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Abstract 

This study presents air distribution systems that are based on 
confluent jets; this system can be of interest for the establishment of 
indoor environments, to fulfill the goals of indoor climate and energy-
efficient usage. The main objective of this study is to provide deeper 
understanding of the flow field development of a supply device that is 
designed based on wall confluent jets and to investigate the ventilation 
performance by experimental and numerical methods. In this study, the 
supply device can be described as an array of round jets on a flat surface 
attached to a side wall. Multiple round jets that issue from supply device 
apertures are combined at a certain distance downstream from the device 
and behave as a combined jet or so-called confluent jets. Multiple round 
jets that are generated from the supply device move downward and are 
attached to the wall at the primary region, due to the Coanda effect, and 
then they become wall confluent jets until the floor wall is reached. A 
wall jet in a secondary region is formed along the floor after the 
stagnation region.  

The characteristics of the flow field and the ventilation performance of 
conventional wall confluent jets and modified wall confluent jets supply 
devices are investigated experimentally in an office test room. The study 
of the modified wall confluent jets is intended to improve the efficiency 
of the conventional wall confluent jets while maintaining acceptable 
thermal comfort in an office environment. The results show that the 
modified wall confluent jets supply device can provide acceptable 
thermal comfort for the occupant with lower airflow rate compared to the 
conventional wall confluent jets supply device. 

Numerical predictions from three turbulence models (renormalization 
group (RNG 𝑘𝑘 − 𝜀𝜀), realizable (Re 𝑘𝑘 − 𝜀𝜀), and shear stress transport 
(SST 𝑘𝑘 − 𝜔𝜔)) are evaluated by measurement results. The computational 
box and nozzle plate models are used to model the inlet boundary 
conditions of the nozzle device. In the isothermal study, the wall 
confluent jets in the primary region and the wall jet in the secondary 
region, when predicted by the three turbulence models, are in good 
agreement with the measurements. The non-isothermal validation studies 
show that the SST 𝑘𝑘 − 𝜔𝜔 model is slightly better at predicting the wall 
confluent jets than the other two models. The SST 𝑘𝑘 − 𝜔𝜔 model is used to 
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investigate the effects of the nozzle diameter, number of nozzles, nozzle 
array configuration, and inlet discharge height on the ventilation 
performance of the proposed wall confluent jets supply device. The 
nozzle diameter and number of nozzles play important roles in 
determining the airflow pattern, temperature field, and draught 
distribution. Increased temperature stratification and less draught 
distribution are achieved by increasing the nozzle diameter and number 
of nozzles. The supply device with smaller nozzle diameters and fewer 
nozzles yields rather uniform temperature distribution due to the 
dominant effect of mixing. The flow behavior is nearly independent of 
the inlet discharge height for the studied range. 

The proposed wall confluent jets supply device is compared with a 
mixing supply device, impinging supply device and displacement supply 
device in an office environment. The results show that the proposed wall 
confluent jets supply device has the combined behavior of both mixing 
and stratification principles. The proposed wall confluent jets supply 
device provides better overall ventilation performance than the mixing 
and displacement supply devices used in this study. 

This study covers also another application of confluent jets that is 
combined with impinging technology. The supply device under 
consideration has an array of round jets on a curve. Multiple jets issue 
from the supply device aperture, in which the supply device is positioned 
vertically and the jets are directed against a target wall. The flow 
behavior and ventilation performance of the impinging confluent jets 
supply device is studied experimentally in an industrial premise. The 
results show that the impinging confluent jets supply device maintains 
acceptable thermal comfort in the occupied zone by creating well-
distributed airflow during cold and hot seasons.  
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Sammanfattning 
Denna studie behandlar ett luftdistributionssystem som är baserat på 

confluent jets; ett system som är av intresse vid upprättande av 
inomhusmiljöer för att uppnå målsättningen för inomhusklimat och 
energieffektivitet. Huvudmålen för denna studie är att tillhandahålla 
information om strömningsbilden från ett tilluftsdon som utformats 
utifrån väggsamverkande strålar (wall confluent jets) och att undersöka 
ventilationsprestanda med experimentella och numeriska metoder. I den 
här studien kan tilluftsdonet beskrivas som en uppsättning av runda 
strålar på en platt yta, som är installerad på en sidovägg. Multipla runda 
strålar som utgår från öppningar i tilluftsdonet sammanfaller på ett visst 
avstånd nedanför donet och beter sig som en enda jetstråle eller så kallade 
confluent jets. Multipla runda strålar som genereras från tilluftsdonet, rör 
sig nedåt och klistrar sig på vid väggen (ett primärområde) beroende på 
Coanda-effekten; de blir sedan väggsamverkande strålar innan de når 
golvytan. En väggstråle bildas i ett sekundärt område längs golvet efter 
stagnations-området.  

Flödesfältets egenskaper och ventilationsprestanda hos tilluftsdon för 
konventionella väggsamverkande strålar och don för modifierade 
väggsamverkande strålar har undersökts experimentellt i ett kontrollerat 
kontorsrum. Studien av de modifierade väggsamverkande strålarna är 
avsedd att öka effektiviteten hos det konventionella donet samtidigt som 
man har acceptabla termiska förhållanden i kontors-miljön. Resultatet 
visar att det modifierade tilluftsdonet kan ge både behaglig termisk 
komfort i vistelsezonen och även göra det med mindre luftflöde jämfört 
med det konventionella tilluftsdonet.  

Numeriska förutsägelser gjorda med tre turbulensmodeller 
(renormalization group (RNG 𝑘𝑘 − 𝜀𝜀), realizable (Re 𝑘𝑘 − 𝜀𝜀), och shear 
stress transport (SST 𝑘𝑘 − 𝜔𝜔)) har utvärderats mot mätresultat. Modellerna 
för beräkningsboxen och munstyckesplattan har använts för att utforma 
själva intaget i munstycket. I den isotermiska studien, visar de 
väggsamverkande strålarna i primärområdet och vägg-strålarna i det 
sekundära området god överensstämmelse med mätningarna, när de 
utvärderades med hjälp av de tre turbulens-modellerna. De icke-
isotermiska valideringsstudierna visar att SST 𝑘𝑘 − 𝜔𝜔 modellen är något 
bättre på att prediktera de väggsamverkande strålar än de andra två 
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modellerna. SST 𝑘𝑘 − 𝜔𝜔 modellen används för att undersöka effekterna av 
munstyckets diameter, antalet mun-stycken, munstyckesutformningen, 
och donets inverkan på ventilation-sprestanda hos det föreslagna 
confluent jet-tilluftsdonet. Munstyckets diameter och antalet munstycken 
har stor betydelse för bedömningen av luftströmningens utformning, 
temperaturfältet och förekomsten av drag. Ökad temperatur-stratifiering 
och mindre förekomst av drag uppnås med ökad munstyckesdiameter och 
fler munstycken. Tilluftsdon med mindre munstyckesdiameter och färre 
munstycken ger ganska enhetlig temperaturstratifiering beroende på den 
dominerande omblandade effekten. Flödets beteende är nästan oberoende 
av höjden på donet inom det studerade området. 

Det föreslagna tilluftsdonet för väggsamverkande strålar jämförs med 
ett omblandande tilluftsdon, ett impinging tilluftsdon och ett 
deplacerande don. Resultaten visar att det föreslagna tilluftsdonet för 
väggsamverkande strålar kombinerar egenskaperna för omblandande och 
stratifierande principer. Det föreslagna tilluftsdonet för vägg-
samverkande strålar erbjuder generellt bättre ventilations-prestanda än de 
omblandande och stratifierande tilluftsdonen som användes i denna 
studie.  

Studien omfattar även en annan applikation av confluent jets som är 
baserad på impinging teknologi. Det studerade tilluftsdonet har en 
uppsättning av runda strålar placerade i en båge. Multipla strålar utgår 
från donets öppning, där donet sitter vertikalt och strålarna riktas mot en 
bestämd vägg. Flödesbeteendet och ventilationsprestanda hos 
tilluftsdonet med impinging confluent jets studeras experimentellt i en 
industriell lokal. Resultaten visar att tilluftsdonet med impinging 
confluent jets kan bevara acceptabel termal komfort i vistelsezonen 
genom att skapa ett välfördelat luftflöde under både varma och kalla 
årstider. 
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Nomenclature 
Symbol Description Unit 
A area m2 

An total area of the nozzles m2 

c number of column - 

d diameter of the nozzle mm 

fcl  clothing area factor - 

hc convective heat transfer coefficient W/m2°C 

H height of the test room  m 

Icl clothing insulation m2°C/W 

g  gravity m/s2 

L length of the test room  m 

l length scale  m 

M measurement - 

Mr Metabolic rate  W/m2 

Pa water vapour pressure  Pa 

Q supply airflow rate  m3/s 

r number of row - 

T temperature  °C 

Tu turbulence intensity  % 

tcl clothing surface temperature °C 

𝑡𝑡𝑟𝑟�  mean radiant temperature °C 

U mean velocity  m/s 

u velocity in x-direction m/s 

V room volume  m3 

v velocity in y-direction  m/s 

W width of the test room  m 

We effective mechanical power W/m2 
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w velocity in z-direction  m/s 

x, y, z Cartesian coordinates m 

z* 1.9 - z  m 

var relative air velocity  m/s 

�̇�𝑞 total heat load inside the room  W/m2 

𝑢𝑢𝜏𝜏 friction velocity  m/s 

𝑦𝑦+ dimensionless distance from the wall - 

Greek   

𝜏𝜏𝑛𝑛 nominal time constant  s 

< 𝜏𝜏 >: mean age of air s 

𝜀𝜀𝑎𝑎 air change effectiveness - 

𝜀𝜀𝑡𝑡 heat removal effectiveness - 

θmin non-dimensional minimum temperature 
difference  

- 

𝜅𝜅 von karman constant - 

𝜇𝜇 dynamic viscosity  kg/ms 

𝜇𝜇𝑡𝑡 turbulent viscosity  kg/ms 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 effective viscosity  kg/ms 

𝜈𝜈 kinematic viscosity  m/s2 

𝜌𝜌 density  kg/m3 

𝛼𝛼𝑘𝑘 ,𝛼𝛼𝜀𝜀  inverse effective Prandtl numbers  - 

𝜎𝜎𝑘𝑘,𝜎𝜎𝜀𝜀,𝜎𝜎𝑡𝑡 turbulent Prandtl numbers - 

Θ time average temperature  °C 

�́�𝜃 fluctuating temperature °C 

Subscripts   

a air  

b bulk  

e exhaust  

x 



 

i inlet  

l local  

oz occupied zone  

r room  

s supply  

max maximum value  

min minimum value  

Abbreviations   

ADI air distribution index  

CAV constant air volume  

CB computational box  

CJ confluent jets  

DR draught rate  

DSD displacement supply device  

HWA hot wire anemometer  

HVAC heating, ventilation and air conditioning  

IHG internal heat generation  

IJSD impinging jet supply device  

MSD mixing supply device  

NP nozzle plate  

PC personal computer  

PPD predicted percentage dissatisfied  

PMV predicted mean vote  

st staggered configuration  

VAV variable air volume   

WCJ wall confluent jets  

WCJSD wall confluent jets supply device  
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1 Introduction 
During the past two decades, the global demand for energy has 

doubled, while the demand for electrical energy has tripled. The goal of 
the EU is to reduce energy use by over 80% by 2050. The EU 
Commission has started to work on reduce energy use and greenhouse 
gas emissions by 20% by the year 2020 (Sayigh, 2013; Zhivov et al., 
2014). In Sweden, the Environmental Advisory Council has stated that 
the demand for purchased energy in the building sector should decrease 
by at least 30% by 2025 compared to 2000. The proportion of energy 
usage in the building sector is larger than that used in transport or 
industrial processes in developed countries (Awbi, 2003). The energy 
demand in the built environment is a growing issue, and in Sweden, the 
building sector accounts for almost 35% of the total energy use and 15% 
of the total CO2 emissions (Sayigh, 2013).  

Since the energy crisis of the mid-1970s, energy-saving measures 
have been required to reduce energy use in the heating and cooling of 
buildings. Attempts have been made to find a balance between the air 
distribution, thermal comfort, indoor air quality and energy usage. 
Therefore, it is vital to select appropriate measures to reduce the energy 
usage in building environments. One measure to reduce the use of energy 
is the use of air-tight building facades. Building with more air-tight 
envelope causes indoor air quality and health issues to emerge, and there 
is a consequent loss of productivity (Cao et al., 2014).  

Currently, most people spend the majority of their time indoors. This 
highlights the importance of well-functioning heating, ventilation and air 
conditioning (HVAC) systems. A ventilation system is a process of 
transporting outdoor air into a building, distributing air to different 
rooms, and finally moving the air out of the building. The main purpose 
of ventilation systems within the building environment is to provide 
thermal comfort and air quality, which must be considered in the design 
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1 Introduction 

of a ventilation system for a building. Poor or uncomfortable indoor 
conditions cost large amounts of money, in terms of, for example, 
healthcare, lost productivity, and reduced performance in offices and 
classrooms (Fanger, 2000; Fisk and Rosenfeld, 1997; Wargocki 1998). 
Thermal and air quality are two factors that are related to both energy 
usage and the health of the occupants. Thus, a proper ventilation system 
is needed to fulfill the goals for indoor climate and energy use. 

1.1 Motivation for this study 
As described in the above section, the ventilation system that is 

installed in a building is an important component of energy usage and for 
maintaining a healthy indoor environment with an adequate supply of 
fresh air. It is of great importance to develop a ventilation system that 
improves the thermal comfort of the occupants and the ventilation 
efficiency. Extensive research has been conducted to determine the 
ventilation performance of the most common air distribution systems, 
such as mixing and displacement. These systems, despite their large 
market share, have some limitations and disadvantages. Conventional 
mixing ventilation has a low ventilation effectiveness and air exchange 
efficiency (Etheridge and Sandberg, 1996). Displacement ventilation 
provides a high air-exchange efficiency and ventilation effectiveness 
(Mathisen HM., 1989; Palonen et al., 1991) and has an energy saving 
potential compared to a mixing ventilation (Cao et al., 2014). Moreover, 
in displacement ventilation, air might not spread to a farther distance in a 
room and is limited to use in a cooling mode (Karimipanah et al., 2007). 
To overcome the problems of mixing and displacement systems, air 
distribution systems based on confluent jets (CJ) are studied to provide 
some of the positive effects of both displacement and mixing systems. To 
the author’s knowledge, the wall confluent jets (WCJ) system has not 
been extensively investigated in an indoor environment. Impinging 
confluent jets (ICJ) system has also been investigated in a few studies; 
therefore, a deeper understanding of the WCJ and ICJ ventilation is key 
to improving the efficiency of a system and to providing an acceptable 
indoor environment.  
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1.2 Aims  
The main aim of this study is to gain a thorough understanding of the 

flow behavior of an air distribution system that is based on WCJ in an 
indoor environment. The primary objective of the study is to investigate 
the flow field, temperature distribution and ventilation performance (in 
terms of the thermal comfort and ventilation efficiency) of WCJ supply 
devices in an office environment by experimental and numerical 
methods. One of the objectives of the numerical study is to validate the 
performance of various turbulence models and to choose a reliable 
turbulence model for parametric studies. The study of varying designs of 
configuration WCJ devices is intended to improve the efficiency of the 
system while providing acceptable thermal comfort in an office 
environment. The aim of the study of WCJ supply device is also to 
compare it with other common air distribution systems with respect to the 
thermal comfort, ventilation efficiency and energy-saving potential. This 
study also aims to experimentally investigate the flow field, temperature 
distribution and ventilation performance of ICJ in an industrial premises.  

