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Self-Regulating Active Chilled Beams

PETER FILIPSSON

Department of Architecture and Civil Engineering
Chalmers University of Technology

Abstract

By designing comfort cooling systems to operate with higher chilled water temperatures,
electricity driven chillers may be replaced by natural sources of free cooling. It also enables the
possibility of self-regulation which, due to simplicity and robustness, brings cost-savings both
during installation and maintenance of the building. Active chilled beams is one technology
especially well suited for this high temperature cooling.

The objective of this thesis is to investigate the function of self-regulating active chilled beams
in order to improve design and operation of such systems. Based on experience from existing
systems, a hypothesis is that current models and knowledge do not fully capture the behavior
of self-regulating active chilled beams.

The work has been carried out through measurements in an experimental facility, building
performance simulations and analysis of operational data from an actual building. The purpose
of the measurements was to develop a model of an active chilled beam and also to validate a
modified zone model used to simulate the thermal climate in a room equipped with an active
chilled beam. The purpose of the simulations was to determine the peak shaving effect of self-
regulating active chilled beams and to study the influence of central control of the chilled water
temperature. The purpose of the analysis of operational data was to study the performance of
an actual self-regulating active chilled beam system with respect to energy use and indoor air
temperatures.

The results show that a higher chilled water temperature generates more induction of room air
in the active chilled beam, which is beneficial for the cooling capacity. Induction of room air
also increases the internal convective heat transfer in the room, which reduces the required heat
transfer area of the active chilled beam. As a consequence of self-regulation, buildings are
precooled prior to the peak cooling load, further reducing the required heat transfer area. By
increasing the chilled water temperature outside of the summer season, overcooling is avoided
without causing thermal discomfort. The analysis of operational data demonstrates the ability
to achieve the desired indoor temperatures with self-regulating active chilled beams without the
use of a chiller.

Keywords: Active chilled beams, high temperature cooling, self-regulation, comfort cooling
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Nomenclature

Symbols

Cop Specific heat capacity of water [J/kgK]

Chin Minimum heat capacity rate [W/K]

AP Pressure difference [Pa]

AT Temperature difference [K]

£ Effectiveness [-]

h Convective heat transfer coefficient [W/m?K]

k Empirical coefficient [-]

m,, Water mass flow rate [kg/s]

P, Waterside cooling capacity [W]

q" conp Convective heat flux [W/m?]

t, Air temperature [°C]

ty Globe temperature [°C]

top Operative temperature [°C]

t, Mean radiant temperature [°C]

tw.in Chilled water supply temperature [°C]

tw out Chilled water return temperature [°C]

tg Surface temperature [°C]

v, Air velocity [m/s]

Vpn. Primary air flow rate [1/s]

Voo Secondary air flow rate [1/s]

Abbreviations

ACB Active chilled beam

ACH Air changes per hour

AHU Air handling unit

APE Absolute percentage error

ASHRAE American Society of Heating, Refrigerating and Air-
Conditioning Engineers

BSE Building services engineering

COP Coefficient of performance

COPA Coil output to primary air flow ratio

HVAC Heating, ventilation and air-conditioning

IR Induction ratio

LW Long-wave

NTU Number of transfer units

P-control Proportional control

PI-control Proportional-integral control

PMV Predicted mean vote

RMSE Root mean square error

RTD Resistance temperature detector

SW Short-wave

TABS Thermally activated building systems

VAV Variable air volume

Z Zone



Definitions

Cooling capacity

The rate at which heat is extracted from a space by the cooling
equipment (term used when studying the cooling equipment).

Cooling load

The rate at which heat must be extracted from a space to maintain
a constant room temperature.

Design cooling
capacity

The rate at which heat is extracted from a space by the cooling
equipment under specified conditions of operation.

Heat extraction rate

The rate at which heat is extracted from a space by the cooling
equipment (term used when studying the heat balance of the
space).

Heat gain The rate at which heat is transferred to or generated within a space.
High temperature Operation at a chilled water supply temperature > 20.0 °C in active
cooling chilled beams and > 17.0 °C in air handling unit cooling coils.

Induction ratio

The volumetric flow rate of secondary air divided by the
volumetric flow rate of primary air.

Internal convection

Convective heat transfer between the air and the inner surfaces of
a room.

Latent cooling

Reduction of humidity by extraction of heat.

Operative temperature

The uniform temperature of an enclosure in which an occupant
would exchange the same amount of heat by radiation and
convection as in the actual nonuniform environment.

Overcooling

Excessive cooling capacity.

Oversizing

Excessive design cooling capacity.

Primary air

Air delivered from the air handling unit to the active chilled beam.

Reference temperature

The air temperature determining the internal convection of a zone
model.

Room temperature

A general term covering both the air and operative temperature of
a room.

Secondary air

Room air induced into the active chilled beam.

Self-regulating ACB An active chilled beam without a conventional individual/zonal
control system which instead relies on the self-regulating effect.
Self-regulating effect =~ The counteracting effect that a change of room temperature has on

the cooling capacity.

Sensible cooling

Reduction of temperature by extraction of heat.

Set-point The target value which a control system tries to maintain.
Space Room (in a more general sense).

Stability Absence of temporal variability.

Supply air Air discharged from the active chilled beam to the room.
Uniformity Absence of spatial variability.

Zone Model of a room, a group of rooms or a part of a room with

uniform air temperature.

The term Heat transfer area of the active chilled beams is used several times in this thesis. The
correct interpretation of this term is The product of heat transfer area and overall heat transfer
coefficient, also known as UA-value with the unit W/K. The shorter term is used for reasons of

readability.

Unless otherwise specified, cooling capacity of the active chilled beam refers to cooling
provided by the chilled water, excluding additional cooling provided by the primary air flow.
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1 Introduction

1.1 Background

Comfort cooling is the fastest growing end-use of energy in buildings. While global demand
for space heating remained stable during 1990-2014, the demand for comfort cooling doubled
in OECD countries and almost quintupled in non-OECD countries (IEA, 2017). Recently, The
International Energy Agency proclaimed the growth in global demand for comfort cooling as a
blind spot of energy policy and one of the most critical energy issues of our time (IEA, 2018);
this was just before the record-breaking hot summer of 2018.

The rising demand for comfort cooling is not a new issue though. Brown (1990) pointed out
that as early as the 1960s it had become problematic to maintain comfortable thermal climate
in Swedish offices due to larger windows, higher levels of artificial lighting, lighter structures
and better insulated building envelopes. While similar factors are still pointed out as
contributing to the growing demand for comfort cooling (proliferation of fashionable glass
facades and thermal insulation (Aebischer et al., 2007)), there are also other, non-building
specific factors in play. Population growth, intensification of urban heat islands, climate change
and an increasing desire for (and ability to afford) thermal comfort are pointed out as major
drivers for the growing demand (IEA, 2018).

Cooling is primarily generated by chillers, predominantly electricity driven compressor chillers
and in some cases heat driven absorption chillers. Chillers usually generate cooling at
temperature levels far below what is associated with human thermal comfort, often around 5
°C (versus 21-25 °C). The cooling is then distributed from the chiller to the occupied space by
air and/or chilled water. Active chilled beams is a technology well suited for utilizing chilled
water at relatively high temperatures. This is beneficial for the performance of the chillers but
may also unlock the possibility of avoiding chillers altogether and instead using natural sources
of free cooling such as from the ground, nearby bodies of water (rivers, lakes etc.) or the outdoor
air.

Another opportunity unlocked by the use of relatively high temperature of chilled water is self-
regulation. The cooling capacity of an active chilled beam is determined by the difference
between the temperatures of room air and chilled water. If designing for a small temperature
difference, even small changes in room temperature will have large counteracting effect on the
provided cooling capacity. Self-regulating active chilled beams avoid control components
(controllers, valves and thermostats) and associated costs during both installation and
maintenance.

The commercial property development part of the construction and development company
Skanska AB has more than 20 years of experience of high temperature cooling and since 2002
also of self-regulating systems. For Skanska, the main reason for using self-regulating active
chilled beams is the robustness of avoiding control components that often malfunction and
require maintenance or to be replaced. Jonas Grislund, Technical Director at Skanska
Commercial Development Nordic AB and adjunct professor at Chalmers University of
Technology, experiences that these systems perform better in reality than expected based on



simulations, which is the reason why he initiated and co-supervised the work presented in this
thesis.

1.2 Objectives

The objective of this thesis is to investigate the function of self-regulating active chilled beams
in order to improve design and operation of such systems. The work presented in this thesis
aims at giving answers to the following three research questions.

e Are current models adequate for simulating self-regulating active chilled
beams?

e Are self-regulating active chilled beams able to provide thermal comfort in
Swedish office buildings?

e What are the consequences of different design and operation of self-regulating
active chilled beams?

Current models refer to well-established models generally used by practitioners.

1.3 Scope and limitations

The type of active chilled beam analyzed in this thesis is mounted in the suspended ceiling and
induces room air passing upwards through the cooling coil. This air flow is then mixed with
primary air from the ventilation system to form the supply air. The supply air attaches to the
ceiling by the Coanda effect when discharged into the room (this design is further explained in
chapter 2.2). Other designs are not explicitly dealt with in this thesis. Following topics are
closely related to self-regulating active chilled beams, and thereby relevant, but beyond the
scope of this thesis.

e Local thermal comfort associated with active chilled beams, particularly
draught, has been investigated in several studies. These studies deal with
conventionally controlled low temperature active chilled beams. By comparison,
self-regulating active chilled beams have higher chilled water temperature
(hence higher supply air temperature), they are longer (hence lower supply air
velocity) and the cooling capacity is continuous. It is reasonable to assume that
these features reduce the risk of local thermal discomfort such as draught and
radiant asymmetry.

e Design of ground heat exchangers and other topics related to the generation or
seasonal storage of high temperature cooling are essential when working with
direct ground-coupled systems. Design and operation of ground heat exchangers
as well as chillers and district cooling are beyond the scope of this thesis.

e Internal convective heat transfer in rooms is complex to determine and an
important part of building simulation. This thesis includes neither any
measurements of convective heat transfer coefficients nor a comparison between
existing models, but instead relies on models which were developed through
previous research and are now widely established in building performance
simulation software.

e Physical design of active chilled beams regarding geometry, nozzle
configurations, fin spacing, tube circuitry etc. is not investigated in this thesis.



1.4 Method

The work presented in this thesis was carried out in a bottom-up manner where details were
studied before investigating entire systems on a building level. The applied methods can be
divided into following four categories.

Literature review

Experiments in a controlled laboratory environment
Analysis of operational data from a real building
Modelling and simulations

The purpose of the literature review was to gain insight into the previous research on active
chilled beams, self-regulating systems and cooling load calculations. In this thesis, the literature
review is not presented in a separate chapter. Instead, it is an integrated part of the theory and
previous research presented in chapter 2.

The controlled laboratory environment refers to the Building Services Engineering Laboratory
at Chalmers University of Technology and is further described in chapter 3. The purpose of the
experiments in the laboratory was threefold:

e Comparison of measurement methods (Paper I)
e Investigation of influencing parameters (Paper I)

e Model validation, both on component level (Paper II) and on room level
(Paper III)

The real building (described and analyzed in Paper IV) is the headquarters of Skanska AB,
located in Stockholm and was taken into operation in 2014. The operational data originate from
the permanent building management system. The data were used only for analyzing the
performance of the building and not for model validation.

A thermal model of an active chilled beam (Paper II) was developed in the numerical computing
environment MATLAB. MATLAB (version R2014a and version R2016b) was also used for
analysis and visualization of data in all parts of this thesis.

