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Abstract
In recent years, application of confluent jets for design of ventilation supply
devices has been studied. Similarly, numerus studies have been made on the
potential and application of variable air volume (VAV) in order to reduce the
energy demand of ventilation systems. This study investigates the combination
of supply devices based on confluent jets and VAV, both in terms of the nearfield flow behavior of the device and the impact on thermal comfort, indoor air
quality and energy efficiency on a classroom-level space when the airflow rate
is varied.
The method used in this study is an experimental field study where the
confluent jets-based supply devices were compared to the previously installed
displacement ventilation. The field study evaluated the energy efficiency,
thermal comfort and indoor air quality of the two systems. In the case of the
confluent jets supply devices, airflow rate was varied in order to see what
impact the variation had on the performance of the system for each airflow
rate. Furthermore, the confluent jets supply devices were investigated both
experimentally and numerically in a well insulated test room to get high
resolution data on the particular flow characteristics for this type of supply
device when the airflow rate is varied. The results from the field study show
nearly uniform distribution of the local mean age of air in the occupied zone,
even in the cases of relatively low airflow rates. The airflow rates have no
significant effect on the degree of mixing. The thermal comfort in the
classroom was increased when the airflow rate was adapted to the heat load
compared to the displacement system. The results lead to the conclusion that
the combination of supply devices based on confluent jets can reduce energy
usage in the school while maintaining indoor air quality and increasing the
thermal comfort in the occupied zone.
The results from the experimental and numerical study show that the flow
pattern and velocity in each nozzle is directly dependent on the total airflow
rate. However, the flow pattern does not vary between the three different
airflow rates. The numerical investigation shows that velocity profiles for each
nozzle have the same pattern regardless of the airflow rate, but the magnitude
of the velocity profile increases as the airflow increases. Thus, a supply device
of this kind could be used for variable air volume and produce confluent jets
for different airflow rates.
The results from both studies show that the airflow rate does not affect the
distribution of the airflow on both near-field and room level. The distribution
of air is nearly uniform in the case of the near-field results and the room-level
measurement shows a completely uniform degree of mixing and air quality in
the occupied zone for each airflow rate. This means that there is potential for
combining these two schemes for designing air distribution systems with high
energy efficiency and high thermal comfort and indoor air quality.
Keywords: Confluent jets, Air distribution system, Air supply device, Ventilation
performance, Indoor air quality, Thermal comfort, Experimental study, Laser Doppler
Anemometry (LDA), Computational fluid dynamics (CFD), Shear stress transport (SST
k – ω).

Sammanfattning
Under senare tid har applikation av Confluent jets för design av tilluftsdon
studerats. Många studier har även utförts över potentialen av att applicera
variabelt luftflöde (VAV) för att minska energianvändningen i
ventilationssystem. Denna studie undersöker möjligheten att kombinera
Confluent jets-don med VAV, både med avseende på den lokala flödesbilden
och dess påverkan på termisk komfort, luftkvalitet och energieffektivitet i en
klassrumsmiljö där luftflödes varieras.
Denna studie baseras dels på en experimentell fältstudie där tilluftsdon
baserade på Confluents jets jämfördes med befintliga deplacerande tilluftsdon.
Fältstudien utvärderade energieffektiviteten, den termiska komforten och
luftkvaliteten för båda typerna av tillluftsdon. Confluent jets-donen testades
under varierat luftflöde för att se påverkan av flödesvariationen på
ventilationens prestation under de olika flödena. Utöver fältstudien testades
Confluent jets-donen experimentellt och numeriskt i ett välisolerat test-rum för
få den detaljerade flödeskarakteristiken för den här typen tilluftsdon vid
varierat luftflöde.
Resultaten från fältstudien visar på en jämn fördelning av den lokala luftsmedelåldern i vistelsezonen, även för fallen med relativt låga luftflöden.
Luftflöden har ingen signifikant effekt på omblandningen. Den termiska
komforten i klassrummet ökade när luftflödet anpassades efter värmelasten
jämfört med de deplacerande donen. Slutsatsen från fältstudien är att
kombinationen av VAV och Confluent jets-don kan användas för att minska
energianvändningen på skolan och bevara luftkvaliteten och den termiska
komforten i vistelsezonen.
Resultaten från den experimental och numeriska studien visar luftflödet och
lufthastigheten i varje enskild dysa är direkt beroende på det totala luftflödet
genom donet. Dock är flödesfördelningen mellan dysorna oberoende av de tre
olika luftflödena. Den numeriska undersökningen visar att flödesprofilen för
varje dysa är konstant trots att flödet varieras, men amplituden för varje profil
ökar med en höjning av luftflödet. Det betyder att tilluftsdon av den här typen
kan användas med VAV för att producera Confluent jets för olika luftflöden.
Resultaten från båda studierna visar att luftflöde inte påverkar fördelningen
av luften vare sig längs luftdonen eller på rumsnivå. Fördelningen av luften är
nästan helt jämn längs donen och på rumsnivå är omblandningen och
luftkvalitet den samma för varje luftflöde. Det betyder att det finns potential
för att kombinera det här två teknikerna för att designa luftdistribueringssystem
med hög energieffektivitet och hög termisk komfort med god luftkvalitet.
Nyckelord: confluent jets, luftdistributionssystem, tilluftsdon, ventilationsprestanda,
inomhusluftkvalitet, termisk komfort, experimentell studie, Laser-Doppler-anemometri
(LDA), Computational fluid dynamics (CFD), turbulens model (SST k – ω).
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Abbreviations
Letters:
d
dj
D
h
k
Pk
Sij
T
TI
U
Uavg
Umax
Umeasured
Upredicted
V
y+

Inner diameter of nozzle [m]
Jet diameter [m]
Inner diameter of nozzle duct [m]
Distance from nozzle [m]
Turbulent kinetic energy [m2/s2]
Production term of k [m2/s3]
Strain rate tensor [1/s]
Temperature [C°]
Turbulence Intensity [-]
Reynolds stresses [m2/s2]
Streamwise velocity [m/s]
Average streamwise velocity [m/s]
Maximum streamwise velocity [m/s]
Streamwise velocity measured by LDA [m/s]
Streamwise velocity predicted by CFD [m/s]
Spanwise velocity [m/s]
Dimensionless wall distance [-]

Abbreviations:
CAV
CCZ
CFD
CJ
CJV
CJSD
CTA
DR
DV
HVAC
IAQ
LDA
MV
PMV
PPD
SMP
TMP
VAV
WCJ

Constant Air Volume
Core Confluent Zone
Computational Fluid Dynamics
Confluent Jets
Confluent Jets Ventilation
Confluent Jets Supply Device
Constant Temperature Anemometer
Draft rate
Displacement Ventilation
Heating, Ventilation, and Air Conditioning
Indoor Air Quality
Laser Doppler Anemometry
Mixing Ventilation
Predicted Mean Vote [-]
Predicted Percentage Dissatisfied [%]
Selected Measurement Point
Thermal Measure Point
Variable Air Volume
Wall Confluent Jet

Greek letters:
δij
ε
εI

Kronecker delta [-]
Rate of dissipation of turbulent kinetic
energy [m2/s3]
Air change effectiveness [-]