1.3 Research process 
This thesis is based on four research processes: experimental study, 

numerical study, parametric study and comparison study. First, the 
ventilation performance of WCJ is experimentally investigated in a test 
room and ICJ in an industrial premises (Papers I and VI). To improve the 
efficiency of the system, the WCJ supply device is then modified and 
analyzed experimentally in the same test room (Paper II). Because the 
measurements are limited to various locations and cases, numerical 
simulations are performed for a detailed study; this approach allows us to 
present the aspects that are not measured, such as the mean age of the air. 
The numerical simulations are compared and validated with the 
measurement data (Papers III and IV). In the second part, based on the 
model that is validated, the important variables are identified and the 
impact of different configurations of the modified WCJ supply device on 
the ventilation performance is examined in terms of the thermal comfort 
and ventilation efficiency (Papers III and IV). Finally, numerical 
simulations are performed to compare the ventilation performance of the 
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proposed WCJ supply device with mixing, displacement and impinging 
jet supply devices (Paper V).  

1.4 Research methods 
Two main scientific research methods are used in this study, 

measurement and numerical simulation (i.e., Computational Fluid 
Dynamics (CFD)). The measurements (such as visualization and point-
measuring methods) are performed to understand the flow field, 
temperature distribution and characteristics of a WCJ ventilation and to 
evaluate different turbulence models and to provide boundary conditions 
for the numerical prediction of the flow. Numerical simulation (CFD) 
using Reynolds Average Navier-Stokes (RANS) equations is employed 
for turbulence modeling, which is validated by detailed flow and 
temperature measurements, and this approach allows us to reach a deeper 
understanding of the characteristics of a WCJ system (which is costly to 
be explored from the measurements alone). Finally, the validated 
turbulence model is used to perform an extensive parametric study for the 
purpose of investigating the influence of the varying designs of wall 
confluent jets supply device on ventilation performance and to compare 
this device with different air distribution systems. The measurements are 
also used to investigate the flow and temperature fields and the 
ventilation performance of the ICJ ventilation. 

1.5 Limitations 
The experimental investigation of WCJ is limited to the velocity, 

temperature, and thermal comfort measurement. The measurements of the 
flow are limited to one-dimensional hot wire and omnidirectional hot-
sphere anemometers. The investigation of the WCJ ventilation is limited 
to the cooling mode in the office environment. The configuration of the 
WCJ supply device (i.e., the diameter, number of nozzles, spacing 
between nozzles and nozzle array configuration) is kept constant during 
the measurement. The numerical simulation is limited to steady-state 
two-equation eddy viscosity turbulence models due to computational 
resources. The validation study is limited to a certain number of 
locations. The parametric study considered the effects of change on one 
parameter at a time. The comparison of different air distribution system is 
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 1.6 Summary of appended papers 

limited to numerical simulations, specific room conditions and certain 
types of air supply devices. The study of ICJ ventilation is limited to 
experiments in industrial premises, with a focus on the velocity, 
temperature and thermal comfort. 

1.6 Summary of appended papers  
The thesis is based on the following papers: 

Paper I: Janbakhsh, S., Moshfegh, B., 2009. Experimental 
investigation of a new supply diffuser in an office room, Proceedings of 
11th International Conference on Air Distribution in Rooms. 
(ROOMVENT), Busan, Korea. 

In this paper, the air distribution system that is based on WCJ is 
experimentally studied. The WCJ is described as a number of free 
circular jets that issue from different apertures at the inlet of the supply 
device, which is covered by a convex perforated plate. A set of 
measurements are performed in a mock-up office environment, with a 
focus on the velocity and temperature measurement below the supply 
device and in the room with a thermistor, a one-dimensional hot wire, and 
omnidirectional hot-sphere anemometers. The temperature distribution 
were explored by means of infrared camera imaging. Thermal comfort 
indices (i.e., predicted mean vote (PMV) and predicted percentage 
dissatisfied (PPD)) and draught rate (DR) are evaluated in the middle of 
the room and in various zones at four heights.  

Paper II: Janbakhsh, S., Moshfegh, B., 2014. Experimental 
investigation of a ventilation system based on wall confluent jets. 
Building and Environment 80: 18-31. 

In this paper, the performance of the modified WCJ supply device is 
investigated experimentally in a mock-up office environment. A modified 
WCJ supply device can be described as multiple round jets that issue 
from supply device apertures. The velocity and temperature fields are 
studied below the supply device (primary jet region) and along the floor 
(secondary jet region) using a one-dimensional hot wire and 
omnidirectional hot-sphere anemometers. The self-similarity 
characteristics of the temperature and velocity profiles are observed in the 
primary jet region. The PMV, PPD and DR are also evaluated via the 
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mean velocity, turbulence intensity, temperature and humidity in the test 
room.  

Paper III: Janbakhsh S, Moshfegh B., 2014. Numerical study of a 
ventilation system based on wall confluent jets. HVAC&R Research, 20: 
846-61. 

The numerical investigation of the airflow pattern created from the 
isothermally modified WCJ supply device is presented in a ventilated 
room. The box method is used to specify the inlet boundary conditions. 
The numerical predictions of the renormalization group 𝑘𝑘 − 𝜀𝜀, realizable 
𝑘𝑘 − 𝜀𝜀 and shear stress transport 𝑘𝑘 − 𝜔𝜔 models are compared with the 
detailed measurements from Paper II. The velocity decay and spreading 
rate of the jet are also compared with the experimental results from the 
literature. The effect of the inlet discharge height and inlet airflow rate 
are investigated numerically by the renormalization group 𝑘𝑘 − 𝜀𝜀 on the 
vertical and lateral spreading of the wall jet and the decay of the 
maximum velocity of the wall jet across the floor. 

Paper IV: Janbakhsh S., Moshfegh B., 2015. Investigation of design 
parameters for an air supply device based on wall confluent jets. 
Submitted to journal for publication. 

Numerical investigations of a modified WCJ supply device are 
presented for the renormalization group 𝑘𝑘 − 𝜀𝜀, realizable 𝑘𝑘 − 𝜀𝜀, and shear 
stress transport 𝑘𝑘 − 𝜔𝜔 models. The numerical predictions are validated by 
measurement data (Paper II) by using the box method and by modeling 
the supply device as the inlet boundary conditions (NP). The ventilation 
performance (i.e., thermal comfort, heat removal effectiveness) is 
numerically investigated by the shear stress transport 𝑘𝑘 − 𝜔𝜔 model while 
varying the design configuration of the air supply device. The 
configuration of the modified WCJ supply device (i.e., the diameter, 
number of nozzles, and configuration of the nozzle array) is investigated 
in detail to explore the proposed WCJ supply device. Finally, the effect of 
the inlet discharge height is investigated by performing numerical 
simulations.  

Paper V: Chen, H., Janbakhsh, S., Larsson, U., Moshfegh, B., 2015. 
Numerical investigation of ventilation performance of different air supply 
devices in an office environment. Building and Environment 90, 37-50. 
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The ventilation performance of the proposed WCJ supply device 
(Paper IV) was numerically compared with a mixing supply device, 
impinging jet supply device, and displacement supply device for the cases 
that were studied in an office environment. The ventilation performance 
was discussed in terms of the thermal comfort (PMV, PPD and DR), heat 
removal effectiveness (𝜀𝜀𝑡𝑡), air exchange efficiency (𝜀𝜀𝑎𝑎), and energy-
saving potential. Cases were studied under identical set-up conditions as 
well as at the same occupied zone temperature, which was achieved using 
different airflow rates and adding different heat loads. The energy-saving 
potential was addressed based on the airflow rates and the related fan 
power required for each ventilation to achieve a similar occupied zone 
temperature. 

Paper VI: Janbakhsh, S., Moshfegh, B., Ghahremanian, S., 2010. A 
newly designed supply diffuser for industrial premises. International 
Journal of Ventilation 9: 59-68. 

The characteristics of an ICJ supply device are experimentally 
investigated in both the heating and cooling seasons inside of industrial 
premises. The ICJ supply device is described as the jet issue from a 
number of free circular jets that are fitted on the body of the cylinder. 
Indoor thermal comfort parameters (i.e., velocity, temperature, PMV, 
PPD, and DR) are discussed at four different heights above the floor at 
various locations.  

1.7 Co-author’s statement 
The author of this thesis has exclusively conducted all experimental 

and numerical simulations of the first four papers (I, II, III, and IV) under 
the supervision of Professor Bahram Moshfegh. The first four papers 
were written entirely by the author of this thesis. However, valuable 
comments and advice have been received from Professor Bahram 
Moshfegh throughout the whole process from planning the investigations, 
interpreting the results, and finally improvements on the disposition for 
these papers (I, II, III, and IV). The author of this thesis performed 
simulations on a wall confluent jets air distribution system for Paper V. 
The other air distribution systems were simulated by PhD student 
Huijuan Chen and the PhD student Ulf Larsson. Paper V was written in 
collaboration with the first three authors, but Professor Bahram Moshfegh 
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contributed with many valuable ideas on formulating the study and 
important suggestions on the drafts. In Paper VI, the measurements were 
performed by the first author and PhD student Shahriar Ghahremanian. 
The measurement results were analyzed, interpreted and put together by 
the first author and PhD student Shahriar Ghahremanian. The first author 
wrote Paper VI in its entirety. Professor Bahram Moshfegh contributed 
with valuable comments and advices on the plans and draft of this paper. 
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2 Literature review 
In this chapter, different air distribution systems are discussed while 

focusing on one recent method of ventilation strategy. The chapter ends 
by introducing international standards that are used for evaluating the 
thermal environment and by defining the thermal comfort and ventilation 
efficiency.  

2.1 Air distribution systems 
Air distribution systems can be divided into different types such as 

piston, mixing, displacement and hybrid. Characteristic air movement 
within a space can be described via two main principles of flow patterns: 
entrainment flow and stratified flow. Entrainment flow is known as 
mixing. When there is poor mixing in a room, short-circulating flow 
appears, as a result of leaving much of the supplied air from the room 
unmixed. Almost no mixing of the room air is achieved in a fully 
stratified flow (displacement) in the occupied zone, which is desirable for 
removing pollutants that have been generated in a room. Thus, it is 
necessary to know the characteristics of the ventilation for the purpose of 
design, in such a way that the occupants experience good thermal comfort 
and air quality. Thermal comfort and air quality are indoor environment 
parameters that are influenced by the air distribution system. An improper 
selection of the air distribution system can result in an unacceptable 
velocity, unacceptable temperature gradients and air stagnation in the 
occupied zone, which could lead to occupier discomfort. Based on the 
ASHRAE Standard 55 (2004), the occupied zone is generally considered 
to be the volume between the floor and a height of 1.8 m from the floor, 
with a distance of 1.0 m from the supply device and external wall 
(opposite wall). The occupied zone has a distance of 0.3 m from the 
internal walls.  
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2.1.1 Mixing ventilation  
Mixing ventilation supplies a relatively high velocity to the room and 

often distributes air via a ceiling supply device (Cao et al., 2010; Lee and 
Awbi, 2004). A wall jet is generated outside the occupied zone in the 
upper part of the room. A high degree of mixing is created due to the 
entrainment of the room air in the supply jet. Mixing systems ideally 
maintain velocities of less than 0.25 m/s in the occupied zone. As a result, 
a uniform velocity, temperature and contaminant concentration can be 
achieved throughout the occupied zone. A proper design of a mixing 
ventilation can be used for cooling and heating as well as ventilation 
purposes. In this system, above the occupied zone, the concentration 
levels are lower than within the zone, which results in an overall 
ventilation efficiency and mean air change effectiveness of less than one 
(Awbi, 2003; Etheridge and Sandberg, 1996). A mixing ventilation is the 
most common of the air distribution systems; its various applications 
have been presented in a guidebook (Mü ller et al., 2013) and in previous 
studies ( ra  et a  ; Sandberg et al., 1986). An example of an 
airflow pattern that was created by mixing can be seen in Figure 1.  

 
Figure 1. Concept of mixing ventilation. 

2.1.2 Displacement ventilation  
In displacement ventilation, fresh air with a low velocity (typically 

0.25 to 0.35 m/s) and a temperature lower than that of the room is 
supplied at the floor level (Cehlin and Moshfegh, 2010; Karimipanah and 
Awbi, 2002). Due to having a negative buoyancy effect, the air moves 
toward the floor after discharge and then spreads across the floor. The air 
is heated by the heat sources and then moves upward (thermal plumes) in 
the room and is removed at the ceiling level. Figure 2 shows an example 
of the air movement in displacement ventilation. This arrangement 
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normally create a vertical gradient of air velocity, temperature and 
contaminant concentration (Goodfellow and Tähti, 2001; Lee and Lam, 
2007; Li et al., 1992; Nielsen, 2007; Nielsen, 2000). Displacement 
ventilation has two distinct zones that form in the room, which are called 
the lower zone and upper zone. The zone with little or no recirculation 
(lower zone) has clean and fresh air, while the zone with recirculation 
(upper zone) is occupied with warm and more contaminant air. The 
system is a promising ventilation concept due to its high air-exchange 
efficiency and ventilation effectiveness (Mathisen HM., 1989; Palonen et 
al., 1991). A limitation in displacement ventilation is that it might not be 
used for heating purposes (i.e., supplying an air temperature that is higher 
than the room air temperature). Displacement ventilation has a limited 
penetration distance in a room that has multiple buoyancy sources. It can 
be used in a cooling mode because buoyancy is the dominant force that 
drives air from the floor to the ceiling. Performance of displacement 
ventilation regards to ventilation efficiency and energy saving can be 
found in the studies by Causone et al. (2010); Chen and Van Der Kooi 
(1990); Cheong et al. (2006); Melikov et al. (2005); Nielsen (1993) 

 
Figure 2. Concept of displacement ventilation. 

To overcome the above-mentioned problems, new methods of air 
distribution have been developed, which are so-called hybrid air 
distribution systems. Air distribution in hybrid systems is based on high 
momentum jets. The principle of these air distribution methods is based 
on the performance of both mixing and displacement air distribution. 
Confluent jets (CJ) and impinging jet (IJ) are the most promising among 
these hybrid ventilation (Awbi, 2008). The performance of impinging jet 
in a ventilated room can be seen in Karimipanah and Awbi (2002). In this 
thesis, an air distribution system that is based on confluent jets can be 
found in details. 
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2.1.3 Confluent jets (CJ) ventilation  
Confluent jets can be defined as multiple interacting jets that issue 

from different nozzles (Awbi, 2003). Typically, the flow field of 
confluent jets consists of initial, converging, merging and combined 
regions (Ghahremanian et al., 2014b). The combined jets, after a certain 
distance from the supply device, behave as a united jet, in which the 
individual jets can no longer be identified.  

The near flow field is complicated for the confluent jets according to 
the jets’ interactions. The flow from an in-line array of multiple 
interacting jets creates three different confluent jets, i.e., central jets, side 
jets and corner jets. All of these behave differently in the converged, 
merged and combined regions in terms of the velocity decay. There is no 
significant difference between the central, side and corner jets within the 
initial region. A clear potential core zone can be found within the initial 
region. The confluent jets start to merge after the converging region. 
After the nozzle, in the converging region, the side jets curve toward the 
center of the array. This phenomenon can be seen to be less for the corner 
jets. The side jets are strongly affected by the neighboring flow compared 
to the other jets. Due to the deflection, the side jets merge faster 
compared to the central jets. As a result, the side jets have a shorter 
potential core, with a faster velocity decay that preserves their maximum 
velocity less than the corner jets. The combined region is dominated by 
the potential core, where a small maximum velocity decay can be 
observed in this region. The contour plot and cross- sectional profiles of 
the dimensionless mean velocity from an in-line array of round jets, as 
can be seen in  Figure 3 (Ghahremanian et al., 2014a; Ghahremanian et 
al., 2014b). In a near-field study of multiple interacting jets; confluent 
jets can be found in detail in the doctoral thesis by Ghahremanian (2014). 
Different techniques were used for numerical and experimental 
investigation of the flow behavior of a CJ in the region close to the nozzle 
exits (Ghahremanian and Moshfegh, 2014a; Ghahremanian and 
Moshfegh, 2014b; Ghahremanian et al., 2014a; Ghahremanian et al., 
2014b; Svensson et al., 2012; Svensson et al., 2014). 
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a b 

Figure 3. Contour plot (a) and  cross-sectional profiles (b) of the 
dimensionless measured velocity from an array of round jets 
(Ghahremanian et al., 2014a; Ghahremanian et al., 2014b).  