Building performance simulations, included in Paper III, Paper V and Paper VI, were carried
out with IDA Indoor Climate and Energy version 4.8 (henceforth referred to as IDA ICE)
developed by EQUA Simulation AB. The rationale for choosing IDA ICE was the transparency
of the models, the ability to adjust and implement self-developed models and a strong belief
that IDA ICE is the predominant software for simulating active chilled beam systems in
Sweden. IDA ICE is based on the heat balance method to determine conduction, convection
and radiation in each zone, surface and part of a building. Validation has been carried out in
several research projects, both validation of the heat balance method in general (Chantrasrisalai,
2003) and validation of IDA ICE specifically, both by measurements (Loutzenhiser, 2007) and
by inter-model comparison through ANSI/ASHRAE Standard 140-2004 (EQUA, 2010).

While the literature review covered all levels, a schematic description of the scope of the other
methods is presented in Figure 1.



ACB Room Building

Measurements BSE Laboratory Skanska HQ
Modelling IDA ICE

Figure 1 Categorization of scope and methods.

1.5 Thesis outline

The purpose of the thesis is to summarize the work carried out and to put the appended papers
in context. This is done by providing a background upon which the papers are written and a
discussion of the implications of the results.

Chapter 2 presents a theoretical foundation and previous research relevant for the appended
papers. This chapter is intended to present basic concepts and to give the reader an
understanding of why each paper was written.

Chapter 3 describes the experimental resources used in the studies presented in Papers I-I11.

Chapter 4 presents the results obtained from each paper. The chapter is subdivided into papers
and includes also a brief presentation of the purpose and method of each paper. For deeper
insight into the details of each paper, readers are referred to the appended full-versions.

In chapter 5, the results are discussed with respect to previous research, partly presented in
chapter 2. Practical implications of the results are discussed and some additional results, not
included in the papers, are also presented. In contrast to chapter 4, it is subdivided into topics
rather than papers.

Conclusions are presented in chapter 6 and suggestions for further work are listed in chapter 7.



2 Theory and previous research

This chapter presents basic theory, both as presented by others but also elaborated upon to
demonstrate the principles of self-regulating active chilled beams. It also presents results and
conclusions from previous research relevant for this thesis.

2.1 Comfort cooling

Comfort cooling refers to the extraction of heat from a space to prevent thermal discomfort.
Globally, comfort cooling represents a considerable part of the total energy use. In 2010, annual
energy use for comfort cooling of commercial (non-residential) buildings was around 560 TWh
(mainly electricity). This was 6.7 % of the total energy use of commercial buildings. By 2050,
this is predicted to increase to 1550 TWh, but due to uncertainties regarding population growth,
efficiency of chillers, climate change etc. somewhere in the range of 900-2610 TWh is probable.
Though focus of this thesis is on commercial buildings, global energy use for comfort cooling
in residential buildings is both higher (687 TWh in 2010) and expected to grow faster (to around
5270 TWh in 2050) (Santamouris, 2016).

According to more recent statistics, global electricity use for comfort cooling was 2075 TWh
in 2018, corresponding to a twofold increase since 2000, a threefold increase since 1990 and
more than 10 % of the total global electricity use (IEA, 2019).

Comfort cooling is primarily associated with hot climates, but it is also common practice in
commercial buildings in colder climates such as in Northern Europe. Due to high heat gains
and low transmission losses, many commercial buildings require comfort cooling even at very
low outdoor air temperatures. Core parts of an office building in Sweden may require comfort
cooling all year round while the cooling load of perimeter parts are more affected by the
seasonal weather variations.

The cooling is normally distributed throughout the buildings either only by air or by a
combination air and water. These are often referred to as all-air systems and air-and-water
systems respectively. A system using water for distribution is also often referred to as a
hydronic system. All-air systems can be categorized based on the ductwork arrangement
between the air handling unit and the conditioned space (single-zone, reheat, variable air
volume (VAYV), dual-duct, multizone etc.) with the common denominator that only air is used
for distribution of the cooling (McQuiston et al., 2004).

The systems dealt with in this thesis belong to the category of air-and-water systems. In such
systems, water is used for the sensible cooling load while the air flow ensures the required
indoor air quality and provides latent cooling. However, the relatively cold air inevitably also
provides sensible cooling. One benefit of using water instead of air is that the volumetric heat
capacity of water is around 3500 times higher than that of air. As a consequence, the pipes in a
hydronic system require much less space than the ducts in an all-air system and the pumps in
the hydronic system require less electricity than the fans in the all-air system. The smaller space
required may be utilized by lower floor-to-floor heights and larger rentable floor area.

Consequently, the main benefit of an all-air system is that it requires no pipework while the
main benefits of an air-and-water system are that it requires less space for ductwork and air
handling units as well as less electricity for distribution. An important difference is also that
all-air systems are more influenced by the outdoor air temperature. This facilitates the use of
free cooling when it is cold outside but requires a higher peak cooling capacity when it is hot
outside. Many other factors also influence the choice between all-air and air-and-water systems,



whereof one is the fact that the temperature of the chilled water in a hydronic system is usually
higher than in the cooling coil in the air handling unit. Additional advantages of hydronic
systems are lower risk of noise and draught compared to an all-air system (Vastyan, 2011).

While all-air systems are very common in North America and in many parts of the world
influenced by the USA, hydronic cooling systems are more common in Europe. Furthermore,
active chilled beams are more common in Northern Europe while thermally activated building
systems (TABS) are more common in central Europe. Influencing factors may be outdoor
climate, the power of traditions and different calculation periods affecting the valuation
between investment costs and running cost. Characteristic parameters for comfort cooling in
Northern Europe are low outdoor air temperature and humidity, high heat gain from (vertical)
windows and well-insulated and airtight building envelopes as a consequence of minimizing
heat losses during the winter season.

2.2 Active chilled beams

Chilled beams are divided into passive and active chilled beams. Active beams are connected
to the ventilation ductwork while passive beams are not and the transfer of heat rely on natural
convection. Active beams may be used also for heating. Active beams is a more general term
including both active chilled beams and active beams used for heating. Practical guidance to
design, commission and operate both active and passive beam systems are presented in the
Active and Passive Beam Application Design Guide published by REHVA and ASHRAE
(Woollett & Rimmer, 2015).

The operation of a very common type of active chilled beam is illustrated in Figure 2. Primary
air is provided from an air handling unit while chilled water is circulated through a cooling coil
(a finned tube heat exchanger) inside the active chilled beam. The primary air enters the active
chilled beam through a pressure plenum and several nozzles along the beam. The high air
velocity generated by the nozzles reduces the static pressure and induces an upward flow of
room air (called secondary air). The secondary air cools down as it passes the coil before it
mixes with the primary air. The mixed air is then discharged into the room through slots along
both long sides of the beam and attaches to the ceiling by means of the Coanda effect. The flow
or supply temperature of chilled water is usually controlled as a function of the room air
temperature in order to match the cooling capacity to the actual demand.

<—— Primary air

N———
+— —
Supply air 4—/ T \\—y Supply air

Secondary air
(Room air)

Figure 2 Schematic diagram of an active chilled beam

The secondary air flow rate divided by the primary air flow rate defines the induction ratio,
which is an important parameter and hence further discussed later in this chapter. As a
consequence of efficient heat transfer, active chilled beams are suitable for using chilled water
of relatively high temperature. Conventionally in the range of 14-16 °C, but as investigated in



this thesis, also around 20 °C. This provides benefits such as increased use of free cooling,
better performance of chillers, reduced risk of condensation (reduced latent load), reduced
thermal losses in the chilled water distribution system and a stronger self-regulating effect
(explained in chapter 2.3). The disadvantage of a high chilled water temperature is that it
requires more heat transfer area.

It shall be noted that a major part of the results presented in this thesis is applicable only to
active chilled beams with an upwards flow of air through the cooling coil. Although being rare,
there are other designs where the air flows horizontally or downwards through the cooling coil.
Examples of these designs are illustrated in Figure 3.

¢ !
g / BN

T

Lol l.l

L TS

Figure 3 Active chilled beams with downwards (left) and horizontal (right) air flow through the cooling
coil, figures published by Wang et al. (2019) and Rumsey & Weale (2007).

Active chilled beam cooling is often described as a technology well-established in Europe (and
Australia) and during the last decades becoming more common in North America (and Asia).
As a consequence, there are several articles comparing the “upcoming” active chilled beam
technology with the more prevalent all-air VAV-technology. Rumsey (2010) concluded that
active chilled beams was the better option regarding first cost, energy use, indoor air quality as
well as floor-to-floor heights. A comparable comparison was made by Stein & Taylor (2013)
who conversely concluded that all-air VAV was the better option regarding first cost, energy
use, indoor air quality and possibly even floor-to-floor heights. It is obvious that the results of
the comparisons depend on a multitude of conditions and assumptions. Other comparisons
between active chilled beams and all-air systems have resulted in a better mix of advantages
and drawbacks (Alexander & O’Rourke, 2008; Loudermilk, 2009).

Setty (2011) pointed out condensation on the coil surface, high maintenance and the inability
to provide latent cooling as three potential limitations of active chilled beams. Due to the lack
of a condensation drainage system (drain pan), any condensation on the coil surface will cause
droplets of water falling down into the room and should strictly be avoided. A common strategy,
referred to as dew point control, is to control the chilled water supply temperature to never be
below 1 °C higher than the indoor air dew point. Obviously, this reduces the cooling capacity
and calls for dehumidification of the primary air in the air handling unit. However, this issue is
less relevant when designing for high chilled water temperature. Furthermore, the high
maintenance is alleviated by reducing the amount of moving parts such as in a self-regulating
system.

Livchak & Lowell (2012) pointed out that many active chilled beam systems are being
oversized and as a consequence, all required cooling is provided by the primary air and the
chilled water control valve is shut all the time. Hence, the potential benefits compared to an all-
air system is not at all exploited. To address this, the authors introduced a parameter called the
coil output to primary air flow ratio (COPA). The higher the COPA ratio, the more efficient use



of primary air. While definitely being an important parameter, it is worth noting that the primary
air temperature in the systems included in this thesis is 20 °C. In the example presented by
Livchak & Lowell (2012), the primary air temperature was 12.8 °C.

Livchak & Lowell (2012) also presented a system of equations describing the cooling capacity
of an active chilled beam including empirical equations for the coil heat transfer coefficient.
However, Maccarini et al. (2015) concluded that manufacturers generally do not provide
enough data to derive the parameters needed in the model presented by Livchak & Lowell
(2012) and developed a new model with the programming language Modelica. The model was
validated both in cooling and in heating mode and it was concluded that it corresponded closely
with actual operation. Also Chen et al. (2014) developed an active chilled beam model,
including dynamic behavior, and concluded that it performed satisfactorily during both static
and dynamic operation. They noted that the model was useful in real-time control and
optimization applications, e.g. to avoid condensation, but also called for simplifications of the
complexity of the model. De Clercq et al. (2013) used the NTU-effectiveness (number of
transfer units) method to model heating and cooling of active beams and concluded that the
results showed very good compliance with measured data.

A review of how active chilled beams are modelled in five common building simulation
software was presented by Betz et al. (2012). It was concluded that there are multiple issues
with modelling active chilled beams regarding either accuracy, ease of use and/or cost. It was
also concluded that software developers seem to receive too little feedback from the end-users
of their products.

» Modelling of the cooling capacity of active chilled beams is the focus of
Paper II.