εt
εc
ρ
μ
μt
τn
τp
ω

Heat removal effectiveness [-]
Ventilation effectiveness for contaminant
removal [-]
Density [kg/m3]
Dynamic viscosity [kg/ms]
Eddy viscosity [kg/ms]
Nominal time constant [s]
Mean age of air [s]
Specific dissipation rate [1/s]
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Introduction
Background
Buildings generate about one-third of global greenhouse gases, utilize about
40% of the world’s energy, and consume more than 55 % of all electricity [1].
In developed countries, HVAC systems are responsible for about 50 % of the
buildings’ energy use and between 10 – 20 % of a nation’s total energy use [2].
Many measures are being taken to reduce energy usage in the building sector,
such as new and stricter building codes, green building schemes and energy
efficient renovations. The EU has set a target to reduce greenhouse gas
emissions by at least 80 % by 2050 from the 1990s level [3]. Of all the
buildings that will be in use in 2050 in the European Union, 60 % of them have
already been built [4]. Therefore, the EU has identified the existing building
stock as the “single biggest potential sector for energy savings” [3].
While HVAC systems have a major part in the energy performance of
buildings, they are also designed to satisfy the thermal comfort and indoor air
quality (IAQ). When buildings are being renovated, green building schemes
are often used to evaluate the building and these schemes tend to focus on
improving the thermal performance of the building envelope [5]. On average
the IAQ only makes up 7.5% of the total score in these schemes [6].
Numerous studies have shown the importance of IAQ and adequate
ventilation rates in public buildings regarding health [7-9], cognitive abilities
[9, 10], academic performance [10-13], and work and economic productivity
[8, 14-16]. Therefore, more standards and recommendations are being set to
increase the airflow rates in public buildings such as schools, hospitals and
office buildings [17]. Although the increase in airflow rate may improve the
IAQ, it can also increase the energy usage of the building. A survey by the
Swedish Energy Agency showed that electricity use in Swedish schools
increased between 1990 and 2006 despite a national effort to decrease
electricity use [18]. The survey concludes that the increase is because the
electricity use by ventilation fans doubled during the same time span, in order
to satisfy demands for higher airflow rates and IAQ. The same survey showed
that 87% of Swedish schools still use constant air volume (CAV) systems and
that the switch to variable air volume (VAV) systems could save between 0.12
- 0.33 TWh annually.
A number of recent studies have been made on the implementation of VAV
in buildings [19-23]. VAV systems have the potential for improving IAQ [19],
greatly reducing the energy use [19, 20] and thereby reducing costs [20, 21].
Three recent studies have showed that a scenario where VAV was
implemented in roughly 75% of US office floor space could save 53 TWh
annually with a VAV strategy optimized for energy savings. Research into
VAV has showed that both the minimum and maximum airflow for a VAV
system has high impact on the HVAC system’s overall energy demand [1926]. It is therefore important if VAV is implemented that the supply devices
can handle the minimum/maximum airflow and that the ventilation strategy
works in both cases.
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Motivation of This Study
Previously at the University of Gävle (among other research institutes) studies
have been made on a new type of ventilation based on confluent jets (CJ). CJ
occur when jets issue from different apertures in the same plane in parallel
directions, and at a certain distance downstream they coalesce and move as a
single jet [27]. Some studies show that the velocity of confluent jets decays
more slowly than other forms of jets because of lower entrainment of
surrounding air. The momentum is therefore conserved better and ventilation
based on CJ has better penetration of the occupied zone than other ventilation
strategies [28-33]. Several of the studies report good energy efficiency and
IAQ for different air distribution systems based on confluent jets ventilation
(CJV) [30-33]. However, the combination of CJV under VAV condition has
not been addressed.

Aims and Research Questions
The aim of this study is to investigate the outlet flow feature of a CJSD
(Confluent jets supply device) under VAV condition, to see if a variation in
airflow rate will influence the air distribution from the supply device’s outlets
and see how this will affect the supply device functionality at room level.
Therefore two separate research questions are posed, one regarding the flow
behavior at room level and one regarding the flow behavior in the near-field
level.
The research questions (RQ) for the present study of VAV and CJ in nearfield and at room level are:
RQ1: How does the application of VAV affect the thermal comfort, IAQ
and energy efficiency in a classroom with CJSD?
RQ2: How do the jet characteristics from a CJSD change when the airflow
rate is varied?

Research Methods
The present investigation is based on three different kinds of studies:
 One experimental field measurement performed in an classroom
at a local school
 One detailed experimental study carried out in a laboratory
environment
 One numerical investigation of the flow characteristics of the
supply device
The field study used objective measurements to evaluate the CJSD, as the
primary objective of the study is to investigate the temperature distribution and
ventilation performance (in terms of the thermal comfort, IAQ and ventilation
efficiency) in a classroom under different heat loads and airflows.
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The detailed experimental study used Laser Doppler Anemometry (LDA)
to assess the characteristics and the change of velocity profiles of the jets as
the air supply varies in the CJSD.
The numerical investigation was used to investigate in further detail the
exact nature of the velocity profiles and impact of nozzle design of the CJSD.

Research Process
The first paper in this study is a field study aimed at investigating the effect of
varying airflow in a classroom environment. The reason for starting the project
with this study was to evaluate the performance of the proposed ventilation
device in a real case situation in order to identify potential the pros and cons.
Paper I evaluates the IAQ, thermal comfort and energy efficiency of the
CJSD supply devices in a classroom environment. The information from the
field study regarding airflows, heat loads and design of the supply devices was
then used to design the experimental study, which focused on mapping the
behavior of the airflow from the supply device under those conditions,
specifically the range of airflows that could be suitable for a classroom. This
range was used to determine the range of the inlet boundary conditions (range
of airflow) for the experimental and numerical study in Paper II (see Figure 1).
Paper II investigates the flow pattern of a CJSD. The article uses both an
experimental and numerical study. The experimental study uses LDA
measurement equipment to validate the results from the numerical study, and
also uses an orifice meter to validate the boundary conditions used in the
numerical set-up. The results from both the experimental and numerical study
were used to analyze the jet velocity profiles and the airflow distribution at
different boundary conditions (airflows). The results from the numerical study
are also used to investigate the function of the CJSD under VAV.
The information from the experimental study was used to evaluate and
validate the numerical models. The numerical models were used to further
study the exact flow pattern from the supply device.
The results from both papers were then compared with regards to the
research questions.
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Figure 1 – Schematic presentation of the processes used in Paper I and II.

Limitations
The measurements in the experimental study in the classroom environment
were limited to temperature, mean age of air and thermal comfort. The
measurements took place under steady state conditions.
The detailed experimental study in the lab environment was limited to
airflow, air velocity and turbulence intensity (TI) for three different airflows.
The airflow measurement was limited to an orifice plate and manometer. The
air velocity and TI was limited to 2D Laser Doppler Anemometer.
The numerical simulation was limited to steady state, isothermal eddy
viscosity turbulence models to reduce computational complexity. Although a
number were of different models, where these were tested only one (k – ω STT)
was used to generate the results.
The validation study was limited to a certain number of points and only
compared the air velocity results.

Summary of the Appended Papers
Paper I:
The aim of this study is to investigate whether it is possible to replace
displacement ventilation (DV) with mixing ventilation (MV) to create a
comfortable indoor climate in a typical classroom and at the same time
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decrease the energy use by using VAV and CJSD. The study used two CJSDs,
which consist of circular channels with outer diameter 190 and 228 round jets
placed in an interlocking pattern, with a horizontal one-way/two-way direction.
The field study was carried out in a school, which is intended to be extensively
renovated. The school currently has DV and CAV. The study was carried out
by installing MV with CJSD in one of the typical classrooms. Several different
airflow rates were investigated using tracer-gas technology to measure the
local mean age of the air in the occupied zone. Simultaneously, thermal
comfort and vertical temperature gradients were measured in the room. The
results show nearly uniform distribution of the local mean age of air in the
occupied zone, even in the cases of relatively low airflow rates. Since the
mixing of air is more or less the same in the entire occupied zone VAV can be
used to reduce airflow rate based on the desired CO2 level. Because of the
number of students in each classroom and the fact that changes in airflow rates
have no significant effect on the degree of mixing, it is possible to reduce the
airflow rates for extended periods of time. Finally, since the CJSD has a lower
pressure drop than the currently used supply devices and it is possible to use
VAV to lower the airflows in cases with reduced heat loads, it is possible to
significantly reduce the energy usage in the school while maintaining the IAQ,
increasing thermal comfort and the available floor area of the occupied zone.
Paper II:
In this study, an air supply device with a novel nozzle design that uses
confluent jets and VAV as supply strategies was investigated both
experimentally and numerically at three different airflow rates. The CJSD is
circular duct with a number of nozzles in one direction. The nozzles have a
novel geometrical shape with a vane and flanges which interact with the
airflow inside the duct. The experimental part was carried out in a laboratory
environment and used Laser Doppler Anemometry to investigate the near-field
flow pattern from the CJSD. The air velocity and turbulence intensity from
nine of the 95 nozzles was measured. The air velocity and turbulence intensity
was measured in two directions (streamwise and spanwise). The results from
the numerical investigation using the SST k – ω turbulence model regarding
velocities and flow patterns are validated by the experimental data. The results
from both investigations show that the flow pattern and velocity in each nozzle
is directly dependent on the total airflow rate. However, the flow pattern does
not vary between the three different airflow rates. The numerical investigation
shows that velocity profiles for each nozzle have the same pattern regardless
of the airflow rate, but the magnitude of the velocity profile increases as the
airflow increases. Thus, a supply device of this kind could be used for VAV
and produce confluent jets for the airflow rates investigated. The numerical
model was also used to investigate the effect of the novel nozzle design by
comparing the validated model to a case with a simpler nozzle design (plain
holes without vane or flanges). The results showed similar distribution of air,
but the direction of the near-field flow pattern was different. The effect of the
vane and flanges is mainly to force the jets in a more orthogonal direction.
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Ventilation System and Indoor Environment
Ventilation systems have many technical qualities but only one main purpose:
“The purpose of a ventilation system is to provide acceptable microclimate in
the space being ventilated. In this context, microclimate refers to thermal
environment as well as air quality” [34].
Microclimate or indoor climate is measured/evaluated and usually divided
into two categories: thermal comfort and Indoor Air Quality (IAQ).
From an installation perspective, the design of the ventilation systems
should satisfy the requirements for indoor air quality (IAQ) and work in unison
with the heating/cooling system to satisfy the requirements for thermal
comfort. Besides the main requirements, regarding IAQ and thermal comfort
there are usually other technical requirements that need to be considered:
Installation cost, energy efficiency, maintenance, esthetics, etc.
This study will focus on indoor climate (thermal comfort and IAQ) and
energy efficiency.

