretical expression of the convective heat transfer (Equation 6) includes the 

temperature difference between the surface and the bulk temperature in the fluid. The 

software uses instead of bulk temperature the near wall temperature (Tf  in Equation 7). In 

order to consolidate these methods a reference point temperature of the air (Tref  in Equation 6) 

was established 1 m ahead of the radiator and 1 m above the floor level. A scale coefficient 

(C1) used in Equation 15 was calculated as 

1 ( ) / ( )w ref w fC T T T T    (16) 

where Tw is the wall (surface) temperature and Tf is the near wall temperature calculated at the 

first node value. 

Finally to compensate for the simplification of the radiator surface and number of panels, a 

factor was introduced as C2 in Equation 16. The value of the constant is determined in the 

Methods Chapter. For a radiator with a single panel and a flat surface the constant equals one. 

Method 

The commercial CFD code Ansys CFX 15.5 was used for the simulations. The work was 

divided into three steps according to Figure 2. In the first step the natural convection heat 

transfer for a flat plate radiator in 2D simulations was investigated through the methods 

described in the Theory Chapter. The work was done in order to determine the most efficient 

method of the selected ones.  

In the second step a 3D simulation of a real shape panel radiator was validated with the 

Standard EN-442-2 test. The model consists both of the airflow around the radiator, in the test 

room and the water flow through the radiator.  

The third step included simplifications of the radiator geometry in order to find a good way to 

model radiators in CFD simulations of an entire building. 

 

 

Figure 2. Work steps. 

 

2D Radiator 
Investigate convective heat 

transfer coefficients for different 

turbulence models. 
 

3D real radiator 
simulation 

Validate the chosen model, with 

simulation of the En-442-2 test 

room. 

 

Simplification 
Find a way to model the radiator 

surfaces in CFD simulation of 

indoor climate 

1) 2) 3) 
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2D Radiator 

The geometry for the 2D radiator case is presented in Figure 3. The radiator was simulated 

with a constant heat flux of 200 W/m
2
 on the front and back surfaces; the other radiator 

surfaces was treated as adiabatic. All surfaces in the room were modelled with the discrete 

transfer radiation model [17] and an emissivity of 0.9. For the opening surface (towards the 

remaining part of the test room) the boundary condition was modelled with a temperature of 

20°C and a black body radiation of 20°C. For this geometry and boundary conditions the 

different setups discussed in the Theory Chapter were compared, the k- model with scalable 

wall functions, the k-ω SST model and the k- model with UDF. 

  
Figure 3. Geometry of the 2D radiator.  

3D model of a real radiator. 

The k- model with UDF for heat transfer was compared to the manufacturer’s data according 

to the Standard EN 442-2. The geometry for the EN 442-2 test room is presented in Figure 4. 

The temperatures are specified for all surrounding surfaces in the room to give an air 

temperature around 20ºC, except the wall behind the radiator, which was simulated 

adiabatically. The emissivity was set at 0.90. The radiator was modelled with three different 

water inlet mass flows and supply temperatures according to Table 3. The convective heat 

transfer between the water and the metal wall of the radiator was modelled with a high heat 

transfer coefficient. This is because the thermal resistance between the water and the air in the 

room mainly exists on the outside, between metal and air. The metal temperature will 

therefore be close to the water temperature. The emissivity was set at 0.95 for the radiator 

surface towards the air and the wall function transfer coefficient was set according to 

Equation 15 for the vertical surface of the radiator. A reference point was set at 1 m in front of 

the radiator and 1 m above the floor level in order to establish the ambient air temperature. 

This was used for calculations of the heat transfer coefficient between the metal and air. 

Opening 

Back 

Wall 

Radiator 
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Figure 4. Geometry of the 3D real radiator setup. 

 

Table 3. Boundary conditions 

Supply water 

temperature [ºC] 

Mass flow 

[kg/s] 

Wall temperature 

[ºC] 

75 0.00682 18.5 

55 0.00442 19.1 

45 0.00251 19.0 

Simplifications 

For CFD simulations of an entire building or a large room the geometry must be simplified, 

since if every detail is modelled the number of cells becomes unrealistic high, which leads to 

long simulation times and large memory requirements. Especially the area close to the 

radiators must be simplified to reduce the number of cells in the simulation volume. A flat 

radiator surface will give an error when the heat transfer is modelled. Due to the reduced area 

of the radiator surface an increased surface temperature will arise if a constant heat flux is set. 

Thereby the radiation part of the total heat flux will increase compared to the real case. If 

instead a constant temperature is set on the radiator surface the total amount of heat transfer 

will be too low. 

A way to compensate for this error is to insert a user-defined wall function where the wall 

heat transfer coefficient for the radiator surface against the air is adjusted to compensate for 

the decreased area of the radiator. Figure 5 shows the difference in heat transfer rate for a 

panel radiator with different numbers of panels. The size of all radiators were (W*H); 

1000*300 mm, the water supply temperature was 55°C and the return temperature 45°C with 

an air room temperature of 20°C. The markers represent data from a manufacturer [18]. 

