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ENGLISH SUMMARY

Diffuse ceiling ventilation is an innovative ventilation concept where the suspended
ceiling serves as an air diffuser to supply fresh air into the room. Because of the large
opening area, air is delivered to the room with very low velocity and unfixed direction,
therefore named “diffuse’. Compared with conventional ventilation systems (mixing
or displacement ventilation), diffuse ceiling ventilation can significantly reduce or
even eliminate draught risk in the occupied zone due to the low momentum supply.
Moreover, this ventilation system uses a ceiling plenum to deliver air, which requires
much lower pressure drop than the full-ducted systems. There is a growing interest in
applying diffuse ceiling ventilation in offices and other commercial buildings because
of the benefits from both thermal comfort and energy efficiency aspects. However,
the present knowledge regarding the diffuse ceiling ventilation is very limited. It is
essential to investigate the possibility and limitation of diffuse ceiling ventilation
system and the parameters affecting the system performance.

By performing experimental studies in a room both with and without a diffuse ceiling,
it was observed that diffuse ceiling ventilation effectively reduces local discomfort
caused by draught, vertical temperature gradient and radiant temperature asymmetry.
In addition, the comfort limit of diffuse ceiling ventilation was investigated by the
design chart method. The results indicated that comfort requirements (such as draught
and vertical temperature gradient) do not have strong limitations on the ventilation
rate and the temperature difference between supply and return air. This characteristic
allows the diffuse ceiling ventilation to have a higher cooling capacity than the
conventional ventilation systems.

In addition to the stand-alone ventilation system, the potential to integrate diffuse
ceiling ventilation with a radiant ceiling system (TABS) was also explored by full-
scale experiments. In the integrated system, diffuse ceiling separates the TABS from
the rest of the room, which consequently changes the energy efficiency of TABS. The
measured results showed that diffuse ceiling ventilation plays a beneficial role on
TABS’ heating capacity. However, the cooling capacity was significantly reduced
compared with the stand-alone TABS system.

Designing a diffuse ceiling ventilation system is challenging due to a large number of
parameters encountered in practice. It is desirable to develop a numerical model to
study the impacts of different parameters on the airflow pattern and thermal
performance in the design stage. Two models were built and compared. One was a
simplified geometrical model, and the other was a porous media model. Each model
showed strengths and limitations. In order to provide an accurate prediction, two
models were coupled. The simplified geometrical model was used to determine the
radiative and convective heat transfers, and the results would provide necessary



boundary conditions for the porous media model for the detailed calculation on the
flow behavior.

The validated model was further applied to conduct a series of parametrical studies.
The numerical results proved that the airflow pattern is buoyancy controlled in the
room with diffuse ceiling ventilation. The buoyancy flow was influenced by the
location of heat sources and room geometry. From the aspect of thermal comfort, it is
preferable to apply diffuse ceiling ventilation in rooms with low height and with even
distributions of heat loads. On the other hand, the flow behavior in the room was not
entirely independent of the supply air flow. The supply air flow was determined by
the air distribution and thermal process within the plenum and the configuration of
diffuse ceiling panel. The parametrical analysis indicated that the low plenum height
and deep plenum deteriorated the uniformity of supply air flow and resulted in a higher
velocity level in the occupied zone.



DANSK RESUME

Diffus loftsventilation er et innovativt ventilationskoncept, hvor det ophangte loft
fungerer som luftdiffuser til forsyning af frisk luft i rummet. P4 grund af det store
loftsareal forsynes rummet med luften i meget lav hastighed og uden fast retning, deraf
navnet ’diffus’. Sammenlignet med konventionelle ventilationssystemer (blanding
eller fortreengningsventilation) kan diffus loftsventilation betydeligt reducere eller
helt eliminere risiko for treek i den beboede zone p& grund af den lave
fremdriftsforsyning. Desuden bruger dette ventilationssystem et loftsplenum til at
levere luften, hvilket kraever et meget lavere trykfald end systemer med komplet
udfarelsesgang og muligger ogsa brug af naturlig ventilation. Der er en stigende
interesse i brugen af diffus loftsventilation i kontorer og andre kommercielle
bygninger pa grund af fordelene fra bade termisk komfort and energieffektive
aspekter. Men den nuveerende viden omkring diffus loftsventilation er meget
begreenset. Det er essentielt at undersgge muligheden for og begransningen ved diffus
loftsventilation og de faktorer der pavirker systemets preestation.

Ved at udfgre eksperimentelle studier i rummet med og uden et diffust loft observeres
det, at diffus loftsventilation effektivt reducerer det lokale ubehag forarsaget af traek,
vertikal temperatur gradient og radiant asymmetri. Ydermere bliver komfortgraeensen
for diffus loftsventilation undersggt ved beregningsdiagram-metoden. Resultaterne
indikerer, at komfortkravene (sa som traek og vertikal temperatur gradient) ikke har
starre begransninger pa ventilationsraten og temperaturforskellen mellem forsynings-
og retur-luft. Disse karakteristika muligger en hgjere kaleevne for den diffuse
loftsventilation end ved de konventionelle ventilationssystemer.

Foruden det selvstendige ventilationssystem udforskes ogsd potentialet for at
integrere diffus loftsventilation med et termisk aktiveret bygningssystem (TABS) ved
hjelp af eksperimenter i fuld skala. | det integrerede system deles diffus
loftsventilation TABS fra resten af rummet, hvilket betyder &ndringer i
energieffektiviteten af TABS. De malte resultater viste, at den diffuse loftsventilation
havde en afggrende rolle i varmekapaciteten for TABS.

Det er udfordrende at designe et diffus loftsventilationssystem pa grund af et starre
antal parametre der indgdr i praksis. Det vil vare gnskeligt at udvikle en numerisk
model til at studere parametrenes indflydelse pa luftstramsmanstret og den termiske
preestation. To forenklede modeller blev udviklet og sammenlignet; den ene er en
forenklet geometrisk model og den anden en porgs medie-model. Hver model udviste
styrker og svagheder. For at kunne give en ngjagtig forudsigelse blev de to modeller
sammenkoblet, hvor den forenklede model blev brugt til at afggre den radiative og
konvektive varmeudveksling, og resultaterne ville give de ngdvendige forhold for den
porgse medie-model til en detaljeret beregning af luftstramsadfeerden.



Den validerede numeriske model blev yderligere brugt til at udfgre en serie af
parametriske studier. De numeriske resultater viste, at opdriftsstrammen spiller en
veesentlig rolle i luftstramsmgnstret i rummet med diffus loftsventilation.
Opdriftsstrammen bliver pavirket af varmekilders placering og rumgeometri. Ud fra
et termisk komfort-perspektiv foretreekkes det at tilfgje diffus loftsventilation i et rum
med lavt loft med en jevn distribution af varmebelastning. P& den anden side er
strammens adfeerd i rummet ikke fuldstendig afhaengig af forsyningsluftstrammen.
Den lave plenum hgjde and lange plenum la&ngde forringer ensartetheden af
forsyningsluftstrammen og gger hastighedsniveauet i den beboede zone.

VI
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CHAPTER 1. INTRODUCTION

1.1. BACKGROUND

In the European Union, buildings are responsible for approximate 40% of the total
energy consumption, which making buildings the largest ‘energy-using sector’. To
limit the expanding energy demand of buildings, EU launched the Energy
Performance of Buildings Directive (Directive 2010/31/EU) [1], which emphasised
the need to improve the energy efficiency and towards the goal of cutting overall
energy consumption and greenhouse gas emissions by 20% by 2020 compared with
1990 level. In order to comply this directive, Denmark introduced new energy
performance requirements BR10 in 2010 [2]. In addition to a general tightening by
25% of the energy performance frameworks compared with BR08 (2008), the new
building regulations introduced a classification system for low energy buildings, i.e.
low energy class 2015 and low energy class 2020 buildings, corresponding to a
reduction of 50% and 75% of the minimum requirement respectively. Therefore,
energy conservation becomes the most critical issue for building designer and
developer.

However, minimizing the energy use in buildings must not be achieved at the expense
of a comfortable and healthy indoor environment. An increasing number of studies
support that there is a strong relation between indoor environment and the occupants’
satisfaction and productivity. The investigation showed that the performance of office
work improves when the air quality is increased [3]. Study with an extended scope
revealed that the impact exists in not only the office, but also effects on the
performance of schoolwork by children [4]. Therefore, from the perspective of
occupants, the primary concern is to have a healthy and comfortable indoor
environment that satisfies most of the occupants.

Sometimes, there are conflicts between the strategies to minimize the energy use and
to create an acceptable indoor environment. For example, ventilation with cool
outdoor air is usually employed to remove internal heat load in the office buildings.
However, draught is a major complaint by using conventional ventilation systems,
such as mixing and displacement ventilation. To avoid draught risk in the occupied
zone, the supply air needs to be preheated before delivering to the room in winter or
part of transitional seasons, which considerably reduces the cooling capacity of
ventilation. As a result, the ventilation rate may increase many times larger than
necessary to provide adequate cooling. The large ventilation rate leads to significant
increases in both energy consumption and investment cost.
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The conflict is expected to be reduced or even eliminated by an novel ventilation
system, which is called diffuse ceiling ventilation. This ventilation concept is
characterized by air being supplied through a large area occupying entire or a
considerable part of the ceiling. Thus, the air is delivered to the room with very low
velocity and unfixed flow direction, therefore the name “diffuse’ [5]. This ventilation
system has been evidenced that it can reach a high cooling capacity by supplying cold
outdoor air directly but without compensating indoor comfort [5][6][7][8]. In addition,
the open space between suspended ceiling and ceiling slabs is employed as a plenum
to distribute air instead of ductwork systems. The pressure loss of this ventilation
system is much lower than the conventional ventilation systems, making it even
possible to be driven by natural ventilation [5][7][9]. On the other hand, diffuse ceiling
ventilation presents a high potential to combine with the night cooling strategy,
because the ceiling slabs typically are exposed to the supply air pathways, which
increases the efficiency of the thermal storage and improves the pre-cooling effect
[10]. This ventilation concept presents many potential opportunities on energy saving
and at the same time creating a comfortable indoor environment.

1.2. AIR DISTRIBUTION

_ Mixing ventilation
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ventilation ventilation
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Figure 1-1: Three-dimensional chart of different air distribution systems for cooling (a) High
location of supply opening (b) Low location of supply opening [11]

a,/A S
a/A T T

The pattern of air distribution in the room plays a decisive role in the ventilation
performance. The primary variables determined the air distribution include: operative
mode (heating or cooling), Archimedes number (or flow rate go and the temperature
difference between supply and return air ATo), the area ratio between the supply
opening ao and the surface it located A, and the location of the supply opening [11].
Based on these variables, Nielsen [11] introduced a ‘family tree’ to connect all types
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of air distribution systems, as described by three-dimensional charts in Figure 1-1.
The air distributions for non-industrial application are discussed below.

Mixing ventilation: The principle of mixing ventilation is to dilute the polluted and
warm room air with clean and cool supply air. The air is delivered into the room with
high initial velocity and generates a flow jet in front of the opening. The high
turbulence jet and the entrainment of surrounding air promote a good mixing and
create a uniform temperature and pollution distribution in the occupied zone, where
the ventilation effectiveness is close to 1. The mixing air distribution is controlled by
the momentum flow generated by the supply opening. In order to create a high
momentum flow, the opening needs to have a small area, where the area ratio ao/A is
typically less than 10-3. The supply opening must be located outside of the occupied
zone. Nielsen analyzed a wall jet model of mixing ventilation [12][13]. It was found
that the maximum velocity in the occupied zone is located close to the floor due to the
reverse flow. The amount of heat load removed by mixing ventilation is proportional
to the cube of the maximum velocity in the occupied zone, as expressed by Eq (1).
Therefore, in order to deal with high heat load, the mixing ventilation system must
provide a high velocity, which commonly results in a high risk of draught in the
occupied zone [14].

15,3
Q =35-10%KL$ (xi) tn Equation 1

Displacement ventilation: The basic idea of displacement ventilation is to replace
instead of mixing the fresh air with the polluted room air. The cool and fresh air is
supplied close to the floor and then rises into the occupied zone by the natural
buoyancy flow generated by the heat sources. Therefore, the airflow pattern in the
room with displacement ventilation is controlled by buoyancy flow. The supply
opening area is larger than that of mixing ventilation, where the area ratio ao/A is
typical 6x107 [11]. Displacement ventilation can provide better air quality than
mixing ventilation due to the stratification effect. However, the low location of the
supply opening results in the highest velocity and lowest temperature occur near the
floor. To avoid draught and cold feet, the supply air is introduced into the room with
at a low velocity (< 0.25 m/s) and moderate temperature (2-4 °C below room
temperature), which restricts the cooling capacity of the ventilation system [15]. Thus,
displacement ventilation is preferable to use in the situations where the air quality is
the major problem instead of surplus heat [16]. On the other hand, the vertical
temperature gradient is another concern in the room with displacement ventilation,
where the temperature gradient should be limited to 3 K/m to avoid discomfort. High
location of exhaust opening is required in this system. Displacement ventilation can
only apply for cooling purpose because short circuit will occur for the heating case.
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Diffuse floor inlet is a type of displacement ventilation where the area ratio equals to
1.0. Air is also introduced at floor level, but at a higher flow rate and greater
temperature difference are allowed. Care must be taken to avoid draught near the
opening.

Vertical ventilation: Vertical ventilation is a distribution system where the air is
supplied through a large ceiling mounted diffuser. The opening area ratio is around
3x102[11]. The air distribution in the room with vertical ventilation is mainly
controlled by the buoyancy flow. However, it also depends on the location of the
supply opening. The flow in the room will present a high mixing level when the supply
openings are located above the heat sources. On the contrary, a displacement effect
will occur when supply openings are located near the side wall. Due to the buoyancy
force play a dominant role in this ventilation concept, the draught is dependent on the
strength and location of heat sources. Vertical ventilation is suitable for the cooling
purpose, while stratification effect will take place in the heating case.

Diffuse ceiling ventilation could be regarded as a version of vertical ventilation, where
the air is supplied through the ceiling panels. The supply area covers most of the
ceiling or even the whole ceiling, where the area ratio ag/A is close to 1.0. The detailed
analysis regarding the diffuse ceiling ventilation will be addressed in this study.

1.3. THERMAL COMFORT CRITERIA

Before evaluating the thermal comfort in a ventilated room, it is necessary to specify
the area that the indoor environment requirements should be fulfilled. Based on EN
13779 [17], an occupied zone is defined that all the measurements regarding the
comfort criteria should be within this zone, where the dimension of the occupied zone
is demonstrated in Figure 1-2. The regions outside the occupied zone are not
guaranteed to satisfy the criteria.

Thermal discomfort can be related to the thermal balance of the whole body, but also
can be caused by unwanted cooling or heating of one particular part of the body, called
local discomfort. The thermal comfort evaluation presented in this study focuses on
the steady-state conditions, where the long-term evaluation is not taken into
consideration. Thermal comfort criteria are based on Category B, which is suitable
for the spaces like single and landscape offices, classrooms and conference rooms.
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Figure 1-2: Description of the occupied zone, unit (m) (a) Plan view (b) Vertical section

A predicted mean vote (PMV) model proposed by Fanger is commonly used to
evaluate the thermal sensation of the whole body [19]. This model is based on the heat
balance theory and predicts the thermal sensation as a function of people’s activity
and clothing, as well as environmental factors: air temperature, mean radiant
temperature, air velocity and humidity. The advantage of this model is flexible to
apply in the indoor environment with different HVAC systems and a wide range of
activity levels and clothing habits[19][20]. The PMV limit in this study is between -
0.5 to +0.5, corresponding to predicted percentage dissatisfied (PPD) less than 10 %.

Draught is the most common reason for local discomfort in ventilated or air
conditioned buildings, and is caused by air movement [21][22]. The occupants often
counteract the draught by stopping the ventilation systems or plug up the diffusers,
resulting in a poor indoor environment at the end. The risk of draught is evaluated by
the draught rate (DR), which expresses the percentage of people dissatisfied due to
draught. DR is not only determined by the local air velocity, but also influenced by
air temperature and turbulence intensity, as presented in Eq. (2). This model applies
to people with sedentary activity and with a neutral thermal sensation for the whole
body. In addition, the model is designed to predict the draught rate at the neck level,
and an overestimation is expected when predicts the draught at arms or feet level [23].

0.62

DR = (34 — ty,)(#,, — 0.05) (037 - ¥, - Tu+3.14) Equation 2

Besides the draught rate, maximum mean air velocity is also regarded as a design
criterion in the ventilated buildings. 1SO 7730 [23] and CR 1752 [22] provide the
maximum mean air velocities allowed in summer and winter conditions, while,
ASHRAE 55-2013[24] gives a limit on the mean air velocity based on the operative
temperature of 22.5 °C. Different standards are based on different assumptions on the
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air temperature and turbulence intensity, therefore, the tolerances on the air velocity
present slightly discrepancy (Table 1-1).

Table 1-1: Criteria related to draught [23][22][24]

Maximum mean air Maximum mean air Maximum mean air
Draught velocity velocity velocity ~ ASHRAE
rate 1SO 7730 CR1752 55-2013
Summer Winter Summer Winter Summer/Winter
<20% 0.19 m/s 0.16 m/s 0.22 m/s 0.18 m/s 0.2 m/s

In addition to draught, local discomfort can also be caused by vertical temperature
difference and radiant temperature asymmetry. Temperature differences between the
diffuse ceiling and the rest of the room surfaces are expected in the room with diffuse
ceiling ventilation. The radiant temperature asymmetry is estimated as the difference
between the plane radiant temperatures in two opposite directions. Compare to the
cool ceiling, people are more sensitive to the warm one, as indicated in Table 1-2.

Table 1-2: Local thermal discomfort limits [23]

Vertical temperature Radiant temperature asymmetry
difference between head
and ankles Warm ceiling Cool ceiling
<3°C <5°C <1l14°C

1.4. OBJECTIVE OF THE THESIS

Despite growing interest in diffuse ceiling ventilation, the knowledge and experiences
regarding this innovative ventilation concept are very limited. Further investigation
on a number of issues is needed to fully understand the possibility and limitation of
diffuse ceiling ventilation system.

The objectives of this study are to:

e Provide a critical review on the diffuse ceiling ventilation based on the
most current research results from both laboratory and field experiments as
well as numerical simulations. Discover the characteristic of diffuse ceiling
ventilation.
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e Evaluate the thermal comfort in a room with diffuse ceiling ventilation and
investigate the influence of the opening area of diffuse ceiling panels on the
system cooling capacity. A design chart method will be implemented to
explore the limits of the system in term of ventilation rate and supply air
temperature.

o Explore the potential to integrate diffuse ceiling ventilation with a radiant
ceiling system (TABS). Special attention will be drawn to whether the
integrated system can provide an energy-efficient and comfortable indoor
environment under different climate conditions.

e Develop a numerical model which can describe the flow behavior of diffuse
ceiling ventilation. In addition to simulating the flow in the conditioned
space, this model should also be able to predict the air distribution and
thermal process within the plenum.

o Identify the critical parameters with influence on the performance of
diffuse ceiling ventilation. Propose the optimal system solution based on a
series of parametrical analysis.

The investigation will be conducted by both full-scale experiments and numerical
modeling by CFD. This study focuses on the steady-state analysis, where the transient
flow situation and dynamic effect of thermal mass will not be taken into consideration.

1.5. THESIS OUTLINE

Chapter 1 presents the background and objective of this study, where the air
distribution principle and thermal comfort criteria are addressed.

Chapter 2 provides a literature review of the currently available studies and
applications of diffuse ceiling ventilation in the non-industrial buildings, where the
airflow pattern, type of diffuse ceiling supply, ventilation performance and the
characteristics are discussed.

Chapter 3 describes two full-scale experimental studies, one aims to discover the
comfort limit of the diffuse ceiling ventilation system, and the other one explores the
possibility and limitation to cooperate with a radiant ceiling system (TABS).

Chapter 4 proposes and compares two numerical models regarding the diffuse ceiling
ventilation. The validated model is applied to conduct a series of parametrical studies

on the selected design parameters.

Chapter 5 provides the general conclusions drawn from this study.
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Chapter 6 summarizes the limitations of the current study and recommends the future
research directions.

Appendix A-E contains publications during the Ph.D. study, included journal and
conference articles.



CHAPTER 2. LITERATURE REVIEW OF
DIFFUSE CEILING VENTILATION

2.1. ROOM AIRFLOW PATTERN

The airflow in the room with diffuse ceiling ventilation can be either momentum
controlled or buoyancy controlled, which depend on the Archimedes number. Based
on similarity principles, air distribution in a room with the fully developed flow can
be described by Archimedes number (4r ~ AT/g¢%), which represents the ratio between
buoyancy force and the momentum forces [11]. Figure 2-1 shows a design graph (go-
To) for a diffuse ceiling ventilation system with a whole ceiling supply (a¢/A =1).

AT,
a,/A=1.0

o 2!
Diffuse ceiling inlet £>> 1.0

Mixing flow
£~ 1.0

Clean room with piston flow

Figure 2-1 The airflow pattern in the room with diffuse ceiling ventilation and examples of its
application: office and clean room[11]

The lower right side of the graph defines the momentum driven flow. In this case, the

large ventilation rate is required (50-100 h) and the piston-flow takes place. The

momentum driven flow is specially utilized in clean rooms where high ventilation

effectiveness is expected. In addition, exhaust opening is required to place in the lower

zone.
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When the ventilation rate ranges from 1 to 5 h*, the airflow pattern is controlled by
buoyancy flow, and the ventilation effectiveness is close to 1, which could be regarded
as a mixing flow. “ This air distribution concept is suitable for buildings requiring
high cooling demand and high thermal comfort level, like offices or classrooms [25] .
In the thesis, attentions have been paid on buoyancy controlled pattern because of the
wide application potential.

2.2. DIFFUSE CEILING SUPPLY

The configurations of diffuse ceiling, for example shape, material and perforation
level, as well as the ceiling suspensions, have significant influences on the
performance of the air supply. Generally, we can divide diffuse ceiling supply into
three categories depending on the air path, as listed in Table 2-1 [25].

In the first category, diffuse ceiling is built by ceiling panels impenetrable to air [25].
The air is delivered only through the connection slots between the panels, called crack
flow. Micro-jets will be formed by this category of supply, and generate high local
entrainments. Consequently, the shape and location of connections potentially
influence the ventilation performance. The micro-jets may have high air velocity and
penetrate to 0.25 m down into the room. Therefore, it is recommended to keep a
minimum distance of 0.25 m from the occupied zone to the suspended ceiling, in order
to avoid draught at the head level [26].

The second category is composed of air permeable ceiling panels [25]. The air is
discharged through both perforations on the ceiling panels and connection slots.
Similar to the first category, high locate entrainments occur below the slots. The
proportions of crack flow and panel flow strongly depend on the connection profiles
and the perforation level. The first two categories of diffuse ceiling supply have
significant application potential because the acoustic ceiling panels can be directly
applied as air diffusers, which reduce the investment cost of the ventilation system.

The third category is called ‘Fully diffuse ceiling' [25]. This kind of diffuse ceiling
supply is built by porous material. Because it is not composed of ceiling panels, no
slot exists. The whole ceiling area is used to distribute air, thus, the air velocity
through diffuse ceiling diffuser is very low and without any micro-jet, therefore with
low local entrainment. The pressure drop of this category of supply could vary
considerably depending on the porous material, thickness, porosity, as well as coating
and painting layer, which will be discussed in Section 2.4.1.

10
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Table 2-1: Three categories of diffuse ceiling supply based on air path and examples [25]

Category

Description Ref.

s

High local entrainment

Impermeable
mineral wool
acoustic tiles
50 mm thickness [26]

v v

High local entrainment

Impermeable

aluminium lamellas

15 mm mlne_ral [27]
wool acoustic

plates above

lamella

Aluminium

acoustic tiles

0.6 mm thickness

Circle perforation:

@ =2.5 mm, pitch [28]
5.6 mm

Perforation level

16.2%

Gypsum acoustic

tiles

12.5 mm thickness
Hexagon

perforation: [28]
@ =11 mm, pitch

20 mm

Perforation level

17%

Large perforations:

@ =25 mm, pitch

300 mm [8]
Perforation level

0.5%

DAL

Low local entrainment

Small perforations:

12 x 12 mm?, pitch

25 mm [8]
Perforation level

18%

Perforated structure
Three layers:

base layer
25 mm diffusive [18]
layer [29]

3 mm paint layer
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2.3. THERMAL COMFORT AND INDOOR AIR QUALITY

Thermal comfort and indoor air quality are the two crucial factors to evaluate a
ventilation system. The thermal comfort parameters include vertical air temperature
difference, draught rate and radiant asymmetry. Indoor air quality is evaluated by
ventilation effectiveness and air exchange efficiency [25].

2.3.1. VERTICAL AIR TEMPERATURE DIFFERENCE

Table 2-2 presents the vertical temperature differences (0.1-1.1 m above the floor)
obtained from several studies. The temperature difference in the cooling cases ranges
from 0.1-1.0 °C, depending on the different boundary conditions in the experiments,
such as heat loads, flow rates, supply air temperature and diffuse ceiling
configurations. These results show that diffuse ceiling ventilation provides a good
mixing between supply air and room air, and the occupants experience no discomfort
caused by the vertical temperature difference. However, in the heating case, which
demonstrates an unoccupied situation, a high temperature difference up to 2.5 °C was
observed. This is due to the low-momentum supply flow can not generate sufficient
mixing in the room without the presence of heat sources. Nielsen [26] recommended
using convector or floor heating to support heating the room with diffuse ceiling
ventilation.