Induction ratio

The induction of secondary air is a key to obtaining a high cooling capacity from an active
chilled beam. A large flow of induced secondary air increases both the airside convective heat
transfer coefficient and the driving temperature difference. Different manufacturers,
researchers and associations use various definitions when quantifying the induction of
secondary air. In this thesis, only the term induction ratio is used and it is defined as the
volumetric flow rate of secondary air divided by the volumetric flow rate of primary air
according to equation 1 (see Figure 2).

V. .
IR = === (Equation 1)

Vpri
A phenomenon related to induction, and sometimes causing confusion, is entrainment. While
induction is defined as movement of space air into an air device, entrainment is defined as air

drawn into an air jet because of the pressure differential caused by the airstream discharged
from the outlet (ASHRAE, 2017).

Though crucial for obtaining a high cooling capacity and necessary for determining the flow
rate and temperature of supply air, the induction ratio generally gets limited attention. In the
building performance simulation software IDA ICE, the induction ratio is not taken into
account. In another major building performance simulation software, EnergyPlus, it is stated
that good default values are supplied (the default induction ratio for active chilled beams is 2)
and they should not be changed without information from the manufacturer (DOE, 2018).
However, manufacturers of active chilled beams provide little information about induction



ratio. This claim is based on reviewing technical data specifications of active chilled beams
from five of the top manufacturers present on the Swedish market. While all of these include
data about dimension, pressure drop, cooling capacity and sound level, only one includes any
numeric specification of the induction ratio: The volume of the room air is two to seven times
that of the ventilation air (Lindab, 2019). Of five additional manufacturers present on the global
market, only one specifies the induction ratio of their product: The induction ratio of [...] is
typically 5 times that of the supply air (fresh air) rate (Frenger, 2014). This lack of data may
originate from a disinterest among the customers and/or the fact that the induction ratio is not
one of the parameters required to be reported to achieve Eurovent certification.

The induction ratio of an active chilled beam is to a large extent influenced by its design
regarding the size of the nozzles, the airside pressure drop characteristics of the cooling coil
etc. (Ruponen, 2009). While the induction ratio benefits from a small nozzle area, this requires
a higher plenum pressure and causes higher sound levels. A low cooling coil pressure drop is
beneficial for the induction ratio but hard to obtain when a large heat transfer area is required.
This implies some intricate trade-offs when designing active chilled beams, which is a process
not included in this thesis. However, for a given design, the induction ratio is also influenced
by the operating conditions.

Most previous studies on how the induction ratio is influenced by the operating conditions focus
on plenum pressure and primary air flow. Some have reported a negative correlation (Ruponen
& Tinker, 2009; Guan & Wen, 2016), some have reported a positive correlation (Chen et al.,
2014), some have reported that the induction ratio peaks at a certain pressure (Hyun et al., 2014)
and some have reported that the correlation is very weak (Cammarata & Petrone, 2008).

The relatively warm secondary air passing the cooling coil in an upwards direction is affected
by buoyant forces. Livchak & Lowell (2012) took this into account by assuming that the
induction ratio is influenced by the temperature difference between room air and chilled water.
This is also how it is described in ANSI/ASHRAE Standard 200-2018 of methods of testing
active beams (ANSI/ASHRAE, 2018). Freitag et al. (2016) conducted measurements and found
that, at constant room air temperature, the induction ratio decreased with increasing water
supply temperature. However, the active chilled beam was turned upside down which was
compensated for by having the supply water warmer than the room air. It was concluded that
partly oppositional behavior is expected when the chilled beam is used as intended.

There are several methods of measuring the induction ratio. The primary air flow rate can easily
be determined by measuring the pressure drop over an orifice plate in the primary air duct. The
secondary air flow is not as straightforward to determine. Rhee et al. (2015) measured the
temperatures of supply air, primary air and induced secondary air downstream the coil (see the
red circles in Figure 4A) to determine the induction ratio, henceforth called the temperature
method.
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Figure 4 Illustration of measurements included in the temperature method (A), the capacity method (B),
the velocity method (C) and the zero-pressure method (D).

Another common method referred to as the capacity method (also known as the thermal balance
method) involves measuring the waterside cooling capacity (B,) and the temperature drop of
the air passing the coil (see Figure 4B). The secondary air flow rate is obtained by an energy
balance of the coil and the induction ratio may be determined.

A third method, the velocity method, consists of measuring the average velocity of induced
secondary air (v, ) and multiplying it with the area of the secondary air inlet (Figure 4C). Guan
& Wen (2016) chose to measure the supply air velocity instead, since it is higher and thereby
implies higher accuracy. Ruponen & Tinker (2009) used another approach and increased the
velocity of secondary air by introducing a measurement venturi. This is similar to the zero-
pressure method where the secondary air flow is determined by measuring the pressure drop
over an orifice plate in a tightly sealed chamber connected to the secondary air inlet (see Figure
4D). In this case, a variable-speed compensation fan makes sure that the pressure drop through
the chamber does not disturb the induction. British Standard 4954-1 (BSI, 1973) describes a
similar method with the difference that the chamber is connected to the supply air outlet, which
makes it more suitable for other types of induction units where the supply air is discharged
through one single outlet.

Induction ratio is not at all dealt with in the European standard for testing and rating active
chilled beams (CEN, 2008). In contrast, the North American counterpart includes four methods
of measuring the induction ratio (ANSI/ASHRAE, 2018). The velocity method and the capacity
method are described in a normative appendix while the zero-pressure method and the
temperature method are included in an informative appendix.

» Different methods of measuring the induction ratio and the influence of
operating conditions is the focus of Paper I.
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2.3 Self-regulation

The cooling capacity of an active chilled beam is determined by the difference between
temperatures of room air and chilled water. An increase of the room air temperature imply an
increased temperature difference and consequently a higher cooling capacity. This is referred
to as a self-regulating effect. Conventionally, the self-regulating effect is not strong enough to
maintain thermal comfort under the conditions common in office buildings. Therefore, a control
system is required. It usually consists of a room thermostat wired to a two-way control valve
on the chilled water pipe. When the room air temperature is below the cooling set-point, the
valve is shut and the cooling capacity is zero. When the room air temperature exceeds the
cooling set-point, the valve opens, the chilled water flows and heat is extracted from the room.
Another approach, less common, is to use a three-way valve and control the chilled water supply
temperature.

If designing for a small temperature difference (high chilled water temperature), even small
changes in room air temperature will have a significant impact on the cooling capacity, i.e. a
strong self-regulating effect. At a high enough chilled water temperature, the self-regulating
effect is strong enough to make the conventional control system redundant. An active chilled
beam dependent on the self-regulating effect without a conventional control system is referred
to as a self-regulating active chilled beam.

The cooling capacities of two active chilled beams are schematically illustrated in Figure 5.
Both are sized to provide the design cooling capacity (100 %) at a room air temperature of
25 °C, but with different temperatures of chilled water.
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Figure 5 Schematic correlation between room air temperature and cooling capacity of two active chilled
beams with different chilled water temperature.

As seen in Figure 5, the higher chilled water temperature makes the cooling capacity more
sensitive to changes in the room air temperature, i.e. a stronger self-regulating effect.

The main benefit of self-regulating active chilled beams is the simplicity and robustness of
reducing the amount of control equipment. In comparison to the cost of the active chilled beam
unit alone, the cost of the control system adds around 25-55 % (B. Kallkvist, Skanska, personal
communication, November 23, 2019). The lower end of the range applies to larger zones where
many active chilled beams share the same room controller while the higher end of the range
applies to individually controlled active chilled beams. Drawbacks of self-regulating active
chilled beams are the risk of overcooling and the increased circulation pump work required by
the constant flow of chilled water.
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Design of active chilled beam systems implies a trade-off between the required heat transfer
area and the chilled water supply temperature. Conventionally, small heat transfer area is
prioritized and a supply temperature of around 14 °C is chosen since lower temperatures would
cause too much dew point control. Better performance of chillers and potential use of free
cooling are factors that motivate a higher temperature.

While this trade-off is present in all active chilled beam systems, self-regulation adds important
factors to the trade-off. One is that the self-regulating effect, hence the indoor temperature
invariability, benefits from a higher chilled water supply temperature. This is schematically
illustrated in Figure 6. The grey line represents the trade-off between chilled water temperature
and required heat transfer area while the other lines represent the indoor temperature in rooms
subject to cooling loads differing from their design cooling load.
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Figure 6 Schematic correlation between heat transfer area, chilled water temperature and room
temperatures in a self-regulating system designed for a room temperature of 25 °C.

As seen in Figure 6, designing for a chilled water supply temperature of 20 °C implies that in a
room subject to 25 % of its design cooling load, the temperature will be 21.4 °C. Designing for
a chilled water supply temperature of 14 °C requires less than 40 % of the heat transfer area. A
room subject to 25 % of its design cooling load will in this case be cooled down to 18.8 °C.

The schematic correlation in Figure 6 assumes static conditions not taking into account the
dynamic nature of cooling loads and room temperature (further discussed in chapter 2.4).
Taking dynamics into account, the trade-off between heat transfer area and chilled water
temperature is further extended. A lower room temperature prior to the peak cooling load
implies precooling and hence a reduced required peak cooling capacity.

» The peak-shaving effect by the precooling of self-regulating active chilled
beams is studied in Paper V.

As long as excluding conventional individual/zonal control systems, an active chilled beam
system is still defined as self-regulating although the chilled water supply temperature is
controlled centrally. While the self-regulating effect handles short-term variations in cooling
load, the possibility to increase the chilled water temperature is very valuable to handle seasonal
cooling load variations.

» Avoiding overcooling by increasing the chilled water supply temperature during
winter and mid-season is investigated in Paper VL.
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Previous studies on self-regulating active chilled beams

The self-regulating effect is often referred to by researchers studying thermally activated
building systems (TABS) (Olesen, 2012; Karlsson, 2010). Although less common, several
studies on active chilled beam systems also refer to the self-regulating effect. Brister (1995)
expressed skepticism towards the self-regulating effect and pointed out the need for control
valves on each beam. However, these active chilled beams operated at a chilled water supply
temperature of 14 °C. Schultz (2007) wrote, about passive chilled beams, that they may be
designed without the use of room thermostats thanks to the self-regulating effect obtained when
the design chilled water temperature is close to the room temperature. Henderson et al. (2003)
mentioned the self-regulating effect as one of the advantages of active chilled beams.

Ruponen et al. (2010) simulated the energy use and indoor air temperatures in three active
chilled beam systems. They included a conventional system (chilled water supply temperature
of 15 °C), a high temperature system (20 °C) and a self-regulating high temperature system (20
°C). It was concluded that the self-regulating system required more cooling energy due to the
lower indoor air temperature caused by that system. However, the authors concluded that this
overcooling could be resolved by not having a constant year-round chilled water supply
temperature of 20 °C. They also concluded that the simplicity of self-regulation is a big
advantage and that self-regulating systems are likely to work as intended even after several
years of operation.

Kosonen & Penttinen (2017) presented a simulation based investigation of the energy saving
potential of four different chilled beam concepts, including a self-regulating system with active
beams used for both cooling and heating. The water supply temperature was in the range of 20-
22 °C and the indoor air temperature was allowed to vary between 21 and 25 °C. It was
concluded that the high chilled water temperature gave energy-savings both due to better chiller
performance and more utilization of free cooling. Furthermore, the high chilled water
temperature implied no risk of condensation, hence there was no need for dehumidification of
supply air nor increased chilled water temperature during humid conditions. Regarding adding
self-regulation to the high temperature system, it was presented as simpler, more reliable and
with less need for maintenance. However, guaranteeing thermal comfort in low occupied spaces
was pointed out as a challenge. Indoor air temperatures were too low in empty and low occupied
rooms during winter and mid-season. In addition to causing discomfort, the self-regulating
system also caused slightly higher energy use. The authors called for compromising the
simplicity of the self-regulating system by adding at least zonal-level control valves in order to
solve these issues. However, night ventilation with a supply air temperature of 18 °C was
operating all year round, which contributed to the overcooling and posed a challenge for the
active beam system accounting for both cooling and heating.