Air Distribution Systems
The main objectives of any ventilation system with regards to IAQ, thermal
comfort and energy performance are exchanging room air, removal of indoor
contaminants and removal of heat [27].
Mixing Ventilation
Mixing ventilation (MV) is the most common ventilation system, where the
mixing occurs because of the momentum of the inlet air [34]. The air is often
distributed via the ceiling and can be used for both heating and cooling. Mixing
ventilation systems are quite versatile and can have a larger occupied zone than
other systems, which frees up valuable floor space. MV often have quite good
thermal comfort, however, mixing ventilation systems have low air exchange
efficiency and lower ventilation effectiveness and therefore lower energy
efficiency [27].
Displacement Ventilation
Another common ventilation principle is displacement ventilation, which
supplies cool air at floor level in order to create vertical gradients of
temperature and air contamination [34]. Displacement ventilation has a high
heat removal efficiency and high air exchange efficiency [27]. However,
displacement ventilation is not as versatile as mixing ventilation because it
depends on heat sources in the occupied zone and can have some problems
with thermal comfort and draft complaints [27].
Hybrid Ventilation
There are some types of so-called hybrid ventilation that uses both principles
of mixing and displacement ventilation [27]. Two recent examples of hybrid
ventilation systems are impinging jet ventilation and wall confluent jet
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ventilation. Impinging jet ventilation releases a cold jet at high velocities,
which hits the floor and creates a thin layer of air, which propagates along the
floor. The air than rises due to thermal effects from the heat load. The wall
confluent jet ventilation aims confluent jets along a wall down towards the
floor level where air then follows the floor into the occupied zone.

Variation of Supply Devices
There are numerus variations of air supply devices based on different
principles for supplying the occupied zone with air. The most common
mechanics for spreading the air are:




Momentum: where high air velocities create a momentum, which
drives the air into the occupied zone (mixing ventilation and
impinging ventilation).
The Coanda effect: where the air is released parallel to a surface,
ceiling (mixing ventilation) or wall (wall confluent jets) so that the
Coanda effect helps to conserve the momentum.
Buoyancy effect: Where cold air with low velocity is supplied either
at ceiling level (mixing ventilation) or floor level (displacement
ventilation).

Confluent Jets
Confluent jets occur when jets are issuing from different apertures in the same
plane in parallel directions and at a certain distance downstream they coalesce
and move as a single jet [27].
These phenomena have been mapped in series of experimental and
numerical studies [36-43].The studies show that confluent jets can be divided
into five regions.
The initial region stretches to about 2dj (where dj is the jet diameter), in this
region the jets show no signs of interaction with each other or a decrease in
velocity. The converging region begins after 2dj where the jets converge
towards the central line of the jet matrix. The jets along the edges of the matrix
bends faster than those closer to the central line. The merging region starts
where the jets have started to merge, which starts around 4dj for the edge jets
and later for the more central jets. The combined region starts after the
minimum velocity of the jets is no less than 90% of the maximum velocity,
somewhere after 9-14dj. The confluent core zone (CCZ) starts after all the jets
have combined into a single zone with uniform streamwise velocity and low
turbulence in along the central line. This zone is called confluent core zone,
because it is similar to the potential core of a single jet. This region starts
approximately 20dj downstream and continues to about 11dj*n (where n is the
number of jets in the row). The two parameters that have the highest effect on
the confluent jets are the diameter dj and the spacing distance, S, between the
jets. Therefore the combined parameter S/dj is the most significant factor. The
higher S/dj is, the further down the merging region and combined region starts.
High S/dj also prolongs the CCZ but lowers the velocity and the turbulence in
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this zone. S/dj factor has no influence on the entrainment rate of the combined
jet.
Confluent jets on curved surfaces behave in a similar way to those on a
plane surface, but the converging force between the jets that are curved away
from each other is smaller than between those that are parallel. This means that
a square matrix of nozzles on curved surface will produce a slightly oblong
CCZ instead of a uniform one.
Confluent Jets Ventilation
Since the studies show that confluent jets’ velocity decays slower than other
forms of jet because of the entrainment of surrounding air, the momentum is
therefore conserved better and ventilation based on CJ has better penetration
of the occupied zone than other ventilation strategies [21, 22].
Some research has been done on a form of hybrid system between
displacement ventilation and mixing ventilation based on confluent jets. This
system is called wall confluent jets (WCJ). The WCJ was compared to
traditional mixing and displacement ventilation in an office environment. The
study showed that the flow pattern in the room is strongly dependent on the
nozzle diameter d and the number of nozzles. The study also considered the
impact of the height of the supply device and different configurations of the
nozzle array, and both of these factors showed little or no impact on the flow
pattern in the room.
The WCJ had higher heat removal efficiency than standard MV but slightly
lower than DV. The WCJ was able to provide good thermal comfort and
mixing degree in the occupied zone, which can be a problem for some DV. It
did however require slightly more airflow and fan power than DV. WCJ is a
good mix between MV and DV with good benefits from both systems [32-33].
To the author’s knowledge not much research has been done on mixing air
distribution systems with supply devices designed to generate confluent jets.

Indoor Climate and Measures of Performance
Thermal Comfort
Thermal comfort is defined in the ASHRAE standard as “that condition of
mind which expresses satisfaction with the thermal environment” [44].
One of the commonly used indexes for measuring thermal comfort within
the scientific literature is PMV-PPD standard. The PMV-PPD standard is
defined by ISO 7730 and was developed by P.O. Fanger by sampling responses
from occupants regarding thermal comfort under controlled conditions [45].
The PMV is the “Predicted Mean Vote” of thermal comfort by large group
occupants under the same thermal conditions. The PMV vote is distributed
over a 7-step scale; -3 (cold), -2 (cool), -1 (slightly cool), 0 (neutral), +1
(slightly warm), + 2 (warm), +3 (hot).
The PMV- value can be calculated within in normal indoor condition, by
measuring six factors, see Table 1.
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Table 1. Factors influencing PMV value

Factor
Metabolic rate
Clothing index
Air temperature
Radiant temperature
Air velocity
Partial air pressure

Symbol

Range

Range

M
Icl
ta
tr
var
pa

0.8 – 4 [met]
0 – 2 [clo]
10 – 30 [°C]
10 – 40 [°C]
0 – 1 [m/s]
0 – 2700 [Pa]

46 – 232 [W/m2]
0 – 0.310 [m2°CW]
10 – 30 [°C]
10 – 40
[°C]
0 – 1 [m/s]
0 – 2700 [Pa]

The factors are usually measured or simulated simultaneously in points at
specific heights (0.1, 0.6, 1.1 and 1.7) to correspond to the height of ankle,
waist and head for a seated or standing person [44]. The PMV value is then
calculated according the following equations:
0.303 .
3.05
0.42
3.96

10

0.028
5733 6.99
10
5876
58.15
1.7 10
0.0014 34
273
273

(1)

Where,
35.7

0.0028

1.00
1.05
2.38

3.96
273

1.290
0.645

10

273

0.078
0.078

.