Table 2-2: Vertical air temperature difference between head and ankles (0.1-1.1 m)

Reference Condition Temperature difference [°C]
[26] Cooling 0.2-1.0
Heating 0.5-2.5
[27] Cooling 0.3
[28] Cooling 0.5
[18] Cooling 0.1-0.7

Note: Detail information regarding test conditions can be found in Paper 1[25]
2.3.2. DRAUGHT RATE

Diffuse ceiling ventilation has been proved to have lower draught risk compared with
the other conventional ventilation system. Nielsen et al. [6], Fan et al. [27] and Hviid
et al. [5] demonstrated that this ventilation system is able to maintain a draught free
environment even with a low supply air temperature.

Figure 2-2 demonstrates the relation between air flow rate and DR, as well as the
effect of other design parameters, such as room height and heat load distribution. It

12
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was observed that DR in the occupied zone does not strongly depend on the air flow
rate. While the air flow rate increases from 0.05 m®s to 0.3 m%s, the DR only
increases less than 5%. This result explains well that the air distribution in the room
is not dominated by the supply air flow. However, it is influenced by other parameters.
By comparing the DR in the rooms with three heights (2.5 m, 4.1 m and 4.4 m), it can
be concluded that the increase of room height results in an increase of the DR in the
occupied zone. The DR is below 15% within 2.5 m room, while it is above the limit
of 20% when the room is 4.4 m height.

30

25 | __-—-"""""’-:_ L e Height 2.5 m _
X 20 F //” —» e Height4.1 m
% - /,.//./
14 | .’/
= 15 E——E Height 4.4 m
[=) /——r"’
3 —"®
5 10 | T L

Evenly distributed
5
* One side
0
0 005 01 015 02 025 03 035
Flow rate [m3/s]
Figure 2-2: Draught rate vs. flow rate with different design parameters[18][30]
Table 2-3: Design parameters and test conditions

References Design parameters Heat load

[30] Room height 454-497 W or 16-18 W/m?

[18] Heat load location 2000 W or 72W/m?

The effect of heat load distribution can be observed in Figure 2-2. The buoyancy flow
generated by heat sources determines the airflow pattern in the room and consequently
determines the draught rate. Even distribution of heat sources provides a more
comfortable environment than that located on one side. Finally, by comparing these
two studies, it is clear that [18] gives a high draught environment than [30]. This can
be attributed to the high heat load in [18], which is approximate four-time of that in
[30], see Table 2-3. The intense buoyancy flow above the heat sources creates a strong
air movement in the room and increases the draught risk.

13
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2.3.3. RADIANT TEMPERATURE ASYMMETRY

(@) Al ceiling (b) Gyp ceiling

Figure 2-3: Thermovision of Al ceiling and Gyp ceiling [5]

People may experience discomfort due to the temperature differences between room
surfaces, named radiant temperature asymmetry. The temperature differences
between diffuse ceiling and other enclosure surfaces are determined by supply air
temperature and the materials of ceiling panels. The ceiling panels with high thermal
conductivity may increase the temperature asymmetry. For example, Figure 2-3
shows the thermal image of the aluminum (Al) ceiling and gypsum (Gyp) ceiling[5].
When the supply air temperature was -3 °C, Al ceiling had a surface temperature of
14 °C, while that of Gyp ceiling was about 16 °C. Although the low ceiling
temperature will not generate discomfort due to radiant asymmetry, there is a
condensation risk if the surface temperature is below dew point temperature. Radiant
asymmetry is also influenced by the heat load condition. By conducting the tests under
different heat load conditions, the radiant asymmetry ranged from 1.5 to 8.4 K was
observed by Chodor et al. [18], where the lowest temperature asymmetry occurred
when lighting was the only heat source in the room.

2.3.4. INDOOR AIR QUALITY

The indoor air quality can be evaluated by ventilation effectiveness and air exchange
efficiency [25]. Ventilation effectiveness represents the ability of a ventilation system
to remove air-bone contaminants from the occupied zone, expressed by Eq. (3) [12]:

&= Cr—Co

= Equation 3
COC_CO

“The ventilation effectiveness is determined by the air distribution and the location of
the pollution sources in the room. A complete mixing of air and pollutants will result
in the ventilation effectiveness equals to one. The ventilation effectiveness can be
measured by tracer gas method. Fan et al. [27] mentioned that the ventilation
effectiveness in the breathing zone is around 0.9 to 1 by diffuse ceiling ventilation.

14
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These results correspond well with the other studies [26][18][31], which mean the
room equipped with diffuse ceiling can generate good mixing in the occupied zone by
the convective flow. Furthermore, the results indicated that ventilation flow rate has
a limited influence on ventilation effectiveness in case of non-isothermal load [25].”

Another index is air exchange efficiency, which indicates the ability of a ventilation
system to exchange the air in the room. It can be expressed by Eq. (4) [5]:

€t = ::” X 100% Equation 4
The actual air change time 7,- can be derived from the room mean age of air (z) by [5]:
T, = 2(T) Equation 5

“The air exchange efficiency is dependent on the air distribution system in the room,
the geometry of the room and location of heat source, but it is not dependent on the
location of the contaminant sources. Hviid et al. [5] investigated the air exchange
efficiency, and the results support the good mixing finding as mentioned above. On
the other hand, no evidence indicated there is any stagnant zone or short-circuiting
ventilation in the room [25].”

2.4. CHARACTERISTICS OF DIFFUSE CEILING VENTILATION
2.4.1. PRESSURE DROP AND ITS EFFECT

The air transport power is determined by the pressure drop of the system. It is desirable
to decrease the pressure drop of ventilation systems, which is possible to avoid noise
problem and at the same time save the power consumption of the fan. Most of the
studies pointed out that diffuse ceiling ventilation has the advantage of low pressure
drop [5][27].

The low-pressure drop of diffuse ceiling ventilation is caused by two reasons. First of
all, suspended ceiling panel is employed as air diffusers, which requires significantly
lower pressure drop than the conventional diffusers. Figure 2-4 illustrates the pressure
drop across the diffuse ceiling as a function of air flow rate. “ A significant variance
on pressure drop can be observed for different types of diffuse ceiling. Diffuse ceiling
supply cargorey 1 (mineral wool ceiling, Al lamella ceiling) and category 2 (Al-16
and Gyp-17 ceiling) present very low-pressure drops of less than 5 Pa when flow rate
ranges from 1-10 I/s.m?. However, the pressure drops across ‘fully diffuse ceiling’
(FDC) show a big variation 5-70 Pa when the airflow rate is 20 I/s.m?. The large
range of the pressure resistance of ‘fully diffuse ceiling’ is attributed to different

15
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thicknesses and different types of diffusive layer, as well as the coating and paint
layers. Most of ‘fully diffuse ceiling’ samples show higher pressure drop than the
other types of diffuse ceiling supply. [25]”

On the other hand, connection profile plays an important role in the pressure drop. As
illustrated in Figure 2-4, the single mineral wool panel presents a large resistant to
airflow, which is almost air impermeable. The pressure drop reaches 74 Pa when the
air flow rate is 8.5 I/s.m?. However, the pressure drop of the mineral wool ceiling
system is decreased to 5 Pa at the same flow rate. The large difference between the
single panel and the whole ceiling is because almost of the air flow discharges through
the connection slots but not the ceiling panels [25].

100

— —e- - Single mineral wool panel
——e—— Mineral wool ceiling
——eo—— Alu lamella ceiling
——o—— Alu-16 ceiling

—o—— Gyp-17 ceilin
10 yp ¢}

—=e—— FDC Samplel
—=e—— FDC Sample 2

FDC Sample 3
——e—— FDC Sample 4

Pressure drop [Pa]

1 ——e—— FDC Sample 5
FDC Sample 6
/ FDC Sample 7
FDC Sample 8

FDC Sample 9

0 1 1 FDC Sample 10
0 1 10 100

Volume airflow rate [l/(s.m?)]

Figure 2-4: Pressure drop for different diffuse ceiling types [5]1[9]1[18]1[271[32]
Table 2-4: The diffuse ceiling types used in pressure drop measurements

References Diffuse ceiling supply
[27] Al lamellas
[5] Al-16 (open area 16%)
Gyp-17 (open area 17%)
[18][32] ‘Fully diffuse ceiling’ by porous material
[9] Mineral wool panels and ceiling

16
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Secondly, plenum is a primary air distribution route for diffuse ceiling ventilation.
The use of plenum eliminates the need of ductwork, and the large size of the plenum
creates a little restriction to the air flow. Consequently, the amount of pressure
required to deliver air by diffuse ceiling ventilation is much lower than that required
by the conventional ventilation system. Therefore, the influence factors of diffuse
ceiling pressure drop include: diffuse ceiling panels, air tightness of connections,
suspension systems and plenum configuration.

The pressure loss through the air distribution system is a dominant parameter of
energy consumption of fans. “P Jacobs et al. [7] described two field studies of the
classroom with diffuse ceiling ventilation systems. By comparing with traditional and
modern ventilation systems for schools in Netherlands [33], they found out the specific
fan power (SPF) and energy cost of diffuse ceiling ventilation systems was
considerably lower than other ventilation systems [25] . The low-pressure drop even
makes the system possible to be driven by natural ventilation. For example, in the
typical Danish climate, the annual mean wind speed is about 4.4 m/s, providing a
pressure difference above 3.5 Pa in building with natural ventilation [34]. This
pressure difference is sufficient to drive the airflow into the conditioned space with
diffuse ceiling supply.

However, the low pressure drop of the diffuse ceiling panels may result in a problem
of reverse flow. The reverse flow may raise hygiene problem, and the humid and warm
airflow forced back into the plenum may cause condensation on the surfaces of
suspended ceiling panel and concrete slab. The situation will even deteriorate when
the thermal plume from heat sources is strong. Reverse flow can be examined by tracer
gas method, where trace gas is dosed in the conditioned space and the concentration
of tracer gas in the plenum is measured after reaching the steady—state. The plenum
concentrations need to compare with background level to evaluate whether the reverse
flow exists or not [28][35].

2.4.2. THE EFFECT OF PLENUM AND SUSPENDED CEILING

Distributing air by an overhead plenum is an important feature that distinguishes
diffuse ceiling ventilation from the fully-duct ventilation systems. The plenum needs
to keep a positive static pressure to the conditioned space in order to drive the plenum
air through diffuse ceiling supply.

The thermal process within the plenum is more complicated than that in the ducted
system. As the air traveling through the plenum, it directly contacts with the concrete
slabs and suspended ceiling, which leads to heat transfer to or from the air depending
on the air-surface temperature difference and ventilation rate [25]. It is desirable to

17
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design a plenum which can provide an even air distribution through the diffuse ceiling
supply from both quantity and quality (temperature) aspects. The air distribution in
the plenum is determined by plenty of design parameters, including plenum inlet,
plenum dimension and shape, obstructions within the plenum, etc. [36][37]. Currently,
the researches regarding the ceiling plenum are very limited, and no comprehensive
design guideline is available. Therefore, one of the objectives of this study is to
investigate the effect of these design parameters and propose an optimized plenum
design solution.

Diffuse ceiling ventilation presents a high potential to combine with night cooling
strategy. The ceiling slabs are exposed to the supply air pathway, which may increase
the efficiency on removing the heat stored in the thermal mass and improve the pre-
cooling effect. The night-cooling potential of diffuse ceiling ventilation was
investigated by Hviid [10] by comparing it with conventional mixing ventilation.
Simulation results demonstrated that diffuse ceiling ventilation enables additional
cooling potential by activating the thermal mass of the ceiling slabs. However, this
study was conducted by numerical modeling and it neglected the heat transfer from
the room side to the plenum. The effect of diffuse ceiling ventilation on the energy
efficiency of thermal mass requires further investigation by experimental study.

2.4.3. RADIANT COOLING POTENTIAL AND CONDENSATION RISK

Different from centralized air terminals, diffuse ceiling supply shows a radiant cooling
potential because of the large supply area and low surface temperature [28][18][25].
Therefore, a portion of sensible heat load is removed by radiative heat transfer
between cold diffuse ceiling surface and the rest of the room. The radiant cooling
potential strongly depends on the properties of diffuse ceiling panel. Ceiling panel
with a higher thermal conductivity is easy to reach a lower surface temperature and
therefore a higher radiant cooling potential, as discussed in Section 2.3.3.

“Since the diffuse ceiling has the radiant cooling potential, condensation becomes a
problem facing by this system. In a humid climate, the suspended ceiling surface can
form condensation easily if humidity is not properly controlled [25].” Condensation
will impact the visual perception and the function of the diffuse ceiling as air
diffusers.The ceiling surface grows wet dirty and microorganism so that disease
breeds heavily, and drop water from the ceilings forming the “Office Rain” [38].

In the humid climate, approximately 50% - 80% of the moisture load in the office
buildings is from the outdoor air [39]. On the other hand, the extra latent load
generated by the occupants has the risk to create a condensation problem [40]. The
condensation will deteriorate by the reverse flow, where the humid and warm room
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air is pushed back to the plenum and condenses on the the diffuse ceiling surface,
causing early failure [25].

“The supply air temperature needs to be carefully controlled to ensure the diffuse
ceiling surface temperature is above the dew-point temperature of the ambient air.
Usually, the surface temperature should not be lower than 15 °C to make sure that the
indoor air temperature is maintained within the comfortable range. Moreover, it is
necessary to control the pressure of the plenum properly and carefully design of the
plenum and suspended ceiling to avoid the reverse flow [25] ”. Finally, the risk of
condensation is possible to be reduced if the suspended ceiling is made of moisture
absorbent materials, for example, wood-cement board. The absorbent materials can
serve as a humidity buffer and give a substantial stability to the indoor relative
humidity if transient moisture situation occurs.

2.5. CONCLUSION
Several conclusions could be drawn in this chapter:

e The air movement in the room with diffuse ceiling ventilation can be either
driven by buoyancy flow or momentum flow, which depends on Ar number.
The buoyancy controlled pattern presents a large potential to apply in the
commercial buildings (offices or classrooms) because of the ability to handle
high heat loads and high ventilation demand without generating discomfort.

e The diffuse ceiling supply can be seperated into three categories based on the
air pathway: air supply through connection slots, through perforated ceiling,
and through both connection slots and perforated ceiling. Micro-jets and high
local entrainment may take place below connection slots, because of the
relatively high air velocity. A minimum distance of 0.25 m should be kept
between the diffuse ceiling to the occupied zone, to avoid draught risk at the
head level. The supply area of diffuse ceiling inlet is more flexible than
conventional air diffuser, which could take up the entire ceiling area or a part
of the ceiling.

e Because of the low momentum supply from the diffuse ceiling, the mixing
level in the room is determined by the buoyancy flow created by the heat
sources. With the help of the buoyancy flow, low temperature gradients can
be reached, and the ventilation effectiveness is as good as mixing ventilation.

o Diffuse ceiling ventilation can provide a low draught environment compared
with the conventional ventilation systems. The draught rate in the occupied
zone is not strongly determined by the ventilation rate, but depends on the
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heat load conditions, like the geometry, intensity and location. The room
height also has significantly impact on the draught rate.

e The diffuse ceiling can obtain a lower surface temperature than the
surrounding surfaces, depending on the supply air temperature and the
material of ceiling panel. The radiant temperature asymmetry will not result
in discomfort but will provide a radiant cooling potential. However, the
ceiling surface temperature should be kept above dew point temperature to
avoid condensation risk.

e The low pressure drop of diffuse ceiling ventilation attributes to two reasons.
First, the suspended ceiling as diffuser requires much lower pressure drop
than the conventional air diffusers. Second, the use of plenum to distribute
air eliminates the need for ductwork and creates a little resistance to the
airflow. The low pressure drop of diffuse ceiling ventilation system reduces
the energy use of fan and even makes the system able to be driven by natural
ventilation.

e The air distribution in the plenum enables the air to directly contact and
therefore to have heat exchange with the thermal mass of ceiling slab and
diffuse ceiling panel. The plenum configurations have an impact on the air
distribution in the plenum and further impact the air distribution in the
conditioned space. Further study should be conducted to find out the critical
design parameters and optimize the system solution.

For further information, please refer to Paper 1: “Diffuse ceiling ventilation: a
review.”
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CHAPTER 3. EXPERIMENTAL STUDY
OF DIFFUSE CEILING VENTILATION

The studies of ventilation systems mainly use two approaches: experimental and
numerical studies. Experimental studies are typically carried out in climate chambers
with certain boundary conditions. There are also some monitoring studies that
measure the system performance under real operating conditions. The present thesis
includes two sets of full-scale experiments in a climate chamber. The first set of
experiment focus on the performance of diffuse ceiling ventilation combined with a
radiant ceiling system, which aims to evaluate the impact of diffuse ceiling ventilation
on the energy performance of radiant ceiling and indoor thermal comfort. The second
set of experiment investigates the stand-alone diffuse ceiling ventilation system,
which focus on the comfort limit of the ventilation system and the impact of the
opening area of diffuse ceiling supply on the system cooling capacity. The second set
of experiments was performed by Martin H. Kristensen and Jakob S. Jensen, and the
author conducted the interpretation and analysis of the results.

3.1. DIFFUSE CEILING VENTILATION WITH A RADIANT CEILING
SYSTEM

3.1.1. INTRODUCTION OF THE INTEGRATED SYSTEM

One of the limitations of natural ventilation is that it strongly depends on the outdoor
climate. An additional heating and/or cooling system is required when natural
resources are insufficient to maintain an acceptable indoor environment, for example,
in winter or extremely summer. Based on the heat transfer mechanism, the heating
and/or cooling systems can be classified into two categories: air based (or convective)
and radiant systems [41]. Different from the all air-based systems, which transfer heat
mainly by convection, radiant systems can transfer heat partly by radiation with the
rest of the room surfaces and partly by convection with the indoor air. Therefore, it
could provide a more comfort environment and is able to make use of low-grade
energy [42][43][44].

Thermally activated building system (TABS) is an innovative heating and/or cooling
system, with the hydronic pipes embedded in the concrete building construction [45].
By taking advantage of high thermal inertia of concrete slabs, TABS can shave the
peak load and transfer some of the heating or cooling load beyond the time of
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occupancy. At the same time, the big surface allows significant heat exchange even
with a slight temperature difference between the concrete slabs and the space. This
feature enables the energy system to run efficiently and even makes it possible to use
some low grade energy resources, for example, groundwater, heat pump and solar
collectors[44][46] [47].

A schematic diagram of the integrated system is shown in Figure 3-1. In this system,
the outdoor air is supplied into a ceiling plenum, which is the space between ceiling
slabs and suspended ceiling. As the air distributing in the plenum, it is gradually
warmed up or cooled down by the TABS. The conditioned air is then delivered into
the room through the perforations and/or slots in the suspended ceiling panels. The
harmony of these two techniques is the key issue of the integrated system. Normally,
the TABS is required to operate with a large surface expose to the space. However, in
this system, the diffuse ceiling covers the TABS and consequently affects the heat
transfer between the TABS and the rest of the room [48].

Water pipes Concrete slab

Diffuse
ceiling

Te

Figure 3-1: Schematic diagram of the system combining diffuse ceiling ventilation and TABS

The following sections describe the experimental study of the integrated system,
based on Paper 2 [48]. The effect of diffuse ceiling ventilation on the TABS’ heating
and cooling capacity is investigated, at the same time, the thermal process within the
plenum and its impact on the indoor comfort are also evaluated.

3.1.2. EXPERIMENTAL DESCRIPTION

3.1.2.1 Test facility

The experiments were conducted in an environmental chamber located in the
laboratory of Aalborg University, Denmark (Figure 3-2 a). The environmental
chamber consisted of two parts: a climate chamber simulating the outdoor
environment and a test chamber simulating a two-floor office building, as illustrated
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in Figure 3-2 (b). The test chamber included three subzones: the lower zone simulated
a typical office with an inner dimension of 4.8 m x 3.3 m x 2.72 m; the upper zone
represented the upper floor office and was used to study the TABS’ thermal
performance; a surrounding zone enclosed the lower and upper zone and eliminated
the heat transfer from the outside [48] .
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Figure 3-2: Environmental chamber (a) Photo (b) Vertical section [48]

The two chambers were separated by a fagade with two glazing areas [48]. The lower
glazing area, with three panels and overall dimensions of 2.4 m x 1.4 m, was shut
down during the measurements; while the upper glazing area, with three panels and
overall dimensions of 2.4 m x 0.35 m, was opened to function as plenum inlets. The
plenum inlet kept a geometrical opening area of 0.0207 m? (0.01 m x 0.69 m x 3
panels) during the measurements. The exhaust was placed at the lower corner of the
fagade with 160 mm diameter. A fan connected to the exhaust opening and
recirculated the exhaust air into the climate chamber. The recirculated air was re-
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supplied into the plenum after treating by the AHU. The effective heat transfer
coefficient of the facade was tested to be 0.61 W/m?2.K based on 1SO 8990 [49].

The lower zone and upper zone were separated by the TABS. The TABS consisted of
four hollow-core concrete slabs and each slab had a dimension of 3.56 mx 1.197 m x
0.2 m. The water carrying pipes were with a diameter of 20 cm and embedded 4 mm
above the lower surface to ensure a quick thermal response. There was a layer of 50
mm insulation above the concrete slab to reduce the heat transfer to the upper floor.
The water circuit of the TABS was connected with a chiller and an electric-heater,
and operated with a controlled temperature and flow rate (Figure 3-9) [48].

3.1.2.2 Diffuse ceiling and its properties

The tested diffuse ceiling was made by wood-cement panels. These panels were air
permeable and typically used for the acoustic purpose, as shown in Figure 3-3 (a) [50].
Each ceiling panel had a dimension of 35 mm x 600 mm x1200 mm. The physical
properties of wood-cement panel are present in Table 3-1.

Table 3-1: Properties of wood-cement panel

Specific heat

Density Conductivity capacity Porosity
kg/m3 W/m.K Jikg.K %
359 0.085 932.31 65%

The ceiling panels were positioned 0.35 m below the ceiling slabs and separated the
test chamber into a ceiling plenum and a conditioned space. The panels were installed
by C-profile suspension system with a non-overlapping layout, as shown in Figure
3-3 (b) (c) [50]. Therefore, the air discharged through both ceiling panels and slot
opening was expected.
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Suspension

" / profile

Acoustic

panel

(b)
Figure 3-3: Description of the tested diffuse ceiling system (a) Wood-cement panel (b)
Suspension system (c) Diffuse ceiling set-up [50]

3.1.2.3 Measurements

The measurements were performed under 12 cases with various boundary conditions
(climate, heat loads, TABS operating mode), detailed information regarding test
conditions can be seen in Table 3-2 [48]. The cases without diffuse ceiling were
employed as references. It needs to be noticed that the TABS water supply
temperature was lower than the dew-point temperature in some summer cases and
resulted in condensation problem. Operating at such low temperature aimed to
identify the application limits, but did not represent the practical situation [48].

The internal heat load conditions refer to Paper 2 [48]. “ The test room was set up to
represent a two-person office, as presented in Figure 3-4 (a). The layout included two
desks with two computers (55W and 45 W), two monitors (16 W and 21.5 W) and
two task lamps (54 W and 59 W). Two persons were simulated by thermal manikins
(100 W each). To simulate the heat gain by solar radiation, an electric carpet (464 W)
was placed on the floor close to the window (Figure 3-4 (b)). The total heat load in
the test room without solar radiation was 450.5 W (28.4 W/m?), while it with solar
radiation was 914.5 W (57.73 W/m?).”
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Table 3-2: Test conditions [48]

Air Supply air TABS water TABS Diffuse
Case change temperature Heat load supply water ceiling
rate temperature  flow rate
ht °C w °C m%/h
1 2 -7.1 450.5 36.38 1345
2 2 9.21 450.5 - - -
3 2 23.82 450.5 17.29 140 -
4 4 -6.87 914.5 38.91 208 -
5 4 8.92 9145 , - -
6 4 23.89 914.5 10.95 273 -
7 2 -6.87 450.5 30.89 136 Y
8 2 9.46 450.5 - - Y
9 2 24.1 450.5 8.1 221 Y
10 4 -7.23 914.5 35.63 138 Y
11 4 9.41 9145 - - Y
12 4 24.07 914.5 4.27 294 Y

(b)

Figure 3-4: Heat sources in the test room (a) Two workplaces (b) Electric carpet [48]

Measurement sensors and locations are described below, refer to Paper 2 [48]:

e  Temperature: In total, there were 115 K-type thermocouples used to monitor
temperatures, with an accuracy of + 0.15 K. The temperatures were logged
by Helios data logger connected to an ice point reference.

o Air temperature: The vertical temperature profiles in the test room were
measured by three movable columns. In each column, there were seven
thermocouples mounted in different heights and the heights were
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distinguished between the cases with and without the diffuse ceiling, see
Figure 3-5. To measure the temperature distribution in the horizontal
direction, each column changed four positions during the measurements. In
total twelve columns have been measured in the test room, as indicated in
Figure 3-6. In the cases with the diffuse ceiling, nine thermocouples were
evenly distributed in the plenum to measure the plenum air temperature,
see Figure 3-7. Beside the air temperatures in the test room and plenum,
the air temperatures in the other zones (climate chamber, upper zone and
surrounding zone, laboratory) were also measured.

o Operative temperature: Based on the literature [51][52], a grey sensor of 3-
5 cm diameter is the best option to measure the operative temperature. In
this study, the operative temperature was measured by thermocouples
positioned in the grey spheres with a diameter of 4 cm. The sensors were
placed at the heights of 0.1 m, 0.7 m and 1.1 m and measured in four
positions (A-2, B-2, C-2, and D-2). The average value was used as the
operative temperature in the test room.

o Surface temperature: The surface temperatures were measured by thin
thermocouples mounted with thermally conductive paste. Beside internal
wall surface, the surface temperature of concrete slabs and diffuse ceiling
panels were also measured (Figure 3-8, Figure 3-9).

o Water temperature: TABS water temperatures were measured at 5 points
along the water pipes. For each slab, the water supply and return
temperatures were measured in order to calculate their cooling or heating
capacity (Figure 3-9).

e Velocity: Air velocities were measured by hot sphere anemometers with the
accuracy of £0.01 m/s +5% of reading. In total 19 anemometers were used to
measured air velocity in the occupied zone and plenum, see Figure 3-5 and
Figure 3-7. Velocities were logged by Dantec multichannel flow analyzer type
54N10.

e Flow rate: The air flow of the ventilation system was measured by an orifice
plate connected to the exhaust fan. The pressure drop across the orifice plate was
measured by a micromanometer. The accuracy of the air flow rate was + 5%.
The water flow rate through the TABS system was recorded by Brunata energy
meter type HGQ1 with an accuracy of * (2 + 0.02q,/q). Both the flow rate and
supply and return water temperatures were logged by specific LabView interface.

e Pressure difference: The pressure drop of the diffuse ceiling was measured by
FCO510 micromanometer (accuracy + 0.25%) by placing sensors in both the
plenum and lower zone, see Figure 3-7.

e Humidity: The indoor humidity was measured by HIH-4602 humidity sensor
located in the middle of test room, with an accuracy * 7.5%.
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In order to reach high accuracy, all the sensors were calibrated before performing the
real measurements. All the measurements were conducted under steady-state. The
indoor conditions took 2-4 days to reach stable depending on whether the diffuse
ceiling panels was installed or not. Data were recorded every 10 s, for at least 6 hours
after stabilization.