Also Maccarini et al. (2017) presented a simulation based study of a self-regulating active beam
system. The system was able to provide simultaneous heating and cooling with a water supply
temperature of around 22 °C. Energy savings were obtained by the fact that heat was transferred
through the active beam system from warmer to colder rooms. Regarding thermal comfort, the
system was fully able to keep the indoor air temperature between 21 °C and 24 °C during
operation. It was also concluded that inter-zone air flow (openings of doors) reduced the
differences in air temperature between warmer and colder rooms and thereby also the transfer
of heat through the active beam system.

Maccarini et al. (2019) presented the operation of an actual building with a self-regulating
active beam system designed as the one simulated by Maccarini et al. (2017). It was concluded
that the system performed as intended. Supply water temperatures were measured during one
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week in summer and one week in winter. Indoor air temperatures were measured at two
positions in an open-plan office during a summer day and a winter day. Supply water
temperature peaked at 23.2 °C during the winter week and was not below 20.0 °C during the
summer week. The indoor air temperatures were between 21.2 °C and 23.0 °C during the winter
day and between 21.0 °C and 23.2 °C during the summer day.

2.4 Cooling load calculation and zone modelling

The simulation work presented in this thesis was carried out in the building performance
simulation software IDA ICE. IDA ICE applies the heat balance method to determine the
thermal climate and the required amounts of heating and cooling of a building. The heat balance
method is further presented later in this chapter.

Heat gain, cooling load and heat extraction rate

Cooling load calculation requires transient analysis due to the very variable behavior of heat
gains (McQuiston et al., 2004). In cooling load calculations, it is important to differentiate
between heat gain, cooling load and heat extraction rate.

The heat gain is the rate at which heat is transferred to or generated within a space. This includes
both radiative and convective heat. As an example, around 80 % of the heat gain from an
incandescent light bulb is by radiation while 20 % is by convection.

The cooling load is the rate at which heat must be extracted from the space in order to keep the
room (air) temperature constant. Hence, the difference between heat gain and cooling load is
due to storage of heat in the thermal mass. In other words, the radiative part of the heat gain
heats the thermal mass of the room before it is further transferred to the air by convection. This
detour via the thermal mass causes the difference between the heat gain and cooling load. The
relationship between heat gain and cooling load at different radiative fraction and thermal mass
is presented in Figure 7.
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Figure 7 Heat gain and cooling load at different radiative fraction (left) and at different thermal mass
(right).

As seen in Figure 7, higher radiative fraction as well as higher thermal mass imply lower
cooling load.
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The heat extraction rate is the rate at which heat is actually extracted from the room. Hence,
any difference between cooling load and heat extraction rate causes a change of air temperature
and to achieve constant temperature, they need to be equal. The relationship between heat gain
and heat extraction rate, at three different levels of air temperature drifts, is presented in
Figure 8.
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Figure 8 Heat gain, heat extraction rate and air temperature at three levels of air temperature drifts.

As seen in Figure 8, the heat gain of 1000 W active between 10:00 and 14:00 requires a peak
heat extraction rate of almost 800 W in order to maintain a constant room air temperature. If
allowing a non-constant room air temperature, the peak heat extraction rate is reduced. By
allowing the air temperature to rise 2 °C, the peak heat extraction rate is reduced by almost 200
W. Or to put it another way, if limiting the heat extraction rate by almost 200 W, the air
temperature rises 2 °C. Heat extracted by the active chilled beam is referred to as cooling
capacity in the subsequent chapters of this thesis.

Figure 7 and Figure 8 represent the established definition of cooling load. That is that the room
temperature is represented by the room air temperature. In this thesis, however, the purpose of
the cooling system is to maintain a certain operative temperature. The operative temperature is
not only affected by the convective heat transferred to the air, but also by the radiative heat
transferred to the surfaces of the thermal mass. As a consequence, cooling loads and required
heat extraction rates are closer to the heat gain. With both approaches, it is assumed that the
heat extraction is purely convective. Figures corresponding to Figure 7 and Figure 8, with
respect to the operative temperature instead of the air temperature, are presented in Appendix
A (Figure Al and Figure A2).

The heat balance method

The heat balance method involves determination of conduction, convection and radiation of
each surface of a room as well as the convective heat balance of the room air. One of the main
advantages of the heat balance method is that it is a detailed first principles model based on
physical laws with no part of the calculations hidden from the user. The level of detail, however,
can also be seen as a drawback since it requires more computational power than many other
methods.

Although being very detailed and well-established, the heat balance method involves
simplifications. The most fundamental simplifications are that the air temperature is uniform
within each zone (generally assumed equal to the exhaust air temperature) and also that each
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surface has a uniform temperature. A schematic overview of the heat balance method is
presented in Figure 9, details are found in ASHRAE (2017).
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Figure 9 Schematic figure of the heat balance method (figure from ASHRAE, 2017)

A central part of the method is the inside surface (indoor-face) heat balance illustrated in the
center of Figure 9. It involves six different heat transfer components which affect each other
and need to be solved simultaneously. One of the important components is the convection to
zone air, which will be further discussed.

Internal convective heat transfer

The internal convective heat transfer, referred to as convection to zone air in Figure 9 is
henceforth referred to as internal convection. More generally, convective heat transfer is
referred to simply as convection. There are three reasons why internal convection is relevant in
this thesis.

e [t is often considered the weakest link in building performance simulations
(Peeters et al., 2011).

e [t is highly influenced by the induction ratio of active chilled beams.
High temperature cooling imply a small temperature difference driving the heat
transfer. As a consequence, determination of the required heat transfer area is
sensitive to errors in simulated room air temperature.
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While simulation of conduction and radiation is based on well-established models (Fourier’s
law and the Stefan-Boltzmann law respectively), convection is more complex and not as
straightforward. As a consequence, most building performance simulation software have a
variety of convection models to choose between, an opportunity not utilized by the average
user. In addition to being hard to model, it has also been shown that internal convection
influences the results to a high degree. Beausoleil-Morrison & Strachan (1999) studied the heat
demand of a room and concluded that the simulation results were far more sensitive to the
uncertainties of internal convection modelling than to uncertainties of other factors such as air
infiltration and the thermal properties of the envelope. Dominguez-Mufioz et al. (2010) studied
uncertainties in peak cooling load calculations and found the internal convection to be one of
the most significant factors influencing the results.

According to Newton’s law of cooling, convection is proportional to the difference between the
temperature of the surface, t;, and the temperature of surrounding air, t,, in accordance with
equation 2.

9" conv = h " (ts — ta) (Equation 2)

The convection coefficient h is influenced by airflow patterns and fluid dynamics not included
in building performance simulation software. Furthermore, as previously mentioned, the heat
balance method assumes uniform temperatures of both zone air and each surface. Consequently,
in addition to the complex determination of h, the non-uniformity of room air temperature
makes it necessary to find a temperature representative for ¢, in equation 2, henceforth referred
to as the reference temperature.

Several researchers have measured internal convection in rooms in order to determine how it is
influenced by different circumstances. A comprehensive review of different models was
presented by Peeters et al. (2011). In this thesis, only the default IDA ICE model is used which
is presented in the following paragraphs.

The default convection model in IDA ICE originates from the work carried out in the
Mechanical Engineering Laboratory at the University of Illinois around 30 years ago. Spitler
(1990) conducted extensive experiments and presented convection coefficients for rooms with
high ventilation air flow rates (ranging from 15 to 100 ACH). These were expressed as a
function of the nondimensional jet momentum of the inlet flux and the room exhaust air
temperature was chosen as the reference temperature. Fisher (1995) used the same test facility,
but at air flow rates ranging from 3 to 12 ACH. Fisher (1995) used the supply air temperature
as reference temperature and correlated the convection coefficients to the nondimensional
“enclosure Nusselt number” and the “enclosure Reynolds number”. Subsequently, Fisher &
Pedersen (1997) combined the results presented by Spitler (1990) and Fisher (1995) and found
that the convection coefficients could be correlated to the air change rate only. Furthermore,
they found that using the supply air temperature as reference temperature resulted in lowest
uncertainty and also significantly improved the correlations. When implemented in building
performance simulation software, however, these correlations were reformulated to have the
exhaust air temperature as the reference temperature. In IDA ICE, the default model has been
further developed to take natural convection into account at low air flow rates. The default
convection model for walls, floors and ceilings in IDA ICE is presented in equations 3-5.

hyaqu = max(1.208 -
ht100r = max(3.873 -
heeiting = max(2.234 -

min(SS,ACH) +1.012 - ACH®6% £(AT)) (Equation 3)

mRGAT 4 0.082- ACHO%, f((AT))  (Equation 4)
min(5,ACH) +4.099 - ACH®5%3, £(AT)) (Equation 5)
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In equations 3-5, AT is the temperature difference between the zone air and each surface while
f(AT) is known as the BRIS model originating from a predecessor of IDA ICE described by
Brown (1990). The BRIS model is shown in Paper III of this thesis.

Although being well-established and widely used, the default model is not undisputed. Le Dréau
et al. (2015) measured internal convection in a room with an active chilled beam and concluded
that existing correlations (as presented by Fisher & Pedersen (1997)) tend to overestimate the
convection. New correlations were developed as a function of the modified Archimedes number
to account for the jet behavior and the supply air temperature was used as reference temperature.

A high internal convection coefficient is equivalent to low thermal resistance between the zone
air and the thermal mass. However, this does not necessarily imply that higher internal
convection coefficients mean better utilization of the thermal mass. On the contrary, increased
convection coefficients cause an increased cooling load, as illustrated in Figure 10. A higher
convection coefficient accelerates the convection by which the radiative heat gain is transferred
from the thermal mass to the air, hence the higher cooling load. Convection coefficients in
Figure 10 are determined by equations 3-5 and the air change rates are 0 and 10 ACH in the
natural and forced convection case respectively.
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Figure 10 Heat gain and cooling load at different convection coefficients

However, although increasing the cooling load, higher convection coefficients do not
necessarily imply higher required heat extraction rates. Higher convective heat transfer
coefficients also increase the benefit of allowing the temperature to vary. As seen in Figure 11,
which represent the case of forced convection, the heat extraction rate at a temperature drift of
+1.0 °C is slightly lower than in Figure 8.
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Figure 11 Heat gain, air temperature and heat extraction rate at high convection coefficients and at three
levels of temperature drifts.

Just as with Figure 7 and Figure 8, corresponding figures for Figure 10 and Figure 11 with
respect to the operative temperature, are found in Appendix A (Figure A3 and Figure A4).
There are no fundamental differences, but the cooling loads and required heat extraction rates
are generally higher when determined with respect to the operative temperature.

Control of the heat extraction rate is ideal in these examples, both in terms of speed, stability
and its independence of the air temperature. With an active chilled beam, especially a high
temperature active chilled beam, the heat extraction rate is dependent on the room air
temperature (as shown schematically in Figure 5). This introduces yet another important aspect
of the influence of internal convection. The convective heat transfer coefficients influence the
difference between room air temperature and operative temperature. At design conditions,
operative temperature generally exceeds the room air temperature. As a consequence, higher
convection coefficients imply a higher room air temperature at fixed operative temperature. The
higher room air temperature implies a higher temperature difference driving the heat transfer
(cooling capacity) and hence decreasing the heat transfer area required to obtain a certain
operative temperature.