2.1.3.1 Wall confluent jets  

An air distribution system based on wall confluent jets can be 
described as a combined jet that issues from the CJ supply device in the 
vicinity of the wall. The CJ move downward attached to the wall due to 
the Coanda effect and then becomes a wall jet (Figure 4). An attached 
wall jet is characterized by the flow being bound on one side by a flat 
surface and moving parallel to the surface. Upon leaving the nozzle, the 
jet forms a boundary layer on the wall surface, and a mixing layer 
develops on the fluid side (Awbi, 2003). The wall jet remains attached to 
the wall until the floor wall is reached. The free jet region, Coanda effect 
region, and wall region are three regions of WCJ that were found in the 
experimental study of a WCJ supply device by Cho et al. (2008). Within 
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the free jet region, due to entrainment, the maximum velocity at the jet 
centerline is higher than that for the near-wall region. In the Coanda 
effect region, the maximum velocity for the centerline is lower than the 
maximum velocity for the near-wall region. Within the Coanda effect 
region, the combined jets behave like a wall jet that has a tendency to 
attach to the wall, while the confluent pattern also starts from this region 
onward. The wall region consists of two sub-regions: a wall jet region 
and an impingement region. In the wall jet region, the decay of maximum 
velocities is similar for both centerline and near wall regions. However, 
in the impinging region, the velocity profile is different for the centerline 
and near wall regions. According to Viets and Sforza (1966), the three-
dimensional wall jet has three main regions of decay in the maximum 
velocity along the centerline of the jet, which are called the potential core 
(core zone) region, characteristic decay (CD) region (transition zone) and 
radial decay (RD) region (fully established turbulent zone). In the 
potential core region, the maximum velocity is similar to or very close to 
the velocity at the nozzle inlet. In the second region (CD), the maximum 
velocity decays as the constant power of the stream-wise distance. In the 
radial decay region, the maximum velocity decays like that of a radial 
wall jet, i.e., “an axisymmetric jet which impinging normally upon a wall 
and spreads radially over the wall” (Sforza and Herbst, 1970). 

 
Figure 4. Schematic of wall confluent jets (Cho et al., 2008).  
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Wall confluent jets have been applied in ventilation only in the studies 
of Cho et al. (2008) and Karimipanah et al. (2008). Some of the 
characteristics of the WCJ in their study are described next. It was found 
that the velocity decay of the WCJ is slower than that of the other jets 
(e.g., free confluent jets, free plane jet and free plane wall jet). The 
behavior of this system is such that it leads to slow diffusion due to 
having a lower rate of velocity decay compared with the free confluent 
jets, free plane jet and free plane wall jet. In addition, the flow behavior 
of the WCJ was compared with the displacement system. It was 
concluded that the WCJ has a greater horizontal spread over the floor 
than the displacement jet. The WCJ supply device generates a clean air 
zone in the lower part of the occupied zone. The system has some 
properties of a mixing system in which the entrainment of the room air in 
the supply jet occurs. Higher air-change effectiveness can be found 
compared to a mixing system. The WCJ can eliminate the need for 
additional heating and cooling systems during cold and hot seasons, 
compared to a displacement system. The results for the energy 
performance of the WCJ supply device reveal that this system requires 
the lowest fan power compared to the displacement, mixing and 
impinging jet ventilation, to achieve nearly the same value of the air 
distribution index (ADI) (Awbi, 2003).  

2.1.3.2 Impinging confluent jets (ICJ) 

The supply device under consideration, namely the impinging 
confluent jets (ICJ), can be described as multiple jets that issue from the 
supply device apertures in which the confluent jets supply device is 
positioned vertically or horizontally and in which the jets are directed 
against a target wall (Figure 5). The ICJ was studied experimentally and 
numerically in classrooms for different thermal conditions (Karimipanah 
et al., 2007). In their study, the ICJ presented slightly better thermal 
comfort and air quality compared with displacement system.  
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Figure 5. Schematic of ICJ (Janbakhsh et al., 2010). 

This thesis addresses the application of WCJ and ICJ, which can be of 
interest in the design of a ventilation supply device. To the best of the 
author’s knowledge, there are few studies available in the literature that 
are on air distribution systems based on WCJ and ICJ. 
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2.2 Indoor environment and measures of performance  
Providing a thermal comfort environment and acceptable air quality is 

one of the important parameters to be considered when designing a 
ventilation system. The international standards, i.e., ASHRAE standard 
55 (2004) and ISO standard 7730 (2005), are mainly standards that were 
used for evaluating the thermal environment in a test room and industrial 
building. These two standards are very similar to having the same 
evaluation methods for PMV (Predicted Mean Vote), PPD (Predicted 
Percentage Dissatisfied) and local thermal discomfort (e.g., due to 
draught). The standards mostly use the same recommended criteria. 
Thermal comfort, air quality and ventilation effectiveness are defined 
below. 

2.2.1 Thermal comfort  
Thermal comfort is defined in the ASHRAE Standard 55 (2004) as 

“that condition of mind which expresses satisfaction with the thermal 
environment”. Six environmental factors must be addressed as being 
important for the thermal comfort definition. These factors are the air 
temperature, radiant temperature, air speed, humidity, metabolic rate and 
clothing insulation. The parameters that influence the thermal comfort are 
incorporated into the comfort equation that was introduced by Fanger 
P.O. (1973). The values for quantifing the degree of discomfort, i.e. the 
PMV index, were introduced in equation (1) (ISO 7730, 2005) and are 
based on tests that were conducted on a group of people according to the 
psycho-physical (thermal sensation) scale: -3 cold, -2 cool, -1 slightly 
cool, 0 neutral, +1 slightly warm, +2 warm, and +3 hot (ASHRAE, 
2009a; ISO 7730, 2005). PMV is widely used index for calculating the 
steady state thermal comfort (thermal equilibrium with the environment), 
which is based on the heat balance of the human body. For an acceptable 
thermal environment, the PMV value is within the recommended range, 
or in other words, the conditions are within the comfort zone.  
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𝑃𝑃𝑃𝑃𝑃𝑃 = [0.303exp (−0.036𝑃𝑃𝑟𝑟) + 0.028]
× {(𝑃𝑃𝑟𝑟 −𝑊𝑊𝑒𝑒) − 3.05
× 10−3[5733− 6.99(𝑃𝑃𝑟𝑟 −𝑊𝑊𝑒𝑒) − 𝑃𝑃𝑎𝑎]
− 0.42[(𝑃𝑃𝑟𝑟 −𝑊𝑊𝑒𝑒) − 58.15]− 1.7
× 10−5𝑃𝑃𝑟𝑟(5867 − 𝑃𝑃𝑎𝑎) − 0.0014𝑃𝑃𝑟𝑟(34− 𝑡𝑡𝑎𝑎)
− 3.96 × 10−8𝑓𝑓𝑐𝑐𝑐𝑐[(𝑡𝑡𝑐𝑐𝑐𝑐 + 273)4 − (𝑡𝑡𝑟𝑟� + 273)4]
− 𝑓𝑓𝑐𝑐𝑐𝑐ℎ𝑐𝑐(𝑡𝑡𝑐𝑐𝑐𝑐 − 𝑡𝑡𝑎𝑎)} 

(1) 

where 

𝑡𝑡𝑐𝑐𝑐𝑐 = 35.7− 0.028(𝑃𝑃𝑟𝑟 −𝑊𝑊𝑒𝑒)
− 𝐼𝐼𝑐𝑐𝑐𝑐{3.96
× 10−8𝑓𝑓𝑐𝑐𝑐𝑐[(𝑡𝑡𝑐𝑐𝑐𝑐 + 273)4 − (𝑡𝑡𝑟𝑟� + 273)4]
+ 𝑓𝑓𝑐𝑐𝑐𝑐ℎ𝑐𝑐(𝑡𝑡𝑐𝑐𝑐𝑐 − 𝑡𝑡𝑎𝑎)} 

(2) 

𝑓𝑓𝑐𝑐𝑐𝑐 = �1.00 + 1.290𝐼𝐼𝑐𝑐𝑐𝑐         for 𝐼𝐼𝑐𝑐𝑐𝑐 ≤ 0.078 
1.05 + 0.645𝐼𝐼𝑐𝑐𝑐𝑐        for 𝐼𝐼𝑐𝑐𝑐𝑐 > 0.078  (3) 

ℎ𝑐𝑐 =  �
2.38|𝑡𝑡𝑐𝑐𝑐𝑐 − 𝑡𝑡𝑎𝑎|0.25   𝑓𝑓𝑓𝑓𝑓𝑓 2.38|𝑡𝑡𝑐𝑐𝑐𝑐 − 𝑡𝑡𝑎𝑎|0.25 > 12.1�𝑣𝑣𝑎𝑎𝑟𝑟
12.1�𝑣𝑣𝑎𝑎𝑟𝑟                 𝑓𝑓𝑓𝑓𝑓𝑓 2.38|𝑡𝑡𝑐𝑐𝑐𝑐 − 𝑡𝑡𝑎𝑎|0.25 < 12.1�𝑣𝑣𝑎𝑎𝑟𝑟

 (4) 

Once the PMV value is calculated, then the PPD index is determined. 
Fanger P.O. (1973) correlated the percentage ratio of the people who 
were dissatisfied with the predicted mean vote. 

PPD = 100 − 95. exp − (0.03353𝑃𝑃𝑃𝑃𝑃𝑃4 + 0.2179𝑃𝑃𝑃𝑃𝑃𝑃2)  (5) 

The recommended limits of the PMV and PPD indices, i.e.,                 
-0.5 < PMV < 0.5 and PPD < 10%, have been suggested by ASHRAE 
Standard 55 (2004), while in ISO 7730 (2005), three categories of the 
thermal environment were suggested (class A category -0.2 < PMV < 0.2, 
PPD < 6%; class B category -0.5 < PMV < 0.5, PPD < 10%; and class C 
category -0.7 < PMV < 0.7, PPD < 15%). Because of the accuracy of the 
instrument, it can be difficult to verify that a PMV is in the class A 
category. 

In ventilated spaces, draught (DR) is defined as a common complain 
that is associated with the unwanted local cooling of the body caused by 
air movement. Draught produces a cooling effect of the skin by 
convection, and the sensitivity to draught increases when the skin is not 
covered by clothing and people have a low activity level (seated-
standing). The draught sensation depends on the temperature difference 
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between the air and the skin, any increase in the air speed and the 
turbulence intensity in the airflow. This model applies to people in mostly 
sedentary activity (e.g., an office) and the nearly neutral thermal 
sensation for the whole body. The percentage of people who feeling 
draught can be expressed using equation (6) (ASHRAE Standard 55, 
2004; ISO 7730, 2005): 

𝐷𝐷𝐷𝐷 = (34 − 𝑇𝑇𝑎𝑎)(𝑈𝑈𝑎𝑎 − 0.05)0.62(0.37𝑈𝑈𝑎𝑎𝑇𝑇𝑢𝑢 + 3.14) (6) 

According to the standards of ASHRAE Standard 55 (2004) and    
ISO 7730 (2005): 

For Ua < 0.05 m/s, use Ua = 0.05 m/s. 

For DR > 100% , use DR = 100 %. 

According to ASHRAE Standard 55 (2004), the recommended 
percentage who are dissatisfied due to draught is less than 20%. In      
ISO 7730 (2005), draught is restricted to be less than 10%, 20% and 30% 
for class categories A, B and C, respectively.  

2.2.2 Ventilation effectiveness 
In a ventilated room, a proper quantity of conditioned air and an 

effective air distribution is the objective of a ventilation process. This 
process removes heat and contaminants and creates comfortable 
conditions with the aim of reducing the operating costs of the ventilation 
system and air conditioning. The heat removal effectiveness (𝜀𝜀𝑡𝑡) and 
contaminant effectiveness (𝜀𝜀𝑐𝑐) are indices that are used to represent the 
ability of a ventilation system to remove heat and contaminants, as 
described in (Awbi, 2003); these indices are expressed as follows:  

εt =
𝑇𝑇e − 𝑇𝑇i
𝑇𝑇oz − 𝑇𝑇i

 (7) 

εc =
𝐶𝐶e − 𝐶𝐶i
𝐶𝐶oz − 𝐶𝐶i

 (8) 

where T and C are the temperature (°C) and contaminant 
concentration (ppm), respectively, and the subscripts e, i and oz denote 
the exhaust, inlet and mean value, respectively in the occupied zone.  
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A high value of 𝜀𝜀𝑡𝑡 and 𝜀𝜀𝑐𝑐 represent a high performance of the 
ventilation system in terms of the heat and contaminant removal. To 
evaluate the indoor environment in the occupied zone, Awbi (2003) and 
Karimipanah et al. (2008) introduced ADI, which is defined by 
combining 𝜀𝜀𝑡𝑡 and 𝜀𝜀𝑐𝑐 with PPD and PDAQ (the indoor air quality index) to 
represent the perception of thermal comfort and air quality with one 
parameter (Awbi, 2003). 

Sandberg (1981) introduced the concept of the age of air as a tool for 
evaluating the ventilation effectiveness. The mean age of the air is a 
measure of the air quality and describes the freshness of the air. The 
mean age of air is zero through the supply device and increases when the 
air enters the ventilated space. The room mean air change effectiveness 
(𝜀𝜀𝑎𝑎) or so-called air change effectiveness is defined based on the mean 
age of the air. This index defines how quickly the air in a ventilated space 
is exchanged with fresh air. Better air quality of the room and a higher 
exchange efficiency are related to having a lower mean age of air. The air 
change effectiveness can be used when no information on the 
contaminants from the source is available. This index is defined by the 
following expression (Etheridge and Sandberg, 1996): 

𝜀𝜀𝑎𝑎 =
𝜏𝜏𝑛𝑛

2 < 𝜏𝜏 >
 (9) 

where 𝜏𝜏𝑛𝑛 (s) is the nominal time constant (the shortest possible air 
change time, the inverse value of the nominal time constant, is the air-
exchange rate) for a given room volume, V (m3), the airflow rate, 
𝑄𝑄(m3/s), is expressed as 𝜏𝜏𝑛𝑛 = 𝑃𝑃

𝑄𝑄� ; and < 𝜏𝜏 >  is the mean age of the air 
in the room (the actual air change time). 
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Measurements are used to investigate the performance of the WCJ and 

ICJ air supply devices; moreover, numerical investigation is used to study 
the WCJ. Measurement and numerical prediction are employed to present 
the airflow pattern, temperature distribution, air velocity, air temperature, 
and turbulence intensity as well as the thermal comfort indices and 
ventilation efficiency in an indoor environment. 

3.1  Experimental techniques 

3.1.1 Flow visualization and temperature distribution 
Smoke visualization is the common and simple method of visualizing 

the air motion in a room. The velocity direction can be estimated by 
applying a puff of smoke into the flow. Smoke can be produced by the 
vaporization of paraffin oil in a portable smoke generator. The smoke 
particles can then be traced and photographed. 

An infrared camera provides an image of the temperature distribution 
of a surface. Previous experimental studies were performed using this 
technique to capture the temperature field of the jet in a ventilated room 
(Cehlin et al., 2000; Cehlin et al., 2002; Elvsén and Sandberg, 2009; 
Sandberg, 2007; Sun and Smith, 2005). Some earlier measurements of the 
air temperature with this technique were reported by Hassani and Stetz 
(1994); Stetz (1993); Sundberg (1993). 

3.1.2 Velocity measurement 
Different instruments, such as a Particle image velocimeter (PIV), 

Laser Doppler anemometer (LDA) and hot wire anemometer, are 
commonly used to measure the air velocity in an indoor environment. 
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These techniques, along with their applications and accuracy, are 
described in ASHRAE (2009c). PIV measures the fluid velocity by 
determining the displacement of a group of seeding particles that are 
introduced into a flow. The advantage of PIV is to examine two-and 
three-dimensional velocity fields without disturbing the flow field. The 
PIV technique can be found in detail in Adrian and Westerweel (2010); 
Raffel et al. (2007). The LDA is an intrusion-free method that also 
measures one, two and three-dimensional air velocities. The LDA can 
measure only one point at a time and it performs well at low velocities. In 
LDA, the velocity measurement is accomplished by determining the 
frequency shift of the light scattered by moving particles through the 
intersection volume of two intersecting laser beams. A more 
comprehensive description of the LDA technique can be found in Boutier 
(2012). Two types of thermal anemometers for measuring the air velocity 
at a point in a room are one-dimensional hot-wire anemometer and the 
omnidirectional hot-sphere anemometer. In this study, the point-
measuring techniques are based on constant temperature anemometer 
principle.  