» Tempergiure
® Velooity

Figure 3-5: Temperature and velocity
sensors in the columns [48]
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Figure 3-6: Plan view of the test room and
location of the columns [48]

Figure 3-7: Measurement sensor locations in the plenum [48]
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3.1.3. COMPARISON OF THERMAL COMFORT

The vertical temperature profiles are presented in Figure 3-10, where the air
temperature at each height was the mean value at twelve locations [48]. In the cases
without diffuse ceiling, large temperature gradients were observed in the winter
conditions, for example, Case 1 and Case 4. The large temperature gradients were
because of the insufficient mixing between room air and supply air. The cool supply
air quickly dropped to the floor by attaching the facade, while the warm room air
stagnated near the ceiling. The temperature stratification restricted the heat exchange
between the heated ceiling and the space, which is a common reason that the heated
ceiling is less efficient than cooled one [54]. On the contrary, diffuse ceiling
ventilation eliminated the temperature gradients. The cool supply air was distributed
in the plenum and preheated by the heated ceiling. Therefore, the conditioned air was
delivered to the room with a moderate temperature and very low velocity. Moreover,
the convective flow generated by the heat sources improved the mixing level, making
the airflow pattern in the room was comparable to mixing ventilation [48].

Although diffuse ceiling ventilation presented a remarkable advantage on reducing
the temperature gradients, a risk of overheating was observed in summer or even
transition seasons. The room with diffuse ceiling were approximately 2-3 °C warmer
than those without diffuse ceiling. As a matter of fact, diffuse ceiling acted as a layer
of insulation between the TABS and the room and restrained the heat exchange
between the two zones [48]. Detailed analysis on the energy performance will be
described in the following section.
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Figure 3-10: Vertical air temperature gradients (a) Cases without diffuse ceiling (b) Cases
with diffuse ceiling [48]

Draught is one of the major concerns in the room with ventilation systems. The
draught rate was evaluated at 0.1 m height at four critical locations ( locations refer to
Figure 3-6), as illustrated in Figure 3-11. First of all, diffuse ceiling ventilation
significantly reduced draught in the occupied zone, especially in winter. The
maximum draught rates decreased from 24% to 9% with the help of the diffuse ceiling.
The ventilation system itself did not generate draught because of the low impulse flow
through diffuse ceiling supply. In addition, the preheating effect of plenum further
reduced the draught risk in the occupied zone [48].
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Figure 3-11: Draught rate at ankle level (a) Cases without diffuse ceiling (b) Cases with
diffuse ceiling [48]

By comparing the draught at four critical locations, it can be observed that the highest
draught rate moved A-2 to D-2 while increasing the supply air temperature. The
tendency was significant in the cases without diffuse ceiling but also showed in the
cases with diffuse ceiling. This can be explained by that the jet flow in the plenum is
strongly depended on the supply air temperature, where the warm air can travel deeper
while the cold air will drop immediately. This results further proved that diffuse
ceiling did not provide a uniform air distribution through the entire ceiling area, which
was determined by the supply air temperature and TABS operating modes [48].

People may feel discomfort due to the temperature difference between the room
surfaces. It is essential to evaluate the asymmetry when TABS operates as a heated or
cooled ceiling. For the cases without the diffuse ceiling, occupants directly exposed
to the TABS surface. Discomfort is observed when TABS was activated as a heated
ceiling. The asymmetries reached 4.5 °C and 5.9 °C in Case 1 and Case 4, which was
close or even above the limit of 5 °C by ISO 7730 [23]. However, the discomfort was
eliminated by using the diffuse ceiling. Instead of exposure to the conditioned space
directly, the TABS was covered by ceiling panels and the radiation effect was
weakened considerably. No discomfort was observed when TABS operated as a
cooled ceiling, regardless with or without the diffuse ceiling, which is because people
are less sensitive to the cooled ceiling than the warm one [48].
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Figure 3-12: PMV and PPD (a) Cases without diffuse ceiling (b) Cases with diffuse ceiling
(48]

The PMV and PPD values of a seated person were calculated in tweleve positions, as
shown in Figure 3-12 [48]. The PMV varied between —0.69 to 0.21 in the cases
without the diffuse ceiling, exceeding the limit of £0.5 for Category B [23]. Occupants
felt slightly cool in Case 4 and Case 6, and the percentages of dissatisfied (PPD)
reached 11% and 15%, respectively. In the cases with the diffuse ceiling, the PMV
was within the range of —0.24 to 0.45. A neutral indoor environment was created and
less than 10% of people felt dissatisfied. Detailed discussions regarding thermal
comfort refer to Paper 2 [48].

3.1.4. COMPARISON OF ENERGY PERFORMANCE

As mentioned above, the existence of diffuse ceiling changes the heat transfer
mechanism between the TABS and the rest of the room, which consequently
influences the energy performance of TABS. The energy efficiency of TABS under
steady-state was evaluated by the heat transfer coefficient (h-value), based on the
operative temperature in the test room and the average surface temperature of the
TABS, as expressed by Equation 6 and 7 [48]:

QTABS,down - QTABS - QTABS,up
= Cp,w ) Mw ) (tw,su - tw,re) - hins “A- (ts,up - ta,up) Equation 6

QTABS,down i
h = == Equation 7
TABS = i (Typ—Ty ang) q

Using the equations above, the h-value of TABS under both the conditions with and
without diffuse ceiling were calculated and compared, as shown in Figure 3-13 [48].
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Without diffuse ceiling, the h-values of TABS was close to the design values (6
W/m?K for ceiling heating and 11 W/m?K for ceiling cooling) [55][56]. However,
the h-values changed significantly after coupling with diffuse ceiling, approximately
13 W/m?K for heating and 2.5 W/m?K for cooling. Diffuse ceiling presented very
opposite effects on the energy efficiency of TABS under heating and cooling modes.
The heat exchange was promoted under heating mode. The enhancement was due to
that the distribution of cool supply air in the plenum provided a larger air-surface
temperature difference and relatively higher air velocity near the TABS surface.
Therefore, the increase of convective heat transfer offset the loss of radiative heat
transfer. Oppositely, the air-surface temperature difference was decreased under
cooling mode. Both convective and radiative heat exchange were weakened after
installing diffuse ceiling [48]. More information regarding energy performance of
TABS refers to Paper 2 [48].
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Figure 3-13: Heat transfer coefficients of TABS under heating and cooling modes [48]
3.1.5. THE EFFECT OF PLENUM AND DIFFUSE CEILING

Using a plenum to distribute air is one of the key features of diffuse ceiling ventilation.
There are complex thermal processes within the plenum, where the heat exchanges
between TABS, diffuse ceiling panels and plenum air. The thermal processes have
significant effects on the effectiveness of TABS as a cooling and/or heating system
and the effectiveness of diffuse ceiling ventilation as an air distribution system [48].

The air temperature distributions at the mid-height of plenum are presented in Figure
3-14. “In winter, the cool supply air was gradually warmed up by the TABS surface
and ceiling panels as it travelled deeper in the plenum. In contrast, the warm supply
air was slowly cooled down in summer, when TABS operated in the cooling mode. In
transient season, although the TABS was not activated, the supply air was still
warmed up by the heat conducted from the room side through the diffuse ceiling panel
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[48].” From the design consideration, it is desirable to limit the amount of temperature
variation in order to provide a uniform air distribution through diffuse ceiling supply.
The parameters influenced the plenum air distribution will be analyzed by the
numerical model and presented in Section 4.2.

Figure 3-14 indicates that there were remarkable temperature differences between
diffuse ceiling lower and upper surfaces even up to 10 °C. “The temperatures of the
lower surface were close to the room air, and the peak temperature located in the
middle of the room as the surface was warmed up by the thermal plume from heat
sources. On the contrary, the upper surface temperature was close to the plenum air
temperature [48]”. However, different from the study with Al ceiling panels
performed by Hviid et al. [28], no clear radiate cooling potential was observed in this
study. The different results regarding radiant cooling potential are due to the
properties of diffuse ceiling panel, where the wood-cement panel used in this study
has a low conductivity of 0.085 W/m.K, while the conductivity of Al is up to 205
W/m.K.
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Figure 3-14: Plenum air and diffuse ceiling surface temperature distributions (a) Case 7 (b)
Case 8 (c) Case 9 [48]
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3.2. DIFFUSE CEILING VENTILATION WITH DIFFERENT
OPENING AREA

The second set of experiments aims to investigate a stand-alone diffuse ceiling
ventilation system [50]. Compared with momentum-driven ventilation systems, the
opening area of diffuse ceiling supply is more variable. The supply can either take up
the entire ceiling or part of the ceiling. Nevertheless, the impact of opening area on
the system performances has not been analyzed in detail. A design chart method was
implemented to make a direct comparison of three diffuse ceiling configurations and
also intend to explore the comfort limit of each configuration, regarding ventilation
rate and supply air temperature. The air path of diffuse ceiling supply and the factors
influencing the air path are also discussed here.

3.2.1. EXPERIMENTAL DESCRIPTION

The experiments were conducted in the same test facility as in the first set of
experiments. This study focused on the stand-alone diffuse ceiling ventilation, so the
TABS was not activated during the entire measurements. The upper glazing served as
the plenum inlet was fully opened with a geometrical opening area of 0.0675 m2. The
exhaust was located 80 mm below the ceiling on the back wall, see Figure 3-15.

(b)

Figure 3-15: The test room with a classroom layout (a) Front side (b) Back side [50]
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Figure 3-16: Diffuse ceiling layouts and placement of measured columns (grey panels are air
permeable, and white ones are covered by vapor barrier) (a) 100% DF (b) 50% DF (c) 18%

DF [50]
Table 3-3: Test conditions [50]
Case DF AT=Tex-Tin ACR
% °C ht

1-6 10 12-17
7-15 15 4-12
16 -22 100 20 4-12
23-33 25 4-12
34-36 30 7-8
37 -39 10 1-12
40 - 42 15 9-10
43 - 47 18 20 8-11
48 - 51 25 9-11
52 -55 30 8-11
56 - 61 30 6-11
62 - 63 25 6-7
64 - 65 50 20 9-11
66 - 67 15 10-11
68 - 70 10 9-14

Note: AT is the temperature difference between exhaust and supply air

The test room was set up to represent a classroom layout, as shown in Figure 3-15.
“Eight thermal manikins with heat load of 80 W each were used to simulate eight
pupils with the sedentary activity of 1.2 Met. There were also three electric radiators
placed just below the windows to maintain a desired indoor temperature under
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different operating conditions. The heat load of radiators varied in different cases and
was recorded by a power meter [50].”

The parameter focused in this study was the diffuse ceiling opening area.
Measurements were conducted under three area ratios: 100%, 50%, and 18%, as
illustrated in Figure 3-16. The opening area was reduced by covering the suspended
ceiling panels with vapor barrier from the room side. “Under each diffuse ceiling
configuration, several tests were conducted with different combinations of air flow
rate and supply air temperature. Supply air temperatures varied from -5 °C to 15 °C
to represent the system operating in different climates. To find out the comfort limit
of the system, the air flow rate covers a wide range and reaches a very high value in
the tests [50]. ” Table 3-3 described the detailed test conditions.

In the second set of measurements, the temperature profile and draught rate were
measured by columns placed in the critical area within the occupied zone, see Figure
3-16. The positions of columns were determined by smoke test. The pressure
difference between the plenum and the room was measured to analyze the air path of
the diffuse ceiling supply [50]. Detailed descriptions regarding measurement sensors
and locations refer to Section 3.1.2.3.

3.2.2. DESIGN CHART

In order to maintain a comfortable environment, it is desirable to explore the limit of
a ventilation system in the design phase. Nielsen [57][58] developed a design chart
that enables a direct comparison between different ventilation systems and to select
the optimal solution for a given condition. The design chart is presented as a do - A To
chart, which identifies an area that satisfies both indoor air quality and thermal
comfort requirements.

The limits presented in the design chart refer to the possible ventilation rate and the
temperature difference between supply and return. The limits of diffuse ceiling
ventilation can be obtained by experiments and similarity principle [58]. In the room
with the fully developed flow, the non-dimensional velocity can be given as function
of Archimedes number. This phenomenon is called the similarity principle and
expressed by Eq. (8-9) [58].

Umax/Uo = func(Ar) Equation 8

glA .
Ar = % Equation 9
0
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Figure 3-17 shows the design chart of diffuse ceiling ventilation with three opening
areas. The dashed line indicates that the minimum airflow rate of 7 I/s per person is
required to fulfill for the indoor air quality purpose [22]. The qo - AT, curve represents
the maximum cooling capacity of the system without generating discomfort. The
draught risk is limited by the maximum velocity in the occupied zone of 0.2 m/s. As
mentioned in Section 3.1.3, diffuse ceiling ventilation produces very low temperature
gradient. Therefore, the comfort limit of temperature gradient less than 2.5 K/m is not
considered here [50].
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Figure 3-17: Design chart for diffuse ceiling ventilation with different opening area, umax=0.2
m/s [50]

The design chart indicates that the diffuse ceiling with 18% opening area could
remove the highest heat load without thermal discomfort. The high cooling capacity
of 18% DF case might be attributed to that heat sources were placed just below the
permeable ceiling panels. Therefore, the cool supply air could directly deal with the
thermal plume generated by the heat sources. In addition, 18% DF could produce
relatively higher momentum flow than the other two openings, which to some extent
had impact on the airflow pattern in the room [50]. However, the cooling capacity of
the system reduced while increasing the airflow rate. These results indicate the
draught rate was not completely independent of the ventilation rate or the supply air
temperature, where the airflow in the room was not entirely buoyancy controlled and
to some extent still influenced by the supply flow.

Figure 3-18 presents the design chart for different air distribution systems. In order to
make it more comparable, the maximum velocity in the occupied zone was limited to

40



CHAPTER 3. EXPERIMENTAL STUDY OF DIFFUSE CEILING VENTILATION

0.15 m/s for air distribution systems. Compared with the other systems, the comfort
requirements such as draught risk and vertical temperature gradient did not have
strong limitation on the ventilation rate and temperature difference between the supply
and return air in the diffuse ceiling ventilation. The system could provide a draught
free environment even with a high flow rate above 10 h't, because of the low velocity
flow from the large ceiling surface. The tolerance of the high air temperature
difference was because the cold supply air did not enter the occupied zone directly
and a mixing has been reached with the room air by the buoyancy flow. Therefore,
the diffuse ceiling ventilation had a higher cooling capacity than the other ventilation
systems. The difference between the diffuse ceiling in this study and reference one
measured by Nielsen. et al. [9][31] can be attributed to the room geometry, layout,
heat sources, which had a notable impact on the system capacity. On the other hand,
it was also because of the different diffuse ceiling types. The ceiling panels used in
the reference case were mineral wool panels, which had remarkable higher pressure
resistance to the flow than the wood-cement panels. The high pressure drop restricted
the downward supply flow and decreased the draught in the occupied zone, especial
when the cold air was supplied directly.
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Figure 3-18: Design chart for different air distribution systems, umax=0.15 m/s [31]

3.2.3. AIR PATH OF DIFFUSE CEILING VENTILATION

By comparing the pressure drop of a single ceiling panel with that of the mounted
ceiling, we can estimate the air path of diffuse ceiling supply. As illustrated in Figure
3-19, air was supplied into the room through both perforated ceiling panels (panel
flow) and slots between the panels (crack flow), where the proportion of these two
types of flow was related to the diffuse ceiling opening area and ventilation rate. The
panel flow was the primary pathway in the 100% DF case. However, while decreasing
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the opening area, crack flow became more and more significant. On the other hand,
air was mainly delivered through the ceiling panels at low flow rate. The proportion
of crack flow increased while increasing the air flow rate. The crack flow was in part
caused by the suspension profile, where the non-overlapping layout leaded to the air
jet between panels. Meanwhile, the leakage through the vapour barrier was
unavoidable [50].
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Figure 3-19: Pressure drop for the different diffuse ceiling configurations [50]

3.3. CONCLUSION

Two sets of experiments were conducted in a full-scale test facility with different
focuses. The first set investigated the potential of diffuse ceiling ventilation
combining with a radiant heating or cooling system, and the second set highlighted
the impact of diffuse ceiling opening area on the indoor comfort and cooling capacity
of a stand-alone ventilation system.

The results from the first set of experiments revealed that diffuse ceiling ventilation
significantly improves indoor thermal comfort. It effectively eliminated local
discomfort caused by draught, vertical temperature gradient and radiant temperature
asymmetry, especially in winter. From the perspective of energy efficiency, the
diffuse ceiling ventilation had opposite effect on the heating and cooling capacity of
TABS. After installing the diffuse ceiling, the heat transfer coefficient of TABS
increased from 5 W/m? to 13 W/m? in the heating mode, but the value reduced from
8 W/m?2to 2.5 W/m? in the cooling mode. The integrated system presented a promising
potential as a heating system than stand-alone heated ceiling. However, the reduction
in the cooling capacity limited the application of the integrated system in the space
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with high heat load. Finally, the variations of the plenum air temperature and the
diffuse ceiling surface temperature indicated that the air was not perfectly mixed in
the plenum and was not evenly distributed through the diffuse ceiling. Instead, they
were as function of the distance from the plenum inlet. Although the non-uniform
distribution did not result in discomfort in the current study, it is essential to find out
the impact factors and explore the optimal design solution in the further study.

For the stand-alone ventilation system, diffuse ceiling with 18% opening area was
able to remove the highest heat load without generating draught risk. Nevertheless, it
is too early to draw the conclusion that smaller opening area will lead to a higher
cooling capacity. The relative location of heat sources and the diffuse ceiling opening
plays an important role. It is essential to explore the interaction between the heat
source location and the diffuse ceiling opening location in the further study. Secondly,
when the opening area reduces to a certain level, the airflow pattern will turn from the
buoyancy controlled to the momentum controlled, and draught will become a primary
concern in that situation. It is necessary to investigate the limit of the opening area
ratio of diffuse ceiling supply. Comparing diffuse ceiling ventilation with the other air
distribution systems through the design chart, it can be observed that the comfort
requirements did not present a strong limitation on the ventilation rate, or the
temperature difference between the supply and return air. Therefore, the diffuse
ceiling ventilation can handle higher heat loads than the other systems. Finally, the
pathway of diffuse ceiling supply can be estimated by comparing the pressure drop of
single and mounted panels. Panel flow was the primary pathway at low ventilation
rate and with the large opening area. On the contrary, the crack flow became important
with an increase of flow rate and a decrease of opening area.

For further information, please refer to Paper 2: “Experimental study of diffuse
ceiling ventilation coupled with a thermally activated building construction in an
office room.”

& Paper 4: “Parametrical analysis on the diffuse ceiling ventilation by experimental
and numerical studies.”
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CHAPTER 4. NUMERICAL STUDY OF
DIFFUSE CEILING VENTILATION

Compared with experimental studies, numerical studies are reputed for their low cost
and time efficiency, since the boundary conditions can be easily adjusted to
investigate different scenarios. The present investigation aims to use computational
fluid dynamics (CFD) to solve the airflow and temperature distributions in the plenum
and the occupied zone, where the commercial CFD program Fluent is used [59]. It is
important to have a suitable model to specify the airflow through the diffuse ceiling
supply. However, the ceiling panel employed in this study has a porous property due
to the particular structure of the wood-cement material (Figure 3-3). It is difficult to
model the air distribution through the panels directly using CFD. Therefore, two
simplified models aimed to describe the main characteristic of the diffuse ceiling
ventilation are presented and compared: one is a simplified geometrical model, and
the other is a porous media model. The strengths and limitations of each model are
described in this chapter.

According to experimental study [48][50], the airflow pattern and thermal process
within the plenum have remarkable impacts on the effectiveness of diffuse ceiling
ventilation. There are many plenum configurations encountered in practice, such as
plenum height, plenum depth, the location and shape of plenum inlet, etc. It is essential
to explore the impact of these design parameters on the system performance. On the
other hand, the buoyancy flow from the heat sources dominants the airflow pattern in
the room with diffuse ceiling ventilation. The location of heat sources is an essential
parameter to consider. Furthermore, the experimental study by Vilsbgll [29] revealed
that there is a relation between the room height and the draught rate in the occupied
zone. Therefore, another objective of the numerical study is to use the validated model
to perform a series of sensitivity analysis on the design parameters.

4.1. DEVELOPMENT OF NUMERICAL MODEL
4.1.1. SIMPLIFIED GEOMETRICAL MODEL
A simplified geometrical model is a common approach to simulate air diffusers, which
is to replace the complex diffuser by one or more simple rectangular slots [60][61][62].

This method is proved to be able to give accurate predictions in regions remote from
the initial jet development [60].
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The effective opening area of the diffuse ceiling supply was difficult to measure
directly. Because it is not only related to the porosity of the panels, but also depends
on the shapes of the small holes (pores) in the media and their level of connectedness
[63]. Alternatively, the effective opening area of air diffuser was estimated based on
the results from pressure drop measurement (detail refer to Figure 2, Paper 3 [64]),
and expressed by equation below:

m

Call = oo

Equation 10

As a result, three slot openings with an effective area of 0.032 m? (3.2 m x 0.01 m)
each were built to model the air pathway of diffuse ceiling supply [64], as illustrated
in Figure 4-1 (a).

Slot opening

z .
\L Porous media \J:»
Y. x Y; X

(a) (b)

Figure 4-1: Numerical models of the office room with diffuse ceiling ventilation (a) Simplified
geometry model (b) Porous media model
Based on the previous studies [18][65], the diffuse ceiling may have a large
temperature difference from the rest of the room surfaces depending on the supply air
temperature and the conductivity of ceiling panel. It is essential to consider the
radiative heat exchange in the room with diffuse ceiling ventilation. On the other hand,
the thermal processes within the plenum includes both convective heat transfer
between the plenum air and the thermal mass and radiative heat exchange between
ceiling slab and diffuse ceiling panel, especially when the TABS is activated [64]. A
surface-to-surface radiation model was applied, in which the radiative heat transfer
between surfaces were calculated by use of the Stefan-Boltzmann law and the view
factors.

In the simplified geometrical model, the wall boundaries were defined by the U-value

and the measured air temperatures in the climate chamber and surrounding zone. The
ceiling slabs were defined by a uniform surface temperature, where the thermal decay
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alone the water-pipes was ignored. The total heat released by the heat sources were
specified as surface heat fluxes [64][66].

4.1.2. POROUS MEDIA MODEL

In the second model, the diffuse ceiling panel was defined by a porous media model
[50][64][67], where the flow experiences a resistance when it passes through, as seen
in Figure 4-1 (b). The porous media model includes an additional momentum source
in the governing equation, based on Darcy-Forchheimer Law [68]. When the flow
goes with very low velocity, the viscous resistance is dominant. For high-velocity
flow, the inertial effect becomes significant. The momentum source term is expressed

by:
Sy =-— (gv + Cziplvlv) Equation 11

The viscous resistance coefficient//a and inertial resistance coefficient C, were
determined by the properties of the diffuse ceiling panel, like porosity and equivalent
perforation diameter. The resistance coefficients were also calculated by the pressure
drop results, where 1/ is 1.14 x 108 m2 and C; is 33055 m™ [64].

The energy equation for the porous media model was modified on the conduction flux
only, where an effective thermal conductivity ket was introduced to consider the effect
of both the fluid and solid conductivities [67].

V- (5(psEr + P)) =V - [keysVT + (T-9)] + 5 Equation 12
kerr = vke + (1 —v)ks Equation 13

Unfortunately, the porous media model treats the diffuse ceiling panel as flow zone
and thus could not calculate the radiative heat exchange directly. To overcome this
limitation, the wall surface temperatures derived from the simplified geometrical
model were used as boundary inputs in the porous media model for the detailed
simulation on the air velocity and air temperature distribution. Instead of directly
specifying the diffuse ceiling’s surface temperature, the radiative heat flux to the
diffuse ceiling panels was applied as an energy source Sg [67].

The internal heat sources exchange heat with the space through both convection and
radiation. “The radiative exchange has been already considered when calculates the
wall surface temperatures. A feasible approach is to estimate the radiative heat flow
and to specify the convective heat flow boundary condition for the heat sources [69].
The convective fraction for different heat sources were specified in ASHRAE

47



DIFFUSE CEILING VENTILATION — AIR DISTRIBUTION AND THERMAL COMFORT

Handbook [70], for occupants with moderately active office work was about 50%,
while the values of computers and desk lamps were 90% and 50%, respectively [67].”