Following is a summary of the discussed influences of increased internal convection:

e Higher cooling load
e Larger difference between cooling load and required heat extraction rate.
e Smaller difference between operative temperature and air temperature.

» The practical consequences of increased internal convection (and changed
reference temperature) are presented in Paper I11.
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3 Experimental resources

The experimental work presented in Paper I-1II was carried out during 2015 and 2016 in the
Building Services Engineering Laboratory at Chalmers University of Technology.

3.1 The room

All measurements were carried out in a full-scale mockup of an office room, see Figure 12. The
internal dimensions of the room were 3.0 m x 4.2 m x 2.4 m (width x length % height). The
active chilled beam was positioned in the suspended ceiling in the middle of the room and two
cylindrical thermal dummies (heat gain generators) were positioned on each side of the active
chilled beam. The grey circles in Figure 12 represent the positions of the thermal dummies
during the work presented in Paper I and II while the black circles represent their positions
during the work presented in Paper III. An air gap of 10 cm between the floor and the cylinder
allowed inflow of air while the height of the cap of the thermal dummies was adjustable in order
to adjust the flow of air and thereby the radiative fraction of the heat gain. The cylinders housed
six lightbulbs each (75 W) and the power was adjusted by a variable autotransformer.

The temperature outside the room was monitored and controlled to not deviate more than 2 °C
from the temperature inside the room in order to reduce heat transfer through the envelope of
the room. The walls of the room were made of 12 mm plasterboard attached on the inside of
100 mm expanded polystyrene. The floor was made of 22 mm fiberboard on top of 6 mm
plasterboard and 30 mm expanded polystyrene.

The ceiling was a suspended ceiling of 15 mm fiberglass below an air gap of 270 mm under
structural lightweight concrete.

O

2 O

Figure 12 Layout of the room and positions of active chilled beam, exhaust air terminal device and heat
gain generators. Top view to the left and front view to the right. Grey lines indicate a distance of 0.6 m.

All experiments were carried out with a Halton CBS active chilled beam with length and width
of 2.4 m and 0.6 m. At a room air temperature of 25.0 °C, chilled water supply temperature of
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20.0 °C, chilled water flow rate of 1.80 l/min, primary air temperature of 20 °C and primary air
flow of 22.0 1/s the chilled water cooling capacity was 376 W and the sensible cooling from the
primary air flow was 132 W. Data obtained from measurements in the laboratory was in
accordance with specifications from the manufacturer (£1 %). Pressure drops of water and air
flows were not measured in the laboratory, but correspond to 3.6 kPa (water) and 100 Pa (air)
according to the technical specifications provided by the manufacturer.

3.2 The instrumentation

Sampling rate of all measurements was one per minute. Air temperature sensors were shielded
from radiation. All relevant sensors used during the experiments are listed in Table 1.

Table 1 Summary of sensors used during the experiments.

Parameter Unit Label Principle

Primary air flow rate /s Klimatbyran ZMC80 / Differential pressure
Honeywell DPTM100D

Exhaust air flow rate /s Klimatbyran ZMT160 / Differential pressure
Honeywell DPTM100D

Chilled water flow rate 1/min Sharky FS 473 Ultrasonic

Secondary air velocity m/s Swema SWA31 Hot-wire anemometer

Room air velocity m/s Swema 03 Hot-wire anemometer

Primary air temperature °C Pentronic 7410000 RTD

Supply air temperature °C Atexis UK02 RTD

Secondary air temperature °C Atexis UK02 RTD

Room air temperature °C Atexis UK02 RTD

Globe temperature °C Swema 05 RTD in 150 mm globe

Ambient air temperature °C Schneider STD400 RTD

Chilled water supply temperature °C Schneider STP300 RTD

Chilled water return temperature °C Schneider STP300 RTD

Reference used for correction of the °C Dostman P650 RTD

temperature sensors

Primary air CO; concentration ppm TAC SCD100-D Infrared spectrometer

Supply air CO; concentration ppm Vaisala GM70 Infrared spectrometer
Secondary air CO» concentration ppm SenseAir 2001 VTC2 Infrared spectrometer
Internal heat gain W Schneider PM800 -

During the work presented in Paper 11, a globe thermometer was used to determine the mean
radiant temperature and thereby the operative temperature. The mean radiant temperature, t,.,
was determined according to equation 6, as prescribed by ISO 7726 (ISO, 1998), valid for a
matt black globe with a diameter of 150 mm.

1
£ = ((ty +273)* + 2.5-10% - v,%6 - (t, — t,)) /a _ 273 (Equation 6)

The globe temperature is represented by t, while ¢, and v, represent the temperature and
velocity of air.

In Paper III, Paper V and Paper VI, the concept of operative temperature was used. The
approximation of operative temperature presented in equation 7 is used consistently throughout
this thesis.

top = % (Equation 7)

Another frequently used approximation is presented in equation 8.
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top = % (Equation 8)
The rationale for choosing the simpler approximation according to equation 7 was twofold. At
the air velocities and temperatures obtained during the measurements in Paper 111, the difference
between equation 7 and equation 8 was very small (less than 0.075 °C during 99 % of the time).
Furthermore, equation 7 is the approximation used by the building performance simulation
software IDA ICE with which the measurements were compared.

Uncertainties of measurements (presented in Paper I-1II) refer to expanded uncertainties (a
coverage factor of 2) and were estimated as the root sum square of the uncertainties caused by
each source of uncertainty.
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4 Results

This chapter gives a brief description of each appended paper and presents their main results.
Details are provided in the appended full-versions of papers.

While the results of Paper I-III are applicable for active chilled beam systems in general, the
results of Paper IV-VI are specific for self-regulating active chilled beam systems. Further
categorization is made in Figure 13, where the appended papers are arranged regarding method
and scope.

ACB Room Building

Measurements Paper IV
Paper Il

Wadeilt Paper Il Paper V

e Paper VI

Figure 13 Categorization of the appended papers

Results from Paper I, knowledge about the induction ratio and how it is influenced by the
operating conditions, were essential for the model presented in Paper II. The induction ratio
was also valuable input to Paper 111, Paper V and Paper VI.

The model presented in Paper II was not explicitly used in any subsequent papers. However, its
accuracy supported the use of a simple and purely convective model in situations with constant
flow of primary air as was the case in Paper III, Paper V and Paper V1.

The results from Paper I1I, modifications of the default zone model, were applied both in Paper
V and Paper VI.
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4.1 Paper | - Induction ratio of active chilled beams - Measurement methods
and influencing parameters

The induction of room air is one of the most distinctive features of an active chilled beam. A
high induction ratio is important in order to obtain a high cooling capacity and knowledge about
the induction ratio is necessary to determine both the temperature and flow of supply air.

Paper I presents an experimental study where three fundamentally different methods of
determining the induction ratio were compared. One of the methods was also used to investigate
how the operating conditions influence the induction ratio. The three methods were based on
measuring air velocity (the velocity method), tracer gas concentration (the tracer gas method)
and cooling coil energy balance (the modified capacity method).

The investigated operating conditions were primary air flow rate, chilled water flow rate, chilled
water supply temperature and room air temperature.

The main results from the comparison of methods were two novel methods of measuring the
induction ratio of an active chilled beam. The tracer gas method has not been presented in
previous literature. The modified capacity method is a combination of two previously known
methods (the temperature method and the capacity method), both including the difficult
determination of secondary air temperature downstream the coil. That issue was avoided by
using the novel method. Compared to the velocity method and the tracer gas method, the
induction ratio determined by the modified capacity method was around 15 % higher.

Regarding the influence of operating conditions, the results show that the induction ratio peaked
at a certain primary air flow rate while both higher and lower flows gave lower induction ratio.
In contrast to the previously published theory, the induction ratio was substantially less
influenced by the room air temperature than by the chilled water temperature. Due to buoyant
forces acting on the upwards moving secondary air, the induction ratio is counteracted by cold
chilled water (see Figure 14). Regarding the room air temperature however, warmer air slows
down more when chilled in the coil, but on the other hand, warm air is lighter and more easily
elevated by the inductive force. The results indicate that the first phenomenon dominates at
lower air flows while the second one dominates at higher air flows.

7

6.5

Induction ratio
(o))

557

5 1 1 1 1
14 16 18 20 22 24
Chilled water supply temperature [°C]
Figure 14 Induction ratio as a function of chilled water supply temperature. Grey circles represent

individual cases and red circles represent averages. Lines connect cases with equal internal heat gain,
chilled water flow rate and primary air flow rate.
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4.2 Paper Il - A thermal model of an active chilled beam

Conventional models of active chilled beams are to a large extent empirical and simulate the
cooling capacity in a generic manner. Involved parameters are empirically derived at certain
operating conditions (e.g. primary air flow rate) and determined by interpolation when
simulating other conditions. Many conventional models do not, implicitly, involve the
induction ratio and are thereby unable to take the buoyant forces (as presented in Paper I) into
account as well as determining the flow rate and temperature of the supply air.

In Paper II, a thermal model of an active chilled beam based on NTU-effectiveness theory is
presented. The work is based on measurements of 61 combinations of operating conditions.
Thanks to the use of well-established heat transfer theory, few cases were needed for calibration
of the model which then could be used to accurately determine the cooling capacity in a wide
range of operating conditions, including laminar flow of chilled water.

Neglecting the influence of operating conditions on the induction ratio (investigated in Paper I)
decreased the accuracy of the model slightly, but not more than what is generally accepted in
building performance simulation. The accuracy of the model supports the often made
assumption that the heat transfer of an active chilled beam is purely convective. Results from
the model are presented in Figure 15. The bumps at around 1.3 I/min are a result of the transition
between laminar and turbulent flow. The difference between the two temperature levels is
primarily due to the correlation between chilled water supply temperature and induction ratio,
presented in Paper I.

Primary air flow rate
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Chilled water flow rate [I/min]

Figure 15 Cooling capacity as a function of flow rates of chilled water and primary air, at two
temperature levels.

At turbulent flow of chilled water, the model had an average error of 2.7 % when only two
cases were used for calibration and the induction ratio was assumed constant. Modelling a non-
constant induction ratio required six cases for calibration and decreased the average error to
1.7 %. Accuracy of the model, expressed as absolute percentage errors, is presented in Table 2.

Table 2 Summary of accuracies

Flow type Cases used for Cases used Induction Error (APE) [%]
calibration for validation ratio Avg. Max
Turbulent 48 48 f Voris twin) 1.6 4.5
Turbulent 48 48 Constant 2.0 4.5
Turbulent 6 48 f Vpris tw,in) 1.7 4.7
Turbulent 6 48 Constant 2.2 53
Turbulent 2 48 Constant 2.7 6.7
Nonturbulent 2+1 13 f Wpris tw in) 1.0 3.6
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4.3 Paper Il = Modelling of rooms with active chilled beams

When implemented in building performance simulation software, active chilled beams are
generally modelled as purely convective cooling equipment, disregarding any radiative part.
That is unproblematic, as demonstrated by the purely convective model presented in Paper II.
However, other specific features of active chilled beams are often disregarded when modelling
the convective part of the zone heat balance.