.

2.38
2.38

12.1

.

12.1
12.1

The PDD (Percentage of People Dissatisfied) can be calculated directly from
the PMV value:
100

95

.

.

(2)

Local Thermal Discomfort
Even if the general thermal sensation is satisfactory, occupants may still
experience discomfort due to local influences. The PMV-PPD model does not
include the effects of turbulence in the perception of the thermal comfort.
Therefore it is often complemented by DR (draft rate), which is the percentage
of occupants who experience discomfort due to draft. The draft rating is
calculated from the three factors Ta, Ua and TI (turbulence intensity) [47].
34

0.05

.

0.37

10

3.14

(3)

Vertical air temperature difference ΔT is defined as the difference in air
temperature for a seated person with low activity level (< 1-2 MET) between
ankle level (0.1 m) and head level (1.1 m) [46].
Table 2 – Comparison of different thermal comfort standards (European, Swedish and
American)
ISO 7730
[47]

Miljöbyggnad
[48]

ASHRAE
[44]

Standard

C

B

A

PPD

-

< 15%

< 10%

< 6%

PMV

-

DR

-

-0.7 <
PMV < 0.7
<30 %

-0.5 <
PMV < 0.5
<20 %

-0.2 <
PMV < 0.2
< 10 %

Standard

Bronze

Silver

Gold

-

PPD

< 20%

< 15%

< 10%

-

PMV

-0.7 <
PMV < 0.7
-

-0.5 <
PMV < 0.5
-

-

DR

-1 <
PMV < 1
-

Standard

-

-

PPD

-

-

General
comfort
<10%

PMV

-

-

DR

-

-

-0.5 <
PMV < 0.5
<20 %

-

Indoor Air Quality
Acceptable Indoor Air Quality (IAQ) is defined in the ASHRAE standard 62.12016 [49] as “Air in which there are no known contaminants at harmful
concentrations as determined by cognizant authorities and with which a
substantial majority (80 % or more) of the people exposed do not express
dissatisfaction.”
Poor IAQ affects occupants in three ways [34]:
•
•
•

Discomfort: odors and stuffy air
Acute health problems: burning eyes, chest symptoms and
transmission of airborne disease
Chronic or delayed health effects

There are also many studies that show that poor IAQ can lower the
performance and productivity of occupants [10-16].
Since there are hundreds of pollutants and contaminants that can adversely
affect the IAQ there is no direct way of measuring all aspects of IAQ. There
are however, a number of standards using different heuristics to minimize the
risk of poor IAQ based on measurable indicators and readily available data.
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CO2 Concentration
CO2 concentrations indoors rarely reach levels where they have a direct impact
on the occupants’ health or their perception of the IAQ. However since humans
generate CO2 in proportion to their MET, the CO2-concentration is a good
indicator of odors and other contaminants generated by occupants. The CO2 –
concentration can be estimated based on number of occupants and their MET:
(4)
Where Cs is the CO2-concentration in the breathing zone Co is CO2concentration outside, N is CO2 generation per person in l/s based on their MET
and Vo is airflow in l/S/person [47]. Since CO2 is not absorbed by the indoor
environment and is easy to measure it is often used as an indicator, the
generally accepted concentration-level for risk of discomfort and headaches is
1000 PPM [27]. A recent study however has showed that adverse effects from
the CO2-levels on cognitive ability starts at a much lower level [10].
Airflow rates
A common way of setting a standard for IAQ is to set a minimum allowed
airflow rate based on a known metrics. In a comparison between different
national ventilation standards in 16 European countries [50], several different
metrics were used as basis for air flow rate such as:
•
•
•
•
•
•

flow rate per number of persons
flow rate per floor area
flow rate per number of rooms
fixed flow rate per room type
number of air changes per hour
combination of different metrics

In the same study a calculation of the airflow rate per person based on case
for a classroom with 50 m2 floor area, a height of 2.8 m and 25 occupants. The
results showed that per person the airflow rate would vary between 4.2 and 12
l/s, see Table 3.
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Table 3. Airflow rate and CO2-concentration in European classrooms

Country
Finland
United kingdom
Germany
Hungary
Netherlands
Norway
Slovenia
Portugal
Lithuania
Czech Republic
Poland
Bulgaria
Greece
Italy
France
Romania
Sweden *
ASHRAE Standard *

Airflow rate
[l/s/person]
12
10
9.8
9.8
9.6
8.6
8.5
8.3
6
5.6
5.6
4.8
4.7
4.7
4.2
4.2
7.7
6.2

CO2 concentration**[ppm]
833
920
931
931
942
1005
1012
1027
1267
1329
1329
1483
1506
1506
1638
1638
1075
1239

*= not include in the study from 2011, added based on floor size and occupants Swedish
standard classrooms 7 + 0,35 l/s [48], ASHRAE standard classroom 5 +0.6 l/s [49] **=
Estimated using Eq. 4, assumed met = 1.2 and CO2 = 400 PPM.

Ventilation Performance
A review of the ventilation literature identifies four primary tasks for a
ventilation system with regard to indoor air quality, comfort, contamination
control and energy performance [27]. The same study defines these four tasks
as; removal of indoor contaminants, exchanging the air, removal of heat and
protecting the local occupants. There are number of indexes used the compare
the performance of different ventilation systems.
Nominal time constant and Air change per hour
The nominal time constant is a measure of how old on average the air is in a
room and is given by [27]:
(5)
Where V is the volume of the room and Q is the total airflow. The inverse of
the nominal time constant is air changes per hour (ACH or sometimes N) is
often used to set standards for airflow rates.
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Mean age of air
The local mean age of air is measured and defined by using detectable gas as
a “Tracer Gas and measuring the concentration of that gas over a period of time
[27]:
(6)
Where C(0) is the original concentration of the tracer gas, Cp(t) is the
concentration of gas in a local point at a specific time t.
Air Change Effectiveness
Air Change Effectiveness (ACE) is a measurement of how effective the air
distribution system is at exchanging the air in the occupied zone. ASHRAE
Fundamentals 2013 defines Air Change Effectiveness as:
(7)
Where 100 % would represent perfect mixing.
Ventilation Effectiveness for Heat Removal
Ventilation effectiveness for heat removal is an index developed to compare
how effectively the ventilation system can remove heat from the occupied zone
based on the supply temperature (Ts) [27]:
(8)
Where Te is the exhaust temperature and Tp is the temperature in the occupied
zone.
Ventilation Effectiveness for Contaminant Removal
In the same way the ventilation effectiveness for contaminant removal can be
assessed based on the concentration of contaminants in the supply (Cs), exhaust
(Ce) and occupied zone (Cp) [27].
(9)
For mixing ventilation εt and εc is usually equal to or less than 100 % and for
displacement ventilation εt and εc are usually above 100 % [27].
CAV and VAV
Since the airflow rate has such a big influence on both the heating/cooling load
and the energy usage by the building energy system, much research is being
done on the effects of CAV, VAV and DCV [51].
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CAV (Constant Air Volume) is the simplest form of ventilation regulation
method and is the most commonly used type of forced ventilation. It uses a
constant airflow for each zone during its hours of operation. It is easy to install
and program, but it is not energy-efficient since it always uses the maximum
airflow even in cases of low occupancy density. In Sweden 87% of schools,
85% of care facilities and 75 % of all offices have CAV [18].
VAV (Variable Air Volume) uses multiple preset airflows based on
assumed load curves, time controls or preset temperature indicators.
Mechanically VAV works by opening or closing dampers to match the current
load in a ventilated space. If the temperature is too low in a room the
mechanical damper closes slightly, which raises the pressure in the ventilation
duct, and the fan compensates by lowering the fan speed, thus reducing the fan
power and the forced airflow through the building. This results in lower heat
and electricity usage [50] and therefore lower costs [21, 22].
The results from a government survey regarding energy use in Swedish
public buildings show that energy use by ventilation systems in Swedish
schools doubled from 1990 to 2006. The electrical power used by ventilation
fans in Swedish schools has gone from 11 kWh/m2 to 23 kWh/m2. This is on
average 27% of the total electrical power usage in Swedish schools. This is
explained by high airflows in schools because of the high occupant density.
Most Swedish schools have mechanical ventilation (90%). The survey shows
that 87% of Swedish schools use constant air volume (CAV) and it is estimated
that a change to variable air volume (VAV) could save 0.12-0.33 TWh per year
[18]. In Norway field studies have shown that is possible to reduce the average
energy use for ventilation in a classroom by 38 % to 51 %, when replacing
CAV with DCV [52].
VAV can be optimized to maximize either indoor climate or energy
savings. Two recent studies have shown that a scenario where VAV was
implemented in small, medium and large offices in the U.S. (roughly75 % of
U.S. office ﬂoor space) could save $28 billion annually with a VAV strategy
optimized for energy savings [23] and $55 billion for a VAV strategy for
improving work performance [21]. The VAV strategy for optimizing energy
savings could save 53 TWh annually [22].
There are some common reported problems concerning indoor climate in
VAV systems:
1.
2.
3.