4.1.3. TURBULENCE MODEL AND NUMERICAL METHOD

The airflow through the diffuse ceiling can be regarded as laminar flow due to the low
air velocity. On the other hand, the airflow in the room is turbulent because of strong
convective flow generated by the various heat sources and room enclosures. The Re-
normalized group (RNG) k-¢ model is suitable for this situation, which considers the
low-Reynolds-number effects compared with standard k-¢ model [68]. This
turbulence model was recommended by Chen [71] to simulate the turbulent flow in
the indoor environment, and the accuracy for the porous media zone was proved by
Yang et al. [72]. In addition, the buoyancy effect was taken into account by the
Boussinesq hypothesis, where treated density as a constant value in all solved
equations, except for the buoyancy term in the momentum equation [68].

The geometrical model was a simplified version of the test chamber. To simplify the
geometrical model and create high-quality meshes, room geometry and the other
objects were built as rectangular. Structured meshes were generated in the entire
domains, and the finest meshes were built in the critical areas, for instance, diffuse
ceiling, inlet, outlet, walls, and internal heat sources. Grid independence check was
conducted for the numerical models, and the detail description can refer to Paper 5
[67]. The SIMPLE numerical algorithm was employed. The convergence were
reached when the absolute residuals are lower than 102 except that for energy less
than 10°®.

All the simulations were conducted under steady-state conditions, where the transient
flow and the dynamic effect of thermal mass (diffuse ceiling panels and ceiling slabs)
were not considered in the current study.

4.1.4. MODEL VALIDATION

To evaluate the ability to predict the airflow pattern and thermal performance of
diffuse ceiling ventilation, the numerical models need to be validated by the
experimental data. Case 7, 8 and 9 were chosen as examples to validate the models
under different operating conditions (coupled or uncoupled with TABS), and detailed
boundary conditions can be seen in Table 3-2. To keep the brief of the thesis, only the
velocity and air distribution of Case 8 are illustrated here. More information regarding
the other two cases can refer to Paper 5 [67].
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Velocity Magnitude: 0.00 0.03 0.07 0.10 0.13 0.17 0.20 0.23 0.26 0.30

Figure 4-2: Velocity distribution across the central plane of the room, Case 8 (a) Simplified
geometrical method (b) Porous media method [64]
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Figure 4-3: Velocity vector of airflow through the diffuse ceiling by porous media model (a)
Case 7 (b) Case 8 (c) Case 9
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The airflow patterns predicted by the two numerical models are shown in Figure 4-2.
The uprising thermal plumes from the heat sources and the downward flow attached
the wall worked together and generated air recirculation in the room [64]. The
recirculated airflow entered into the occupied zone along the floor and caused the high
velocity at the ankle level. The simulated results proved that the buoyancy force is the
dominant driving force in the room with diffuse ceiling ventilation. However, the
simplified geometrical model mis-predicted that two symmetrical vortexes occur in
both sides of the room, while, the porous media model gave a correct prediction on
one strong vortex in the front side of the room. The deviation was due to the different
air passage of diffuse ceiling supply defined by these two models. The simplified
geometrical model restricted the air flow to be supplied through the slots, where the
location and shape of slots strongly influenced the air distribution. Porous media
model showed a clear advantage in representing the airflow characteristic of the
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diffuse ceiling supply. As present in Figure 4-3, the air was distributed through the
entire ceiling area, and the air delivery was a function of distance from the plenum
inlet depending on the inlet air temperature. The high density of cold air leaded to a
significant proportion of air drop in a short distance to the inlet, and vice versa. In
addition, the uprising thermal plume reached the ceiling and blocks the downward
supply flow, causing the low air delivery just above heat sources (in the mid-length
of the room). If the thermal plume is very strong, there is a risk of reverse flow through
the diffuse ceiling into the plenum, referred to Paper 4 [50]. It need to notice that the
velocity presented in Figure 4-3 was the superficial velocity regardless the impact of
porosity.
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Figure 4-4: Comparison of the vertical velocity profiles at four locations (a) A-2 (b) B-2(c) C-
2 (d) D-2 [64]

The simulated velocities were compared with the measured ones at four locations
(Figure 3-6) in the room. Figure 4-4 indicates that porous media model had a superior
performance to the simplified geometrical model on predicting the velocity
distribution, especially the velocity at floor level [64]. Both models indicated that peak
velocities occur 5-10 cm below the diffuse ceiling. However, the measured data were
not sufficient enough to validate this finding, detailed measurement of air velocity

blew the diffuse ceiling is required in the future study.

Both models yielded similar results on the temperature distribution, as illustrated in
Figure 4-5. There was a clear temperature difference between the plenum and the
room. This is due to the positive pressure in the plenum prevents the mix of the plenum
air and the room air, and the diffuse ceiling panel served as a layer of insulation
ensures temperature difference between the two zones [64]. Although the plenum air
temperature varied along the depth of plenum, the impact on the room temperature
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distribution was not significant. The air temperature was predicted to be uniformly
distributed in the occupied zone (except the region below the diffuse ceiling), because
of the convective flow improves the mixing. “However, a slight displacement
tendency occurred in the room, where the warmest air layer was found just below the
diffuse ceiling. The displacement effect of diffuse ceiling ventilation was mentioned by
Petersen et al. [73], they pointed out that a displacement tendency takes place at low
heat loads and development towards fully mixing with an increase of heat loads [67].”
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Figure 4-5: Temperature distribution across the central plane of the room, Case 8 (a)
Simplified geometrical method (b) Porous media method [64]
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Figure 4-6: Comparison of the vertical temperature profiles at four locations (a) A-2 (b) B-
2(c) C-2 (d) D-2 [64]

The calculated air temperatures agreed quite well with the measured data in the
occupied zone, see Figure 4-6. The largest deviation occurred below the diffuse
ceiling in both models. The CFD models seemed to overestimate the effect of the
thermal plume generated by the heat sources, which leaded to a higher air temperature
in this region. The calculated temperature distributions in the plenum were also
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validated by the experimental results, as presented in Figure 4-7. Both models gave
acceptable predictions on the temperature variation along the length of the plenum.
Although the deviation was above 1 °C in some locations, if consider the complex
thermal processes and the large temperature range within the plenum, the prediction
can be considered acceptable [64].

24 24
o
I
I
=]
8
[}
(=N
£
]
5
12 . . . . . 12 ) ) ) ) )
0 0.8 1.6 2.4 3.2 4 4.8 0 0.8 1.6 2.4 3.2 4 4.8
Distance from inlet [m] Distance from inlet [m]
(a) (b)
. 24 n Measurement
S
qg CFD-Porous
<
o U (e— CFD-slots
£
2
<

0 0.8 1.6 2.4 3.2 4 4.8
Distance from inlet [m]
(©

Figure 4-7: Comparison of the plenum air distribution (a) Case 7 (b) Case 8 (c) Case 9 [64]
In conclusion, both numerical models showed their strength and limitation. The
simplified geometrical model could directly calculate the radiative heat exchange in
both the plenum and in the conditioned zone, while, porous media model required a
separate radiation model to provide the necessary boundary condition for the
simulation. However, porous media model showed promising results on capturing the
flow characteristic of diffuse ceiling supply and provided an accurate prediction on
the velocity distribution in the occupied zone. Therefore, coupling of these two
models will overcome their own limitation and provide a more accurate prediction of
diffuse ceiling ventilation, where the simplified geometrical model is used to
determine the convective and radiative heat exchange and results serve as boundary
conditions of the porous media model for the detail calculation of flow behavior. The

coupled model will be applied in the further study to conduct a series of paramedical
analysis.
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4.2. PARAMETRICAL STUDY

From the standpoint of the flow element, the design parameters can be divided into
two main categories: parameters related to the supply air flow and parameters related
to the buoyancy flow.

The supply air flow is mainly determined by the air distribution and thermal process
within the plenum and the configuration of diffuse ceiling panels. It is desired to have
the supply air uniformly delivered to the entire space with required quantity and
conditions. On the other hand, when diffuse ceiling ventilation works together with
TABS, it is essential to reduce the negative impact of the diffuse ceiling on the energy
performance of TABS. The design parameters considered in this study include the
material of diffuse ceiling panel, plenum height, plenum depth and plenum inlet
configuration [67].

The buoyancy flow is the air current rising above the heat sources or descending from
cold envelopes, like windows or walls. It occurs in the conditioned space and does not
have a significant impact on the airflow in the plenum. The buoyancy flow is
determined by the type and location of heat sources, as well as the room geometry
[50].

Different boundary conditions were specified in the parametrical studies for the
various design parameters. The heat load distribution and room geometry were
analyzed with the stand-alone diffuse ceiling ventilation system. The diffuse ceiling
was modelling with 100% opening area, and ventilation was operated with an air
change rate of 4 h'* and supply air temperature of 15.5 °C. The heat load composed of
eight pupils and electric radiators are not activated (40 W/m?).

For the parameters related to the plenum and diffuse ceiling configurations, the
integrated system was investigated. The system was operated under three weather
conditions: winter, transient season, and summer, referred to the boundary conditions
of case 7, 8, 9 in Table 3-2. The room was with office layout, and the heat load is
450.5 W (30 W/m?).

4.2.1. DISTRIBUTION OF HEAT LOAD

According to the literature review [18][30][74][75], the location of heat sources plays
a significant role in the buoyancy driven flow pattern. Four different heat load
distributions were analyzed in the study, as shown in Figure 4-8, including heat
sources evenly distributed, located in the center, located in the front side of the room
and located in the back side of the room [50].

53



DIFFUSE CEILING VENTILATION — AIR DISTRIBUTION AND THERMAL COMFORT

(© (d)
Figure 4-8: Different heat load distributions (a) Evenly distributed (b) Centered (c) Front
side (d) Back side [50]
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Figure 4-9: Velocity distribution in the vertical plane across the occupants with different heat
load layouts (a) Evenly distributed (b) Centered (c) Front side (d) Back side [50]
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The velocity distributions are presented in Figure 4-9. The flow pattern changed
significantly by varying the location of heat sources [50]. The heat sources located in
one side of the room generated a strong air recirculation with the flow direction
opposite to the heat source location. When the heat sources located in the center, two
recirculation appeared: a strong one in the front side and a weak one in the back side.
However, no clear air recirculation occurred when the heat sources were evenly
distributed. This result reaches a good agreement with Nielsen et al. [30]. By
performing smoke tests, they observed that the air movement was unstable in the room
with an even distribution of heat sources. The flow direction was either unclear or not
consistent.

The impact of heat load distribution on the local discomfort was further evaluated by
the draught rate at the ankle level [50]. As expected, evenly distributed heat sources
gave the lowest draught rate. When the heat sources were centralized, the intensity of
thermal plume increased. The strong recirculation was formed and resulted in the
high-velocity flow entering the occupied zone along the floor. The maximum draught
rate was presented with the back side located heat sources, reaching the limit of 20%.
However, the draught rate with the front located heat sources was less than 15%. The
result revealed that diffuse ceiling supply does not provide a uniform air distribution.
Due to the gravity, a high proportion of air was delivered near the inlet. The downward
supply flow met the uprising buoyancy flow and aggravated the recirculation.

4.2.2. ROOM HEIGHT

Room geometry is another important parameter in the design of a ventilation system.
For example, displacement ventilation is preferable to apply in a high space due to the
stratification principle, where the room height should be above 3 m. On the contrary,
the standard mixing ventilation is a better solution for space with room height less
than 2.3 m, where surplus heat is the primary concern instead of air quality [16]. The
impact of room height on the performance of diffuse ceiling ventilation was analyzed
by numerical studies. Three room heights were discussed here: 2.335 m (as in the test
facility), 3.0 mand 4.0 m.
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Figure 4-10: Velocity distribution across the central panel with different room heights ()
2.335m (b) 3.0 m (c) 4.0 m [50]

As illustrated in Figure 4-10, the airflow patterns under different room heights
presented a similar trend. However, the intensity of the recirculation increased
dramatically with the rise of the room height. This can be explained by the fact that
the engine of the recirculation is the convective flow generated by the heat sources.
The amount of air involved in the convective flow increases with room height because
of the entrainment of ambient air[16]. When the convective flow free rising height is
larger than the ceiling height, it becomes downward flow and interacts with the
downward supply flow accelerating the recirculation. As a result, the draught risk in
the occupied zone is proportional to the room height, where the draught rate in the 4.0
m case (20%) was approximately doubled that in the case with 2.335 m height (12%)
[50].

4.2.3. THE CONDUCTIVITY OF DIFFUSE CEILING PANEL

Two types of diffuse ceiling panels were compared regarding their impact on the
energy performance of the TABS. “One was wood-cement panel, and the other was
Al panel. Wood-cement panel was 35 mm thick and with a thermal conductivity of
0.085 W/m.K (U-value 2.43 W/m2.K), while, Al panel had a thickness of 5 mm and
thermal conductivity of 202.4W/m.K (U-value 40480 W/m2. K). To limit the number
of variables, it assumed both panels have the same porosity and the same pressure
resistance. Moreover, to avoid the influence of the materials’ emissivity on the
radiative heat exchange, it was assumed that the Al panel is painted into black and
has the same emissivity as the wood-cement panel [67].”
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Table 4-1: The impact of different design parameters on the energy performance of TABS [67]
Roomair  TABS TABS TABS

Operating

Design Parameter - temp Qtot Qrad Qconv
condition
[°C] W] W] W]
Wood-cement 25.11 517 312 205
Winter
Al 23.62 450 259 191
Diffuse
ceiling Wood-cement  Tyansient  26-72 - - -
material Al season 25.94 - - -
Wood-cement 24.46 -461 -172 -289
Summer
Al 22.17 -557 -236 -321
35¢cm 25.11 517 312 205
Plenum 20cm ) 26.04 540 273 267
. Winter
height 10 cm 27.94 604 204 400
5cm 28.76 636 175 461
Plenum 4.8 m ) 25.11 517 312 205
denth Winter
ep 9.6m 25.05 965 576 389
. Original ) 25.11 517 312 205
Plenum inlet Winter
Corner 25.32 541 294 246

Note: Winter, transient season and summer represent the case 7, 8, 9 in Table 3-2, respectively.
‘+’ presents heating capacity and ‘-’ presents cooling capacity.

In term of energy performance, the increase in the diffuse ceiling conductivity played
a beneficial role in the cooling capacity of the TABS. An enhancement of 22% was
achieved by using Al panels, as shown in Table 4-1. However, the opposite effect was
observed in the heating case, where the heating capacity reduced by 13%. In the
transient season, although the TABS was not activated, the diffuse ceiling had an
indirect impact on the heat transfer from the upper floor. The Al panel limited the heat
conducted from the upper floor and kept a lower room temperature than the wood-
cement panels [67].

Based on the previous experimental study [48][53], the cooling capacity of TABS
significantly reduced after utilizing the diffuse ceiling, which limited the application
of the integrated system in the room with high cooling demand. The negative effect
can be weakened by using diffuse ceiling panel with high thermal conductivity, for
instance, Al panel. It is recommended to use ceiling panel with a high conductivity if
cooling is the primary demand during the year. The conductivity of the diffuse ceiling
panel did not influence the airflow pattern. Thus, no discussion regarding the thermal
comfort is presented here [67].
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4.2.4. PLENUM HEIGHT

The effect of plenum height was evaluated by varying the height from 35 cm to 5 cm
under winter condition. Winter is more critical situation, because the cool supply air
deteriorates the uniformity of the air distribution through the diffuse ceiling and

enhances the draught risk in the occupied zone.

The decrease in the plenum height showed a positive impact on the energy
performance of TABS. The low plenum enabled the force convection on the TABS
surface. Consequently, the convective heat exchange had a remarkable increase.
Although the radiative heat transfer reduced, the total heating capacity of TABS
increased from 516 W to 636 W as the plenum height reduced from 35 cm to 5 cm,

see Table 4-1 [67].
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Figure 4-11: Air distribution through the diffuse ceiling with different plenum heights (a)
Delivered air flow ratio (b) Temperature distribution [67]

The effect of plenum height on the supply air flow through diffuse ceiling can be
analyzed by two factors: delivered air flow ratio and supply air temperature
distribution. As indicate in Figure 4-11, both the amount and temperature of supply
air varied significantly as the distance from the inlet [67]. Bauman mentioned that the
distribution variance should be limited to +£10% in the plenum for the underfloor air
distribution [37]. However, the delivered air flow ratios were above 100% in all
plenum heights. The large distribution variations can be attributed to three reasons.
First, the pressure drop of the diffuse ceiling panel was much lower than that of
conventional air diffusers, where the pressure drop was lower than 0.2 Pa when the
air change rate was 2 h. Secondly, the inlet air was with extremely low temperature
(-7 °C). The high density of cold air caused that a large amount of air dropped in a
short distance from the inlet. Finally, the continued heat transfer from the TABS
enhanced the thermal variation of plenum air. Nevertheless, the reduction in the
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plenum height deteriorated the situation. The low height plenum limited the mixing
between the inlet air and the plenum air and aggravated the temperature variation [67].

Although the buoyancy flow plays a dominant role, the airflow pattern in the room is
still influenced by the supply flow from the diffuse ceiling, which can be concluded
from Figure 4-12. When the plenum height decreased, the cold downward flow from
diffuse ceiling accelerated the air recirculation and leaded to high-velocity reverse
flow penetrated from the front side to the entire room, as illustrated in Figure 4-12.
The maximum air velocity at the ankle level exceeded 0.29 m/s and the area above
0.2 m/s reached 50% of the entire space, when the plenum was 5 cm height [67]. It is
surprising to see that the draught rate in the occupied zone presented a different
manner than the velocity, as shown in Figure 4-13. This is because the low plenum
height enabled a high heating capacity of TABS and resulted in a higher indoor air
temperature (Table 4-1). It needs to be noticed that the low draught risk under low
plenum only applies to the integrated system. For the stand-alone diffuse ceiling
ventilation system, the local draught will be a major concern when uses a low plenum.
“Finally, although the temperature variation in the plenum reached 30 °C, the air
temperature in the occupied zone was very uniform, as shown in Figure 4-14. An
efficient mixing between supply air flow and convective flow from heat sources was
expected [67].

@) (b)

59



DIFFUSE CEILING VENTILATION — AIR DISTRIBUTION AND THERMAL COMFORT

h—

© (d)
B [ 7] [ [ .

Velocity Magnitude: 0.00 0.03 0.05 0.08 0.11 0.14 0.16 0.18 0.22 0.25 0.27 0.30

Figure 4-12: Velocity distribution at ankle level with different plenum heights (a) 35 cm, (b)
20 c¢m, (c) 10 cm, and (d) 5 cm [67]
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Figure 4-13: Maximum velocity and draught rate with different plenum heights
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Figure 4-14: Temperature distribution at ankle level with different plenum heights (a) 35 cm,
(b) 20 cm, (c) 10 cm, and (d) 5 cm

4.2.5. PLENUM DEPTH

Another consideration is whether the diffuse ceiling ventilation can be applied in deep
rooms, for instance, landscape offices. This question was explored by doubling the
plenum depth.

As demonstrated in Table 4-1, doubling the plenum depth did not lead to a double of
the heat released from the TABS. Both air velocity and air-surface temperature
differences decreased as the air traveling further in the plenum. Consequently, both
convective and radiative heat fluxes were slightly decreased by increasing plenum
depth [67].

As expected, the deep plenum is another contributor to the uneven supply air
distribution. The variation in the air delivery rate exceeded 140%. “The uneven supply
flow influenced the flow behavior in the occupied zone, where the velocity magnitude
and region with high velocity were dramatically higher than those in 4.8 m room. The
maximum air velocity at the ankle level reached 0.33 m/s and the maximum draught
rate reached 22%, exceeding the limit of 20% in Category B ISO 7730 [23]. The
occupants located near the facade experienced significantly higher draught than the
ones located in the back side of the room. From both energy efficiency and thermal
comfort point of view, diffuse ceiling ventilation performed better in the room with 4.8
m length than that with 9.6 m [67]. ” However, the impact of plenum depth is expected
to be reduced by using diffuse ceiling panel with higher pressure drop, where the
higher resistance can provide a more uniform distribution through diffuse ceiling
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supply. The relation between the maximum plenum depth and the pressure drop of
diffuse ceiling panel is recommended to investigate in the future study.

(b)

Velocity Magnitude: 0.00 0.03 0.05 0.08 0.11 0.14 0.16 0.18 0.22 0.25 0.27 0.30

Figure 4-15: Velocity distribution at ankle level with 9.6 m length (a) The central panel x-z
(b) The ankle level x-y [67]

4.2.6. PLENUM INLET

“Two plenum inlet configurations were studied, as illustrated in Figure 4-16. The
original plenum inlet setup served as a reference, the other configuration was a
square opening located at one corner of the plenum, which simulates a duct opening.
Both inlets had the same effective opening area, and the plenum height was 35 cm. In
order to build structured mesh, both inlets were simplified as squared shape [67].”
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Figure 4-16: Plenum inlet configurations: (a) slot opening and (b) duct opening [67]

The location of plenum inlet had an impact on the energy performance of TABS. An
enhancement of TABS’ heating capacity was observed by using the duct opening. The
air was distributed near the TABS surface, which leaded to forced convection between
the air and TABS surface.

By comparing the velocity distribution at the ankle level with two inlet configurations,
we conclude that the plenum inlet does not only determine the airflow pattern in the
plenum but also influences the air flow in the occupied zone. The concentrated shape
of duct opening caused a large amount of air delivered to the room through the corner,
and then the air penetrated into the entire space along the floor. The slot opening
enabled a more even distribution along the width of the room. In the case with duct
opening, although high velocity was observed near the corner, it did not have a
significant impact on the velocity in the occupied zone. The draught risk was at the
same level in both cases [67].
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Figure 4-17: Velocity distribution at ankle level with different plenum inlet (a) slot opening
and (b) duct opening [67]

4.3. CONCLUSION

When designing the diffuse ceiling ventilation system, a large number of design
parameters are encountered in practice, accompanied by the complex flow and
thermal behaviors. It is desirable to develop a validated numerical model that could
provide a reliable prediction of the diffuse ceiling ventilation in the design stage. The
major challenge we faced is how to specify the diffuse ceiling supply, as the wood-
cement panel has a porous structure. Two simplified models were built and compared:
one was a simplified geometrical model, and the other was porous media model.
Porous media model presented a superior performance on capturing the flow
characteristic through the ceiling panel and provided a more accurate prediction on
the airflow pattern in the occupied zone. However, the limitation of the porous media
model was that it not able to calculate the radiative heat exchange directly. Therefore,
the simplified geometrical model was used to calculate the energy performance and
the results were served as boundary conditions for the porous media one. The
validated model was further applied to conduct a series of parametric studies. The
following conclusions can be drawn:

e The simulated results proved that buoyancy flow from the heat sources plays a
dominant role on the airflow pattern in the room with diffuse ceiling ventilation.
The buoyancy flow was strongly influenced by the location of heat sources and
the room geometry. From the standpoint of draught rate, it is recommended to
evenly distribute heat sources rather than concentrated location. In addition,
large room height aggravated the air recirculation and resulted in a high draught
risk at the ankle level. Thus, the diffuse ceiling ventilation is preferable to apply
in cases with low room height.
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e  The plenum and diffuse ceiling configurations determined the airflow pattern
and thermal process in the plenum, and further affected the supply flow through
the diffuse ceiling, especially when the system cooperated with the TABS. The
diffuse ceiling panel with higher thermal conductivity could reduce its impact
on the energy performance of the TABS, and enabled the integrated system to
operate more efficiently in summer. On the other hand, the low plenum height
and deep plenum deteriorated the uniformity of supply air distribution and
resulted in the high air velocity in the occupied zone. The effect of plenum
configurations on the supply flow is expected to be reduced by utilizing diffuse
ceiling panel with higher pressure drop. The relations between the pressure drop
of diffuse ceiling panel and the optimal plenum height as well as plenum depth
are recommended to investigate in the future study.

For further information, please refer to Paper 3: “Airflow Pattern and performance
analysis of diffuse ceiling ventilation in an office room using CFD Study.”

& Paper 4: “Parametrical analysis on the diffuse ceiling ventilation by experimental
and numerical studies.”

& Paper 5: “Numerical study of an integrated system with diffuse ceiling
ventilation and thermally activated building constructions.”
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CHAPTER 5. CONCLUSION OF THE
THESIS

The objective of the present study was to characterize the air distribution and thermal
comfort in the rooms with diffuse ceiling ventilation. In addition to investigating the
stand-alone diffuse ceiling ventilation, the possibility and limitation to integrate it
with a radiant ceiling system (TABS) were also discussed. The investigations were
based on both full-scale experiments and numerical modeling by CFD. The present
study focused on the steady-state analysis, where the dynamic effect of thermal mass
(ceiling slab and diffuse ceiling panel) was not taken into account. However, it is
recommended to consider this in future studies. This chapter describes the general
conclusions drawn from this study.

The thermal comfort levels in the room with and without diffuse ceiling ventilation
were compared by an experimental study. The results indicated that diffuse ceiling
ventilation could effectively eliminate the local discomfort caused by draught, vertical
temperature gradient, and radiant asymmetry, especially in winter. By means of the
design chart method, one can observe that the thermal comfort requirements such as
draught rate and vertical temperature gradient do not have strong limitations on the
ventilation rate and temperature difference between the supply and return air
temperature. This characteristic allows the diffuse ceiling ventilation to have a higher
cooling capacity than the conventional ventilation systems (Figure 3-18), which is
preferable for the spaces with high heat loads and high ventilation demands, such as
classrooms and offices.