In Paper 111, the convective heat transfer equations of the zone model were modified in order to
take into account both the induction of room air and that the air supplied from an active chilled
beam affects the ceiling surface temperature. This was done by adjusting the air change rate in
the internal convection model and by using the supply air temperature as reference temperature
for the internal convection at the ceiling. The modifications of the model resulted in a higher
maximum air temperature and lower maximum operative temperature. Taking the induction
ratio into account influenced the results to a larger extent than what the change of reference
temperature did. Since the cooling capacity of an active chilled beam is determined by the air
temperature, the modifications reduced the heat transfer area required to obtain a certain
operative temperature. The modifications were validated by measurements in the room
presented in chapter 3, exposed to rectangular pulses of internal heat gain. Simulation of both
air and operative temperature corresponded more closely to measurements after the
modifications. This is presented in Figure 16.

0.4
' ' ! I Vodel 0
I Vodel 1
0.3 I Viodel 2
5 I \Viodel 3
L
w02
=
4
0.1

Air temp. Operative temp. Air temp. Operative temp.
Case 1 Case 1 Case 2 Case 2

Figure 16 Root mean square errors of simulated temperatures. Model 0 is the original default simulation,
Model 1 takes thermal inertia of the sensors into account, Model 2 also takes induction into account and
Model 3 also uses the supply air temperature as reference temperature.

For a single office room located in Stockholm, with realistic thermal properties and internal
heat gain, it was concluded that the modifications implied that the same maximum operative
temperature could be achieved with 9 % less heat transfer area!.

!'In Paper I11, it is concluded that the required design cooling capacity was reduced by 9 %. The design cooling
capacity is the cooling capacity of the ACB at a specified room air temperature. Hence, the same reduction applies
to the heat transfer area.
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4.4 Paper IV - Performance evaluation of a direct ground-coupled self-
regulating active chilled beam system

Paper IV presents an analysis of operational data from a real building equipped with direct
ground-coupled self-regulating active chilled beams. The building is located in Stockholm,
Sweden, the investigated part covers 22 144 m? and is dominated by open-plan offices. The
analysis covers data since the building was taken into operation in 2014, but focus is on 2018,
since that particular summer offered unprecedented conditions for stress-testing comfort
cooling systems in Stockholm.

Cooling is obtained from pre-heating incoming air (free ACB cooling) and from the ground
(ACB/AHU cooling) which is recharged during winter (ground charging). There is also a run-
around coil recovery system in operation during both winter and summer (cool recovery). In
2018, for the first time, the system extracted more cooling from the ground during summer than
was recharged during winter. This is presented in Figure 17.

30
251
20t
K
e 157
~~
<
s o
3 O Sk
0) E Cool recovery
G 0 /. [ AHU Cooling
5t [ ACB Cooling
|:] Free ACB cooling
-10 1 1 Ground charging
15 =@— Net cooling extracted from ground

2014 2015 2016 2017 2018
Figure 17 Total annual energy transferred in the cooling system during 2014-2018.

Though not involving a chiller, the cooling system uses electricity for pumps and also causes
increased pressure drop in the air handling units. The useful cooling energy obtained was
around 17 times higher than the electric energy required by pumps and additional fan work.

The results show that the system was fully capable of providing enough cooling to not exceed
comfortable indoor air temperature levels. Indoor air temperatures in open-plan offices were
analyzed and it was concluded that they were both uniform and stable. During working hours
in 2018, the average difference between the highest and lowest air temperature was 1.9 °C and
below 2.4 °C during 90 % of the time. Regarding stability, the average standard deviation was
0.5 °C while the least stable temperature had a standard deviation of 0.8 °C. The average indoor
air temperature was 22.3 °C annually and 22.6 °C during summer. The maximum indoor air
temperatures did not coincide with the maximum outdoor temperatures.
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4.5 Paper V - Peak shaving effect of self-regulating active chilled beams

Due to thermal inertia of buildings and its content, required peak cooling capacity may be
reduced by precooling the building prior to the peak cooling load. Due to the constant flow of
chilled water, peak shaving by precooling is an inherent feature of self-regulation.

Paper V is based on simulations carried out in IDA ICE. It was investigated how the required
peak cooling capacity is influenced by the supply chilled water temperature in a self-regulating
system as well as by the cooling set-point in a conventional system. The studied scenario was
one floor of an office building during a hot summer day in Stockholm. The design criterion was
a maximum operative temperature of 25.0 °C.

The results show that the required peak cooling capacity in a self-regulating system with a
chilled water supply temperature of 20 °C was 17 % lower than in a conventional system
operating with a cooling set-point of 24 °C. Additionally, it was shown that the required heat
transfer area was reduced slightly more (19 %), mainly because the precooling also reduced the
difference between operative and air temperature.

Figure 18 illustrates the cooling capacity in the eight zones of the building in a self-regulating
system operating with a chilled water supply temperature of 20 °C (left) and in a PI-controlled
system with a cooling set-point of 24 °C (right).
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Figure 18 Cooling capacity in a self-regulating system (left) and in a PI-controlled system (right).

Precooling is associated with decreased indoor temperatures. During early morning, the average
operative temperature was around 0.6 °C lower in the self-regulating system. Operative
temperatures corresponding to the previous figure are presented in Figure 19.
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Figure 19 Operative temperatures in a self-regulating system (left) and in a PI-controlled system (right).
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4.6 Paper VI - Supply temperature control of self-regulating active chilled
beams

The title of Paper VI refers to central control of the chilled water supply temperature. Hence,
all active chilled beams in the building are supplied the same temperature and the flow is
constant. An inherent risk of constant chilled water flow rate is overcooling and consequently
too low indoor temperatures and high energy use. In the worst case, cooling from the active
chilled beam system is counteracted by heating from the radiator system, causing excessive use
of both heating and cooling.

The purpose of this paper was to compare different strategies of controlling the chilled water
supply temperature in terms of energy use and thermal climate. Individually controlled (non-
self-regulating) active chilled beams were also included for comparison. The study was based
on simulations in IDA ICE and the investigated model represented one floor of an office
building located in Stockholm, Sweden. The floor was dominated by open-plan offices but
included also three meeting rooms.

As in the real building presented in Paper IV, this model included the possibility of free active
chilled beam cooling by preheating incoming air (when needed). In a system with constant
chilled water temperature, this alleviated the consequences of overcooling regarding the energy
use for active chilled beams and heating coil, while overcooling was still very detrimental to
the heating demand for radiators.

However, the study also showed that overcooling is effectively avoided, without causing
thermal discomfort, by increasing the chilled water supply temperature outside of the summer
season. The operative temperature variability was higher in the self-regulating systems than
with ideally and individually controlled active chilled beams, but still within comfort limits.
With simple control of the chilled water supply temperature (with respect to the outdoor air
temperature or the exhaust air temperature), a self-regulating active chilled beam system require
less energy for heating and cooling than a conventionally controlled system. This is illustrated
in Figure 20.
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Figure 20 Energy use with different strategies to control the supply chilled water temperature (CON20:
Constant, OA: As a function of the outdoor air temperature, EA: As a function of the exhaust air
temperature, TOP: As a function of the maximum operative temperature, PI: Non-self-regulating

control).
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5 Discussion

5.1 Induction ratio

Measuring methods

In Paper I, three methods of measuring the induction ratio were presented. Two of these, the
modified capacity method and the tracer gas method has not been presented in previous
literature. An obvious question is why to present new methods when there already are several
(illustrated in Figure 4).

The temperature method and the capacity method require measurement of the secondary air
temperature downstream the coil. As also noted in previous studies (Chen et al., 2014), this
temperature is very difficult to measure. The fact that it varies along (and across) the beam may
be handled by averaging values from multiple temperature sensors. A greater concern is an
observation that, even in a cross-section of one side of the beam, this air does not seem to be
fully mixed with itself after leaving the coil before mixing with the primary air.

The velocity method involves measuring very low air velocity, which is associated with low
accuracy. Furthermore, turbulence generated at the supply air outlet aggravates the
measurement of induced secondary air. Average uncertainty of the velocity method due to
instrument inaccuracies was 21 % under the conditions tested in Paper I. Corresponding
uncertainties of the tracer gas method and the modified capacity method were 6 % and 5 %
respectively.

The zero-pressure method requires bulky equipment to be attached underneath the active chilled
beam. All studies on induction ratio of active chilled beams involving some kind of bulky
equipment are made with the active chilled beam turned upside down (Ruponen & Tinker,
2009; Chen et al., 2014; Freitag et al. 2016; Guan & Wen, 2016). Based on this, it is assumed
that it is difficult to use the zero-pressure method on a correctly mounted active chilled beam.
The disadvantage of testing the active chilled beam upside down is that the influence of
buoyancy gets the opposite effect.

Regarding the methods presented in Paper I, the tracer gas method and the velocity method may
be suitable for on-site measurements aiming at fault detection while the modified capacity
method is more suitable in laboratory facilities where temperatures and flow rates of air and
water can be measured with high accuracy.

Influencing parameters

The induction ratio is often assumed to be constant. It is also often assumed being influenced
by the primary air flow or by the plenum pressure (Chen et al., 2014). In some cases, buoyant
forces are also taken into account by determining the induction ratio as a function of the
temperature difference between the warm room air and the chilled water (Livchak & Lowell,
2012; ANSI/ASHRAE, 2018). As far as the author know, Paper I is the first study investigating
whether an increased chilled water temperature influences the induction ratio differently than a
decreased room air temperature. The results presented in Paper I indicate that this is true. In air
flows driven only by buoyant forces, it is reasonable to assume that the air flow rate is
determined by the temperature difference between the air and the surface. In the case of an
active chilled beam though, the air flow is driven by the induction and only slightly counteracted
by the temperature difference. Colder room air decreases the temperature difference but on the
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other hand, it is also heavier and less prone to flow upwards, a phenomenon present regardless
of the temperature difference.

The practical consequences of taking this into account is generally small. However, testing the
performance of an active chilled beam (calibrating a model) at certain conditions and
erroneously assuming that the induction ratio is the same at other conditions gives error in the
simulated cooling capacity (see the difference between the continuous and the dashed lines in
Figure 15). Calibrating a conventional model at a chilled water temperature of 15 °C leads to
underestimation of the cooling capacity by around 3 % at a chilled water temperature of 20 °C.
This error is easily avoided by testing the performance of the active chilled beam at the same
chilled water temperature as it is intended to be used at. Another option is to use a model that
takes the correlation between chilled water temperature and induction ratio into account, e.g.
the model presented in Paper I1.

5.2 Active chilled beam modelling

Thermal models of active chilled beams have been developed by several researchers (Livchak
& Lowell, 2009; De Clercq et al. 2013; Chen et al., 2014; Maccarini et al., 2015; Ji et al., 2019)
What makes the model presented in Paper II unique, is that it takes into account the influence
of buoyancy as presented in Paper I. Additionally, no other model known to the author is valid
over such a wide range of operating conditions, including laminar flow of chilled water.

Modelling is typically a trade-off between empiricism and first principles. The model presented
in Paper Il involves first principles to a higher degree than any other active chilled beam model
known to the authors. Only the air-side geometry, the induction ratio and Nusselt number at
laminar water flow are required to be determined (by measurements of induction ratio and
cooling capacity at a number of different operating conditions). As a consequence, very few
cases are required for model calibration, before the model can be used over a wide range of
operating conditions. It may be used to simulate conditions unfeasible to test in reality due to
practical limitations in the laboratory or to investigate how fouling or alternative fluids
influence the results. Empirical models are not useful for such analyses.