Insufficient supply of outdoor air
Stagnant air
Draft

To avoid these problems it is important that the air distribution system
functions optimally for the preset span of airflow rates and that the sensors
which regulate the airflow rate function properly so that the system can
compensate for any deviation from the preset parameters. The most commonly
used sensors in VAV systems are temperature or CO2 sensors to measure the
indoor climate and pressure sensors to control the airflow rate.
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Methods
This chapter explains the different methods used in Paper I and Paper II.

Measuring Methods
Tracer Gas Measurement
The tracer gas method is used to calculate the air exchange in a given point or
volume by measuring the concentration of a specific substance, i.e. tracer gas.
There are different methods for injecting the tracer gas into the measurement
space. The method used in Paper I was the decay method (sometimes called
step-down method), whereby an initially uniform concentration is achieved at
the beginning of the measurement in the measured space and the concentration
is measured continually. The slope of decay in concentration is used to
calculate the local air exchange via a regression analysis (Eq. 6).
The tracer gas that was used in the field study was sulfur hexafluoride (SF6).
The gas was first supplied to the room manually and was then mixed
throughout the room using three movable fans for three minutes. At the
beginning of each measurement the concentration was the same in all six
measurement points.
The tracer gas method was used in the field study to measure the mixing
and local air exchange in specific points in the classroom (Eq. 7). The local
mean age of air was also used to calculate CO2 concentration in the occupied
zone using Eq. 4.
Thermocouple Measurements
Thermocouple is a temperature sensor made from a junction of two different
metal alloys. The other ends are connected to a copper circuit with a known
reference temperature. Because of the Seebeck effect an electrical current will
occur in the circuit as a function of the difference between junction temperature
and the reference temperature. Thermocouples are widely used for indoor
temperature measurements because of their low cost and flexibility.
The temperature measurements in the field study were done with
thermocouples type T. The margin of error for a standard thermal couple type
T is less than 0.2 °C for normal indoor temperatures.
Thermal couples were used in the field study to measure the temperature
gradient and the variation in room temperature in the classroom. The
temperature data was also used to calculate the efficiency of heat removal using
Eq. 8.
Thermal Comfort Measurements
Thermal comfort measurements in the field study were done with a thermal
comfort meter which is based on the equations and theory described in the
chapter Thermal Comfort.
The data necessary to calculate the thermal comfort was a thermal comfort
data logger INNOVA 1221. The data logger uses four probes to measure the
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air temperature, air velocity, humidity and dry heat loss. The temperature probe
is a Pt-100 resistance probe with an accuracy of ±0.2 °C and the air velocity
probe is a CTA with an accuracy of ±5 % that measures air velocity and
turbulence intensity (TI) [53].
The data was collected on a computer with INNOVA 7701 software based
on the ISO 7730 standard [47] for calculating PMV, PPD and DR (Eq .1, 2 and
3). The software enables coordination of the inbuilt modules and connected
transducers to derive information and estimate PMV and PPD.
The thermal comfort measurements were used in Paper I to evaluate the
comfort level under different heat loads.
Laser Doppler Anemometry (LDA)
Laser Doppler Anemometry (LDA) is a non-intrusive measurement technique
that was introduced in the 1960s. It samples the velocity components by
measuring the frequency of the scattered light from seeding particles that are
illuminated by one or more laser beams in a given measurement volume. The
measurement technique has high accuracy for measuring both the velocity and
turbulence in a given direction.
In Paper II the velocity profiles of the nozzles were measured with a Dantec
Dynamics FlowLite 2D LDA system. The system measures two perpendicular
velocity components using two lasers: one green 10 mW Nd:YAG Laser with
a wavelength of 532 nm and one red 10 mW He-Ne with a wavelength of 632.8
nm. The length (dz) and diameter (dx, dy) of the measurement volume was 0.78
mm and 0.060 mm for the red laser and 0.66 mm and 0.050 mm for the green
laser. The output signal was processed by a Dantec Dynamic BSA F60 Flow
processor. The optical probe had a diameter of 27 mm and focal length of 100
mm. The lasers had been calibrated for a measuring span of -1.99 to 13.88 m/s
for the red laser and -1.67 to 11.67 m/s for the green laser.
Seeding
The LDA equipment measures the velocity of the seeding particles the follow
the airflow. The seeding particles are some form of non-toxic liquid such as
alcohol or oil. In the experimental study a smoke machine was used to produce
approximately 1 µm droplets of aqueous di-alcohol glycerol mixture. In order
to obtain a homogeneous seeding density throughout the flow field, mixing
fans were used to distribute the seeding particles throughout the test facility.
The mixing fans were then shut off and the seeding particles were allowed to
be continually recycled trough the nozzle duct and supply fan since the test
room is a closed system.
Orifice Plate
Orifice plate is a device used to measure the volume flow of fluids in pipes.
The volume flow is calculated by measuring the pressure difference between
two points in a pipe, which are separated by a plate with an orifice. The shape
of the orifice is standardized and the correlation between volume flow and the
pressure drop has been verified by experimental studies. The pressure drop
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over the orifice plate used in Paper II was measured with a SwemaMan 80
micro manometer.

Numerical Methods
This section describes the numerical simulations used in Paper II.
Governing Equations
The model is steady-state, 3D, incompressible and isothermal. The effects of
gravity and radiation are assumed to be zero. Based on these assumptions the
Reynolds-averaged Naiver-Stokes (RANS) equations are given by:
0

Where the Reynolds stresses (

) are given by the Boussinesq hypothesis:
2
2
3

Where the k is the turbulent kinetic energy and μt is the eddy viscosity. The
strain-rate tensor, Sij, is expressed as:
0.5
Turbulence
The shear stress transport k - ω model (SST k – ω) was chosen as the turbulent
transport model because of previous success in simulating similar cases. The
SST k – ω model was developed by Mentner [54] and is based on the standard
k- ω model and the standard k – ε model. The SST k – ω model uses the standard
k – ε model for the bulk flow and the standard k – ω model near the wall. The
transport equations for the SST k – ω model are:
∗

1

2 1
Where eddy viscosity
,
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,

F1 is the blending function and its constants are:
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Numerical Details
The commercial finite volume solver Fluent 17.2 (Ansys, 2016) was used to
numerically solve the governing equations. The SIMPLE algorithm was used
to control the pressure-velocity coupling. The gradient was solved with the
least squares cell-based Method. The numerical schemes and under-relaxation
factors for the different terms can be found in Table 4.
Table 4. Numerical Schemes and under-relaxation factors

Term:

Scheme:

Pressure
Momentum
Turbulent Kinetic Energy
Specific Dissipation Rate

Second order
Quick (Third order)
Second order upwind
Second order upwind

Under-relaxation
factor:
0.8
0.2
0.8
0.8

The solution was considered converged if the velocity in the residual was less
than 10-3 for the continuity and less than 10-4 for k and ω. At least 40 000
iterations were used for each of the three flows.
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Case Studies
The Confluent Jets Supply Device
In both papers the same type of supply device was used, but with slightly
differing configurations. The confluent jets supply device (CJSD) is a circular
duct of differing length and diameter, with multiple rows of nozzles. The
nozzles are spaced at 100 mm intervals (center-to-center) and the rows are
offset from each other by 50 mm (see Figure 2). The diameter, length and
number of nozzles are set to keep air velocity and noise level below the
requirements.

Figure 2. Confluent jets supply device (CJSD).

The nozzles themselves have an
inner diameter of 28 mm and are
divided into three equal circle
segments. Each circle segment has a
flange which reaches into the
circular channel in order to direct air
out of the nozzle (see Figure 3).
The novel design of the nozzle and
their spacing makes it possible to
distribute air evenly along the nozzle
duct under a low pressure drop. This
is due to the fact that the flanges in
the nozzles act upon the dynamic
pressure and are not dependent on
the static pressure.