In the integrated system, the TABS was encapsulated by the diffuse ceiling panel and
the energy efficiency of TABS was changed accordingly. The diffuse ceiling
ventilation played a beneficial role in the heating performance of the TABS, because
it enlarged the air-surface temperature difference and enabled a forced convection
between TABS and the supply air. Consequently, the increase of convective heat
transfer offset the loss of radiative heat transfer. On the contrary, the effect on the
cooling performance presented a different manner. The air-surface temperature
difference was decreased when the TABS was operated as a cooling surface.
Therefore, both the convective and radiative heat transfers were weakened by the
existence of the diffuse ceiling. The reduction in the cooling capacity required TABS
to operate with a lower surface temperature to maintain a desirable indoor
environment at a certain heat load conditions. To reduce the negative impact on the
cooling performance, it is recommended to use diffuse ceiling panel with high thermal
conductivity, for example, Al panel. The cooling capacity of TABS enhanced 21%
compared with that using the wood-cement panel.
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Both experimental and numerical analyses proved that the flow pattern in the room
with diffuse ceiling ventilation is mainly controlled by buoyancy flow produced by
the heat sources. The uprising thermal plumes met the downward flow from diffuse
ceiling supply and generated air recirculation in the room level. As a result, the
ventilation performance was comparable to mixing ventilation. Two parameters
affecting the buoyancy flow were investigated, one was the location of the heat
sources, and the other was the height of the room. The simulated results demonstrated
that even distribution of heat source provides a lower draught environment than the
concentrated placement. In addition, high ceiling level aggravated the air recirculation
in the room and resulted in significant draught at the ankle level. Consequently, it is
preferable to utilize diffuse ceiling ventilation in the rooms with low ceiling height
and with even distribution of heat sources.

Using suspended ceiling as air diffusers presented an advantage of low pressure loss.
The pressure drop of the wood-cement ceiling was measured to be less than 2.5 Pa
even when the air change rate reached 17 h1. Furthermore, the ceiling plenum was
applied to distribute air instead of conventional ductwork, which created less
resistance to the airflow. The low pressure loss of diffuse ceiling ventilation allowed
a remarkable energy saving on the fan power and even made the system able to driven
by natural ventilation. However, the low pressure drop of the ceiling panel was a
potential contributor to the uneven air distribution through the diffuse ceiling supply.
The distribution variance was observed to be more than 100% when the system was
operated in the winter conditions (Figure 4-11). The situation further deteriorated with
reduced plenum height or increased plenum depth. The non-uniform supply led to
higher air velocity occurred in the occupied zone, but did not have a significant impact
on the temperature distribution in the room. Therefore, there is a tradeoff between the
energy saving of the fan and the uniform air supply when selecting the diffuse ceiling
panel. On the other hand, when the diffuse ceiling ventilation is coupled with the
TABS, the decrease of the plenum height increased the convection and promoted the
heating/cooling capacity of the TABS.
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CHAPTER 6. FUTURE WORK

Despite the promising results from the present study, further investigation on a
number of issues is still needed to fully understand the potentials and limitations of
diffuse ceiling ventilation.

e Air quality is another leading factor to evaluate the performance of a ventilation
system. In the existing test facility, the air was recirculated between the test
chamber and the climate chamber, which prohibited air quality measurement
using tracer gas. Although the measured temperature distribution indicated a
good mixing level in the occupied zone, the effectiveness of temperature
distribution and effectiveness of concentration distribution can only give same
results when the contaminant source at the same time is the significant heat
source in the room[12]. It is essential to investigate whether the ventilation
system is able to remove the contaminant in an efficient way and whether there
are any short-circuiting or stagnant air zones, with different contaminant sources.

e The experiments on diffuse ceiling with different opening areas found out that
the system with 18% area ratio can handle the highest heat load without
discomfort (Figure 3-17). However, it is too cursory to conclude that reducing
diffuse ceiling opening area can increase the system cooling capacity, because
the location of the heat sources to the location of the diffuse ceiling opening may
play a crucial role. For instance, by analyzing the vertical ventilation with the
textile terminal, it found out that a large of mixing occurred when the textile
terminal was located directly above the heat sources, but a displacement flow
took place when the terminal was located close to the side wall [76]. It is
essential to investigate the interaction between the heat sources location and the
diffuse ceiling opening location in future study. On the other hand, when the
opening area reduces to a certain level, the flow pattern will turn from the
buoyancy controlled to the momentum controlled and the draught will become a
major concern in that situation. It will be important to find the minimum opening
area which can maintain the buoyancy controlled pattern.

e The present study mainly focused on the cooling situations, where the ventilation
was used to cool down spaces. Although winter conditions were considered
when the system worked together with the TABS, the supply air temperature
through the diffuse ceiling was still lower than the room air temperature due to
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the presence of the internal heat loads. The heating condition represents the
unoccupied period with the heat loss through the envelope (cold window and
external wall). The ventilation needs to supply warm air to maintain an
acceptable indoor environment until people come to work. Nielsen et al. [26]
mentioned that high vertical temperature gradient was observed in the heating
case due to the absence of heat sources. The possibility to use diffuse ceiling
ventilation for heating will be investigated in future study, whether sufficient
mixing can be reached by only the convective flow from the cold envelope
surface.

Night-time ventilation becomes a promising technique for passive cooling,
especially for the commercial buildings in the moderate or cold climate[77].
Diffuse ceiling ventilation presents a high potential to combine with the night
cooling strategy, due to the ceiling slabs are typically exposed to the supply air
pathways, which increases the efficiency of the thermal storage and improves
the pre-cooling effect. The diffuse ceiling ventilation can circulate the cool air
throughout the space, remove the stored heat and pre-cool the building
constructions for the next day. The energy saving potential by implementing the
night-time ventilation strategy requires further analysis by both experimental
and numerical approaches. On the other hand, the diffuse ceiling panel also
presents thermal storage potential depending on the thermal capacity of the
materials. In the current study, Al panel showed a superior performance on the
cooling efficiency than the wood-cement panel, if only considering their thermal
conductivity. However, the difference maybe reduces or show a different manner
if thermal capacity of ceiling panel is taken into account.
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Diffuse Ceiling Ventilation - A Review
Chen Zhang, Per Heiselberg and Peter V. Nielsen

Department of Civil Engineering, Aalborg University, Sohngaardsholmsvej 57,
DK-9000 Aalborg, Denmark

Abstract

As a novel air distribution system, diffuse ceiling ventilation combines the suspended acoustic ceiling with
ventilation supply. Due to the low-impulse supply from the large ceiling area, the system does not generate
draught when supplying cold air. However, heat sources play an important role on thermal comfort in the
occupant zone. Another characteristic of this system is its lower pressure drop compared with conventional
ventilation systems, which reduces the noise problem and, at the same time, the energy consumption of the
fan can be reduced. This review is based on a number of experimental and numerical studies on diffuse
ceiling ventilation. Performance in terms of thermal comfort, air quality, pressure drop as well as radiant
cooling potential are examined. Finally, a discussion on the proper design of the suspended ceiling and
plenum to achieve a uniform air distribution and surface temperature as well as optimizing the radiant
cooling potential by combining with thermal mass is conducted and gives a direction for further
investigation.

Key words: diffuse ceiling, thermal comfort, indoor air quality, design chart.

1. Introduction promotes good mixing with uniform temperature

and pollution distribution in the occupied zone. In
The main purpose of ventilation systems in  contrast, the principle of displacement ventilation
buildings is to supply fresh air to the occupants is to replace but not to mix the room air with fresh
and remove heat, gases and particulates from the  air, where the fresh and cold air is supplied close
building. In addition to these basic requirements, to the floor. Therefore, the highest velocity and
ventilation systems must be energy efficient and  the lowest temperature occur near the floor and a
provide a high level of thermal comfort. The most  vertical temperature gradient exists in the room
widely used non-residential ventilation systems  (Nielsen, 2001). Jacobs et al. (2009) note that, in
are based on mixing ventilation and displacement the case of high ventilation demand and cold
ventilation, as shown in Figure 1 (a), (b). In  supplied air, draught always occurs for these two
mixing ventilation, the air is supplied to the room  ventilation systems due to flow concentration at
at high initial velocity and turbulence. This the air inlets.
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Figure 1. Three different types of air distribution systems:
(a) mixing ventilation, (b) displacement ventilation, (c) diffuse ceiling ventilation.
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A novel solution is diffuse ceiling ventilation,
Figure 1(c), where the space above a suspended
ceiling is used as a plenum and fresh air is supplied
to the occupied zone through perforations in the
suspended acoustic ceiling. Because of the low-
impulse supply from the ceiling area, the system
does not generate draught from cold supply air. A
common application is in livestock buildings. In
Denmark, approximately 90% of livestock buildings
are ventilated by diffuse ceiling inlets. This is
because it provides fresh air to the animals at a high
level of thermal comfort and at low energy and
investment cost (Jacobsen, 2008). This ventilation
concept is also used in special applications such as
clean rooms where high ventilation effectiveness is
required (see Nielsen, 2001; Brohus et al., 2004;
Chow et al., 2004). However in this case the air
change rate is high (50 to 100 h™") giving a high
supply momentum flow and unidirectional flow in
the room. Currently the application of the diffuse
ceiling concept in spaces occupied by human beings
is quite limited.

Studies of diffuse ceiling ventilation systems
mainly use two approaches i.e. experimental and
numerical. Experimental studies are normally
carried out in climate chambers where certain
boundary conditions are set up (Fan et al., 2013;
Hviid et al., 2013; Nielsen et al., 2010; Jacobs et
al., 2008; Chodor and Taradajko, 2013; Yang,
2011). There are also some monitoring studies that
have measured performance under real operational
conditions (Jacobs et al., 2008, 2009; Hviid et al.,
2012). Different designs of diffuse ceiling
ventilation systems, in terms of shape, material,
porosity of the ceiling tiles as well as the airflow
distribution are documented in these studies.
Measurement results have been used to evaluate
the thermal comfort, air quality and energy
efficiency of the systems. Compared with
numerical modelling, the results obtained by
experimental studies are considered to be more
reliable. However, numerical research is
characterized by its low cost and time efficiency.
Also boundary conditions can be easily changed to
study different scenarios. Numerical simulations
include investigation of fluid flow by CFD (Fan et
al.,, 2013; Nielsen et al., 2010; Chodor and
Taradajko, 2013; Yang, 2011) and heat transfer and
energy performance by dynamic building
simulation tools (Hviid, 2011). In addition to these
two approaches, a design chart method based on
the “flow element” theory has been created, which
is based on analysis of measurement results or
predicted results of validated CFD models (Fan et

al., 2013; Nielsen et al., 2009). The design chart
approach can serve as a guideline for the design
and dimensioning of diffuse ceiling ventilation
systems.

This paper aims to provide a critical review of
diffuse ceiling ventilation systems based on the
most current research results from laboratory field
experiments and simulation studies. First of all, the
air distribution patterns and various types of
diffuse ceiling inlet are summarized to provide a
good knowledge about this air distribution system.
Secondly, the performance of diffuse ceiling
ventilation is analysed in terms of thermal comfort,
air quality, energy efficiency (minimising pressure
drop) as well as its radiant cooling potential.
Finally, a discussion is conducted regarding the
design chart method and its application as well as
the effect of the plenum and suspended ceiling on
system performance and condensation issues.

2. Characteristics of Diffuse

Ventilation

Ceiling

2.1 General Description

A diffuse ceiling ventilation system uses the open
space between the ceiling slab and suspended
ceiling as a plenum to deliver conditioned air. As
there is a pressure difference between the plenum
and the occupied zone, the air penetrates through the
entire ceiling into the occupied zone. This concept is
characterized by the large ceiling area used as the
supply opening. Thus, air flows into the occupied
zone at low velocity and with no fixed jet direction,
hence the name “diffuse”. This system has the
potential to reduce draught risk in the occupied
zone, even when supplying cold air. Instead, it is the
convective flows generated by the heat sources such
as people, equipment or windows that generates a
risk of draught in the occupied zone (Nielsen et al.,
2009).

2.2 Air Distribution Pattern

The air distribution patterns in rooms with diffuse
ceiling inlets may be controlled either by buoyancy
flows from heat sources or by momentum flow
depending on the air change rate (see Nielsen, 2001
and Figure 2). In the case of an air distribution
pattern controlled by momentum flow a high air
change rate is needed (e.g. 50-100h"), which
creates piston-flow. This air distribution concept is
especially applied in clean room where very high
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Figure 2. Diffuse ceiling ventilation presented on a q-AT graph (Nielsen, 2001).

ventilation effectiveness is expected. Nielsen (2001)
also mentioned that low return openings are
required in this case.

For air change rates in the rangel to 15 h', the air
distribution pattern in the room is controlled by
buoyancy flows, and this could be defined as mixing
ventilation because the ventilation effectiveness is
close to one when a heat load is present. For this
situation Hviid et al. (2012) state that the ventilation
effectiveness of diffuse ceiling ventilation is
comparable to conventional mixing ventilation,
which is generated by the convective plumes of the
heat load. The main advantage of this air
distribution system is that it can handle high heat
load without significant draught, because the air
flow is determined by the heat sources and not by
momentum flow from the supply openings. This
characteristic makes the concept especially suitable
for buildings requiring high cooling demand and
high thermal comfort levels such as in offices or
classrooms. In this paper, special attention is given
to the buoyancy control of the air distribution
pattern, due to its wide application potential.

2.3 Types of Diffuse Ceiling Inlet

The design of diffuse ceiling inlets such as the shape
and material of ceiling tiles, perforation patterns and
ceiling suspensions, etc. has a significant influence
on the performance of ventilation systems. As
illustrated in Table 1, diffuse ceiling inlets can be
generally divided into three types based on their air
path. In the first type, the diffuse ceiling is made of
ceiling tiles which are impermeable to air. In this
case air is supplied through connection slots
between tiles (crack flow) thus forming micro-jets

that will generate high local entrainment.
Consequently, the ceiling installation determines the
connections, the slot locations and micro-jet
characteristics that will potentially affect ventilation
performance. This type of diffuse ceiling inlet was
analyzed by Nielsen et al. (2010) in a full-scale
experiment in a one person office. Smoke
experiments showed that high velocity with high
entrainment took place in micro-jets below the
ceiling penetrating to a depth of 0.25 m into the
room. Therefore, a distance of at least 0.25 m from
the occupied zone to the ceiling surface is needed.
Linear micro-jets were also observed at both ends of
aluminium lamellae by Fan et al. (2013).

The second type of inlet consists of perforated
ceiling tiles which are permeable to air. Thus, the air
is supplied through ceiling perforations as well as
connection slots. The air flow pattern of this inlet
approach is strongly dependent on the connection
profiles and the perforation profiles. Hviid et al.
(2013) carried out an experimental study on two
types of perforated suspended ceiling (aluminium
and gypsum), as illustrated in Table 1. The
aluminium tiles were fixed by pushing taps into the
suspension profile, while the gypsum tiles were
connected by a reverse T-profile. By comparing the
volume flow at the same pressure drop for a single
tile and for the mounted suspended ceiling, the
crack flow for the aluminium and gypsum ceiling
was estimated to constitute 17% and 64% of the
total flow, respectively. The different crack flow
rates were attributed to the different connection
profiles i.e. the more airtight the connection, the
lower the crack flow. The influence of perforated
area ratio was investigated by Jacobs et al. (2008) in
a pilot study of a classroom by comparing two
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Table 1. Three types of diffuse ceiling inlet based on air path and their examples.

Type

4-""3

High lecal entrainment

=

High local entrainment

2222

Low local entrainment

Example inlet

e

Description | Reference
« Impermeable mineral wool Niesen et al.
acoustic tiles (2010)

+ 50 mm thickness

« Impermeable aluminium Fan et al.
lamellae (2013)
15 mm mineral wool acoustic
plates above lamella

- Aluminium acoustic tiles | Hviidand
+ 0.6 mm thickness Svendsen
Circle perforation: (2013)

@ =2.5 mm, pitch 5.6 mm
« Degree of perforation 16.2%

«  Gypsum acoustic tiles | Hviid and
12.5 mm thickness Svendsen
Hexagon perforation: (2013)

@ =11 mm, pitch 20 mm
« Degree of perforation 17%

Large perforations: | Jacobs et al.
@ =25 mm, pitch 5300 mm (2008)
+ Degree of perforation 0.5%

+ Small perforations: | Jacobs et al.
12 x 12 mm, pitch 25 mm (2008)
« Degree of perforation 18%

« Perforated structure | Chodor and
« Three layer Taradajko
Base layer 25mm (2013)

Diffusive layer, 3 mm
paint layer
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perforated ceilings with ventilation grilles. One
ceiling tile had large perforations, where the
perforation diameter was 25 mm and the perforated
area ratio was 0.5%. The other has small
perforations, where the perforation was 12 x 12 mm?
and the perforated area ratio was 18%. The
measurement results indicated that the diffuse
ceiling with the large perforated area ratio
contributed to lower draught risk in the occupied
zone. However, both showed better thermal comfort
than ventilation grilles.

The third type of inlet is the ‘fully diffuse ceiling’.
This type of inlet is made of perforated material
instead of consisting of ceiling tiles Therefore no
connection slots exist. The advantage of this type of
diffuse ceiling is an aesthetic aspect without any
visible diffusers. The air penetrates through the
entire ceiling area. Thus the air velocity is very
small and no micro-jet is present and hence there is
low local entrainment. This type of diffuse ceiling
was was investigated by Chodor and Taradajko
(2013) as a possible application for Oslo National
Museum. As illustrated in Table 1, the diffuse
ceiling is made of large particles with diameter

varying between 1 to 2 mm. The particles are
connected with each other to form a 25 mm layer.
The results showed that a higher pressure drop was
generated by this type of ceiling construction, with a
value of between 20 and 107 Pa for an airflow rate
between 5 to 201/s.m’. Jensen et al. (2012)
conducted airflow tests on 10 ‘Fully diffuse ceiling’
samples and the results indicated that the pressure
drop could vary considerably depending on the
thickness and type of diffusive layer, coating and
paint layer. A detailed introduction of pressure drop
is discussed in the following section.

As well as single type designs, some diffuse ceiling
ventilation systems are designed by combining
several inlet types. Hviid et al. (2012) presented an
experimental study in a real classroom, where two
types of ceiling tiles were used: active and passive.
The active tiles of cement bonded wood-wool were
permeable while the passive tiles incorporated
impermeable mineral wood glued to the back. The
active panels were non-uniformly placed and
covered 13% of whole ceiling area while the
remaining area incorporated the passive panels. The
experimental results indicated that the mineral wool

Table 2. Tested conditions of different studies.

References Case Flow rate (I/s.m?) Heat load (W) Supply temp. (°C)
1 34 670 16.7
Fan et al. (2013) ) 4.96 1137 172
B 1 1.85 1080 32
(%‘{g)& Svendsen 2 245 1080 32
3 4.86 1080 11.2
Cooling 1 5.4 1 mankin, 1 PC, 1 lamp N/A
Nielsen et al. (2010) Heating 1 2.38 0 N/A
Heating 2 4.08 0 N/A

Nielsen and
Jakubowska (2009) 1.9-7.3 480 AT=12-3.5
Floor heating 1 3.12 750 N/A
Radiator 1 3.12 750 N/A
Jacobs etal. 008) )+ heating 2 6.24 750 N/A
Radiator 2 6.24 750 N/A

Chodor and
Taradajko (2013) 5.0-20.0 1000-2000 4.8-15.7
1 2.23 10
. 2 2.23 ils+ i 17
Hviid (2011) 3 446 (1 10(? ‘{’\?)uflllisghtl (rZ»azdéia\tX(;; 10
4 4.46 17
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layer improved the acoustic properties and permitted
control of the supply air distribution in the room.
From infrared pictures, it was clearly observed that
the active panels had a lower surface temperature
than the passive panels.

3. Performance Evaluation

Performance studies on diffuse ceiling ventilation
systems can be generally grouped in the following
four aspects:

Thermal comfort: air  temperature
draught and radiant asymmetry;

gradient,

Indoor air quality: ventilation effectiveness and
air exchange efficiency;

Pressure drop and its effect

consumption;

on energy

Radiant cooling potential.

These aspects are discussed below and are based on
a number of experimental and simulation results.
The tested conditions of different studies are
presented in Table 2.

3.1 Thermal Comfort

The air distribution system needs to be designed for
high thermal comfort. Therefore, it is important that
the occupied zone has the optimum climate with
respect to air temperature, draught level, and
asymmetric radiant temperature. ISO 7730 (2005)
specifies the design criteria for different types of
spaces, where category B for types of rooms such as
single and landscaped offices, classrooms and
conference rooms are addressed in this paper.

3.1.1 Air Temperature Gradient

Temperature stratification that results in the air
temperature at head level being higher than at ankle
level may cause thermal discomfort. In order to
avoid discomfort, ISO 7730 (2005) gives the
limitation of temperature difference between ankle
level and head level (0.1 — 1.1 m above floor) as less
than 3 K for Category B.

Diffuse ceiling ventilation can provide good mixing
of room air, as has been addressed by a number of
studies, and consequently a low risk of discomfort
caused by vertical temperature gradient has been
reported. Fan et al. (2013) analyzed the temperature

gradient of a climate chamber using both
experimental measurements and CFD simulations.
The results showed that there was 1 K temperature
difference from floor to ceiling for two scenarios
corresponding to an equivalent temperature gradient
of 0.3 K/m. A similar finding was reported by Hviid
et al. (2013) who showed that the vertical
temperature gradient between head and ankle height
was approximately 0.5 K.

Nielsen et al. (2010) measured the vertical
temperature gradients in an office for both cooling
and heating cases. Their study proved that there is a
small vertical temperature gradient in the cooling
case, where the temperature difference between
head and ankle level was less than 1 K. In the
heating case, which looked at a night situation
without any heat load in the room, a high vertical
temperature gradient was observed and the
temperature difference between head and ankle level
reached 2.5 K. However, this was still within the
limitations of Category B. It should be noted that the
absence of heat loads in the occupied zone
minimizes the mixing flow in the room. Thus, in the
heating case, using diffuse ceiling ventilation, it is
always recommended to use a convector or a floor
heating system for heating.

3.1.2 Draught

Draught is defined as an unwanted local cooling of
the body caused by air movement (Fanger et al.
1988). This is one of the most common causes of
complaint in ventilated or air conditioned buildings.
The draught rate (DR) is determined by local air
temperature, local mean air velocity and local
turbulence intensity.

The DR by diffuse ceiling ventilation was explored
by Fan et al. (2013) at three heights: 0.1 m, 1.1 m
(for a seated person) and 1.7m (for a standing
person) and for two airflow rate scenarios (Table 2).
The highest DR was found to be 7% for the high
airflow rate scenario of 4.96 1/s.m” This was well
within the maximum limit set by environment
category B of 20%. This finding was in good
agreement with the investigations carried out by
Nielsen et al. (2009) and Hviid et al. (2013), which
conclude that the use of a diffuse ceiling as the air
terminal device can provide a draught free indoor
environment, even under high airflow rate.
Furthermore, the highest risk of draught was found
at ankle level, which corresponds well with the
finding that maximum velocity in the occupied zone
is located close to the floor.
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Figure 3. Draught rating for different heat loads (Jakubowska, 2007).

A parametric analysis was carried out to investigate
the influences of ventilation flow rate on DR for a
room equipped with diffuse ceiling ventilation (Fan
et al., 2013). The results indicated that there was no
clear dependence of DR on ventilation flow rates
within the range 1.48 to 11.62 1/s.m?. This finding
was confirmed by Nielsen et al. (2009), who showed
that the DR is, to some extent, independent of the
supply flow, because the momentum of supply flow
is very low. On the other hand, the influence of total
heat load (including human and equipment heat
load) on the DR was investigated by Jakubowska
(2007). This showed that the DR at ankle level for
four heat load conditions (283 W, 480 W, 833 W and
1063 W) depended on heat load and draught. As
illustrated in Figure 3, the DR increased from 2% to
10% when the heat load increased from 283 W to
1063 W, but the difference due to flow rates was
insignificant. Thus, it can be deduced that the
diffuse ceiling ventilation does not generate draught
by itself; instead, it is the heat sources that cause the
draught in the occupied zone. Moreover, the
importance of heat sources was investigated by
Hviid (2010) who used CFD simulations to indicate
that thermal plumes force the supply air to regions
with no heat sources, leading to cold downdraught
and a risk of draught in those regions. The same
phenomenon was also found by Chodor and
Taradajko (2013).

3.1.3 Radiant Temperature Asymmetry
Differences in room enclosure temperatures can lead

to thermal discomfort due to radiant asymmetry,
even when the mean radiant temperature is within

acceptable limits (Fanger et al,. 1985). However,
occupants are less sensitive to radiant asymmetry
caused by cool ceilings than warm ceilings or cool
walls (windows). The radiant temperature
asymmetry for cool ceiling should be less than 14 K
to satisfy indoor environment category B (ISO 7730,
2005).

The temperature difference between the suspended
ceiling and other surrounding surfaces increases
with the reducton of supplied air temperature, as
reported by Hviid et al. (2013). They measured the
surface temperature of aluminium and gypsum
ceilings for three test conditions (Table 2), and the
results show that the maximum temperature
asymmetry of the cold ceiling was approximately
6 K when the supply temperature was -3.2 °C.

Chodor and Taradajko (2013) confirmed that radiant
asymmetry caused by a cool ceiling did not generate
a notable amount of percentage dissatisfied
occupants. They measured the temperature
asymmetry ranging from 1.5 K to 8.4 K depending
on different heat load and flow rate conditions,
which are clearly within the limit value of 14 K.
They also pointed out that the lowest temperature
asymmetry, 1.5 K, occurred when the only heat
source was from lighting (heat load of 1000 W) in
the room.

3.2 Indoor Air Quality
The parameters used to evaluate indoor air quality

include ventilation effectiveness and air exchange
efficiency. Ventilation effectiveness describes how
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efficiently the ventilation system removes the indoor
contaminants from the occupied zone and how
certain areas are influenced by contaminant sources
in the room, which is calculated using Equation (1).

= G -C,
¢ ¢ M
Where Cr, C, and C, are the contaminant

concentration in the return opening, contaminant
concentration in the supply opening and
contaminant concentration in the occupied zone.
The ventilation effectiveness depends on the air
distribution system and the location of the pollution
sources in the room. If there is complete mixing of
air and pollutants, the ventilation effectiveness is
one.