3.1.2.1 One-dimensional Hot-Wire Anemometry (HWA) 

A Constant temperature hot-wire anemometer consists of a thin 
tungsten or platinum wire. The sensor is heated electrically and cooled at 
a specific rate, which is related to the velocity of the fluid. The sensor 
works based on convective heat transfer from a heated sensor to the 
surrounding fluid. The heat q (W) that is exposed to the fluid is equal to 
𝐼𝐼2𝐷𝐷, where R is the resistance (Ω/m) and I is the current through the wire. 
The resistance and temperature of the wire sensor are maintained constant 
by varying the current, and hence, the current through the wire is a 
measure of the velocity.  

The system consists of a hot wire sensor, constant temperature 
anemometer module, analog to digital (A/D) converter and computer. 
Data acquisition, data analysis and applications software for a constant 
temperature anemometer set-up are part of the system. The constant 
temperature anemometer signal is obtained via an A/D converter board 
and is saved as a data series in a computer. The output is an analogue 
voltage, which provides no loss of information. The HWA is simple to 
use and has high frequency responses (Johnson, 1998; Sandberg et al., 
2008), which makes it possible to study turbulent flows. 
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In the velocity measurement by the hot wire, uncertainty arises mostly 
from the calibration and, of course, depends on others factors, such as the 
calibration equipment used, temperature variation of HWA and curve-
fitting (linearizing) to the calibration results. Contamination of the HWA 
by dust particles can affect the quality of the velocity measurement 
results; therefore, the HWA must be recalibrated frequently. 

HWA must be calibrated to establish a relationship between the flow 
velocity and the raw signal output. The calibration must be performed in 
a low-turbulence flow. Exponential and quartic polynomial functions are 
used to determine the relationship between the output voltage and the 
corresponding velocity. The accuracy of the polynomial function arises 
from more than the exponential function, and more detailed information 
can be seen in (Bruun, 1995). It is important to calibrate the HWA for the 
whole range of desired velocities when using the quartic polynomial. 
Temperature compensation is recommended for correcting the 
temperature variations.  

The HWA must be oriented perpendicular to the incoming flow 
direction because it is sensitive to the flow direction. It measures only the 
component of the velocity that is normal to the wire axis; therefore, it is 
not suitable for measuring the velocity in a room in which the flow 
directions are unknown. The omnidirectional constant temperature 
anemometer will be more suitable for measuring the velocity in a room. 
The one-dimensional hot-wire anemometer was used e.g., in the study of 
confluent jets (Ghahremanian and Moshfegh, 2014a; Ghahremanian and 
Moshfegh, 2014b) and displacement ventilation (Cehlin and Moshfegh, 
2010). 

3.1.2.2 Omnidirectional hot-sphere anemometer 

At low velocities, the one-dimensional hot-sphere anemometer is 
sensitive to the flow direction; an omnidirectional hot sphere anemometer 
is often preferred for the measurement of the room air movement. An 
omnidirectional hot sphere anemometer can accurately measure low air 
velocities, with a limited time response of approximately 20 HZ 
(Sandberg et al., 2008). The anemometer has two sensors, for the 
temperature and velocity. The sensors are glass spheres that have a 
diameter of approximately 2 mm to 3 mm and are covered with a the 
nickel layer. The anemometer operates based on a constant temperature 
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mode to reduce the natural convection from the sensor. A small piece of 
plastic is placed between the temperature and velocity sensors to control 
the warming of the temperature sensor by the velocity sensor. Melikove 
(2007) and Lundström et al. (1990) noted that the measurement error 
sources are obtained by the natural convection generated by the sensor, 
standard deviation, directional sensitivity of the velocity sensor, velocity 
and temperature gradients in the flow. Details of the thermal 
anemometers have been studied by a number of authors, e.g., Bruun 
(1995); Fingerson (1994) and Melikove (2007). An omnidirectional hot 
sphere anemometer was applied to measure the airflow distributions 
within a building; some of the studies are the following citations 
(Blomqvist and Sandberg, 1997; Karimipanah et al., 2007; Wigö and 
Sandberg, 2002). 

3.1.3 Temperature measurement 
One of the most common techniques used for temperature sensing in 

an indoor climate is the thermocouple type-T (copper-constantan) 
technique. This sensor is created when two dissimilar metal conductors 
are joined. At the junction, a small voltage is produced that is a function 
of the temperature, which converts the thermal energy into the electrical 
energy. The thermocouple can easily connect to a data logger and 
computer. The 0.2-mm to 0.5-mm diameter of the sensor is used for 
indoor climate measurements. In most environment and ventilation 
temperature measurements, sources of error can arise between the 
radiation heat exchange between the surrounding surfaces and the sensor 
(Sandberg et al., 2008). This type of thermocouple was used to measure 
the surface temperature, air temperature, and inlet and outlet temperature 
in different studies such as in Törnström (2003). 

The thermistor is made of a semi-conduction material and is based on 
the same principle as a resistance thermometer (Awbi, 2003). A 
thermistor can be made to be very small, approximately 0.1 mm in 
diameter, with a low cost and high resolution.    

3.1.4 Thermal comfort measurement 
The thermal comfort measuring system measures the combined effect 

of the air velocity, air temperature, operative temperature and humidity 
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while considering values for the activity and clothing. A number of such 
instruments that measure the PMV value have been developed and are 
described by McIntyre (1980) and ASHRAE (2009c). The system 
includes different transducers, a thermal comfort data logger and the 
thermal comfort manager software. The transducers are connected to a 
data logger, which enables the calculation of PMV and PPD. Thermal 
comfort software is used to select data from the database and export the 
PMV and PPD to a Microsoft Excel file. An ellipsoidal comfort 
transducer is designed to simulate the heat exchange of a human body, 
which is typically 165 mm in length and 55 mm in diameter. To simulate 
a standing person, the operative temperature transducer has a vertical 
orientation, and to simulate a seated person, the transducer is tilted at 30° 
from the vertical axis. This technique was applied to measure the thermal 
comfort indexes in different building environments such as offices and a 
large environmental chamber (Lin, 2011; Pan et al., 2005).  

3.2 Computational Fluid Dynamics (CFD)  
The numerical models in CFD can predict the room airflow, 

temperature and contaminant distribution in many industrial applications 
and the internal and external environments of buildings. CFD are user 
friendly and attractive in terms of the time and cost, and it is of special 
interest because of the increase in the speed of supercomputers, which 
have been available for the past three decades. CFD has benefit in 
performing parametric studies with lower cost for cases in which it is 
difficult perform measurements. CFD code solves the continuity 
equation, Navier-Stokes equations, and energy and concentration 
equations. The finite volume and finite element methods are two main 
numerical techniques for solving Navies-Stokes equations. CFD provides 
detailed information in the results and in addition, enables visualization 
and presentation of the calculated result.  

An early CFD model prediction of the room air movement in a 
ventilated room was given in 1974 (Nielsen, 1974). Some review articles 
on CFD applications in indoor environments and introductions to the 
most popular CFD models are the cites provided in the following 
references: (Awbi, 1998; Chen, 2009; Chen and Zhai, 2004; Jones and 
Whittle, 1992; Ladeinde and Nearon, 1997; Nielsen, 1975, 1998; Zhai, 
2006; Zhai et al., 2007; Zhang et al., 2007)  

25 



3 Methods  

Freitas (2002) listed ten important aspects of numerical uncertainties 
in CFD simulations, some of the items are addressed in this chapter and 
can be used to evaluate a simulation. In turbulence models, the numerical 
scheme and the boundary conditions are important factors that affect the 
simulation accuracy. 

In this thesis, the CFD technique, which is a cost-effective tool, is 
employed to predict the air distribution that issues from the wall 
confluent jets supply devices into the room, and the numerical results are 
then compared with the detailed experimental data. Thermal comfort 
indices and the mean age of the air are predicted via a user-defined 
function (UDF) that is based on the solved flow and temperature field.  

3.2.1 Turbulence 
Room air flow is a complex flow and is turbulent. Turbulence is a 

three-dimensional phenomenon, that is characterized by being randomly 
chaotic and irregular and continually varying in time and space. 
Instabilities in a flow induce turbulence and generate eddies. Turbulent 
flows are diffusive and dissipative; they are diffusive because they have a 
high rate of mixing momentum and heat transfer, and they are dissipative 
as viscous force transfers kinetic energy into heat. Energy is transferred 
to the small eddies from the large eddies and so on through a process 
known as an energy cascade.  

3.2.2 Governing equations 
The airflow and heat transfer are described mathematically by 

differential equations, which are known as continuity, momentum 
(Navier-Stokes equations) and energy. The velocity of the turbulent flows 
can be described as the sum of a mean component and a time-varying 
fluctuation component that has a zero mean value. This construct is 
known as Reynolds decomposition, and the resulting time-average Navier 
Stokes equations are called the Reynolds-Average Navier-Stokes (RANS) 
equations. 

In this study, the flow was assumed to be that of a three-dimensional, 
steady state, incompressible ideal gas. The buoyancy effect was included 
in the momentum equation. The Discrete Ordinate radiation heat transfer 
model was used to account for a radiation model that was recommended 
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by (Nielsen et al., 2007). Based on the above assumptions, the equations 
of continuity, momentum and energy of a Newtonian fluid can be written 
in a time-averaged form, as follows: 

𝜕𝜕𝑈𝑈𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖

= 0 (10) 
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where 𝑢𝑢𝚤𝚤′𝑢𝑢𝚥𝚥′������� and 𝑢𝑢𝚤𝚤′𝜃𝜃�����′ are Reynolds stresses and turbulent heat fluxes, 
respectively. These two terms must be modeled to close the equation 
system. 

3.2.3 Computational approaches 
Direct numerical simulation (DNS), large eddy simulation (LES) and 

Reynolds-average Navier-Stokes (RANS) equations are three approaches 
for the prediction of turbulent flows. DNS solves the whole range of the 
turbulence scale, such as the Kolmogorov scales and the characteristic 
length scale. The Kolmogorov scales can be defined in terms of energy 
dissipation rate and viscosity of the fluid. To capture the smallest eddies 
in the turbulent flow, a very fine grid resolution is required. DNS also 
requires very small time step (Versteeg and Malalasekera, 2007). A high 
grid resolution and small time step make the simulation extremely long; 
as a result for the present time, the application of DNS for simulating the 
turbulent flow in indoor flows consumes substantial time and cost. In 
LES, the large eddies are solved and the small eddies are modeled. The 
small eddies in LES are less dependent on the geometry; however 
resolving the large eddies allows having a coarse mesh compared to 
DNS. LES requires a larger time step than DNS; however, the 
computational cost with LES in terms of the memory and CPU time is 
larger than for the RANS models. LES was applied to predict the airflow 
distribution in an enclosed environment, as in the following studies 
(Davidson and Nielsen, 1996; Emmerich and McGrattan, 1998; Jiang and 
Chen, 2001; Musser and McGrattan, 2002). General detail on LES can be 
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seen in Sagaut (2002). RANS solves the time-average Navier-Stokes 
equations by modeling the whole range of the turbulence scales. 
Therefore, RANS models require far fewer computing resources 
compared to LES; as a result, most of the numerical studies on ventilation 
flows for indoor environments have been performed with RANS models. 
Thus, investigators who are interested in evaluating the air distribution in 
indoor environments focus on solving the RANS equations.  

3.2.3.1 RANS models 

RANS turbulence models are divided into Reynolds stress model 
(RSM) and eddy-viscosity models. The eddy viscosity models can be 
divided into zero-equation, one-equation, two-equation and multiple-
equation models, however two-equation models are complete models and 
are widely used. In eddy-viscosity models, the Reynolds stress terms are 
modeled by applying Boussinesq’s hypothesis (Hinze, 1975), which 
relates to the mean velocity gradients. According to Boussinesq’s 
hypothesis, the Reynolds stresses can be approximated by: 

−𝑢𝑢𝑖𝑖′𝑢𝑢𝑗𝑗′ = 𝑣𝑣𝑡𝑡 �
𝜕𝜕𝑈𝑈𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

+
𝜕𝜕𝑈𝑈𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

� +
2
3
𝛿𝛿𝑖𝑖𝑗𝑗𝑘𝑘 (13) 

where 𝑣𝑣𝑡𝑡 is the turbulent viscosity, k is the turbulent kinetic energy, 
and 𝛿𝛿𝑖𝑖𝑗𝑗 is the Kronecker delta, and the turbulence heat fluxes are modeled 
as: 

−𝑢𝑢𝚤𝚤́ θ′ = −
𝜈𝜈𝑡𝑡
𝜎𝜎𝑡𝑡
𝜕𝜕Θ
𝜕𝜕𝑥𝑥𝑗𝑗

 (14) 

where 𝜎𝜎𝑡𝑡 is the turbulent Prandtl number and, in this study, is assumed 
to be constant. 

On the other hand, there are more complex RANS models; RSM 
solves six transport equations of the Reynolds stresses together with the 
transport equation for the dissipation rate, ε, as well as the heat fluxes; 
this approach implies that five more transport equations are required to be 
solved compared with the two-equation eddy-viscosity models. This 
model also requires much more computer resource compared with the 
eddy-viscosity models (Chen, 1996).  

Two-equation eddy-viscosity models are popular in predicting room 
air movements that are induced by a ventilation system. Some research 
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studies have used two-equation eddy-viscosity models in an enclosed 
environment, including the following references: (Awbi, 1989; Cho et al., 
2008; Karimipanah et al., 2007; Karimipanah and Moshfegh, 2007; Luo 
and Roux, 2004; Nielsen, 1998; Rohdin and Moshfegh, 2007; Stamou 
and Katsiris, 2006; Williams et al., 1994a, b; Zhai, 2006). Two-equation 
eddy-viscosity models were also used successfully for the prediction of 
flows in the near field of round and multiple round jets (confluent jets) 
(Ghahremanian and Moshfegh, 2013, 2014a; Ghahremanian and 
Moshfegh, 2014b; Svensson et al., 2014). 

Thus, in this work, three different turbulence models based on two-
equation eddy-viscosity models were used to accomplish a numerical 
prediction of the airflow inside a model room that was ventilated by a 
WCJ supply device. Each turbulence model has its own pros and cons; 
the selection of a correct model for the prediction of the air distribution in 
enclosed environments depends mainly on the accuracy and computing 
time. Turbulence models, the numerical scheme and the boundary 
conditions are important factors that affect the simulation accuracy.  

The models that were used in this thesis are the renormalization group 
𝑘𝑘 − 𝜀𝜀, the realizable 𝑘𝑘 − 𝜀𝜀 and the shear-stress transport 𝑘𝑘 − 𝜔𝜔 model, as 
described below. 

The Renormalization Group (RNG 𝑘𝑘 − 𝜀𝜀) model  

The RNG 𝑘𝑘 − 𝜀𝜀 model is derived from the instantaneous Navier-
Stokes equations, using the mathematical technique called the 
renormalization group method (Yakhot and Orszag, 1986). An additional 
term in the ε equation improves the accuracy of the prediction of k in the 
RNG 𝑘𝑘 − 𝜀𝜀 model (Yakhot and Orszag, 1986). The low Reynolds 
number effects for the flow treatment near the wall regions is included in 
the RNG 𝑘𝑘 − 𝜀𝜀 model. The RNG 𝑘𝑘 − 𝜀𝜀 shows the good accuracy for 
mixing and forced convection when there is a low turbulence level 
(Zhang et al., 2007).  