Figure 3. Schematic of the Repus
nozzle.
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Classroom Study
Facility
This field measurement was performed in a classroom at a local school in the
city of Gävle in Sweden. The classroom’s dimensions are 8.0 × 7.5 × 3.0 m.
The supply system at the time of the study was two DV supply devices with
CAV 300 l/s which was the typical set-up for almost all classrooms at that
school. The study was carried out by installing MV with CJSD in one of the
classrooms.
Set-up
Five different set-up cases were made with different heat load supply devices
(see Table 5). Case 1 aims to simulate the current situation at the school, which
consists of two wall-mounted DV supply devices with a total airflow of 300
l/s. Cases 2 – 5 use two CJSDs which consist of circular channels with 190/228
round jets placed in an interlocking pattern, with a horizontal one/two-way
direction. Case 2 has similar airflow rate as Case 1, while Cases 3 – 5 use
airflows based on 5 l/s per person plus 0.6 l/s per m2 floor area [49]. The setups also included person simulators (manikins) with a thermal power of 95 W
each to simulate a person with a Met value of 1.0. The fluorescent lights and
the test equipment inside the classroom were estimated to consume 650 W of
electrical power. During each case IAQ, vertical temperature gradient and
thermal comfort were measured.
Table 5. Case set-up
Case
1
2
3
4
5

Supply
device
DV
CJSD
CJSD
CJSD
CJSD

Manikins
28
28
28
22
16

Airflow
[l/s]
299
312
181
156
133

Airflow
[l/s/person]
10.7
11.1
6.5
7.1
8.3

Heat
load [W]
3300
3300
3300
2700
2200

Ts [°C]
20.8
20.8
20.6
20.7
20.4

Figure 5 show the experimental set-up of the classroom where the red points
indicate the measuring points for tracer gas. Tracer gas measuring points
(TGMP) 1 – 5 are all located at a height of 1.2 m and are in the BZ. TGMP6 is
located at the outlet at a height of 2.6 m in order to measure the nominal time
constant (τn) (Eq. 5).
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Figure 4. Experimental set-up: eight TMPs A-K in blue, TGMPs 1-6 in red and manikins
in black.

The vertical temperature gradient was measured using eight thermocouples at
different heights, the temperature was measured every second and logged for
20 minutes in each of the 11 thermal measure points (TMPs) A-K which are
marked as blue points in Figure 4.
The thermal comfort was measured in the same TMPs A-K at four heights
for each TMP. The heights 0.1, 0.6, 1.1 and 1.7 m were chosen to represent the
height of ankle, waist and neck for both sitting and standing persons.
All measurements were started two hours after the ventilation and the
manikins had been started in order to facilitate steady-state conditions.

Detailed Study of Supply Device
Facility
The LDA measurements were carried out in the laboratory at the University of
Gävle. They took place in a well-insulated test room with the dimensions 8.4
 7.2  3.0 m. The door and the air vents were closed during the measurements
and all the internal heat sources were turned off during the experiment (except
for the centrifugal fan and the measurement equipment) in order to keep the
conditions as isothermal as possible.
Set-up
The airflow was supplied by a centrifugal fan controlled by a frequency
regulator. The airflow rate was measured by an orifice flow meter. The
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pressure drop over the flow meter was measured with a SwemaMan 80 micro
manometer, which has an error margin of ±0.3 % or ±0.4 Pa at 23 °C. The fan
was started and the flow regulated at the beginning of each measuring session.
The fan was then left running and the pressure drop was measured and noted
at regular intervals in order to detect any drift in the flow rate.

Figure 5. Experimental set-up for Paper II.

After the flowmeter a 90° bend led the air into two honeycombs in order to get
a more uniform and laminar flow. After the honeycombs a three-meter-long
250 mm aluminum pipe led the air directly into the CJSD supply device, see
Figure 5.
Confluent Jets Supply Device Configuration
The CJSD supply device consists of a circular channel with 95 round nozzles
placed in an interlocking pattern (five rows with 19 nozzles, with two rows
slightly offset). The nozzle duct is two meters long and has a diameter of 250
mm.
Due to the complex geometry of the nozzles and the fact that velocity
profile varies from nozzle to nozzle along the duct, it is not possible to
determine the characteristics of the flow exit of the nozzle duct by only
measuring velocities in one nozzle. Therefore, velocities were measured in
nine nozzles using 62 measurement points for each nozzle in a square pattern
evenly distributed across each of the nine measured nozzles, see Figure 6.

Figure 6. Picture of CJSD, 95 nozzles and position of the 9 measured nozzles.
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Numerical Set-up
Geometrical Setup and Boundary Conditions
Both the connecting pipe and the nozzle duct from the experimental set-up
were modeled. The connecting pipe has a diameter, D, of 250 mm and length
of 3 m, and the nozzle duct is 2.05 meters long and has the same diameter as
the connecting pipe. The nozzle duct has five rows of 19 identical nozzles.
Both the connecting pipe and the supply device were split by a symmetry plane
in order to reduce computational complexity.
The inlet was placed at the beginning of the connecting pipe. The inlet
boundary conditions were defined with a uniform velocity field with a constant
temperature. The velocity was set to 0.52, 1.04 and 1.56 m/s to correspond to
the three different airflows. The turbulence Intensity and hydraulic diameter
were used to determine k and ω. The turbulence intensity was set to 10 % for
all three cases.
The outlet boundary conditions were defined as pressure outlets, but were
placed at 8 dj downstream from the nozzles by axial extrusion in order to ensure
convergence and to accurately capture the complex vortex flow that occurs in
the nozzles.
Mesh Strategy
Grid independence was tested using different mesh densities and grid
configurations. The difference in results between the different mesh densities
was determined by comparing the velocities in the measurement points. The
mesh size was increased by roughly one million cells between each mesh
refinement, see table 6.
Table 6. Difference in CFD results between grid sizes
Grid size: (cells)
Difference:

2.6 million

3.7 million
6.3 %

4.8 million
5.8 million
3.2 %
1.9 %

The step between 4.8 million cells and 5.8 million cells changed the result by
only 1.9 %, and therefore the mesh with 4.8 million cells was used. For more
detailed information on the mesh configuration, see Paper II.
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Results and Discussion
In this Chapter some results from Paper I and II are presented.

Research Question 1
The results from the tracer gas shows that the local air change efficiency (εi) is
about 100% throughout the occupied zone for all five cases. Results from the
tracer gas measurements as well as of the air temperature measurements
indicate that CJSD is a well-functioning MV system for this classroom.
Therefore, it is reasonable to assume that CO2 concentration in the occupied
zone for the MV cases can be estimated using Eq. (2). Table 7 shows that the
CO2 concentration in the occupied zone in Case 3 and 4 is slightly over the
recommended value of 1100 PPM, since it is necessary to have at least 7.5 l/s
per person to reach an acceptable level of CO2 concentration 700 ppm over
outside air concentration, i.e., 1100 PPM CO2 [49].
Table 7. Measurement results
Case
Airflow Manikins
[l/s]

l/s/
person

CO2
[PPM]

Tp
[°C]

1 (DV)

299

28

10.7

n/a

24.5

2 (MV)

312

28

11.1

862

24.2

3 (MV)

181

28

6.5

1198

24.9

4 (MV)

156

22

7.1

1127

25.1

5 (MV)

133

16

8.3

1024

24.3

Max
PPD[%]
(PMV)
10.9
(-0.52)
10.9
(-0.49)
5.9
(-0.18)
6.0
(-0.19)
7.7
(-0.36)

Max
DR
[%]
16.4
23.7
13.7

εt
[%]
11
8
99

12.1

10
0
98

8.4

99

Figure 7 shows the mean vertical temperature gradient in the classroom for
Case 1. It has a high vertical temperature difference within the occupied zone
(3.1 °C) and almost no temperature difference between 1.7 – 2.9 m. This is
above the recommended values for vertical temperatures.