The ventilation effectiveness was analyzed by means
of tracer gas measurements. Fan et al. (2013) reported
that the ventilation effectiveness by diffuse ceiling
ventilation is between 0.9 and 1 in the breathing zone
and in the middle of the room for the two air change
rate scenarios given in Table 2. These results
correspond well with the studies of (Nielsen et al.,
2010: Chodor and Taradajko, 2013; Nielsen et al.,
2009). This means that rooms equipped with diffuse
ceiling ventilation can generate good mixing in the
occupied zone by convective flow. In addition, the
results indicated that ventilation flow rate has a
limited influence on ventilation effectiveness in the
case of non-isothermal load.

Another indoor air quality index is air exchange
efficiency, ¢, which shows how fast the air is
exchanged in a ventilated room. This is a measure of
the average time it takes to replace the air in the

T

room 7, compared to the theoretically shortest

possible air change time 7,, and is expressed by
Equation (2):

e =22 %100%
T

r

@

The actual air change time 7, can be derived from
the room mean age of air T by:

T, =27 3)
The air exchange efficiency is dependent on the air
distribution system in the room, geometry of the
room and location of heat source, but it is not
dependent on the location of the contaminant
sources. Hviid et al. (2013) investigated the air
exchange efficiency and the results support the good
mixing finding as mentioned above. Also there was
no evidence of any stagnant zone or short-circuiting
ventilation in the room.

3.3 Pressure Drop and its Effect on Energy
Consumption

Normally, it is preferable to reduce pressure drop
across the diffuser to avoid noise problems and
reduce fan power consumption. As documented by
several studies (Jacobs et al., 2009; Fan et al., 2013;
Hyviid et al., 2013; Yang, 2011; Jakubowska, 2007),
one advantage of the diffuse ceiling as an air
terminal device is the low pressure drop.

Figure 4 illustrates the pressure drop across different
diffuse ceiling constructions (see Table 3), as a
function of airflow rate. It can be observed that there
is a large variance on pressure drop for different
types of diffuse ceiling inlet. Diffuse ceiling inlet
type 1 (mineral wool ceiling, aluminium lamella
ceiling) and type 2 (Alu-16 and Gyp-17 ceiling)
show very low pressure drops of less than 5 Pa for
airflow rates ranging from 11/s.m* to 10 l/s.m’
However, the pressure drops across different ‘fully
diffuse ceiling” (FDC) samples show a large span

Table 3. The diffuse ceiling types used in pressure drop measurements.

References

Diffuse ceiling type

Fan et al. (2013)
Hviid and Svendsen (2013)

Jensen et al. (2012)
Jakubowska (2007)

IAluminium lamellae

IAluminium tiles (open area 16%)
Gypsum tile (open area 17%)

[Ten ‘Fully diffuse ceiling’(FDC) samples
Mineral wool panels and profiles
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Figure 4. Pressure drop for different diffuse ceiling types.

ranging from 5 Pa to 70 Pa when the airflow rate is
20 I/s.m’. The large span of possible variation on the
‘fully diffuse ceiling’ is attributed to different
thicknesses and types of diffusive layer, as well as
the coating and paint layers. Generally, most of
‘fully diffuse ceiling” samples showed higher
pressure drop then the other types of diffuse ceiling
inlet.

In addition, the connection profile has been found to
have a significant impact on the pressure drop of
diffuse ceiling systems. A proper connection profile
can reduce the pressure drop and control the air
distribution over the ceiling. As reported by
Jakubowska (2007), the pressure drop from a single
mineral wool panel was very high due to the high
resistance of the material. In this example a pressure
drop of 74 Pa was reached for an airflow rate of
8.5 1/s.m’ (see Figure 4). However, the pressure drop
reduced to 5Pa when measured over the whole
diffuse ceiling system. This was due to almost all
the airflow penetrating through the connection slots
instead of ceiling panels. A similar study was made
by Hviid et al. (2013) who found that 64% of the
airflow was through the connection slots for the
gypsum ceiling and 17% for the aluminium ceiling.
Thus, it can be concluded that major factors
influencing pressure drop are the diffuse ceiling
inlet type, porosity and air tightness of connections
as well as the suspension system.

The pressure drop across the ventilation system is a
dominant parameter of fan energy consumption.
Jacobs et al. (2009) described two field studies of
classrooms with diffuse ceiling ventilation systems:
Sliedrecht primary school and Tilburg primary
school. The air was distributed by 25mm
perforations of pitch 300 mm drilled in the existing
ceiling tiles, and was discharged through the facade
in the first case and to an atrium in the second case.
By comparing with traditional and modern
ventilation systems for schools in the Netherlands
(Railio et al., 2007), they found that the specific fan
power (SPF) and energy cost of diffuse ceiling
systems were considerably lower than other
ventilation systems, as shown in Table 4. In
addition, they pointed out that the investment cost
for implementing diffuse ceiling ventilation in an
existing classroom is very low because air ducts
were not needed and the existing suspended ceiling
could be used.

3.4 Radiant Cooling Potential

A radiant cooling system refers to a temperature-
controlled surface that cools indoor temperatures by
removing sensible heat (ASHRAE, 2000) and which
relies on the process of radiant heat flow from
heated objects and occupants to the cooled surface.
Different from other air distribution devices, diffuse
ceiling inlets have radiant cooling potential due to
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Table 4. Comparison of specific fan power (SPF) and electricity consumption of different ventilation systems.
Occupancy 1040 h/a, flow rate 200 dm3/s, electricity costs 0.2 euro/kWh
(Jacobs and Knoll, 2009).

SPF Electricity costs
Systems [kW/m?/s] [€/a]
Traditional system 5-10 290
Modern system 2-25 90
Primary shool Sliedrecht 0.04 2
Primary shool Tilburg 0.5 20

their large supply area and low surface temperature.
Consequently, instead of removing the entire heat
load by cold air, a part of the sensible heat load can
be removed by the cold suspended ceiling panel.

Hviid et al. (2013) measured the suspended ceiling
surface temperature in three scenarios with air flow
rates from 1.85 to 4.861/s.m* and supply air
temperature from -3.2 °C to 11.2 °C. The results
showed that the ceiling surface temperature was in
the range of 14.3 to 17.7°C. The low surface
temperature increases radiant heat transfer between
the ceiling and other warm surfaces in the room.
Additionally, the radiant heat transfer not only
occurs between the suspended ceiling and room
surfaces, but also occurs between the ceiling slab,
plenum surface and supply air. In this study, the
preheating effect of the plenum was significant for
low temperature supply, where the supply air
temperature increased by 12.9 °C in the plenum
(from -3.2 °C t0 9.7 °C). This phenomenon indicates
that the occupied zone is at low draught risk
regardless of the supply air temperature because the
radiant cooling part increases relatively over the
convective part. Hviid (2011) also investigated the
radiant cooling potential by comparing the
simulated thermal indoor environment for two
ventilation strategies (diffuse ceiling ventilation and
mixing ventilation). The results showed that the
diffuse ceiling ventilation results in a 1 K lower
operative temperature than mixing ventilation.

The radiant effect was also analysed by Chodor and
Taradajko (2013) by calculating the radiant heat
transfer to the diffuse ceiling. In their study, the heat
transfer to the diffuse ceiling by radiation was
approximately 510 W when the heat load in the
room was 2000 W, which means that 25% of the
heat load is eliminated by radiation.

4. Discussion
4.1 Design Chart

When designing a ventilation system, one important
task is to find the limits of flow rate to the room and
the temperature difference between supply and
return air that provides both sufficient cooling
capacity while maintaining an acceptable comfort
level. In order to make decisions more clearly, a
design chart was developed and used to compare
different systems and to find the optimal solution to
satisfy requirements (Nielsen, 2007). The resultant
chart is expressed as a gy - AT, chart. The limits for
the design chart consist of maximum air velocity in
the occupied zone, maximum vertical temperature
gradient, and minimum flow rate to obtain air
quality. In addition, sometimes, other restrictions are
applied including maximum cooling capacity,
minimum supply temperature (when outdoor air is
used for cooling), and the maximum flow rate
associated with acceptable noise level.

A design chart for a diffuse ceiling inlet was
developed by Fan et al., (2013) based on their
particular experimental setup. From Figure 5, the
vertical line on the left represents the minimum flow
rate to satisfy indoor air quality, while the vertical
line on the right is the limit of the system capacity
which corresponds to an air change rate of 6 h for a
traditional design office building. The horizontal
line represents the maximum temperature difference
in order to avoid condensation in the duct systems.
Condensation in the duct system or suspended
ceiling is an important problem in densely occupied
room, such as classrooms. The curved line
represents the flow rate and temperature difference
within the design range for a constant heat load limit
of 30 W/m’. These four lines enclose an area
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Figure 6. Design chart for a diffuse ceiling inlet and five other air distribution systems.
(Nielsen and Jakubowska 2009).

representing the comfort zone for diffuse ceiling
ventilation.

It is possible to make a direct comparison between
different air distribution systems by means of a
design chart. As shown in Figure 6, the performance

of a diffuse ceiling inlet and five other air
distribution systems are compared (Nielsen et al.,
2009). The design chart was drawn based on the
experimental results obtained by testing different air
distribution systems for the same room and same
heat load. This shows that the diffuse ceiling inlet is
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able to handle the highest load compared to all the
other systems. In addition, the draught limit of the
diffuse ceiling inlet is close to a line representing a
constant load of approximately 1100 W (72 W/m?).
This is because the draught is generated by the
thermal plume, which is independent of the flow
rate and temperature difference.

4.2 The Effect of Plenum and Suspended Ceiling

The use of a ceiling plenum to deliver conditioned
air directly into the occupied zone is one of the key
features that distinguishes diffuse ceiling ventilation
from conventional ducted air distribution systems.
The plenum is the space between the ceiling slab
and the suspended ceiling, which can operate as
pressurized or at zero pressure. A pressurized
plenum has a small positive static pressure applied
which is created by a central fan in the air-handling
unit or by wind and buoyancy effect generated by
temperature differences. In the case of a zero-
pressure plenum, the air is exhausted from the
conditioned space using an extractor fan which
creates a negative pressure in the space. Thus, the
pressure difference between plenum and conditioned
space will drive the air through a diffuse ceiling.
The pressurized plenum has advantages of
simplicity and low installation costs. However, there
is evidence from some completed projects that
uncontrolled air leakage from a pressurized plenum
can impair system performance (Valadez, 2013).
However, since the pressure in a diffuse ceiling
ventilation system is relatively low, proponents of
the pressurized plenum approach claim that leakage
is minimal, and much of the leakage will be into the
same zone as the conditioned space.

Since the pressure difference between the plenum
and conditioned space is low and convective
currents are strong, two directional flows may occur
and cause a warm air buffer to form in the plenum.
This reverse flow may raise hygiene problems if
particulate matter deposits in the plenum (Hviid et
al., 2013). Reverse flow across the perforated
ceiling was investigated by Hviid et al. (2013) using
tracer gas. Results showed that only insignificant
reverse flows were observed at a pressure drop of
approximately 1 -2 Pa. In this study, the sampling
points in the plenum had almost identical
concentration levels, even at the lowest inlet speed
of 1.3 m/s, while the concentration in the plenum
was slightly higher than the background level in the
supply. This indicated that reverse flow was very
low. Jakubowska (2007) also performed tracer-gas
experiments, but did not observe reverse flows. In

these measurements the under pressure differences
were approximately 1.5 - 4.5 Pa.

By distributing the supplied air via the plenum,
continuous direct contact between the cold air and
thermal mass of the ceiling slab occurs. This enables
heat transfer to take place depending on the
temperature difference and airflow rate.  Various
studies (Hoseggen et al., 2009; Kolokotroni et al.,
1998) have shown that thermal mass together with
ventilation may reduce indoor maximum
temperature and cooling demand. In addition, free
night cooling with thermal mass can provide a heat
sink during the following day (Artmann et al.,
2008). However, in the case of diffuse ceiling
ventilation, the thermal mass of the ceiling slab is
encapsulated by the suspended ceiling. Hoseggen et
al. (2009) pointed out that the suspended ceiling
decreases night free cooling significantly and also
increases the number of hours with excessive
temperature considerably. Some studies have
demonstrated that it is only necessary to partly cover
the suspended ceiling to improve thermal cooling
while still maintaining acceptable acoustic
conditions. Jensen et al. (2012) and Weitzmann
(2008) show that even a large covering percentage
still gives significant cooling from the ceiling.
However, this solution, when integrated with a
diffuse ceiling ventilation system, still needs further
investigation. In addition, the heat exchange
between supply air and thermal mass of the concrete
slab and suspended ceiling may influence supply air
temperature variations as a function of distance
travelled through the plenum (Bauman, 2013).

In the design of the plenum, the primary objectives
are to ensure:

- Generation of uniform air distribution through
the entire ceiling area;

«  Generation of uniform temperature distribution
at the surface of the diffuse ceiling;

«  Creation of a low momentum air supply in the
occupant zone;

« Increase of heat transfer by activating the
thermal mass.

The performance of plenum and diffuse ceiling
systems are influenced by a number of design
parameters such as: plenum height, the location and
configuration of the inlet to the plenum, obstructions
within the plenum and the covering percentage of
the suspended ceiling, etc. For example, it was
documented that the plenum depth is often
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inadequate in the direction of airflow, which results
in localized areas of high velocity flow (U of I
Facilities Standards, 2011). However research
regarding the plenum design of diffuse ceiling
ventilation systems is quite limited and no design
guide is available at present. Thus, further
investigation should be conducted on the proper
design of these parameters.

4.3 Condensation Problems

Since the diffuse ceiling has radiant cooling
potential, condensation is also a problem faced by
this technology. In humid climates a suspended
ceiling surface can form condensation easily if
humidity is not properly controlled in the room. The
condensation of moisture will affect visual
perception and function. Also, the surface of the
ceiling can become wet and contaminated with dirt
and micro-organisms. Condensation can drop from
such ceilings forming “office rain” (Li et al., 2011).
Condensation risk can be aggravated by reverse-
flow in diffuse ceiling ventilation systems. Thus
condensation will occur when high humidity and
high temperature airflow from the conditioned space
is forced back to condense on the back of suspended
ceiling panels causing early failure.

In a humid climate, the largest source of moisture is
the ventilation air from outside, which accounts for
about 50 to 80% of the building moisture load in
typical commercial buildings (Price HVAC, 2013).
Therefore, it is essential that ventilation air is
dehumidfied before being delivered to the plenum.
On the other hand, the supply air temperature needs
to be controlled to ensure that the suspended ceiling
surface temperature is above the dew-point of the
ambient air. In particular, the temperature of the cool
ceiling surface should not be reduced below the
limit of 15 °C (Stetiu, 1997) to ensure that the
indoor air temperature is maintain within the range
specified by EN 15251 (2007). In addition, proper
control of the pressure of the plenum and correct
design of the plenum and suspended ceiling may
avoid reverse flow and associated condensation
problems.

5. Conclusion

Based on the literature review, this study reaches
several conclusions:

«  The flow pattern of diffuse ceiling ventilation
can be either buoyancy controlled or momentum

controlled, depending on the ventilation rate.
However, the buoyancy controlled pattern has
great potential for non-industrial applications
because it is possible to handle high heat loads
without generating draught.

Based on the air path, diffuse ceiling inlets can
be divided into three types: air supply through
connection slots, air supply through both
connection slots and perforated ceiling tiles, and
air supply through a perforated ceiling. Micro-
jets and high local entrainment may occur below
connection slots, due to the relatively high air
velocity. Therefore, a certain vertical distance
should be kept between the occupied zone and
the diffuse ceiling surface for the first two types
of inlet.

In rooms with diffuse ceiling ventilation, small
vertical temperature gradients ranging from 0.3
to 1 K/m have been observed in the case of
cooling, while values up to 2 K/m have been
observed in the heating case. These values
satisfy the requirement of ISO 7730 Category B.
In addition, heat loads in the occupied zone can
increase air mixing which is beneficial to
thermal comfort. In the case of space heating,
convector heating should be used.

The diffuse ceiling as an air terminal device can
provide a low draught risk to the indoor
environment. The highest risk of draught is
found at ankle level. Draught is independent of
flow rate, but it is influenced by heat sources. It
has been found that thermal plumes force the
supply air to regions with no heat sources,
leading to cold downdraught and risk of draught
in those regions. Discomfort caused by radiant
asymmetry of a cool ceiling can be negligible.

The ventilation effectiveness of diffuse ceiling
ventilation is comparable to perfect mixing
ventilation. There is no stagnant zone or short-
circuiting ventilation in a room with diffuse
ceiling ventilation.

Pressure drop is dependent on the design of the
diffuse ceiling inlet. Parameters include shape,
material, porosity of the ceiling and connection
profile, etc. Generally, diffuse ceiling ventilation
has a significantly lower pressure drop than
conventional ventilation systems.

Critical issues for future research include
plenum design for uniform air distribution and
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surface temperature, and suspended ceiling
design to optimize the radiant cooling potential
of thermal mass.
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1. Introduction

The demand for comfort cooling is dramatically increasing in all
European countries. As predicted by EECCAC [ 1], a four-fold growth
of energy consumption for cooling will occur between 1990 and
2020 in EU 15. The reasons for the expansion of cooling demand
are manifold. First of all, the constructional and physical bound-
ary conditions of buildings have been changing. For example, the
buildings are designed to be more airtight, with better thermal
insulation and intensive use of glazed fagades. These changes con-
siderably reduce the energy demand on heating, but also lead to an
increase on cooling demand. Secondly, the tightened requirements
on indoor comfort and the increase of internal loads (IT equipment)
contribute to a rise on cooling demand. Finally, the climate change
with an increase of outdoor temperature in the summer period
exacerbates the situation.

Passive cooling by ventilation is regarded as a promising strat-
egy, which has been proved to have a significant free cooling
potential in the moderate or cold climates of Central, Eastern and
Northern Europe [2]. For the conventional ventilation solutions, it
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is necessary to preheat the outdoor air during winter to avoid the
draught risk in the occupied zone. This rises the energy use and
investment cost. An alternative ventilation concept is known as
diffuse ceiling ventilation (DIFCV), where the fresh air is supplied
through perforations in suspended ceiling panels [3]. Due to the
large opening area, air flow is delivered into the room with very
low velocity and with no fixed jet direction, so the name ‘diffuse’.
This ventilation system has been demonstrated that it has superior
performance on handling high heat load by directly supplying low
temperature air and without significant draught risk [4,5]. On the
other hand, a plenum above suspended ceiling is used to deliver air
instead of conventional duct system, thus the pressure drop of the
system is largely reduced, making it possible to implement with
natural ventilation [5-7]. This ventilation concept is wildly used in
the livestock buildings because of its low investment cost and high
thermal comfort [8,9]. Recent years, more and more applications
and studies have been reported regarding utilization of DIFCV in the
indoor space for human being, especially for offices and classrooms
with high heat load and high ventilation demands [6,5,10,11].
Natural ventilation as a passive cooling strategy strongly
depends on the climatic conditions. When natural ventilation is
insufficient to cool down the building or heating is required,
thermally activated building system (TABS) could serve as a sup-
plementary system to deal with the excessive cooling or heating
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Nomenclature

A area [m?]

ACH air change rate [1/h]

DR draught risk [%]

PD percentage of dissatisfied [%]
PMV preceded mean vote

G specific heat [J/kgK]

M flow rate [kg/s]

t temperature [°C]

Q heat flow [W]

h heat transfer coefficient [W/m2 K]
Subscripts

a air

avg average

DIFCV  diffuse ceiling ventilation
down lower zone

envelop other envelop

ex return

facade facade

in inlet

op operative

re return

s surface

source heat source

su supply

surround surrounding zone

TABS thermally activated building construction
up upper zone

vent ventilation

w water

demands. TABS is a type of radiant cooling and heating system,
where the water carrying pipes are embedded in the building ele-
ments [12]. Because of the high inertia of thermal mass, the peak
load will be reduced and some of cooling load will be transferred
beyond the time of occupancy. In addition, due to the large heat
transfer surface, it is possible to heat or cool effectively, even with
very slight temperature differences between the concrete slab and
the room. This will result in a high efficiency of energy system and
increasing application of renewable energy resource such as ground
water, heat pump and solar collectors [13-15]. Therefore, the inte-
grated system has the potential to provide cooling, heating and
ventilation for an office building all year around with high thermal
comfort and low energy consumption.

The combination of radiation cooling/heating and ventilation
systems has been extensively studied. The most common applica-
tion is cooled ceiling with displacement ventilation. This integrated
system has been proved to be more energy efficient than conven-
tional air conditioning systems, since it could work together with
night cooling and heat storage facilities [16,17]. However, in order
to avoid the risk of draught in the occupied zone, the cooling load
should be restricted to below 100 W/m?, the height from floor to
ceiling should be higher than 2.5 m and the cooling outputs of ceil-
ings should also be regulated appropriately [16]. In addition, the
downward convective flow produced by cooling panels mix with
the upward displacement flow, which gives a more mixed condition
than pure displacement [17,18]. The combination of floor cooling
with displacement ventilation is also considered possible, although
the draught risk at the ankle level and vertical temperature gra-
dient need to be controlled carefully [19]. Since the advantage of
displacement flow in respect to the air quality is receded when
cooled ceiling is used to remove high cooling load, another solution

of cooled ceiling coupled with mixing ventilation were studied. The
results indicated that a mixing ventilation system could provide
uniform pollutant distribution if the entire ceiling be covered by
cooled areas. However, a draught risk was observed if high cooling
load was presented, in the same manner as displacement ventila-
tion [20].

The new system solution combining DIFCV and TABS has been
proposed recently by Tao Yu et al. [21]. They specified five oper-
ation models based on different climatic and occupied conditions.
A case study of a typical office using this solution was compared
with those with other traditional HVAC system by energy simula-
tion. The results indicated that the new system has a large energy
saving potential once it is properly designed and controlled and the
ventilation period is extended by using diffuse ceiling supply. This
study mainly conducted by theoretical analysis, therefore, the per-
formance of the system should be further evaluated and validated
by experimental study. A key issue is the harmony of the combi-
nation between these two techniques. Most of studies regarding
TABS have pointed out it is necessary to have large surface areas
with exposed concrete. However, in this coupled system, the TABS
is encapsulated by a suspended ceiling. A reduction on the radia-
tion heat exchange between the TABS and the room surfaces will
be expected. On the other hand, distributing the supplied air by a
plenum allows direct contact between the air and the thermal mass
of the concrete slabs. As a result, the convection heat exchange
between TABS and air will vary, depending on the temperature dif-
ference and air flow rate. A research of integrated ventilation and
night cooling with DIFCV in a classroom was performed by Hviid
[22], and the results indicated that the extra free cooling potential
made available by activating the thermal mass of the concrete slab
in the plenum. Therefore, the impact of suspended ceiling on the
thermal performance of TABS should be investigated in the exper-
imental study. Second, in the simulation, the air was predicted to
be perfectly mixed in the plenum and evenly distributed through
entire ceiling area. Actually, the air condition in the plenum is influ-
enced by the heat exchange between supply air and thermal mass
and the mixing level is determined by configuration of plenum and
inlet. It is critical to exam the air flow pattern in the plenum and
through diffuse ceiling.

The objective of this study is to analyze the performance of the
system combining DIFCV and TABS by means of an experimental
study. Special attention has been paid on whether the integrated
system could achieve an energy-efficient and comfortable indoor
environment. A typical office layout is simulated in a hot box
equipped with TABS ceiling and diffuse ceiling panels. The perfor-
mance of integrated system is evaluated under different boundary
conditions, including weather, internal heat load, TABS activation
mode. The cases without diffuse ceiling are used as reference to
estimate the effect of diffuse ceiling on the air distribution and heat
exchange.

2. Experimental investigations
2.1. The hot box

The study was made as full-scale experiments in a hot box
located in a laboratory. According to EN ISO 8990 [23], two types
of hot box apparatus are introduced: guarded hot box (GHB) and
calibrated hot box (CHB). In this study, the constructed hot box was
designed based on the GHB concept. Fig. 1 shows the vertical section
view of the hot box. The hot box is separated into a cold chamber
representing the outdoor climate and a hot chamber representing
a two-floor office building. The hot chamber is divided into three
different zones. The lower zone represents a two-person office
where the thermal comfort and energy performance are mainly
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Fig. 1. Vertical section view of hot box.

investigated. And upper zone represents a second floor office which
is used to investigate the thermal behavior of TABS. It needs to
notice that the concrete slabs are separated from the upper zone
by means of a 50 mm insulation layer, which aims to simulate the
construction in a real building. There is always a layer of floor board
or floor covering TABS, reducing the heat exchange between TABS
and upper zone and preventing sound transmission. Lower and
upper zones are enclosed by another zone, which is named as sur-
rounding zone. The set temperature in the surrounding zone was
kept to identical to upper and lower zones to eliminate heat gain
or heat loss from the laboratory. Air is re-circulated through the
air handling unit (AHU) to provide cooling and heating to each
individual zone depending on the predefined temperature pro-
file.

The facade between the cold chamber and the hot chamber
is made by a sandwich element (wood panel 15 mm - rock wool
300 mm - wood panel 15 mm). There are 6 windows mounted in
the facade. The lower three have a dimension of 2.4 m length and
1.4m height, and are closed during the whole experiments. The
upper three serve as supply openings with a dimension of 2.4m
length and 0.35m height. The opening size can be changed by
adjusting opening angle of upper windows and a geometrical open
area of 0.0207 m2 (1cm x 69 cm x 3 window) is used in this study.
The exhaust opening is located on the left corner of the facade,
with a diameter of 160 mm. The exhaust air is recirculated to the
cold chamber driven by an exhaust fan, and it is treated by the air
handling unit to maintain the same temperature as the cold cham-
ber. The heat transfer coefficient of the facade is measured to be
0.61 W/m?2 K based on ISO 8990 [23].