Back wall 

Radiator 

Inlet 

Outlet 
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Figure 5. Heat transfer rate for a radiator as function of numbers of panels. 

An assumption was made that radiation between panel surfaces can be neglected (same 

temperatures) and only outer surfaces (front and back surfaces) directly contribute radiation 

heat to the room. Figure 5 shows a straight line in heat transfer rate for a single and multi-

panel (MP) radiator. Only the convective heat transfer part varies with the numbers of panels 

due to different areas for heat transfer between the radiator surface and the air in the room. 

From the equation of the straight line in Figure 5 the amount of radiation heat transfer is 

represented by the constant (90.13 W) and the gradient multiplied with the number of panels 

represents the convective heat transfer. The equation presented in Figure 5 corresponds to the 

values in Table 1. 

The manufacturer also presents the heat transfer rate for a radiator with a flat surface towards 

the air and with the same size and conditions presented above. With a constant radiation heat 

transfer rate (90.13 W) for all cases, the convective heat transfer rate can be calculated as the 

total heat transfer rate with the radiation heat part subtracted. Using the flat radiator as 

reference case the heat transfer coefficient was modified with a constant that describes the 

type of radiator used. The constant for the different radiator types is presented in Table 4. 

Table 4. Constant to compensate for radiator type and numbers of panels for an MP radiator 

Radiator type 
Flat radiator 

(reference case) 
MP1 MP2 MP3 MP4 

Heat transfer rate [W] 166 177 278 355 452 

Constant (C2) 1.00 1.15 2.47 3.49 4.78 

 

The values for constant C2 in Table 4 are valid for the described conditions. Changing the 

water supply temperature or the height of the radiator will affect C2. For other conditions just 

follow the described method to obtain comprehensively correct values for the constant C2. 

Heat transfer rate = 90.203·MP + 90.13 
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Simulations with a constant heat flux as boundary condition on the radiator surfaces do not 

correspond to a real radiator, since the heat flux varies with the highest values at the lower 

part of the radiator. A constant surface temperature was therefore set on the radiator surface 

calculated from Equation 2 and an air room temperature of 20°C. The heat transfer coefficient 

was calculated by the program and in the user-defined wall functions adjusted with a constant 

according to Table 4. The convective heat transfer rate was calculated and the radiation heat 

transfer rate was also established. Adding these two parts gave the total heat transfer rate from 

the radiator. Simulations of three different cases were performed; flat radiator, one-panel 

radiator (MP1), double-panel radiator (MP2) and also an MP1 radiator with a height of 590 

mm. 

Results and discussion 

2D Radiator 

The total number of cells for the models is presented in Table 5 and the average y+ value at 

the radiator surface for each of the turbulence model considered. For the case using the k- 

model with scalable wall treatment a grid size of 40 mm cells gave a y+ value around 16 at 

the radiator surface and for the k-ω SST model a y+ value around 1. The number of cells 

needed for the k-ω SST is around 6 times higher than for the k- models in the total volume 

and therefore the computational time will increase significantly for that case.  

During the work it was found that the grid needed to be refined near the lower part of the 

radiator (the first 20 mm in height) for the k- model with UDF, a y+ value close to 1 was 

needed in this area in order to predict the heat transfer correctly. This is due to the rapid 

change in heat transfer coefficient in that area. 

 

Table 5. Comparison of turbulence models considered. 

Turbulence model Number of cells Average y+ on 

radiator surface 

k-ε  with scalable wall functions 3296 16.5 

k-ω SST with automatic wall 

functions 

27596 1.3 

k-ε with UDF 4368 20.0 

 

The calculated convective heat transfer coefficient and surface temperature for the radiator 

front area are presented in Figure 6. The k-ε model with scalable wall treatment predicts a 

considerably lower heat transfer coefficient compared to the SST model. For the case with 

user defined wall functions implemented, the predicted heat transfer coefficient corresponds 

well to the SST model.  
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 (a) (b) 

Figure 6. Convective heat transfer coefficients for different turbulence models (a) and 

temperature profiles (b). 

The amount of heat transfer from convection and radiation for the different models is shown 

in Figure 7. For the k-ε model with scalable wall functions radiation contributes 73% of the 

total heat transfer rate, which is too high according to literature data. The high surface 

temperature affects a large radiation part. The SST and the user-defined model show a 

radiation part around 50% which is close to the values for a one-panel radiator presented in 

Table 1. 

From the 2D simulation it can be seen that the k-ε model with scalable wall treatment 

underpredicts the convective heat transfer coefficients for natural convection, which results in 

a higher surface temperature and a larger amount of radiation heat transfer. By using a user-

defined wall function that implements an empirical formula for the convection coefficient, a 

result similar to the SST model can be achieved with a considerably smaller amount of grid 

cells in the simulation model. 
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Figure 7. Convective and radiation heat flux for investigated turbulence models. 