The turbulence kinetic energy k and its dissipation ε are given by the 
following equations: 
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where the eddy viscosity 𝜇𝜇𝑡𝑡 = 𝐶𝐶𝜇𝜇𝜌𝜌
𝑘𝑘2

𝜀𝜀
 and constants are listed below 

(ANSYS, 2012): 

𝐶𝐶1𝜀𝜀 = 1.42, 𝐶𝐶2𝜀𝜀 = 1.68 , 𝐶𝐶𝜇𝜇 = 0.0845, 𝜂𝜂 = 𝑆𝑆 𝑘𝑘 𝜀𝜀� ,                        

𝑆𝑆𝑖𝑖𝑗𝑗 = 0.5(𝜕𝜕𝑈𝑈𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗
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𝜕𝜕𝑥𝑥𝑖𝑖

), 𝛼𝛼𝑘𝑘 = 𝛼𝛼𝜀𝜀 = 1.393, 𝜎𝜎𝑡𝑡 = 0.85, 𝐶𝐶3𝜀𝜀 = 𝑡𝑡𝑡𝑡𝑡𝑡ℎ �𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝
𝑢𝑢𝑝𝑝𝑝𝑝𝑝𝑝

� 

(vpar component of velocity parallel to the gravitational vector, uper 
component of velocity perpendicular to the gravitational vector)  

The Realizable (Re 𝑘𝑘 − 𝜀𝜀) model 

The Re 𝑘𝑘 − 𝜀𝜀 model was developed by Shih et al. (1995). Realizable 
means that the model satisfies certain mathematical constraints on the 
Reynolds stresses (ANSYS, 2012). The model included two important 
developments: a new formula for the eddy viscosity and a transport 
equation for modeling 𝜀𝜀 (Shih et al., 1995). In the model, 𝐶𝐶𝜇𝜇  is no longer 
constant (ANSYS, 2012). The normal Reynolds stresses become positive 
by applying the new formulation of 𝐶𝐶𝜇𝜇. The turbulence kinetic energy k is 
the same as that in the RNG 𝑘𝑘 − 𝜀𝜀 model, i.e., Equation 15, while the 
dissipation ε is defined as 

𝜕𝜕(𝜌𝜌𝑈𝑈𝑗𝑗𝜀𝜀)
𝜕𝜕𝑥𝑥𝑗𝑗

=
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

��𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝜀𝜀
�
𝜕𝜕𝜀𝜀
𝜕𝜕𝑥𝑥𝑗𝑗

� + 𝜌𝜌𝐶𝐶1𝑆𝑆𝜀𝜀 − 𝜌𝜌𝐶𝐶2
𝜀𝜀2

𝑘𝑘 + √𝜈𝜈𝜀𝜀

+ 𝐶𝐶1𝜀𝜀
𝜀𝜀
𝑘𝑘
𝐶𝐶3𝜀𝜀(𝛽𝛽𝑔𝑔𝑖𝑖

𝜇𝜇𝑡𝑡
𝜎𝜎𝑡𝑡
𝜕𝜕Θ
𝜕𝜕𝑥𝑥𝑖𝑖

) 
(17) 

where constants are ANSYS (2012): 
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𝐶𝐶1 = max [0.43, 𝜂𝜂
𝜂𝜂+5

], 𝐶𝐶2 = 1.9 ,𝐶𝐶1𝜀𝜀 = 1.44,  𝜂𝜂 = 𝑆𝑆 𝑘𝑘
𝜀𝜀
, 𝑆𝑆 ≡ �2𝑆𝑆𝑖𝑖𝑗𝑗𝑆𝑆𝑖𝑖𝑗𝑗 

, 𝜎𝜎𝑘𝑘 = 1.0, 𝜎𝜎𝜀𝜀 = 1.2, 𝜎𝜎𝑡𝑡 = 0.85, 𝐶𝐶𝜇𝜇 can be seen in ANSYS (2012). 

The Shear-Stress Transport (SST 𝑘𝑘 − 𝜔𝜔)  

The SST 𝑘𝑘 − 𝜔𝜔 model is formulated based on the standard 𝑘𝑘 − 𝜔𝜔 and 
the 𝑘𝑘 − 𝜀𝜀 model, which was proposed by Menter (1994). The 𝑘𝑘 − 𝜀𝜀 
model and standard 𝑘𝑘 − 𝜔𝜔 are multiplied by a blending function, which 
combines them with one another. The blending functions are designed in 
such a way that they tend to be one in the near-wall region (which 
activates the standard 𝑘𝑘 − 𝜔𝜔 model in the near boundary region) and tend 
to become zero away from the surface, which activates the 𝑘𝑘 − 𝜀𝜀 model 
(in the outer region). Therefore, the second modification accounts for the 
transport of the turbulent shear stress. 

The transport equation of k and 𝜔𝜔 are described below: 

𝜕𝜕(𝜌𝜌𝑈𝑈𝑗𝑗𝑘𝑘)
𝜕𝜕𝑥𝑥𝑗𝑗

=
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

��𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘
�
𝜕𝜕𝑘𝑘
𝜕𝜕𝑥𝑥𝑗𝑗

� + 𝑃𝑃𝑘𝑘� − 𝜌𝜌𝛽𝛽∗𝑘𝑘𝜔𝜔 (18) 

𝜕𝜕�𝜌𝜌𝑈𝑈𝑗𝑗𝜔𝜔�
𝜕𝜕𝑥𝑥𝑗𝑗

=
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

��𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝜔𝜔
�
𝜕𝜕𝜔𝜔
𝜕𝜕𝑥𝑥𝑗𝑗

� + 𝑃𝑃𝜔𝜔 − 𝜌𝜌𝛽𝛽𝜔𝜔2                      

+ 2(1 − 𝐹𝐹1)𝜌𝜌𝜎𝜎𝜔𝜔2
1
𝜔𝜔
𝜕𝜕𝑘𝑘
𝜕𝜕𝑥𝑥𝑗𝑗

𝜕𝜕𝜔𝜔
𝜕𝜕𝑥𝑥𝑗𝑗

 
(19) 

where eddy viscosity 𝜇𝜇𝑡𝑡 = 𝜌𝜌𝑘𝑘
𝜔𝜔

1

max� 1𝛼𝛼∗,𝑆𝑆𝐹𝐹2𝑝𝑝1𝜔𝜔
�
 , 𝑃𝑃�𝑘𝑘 = min(𝑃𝑃𝑘𝑘 , 10𝜌𝜌𝛽𝛽∗𝑘𝑘𝜔𝜔), 

𝑃𝑃𝑘𝑘 = 𝜇𝜇𝑡𝑡𝑆𝑆2 , 𝑃𝑃𝜔𝜔 = 𝜌𝜌𝜌𝜌𝑃𝑃𝑘𝑘�
𝜇𝜇𝑡𝑡

, 𝛽𝛽∗ = 𝛽𝛽∞∗ �
4 15⁄ +(𝑘𝑘 8𝜐𝜐𝜔𝜔)⁄ 4

1+(𝑘𝑘 8𝜐𝜐𝜔𝜔)⁄ 4 �,    

𝛼𝛼 =
�0.075

0.09 − 0.412

𝜎𝜎𝜔𝜔1�𝛽𝛽∞∗
�F1 + (1 − F1)�0.0828

𝛽𝛽∞∗
− 0.412

𝜎𝜎𝜔𝜔2√0.09
�

𝛼𝛼∗ �
1 9⁄ + 𝑘𝑘 2.95𝜐𝜐𝜔𝜔⁄

1 + 𝑘𝑘 2.95𝜐𝜐𝜔𝜔⁄ � 

𝛽𝛽 = 0.075F1 + 0.0828(1− F1) 

F1 and F2 are blending function and are giving by 

𝐹𝐹1 = tanh ��𝑚𝑚𝑚𝑚𝑡𝑡 �𝑚𝑚𝑡𝑡𝑥𝑥 � √𝑘𝑘
0.09𝜔𝜔𝜔𝜔

, 500𝜈𝜈
𝜔𝜔2𝜔𝜔

� , 4𝜌𝜌𝑘𝑘
𝜎𝜎𝜔𝜔,2𝐷𝐷𝜔𝜔+𝜔𝜔2

��
4
�, 

𝐹𝐹2 = tanh �𝑚𝑚𝑡𝑡𝑥𝑥 �2 √𝑘𝑘
0.09𝜔𝜔𝜔𝜔

, 500𝜇𝜇
𝜌𝜌𝜔𝜔2𝜔𝜔

��  
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where 𝐷𝐷𝜔𝜔+ = 𝑚𝑚𝑡𝑡𝑥𝑥 �2𝜌𝜌 1
𝜎𝜎𝜔𝜔,2

1
𝜔𝜔

𝜕𝜕𝑘𝑘
𝜕𝜕𝑥𝑥𝑗𝑗

𝜕𝜕𝜔𝜔
𝜕𝜕𝑥𝑥𝑗𝑗

, 10−10�, 𝜎𝜎𝑘𝑘 = 1

F1 𝜎𝜎𝑘𝑘,1⁄ +(1−F1)
𝜎𝜎𝑘𝑘,2

, 

𝜎𝜎𝜔𝜔 = 1

F1 𝜎𝜎𝜔𝜔,1⁄ +(1−F1)
𝜎𝜎𝜔𝜔,2

 and constant are (ANSYS, 2012): 𝛼𝛼∗ = 1,          

𝜎𝜎𝑘𝑘1 = 1.176, 𝜎𝜎𝜔𝜔1 = 2.0, 𝜎𝜎𝑘𝑘2 = 1.0, 𝜎𝜎𝜔𝜔2 = 1.168, 𝛼𝛼1 = 0.31,         
𝛽𝛽∞∗ = 0.09 

3.2.4 Boundary conditions 
To obtain a solution for the continuity, momentum and energy 

equations, the values of the physical parameters (e.g., velocity, 
temperature and turbulence properties) must be specified on the boundary 
of the physical model. Typical boundary conditions for an HVAC 
application are the walls, surfaces, inlet and outlet. In the simulation of a 
supply device that has complex geometry, a preferred method is to mimic 
the model with a less complicated geometry that replicates the supply 
device performance (Chen and Srebric, 2001; Hawkins et al., 1995; 
Nielsen, 2004). A proper simplification of the supply device 
configuration can significantly reduce the computational cost. Previous 
studies by Gosman et al. (1980); Nielsen (1992, 1997); Skovgaard and 
Nielsen (1991); Srebric and Chen (2002) described different models, such 
as box, momentum, prescribed velocity, and direct, which are used to 
specify the inlet boundary conditions for a complex geometry. The box 
model is an imaginary box that encloses a supply device, for which the 
physical parameters of the jet are specified from the measured plane. The 
box model does not require any calculation in the area that is close to the 
supply device. The flow is ignored within the box and boundary 
condition is defined by jet profiles at one of the box surfaces, while the 
other box surfaces use a free boundary that has zero gradients for the flow 
parameters (Nielsen, 1997). A box size should be small enough to avoid 
the effect of room dimensions and plumes, and should be larger than the 
domain with entrainment. Chen and Srebric (2001) recommended the use 
of a box model for the inlet boundary condition of the nozzle supply 
device. The box method was chosen for the previous investigations on the 
wall jet flow that is generated close to the supply device (Nielsen, 1992, 
1997).  
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3.2.5 Near wall treatments 
The near-wall region is described in terms of its inner and outer 

layers. The inner layer can be subdivided into viscous, buffer and fully 
turbulent layers. In the viscous layer, the flow is almost laminar, and the 
molecular viscosity is dominant. In the buffer layer (transition zone), the 
molecular viscosity and the turbulence are equally important. Above the 
buffer layer is a fully turbulent layer in which turbulence plays a major 
role. The laminar region is represented by 𝑦𝑦+ < 5, while the transition 
and turbulence regions are represented by 5 < 𝑦𝑦+ < 60 and                     
60 < 𝑦𝑦+ (ANSYS, 2012). The dimensionless distance from the wall 𝑦𝑦+ is 
defined as 

𝑦𝑦+ = 𝑦𝑦
𝜌𝜌𝑢𝑢𝜏𝜏
𝜇𝜇

 (20) 

where y is the distance to the wall, and 𝑢𝑢𝜏𝜏 is the friction velocity. 

The aim was to construct mesh with a 𝑦𝑦+ of approximately 1, while in 
the 𝑘𝑘 − 𝜀𝜀 model, the additional near-wall flows are required to model the 
innermost layer; then, the enhanced wall treatment was used for the Re 
𝑘𝑘 − 𝜀𝜀 and RNG 𝑘𝑘 − 𝜀𝜀 models in the validation studies.  

3.2.6 Numerical aspects 
The numerical aspects, such as the numerical method, discretization 

schemes, solving procedure, and convergence criteria, are important to 
ensure the accuracy of the results. The Finite Volume Method (FVM) is 
used as the numerical method. In this method, the domain is divided into 
discrete control volumes. The governing equations are subject to 
integration over a control volume, and then, we convert the integral 
equations into algebraic equations to yield discretized equations. An 
iterative solution is required to solve these nonlinear equations. In this 
thesis, the finite-volume code ANSYS Fluent uses the SIMPLE pressure-
velocity coupling algorithm to determine the pressure field by coupling 
the pressure and velocity. A second-order upwind scheme is used to 
improve the accuracy of the prediction (ANSYS, 2012); the second-order 
scheme is always recommended (Sørensen and Nielsen, 2003). Under-
relaxation factors are set to control the updating of the computed 
variables at each iteration. The number of cells, cell distribution and cell 
quality affect the solution accuracy, computing time and convergence 
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rate. Due to the computational resources, the number of cells cannot be 
too high; therefore, starting with the coarse mesh and adding cells as 
necessary in specific regions is always recommended.  
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4 Case studies 
Experimental investigation of air distribution system that was based 

on conventional wall confluent jets (WCJ) supply device, modified WCJ 
supply device and impinging confluent jets (ICJ) supply device was 
performed in an office environment and in industrial premises. The 
supply devices are described as follows: an array of jets covered by a 
perforated plate (i.e., conventional WCJ in Paper I), an array of jets on a 
flat surface (i.e., modified WCJ in Papers II, III, IV, and V), and an array 
of jets on a curved surface (i.e., ICJ in Paper VI). The modified WCJ 
supply device was investigated numerically by systematically varying the 
design of the supply device. Numerical simulations were performed for a 
comparison of the proposed WCJ supply device with a mixing supply 
device, displacement supply device and impinging jet supply device. In 
this chapter, the experimental setup and numerical setup that were 
conducted for the cases studied are described in detail. 

4.1 Office ventilation  
The measurements were performed in a well-insulated test room, that 

was located in the Laboratory of Ventilation and Air Quality at the Centre 
for Built Environment, University of Gävle, Sweden. The room has the 
dimensions of 4.2 m length, L; 3.6 m width, W; and 2.5 m height, H 
(Figure 6). This mock-up office environment was furnished with internal 
heat generation (IHG) (i.e., a personal computer [PC: 115 W], a 
mannequin [95 W], (Mattsson, 1999; Wigö, 2001 ) and four fluorescent 
lights [144 W]). To mimic the heat gain via the windows due to solar 
radiation, the three artificial windows (total window area 2.02 m2) and the 
whole floor were covered by electrically heated foil. Supply device ran 
the ventilation of the room, which was mounted 1.9 m above the floor 
(Figure 6). The exhaust (area 0.062 m2) was located at the upper corner of 
the inlet wall. The differences between the ventilation cooling loads, heat 
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loads and heat transmission losses are balanced by the cooling power 
from a ceiling beam. The Cartesian coordinate system for the test room is 
sketched in Figure 6. The center of the coordinate system is located in the 
middle of the inlet wall (or the center of the supply device) (y = 0) on its 
surface (x = 0) and 1.9 m above the floor, z = 0 (i.e., at the lower part of 
the conventional WCJ supply device or at the height of the nozzle exit for 
the modified WCJ). The z-axis is oriented toward the floor. The x-axis is 
normal to the inlet wall, and the y-axis is parallel to the inlet wall; the 
positive directions orient toward the windows and exhaust, respectively. 