The diffuse ceiling is installed in the lower zone at 2.335m
height. It is composed of perforated ceiling tiles with 600 mm
width, 1200 mm length and 35 mm thickness occupying the entire
ceiling area. The ceiling tiles are made of wood and cement and
are known as cement-bonded wood wool panels, which have good
sound-absorbing properties and are penetrable to air. The ceiling
tiles are fixed by suspension brackets, as shown in Fig. 2.

The thermally activated ceiling is composed by four pieces of
concrete slabs with a dimension of 3560 mm x 1197 mm x 200 mm
each. The water-carrying pipes with a diameter of 20 mm are con-
nected in series between four slabs. The pipes are located 4 mm
above the slab lower surface to ensure most of the heat can be

Fig. 2. Diffuse ceiling set-up.

transferred to the test room. The water is circulated at a defined
supply temperature and flow rate in the TABS system.

The lower zone, also called test room, is set up to represent
an office layout, as shown in Fig. 3. Two workplaces are arranged,
which consist of two desks with two computers (55W and 45 W),
two monitors (16 W and 21.5W) and two task lamps (54 W and
59 W). Two persons are simulated by thermal manikins (100 W for
each). In order to simulate the heat gain by solar radiation, an elec-
tric carpet is positioned on the floor closed to the facade, with a
heat load of 464 W. Thus, the total heat load in the room without
solar radiation is 450.5 W (28.4W/m?), and with solar radiation is
914.5W (57.73 W/m?).

2.2. Measurements and location of sensors

The experiments are carried out for 12 cases with different
boundary conditions. The basic idea of the measurement is to
provide an acceptable indoor environment (24-26°C) by using
TABS and ventilation with/without diffuse ceiling supply in differ-
ent climatic conditions (varying on outdoor temperature and solar
radiation). The TABS water supply temperature and flow rate are
determined so that a certain amount of energy can be transferred
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Table 1
Boundary conditions for different.

63

Case  Air change rate (h=')  Supply air temperature (°C) ~ Heat load (W)

TABS water supply temperature (°C)

TABS water flow rate (m?/h)

Diffuse ceiling

1 2 -71 450.5 36.38 1345 -
2 2 9.21 450.5 - - -
3 2 23.82 450.5 17.29 140 -
4 4 -6.87 914.5 38.91 208 -
5 4 8.92 914.5 - - -
6 4 23.89 914.5 10.95 273 -
7 2 —6.87 450.5 30.89 136 Y
8 2 9.46 450.5 - - Y
9 2 241 450.5 8.1 221 Y
10 4 -7.23 914.5 35.63 138 Y
11 4 9.41 914.5 - - Y
12 4 24.07 914.5 4.27 294 Y
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Fig. 3. Lay-out of the test room.

into the test room in the steady state conditions. For example, TABS
provides the same amount of heating as heat sources in winter and
removes the entire heat load in summer. This results that TABS
supply water temperature is much lower than the dew point tem-
perature in some cases and raises the condensation risk. However,
in order to identify the applied limits even cases leading to con-
densation risk are still investigated in this study. The boundary
conditions are described in detail in Table 1.

In the temperature measurements, besides PT100 located in
each zone (except the test room) to control the indoor air temper-
ature there are 115K type thermocouples in total to monitor the
temperature, with an uncertainty of £0.15 K. The vertical temper-
ature profiles in the test room are measured by three moveable
columns, and there are 7 thermocouples mounted in different
heights in each column (the heights are distinguished between the
cases with/without diffuse ceiling), see Fig. 5. The three moveable
columns can also be used to measure horizontal air tempera-
ture distribution. Each column changes 4 positions, so in total 12
columns have been measured in the occupied zone, as indicated
in Fig. 4. The operative temperature is measured by thermocou-
ple positioned in a gray sphere with a diameter of 4cm at the
height of 1.1 m. Internal surface temperatures (wall, fagade, floor)
are measured at 3-5 points distributed in each surface. The surface
temperature of TABS and inlet and outlet water temperatures in
each slab are measured as well. In the cases with diffuse ceiling,
9 thermocouples are evenly distributed in the plenum to measure
plenum air temperature, and 18 thermocouples are symmetrically
installed on both sides of the diffuse ceiling surface. All the ther-
mocouples are scanned every 10s, and temperatures are logged by
the Helios Fluke data logger.

Air velocity is measured by hot sphere anemometers with uncer-
tainty of £0.01 m/s +5% of reading. In total 19 anemometers are

Fig. 4. Plan view of the test room indicating the layout of the room and showing
temperature and velocity measurement locations.

used to measured air velocity in the occupied zone and plenum,
see Figs. 5 and 6. Velocities are logged by Dantec multichannel flow
analyzer type 54N10.

The cooling capacity of TABS is calculated by water flow rate
and inlet and outlet water temperature. The water flow rate is
recorded by Brunata energy meter type HGQ1 with a uncertainty
of +(2+0.02qp/q). Both the flow rate and supply and return water
temperatures are logged by specific LabView interface.

Finally, the indoor humidity is measured by HIH-4602 humidity
sensor (accuracy +7.5%). And the pressure drop of diffuse ceiling
is measured by FCO510 micromanometer (accuracy +0.25%) by
locating pressure sensors in the plenum and lower zone.

3. Analytic criteria
3.1. Thermal comfort criteria

According to ISO 7730:2005[24], when assessing thermal com-
fort in the occupied zone, both whole-body thermal comfort and
local thermal comfort should be taken into account. Thermal com-
fort of the whole-body can be evaluated by the PMV and PPD
indexes, and local thermal comfort can be assessed by draught risk,
vertical temperature difference and radiant asymmetry.

The PMV is anindex that predicts the mean value of the votes of a
large group of persons on the 7-point thermal sensation scale (from
Hot to Cold), and PPD gives a quantitative prediction of thermally
dissatisfied. These two indexes are calculated based on the heat
balance of the human body, depending on the thermal environ-
mental variables (air temperature, relative humidity, mean radiant



64 C. Zhang et al. / Energy and Buildings 105 (2015) 60-70

2700

A\
AN
2300

1700
v

1100
v

600
v e Temperature

@ Velocity

100
v

(@

2335

A 2235
2135

2285

1700
1100
Avan

600

v e Temperature

e Velocity

100
v

(b)
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Fig. 6. Measurement points in the plenum.

temperature and relative air velocity), as well as activity level and
insulation of clothing. A metabolic rate of 1.2 and a clothing value
of 0.7 for winter and 0.5 for the other seasons are assumed in this
study. And the discomfort due to draught is evaluated by the per-
centage of people predicted to be bothered by draught, so called as
draught rate (DR). A constant turbulence intensity of 40% is used in
DR calculation.

3.2. Energy performance

3.2.1. Energy balance and heat transfer coefficient of TABS

TABS serves as ceiling for the lower zone and floor for the upper
zone, thus, the heat released by TABS will transfer to both zones. The
energy balance of TABS in the steady state conditions is expressed
as Eq. (1):

Qrags = Qrass,up + QraBs,down (1)

The first term expresses the energy provided by water flow, and
the two later terms express the heat flow through the upper and
lower surface. The energy flow in the pipe can be determined by

supply and return water temperature multiplied by the water flow
rate. Since the pipe is located far away from the upper surface and
there is a layer of insulation on the top, thus the temperature is
almost evenly distributed on the upper surface. The heat delivered
to the upper zone can be calculated by the temperature differ-
ence between the upper zone and the upper surface. Therefore,
the energy delivered to the lower zone by TABS is expressed by the
equation below:

= Qrass — Qrass,up
= Cp,w My - (tw,su — tw,re) — Rips - A - (ts,up - fa,up)

The heat transfer coefficients between radiant surfaces and the
room is an important and fundamental parameter to evaluate the
energy performance of radiant heating/cooling system. The total
heat transfer coefficient between TABS and the room, based on the
operative temperature at a height of 1.1 m height and average TABS
surface temperature is calculated as:

QraBS,down

(2)

QraBS.down
h= —"227 3
A (tap - Ts,avg) (3)
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3.2.2. Energy balance of the test room
The test room energy balance for a steady state can be expressed
by Eq. (4).

Qvent + QTABS,down + Qfacade + Qenvelop + Qsoun:e = AQ (4)
The heat gain/loss by ventilation is defined as:
Quent = Cp,a - Pa - Ma ~(ta,ex — ta,in) (5)

Due to the temperature difference between the cold chamber
and the test room, there is a heat gain/loss through the facade. The
fagade is made by inhomogeneous components (sandwich element
with 6 windows), so the thermal transmittance of fagade cannot be
easily calculated by using material thermal conductivities. There-
fore, a thermal testing of the facade was conducted with the hot
box method before the real measurement [23]. The heat transfer
coefficient of the facade is measured to be 0.61W/m?2K. On the
other hand, although the surrounding zone tries to keep the same
temperature as the test room, there is still a slight temperature dif-
ference between these two zones. The heat gain/loss through other
envelop is estimated as a function of the measured surface tem-
perature of each wall and floor. It needs to be noted that Qepyelop
also includes the heat transfer from upper zone when TABS is not
activated.

Qfacade = hfacade ‘Afacade . (ts,facade - ta,out) (6)
Qenvelop = henvelop ‘Aenvelop . (ts,envelop - ta,surround) (7)

AQ indicates the error on the energy balance, which is associated
with some uncertainties due to the measurement and the simplifi-
cations used in the equation formulation.

4. Result of experimental investigations
4.1. Thermal comfort

4.1.1. Temperature distribution

Vertical air temperature difference is critical on evaluating local
thermal comfort. Occupants will feel discomfort when high tem-
perature difference exists between head and ankles. The vertical
temperature profiles are analyzed and presented in Fig. 7, where the
air temperature at each height is the average values of 12 positions.
Due to TABS activation modes and the impact of diffuse ceiling, dif-
ferent trends can be observed from the temperature profiles. First
of all, high temperature gradients are noticed in the cases without
diffuse ceiling under TABS operating as heating mode, as indicated
by Case 1(1.56 °C/m)and 4 (1.82 °C/m). Due to the gravity, cold out-
door air generates a downward flow and drops to the floor just after
it supplied into the room. At the same time, the warm air stagnates
atthe ceiling level without significant mixing with supply air, which
causes temperature stratification in the room. The thermal stratifi-
cation also limits the heat exchange between heated ceiling and the
room, for this reason heated ceiling is normally less efficient than
the cooled ceiling, as pointed out by Awbi et al. [25]. On the other
hand, DIFCV contributes to reducing vertical temperature gradient
under the similar boundary condition, as shown by Fig. 7 (Case 7
and 10). Instead of direct supplying cold outdoor air into the room,
the outdoor air firstly distributes in the plenum and is preheated by
the heated ceiling surface. As a result, the fresh air is sent into the
room with higher temperature and lower velocity. In addition, the
convection flow generated by the heat source improves the mixing
degree in the room, which makes the air flow pattern comparable
to mixing ventilation. This result corresponds well with the finding
by Fan [26] and Nielsen [10]. When TABS runs by cooling mode in
summer or without activating in transition season, no discomfort
is observed in both cases with and without diffuse ceiling.

Although DIFCV exhibits a superior performance on eliminating
the vertical temperature gradient, an overheating phenomenon is
found in summer or even transition season after installing diffuse
ceiling, where the average air temperatures are 23 °C higher than
those without diffuse ceiling under the similar boundary condi-
tions. This is because diffuse ceiling works as a layer of insulation
between TABS and the room, impeding the heat exchange between
them. Therefore, the cooling capacity of ventilation or radiant cool-
ing is reduced. The detail evaluation on energy performance will be
presented in Section 4.2.

In order to investigate air flow patterns in the room, the hor-
izontal air temperature distributions are analyzed by locating
temperature columns along the length of the room. Case 1 and Case
7 are selected as examples to present the room without and with
diffuse ceiling under winter condition. As shown in Fig. 8, aremark-
able horizontal air temperature difference is observed at the floor
level if the air is directly supplied into the room. The air tempera-
ture rises while increasing the distance to the fagade. This indicates
that cold fresh air drop toward the floor in a short distance to the
inlet, causing the low floor air temperature on the side closed to the
fagade. While the air flow penetrates to the deeper part of the room,
the air is warmed up by the heat sources located in the middle of
the room. This can explain the temperature gap between positions
A/B and C/D.

The temperature distribution shows a different trend by using
diffuse ceiling. The horizontal temperature difference is very small
in the occupied zone. This means the occupants will experience the
same thermal environment, no matter their locations. The largest
horizontal air temperature difference (1.01°C) occurs 5cm below
diffuse ceiling. This reveals the fact that air is not uniformly dis-
tributed throughout the entire ceiling area. However, the thermal
plume generated by heat sources helps the mixing process in the
occupied zone.

4.1.2. Draught

Draught is defined as an unwanted local cooling of the human
body caused by air movement, which is strongly related to local
air velocity. Draught rates are analyzed at 4 positions along the
length of the room and at 3 heights 0.1 m, 1.1m and 1.7 m cor-
responding to ankle, head of sitting person and head of standing
person, respectively. Based on the measurement results, the high-
estdraught risk is observed at the ankle level in all cases. Therefore,
only the draught rate at ankle level is discussed and shown in Fig. 9.
First of all, a general conclusion could be drawn that occupants
experience low draught risk in the room with diffuse ceiling, espe-
cially in the winter. A maximum draught rate of 24% is found in the
cases without diffuse ceiling, which exceeds the limit of 20% in Cat-
egory B [24]. For all cases with diffuse ceiling, the draught rate even
satisfy the Category A of 10% [24]. The results also exhibit that the
supply air temperature and TABS activation mode has less effect
on the draught risk by using diffuse ceiling than the other cases.
As a matter of fact, due to the low-momentum flow generated by
DIFCV, the system does not generate significant draught by itself,
the draught is generated by the heat sources, such as the occupants
and equipment [4,7] .

Second, from the view of horizontal distribution, the highest
draught risk moves from the place closed to the facade to the deeper
part of the room since the supply air temperature rises. This phe-
nomenon is significant in the cases without diffuse ceiling but also
appears in the cases with diffuse ceiling. This is easy to understand
that supply air temperature has a large impact on the air jet pat-
tern, where the warm air can travel further along the ceiling while
the cold air will drop in a short distance. This phenomenon proves
again that air is not evenly distributed throughout diffuse ceil-
ing, where the same trend is also found by horizontal temperature
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Fig. 10. PMV and PPD. (a) Cases without diffuse ceiling. (b) Cases with diffuse ceiling.

distribution (Fig. 7). Nevertheless, the impact is too low to cause
thermal discomfort in the cases with diffuse ceiling.

4.1.3. Radiant asymmetry

Differences in room enclosure temperatures can lead to ther-
mal discomfort due to radiant asymmetry, even when the mean
radiant temperature is within acceptable limits [27]. The radiant
temperature asymmetry is estimated as the difference between the
plane radiant temperatures in two opposite directions. As described
by Fanger [27], it refers to a small plane element 0.6 m above the
floor (the height of the center of a seated person) and horizontal to
characterize radiant asymmetry caused by a warm or cool ceiling.
Table 2 illustrates the asymmetric radiation from a cool or warm
ceiling and percentage dissatisfied due to cool or warm ceiling.
For the cases without diffuse ceiling, the ceiling surface temper-
ature represents by lower surface temperature of TABS, while that
isreplaced by the lower surface temperature of diffuse ceiling when
the diffuse ceiling is mounted. The PD values reveal that high dis-
satisfaction occurs when directly exposing a warm TABS surface to
the room, where the PD of Case 1 and Case 4 exceed the limita-
tion of 5% in Category B [24]. However, the radiant asymmetry due
to warm ceiling is reduced after installing diffuse ceiling. Because
instead of directly exposing warm TABS surface to the room, the
TABS is encapsulated by diffuse ceiling and the radiation effect is
reduced simultaneously.

On the contrary, no discomfort due to radiant asymmetry is
found when TABS is activated as a cooling system, no matter with
or without diffuse ceiling. This is due to the fact that occupants are
more sensitive to warm ceiling instead of cool one. As stated in ISO
7730, occupants will feel discomfort when the radiant asymmetry
is larger than 5 °C by warm ceiling, and larger than 14 °C by cooling
ceiling.

4.1.4. PMV, PPD

The whole-body thermal comfort of occupants in the test room
is evaluated by PMV and PPD, as shown in Fig. 10. The PMV and PPD
values of a seated person is determined by an mean values of air
temperature, mean radiant temperature and air velocity at 0.1 m,
0.6m and 1.1 m heights and calculated in 12 locations (detailed
location see Fig. 5). The PMV is range from —0.69 to 0.21 in the
cases without diffuse ceiling, which exceeds the limit of +0.5 for
thermal environment Category B [24]. Occupants will feel slightly
cool in Case 4 and Case 6, and the percentage of dissatisfied (PPD)
reach 11% and 15%, respectively. In the cases with diffuse ceiling,
the PMV is within the range of —0.24-0.45. Although occupants will
experience a slightly warm in Case 8, 11 and 12, they are still in the
acceptable level and less than 10% of people will feel discomfort.

16

14 | * Without DF
12 - ®With DF
%10 -
E 8 * *
2 6
= 4| P'S *

24 || .

0

Heating Cooling

Fig. 11. Heat transfer coefficients of TABS under heating and cooling modes.

4.2. Energy performance

The energy balance of TABS and the proportion of cool-
ing/heating transfer to the test room are presented in Table 3. The
results of heat flow into the test room is used to calculated the
total heat transfer coefficients of TABS in both heating and cooling
conditions, as presented in Fig. 11. First of all, a conclusion could
be drawn that diffuse ceiling has significant influence on the ther-
mal performance of TABS. The total heat transfer coefficients in the
cases without diffuse ceiling are closed to the typical design val-
ues, 6 W/m? K for ceiling heating and 11 W/m?2 K for ceiling cooling
[28,29]. However, the values in the cases with diffuse ceiling are
in a different manner, which is around 13 W/m? K for heating and
2.5W/mZ2K for cooling. As an obstacle between the test room and
TABS, diffuse ceiling changes the air flow pattern near the TABS
surface as well as the view factors between the TABS and the other
room surfaces. Consequently, the convection and radiation heat
transfers between the TABS and the test room change as well. On
the other hand, since diffuse ceiling separated the whole space into
two thermal zones: plenum and test room, the TABS directly inter-
acts with the thermal conditions in the plenum instead of that in
the test room. Secondly, diffuse ceiling has very opposite effect on
the heat transfer coefficient under heating and cooling models. It
is clear that diffuse ceiling promote the heat transfer under heat-
ing conditions. This is because the cold outdoor air distributes in
the plenum before supplying into the room, which gives a larger
air-surface temperature difference and relative high air velocity
near TABS surface. Thus, the increase of convective heat transfer
offsets the loss of radiation heat transfer. On the contrary, the air-
surface temperature is decrease in the cooling mode, therefore,
both convection heat exchange and radiation heat exchange are
weaken by the existence of diffuse ceiling. As a result, the heat
transfer coefficient of TABS is only one third of that without dif-
fuse ceiling in the cooling mode. As a matter of fact, heat transfer
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Table 2

Radiant temperature asymmetry. (a) Cases without diffuse ceiling. (b) Cases with diffuse ceiling.

(a)

Case 1 2 3 4 5 6
Tras. low [°C] 321 249 20.6 338 255 15.8
Aty [°C] 4.5 03 1.5 59 0.5 31
PD % 5.86 0.01 0.01 8.49 0.01 0.02
(b)
Case 7 8 9 10 11 12
Trass, low [°C] 273 20.1 10.8 28.6 15.0 8.2
Taiff» 1ow [°C] 234 24.8 227 215 22.5 23.0
Aty [°C] 0.6 0.7 0.9 1.6 2.8 1.8
PD % 0.01 0.01 0.01 0.01 0.02 0.01
Table 3
Energy balance of TABS.
(a) Without diffuse ceiling
Energy terms Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Qrags [W] 651.52 - —521.95 897.9264 - —1034.93
Qrass, up [W] 95.07 - —49.06 125.1764 - —113.786
QraB: down [W] 556.45 - —472.89 772.75 - -921.14
Proportion of TABS to test room 85.41% - 90.60% 86.06% - 89.01%
(b) With diffuse ceiling
Energy terms Case 7 Case 8 Case 9 Case 10 Case 11 Case 12
Qrass [W] 567.45 - —598.34 1067.91 - —1020.52
Qrass, up [W] 42.23 - —168.01 56.47 - —209.41
QraB, down [W] 525.23 - —430.32 1011.44 - -811.11
Proportion of TABS to test room 92.56% - 71.92% 94.71% - 79.48%

coefficient represents the relationship between heat flow intensity
and the temperature difference between room and the TABS sur-
face. This means if want to keep the same room air temperature
and remove the same heat load, TABS need to be operated with
a lower surface temperature after installing diffuse ceiling. This
explains why the water supply temperature reaches 4°C in case
12, much lower than the recommended water supply temperature
of 18-20°C. Operating at an excessively low temperature will raise
a condensation risk and limit the application of renewable cool-
ing source. Finally, air flow rate has relatively larger impact on the
TABS thermal performance after installing diffuse ceiling. In fact,
if directly supply outdoor air into the room, the air cannot spread
through the entire ceiling area before it dropping into the occupied
zone. Diffuse ceiling provide a pressure difference between plenum
and room which force air distributes in the plenum. Therefore, the
air movement is stronger closed to the TABS and the influence of
air flow rate is stronger than without diffuse ceiling.

Energy balance of the test room in three weather conditions
are presented in Table 4. Cases 1, 4, 7, 10 represent winter, where
TABS will be activated as heating system to compensate the heat
loss generated by ventilation and transferred through the facade.
Cases 2, 5, 8, 11 represent transition season, where the heat load
will mainly be removed by ventilation and TABS is not activated.
While Cases 3, 6,9, 12 simulate summer season where the outdoor
environment has the same temperature as the indoor environment,
TABS will be used to absorb the entire heat load. In most cases, the
energy in the test room reaches good balance that the unbalance
rate is below 10%. The only exception is Case 7, that energy unbal-
ance rate reaches to 12.21%. On the other hand, the reason of high
indoor temperature in Case 8 and Case 11 is that instead of remov-
ing the entire heat load by ventilation, a part of the cooling is used to
cool down the thermal mass of concrete slabs and further transfer
to the upper zone, as indicated by the energy term of Qepyelop- The

ventilation cooling capacity is reduced and not sufficient to keep
an acceptable indoor temperature in the test room.

4.3. The effect of plenum and diffuse ceiling

The use of a ceiling plenum to deliver air into the occupied zone
is one of the key features that distinguish DIFCV from the conven-
tional ducted air distribution system. Thermal processes within the
plenum have an important impact on the effectiveness of TABS as
a cooling or heating system and diffuse ceiling as an air distribu-
tion system. The thermal processes include: heat transfer between
TABS and plenum air, heat transfer between diffuse ceiling panel
and plenum air as well as heat transfer between TABS and diffuse
ceiling panel. Fig. 12 illustrates the plenum air temperature distri-
bution and the surface temperature distribution of diffuse ceiling.
Because the temperature in the plenum have similar trends in both
air change rate conditions, only the cases with air change rate of
2h~! are discussed here.

Even though the supply air temperature ranges from —6.87 to
24.1°C, the air temperature in the plenum remain relatively stable
(average air temperature from 15.2 to 20.1 °C). This result declares a
pre-heating or pre-cooling effect of plenum. With the help of diffuse
ceiling, the draught risk in the room can be significantly reduced
regardless of the supply air temperature.

As stated by Bauman [30], the heat exchange between supply
air and TABS and diffuse ceiling panel influences air temperature
variation as a function of distance traveled through the plenum.
It is clear that in Case 7 the supply air is gradually heated up by
heated ceiling and diffuse ceiling panel when it travels further in the
plenum. On the contrary, the supply air is gradually cooled down
in Case 9, when TABS is activated as cooled ceiling. While, in Case
8, although the TABS is not activated, the air temperature is still
heated up by warm diffuse ceiling surface. From the horizontal air
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Table 4
Energy balance of the test room.
(a) Without diffuse ceiling
Energy terms Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Qsource [W] 450.5 450.5 450.5 9145 9145 914.5
Qventilation [W] —852.66 —397.02 -13.4 —1569.55 —-810.76 -19.97
QraB, down [W] 556.45 - —472.89 772.75 - ~921.14
Qtacade [W] ~139.62 ~67.35 228 ~133.59 -76.37 0.57
Qenvelop [W] -14.7 ~14.59 ~0.72 ~6.01 -30.15 1331
AQ[W] —0.03 —28.46 —38.79 -219 —2.78 -12.73
Unbalance rate —-0.01% -6.32% -8.61% —2.39% —0.30% -1.39%
(b) With diffuse ceiling
Energy terms Case 7 Case 8 Case 9 Case 10 Case 11 Case 12
Qsource [W] 450.50 450.50 450.50 914.50 914.50 914.50
Quentitation [W] -892.73 ~498.95 _28.44 ~1835.28 -998.83 ~152.99
Qrag: down [W] 525.23 - ~430.32 1011.44 - —811.11
Qtacade [W] ~135.91 ~72.75 -1.83 ~138.58 ~75.38 ~13.53
Qenvelop [W] —2.11 80.14 551 9.07 98.43 ~5.02
AQ[W] —55.02 —41.06 —4.59 —38.86 —61.28 —68.16
Unbalance rate —12.21% -9.11% -1.02% —4.25% —6.70% —7.45%
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Fig. 12. Plenum air temperature distribution and surface temperature distribution of diffuse ceiling. (a) Case 7. (b) Case 8. (c) Case 9.

temperature distribution in the plenum, it is possible to see that the
air is not totally mixed in the plenum, and a temperature difference
up to 2°C is noticed.