3D model real radiator case 

For the k-ε model with UDF, simulations with geometry of a real radiator model were 

performed with three different water supply temperatures and three different mass flow rates 

for each temperature. This model was studied in order to validate the UDF with the 

manufacturer experimental data from the Standard EN 442-2 test. A comparison between 

experimental data and simulations is presented in Table 6. 

 Table 6. Results from experiment and simulations. 

Supply/return 

Temperature [C] 

Tref [C] Water mass 

flow rate 

[kg/s] 

Simulated heat 

transfer rate 

[W] 

EN 442 

[W] 

75/65 19.5 0.00682 337.9 337.1 

55/45 19.8 0.00442 179.6 178,8 

45/35 19.5 0.00251 105.4 104.9 

 

The result from Table 6 shows that the simulation model fits the European Standard quite 

well. The output heat transfer rate shows a maximum difference less than 0.5%. 

Figure 8 a) shows a comparison of the total heat transfer rate versus water mass flow rates for 

different supply/return water temperatures between the Standard test and simulations. The 

simulated values (markers in Figure 8) fit well to predicted values from Equations 1 and 2 

(lines in Figure 8). For each case three different mass flow rates were simulated. Figure 8 b) 

shows the heat transfer rate versus the return water temperature, and the correspondence is 

good.  
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(a) (b) 

Figure 8. CFD-simulation and Standard EN 442-2; (a) Heat transfer rate vs water mass flow, 

(b) Heat transfer rate vs return temperature. 

 

Figure 9. Surface temperature profile on a radiator. 

The surface temperature profile for a radiator with a water supply temperature of 55 °C and a 

water mass flow rate of 0.00442 kg/s is presented in Figure 9. It can be seen that the highest 

temperatures are close to the inlet of the hot water and the lowest temperatures close to the 

outlet. An almost linear vertical temperature profile arises, but the temperature difference 

between the top and bottom decreases away from the inlet/outlet of the radiator. 

Geometry simplification 

The radiator geometry was simplified as a flat surface in order to decrease the computational 

time. Further the surface temperature of the radiator was set at a constant value according to 

the calculated logarithmic mean temperature in Equation 2. The heat transfer rate for this 

model versus manufacturer’s data (Standard EN 442-2) is presented in Figure 10. The first  
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three cases were radiators with a height of 300 mm, and the last case has a radiator height of 

590 mm. In all cases the water temperature to/from the radiator was 55/45°C. 

  

Figure 10. Results for simulated radiators and manufacturers data. 

The results show that the used simplifications give a good agreement between the model and 

the Standard EN 442-2 test. For the 300 mm cases the maximum difference appears for the 

MP2 case with 0.2%. The difference is 1.4% for the MP1 radiator with 590 mm height, which 

is due to the constant (C2) being adapted for the 300 mm radiator, but the error is still small. 

Effects of the indoor climate. 

Simulations of the conditions in a room with dimensions according to the Standard EN 442-2 

were performed. Results along a line 1 m ahead of the radiator from floor to ceiling showing 

the air velocity and temperature are presented in Figure 11. Two cases were examined, a 

single-panel radiator (MP1) and a radiator with two panels (MP2). Heat transfer rates can be 

seen in Figure 10, 180 W and 280 W respectively. 
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 (a) (b) 

Figure 11. Velocity profile (a) and temperature gradient (b) along a line from floor to ceiling. 

The Figure 11a shows that a small increase in velocity appears for the MP2 case due to the 

increase in convective heat transfer. The velocity change is overall so small that some effects 

on the indoor climate will not appear. Figure 11b shows an increased temperature gradient for 

the MP2 case, which can have a larger effect on the indoor comfort. 

Conclusions 

The climate in buildings can be resolved correctly with CFD simulations using the k-ε model 

if user-defined wall functions are implemented on the radiator. The heat transfer coefficient 

predicted agrees well with the heat transfer coefficient established with the SST model, 

although the number of cells is reduced significantly. The proportion of heat transfer through 

convection and radiation is coexistent with common knowledge.  

The used model shows good agreement with measurements according to European standard 

EN-442-2. Further simplifications incorporated in the simulations as a constant surface 

temperature, a flat radiator surface and describing the number of panels through a constant are 

possible to introduce without losing accuracy. A radiator with many panels or curvy geometry 

can than easily be simulated without the need to include all the geometrical details in the 

CFD-model. 

Although the working model is developed for a radiator height of 300 mm and a water supply 

temperature of 55°C, the error using it on a radiator with almost twice the height is small. In 

order to decrease the error correct values of the constant can be determined for actual 

conditions through the described method. 

CFD simulations of the indoor climate in buildings using the k-ε model must include user- 

defined wall functions on all surfaces with large temperature differences towards the air, for 

example radiators and windows.  
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