 

Figure 6. The sketch of the test room with the (a) conventional WCJ 
supply device and (b) modified WCJ supply device. 

4.1.1 Conventional WCJ supply device  
The performance of a non-isothermal conventional WCJ supply 

device was investigated experimentally with a focus on the velocity and 
temperature fields as well as the thermal comfort below the supply device 
in a test room (Figure 6). The supply air device can be described as 92 
round jets that issue from different apertures at the inlet of the supply 
device, which is covered by an aluminum convex perforated plate  
(Figure 6a). The supply airflow rate Q varied between 0.02 m3/s and   
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0.04 m3/s, and the difference in temperature between the supply and room 
mean air was kept at approximately 5-8°C (see Paper I, Janbakhsh and 
Moshfegh (2009)). In this thesis, the case studied had an airflow rate of 
0.04 m3/s, supply temperature of 16°C, and total heat load of 55 W/m2 
from the PC, mannequin, lighting, floor and windows (the heat loads 
imposed on the floor and windows were  378 W and 105 W, 
respectively). 

The temperature distribution below the supply device was visualized 
by an IR camera (FLIR S60 with accuracy of ±2°C) together with a 
screen placed parallel to the flow. The one-dimensional HWA (Dantec 
55P11) measured the z-component of the velocity w, and the turbulence 
intensity Tu of the jet along different lines in the xz-plane, i.e., the mid-
plane; (see Figure 7) (the internal heat generation is not shown in the 
figure). The platinum-coated tungsten single-wire probe was 5 µm in 
diameter by 1.25 mm long. For the calibration of the HWA, low-speed 
and high-speed open-loop wind tunnel were used. Velocity calibration 
data were fitted by least-squares regression to a fourth-order polynomial 
equation. Data acquisition was performed with a National Instrument    
NI USB-6215. The HWA measured the average air velocity via 18000 
samples (sampling rate 100 Hz) with an accuracy of ± 0.04 m/s. The 
different sources of uncertainties were considered to estimate the 
accuracy of the HWA (i.e., calibration equipment, linearization curve 
fitting, analog/digital board, temperature variation of sensor, temperature 
variations in ambient, and ambient pressure). A computer program (Lab 
VIEW) was applied for automated data gathering. The temperature of the 
jet along different lines in the vertical mid-plane was logged with a 
thermistor anemometer (with an accuracy of ±0.1°C) placed on a 
traversing system. A three-dimensional traversing system (accuracy of 
0.0125 mm) was used for the automatic movement of the velocity and 
temperature sensors.  

In the various zones inside the room, hot-sphere anemometers 
(Lundström et al., 1990) were used to measure turbulence intensity and 
the low-velocity airflow with an accuracy of 5% ± 0.05 m/s, as 
recommended by Sandberg et al. (2008). The hot-sphere anemometers 
were equipped with a bead thermistor instead of a nickel-covered glass 
sphere. The probes were connected to a multichannel system that was 
interfaced with a computer. The velocity measurements via probes 
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comprised 150 samples at 2-s intervals (Karimipanah et al., 2007). The 
probes were calibrated within the range 0.05-1.2 m/s. Measurements were 
made at four levels: the ankle, waist, and neck heights of a sitting person 
and the neck height of a standing person (i.e., z* = 0.1, 0.6, 1.1, and 1.7 m 
from the floor) for various zones.  

The vertical temperature gradient was measured in the various zones 
with hot-sphere anemometers that had an accuracy of 0.2 C. In addition, 
eighty type-T (copper-constantan) thermocouples with an accuracy of 

0.1 C were used to measure the room surface temperatures (walls, floor, 
and ceiling), inlet, and exhaust as well as the air temperature gradient. 
The thermocouples were connected to a computer-controlled data 
acquisition device (Agilent 34970). All of the thermocouples were 
covered with adhesive tape (a similar color and emissivity as the 
measured surface) on the surfaces of the walls for the elimination of 
radiation effects (Cehlin et al., 2002).  

The INNOVA transducers were used to measure the air velocity, air 
temperature, operative temperature, and humidity to calculate the PMVs 
and PPDs according to ISO 7730 (2005). The air velocity was logged via 
a transducer (accuracy ±0.05 m/s), based on the constant temperature 
difference anemometer principle. Temperature transducers recorded the 
air temperature and operative temperature with an accuracy of ±0.2°C 
and ±0.3°C, respectively. The comfort level was set at the metabolic rate 
of 1.2 met and the clothing at 0.7 clo, as in ISO 7730 (2005).  

 
Figure 7. Example of measurement planes and lines  
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4.1.2 Modified WCJ supply device  
The characteristics of the flow field and ventilation performance of the 

modified WCJ supply device in terms of the thermal comfort and 
ventilation effectiveness were investigated experimentally and 
numerically inside the room (Papers II, III, IV).  

A total of six experimental cases were used to investigate the 
isothermal and non-isothermal flow from a modified WCJ supply device 
in the test room (Paper II, Janbakhsh and Moshfegh (2014a)). In the 
experimental study, air issues from a staggered array of jets on a flat 
surface, which are placed at z* = 1.9 m above the floor. Each nozzle has a 
diameter d of 5.6 mm, and the spacing (nozzle centers) is 17 mm for two 
nozzles on the same row. First, two isothermal cases with different 
airflow rates, Q = 0.015 and 0.0195 m3/s, were measured for more 
detailed analysis. Second, three non-isothermal cases were examined with 
Q = 0.015, 0.0195, and 0.025 m3/s; an air supply temperature of 
approximately 16 °C; and a total heat load of 40 W/m2 inside the room, 
which was generated by IHG (as mentioned in section 4.1), floor (150 W) 
and windows (105 W). One more non-isothermal case was also examined 
that had an airflow rate of 0.0195 m3/s, supply temperature of 16°C, and 
total heat load of 55 W/m2, in which the heat imposed on the floor was 
378 W. The cases studied for the modified WCJ supply device are 
presented in this thesis for the airflow rates of 0.015 and 0.025 m3/s. 

The same measurement instruments were used as mentioned above in 
section 4.1.1. The visualization of the flow and temperature distribution 
of a modified WCJ supply device were accomplished by smoke and an 
infrared camera. Below the supply device, a constant temperature HWA 
and a thermistor were placed on a three-dimensional traversing system to 
capture the temperature, z-component velocity w, and turbulence intensity 
Tu profiles at various lines in the xy- and xz- planes. Examples of 
measurement planes and lines are shown in Figure 7. The hot-sphere 
anemometer recorded the air temperature and air velocity at four heights 
(z* = 0.1, 0.6, 1.1, and 1.7 m) in various zones. The thermal comfort 
transducers recorded the PMVs and PPDs at four heights in the middle of 
the room. The details of the measurement lines with the number of point 
measurements in each line can be seen in appended Paper II. In addition, 
the experimental results were evaluated by repeating certain 
measurements.  
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The RNG 𝑘𝑘 − 𝜀𝜀, Re 𝑘𝑘 − 𝜀𝜀, and SST 𝑘𝑘 − 𝜔𝜔 models were used to 
predict numerically the velocity and temperature of the flow of an 
isothermal and non-isothermal modified WCJ supply device (Papers III 
and IV; Janbakhsh and Moshfegh (2014b) and Janbakhsh and Moshfegh 
(2015)). The models were validated with detailed experimental 
measurements for isothermal cases in which the box model of geometry 
(x = 0.10 m, y = 0.53 m, z = 0.09 m) was used for the inlet boundary 
condition, i.e., the Computational Box (CB) (Paper III). To further 
investigate the dependency of the modified WCJ supply device on the 
inlet airflow rate, three cases (Q = 0.015, 0.0175, and 0.0195 m3/s) with 
an inlet position at z* = 1.8 m were examined. The impact of the inlet 
discharge height (z* = 2.01, 1.81, and 1.61 m) was also investigated with 
an identical airflow rate (Q = 0.015 m3/s). The cases were simulated by 
the RNG 𝑘𝑘 − 𝜀𝜀 model, although all three turbulence models were found 
to produce good simulation results when compared with the 
measurements. In the non-isothermal cases, the validation cases (Q = 
0.015, 0.0195, and 0.025 m3/s with a total heat load of 40 W/m2) based on 
the CB and Nozzle Plate (NP) models numerically predict and compare 
the velocity and temperature results with measured data (Paper IV). The 
CB and NP models were used to model the inlet boundary conditions of a 
modified WCJ supply device. The same size box as mentioned in the 
isothermal cases was used in the non-isothermal cases. In the NP model, 
the supply device was modeled by air issuing from round jets, and these 
jets had the same staggered array, number of nozzles, nozzle diameter, 
and spacing between nozzles as those of the experimental cases.  

In the parametric study (Table 1) for the non-isothermal cases, the 
impact of the nozzle array configuration r×c, nozzle diameter, number of 
nozzles, and inlet discharge height from the modified WCJ supply device 
of varying design were examined for their ventilation performance in 
terms of the thermal comfort and ventilation efficiency (heat removal 
effectiveness) (Paper IV). The variables r and c denote the number of 
rows and columns, respectively. Fifteen cases (termed 1-15) of this 
parametric study were simulated numerically using the SST 𝑘𝑘 − 𝜔𝜔 (NP) 
turbulence model, supply airflow rate of 0.025 m3/s, supply temperature 
of 16°C, and total heat load of 17 W/m2 from IHG in the room. 
According to Table 1, the nozzles of the array have an in-line 
configuration (except for case 1), with the nozzle centers spaced by 14 
mm (except for cases 1, 2 and 3). The first two cases (1 and 2) had 
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identical nozzle diameters and the same number of nozzles and were 
compared to show that the flow behavior is independent of the nozzle 
configuration (i.e., staggered or in-line nozzle arrays) (see Paper IV for 
more details). 

Table 1. Configuration of the modified WCJ supply device for 
parametric studies.  

Case Nozzle array 
configuration r×c 

Nozzle diameter 
(mm) 

Inlet discharge height 
(m) 

1      23×4 st 5.6 1.9 
2 23×4 5.6 1.9 
3 24×4 5.6 1.9 
4 12×8 8 1.9 
5 8×12 8 1.9 
6 24×4 8 1.9 
7 24×4 10 1.9 
8 24×6 8 1.9 
9 24×6 10 1.9 

10 24×6 10 1.6 
11 24×6 10 1.3 
12 24×8 8 1.9 
13 24×8 10 1.9 
14 24×8 10 1.6 
15 24×8 10 1.3 

̏r˝ number of row, ̏c˝ number of column and  ̏st˝ staggered 
configuration 

Finally, a total of six cases was numerically studied to compare the 
ventilation performance of the proposed WCJ supply device with a 
mixing supply device, impinging jet supply device, and displacement 
supply device. Details of the cases studied can be seen in Paper V    
(Chen et al., 2015). The proposed WCJ supply device (i.e., case 14 in 
Table 1, with the moderate installation height) was chosen after the 
parametric studies, as mentioned above. The ventilation performance in 
terms of the thermal comfort (i.e., PMV, PPD, and DR), ventilation 
efficiency (𝜀𝜀𝑡𝑡 and  𝜀𝜀𝑎𝑎), and energy-saving potential were evaluated for the 
supply devices. In this thesis, the ventilation performance of the supply 
devices is presented only for a case with the airflow rate of 0.025 m3/s, 
supply temperature of 16°C, and total heat load of 17 w/m2 (from PC, 
mannequin, and lighting). The energy-saving potential is addressed based 
on the airflow rate and related fan power that are required for obtaining a 
similar occupied zone temperature (approximately 24.2°C) for the supply 
devices. 
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In isothermal studies (Paper III), the ANSYS mesh-design modeler 
(Workbench 13.0) was used to create the model and to generate mesh for 
the empty room. In non-isothermal validation studies (Paper IV), the 
room with internal heat sources was constructed and meshed in ICEPAK 
4.4.8 (2007). In both papers III and IV, the mesh was generated using 
three-dimensional structured hexahedral cells. For the model with the 
nozzle plate (Paper IV and V), AIRPAK 3.0.16 (2007) was used to create 
the model and generate unstructured hexahedral cells. The non-conformal 
mesh strategy was adapted around the nozzle plate and heat sources to 
reduce the total amount of mesh through the whole domain, as 
recommended in Cehlin and Moshfegh (2010) and Rohdin and Moshfegh 
(2007). The non-conformal interface was not used for calculating the 
mean age of the air due to the problems that were encountered using the 
User-Defined Scalar (UDS) equation. The grid is sufficiently refined near 
the solid walls to solve all of the boundary layers with the two-layer 
model. The models were solved with at least three different grids. Details 
of the mesh strategy can be found in appended Papers III, IV, and V. The 
mesh configuration that was used for the non-isothermal validation cases 
is illustrated in Figure 8. 

 
a 

 
 
 

b 
Figure 8. The computational grid for the mid-plane, floor and inlet of 

the (a) nozzle plate and (b) computational box (the sources of internal 
heat generation are not shown) (Paper IV). 
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The finite-volume solver ANSYS Fluent 13 and 14.5 (ANSYS, 2010, 
2012) was employed to predict the airflow from the modified WCJ 
supply device. The pressure-velocity coupling was controlled by the 
SIMPLE algorithm. A second-order upwind scheme was used to improve 
the accuracy of the predictions. The solutions were considered to have 
converged when the relative change of any local variable between two 
consecutive iterations was below 10-5 for continuity, with velocity 
components (u, v, w), k, 𝜔𝜔, 𝜀𝜀, and below 10-8 for the energy.  

In both Papers III and IV, for the CB model, the velocity component w 
in the z-direction and the temperature measured at plane xy (z = 0.09 m) 
were provided as the inlet boundary condition in Figure 9. The inlet 
boundary condition for the turbulent kinetic energy and its dissipation 
were obtained using the following equations:  

𝑘𝑘 = 1.5(𝑤𝑤𝑇𝑇𝑢𝑢)2 (21) 

𝜀𝜀 =
𝐶𝐶𝜇𝜇
3/4𝑘𝑘3/2

𝑙𝑙
 (22) 

where Tu is the turbulence intensity of the measured (𝑤𝑤), 𝐶𝐶𝜇𝜇 is an 
empirical constant (0.09), and l is the length scale given by the 0.07 
characteristic length of the inlet (ANSYS, 2012; ASHRAE, 2009b). The 
specific dissipation rate was determined in the 𝑘𝑘 − 𝜔𝜔 turbulence model 
from equation 𝜔𝜔 = 𝜀𝜀

𝑘𝑘� . For the NP model (Papers IV and V), a uniform 
mass flow rate, turbulence intensity, and temperature were provided at 
the nozzles. The uniform turbulence intensity and hydraulic diameter 
were used to determine k, ε, and 𝜔𝜔. The pressure outlet was chosen for 
the outlet boundary condition.  

The internal and external walls were modeled with no-slip conditions. 
The average temperatures on each of the internal walls and windows were 
specified with a uniform value in the validation study (Paper IV), and 
zero heat flux was set for the internal walls in the parametric study and 
comparison study (Paper IV and Paper V). Constant heat fluxes were 
provided for the PC, mannequin, and lighting in the validation and 
parametric studies (Paper IV). Constant heat fluxes were provided for the 
PC, mannequin, lighting, floor, window and ceiling in Papers V. The 
cooling ceiling panel was integrated to supplement the cooling load from 
the supply devices.  
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Isothermal Non-isothermal 

     
Figure 9. Contour of the measured velocity w (m/s) and turbulence 

intensity Tu at z = 0.09, used for the inlet boundary condition (CB model) 
for Q = 0.015 m3/s. 