Figure 7. The vertical temperature gradient for Case 1.
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The vertical temperature gradient for Cases 2 – 5 has almost the opposite
behavior as Case 1. There is a very small temperature difference within the
occupied zone (less than 1.5 °C) and a decrease in temperature between 1.7 –
2.9 m with about 1.6 °C. The average air temperature within the occupied zone
in Cases 2 – 5 varies between 24.2 – 25.1 °C.
Due to stratified conditions DV has higher heat removal efficiency than
CJSD, which has average heat removal efficiency of 99% of in Cases 2 – 5.
The average air temperature in the occupied zone is roughly the same in all
five cases, see Figure 8.

Figure 8 – Air temperature for Case 1-5.

The results from the thermal comfort measurements show that DV has a PPD
between 6.9 – 10.9 % and PMV between (-0.52) to 0.3. In Case 2 CJSD has
similar PMV (-0.49 – -0.09). But when the airflow is adapted to the number of
occupants in Cases 3 – 5, the PPD and PMV values improve to less than 7.7%
PDD and between -0.36 to 0.20 (PMV) (see Figure 9). The maximum air
velocities are lower in the occupied zone in Case 1 (0.05 – 0.15 m/s) as
compared to Case 2 (0.15 – 0.22 m/s), however in Cases 3 - 5 with lower
airflows the maximum air velocities range from 0.09 – 0.19 m/s, see Figure 10.
The maximum draft ratings also improve in Cases 3 – 5 (6.1 – 13.7 %) as
compared to Case 2 (12.9 – 23.7 %), see Table 7.
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Figure 9. PMV-values for Case 1-5.

The results from thermal comfort measurements show that Case 1 has some
problems with low PMV values (below -0.5). It also has some problems with
draft and high ΔT, all of which occur at measurement points A-E close to the
supply devices. This is because of the low temperature. Case 1 has the highest
span of PMV values because of the high variation of the temperature in the
occupied zone.

Figure 10. Air velocity for Case 1-5.

Case 2 with CJSD has the same airflow as Case 1 (DV) but has slightly higher
PMV, although it has some problems with draft because of high air velocities
in the occupied zone.
In Case 3, which is the same as Case 2 except it has 40 % lower airflow, the
PMV values are between -0.2 and 0.2. The maximum velocities are also lower
which reduces the risk of draft.
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Cases 4 has the same span of PMV values because of the same span of
temperature and velocity as Case 3. Case 3 and 4 both qualify for the Astandard according to ISO-7710 based on the PMV values (0.2 < PMV < 0.2)
although the draft rating is slightly too high to qualify.
Case 5 has slightly lower PMV values due to lower temperatures, which
would mean that it would help to raise the supply temperature or lower the
airflow slightly to qualify for the A-standard.
Cases 3 – 5 all qualify for the ASHRAE standard General comfort,
Miljöbyggnad Guld [“Environmental Building Gold”] and ISO 7710 Standard
B. Case 2 is close but does not quality due to overly high draft rating and Case
1 does not qualify due to low temperatures.

Research Question 2
Measurement Results
The velocity average for each nozzle has the same distribution for the three
different flows and both the average and maximum velocity streamwise is
linearly dependent on the flow, Figure 11. The maximum velocities are roughly
twice that of the average velocity for each nozzle.

-

-

Figure 11. Measured velocity for each nozzle: Avg @ 25 l/s,
Avg @ 50 l/s,
@ 75 l/s, ▪Max @ 25 l/s, ▪ Max @ 50 l/s and ▪ Max @ 75 l/s.

- Avg

For each airflow rate Nozzles 2 – 9 have similar average velocities while
Nozzle 1 has slightly lower velocities. Nozzles 2 – 7 have slightly higher
maximum velocities than Nozzle 1, 8 and 9.
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Figure 12. Left: position of measurement points. Red points are measurement points
selected for validation (SMP). Right: measured velocity for nozzle 4 @ 75 l/s red (SMP).

All nozzles have a similar velocity profile to each other regardless of airflow
rate. The velocity profile has three areas with high velocities and much lower
velocities outside these three areas. The three high-velocity areas are located
close to the flanges in each one of the three circle segments in the nozzles
(marked red in Figure 12). The velocity profile is roughly the same for all nine
nozzles. However, the nozzles further downstream (Nozzle 8 and 9) have a
somewhat flatter profile with slightly higher velocities in column c and d. For
more detailed information see Paper II.
Even though the velocity profiles are similar the velocity measurement
shows a great variation from measurement point to measurement point, both
for the velocities (streamwise, U, and spanwise, V) and the TI. Nozzle 1 has a
higher TI than the others nozzles, especially as the airflow increases (see Table
8). The nozzles further downstream have generally lower TI, which is probably
because of the lower bulk velocity. In the points with high U the TI and V is
generally low and in points with lower U the TI is high and V is comparatively
much higher.
Table 8. Average LDA-measured TI streamwise [%] for each nozzle and in SMPs for
each nozzle
Flow

1

2

3

4

5

6

7

8

9

Avg.

Average TI [%]
25 l/s

38

33

46

34

42

31

34

37

35

37

50 l/s

122

43

67

42

66

59

43

47

59

61

75 l/s

154

52

60

48

64

86

47

57

45

68

Average TI in SMPs [%]
25 l/s

14

12

9

9

11

7

6

6

7

9

50 l/s

19

14

13

12

15

7

8

6

6

11

75 l/s

20

14

14

13

15

9

9

8

7

12
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The LDA measurement shows a great variation and turbulence in most parts
of the nozzles. There are areas with extremely high TI and high variability in
the direction of flow both streamwise and spanwise in each nozzle. This means
that these areas have a highly chaotic flow feature with high variation and
complexity, which makes LDA results from these areas hard to compare with
a non-transient CFD prediction. Of the 62 measurement points in each nozzle
20 were chosen for the validation of the CFD model. These 20 SMPs are
chosen because they have on average a measured TI less than 25 % and are all
located in areas with high streamwise velocity and have less complex flow
feature, which means they are most predictive of the bulk of the mass flow of
each nozzle, see Table 8. This means that the average velocity in the SMPs has
a high correlation to the total airflow rate through the nozzle. The SMPs are
marked in red in Figures 12 (left and right).
Validation of the CFD Model
Table 9 shows the comparison of the average U values for each nozzle
based on the SMPs. The difference per nozzle varies between 0.21 m/s and 0.01 m/s, while the difference in percentage varies between 11.8 % and -0.6
%. This means that the CFD model on average over-predicts the streamwise
velocities in the SMPs by roughly 5 %. It is worth mentioning that the velocity
profiles are slightly flatter than the CFD prediction suggests.
Table 9 – Comparison of average U per nozzle between measurement and CFD
prediction in SMPs
Nozzle

1

2

3

4

5

6

7

8

9

Avg

CFD U [m/s]
25 l/s

0.71

0.77

0.83

0.85

0.87

0.79

0.85

0.78

0.78

0.80

50 l/s

1.47

1.56

1.64

1.69

1.73

1.60

1.72

1.59

1.58

1.62

75 l/s

2.16

2.29

2.42

2.49

2.54

2.38

2.53

2.37

2.36

2.39

4.5

5.2

Diff [%]*
25 l/s

3.5

2.1

7.4

5.8

11.8

3.1

6.0

2.5

50 l/s

6.5

3.2

6.4

6.6

9.7

3.7

4.8

1.7

1.7

4.9

75 l/s

7.5

2.0

4.1

5.0

9.2

2.2

3.7

2.0

-0.6

3.9

5.8

2.4

6.0

3.0

4.8

2.1

1.9

4.7

Diff avg. [%]
5.8

10.2

*Diff = (Upredicted – Umesaured)/Upredicted

Figure 13 presents the difference between the CFD model and the
measurement for each SMP and for all three flows.

30

Fig. 13. Plot of U for CFD and LDA results for all three airflow rates and all nozzles R2=
93 %.

By comparing all the SMP values for all three airflows an R2 value can be
calculated for comparing the accuracy of the CFD prediction for each nozzle
as a function of the total airflow. The R2 value for the CFD results when
compared with LDA results for all three flows is 93 % with no bias. The high
R2 value and the low error value suggest that the CFD model has a high ability
to accurately predict the velocity profile for each nozzle as a function of the
bulk flow.
Since the average difference in mean velocity is roughly 5 %, the average
absolute difference in U-value is less than 10% and the model has very high R2
values, the model can be considered to be a good predictor of the fluid flow in
the low pressure nozzle duct at given range of airflows (25 – 75 l/s). For more
detailed information see Paper II.
Simulation Results
The CFD results show that all nozzles have a similar velocity profile with
roughly the same shape. The shape of the velocity profile for each nozzle is the
same regardless of the flow.