That being said, the practical benefits of this model should not be exaggerated. Manufacturers
seldom have problems of testing their active chilled beams at numerous operating conditions
and providing their customers with empirical data of the performance. Empirical data may also
be considered more trustworthy than results from a model.

Many models of active chilled beams exist. Disregard the simplicity of the model, all agree that
the cooling capacity is equal to the product of chilled water temperature rise, (ty our — tw.in),
mass flow rate, i, and specific heat capacity, ¢, ,,, see equation 9.

By =my, Cow " (tw,out - tw,in) (Equation 9)

Since the outlet temperature is unknown, equation 9 is not sufficient to determine the cooling
capacity. In Paper II, it was concluded that the cooling capacity was accurately determined
according to equation 10.

By, =€ Cpin - (tg — twin) (Equation 10)

The effectiveness, &, and the minimum heat capacity rate, C,,;,, are determined by the flow
rates of air and chilled water. The parameter t, is the temperature of the room air. A much
simpler generic model is presented in equation 11, where k is an empirical constant determined
by the primary air flow rate.
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P, = k- AT (Equation 11)

The temperature difference, AT, may be defined either as the arithmetic mean temperature
difference presented in equation 12 or as the logarithmic temperature difference presented in
equation 13. In both cases, disregarding the air temperature drop across the coil.

ATom = tq — tw'inztw'out (Equation 12)
AT, = “a‘tlwi’;f_(t:j;tw"’“” (Equation 13)
(ta_tw,out)

In both cases, the temperature differences can be combined with equations 9 and 11 to yield an
expression of the cooling capacity as a function of the difference between room air and chilled
water supply temperature, see equations 14 and 15.

_ kam2twepw . .
Ry = Kam+2- Ty Cp (ta = tw,n) (Equation 14)
Py =My - Cpw- a- e_(klm/(mw-cp’W))) : (ta - tw,in) (Equation 15)

The empirical constants, kg, and k;,,, refer to using the arithmetic mean and logarithmic
temperature difference respectively. The default active chilled beam model in IDA ICE uses
the logarithmic temperature difference, hence represented by equation 15.

Equations 14 and 15 imply that, at constant flow of primary air and chilled water, the cooling
capacity is proportional to the difference between room air and chilled water supply
temperature. Assuming a constant induction ratio, this is true also for the more advanced model
represented by equation 10. The only minor difference is that the advanced model takes into
account that the thermophysical properties of air and water are influenced by the temperature.
In the air temperature range between 20 and 25 °C, this influences the determined cooling
capacity by less than 0.4 %. As discussed in chapter 5.1, the error from assuming a constant
induction ratio may be substantially higher (around 3 %), but is avoided by calibrating the
model at a chilled water temperature similar to its intended use.

If extending the comparison to include also non-constant flow of chilled water, e.g. during part-
load conditions in a conventionally controlled system, it is obvious that there are larger
differences between the models. Assuming an active chilled beam providing 380 W at a room
air temperature of 25 °C and a chilled water supply temperature of 20 °C. Figure 21 presents
the cooling capacity per degree temperature difference between room air and chilled water
supply temperature obtained by equation 10 (Paper II), 14 and 15 respectively.
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Figure 21 Cooling capacity per degree difference between room air and chilled water supply temperature,
as a function of the chilled water flow rate.
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However, when the chilled water flow rate is reduced to obtain a lower cooling capacity during
part load, the error does not necessarily affect the simulated cooling capacity. If the system is
PlI-controlled, the cooling capacity will be what is required to obtain the cooling-set point, and
the error, will manifest as an erroneously simulated chilled water flow rate (x-axis in Figure 21)
and chilled water return temperature. In a P-controlled system on the other hand, the error will
manifest in the simulated cooling capacity. With the most common control methods, simple
on/off and more sophisticated pulse width modulation, the chilled water flow rate is always in
one of the two points where all three equations yield equal cooling capacity, hence no
difference.

If also including non-constant flow of primary air, an error is introduced by the interpolation of
the empirical constant k. The magnitude of this error ultimately depends on how many different
air flows k was determined at. For the active chilled beam used in this study, interpolation
between primary air flows of 0 and 30 I/s yields an error of around 10 % in the mid-range.
However, interpolation between 20 and 30 1/s yields an error of only 1 % in the mid-range.
Errors are effectively minimized by avoiding too wide ranges of interpolation.

There are numerous of active chilled beam models, in this discussion, the one presented in
Paper II is compared to very simple models. The purpose is to show the quality of the simple
models rather than the necessity of the advanced one.

5.3 Zone modelling

In Paper 111, following two modifications of the zone model were done in order to make the
model more consistent with reality.

e Induction was taken into account when determining the internal convection.
e Convection at the ceiling was determined based on the supply air temperature.

The first one is uncontroversial, since it is just an implementation of an often neglected fact.
The changed reference temperature is not as obvious and need more motivation. First of all, it
shall be noted that neither the conventional assumption nor this modification is a correct
representation of reality. The air at the surfaces (walls, floor and ceiling) is generally neither as
warm as the exhaust air nor as cold as the supply air. In the general implementation of the heat
balance method however, it is assumed that the room air temperature is uniform and equals the
exhaust air temperature. A correctly installed active chilled beam should ensure that the supply
air attaches to the ceiling by the Coanda effect. This motivates the assumption that the
temperature of the air at the ceiling is better represented by the supply air temperature than by
the exhaust air temperature. An even more correct approach would be to assume it to be
somewhere in between the supply and exhaust air temperatures. Since this is true also for the
walls and the floor, the chosen approach may be seen as a compromise.

In Paper III, it was not explicitly investigated to what extent the activation of the thermal mass
was affected by the increased internal convection. Given the fact that the modifications lead not
only to a decrease in maximum operative temperature, but also an increase in maximum air
temperature, it is reasonable to assume that thermal mass activation was not significantly
influenced. In other words, with reference to the bulleted list in the very end of chapter 2.4, the
two first phenomena (increased cooling load and larger difference between cooling load and
required heat extraction rate) seem to cancel each other out while the main influence is the
reduced difference between air and operative temperature.
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The reduced difference between the air and operative temperature may be considered negligible
in conventional systems but is particularly noteworthy in a high temperature cooling system
due to the small driving temperature difference between chilled water and room air. The high
chilled water temperature makes the cooling capacity very sensitive to changes in the room air
temperature (which is also the key to self-regulation).

In addition to influencing the activation of the thermal mass and the difference between air
temperature and operative temperature, increased internal convection also influence the thermal
transmittance of the building envelope. The convection coefficient increased by the induction
(from 2.5 to 6.6 W/m?K) implies that a wall with an overall U-value of 0.20 W/m?K is increased
to 0.21 W/m?K.

In the room where the experiments of Paper III were carried out, the active chilled beam
occupied 11 % of the total ceiling area. In rooms with considerably less ceiling area represented
by active chilled beams, the use of supply air as reference temperature is less reasonable.

It shall be noted that the work presented in Paper III did not include any direct measurements
of the convective heat transfer. In contrast, this was done by Le Dréau et al. (2015) who
concluded that existing correlations (presented by Fisher & Pedersen (1997) and used in this
thesis) tend to overestimate the convection. Though the results from Le Dréau et al. (2015) is a
more comprehensive model based on direct measurement of internal convection in a room with
an active chilled beam, Paper III presents simple modifications of how the internal convection
is modelled in IDA ICE today. These modifications tend to improve the accuracy of the results.

The open-plan offices modelled in Paper V and Paper VI where divided into several zones as a
way to capture spatial differences regarding air temperature. Air flow between these zones was
driven by the buoyant forces caused by temperature differences. In reality, this air flow is also
driven by the movements of people, supply air jets and unbalanced ventilation, but also
counteracted by furniture and furnishings.

5.4 Self-regulation

In principle, self-regulation is equivalent to P-control with a proportional band ranging from
the chilled water supply temperature without upper limit. The cooling acts instantaneously on
a change in air temperature, but as all proportional control with wide proportional band, self-
regulation is stable, cautious and always associated with an offset error.

Results from Paper V show that a self-regulating system may precool the building prior to the
peak cooling load and consequently implies lower required cooling capacity. However, this is
valid at a low enough chilled water temperature and compared to a high enough cooling set-
point for a conventional system. Compared to a cooling set-point of 23 °C, a self-regulating
system with a chilled water supply temperature of 20 °C required lower peak cooling capacity
while a chilled water supply temperature of 22 °C required a higher peak cooling capacity.

Due to the fact that the difference between operative and air temperature was slightly lower in
the self-regulating case, the required heat transfer area was reduced slightly more than the
required cooling capacity. Another present phenomena was that the peak cooling capacity of
different zones occurred more simultaneously in the self-regulating systems. Having the peaks
more distributed over time is beneficial for total peak cooling capacity but does not affect the
total required heat transfer area.

As seen in Figure 19, the peak-shaving of self-regulation is associated with lower indoor
temperatures prior to the peak cooling load. Compared to a system with a cooling set-point of
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24 °C the average operative temperature is 0.6 °C lower. This is not considered a too low
operative temperature, especially since Bourdakis et al. (2018) found that people who commute
to the office by foot or by bike prefer substantially lower indoor temperature during mornings.
They concluded that the room air temperature at the beginning of the occupancy period could
be 20.0-21.5 °C and should then increase at a rate of 1.5 K/0.5 h to reach the range of 23.0-26.0
°C. This implies that the temperature in the self-regulating system might be more preferable
than in the controlled system.

Lower indoor temperature during summer is associated with a higher cooling demand.
However, this is less detrimental in airtight buildings with low transmission losses and efficient
ventilation recovery, which is common in Northern Europe as a consequence of minimizing
heat losses during cold winters. In contrast to heat losses, the major part of heat gains in office
buildings are independent of temperature.

There are countries where individual room temperature control is required by law (Babiak et
al., 2013). The arguments for this are potential energy savings and improved comfort. These
arguments are stronger in low temperature system where the cooling energy is more valuable
and in single office rooms where one single person manages the thermostat. In adaptive comfort
theory, it is well known that people are more forgiving of discomfort if they have control of
alleviating it. Further, significant correlation between perceived control and perceived
productivity has been reported (Leaman & Bordass, 2010). However, this correlation is stronger
in bad performing buildings (performance regarding heating, cooling, ventilation, lighting and
noise) and gets weaker as buildings perform better. Based on this, self-regulating active chilled
beams fit better in well-performing buildings.

Self-regulation may cause overcooling and consequently excessive use of energy and too low
room temperatures. This was concluded by Ruponen et al. (2010) and also observed in the
strategy with a constant chilled water temperature in Paper VI. However, in Paper VI it was
also concluded that overcooling may be avoided by increasing the chilled water supply
temperature during winter and mid-season. Strategy OA1021 (see Figure 20) is close to how it
is controlled in the real building presented in Paper IV. Both the investigation of the real
building (Paper IV), and the simulation in Paper VI indicate that the chilled water temperature
may be further increased without causing too high room temperatures.

Cooling system

In the building investigated in Paper IV, only slightly more cooling was extracted from the
ground storage in the summer of 2018 than recharged during the winter (Figure 17). This was
thanks to the fact that more cooling was recharged during this winter than any other year. 2018
did not only include an extremely warm summer but also the coldest winter since 2013. A more
significant imbalance would occur if also the winter was extraordinary warm. To avoid ground
storage imbalances in such cases, the set-points determining the recharging might be subject to
changes. In 2018, Stockholm did not only experience the hottest summer ever recorded in
Sweden. Also the number of hours of sunshine was the highest ever recorded in Stockholm,
which had a significant influence on the cooling load.