4.2 Industrial ventilation: ICJ supply device  
An experimental investigation was conducted to evaluate the 

ventilation performance of the ICJ supply device in industrial premises 
(Paper VI, Janbakhsh et al. (2010)). The facility is located in Tallinn, 
Estonia, and has a 4,890 m2 floor area, 81.5 m long and 60 m wide, with a 
maximum height of approximately 7.4 m. Air was supplied through 28 
supply devices (Figure 10). From each supply device, the jets issued from 
an array of round jets that were fitted on the body of a cylinder. The 
supply device under consideration, named ICJ, consisted of nine parallel 
columns of 58 round nozzles with diameters of 5.8 mm. The supply 
devices were located vertically against the target wall (pillar face) and 
were installed 0.29 m over the floor. The exhausts were placed on the two 
long, parallel ducts along the facility and were at two different positions 
at the same level. No external cooling or heating system was installed in 
the facility. The total heat load consisted of forty people, different 
machines and two different types of lamps in the facility.  
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Figure 10. Layout of the facility with the measuring positions and ICJ 

supply device. 

Indoor climate parameters were studied experimentally to quantify the 
level of thermal comfort and the ventilation strategy of the ICJ supply 
device in the cooling and heating seasons. Air was supplied through the 
supply devices, with a total airflow rate of 3.6 m3/s. The air supply 
temperature varied between the supply devices from 21.9°C to 22.7°C 
and 17.2°C to 17.6°C for summer and winter, respectively. 

In the facility, air velocity measurements were logged close to the 
supply devices with the hot wire. The probe was connected to the multi-
measuring instrument (Testo) for monitoring the data. The probe was   
7.5 mm in diameter. Measurements were performed at different distances 
and levels from the device and floor to capture the velocity profile in two 
directions of the flow, and for each point, the velocity was measured for 3 
minutes with a sampling rate of 1 Hz (an accuracy of ±0.03 m/s). The 
gradient temperature and humidity were measured simultaneously at two 
positions in the center of the facility. Portable data loggers (Tinytag) 
recorded the average value of the temperature (accuracy ±0.45) and 
humidity (accuracy ±0.03) every 15 minutes. The INNOVA transducers, 
which were used for the thermal comfort measurement, were discussed in 
section 4.1.1. Measurements were performed at heights of 0.1, 0.6, 1.1, 
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and 1.7 m from the floor for various locations. The positions of the 
thermal comfort measurements are shown in Figure 10. To estimate the 
thermal comfort of the personnel, measurements were conducted during 
working hours in the facility. Clothing insulation was set at 0.9 and 0.8 
clo for winter and summer, respectively. It should be noted that the 
medium activity for a standing person of 2 met was applied in both cases. 
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5 Results and discussion 
In this chapter, first the flow behavior and ventilation performance of 

the conventional WCJ, modified WCJ supply devices and ICJ are 
investigated experimentally in two different field studies (i.e., test room 
and industrial premises). Second, numerical predictions of the flow and 
temperature fields generated by the modified WCJ are evaluated by 
measurements in an office test room. Third, the ventilation performance 
in terms of the thermal comfort and ventilation efficiency is numerically 
investigated by systematically varying the configuration design of the 
modified WCJ supply device. Finally, the ventilation performance of the 
proposed WCJ is numerically compared with three different air supply 
devices in an office environment. Some of the results from this study are 
presented in this chapter. 

5.1 Experimental study  

5.1.1 Office ventilation  
The behavior of a ventilated room was studied with the conventional 

WCJ and modified WCJ supply devices in an experimental test room that 
represented a typical office environment (Papers I and II). 

5.1.1.1 Conventional WCJ supply device  

The decay of the non-dimensional maximum velocity (wmax/Ub) is 
shown in Figure 11a below the supply device, where Ub is the bulk 
velocity (the average velocity of the nozzles). The decay rate of the 
maximum velocity is slow approximately 0.006. In Figure 11b, the non-
dimensional spreading of the maximum velocity in the normal direction 
is plotted as a function of the downstream distance in the z-direction. The 
distance from the supply device, z, is non-dimensionalized using 𝐴𝐴𝑛𝑛0.5, 
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where An is the total area of the nozzles (m2). The boundary of the jet 
becomes wider in the z-direction. Figure 11c shows the decay of the 
minimum temperature difference relative to the room temperature below 
the supply device, in which θmin = (Tr - Tmin)/(Tr - Ts) is presented as the 
non-dimensional minimum temperature difference. The minimum 
temperature difference reduces as the jet decays along the inlet wall.  

   

a b c 

Figure 11. Decay of the maximum velocity and minimum temperature 
difference (a and c); spreading of the jet (b) below the WCJ supply device 
(Q = 0.04 m3/s, with Ts = 16°C) 

In the middle of the test room, thermal comfort was assessed by PMV 
and PPD at an average value of four heights (z* = 0.1, 0.6, 1.1 and        
1.7 m); however, DR was calculated at z*= 0.1 m. The value of PMV, 
PPD and DR for the conventional WCJ supply device were recorded       
(-0.4), (9%) and (17%), respectively. The PMV, PPD, and DR values are 
at permitted levels that are in accordance with ISO 7730 (2005). 

Visualizations of the flow pattern and temperature distribution below 
the conventional WCJ supply device by the smoke and IR camera are 
shown in Figure 12. To reduce the entrainment of the room air with the 
WCJ, the idea of starting to modify the supply device was carried through 
the investigations on the temperature distribution using the IR camera. 
The impact of the different configurations of the conventional WCJ 
supply device were examined in which the perforated plate was fully 
opened (Figure 12a and b) and was closed from the top and sides (i.e.,  
[c] 90° open, sides closed, [d] 60° open from bottom, sides closed, and 
[e] 30° open from bottom, sides closed). The temperature distribution 
using the IR camera shows that the supply device in Figure 12e creates a 
thinner WCJ than the results in Figure 12b, c and d, which indicates 
greater entrainment of the room air with its surrounding air for the 
conventional WCJ supply device in Figure 12b. 
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    a       b       c      d      e 

Figure 12. Visualization (side view) of the flow pattern and 
temperature distribution by smoke (a) and IR camera (b, c, d, and e) of 
conventional WCJ supply device; (a and b) full open, (c) 90° open, sides 
closed, (d) 60° open from bottom, sides closed, and (e) 30° open from 
bottom, sides closed. 

5.1.1.2 Modified WCJ supply device  

The flow pattern and temperature distribution below the modified 
WCJ supply device were visualized by the smoke and IR camera, as 
shown in Figure 13. The visualizations show that the WCJ remains 
attached to the inlet wall due to the Coanda effect and moves downward.  

  

a b  

Figure 13. Visualization (side view) of the flow pattern and 
temperature distribution by the smoke (a) and IR camera (b) of modified 
WCJ supply device. 

The non-dimensional maximum velocity decay, spreading of the 
maximum velocity in the normal direction and minimum temperature 
difference relative to the room temperature are shown in Figure 14 for the 
modified WCJ supply device. The maximum velocities of the WCJs 
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decay linearly, and the rates of the decays are quite similar in the studied 
range. As shown in Figure 14, the non-dimensional spreading of the 
maximum velocity in the normal direction increases in the z-direction. 
The decay in the minimum temperature difference is also found to be 
linear.   

   

a b c 

Figure 14. Decay of the maximum velocity and minimum temperature 
difference (a and c); spreading of the velocity (b) below the supply device 
(Q = 0.015 and 0.025 m3/s with Ts = 16°C). 

The PMV and PPD are summarized with an average value for four 
heights at the middle of the room, while the DR is presented for           
z*= 0.1 m. The value of PMV, PPD and DR for Q = 0.015 m3/s were 
recorded (-0.6), (12%) and (20%), respectively, followed by (-0.7), (17%) 
and (30%) for Q = 0.025 m3/s. The results show that the modified WCJ 
supply device operating at a lower airflow rate can provide acceptable 
thermal comfort for the occupant ISO 7730 (2005), which corresponds to 
less fan power and saves energy compared to the WCJ supply device. The 
details of the results can be found in Paper II.  

5.1.2 Industrial ventilation  
Experimental investigations were conducted to study the airflow 

distribution from the ICJ supply device in industrial premises (Paper VI). 
Figure 15 shows the profile of the velocity and temperature of the jet as a 
function of the distance from the floor in the outward direction of the 
flow, midway between the ICJ supply device and the target wall         
(i.e., y = 0.06 m) and 0.2 m from the edge of the target wall in the           
x-direction. The results were registered at different vertical heights from 
the first nozzle at the top to the first nozzle at the bottom of the ICJ. 
According to Figure 15, the foot-print of the jet has a saddle-back shape, 
as seen in the study of the modified WCJ (Paper II). The vertical air 
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temperature gradient is almost constant due to the dominating region of 
the issuing jet. 

 

Figure 15. Profile of the velocity (m/s) from the ICJ supply device. 

The average temperature difference between the ankle and neck levels 
is approximately 0.4°C and 0.2°C for the winter and summer cases in the 
facility, respectively. The values for the PMV and PPD were average at 
the heights of 0.1, 0.6, 1.1 and 1.7 m within the occupied zone in the 
facility. The PMV and PPD values were 0.8 and 21% for the summer, 
followed by 0.3 and 7% for the winter. The maintained values are 
acceptable and are in the allowable range according to ISO 7730 (2005). 
The results of the PPD value become more comfortable for the winter. 
The average value of DR within the facility is approximately 30% for 
both the summer and winter, which is acceptable according to ISO 7730 
(2005). Notably, the ICJ supply device provides acceptable thermal 
comfort in the facility for the winter and summer. The ICJ supply device 
removes the need for any additional heating and cooling systems during 
the cold and hot seasons.  
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5.2 Numerical study  

5.2.1 Validation study 
The WCJ develops a primary region below the supply device with the 

axis along the inlet wall (z-direction), and a secondary wall jet is formed 
along the floor (x-direction) after the stagnation region. The flow pattern 
in the primary and secondary regions can be seen in Figure 16. The jet 
velocity decay in a non-dimensional form from three turbulence models 
(RNG 𝑘𝑘 − 𝜀𝜀, Re 𝑘𝑘 − 𝜀𝜀, and SST 𝑘𝑘 − 𝜔𝜔) are compared with the 
measurement (M) data in the primary and secondary regions of the 
isothermal modified WCJ supply device in Figure 17.  

 
Figure 16. Flow pattern below the modified WCJ supply device in the 

primary and secondary regions.  

As shown in Figure 17, the numerical simulations of the non-
dimensional maximum velocity with the Computational Box (CB) model 
are quite similar and agree overall with the measured data for the primary 
region (A is the area of the xy-plane at z = 0.09 (m2)). To further validate 
the wall jet behavior with numerical predictions by different turbulence 
models along the floor, the decay of the non-dimensional maximum 
velocity of the secondary wall jet is depicted in Figure 17. The results 
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from the measurement data and numerical predictions are consistent with 
each other. A comparison of the velocity decays shows that the secondary 
wall jet tends to decay more slowly than the primary WCJ. 

  

Primary region Secondary region 

Figure 17. Decay of the maximum velocity in the primary and 
secondary regions in the mid-plane (isothermal, Q = 0.015 m3/s). 

The decays of the non-dimensional maximum velocity and minimum 
temperature difference relative to the room temperature of three 
turbulence models (RNG 𝑘𝑘 − 𝜀𝜀, Re 𝑘𝑘 − 𝜀𝜀, and SST 𝑘𝑘 − 𝜔𝜔) of the CB 
model are shown in the primary region for the non-isothermal case in 
Figure 18. As seen, the results predicted by the turbulence models are in 
good agreement with the measurement data. However, farther away from 
the supply device, the SST 𝑘𝑘 − 𝜔𝜔 model best predicts the maximum 
velocity and minimum temperature difference of the WCJ. 

  
Figure 18. Decay of the maximum velocity and decay of the minimum 

temperature difference in the primary region in the mid-plane (non-
isothermal Q = 0.015 m3/s and Ts = 16°C).  

Predicted and measured values of the isothermal velocity contour 
plots in the primary and secondary regions are depicted in Figure 19 for 
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Q = 0.015 m3/s at the mid-plane. The contour plots of the velocity 
predicted by the RNG 𝑘𝑘 − 𝜀𝜀, Re 𝑘𝑘 − 𝜀𝜀, and SST 𝑘𝑘 − 𝜔𝜔 models exhibit 
good consistency in comparison with the measurement result. The 
contour plots of the velocity field follow a similar pattern for both the 
measurement and predicted results. No significant difference can be 
observed between the velocity fields of the three turbulence models. The 
results predicted by the RNG 𝑘𝑘 − 𝜀𝜀 and Re 𝑘𝑘 − 𝜀𝜀 models show low 
velocity and dynamic pressure in the stagnation area of the wall jet, 
which is not distinguishable from the measurement and SST 𝑘𝑘 − 𝜔𝜔 
model.  

In Figure 19, the WCJ remains attached to the inlet wall due to the 
Coanda effect and moves downward until reaching to the floor. The 
thickness of the WCJ grows and becomes wider by entraining ambient 
air. After the stagnation region, where the jet is attached to its adjacent 
wall (i.e., floor), the wall jet moves across the floor. The wall jet across 
the floor is thinner than the WCJ below the supply device, while the latter 
has stronger momentum than the former. 

 

 

 

 

 

 

 

M Re RNG SST 

Figure 19. Contour plots of the predicted and measured velocity (m/s) 
in the primary and secondary regions at the mid-plane (isothermal,          
Q = 0.015 m3/s). 

Figure 20 shows the contour plots of the numerical predictions of the 
velocity and temperature by the RNG 𝑘𝑘 − 𝜀𝜀, Re 𝑘𝑘 − 𝜀𝜀, and SST 𝑘𝑘 − 𝜔𝜔 
models in comparison with the measurement below the inlet at the mid-
plane. In Figure 20, the cold WCJ remains attached to the inlet wall and 
moves downward. As the WCJ moves downstream and mixes with the 
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surrounding air, the temperature gradient decreases. As shown in Figure 
20, the numerical simulations of the CB and NP models exhibit rather 
similar flow patterns for the velocity and temperature. However, the 
predicted velocity and temperature fields of the WCJ show a thinner WCJ 
for the Re  𝑘𝑘 − 𝜀𝜀 (NP) model than that from the RNG 𝑘𝑘 − 𝜀𝜀 and          
SST 𝑘𝑘 − 𝜔𝜔 models. A slight discrepancy between the contour plots of the 
measured and predicted velocity and temperature is observed in the       
Re 𝑘𝑘 − 𝜀𝜀 (NP) model. According to Figure 20, the temperature contour 
plots of the WCJ predicted by the RNG 𝑘𝑘 − 𝜀𝜀 and SST 𝑘𝑘 − 𝜔𝜔 models are 
in agreement with the measured results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

M Re CB RNG CB SST CB Re NP RNG NP SST NP 

       

M Re CB RNG CB SST CB Re NP RNG NP SST NP 

Figure 20. Contour plots of the predicted and measured air velocity 
(m/s) and temperature (°C) in the primary region (non-isothermal           
Q = 0.015 m3/s and Ts = 16°C).  

Because the RNG 𝑘𝑘 − 𝜀𝜀 and SST 𝑘𝑘 − 𝜔𝜔 models predict the velocity 
and temperature fields better than the Re 𝑘𝑘 − 𝜀𝜀 model, the numerical 
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predictions of the velocity and temperature profiles by these two models 
are shown in comparison with the measurement lines below the inlet. The 
velocity and temperature profiles are shown in Figure 21 from the left for 
z = 0.33, 0.54, and 0.68 m at the mid-plane. The numerical simulations of 
the CB and NP from the RNG 𝑘𝑘 − 𝜀𝜀 and SST models are quite similar to 
each other and are also in good agreement with the measurement data for 
both the temperature and velocity. The SST 𝑘𝑘 − 𝜔𝜔 model predicts the 
velocity slightly better than the RNG 𝑘𝑘 − 𝜀𝜀 model, while the velocity of 
the WCJ is maximal. 

   

   
Figure 21. Measured and predicted velocity and temperature profiles 

in the mid-plane at z = 0.33 m (left), 0.54 m (middle), and 0.68 m (right) 
(Q = 0.015 m3/s and Ts = 16°C). 