Figure 14. Nozzle placement in columns and rows.
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a. Nozzle in row 0 column 10 with 3 different flows.

b. Nozzles in column 19 in row 0, row +1, row +2.

c. Nozzles in row 0 in column 1, 10 and 19.
Figure 15 – Velocity profile (3D) for nozzles.
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The magnitude of the velocity profile is directly correlated to the flow as shown
in figure 15a. This corresponds well to the results of LDA measurement which
showed that the average and maximum velocity for each nozzle is linearly
dependent upon the flow and the similarity between profiles in figure 15a
shows that is only the magnitude of the velocity profile that is influenced by
the airflow and not the shape of the velocity profile.
The shape of velocity profile varies slightly depending on the position of the
nozzle, see figure 14. The nozzles of the middle row (at the symmetry line) all
have a symmetrical velocity profile with the two parallel circle segments being
the mirror image of each other. The nozzles one or two rows away from the
symmetry line have an uneven velocity profile where the two parallel circle
segments have two different, more uneven profiles.
Influence of Dynamic and Static Pressure on the Velocity Profiles
In Figure 15b the velocity profile for all three rows at the last column of nozzles
(19) is shown. All three profiles are wider than previous nozzles and have both
low Umax and low velocity gradients.
Figure 15c shows how the velocity profiles change along the supply device.
The first velocity profile has a narrow shape with high gradients and a low
Umax. From the first nozzles to the middle nozzles the shape of the outlines
becomes slightly wider. The Umax increases from the first to the middle nozzles
and is at its highest levels between nozzles 7-12. From nozzle 12 the Umax
decreases to the last nozzle (19) where it is back at roughly the same level as
in the beginning. The shape of the velocity profile however becomes much
wider as Umax decreases with lower velocity gradients. Therefore the average
velocity and the flow through the nozzles increase incrementally even as Umax
is decreasing.
The difference in velocity profiles is due to the fact that there are two
different forces that drive the flow through the nozzles. In the beginning of the
supply device, the bulk velocity is higher and it is the dynamic pressure created
by the high velocity at the flanges that force out the air in a narrow shape with
high Umax. At the end of the supply device the bulk velocity is close to zero but
the static pressure is higher and it is the static pressure that creates the more
even profiles with low Umax and low velocity gradients.
Vane and Flanges Influence on the Direction of the Jets
The CFD model was also used to simulate a case without the vane and flanges,
a case with just round holes with the same diameter (28 mm) as the nozzles at
the three different flows. This was in order to see the effect of the novel nozzle
design.
The biggest difference between the two cases is the difference in V and U.
In the case with the vane and flanges V is consistently about only 10 % of U.
The angle of the jets compared to the plane of the supply device is therefore
about 83-85 degrees along the whole supply device.
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Figure 16. Comparison of magnitude of average U (Line) and V (Dotted) for each
column in the case without vane/flange (red) and with flange/vane (blue).

In the case without flanges and vane, however, V and U are roughly equal at
the beginning of the supply device but at the end U is much higher than V, see
Figure 16. Therefore, the angle of the jets varies greatly between 45–75
degrees.
Vane and Flanges Influence on Distribution of Flow
The results from the CFD models show that the flow rate does not change the
distribution of the flow over the nozzles in either case. There is however a
difference between the two cases. In the case without the vane and flanges, the
percentage of total flow differs from 67 – 115 % per column of the nominal
flow (see Fig. 17). If there was totally equal distribution, the flow through each
outlet would be 100% of the nominal flow. There is a much higher flow
through the two lines that are offset 100 mm further upstream from the other
three. There is also a much lower flow in the beginning than in the end.
In the case with nozzles, the distribution is more uniform and varies
between 75 – 111%. The distribution between different lines is more even. The
flow for the first zone is on average 75%, after which it rises rather quickly to
92% in zone 3 to then increase incrementally to the last zone (19) where it
reaches 111%, see Figure 17.
The more even distribution with the flanges and vane could be as mentioned
earlier because of the flanges’ ability to create a local pressure drop due to the
high velocity downstream.
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Figure 17. Percentage of flow through each nozzle in rows and columns for cases
without vane/flange (red) and with flange/vane (blue).
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Conclusions
The results from the tracer gas measurements show that CJSD is able to
provide similar IAQ as DV when considering air change effectiveness as IAQ
indicator. This coupled with the results from the thermal comfort
measurements shows that using CJSD combined with VAV is beneficial for
energy use and the thermal climate since it is possible to lower the airflow in
order to keep an acceptable thermal comfort in cases with lower heat load. In
this study the comfort measurements show that it is possible to have airflows
as low as 6.5 l/s per person and still maintain a good thermal comfort during
the measurement period.
The average temperature in the occupied zone is 24.2 - 25.1 °C, which is
slightly higher than the recommended value of 22 +/- 2 °C. It is worth
mentioning that the heat load per student and occupancy density is higher than
that recommended by the Swedish standard (BRB). The occupancy density in
Swedish classrooms is on average 0.4 persons/m2 whereas the occupancy
density in this study was as high as 0.47 persons/m2. The heat load per person
in this study was 95 W, whereas the Swedish estimates per person are set at 80
W.
Paper II shows a slight increase in airflow and air velocity along the CJSD.
This seems to only affect the temperature variation very slightly (0.1 - 0.2) and
neither the temperature nor the velocity varies much in the occupied zone. The
local air change efficiency is constant throughout the occupied zone regardless
of the variation in airflow.
However, the results from the CO2 estimations show that at 6.5 l/s per
person CO2 concentration will rise above the recommended value of 1100 ppm.
Therefore, it is necessary to maintain airflow of at least 7.5 l/s per person in
order to maintain a high IAQ in the breathing zone.
Since the CJSD has a lower pressure drop compared to the currently used
supply devices and it is possible to use VAV to lower the airflow rates in cases
with reduced heat loads, it is possible to significantly reduce the energy usage
in the school while maintaining the IAQ, increasing at the same time the
thermal comfort and the available floor area of the occupied zone.
Both the LDA measurements and the numerical investigation show that the
flow and velocity in each nozzle is directly dependent on total airflow. The
flow distribution does not vary between the three different airflows. The
distribution of flow between the different rows is more or less the same and
the flow in each column increases slightly for each step downstream.
The numerical investigation shows that velocity profile for each nozzle has
the same shape regardless of the airflow but the magnitude of the velocity
profile increases as the airflow increases.
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The four main effects of the nozzles are:
 Higher and more evenly distributed streamwise velocities (U)
 Lower and constant spanwise velocities (V)
 Jets produced are more octagonal to the supply device
 The flow is more evenly distributed among the nozzles
The supply device produces the same even distribution of airflow and the
jets have similar velocities and directions regardless of variation in air supply.
This means that supply device of this kind could be used for VAV and still
produce confluent jets.
Both the experimental and the numerical study show that the CJSD has the
same distribution and kind of jets regardless of the variation of airflow. This
would make it applicable to use for a VAV air distribution system based on
confluent jets. This is confirmed by the findings of the classroom study, which
shows that it is possible to satisfy the standards for IAQ and thermal comfort
while varying the airflow to match the heat loads in the classroom with CJSD.
This indicates that is possible to use this combination of technologies to save
energy in the building energy system. However, in order to optimize the energy
efficiency of this system further research is required.
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Future Work
This study is the halfway part of a larger study, which will focus on developing
a more generalized understanding when combining VAV and confluent jets for
an air distribution system at room level, see Figure 18
The next article in this study is Paper III, which will experimentally
evaluate the effects of CJSD and VAV in a laboratory environment on
classroom level with varying heat loads and airflow (as in Paper I). The article
will incorporate a variation of supply temperatures to see how they affect the
ventilation performance and IEQ compared to other forms of mixing
ventilation.
The data from Paper III will be used to validate the numerical models
developed in Paper IV. Paper IV will use the data from Paper II as boundary
conditions when simulating CJSD on a room level.
The validated simulations models from Paper IV will be used in the
parametric study in Paper V which will focus on developing a generalized
theory for using VAV and confluent jets in the most energy-efficient way for
room-level ventilation.

Figure 18. Roadmap of research process.
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