An important feature of the building investigated in Paper IV was the fact that not only the
supply temperature to the active chilled beams were high (at least 20 °C), but also to the cooling
coil in the air handling unit (17 °C). This enabled avoiding a chiller. In more humid climates,
it may be necessary to provide the cooling coil with colder water in order to dehumidify the
supply air. In those cases, it is important to not use the same chiller for the cooling coil as for
the chilled beams, hence losing major benefits of high temperature cooling.

38



One drawback of self-regulating systems is the constant full-speed operation of the chilled
water circulation pump. As presented in Paper IV, the annual electricity use of the circulation
pump was 0.28 kWh/m?.

Thermal climate

In Paper 1V, it was concluded that the indoor air temperatures in the investigated building were
both stable and uniform, which indeed is a matter of definition.

Indoor air temperatures presented in Paper IV include open-plan offices only. Open-plan offices
definitely facilitate the ability to maintain stable and uniform temperatures since spatial
differences in cooling load are levelled off by the air movements. This is in contrast with
meeting rooms which are separated by walls. On the other hand, occupied meeting rooms
require additional air flow due to air quality reasons, and this provides cooling since its supply
temperature is lower than the room air temperature. Air temperatures in meeting rooms have
previously been measured in the investigated building and were presented in Publication 2 (see
List of publications). Differences between open-plan offices and meeting rooms are presented
in Figure 22 which include working hours between 1 November 2015 and 31 October 2016.

Open plan offices Meeting rooms
I I I : Whole year
- NA - [iii]SunnnerhaWyear
H I:] Winter half-year

T

Frequency
Frequency

19 20 21 22 23 24 25 26 19 20 21 22 23 24 25 26
Air temperature [°C] Air temperature [°C]

Figure 22 Indoor air temperatures in the open-plan offices (left) and meeting rooms (right) during
working hours 1 November 2015 — 31 October 2016 (Purple color implies that red and blue bars overlap).

As seen in Figure 22, the temperatures vary more in the meeting rooms, but they are less
affected by the season, which is explained by the fact that they are located in the core of the
building. Private office rooms were not included in this thesis, neither measurements nor
simulations. In private office rooms (and meeting rooms) without additional air flow during
occupancy, the temperature variability is in all likelihood higher than presented in this thesis.

To get an impression of the magnitude of the variability of indoor air temperatures, they can be
related to the variability of activity level through the theory of predicted mean vote (PMV)
determined according to ISO 7730 (ISO, 2005). This theory predicts the mean vote, regarding
the thermal climate, of a large group of persons on a seven-point scale ranging from cold to hot.
Parameters required to calculate the predicted mean vote (PMV) are metabolic rate, clothing
insulation, air temperature, mean radiant temperature, air velocity and relative humidity. In the
following example, clothing insulation is determined as a function of the outdoor air
temperature at 06:00 as described by ASHRAE Standard 55 (ASHRAE, 2013). The air velocity
is 0.1 m/s in accordance with the average air velocity measured in the laboratory during the
work presented in Paper III. The mean radiant temperature is set equal to the air temperature.
Then, based on the air temperatures and the exhaust air relative humidity measured in the
investigated building during 2018, PMV values are according to Figure 23. Three levels of
metabolic rate are included.
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[__T1 (High level of expectation)
[Tl (Medium level of expectation)
[T (Moderate level of expectation)
_ 11V (Low level of expectation)

M [ undefined

I Seated relaxed (58 W/m?)

[ Sedentary activity (70 W/m?)
™ standing light activity (93 W/m?)

Frequency

Ll

Cold Cool Slightly cool Neutral Slightly warm Warm Hot
PMV

Figure 23 Predicted mean votes corresponding to all room air temperatures measured in the investigated
building during working hours 2018.

The legends I-IV refer to the categories of thermal environment specified by European standard
EN 16798-1:2019 (CEN, 2019). From Figure 23, it can be concluded that the indoor
temperatures vary too much to always stay within the highest level of expectation. But also that
people’s activity level influences the PMV to a much larger extent. On one hand, it seems
impossible to satisfy both a seated relaxed and a standing person in the same thermal
environment. But on the other hand, adjusting your activity level to your thermal perception
seems like a very efficient measure to find a neutral thermal sensation.

The assumption that the mean radiant temperature equals the air temperature is not
undisputable. In several studies based on measurements, it has been concluded that the
difference is very small (Dawe et al. 2020). On the other hand, simulations have shown
differences of around 1.0 °C between air and operative temperature (equal to around 2.0 °C
between air and mean radiant temperature). This refer to simulations carried out both internally
by Skanska and by other researchers (Kosonen & Penttinen, 2017). However, based on the
results from Paper I1I, it is reasonable to assume that simulations overestimate the difference
between operative and air temperature in rooms equipped with active chilled beams.

Applicable standards and guidelines suggest indoor temperatures higher than measured in the
investigated building, especially during summer. The measured temperatures, however, are in
line with what several HVAC-designers in Sweden consider normal, in line with temperatures
observed in other Swedish offices and have not caused excessive complaints. To clarify this
discrepancy between theory and practice, a questionnaire based survey-study is recommended.
If actually preferred, the low temperatures could be remedied by increasing the chilled water
temperature, without detrimental effects on thermal uniformity.
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6 Conclusions

The significant contributions of this thesis may be summarized as follows.

e Two novel methods of measuring the induction ratio of active chilled beams.

e Novel observation of how the induction ratio is influenced by temperatures of
chilled water and room air.

e An accurate thermal model of an active chilled beam that takes into account the
above-mentioned observation, valid in a wide range of operating conditions
including laminar flow of chilled water.

e Identification of easily implemented modifications to improve how the building
performance simulation software IDA ICE models internal convection in rooms
with active chilled beams.

¢ Quantification of the peak-shaving effect of self-regulating active chilled beams.

e Simulations showing that overcooling in a self-regulating system is effectively
avoided by increasing the chilled water temperature outside of the summer
season.

e Evaluation of indoor air temperatures and performance of the cooling system in
a building with direct ground-coupled self-regulating active chilled beams,
including the unprecedented hot summer of 2018.

The numerical results of this thesis apply to the circumstances under which they were
determined and should not be generalized without caution. These may be summarized as
followed.

e The influence of chilled water supply temperature on induction ratio was
0.08 K.

e The increased induction ratio caused by increasing the chilled water supply
temperature by 5 °C resulted in 3 % higher cooling capacity.

e The internal convection model in IDA ICE was modified by taking induction
into account and by using the supply air temperature as reference temperature
for internal convection at the ceiling. If designing for a certain operative
temperature, this decreased the required heat transfer area by 9 %, in the single
office (Paper III) as well as in the office floor (Paper V).

e Self-regulation is associated with precooling prior to the peak cooling load. This

reduced the required heat transfer area by 19 % and 5 % compared to a system
with a cooling set-point of 24 °C and 23 °C respectively.
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e By controlling the chilled water supply temperature aiming at an exhaust air
temperature set-point of 24 °C, a self-regulating system requires less energy for
heating and cooling than a system with individually controlled active chilled
beams, without causing thermal discomfort.

e During working hours in 2018, average difference between the highest and
lowest temperatures measured in the open-plan offices in the real building with
self-regulating active chilled beams was 1.9 °C, and below 2.4 °C during 90 %
of the time. The average standard deviation of individual sensors was less than
0.5 °C and the maximum standard deviation was 0.8 °C.

e During 2018, the cooling system in the real building with self-regulating active
chilled beams supplied 19.3 kWh/m? of cooling. Electricity use allocated to the
cooling system represented 1.12 kWh/m? which implies a figure comparable to
the coefficient of performance (COP) of a chiller of 17.2.

Answers to the research questions presented in chapter 1.2 are formulated as followed:

e Are current models adequate for simulating self-regulating active chilled
beams?

o Current active chilled beam models accurately simulate the cooling
capacity and are adequate for sizing the system and simulating the
operation. This requires that empirical coefficients are determined at
operating conditions close to the intended use and that interpolation
over wide ranges is avoided.

o When implementing an active chilled beam model in a zone model,
induction of room air must be taken into account to accurately
determine the internal convection of the room. In addition, using the
supply air temperature as reference temperature when determining
convection at the ceiling tends to correspond better with reality.

e Are self-regulating active chilled beams able to provide thermal comfort in
Swedish office buildings?
o Self-regulating active chilled beams are capable of providing a stable
and uniform thermal climate in open-plan offices and meeting rooms.
In open-plan offices, this is facilitated by the natural mixing of air.
In meeting rooms, it is facilitated by additional air flow supplied for
indoor air quality reasons.

e What are the consequences of different design and operation of self-regulating
active chilled beams?

o Designing for higher chilled water temperature implies more uniform
and stable thermal climate. The drawback is larger required heat
transfer area.

o Operating with higher chilled water temperature implies better use of
free cooling, less risk of overcooling, less need for dew point control,
less thermal distribution losses and more induction of room air. The
drawback is less peak shaving.
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7 Future research

Following topics are suggested for future research.

Investigating possibilities and limitations of applying high temperature cooling
and specifically self-regulating active chilled beams in warmer regions. Global
impact of the benefits of this technology requires it to be installed where comfort
cooling demand is several fold higher than in Sweden. Key issues for such
investigation is humidity, cooling load variability and generation of cooling.

Investigating the magnitude of oversized active chilled beams in real buildings.
Oversizing, conventionally compensated for by the control system, is a possible
answer to why self-regulating system provide lower room temperatures than
expected. HVAC systems are generally oversized by compounding safety
factors at multiple levels in order to avoid problematic consequences of
undersizing. The feedback generated from such investigation would not only
lead to better design and performance of self-regulating active chilled beam
systems but also improved sizing of HVAC systems in general.

Investigating the economic consequences of applying high temperature self-
regulating active chilled beams. Not only the initial savings from avoiding a
certain amount of control valves, thermostats and pipe insulation (or thermal
distribution losses) versus the larger active chilled beams, but also savings
regarding maintenance of those components. The investigation may also include
a life cycle analysis, weighing larger heat transfer area against the savings they
enable.

Conducting a thermal comfort survey in an office building with self-regulating
active chilled beams. Objective measurements of thermal climate can only be
used as an indication of the perceived thermal comfort. The subjective perceived
thermal comfort of the occupants is more important and can only be identified
by a questionnaire based survey.

Investigating to what extent there is a discrepancy between theory and reality
regarding preferred thermal environment. Indoor air temperatures observed
during the work of this thesis are generally lower than suggested by standards
based on the PMV-theory. This is not limited to buildings with self-regulating
active chilled beams but may possibly be a general phenomenon in Swedish
office buildings. Whether this is true and in that case whether it is due to
erroneously assumed activity levels, clothing insulation or the theory itself,
would be very valuable input to HVAC designers.
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Appendix A

Figure Al, A2, A3 and A4 corresponds to Figure 7, 8, 10 and 11 respectively. The only
difference is the definition of the cooling load and the required heat extraction rate. In Figure
7, 8, 10 and 11, cooling load and required heat extraction rate are determined by the air
temperature. In Figure A1, A2, A3 and A4, the cooling load and required heat extraction rate
are determined by the operative temperature.
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Figure A1 Heat gain and cooling load at different fractions of radiation (left) and different thermal mass
(right).
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Figure A2 Heat gain, air temperature and heat extraction rate at three levels of temperature drifts.
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Figure A3 Heat gain and cooling load at different convective heat transfer coefficients
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Figure A4 Heat gain, air temperature and heat extraction rate at high convective heat transfer coefficients
and at three levels of temperature drifts.
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