To evaluate the numerical prediction of the flow behavior of the 
secondary wall jet using the RNG 𝑘𝑘 − 𝜀𝜀 and SST 𝑘𝑘 − 𝜔𝜔 models, the 
velocity and temperature profiles are compared for three different 
locations from the inlet wall along the z-direction (from the left x = 0.7, 
2.1, and 3.5) at the mid-plane (see Figure 22). The predicted velocity and 
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temperature profiles using the CB and NP models show agreement with 
the measured data. As shown in Figure 22, according to the standard 
criteria from ISO 7730 (2005) and ASHRAE Standard 55 (2004), the 
velocity is less than 0.2 m/s, except for close to the floor and at a height 
of 0.1 m from the floor, for x = 0.7 m.  

   

   
Figure 22. Measured and predicted velocity and temperature profiles 

in the mid-plane at three distances downstream from the inlet wall,      
i.e., x = 0.7 m (left), 2.1 m (middle), and 3.5 m (right) (Q = 0.015 m3/s 
and Ts = 16°C).  

5.2.2 Parametric study 
Parameters related to the nozzle diameter, number of nozzles, nozzle 

array configuration, supply airflow rate, and inlet discharge height were 
investigated with the use of CFD simulations. 

5.2.2.1 Isothermal cases  

Under isothermal conditions, the effect of the varying supply airflow 
rates on the spreading rate and the velocity decay of the wall jet is shown 
in Figure 23 and are considered in Paper III. The spreading rates of the 
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wall jet in the vertical (z*) and lateral (y) directions across the floor are 
presented in non-dimensional form as z*0.5/A0.5 and y0.5/A0.5, respectively. 
As shown in Figure 23, all of the wall jets have similar behavior along the 
centerline of the floor and spread at a similar rate; therefore, the flow 
behavior is almost independent of the studied airflow rates. The spreading 
rates of the wall jet in the lateral direction reached a plateau for all three 
airflow rates. 

   
Vertical spreading Lateral spreading      Decay of maximum velocity 

 Figure 23. Effect of the supply airflow rate on vertical and lateral 
spreading and the decay of the maximum velocity of the wall jet in the 
secondary region. 

A comparison spreading rate of the wall jet and decay of the 
maximum velocity for three inlet discharge heights are shown in Figure 
24 for the isothermal case, with an identical airflow rate (Q = 0.015 m3/s). 
According to Figure 24, the graphs follow each other closely, and the 
decay tendencies appear to be almost similar for three inlet heights. As 
shown by the lateral spreading rate of the wall jets, all three graphs reach 
a plateau at x/A0.5 ≈ 10. Notably, close to the inlet wall (x/A0.5≤ 2), the 
maximum velocity tends to decay slightly faster for the inlet discharge 
height of 1.61 m; this effect cannot be seen as the wall jet enters the 
room. 

   
Vertical spreading Lateral spreading Decay of maximum velocity 

Figure 24. Effect of the inlet discharge height on the vertical and 
lateral spreading and decay of the maximum velocity of the wall jet in the 
secondary region. 
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5.2 Numerical study 

5.2.2.2 Non-isothermal cases 

The impacts of different configurations of modified WCJ supply 
device on the ventilation performance are examined (see Table 1). In this 
thesis, two cases are presented, the modified WCJ supply device (case 1) 
and the proposed WCJ supply device (case 14), of which case 14 covers 
the important studied parameters. A discussion on the ventilation 
performance from the other cases that were studied can be found in Paper 
IV. 

As shown in Figure 25, the vertical spreading rates of the wall jets are 
similar and spread at a similar rate, while the wall jet in the lateral 
direction reached a plateau slightly earlier in case 1 than in case 14        
(Q = 0.025 m3/s and Ts = 16°C). A comparison of the maximum velocity 
decay shows that the wall jet initially tended to decay faster for case 14 
than for case 1. The results show that the lateral spreading and decay of 
the maximum velocity depend on to the design parameters. Notably, An is 
the total area of the nozzles for each case. 

   
Vertical spreading Lateral spreading Decay of maximum velocity 

Figure 25. Vertical and lateral spreading of the wall jet and decay of 
the maximum wall jet velocity across the floor for the modified WCJ 
(case 1, solid line) and proposed WCJ (case 14, dash line). 

To explain the difference in the flow pattern that results from varying 
the design, iso-velocity contour plots at 0.25 m/s are depicted in Figure 
26a. The flow spreads farther along the y-direction than the x-direction in 
case 1. However, the flow penetration is similar in both directions in case 
14. A uniform temperature (Figure 26b) can be seen at the mid-plane in 
case 1 due to the dominant effect of mixing. The high DR at the ankle 
level (i.e., z* = 0.1 m) is perhaps caused by the relatively high air velocity 
with a small nozzle diameter (Figure 26c, case 1). The temperature 
stratification increases (case 14) by increasing the nozzle diameter and 
number of nozzles because the mixing effect decreases. Interestingly, the 
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5 Results and discussion  

designed supply device (case 14) achieved satisfactory temperature 
stratification. 

a 

 
Case 1 

 
Case 14 

b 

 
Case 1 

 
Case 14 

c 

 
 

 

Case 1 
 

Case 14 

Figure 26. Effects of the nozzle array configuration, nozzle diameter, 
number of nozzles, and inlet discharge height on the (a) iso-velocity 
contour plot at 0.25 m/s, (b) vertical temperature distribution, and (c) DR 
distribution at the ankle level. 

According to Figure 26c (case 1), the DR at the ankle level is higher 
than 30% in some of the regions; this value is above the recommended 
value in ISO 7730 (2005) and ASHRAE Standard 55 (2004). The DR for 
case 14 with the most nozzles and a larger nozzle diameter is lower than 
that for case 1, in which there were fewer nozzles and smaller nozzle 
diameters. As shown in Figure 26 (case 14), the DR are distributed within 
an acceptable range in most regions of the room (ASHRAE Standard 55, 
2004) and are below 10% in the region where the mannequin is located.  
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5.2 Numerical study 

The vertical temperature difference within the occupied zone between 
the neck and ankle levels for a sitting (ΔT1.1-0.1) and standing person  
(ΔT1.7-0.1) are 0.3 and 0.6 for case 1, while the values increase to 1.6 and 
2.6 for case 14, respectively. DR decreases from 22% for case 1 to 13% 
for case 14, and the average PPD within the occupied zone remained in 
the acceptable range (below 10%). The heat removal effectiveness, εt, 
which is 1.15 for case 1, increased to 1.34 for case 14. Notably, the 
designed modified WCJ supply device fulfills the standard criteria. 
Investigation of the design parameters for an air supply device in terms of 
the ventilation performance can be found in detail in Paper IV. It can be 
concluded that the nozzle diameter and number of nozzles have a major 
impact on the distribution of air by the modified WCJ supply device, 
which affects the temperature stratification DR, PPD, and εt. 

5.2.3 Comparison study  
The ventilation performance of the proposed WCJ supply device 

(WCJSD) is compared numerically for the mixing supply device (MSD), 
displacement supply device (DSD) and impinging jet supply device 
(IJSD) in an office room.  

The iso-velocity contour plots at 0.25 m/s together with the 
temperature contour plots are shown for the supply devices in Figure 27. 
The iso-velocity of 0.25 m/s is shown as a contour in Figure 27, where 
the colors represent the air temperature. As seen, the airflow pattern and 
temperature distribution of the WCJSD are very similar to the studied 
IJSD. In the WCJSD, the WCJ remains attached to the wall and moves 
downward until it reaches the floor. The wall jet across the floor is 
distributed radially after the stagnation region. The entrainment involved 
in the WCJSD is less than in the MSD. 
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MSD 

 
WCJSD 

 
IJSD 

 
DSD 

Figure 27. Iso-surface of the velocity of 0.25 m/s together with its 
corresponding temperature contour plots for the MSD, WCJSD, IJSD, 
and DSD (Q = 0.025 m3/s and Ts = 16°C). 

The vertical temperature distribution in the mid-plane for the MSD, 
WCJSD, IJSD, and DSD is shown in Figure 28. Thermal stratification is 
observed for the WCJSD; however, the uniform temperature distribution 
is enhanced for the MSD. No significant difference is observed in the 
contour plots of the temperature distribution for the WCJSD and IJSD. 
As the mixing effect is reduced, the vertical temperature difference 
increases, and a lower room air temperature will be provided. 
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Figure 28. Vertical temperature distribution for the MSD, WCJSD, 
IJSD, and DSD.  

In Table 2 ventilation performance of the WCJSD compared with the 
MSD, IJSD and DSD in terms of the thermal comfort and ventilation 
efficiency (i.e., heat removal and air change efficiency). As a result, the 
MSD provides the highest occupied zone temperature (24.1°C), followed 
by the IJSD (22.5°C), WCJSD (22.3°C), and DSD (21.6°C). To fulfill the 
standard criteria, the temperature stratification should be below 3°C   
(ISO 7730, 2005) to avoid the aspect of occupied discomfort. The air 
temperature difference (i.e., ΔT1.1-0.1 and ΔT1.7-0.1) of the WCJSD is less 
than 3°C, which is in the acceptable range according to ISO 7730 (2005). 
According to Table 2, the PPD value in the occupied zone is controlled 
below the threshold of 10% for the WCJSD (ISO 7730, 2005). DR is 
assessed as an average value at a height of 0.1 m above the floor in the 
occupied zone. The DR values are in the acceptable range, as 
recommended by ASHRAE Standard 55 (2004) and ISO 7730 (2005). As 
seen in Table 2, the value of εt, is 1.34 for the WCJSD, while MSD and 
DSD provide the lowest and highest εt i.e., 1.04 and 1.46, respectively. 
As a result, more efficient heat removal is achieved by an increase in the 
stratified temperature distribution. The ventilation performance of the 
four devices with respect to the indoor air quality was further evaluated 
by the index of air exchange efficiency (εa) based on the mean age of the 
air. The value of εa for the WCJSD is between the values obtained from 
mixing and displacement (Table 2).  
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5 Results and discussion  

Table 2. Ventilation performance of the MSD, WCJSD, IJSD, and 
DSD. 

Supply device ΔT1.1-0.1 
(°C) 

ΔT1.7-0.1 
(°C) 

DR 
(%) 

PPDoz 
(%) 

εt 
 

εa 
 

MSD 0.2 0.3 17 6 1.04 0.61 
WCJSD 1.6 2.6 13 9 1.34 0.67 

IJSD 1.6 2.4 12 9 1.29 0.7 
DSD 3.0 4.2 9 14 1.46 0.83 

The comparison for achieving the same occupied zone temperature of 
24.2 °C shows that the WCJSD requires a slightly higher airflow rate 
(1.06 times) and fan power (1.18 times) than the DSD, but it is more 
energy efficient than the MSD. Comparisons of the ventilation 
performance for further case studies can be found in Paper V.  
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6 Conclusions 
In this thesis, the ventilation performances of the conventional wall 

confluent jets (WCJ), modified WCJ, and impinging confluent jets (ICJ) 
supply devices were investigated experimentally in an office mock-up 
and an industrial premises. The numerical study that was performed 
consisted of a validation study, parametric study and comparison study 
for the modified WCJ supply device.  

The results reveal that the WCJ remains attached to the inlet wall due 
to the Coanda effect. It is notable that the thickness of the WCJ grows 
and becomes wider for the conventional WCJ supply device compared to 
the modified WCJ supply device, which indicates a greater entrainment 
of the room air with its surrounding air. The results show that the 
modified WCJ supply device operating at a lower airflow rate can 
provide acceptable thermal comfort for the occupant, and it corresponds 
to less fan power and saves energy compared to the conventional WCJ 
supply device.  

The study of the flow field of the modified WCJ confirms the 
appearance of two regions, i.e., the primary and secondary jet regions. A 
primary WCJ is formed below the supply device with its axis along the 
inlet wall, and a secondary wall jet is created along the floor after a 
stagnation region. The numerical predictions of three turbulence models 
(renormalization group (RNG 𝑘𝑘 − 𝜀𝜀), realizable (Re 𝑘𝑘 − 𝜀𝜀), and shear 
stress transport (SST 𝑘𝑘 − 𝜔𝜔)) are compared by velocity and temperature 
measurement of the primary and secondary wall jets. The numerical 
predictions accomplished by the SST 𝑘𝑘 − 𝜔𝜔 model provide the best 
agreement with the experimental results. Therefore, the SST 𝑘𝑘 − 𝜔𝜔 
model was used to investigate further the ventilation performance of the 
modified WCJ supply device. 
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6 Conclusions  

Impacts of different configurations of the supply device on the 
ventilation performance show that the flow pattern is strongly dependent 
on the nozzle diameter and number of nozzles. The flow behavior is 
nearly independent of the inlet discharge height and configuration of the 
nozzle array for the studied range. 

The results from the comparison study show that the present proposed 
WCJ can provide an acceptable thermal environment and removes excess 
heat more efficiently than the mixing supply device (MSD). The WCJ 
supply device has the combined positive effects of both mixing and 
stratification principles. Comparisons for achieving the same occupied 
zone temperature show that the WCJ requires a slightly higher airflow 
rate and fan power than DSD, but that it is more energy efficient than the 
MSD. Results of comparison study show that WCJ device can provide an 
acceptable and overall ventilation performance. This study is for a certain 
types of mixing and displacement supply devices and specific room 
conditions, further studies is required to derive more general conclusions 
of these supply devices. 

The study of the ICJ supply device shows good indoor thermal 
comfort conditions in the occupied zone by creating a well-distributed 
airflow. In the studied premises, the ICJ covers to a great extent heating 
and cooling demand during the cold and hot seasons. 
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7 Suggestions for future work 
The studied topics within this thesis have spawned interesting 

questions that are important to investigate further. To fully evaluate the 
ventilation performance of supply devices, it is interesting to study the 
configurations and locations of the supply devices in different types of 
built environments. Another topic of great interest is to perform a 
building energy simulation and to conduct a qualitative study, such as 
with questionnaires. Further investigations need to be performed to obtain 
a comprehensive comparison between different ventilation supply 
devices. The effect of using a Variable Air Volume (VAV) system on the 
ventilation performance would be of great interest to study, while the 
Constant Air Volume (CAV) system was applied in the present study. 
Numerical studies of ICJ supply devices need to be conducted in order to 
gain a thorough understanding of the flow behavior of the system. 

Configurations of modified WCJ supply devices and their ventilation 
performance can be further examined with the use of mathematical and 
statistical techniques, to provide systematic parametric studies. The 
simultaneous effect of changes in two or more design factors can be 
studied to investigate the impact of a number of factors and the 
interaction between them on the flow field development while focusing 
on the thermal comfort and ventilation efficiency in the occupied zones. 
The large number of required experiments, which increase the cost of an 
investigation, can be reduced using this technique.  

The location of the supply devices is another aspect that need to be 
further investigated. Different positions (e.g., corners) and different 
heights (e.g., near the floor) of modified WCJ and ICJ in different types 
of built environments can be further studied. The key concept is to 
evaluate the impact of different locations for the supply devices on the 
ventilation performance.  
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Suggestions for future work 

Qualitative case studies with a questionnaire could be useful to gather 
information that is related to the occupants’ comfort (i.e., occupants’ 
draught discomfort, PMV and PPD) and air quality. It is vital to increase 
people’s awareness about the consequences of poor air quality and the 
occupants’ comfort with respect to their health. The questions included in 
the questionnaire would be selected to gain future solutions for 
controlling the indoor environment. The results obtained from a 
questionnaire can be compared with measurements and numerical 
predictions. 

The ventilation performance and energy usage of the modified WCJ 
and ICJ supply devices can be studied further by evaluating ADI and 
building an energy simulation model. It is of great interest to predict or 
forecast the future or present energy use. 

The performance of the modified WCJ and ICJ in different built 
environments (such as office rooms, classrooms or industrial premises) 
would be interesting to study, with respect to the ventilation systems that 
are applied with the purpose of heating and cooling a building. A 
complete study could be conducted for different heating and cooling 
loads in a building with different inlet boundary conditions. 

The use of a VAV system could have the potential of being an 
effective way of reducing energy use in heating, ventilation and air 
conditioning within a building. The studies presented within this thesis 
could be further extended by performing unsteady state CFD simulations 
in more detail, to capture the transient behavior of the flow and gain a 
thorough understanding of the ventilation systems.  
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