A noticeable temperature difference between diffuse ceiling
lower and upper surface can be observed in these cases, as the
temperature difference up to 10°C. The lower surface has closed
temperature to the room air and a peak surface temperature can
be found corresponding to the middle of the room as the sur-
face is heated by thermal plume generated by heat sources. While,
the upper surface has the similar temperature as the plenum air.
Therefore, unlike the study performed on the perforated aluminum
ceiling tile by Hviid et al. [5], no clear radiation cooling poten-
tial of diffuse ceiling is found in this study. This is due to the low

conductivity of cement-wood ceiling tile used in this study, with
X-value of 0.085 W/m K, while the conductivity of aluminum is up
to 205 W/mK.

5. Conclusion

This study investigates the performance of an integrated sys-
tem combining diffuse ceiling ventilation with thermally activated
building construction. Experiments are carried out to examine the
thermal comfort and energy performance of an office room with
an integrated system under 12 cases, with different weather, heat
load, TABS activation mode and with/without diffuse ceiling. From
the view of thermal comfort, diffuse ceiling plays a beneficial role
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improving thermal comfort in the occupied zone, especially in win-
ter. When TABS works as a heated ceiling and air directly is supplied
into the room, a high temperature gradient and high draught risk
will be experienced by occupants, especially for those sit closed to
the facade. These local discomforts can be effectively eliminated by
combining with diffuse ceiling ventilation. In addition, the risk of
discomfort by exposing to a warm ceiling is significantly reduced
by diffuse ceiling, since the TABS is encapsulated and the radiation
effect is restrained. Regarding whole body thermal comfort, occu-
pants will feel ‘slightly warm’ by using integrated system in the
transition and cooling season, since diffuse ceiling limits the cool-
ing capacity of ventilation and TABS. However, the PMV/PPD values
are still in the acceptable level, no discomfort is predicted.

From the view of energy performance, the integrated sys-
tem presents opposite trends for heating and cooling conditions.
Because the presence of plenum changes the radiation and con-
vection heat transfer between TABS surface and the room by
changing the view factors, the air-surface temperature difference
and the air flow pattern. The results demonstrated that, diffuse
ceiling promotes the heat transfer coefficient of TABS under heat-
ing conditions but reduces the value under cooling conditions. By
considering both thermal comfort and energy performance, it could
conclude that the integrated system increases the opportunity of
using outdoor air directly for ventilation without thermal discom-
fort all year around. And the system shows a promising potential as
a heating system than the stand along radiant heating ceiling from
both thermal comfort and energy efficient considerations. How-
ever, a reduction of cooling capacity is predicted by using diffuse
ceiling. TABS need to run with a lower temperature which limits the
application of renewable cooling resources and raises the conden-
sation risk. A further study of dynamic state needs to be performed
in order to investigate the potential of night cooling and energy
storage by the integrated system.

Finally, the air temperature in the plenum and surface temper-
ature of diffuse ceiling reveals the fact that the air in the plenum
is not perfectly mixing and that the air is not evenly distributed
through the entire ceiling area, which is as a function of distance
to the inlet. However, this does not lead to a thermal comfort issue
in the occupied zone. No clear radiation cooling potential of diffuse
ceiling is identified in this study, due to the low conductivity of sus-
pended ceiling tiles. The performance of plenum and diffuse ceiling
may be influenced by many design parameters, such as plenum
inlet conditions, plenum height, obstructions within the plenum,
diffuse ceiling panel types and suspension profiles. However, the
research regarding the plenum and diffuse ceiling design is quite
limited and no design guide is available at present. Thus, a further
investigation should be conducted on the proper design of these
parameters.
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ABSTRACT

Diffuse ceiling ventilation uses perforations in the
suspended ceiling to deliver air into the occupied
zone. Due to the complex geometry of the diffuser, it
is not possible to build an exact geometrical model in
CFD simulation. Two numerical models are proposed
in this study, one is a simplified geometrical model
and the other is a porous media model. The
numerical models are validated by the full-scale
experimental studies in a climate chamber. The
results indicate that porous media model performed
better on predicting air flow characteristic below
diffuse ceiling and air velocity near the floor.
However, the simplified geometrical model shows
superior performance on calculating the diffuse
ceiling surface temperature.

INTRODUCTION

The diffuse ceiling ventilation is an air distribution
concept where the space above a suspended ceiling is
used as a plenum and fresh air is supplied into the
occupied zone through perforations in the suspended
ceiling panels. As the large ceiling area serves as the
supply opening, airflow is delivered into the
occupied zone with very low velocity and with no
fixed jet direction, hence the name ‘diffuse’. The
flow pattern in the room is normally controlled by the
buoyance flow generated by heat sources. This
ventilation concept was widely used in livestock
buildings due to its low investment cost and high
thermal comfort level(Jacobsen, 2008) (Rong,
Elhadidi, Khalifa, & Nielsen, 2010.) as well as in
clean rooms where high ventilation effectiveness is
required (Brohus & Balling, 2004). In recent years,
the applications and studies regarding utilization of
diffuse ceiling ventilation in indoor spaces for
humans are increasing gradually, especially for
offices and classrooms with high heat loads and high
ventilation demands.

The performance of diffuse ceiling ventilation in an
office room was investigated by Nielsen et al. (2007)
(Jakubowska, 2007) and compared with five other air
distribution systems. Their investigations showed
that diffuse ceiling ventilation presented superior
performance on handling high heat loads with low
draught risk in the occupied zone. Hviid et al. (2013)
performed an experimental study in a climate
chamber with two perforated tiles as diffuse ceiling
supply. The results were in good agreement with

Nielsen’s and no local discomfort in the occupant
zone was found and the air change efficiency was
comparable to mixing ventilation. On the other hand,
they pointed out that a low pressure drop of 0.5 Pa to
1.5 Pa is enough to sustain the pressure of the plenum
and ensure uni-directional flow through diffuse
ceiling and that there is a radiation cooling potential
of the ceiling. The other advantages such as modest
investment costs, low energy consumption and low
noise level was reported by Jacobs et al.(2009) from
a pilot study in a classroom.

Studies of ventilation systems mainly use two
approaches: experimental and numerical study.
Compared with an experimental study, the numerical
study is reputed for its low cost and time efficiency,
as the boundary conditions can be easily changed to
study different scenarios. The geometry of the diffuse
ceiling diffuser is too complicated to be directly
modelled in practical CFD-simulations. Therefore,
simplified models that aim to describe the main
characteristic of the diffuse ceiling ventilation needs
to be developed.

Simplified models for some other supply diffusers
have been extensively studied and been validated,
such as momentum model and box model. In the
momentum model, an initial jet momentum is
imposed as a source term, and momentum and mass
boundary conditions for the diffusers are decoupled
for CFD simulations (Chen & Moser, 1991) (Srebric
& Chen, 2003). The box method is conducted by
defined the boundary conditions on an imaginary box
surface around the diffuser(Skovgaard, M., Nielsen,
1991). One difficulty of this method is to specify the
box size, which should have the boundaries in the
fully developed region and avoid the impact of room
air recirculation. On the other hand, in order to
specify the boundary condition, either suitable jet
relation or extensive measurement data is required.
However, due to the unique properties of diffuse
ceiling, these methods cannot effectively describe the
air flow pattern and the flow characteristics of diffuse
ceiling ventilation. First of all, the large ceiling area
is used as supply diffuser, where the fully developed
jet relation is not applicable and the measurement of
the box boundary condition is unrealistic. Secondly,
the use of a ceiling plenum to deliver air is one of the
key features that distinguish diffuse ceiling
ventilation from the conventional ducted air
distribution system. The heat exchange between
supply air and the thermal mass in the plenum will
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influence the supply air temperature as it passing
through the plenum. Therefore, the air will be
supplied with non-uniform temperature and non-
uniform amount through the diffuser. Although
momentum method could introduce a correct
momentum flow, it is impossible to predict the air
temperature distribution and velocity distribution at
the inlet boundary. Finally, the configurations of
plenum and properties of diffuse ceiling panels have
strong influence on the effectiveness of diffuse
ceiling ventilation, and these parameters should be
taken into account in the numerical model. Therefore,
a simplified model needs to be established to
effectively simulate diffuse ceiling ventilation.

Several numerical studies on diffuse ceiling
ventilation haven been reported. Fan et al. (2013)
simplified the diffuse ceiling as 4 long rectangular
strips with the same effective area. They pointed out
there is a slightly disagreement between numerical
and experimental results due to the simplification of
ceiling air passage, which cause overestimation/
underestimation of air movement in the room,
especially in the region close to the ceiling. In
Chodor’s study (2013), they neglected the impact of
the plenum and assumed the air was uniform
distributed through the entire ceiling area with
outdoor air temperature and with superficial velocity.
Hviid (2013) had the similar assumption in his
simulation. These studies focus on the characteristics
of airflow in the conditioned space, however, the air
distributed in the plenum and air flow through diffuse
ceiling is not discussed in detail.

The purpose of this study is to propose a numerical
model, which could effectively describe the air flow
pattern of diffuse ceiling ventilation in both plenum
and occupied zone. Two simplified models are built
and compared, one is a simplified geometrical model
and the other is a porous media model. The thermal
comfort in the occupied zone is estimated by the
temperature gradient and the velocity profile at
different locations in the conditioned space. The air
flow pattern in the plenum and through the diffuse
ceiling is evaluated by the temperature distribution of
plenum air and on the upper and lower surface of
diffuse ceiling panel. Radiant ceiling system will
work as a supplementary system to deal with
additional heating or cooling demand during winter
and summer. The impact of radiation on the accuracy
of simplified models is also discussed. The numerical
models are validated by experimental studies in
different operating conditions.

EXPERIMENTAL DESCRIPTION

Diffuse ceiling and its physical properties

In this study, the diffuse ceiling is made by cement-
wood panels, which are originally used for sound
absorption, as shown in Figure 1. Each panel has the
dimension of 35 mm in thickness, 600 mm in width
and 1200 mm in length. The density of the ceiling

-926 -

panel is measured to be 359.13 kg/m’. The porosity is
estimated through volumetric measurement, which is
65%. The thermal conductivity is measured by A-
Meter EP500 based on the guarded hot plate method,
and the value is 0.085 W/m.K with a measurement
error less than 1.0 %.

The pressure drop across the ceiling panel is
measured as function of superficial velocity. The
panel sample is placed in the centre of a pressure
chamber, and the pressure difference across the
sample is measured by FCO 510 micromanometer
with an accuracy of 0.25%. The results are shown in
Figure 2, indicated as pressure drop across a single
panel.

Figure 3 Diffuse ceiling

Figure 1 Cement-

wood panel setup
3,5

£ 7]

: 25 —— Entire
e ol o
i celling
=

g L5 4 —=— Single
2 14 panel
05 1

0 0,02 0,04 0,06

Superficial velocity [m3/s.m2]

Figure 2. Function between pressure drop and
superficial velocity for single panel and entire ceiling

Test chamber

2285

e Tempergture 4 a1 8

& Velocity

Figure 4
Temperature and
velocity sensors in
the moveable
columns

Figure 5 Measurement
locations of air temperature
and velocity in the conditioned
space

In order to investigate the airflow pattern in the room
with diffuse ceiling ventilation, a test system is
installed in a climate chamber with a dimension of
4.8m * 3.3m * 2.72m (length * width * height). The
diffuse ceiling is installed 0.35 m below the ceiling
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concrete slab and is fixed by suspension profiles, as
illustrated in Figure 3. The suspended ceiling panels
cover the entire ceiling area and separate the space
into two zones: the plenum and the conditioned
space. The air is supplied into the plenum through
three small windows located above the diffuse
ceiling, with a geometric opening area of 0.0675 m®.
The exhaust is located in the conditioned space, at
the bottom left corner of the front wall with a
diameter of 160 mm. The air is drawn from the test
chamber into a connected cooling chamber by means
of an exhaust fan, and it will be re-supplied into the
test chamber after cooling down by the air-handling
unit located inside the cooling chamber.

The test room is set up to represent an office layout.
Two workplaces are arranged, which consists of two
desks with two computers (55W and 45 W), two
monitors (16 W and 21.5 W) and two task lamps (54
W and 59 W). Two persons are simulated by thermal
manikins (100 W for each). The overall heat load is
450.5 W (28.44 W/m2).

In the experiments, the air velocity and air
temperature are measured in both plenum and
conditioned space. Three moveable columns are
located in the occupied zone, and in each column
there are 7 thermocouples and 5 anemometers
positioned at different heights to measure vertical
temperature and velocity profiles, as indicated in
Figure 4. Each column are moved to 4 positions, so
that in total 12 positions have been measured in the
occupied zone, as indicated in Figure 5. In the
plenum, the thermocouples and anemometers are
placed in the central line, at three different distances
to the inlet (0.8 m, 2.4 mand 4.0 m). In addition, the
surface temperature of diffuse ceiling panels and
inner walls are measured. The temperatures are
measured by K-type thermocouples with an accuracy
of £ 0.15 K. The air velocities are measured by
Dantec 54R 10 Hot sphere anemometer with a
accuracy of + 0.01 m/s +5% of reading. Finally, there
are 5 pressure sensors located in the plenum and the
conditioned space to determine the pressure drop
across the diffuse ceiling and the pressure difference
is recorded by FCO510 micromanometer.

Table 1
Test conditions in three scenarios

Slab
Supply | surface Heat
Case ACH air temp temp load
h' °C °C w
1 2 9.46 - 450.5
2 2 24.10 10.79 450.5
3 2 -6.87 27.34 450.5

Note: In scenario 1 where radiant slabs are not activated,
slab surface temperature reacts to the air temperature and
other wall temperatures. In scenarios 2 and 3, radiant slabs
are activated and the slab surface temperature is controlled
by water temperature.

Experiments are carried out in three scenarios with a
supply air temperature range of 24.1 °C to -6.8 °C,
which represents diffuse ceiling ventilation operating
conditions at different seasons. A constant air change
rate of 2 h™" and a constant heat load of 450.5 W are
used in all three scenarios. In order to keep an
acceptable indoor environment, radiant slabs located
above the diffuse ceiling serve as a supplementary
system to deal with additional heating or cooling
demand. The detail test conditions are listed in Table
1.

NUMERICAL MODEL

Simplified geometrical model

The simplified geometrical model approach is the
most common method to simulate an air diffuser. The
inlet boundary is set by reducing the inlet opening
size, which is easy to implement in the CFD model.
Heikkinen et al.( 1993) pointed out that this method
can produce good results for regions remote from the
initial jet development.

Due to the special structure of the cement-wood
panel (Figure 1), the effective opening area ratio of
the diffuse ceiling does not equal to the panel’s
porosity and is difficult to be measured directly.
Therefore, the effective opening area is calculated
based on the pressure drop results obtained by
measurement, as expressed by Eq (1).

o M
N

Where: m is the mass flow rate, AP is the pressure
drop across the diffuse ceiling, C, is the discharge
coefficient. A default C, value of 0.6 is used in this
study, which is suitable for the opening with low area
ratio. Therefore, three slots opening with an effective
area of 0.032 m’® each are built to simulate the air
passage of diffuse ceiling ventilation, as illustrated in
Figure 6 (a).

CiA =

The thermal process within the plenum is complex,
which includes both the convective heat exchange
between supply air and thermal mass and radiative
heat exchange between diffuse ceiling panels and
radiant slabs. Therefore, a surface-to-surface
radiation model is activated in this model.

Porous media model

Due to the material properties of the wood-cement
panel, a porous media model is adopted to simulate
the flow through diffuse ceiling, as shown in Figure 6
(b). The basic idea of porous media model is to add a
momentum sink in the governing momentum
equation. The source term is composed of two parts:
a viscous loss term and an inertial loss term(ANSYS,
2009). In laminar flows through porous media, the
pressure drop is typically proportional to velocity,
while at high flow velocity, the inertial loss will be
dominant in the porous media, as expressed by Eq

@.
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1
Si=-— (ﬁVi + C25P|V|Vi) @

Where: v represent superficial velocity, o is the
permeability, C, is inertial resistance factor. The
viscous and inertial resistance coefficient //a and C,
are determined based on the function between
pressure loss through porous media and superficial
velocity obtained by experiments. In the
experimental study, both the pressure drop across a
single panel and the pressure drop across the entire
ceiling are measured, as shown in Figure 2. Due to
the large ceiling area and the limited capacity of the
exhaust fan, only the small superficial velocities are
performed when measured the entire ceiling pressure
loss. The linear function between pressure drop and
superficial velocity indicates the flow is laminar
when it goes through the ceiling. These two pressure
drop profiles correspond well with each other,
revealing a fact that the cracks between ceiling
panels and suspension system do not have apparent
impact on the pressure drop. The viscous resistance
and inertia resistance are calculated to be 1.14 ¢ m?
and 33055 m™', respectively.

o — 1

1 4+ 0

(@) - ®)

Figure 6 CFD model of the office room with diffuse
ceiling (a) Simplified geometry model (b) Porous

media model

The energy equation in porous media is modified on
the conduction flux and the transient terms only, as
expressed by Equation (3). An effective thermal
conductivity of the medium is introduced as the
volume average of the fluid conductivity and the
solid conductivity.

2
57 (vorEr + (L= IpoEs) + V- (9(psEf +P))
V- [kepf VT = (Ehi) + (7 D)) + 5 ©)

Where: Eis the total fluid energy, E; is the total solid
medium energy, y is the porosity of the medium, and
key is the effective thermal conductivity of the
medium.

Unfortunately, the porous media model is
incompatible with radiation model because it is
regarded as a fluid zone and the diffuse ceiling
surfaces are treated as interiors between two fluid
zones. In order to overcome this limitation, a
radiation model is built separately, where the porous
media is replaced by a solid material with the same
thermal  properties. The calculated surface
temperatures  (except diffuse ceiling surface
temperature) is directly used as boundary inputs in
the porous media model and heat exchanges between
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0 [ =

porous media zone and the other zones (plenum and
room) are calculated and treated as an energy source
term Sy in the energy equation (3).

Turbulence model and Boundary conditions

As mentioned, the air flow through the diffuse ceiling
with very low velocity and the flow is laminar.
However, the convection air flow generated by the
heat sources in the occupied zone increase the
turbulence level. Thus, the Re-normalized group
(RNG) k-¢ model is appropriate for this situation,
which provides an analytically derived differential
formal for effective viscosity for low-Reynolds-
number effects compared with the standard k-e
model (ANSYS, 2009). The boussinesq hypothesis is
selected to model buoyancy-driven flow, with air
thermal expansion coefficient of 0.343*10° K.

The geometrical model is created to represent the test
chamber as it is physically, as shown in Figure 6. The
entire model is divided into three zones: plenum,
diffuse ceiling and room. As mentioned, three small
windows above diffuse ceiling serves as inlet and a
ventilation duct located in the same wall serves as
outlet in the experiment. In order to simplify the
geometrical model and generate a high quality mesh,
the inlet and outlet are simplified as rectangular
openings with the same area in the CFD model. The
inlet is assumed to have a uniform profile, where the
air temperature and velocity are kept the same as in
the experiments. The outlet is simulated with zero
pressure and zero gradient conditions for all the flow
parameters.

The U-values of the walls are used as input for all the
wall boundaries, and the measured air temperature in
the cooling chamber and the surrounding zone are
used as free stream temperatures. The heat released
by heat sources consists of convection and radiation.
For the model with radiation, the total heat loads are
released from heat sources as surface heat fluxes. For
porous media model where radiation is not
compatible, the effect of radiation heat exchange has
been presented on the surface temperature of
enclosed walls. Therefore, only the convection heat
flow boundary condition is specified for the heat
sources.

Numerical methods

Mesh is an important factor for the high quality CFD
model. The general idea is that fine grids must be
used in areas with large gradients to minimize false
diffusion and dispersive errors. In this study,
structured meshes are generated in the entire
computational domain and the finest meshes are
generated in critical areas such as: diffuse ceiling,
inlet, outlet, area closed to the walls and heat sources.
A grid independency study is performed by models
with different mesh densities. The total number of
cells needed is determined to be 741,831for the
simplified geometrical model and 669,262 for the
porous media model.
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The SIMPLE numerical algorithm is used. The
criteria of convergence is set such that the residuals
for u, v, w, k ¢ less than 10>, and the residual for
energy less than 107,

RESULTS AND DISCUSSIONS

Air flow pattern in the conditioned space

Figure 7 and 8 illustrate the velocity and temperature
distribution at the central plane of the office room in
scenario 1. The air flow pattern predicted by the two
models show a similar trend. The thermal plume
generated by heat sources is the dominant driven
force in the room with diffuse ceiling ventilation. The
uprising buoyance flow above heat sources and the
downward flow attached the wall generate air
circulations in the room. Small jet flows below
diffuse ceiling are observed in the simplified
geometrical model, but its effect to the air flow
pattern in the conditioned space is negligible
compared to the buoyance driven flow. Relatively
high air velocities are found at the ankle level in both
models. However, the simplified geometrical model
predicts high ankle velocities in both sides of the
room, while, the porous media model indicates high
ankle velocity mainly occurs in the side closed to the
front wall (left side).
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Figure 7 Velocity contour across the central plane of
the room (a) Simplified geometrical model (b)
Porous media model

The positive pressure in the plenum relative to the
room enable air mixing in the plenum before it is
supplied into the room and diffuse ceiling panels
serve as a layer of insulation between the plenum and
the conditioned space. Therefore, an air temperature
difference between the plenum and the conditioned
space will be expected, as shown in Figure 8.
However, the air temperature is not uniform in the
plenum due to its heat exchange with thermal mass
(concrete slab and diffuse ceiling panel). The supply
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air temperature varies as a function of distance
travelled through the plenum. Although air is
supplied through the diffuse ceiling diffuser with
non-uniform temperature, its impact on the room air
temperature distribution is not obvious. The air
temperature is predicted to be uniformly distributed
in the occupied zone (except the region above heat
sources), because of convection flows generated by
the heat sources increases the mixing level.
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Figure 8 Temperature contour across the central
plane of the room (a) Simplified geometrical model
(b) Porous media model

Figure 9 and 10 show the vertical profiles of air
temperature and velocity at four locations in the
chamber, comparing the CFD modelling results with
the measurement results. Although measurements are
taken in many locations, the four locations along the
central panel of the room are selected because they
can represent the air flow characteristics in the room
with diffuse ceiling ventilation. As indicated by
Figure 9, a low vertical air temperature gradient is
observed in the occupied zone. The temperature
difference are less than 0.7 °C between the head and
ankle level in all locations, which are much less than
the limitation of 3 K required by ISO 7730 category
B(ISO 7730, 2005). A good agreement has been
reached between the computed air temperature and
measured data in the occupied zone. The largest
discrepancy is found in the region below the diffuse
ceiling, where the CFD models overestimate the
effect of the thermal plume. Compared with the
simplified geometrical model, the porous media
model gives a better prediction of the air temperature
below diffuse ceiling, especially in location C-2 and
D-2. This is because the porous media model allows
air supply through the entire ceiling area, which is
more close to the realistic air flow characteristics of
diffuse ceiling ventilation.

Figure 10 indicates that the air velocity in the
occupied zone is generally low, and no draught risk
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is observed in all locations. A relatively high velocity
is found at the ankle level closed to the front wall (A-
2). The air velocity near the floor gradually reduces
with increasing distance to the front wall. The porous
media model show better performances on predicting
the air velocity. The simplified geometrical model
overestimate the air velocity near the floor and the
velocity at location D-2. Both models indicate there
is a peak velocity 5-10 cm below the diffuse ceiling,
due to the thermal plume. More measured data is
required in this region to validate this finding.
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Figure 10 Comparison of the vertical velocity profile
at different locations for scenario 1 (a) A-2 (b) B-2
(c) C-2 (d) D-2

Scenario 2 simulates a summer condition and
scenario 3 simulates a winter condition, where the
supply air temperature ranges from 24.1 to -6.87 °C
and the radiant slabs run in cooling mode and heating
mode, respectively. Due to the limited space in this
paper, the comparison of vertical air temperature and
velocity in these two scenarios will not be illustrated
here. The effect of supply air temperature on the
vertical temperature gradient of the conditioned
space is not significant. The air temperature
differences between head and ankle level are less
than 0.4 °C in scenario 2 and less than 0.9 °C for
scenario 3. However, the relative high velocity near
the floor moves along the horizontal direction while
the supply air temperature changes. In winter the cold
downward flow generates a strong circulation close
to the front wall. On the contrary, the warm supply
air in summer allow a longer penetration length, thus,
strong air circulation occurs at the end of the room.
Generally, these two models give satisfactory
prediction of the flow pattern in the conditioned
space. Although the porous media model has smaller
discrepancies to measured results, the difference
between two models is quite limited.

Air distribution in the plenum and through
diffuse ceiling

The thermal processes within the plenum have an
important impact on the effectiveness of diffuse
ceiling ventilation. An appropriate numerical model
should be able to correctly predict the air flow pattern
and thermal processes in the plenum and through the
diffuse ceiling.

Figure 11 shows the relationship between plenum air
temperature and the distance to plenum inlet in the
three scenarios. As the air travels through the
plenum, it is gradually warmed up or cooled down by
heat transfer from the diffuse ceiling panels and from
the radiant slabs, named as thermal decay. Both CFD
models give acceptable predications on the thermal
decay of plenum air. The largest disagreement occurs



Proceedings of BS2015:

14th Conference of International Building Performance Simulation Association, Hyderabad, India, Dec. 7-9, 2015.

in scenario 3, where the peak air temperature at the
center is not predicted by the CFD models. This may
be caused by a reverse flow occurring in this region
due to the thermal plume from the heat sources. On
the other hand, although the supply air temperature
changes from -6.87 °C to 24.10 °C, the air
temperature in the plenum stays relatively stable (14
°C to 22 °C). This indicates a significant pre-heating
or pre-cooling effect of the plenum.
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Figure 11 Plenum air temperature distribution (a)
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As a medium between the plenum and the room, the
diffuse ceiling panel has a complex heat exchange
with these two zones. The diffuse ceiling surface
temperatures are measured and simulated in the three
scenarios, as presented by Figure 12. The measured
data indicate that the surface temperatures are not
uniformly distributed, but changes as a function of
the distance to plenum inlet. In addition, a noticeable
temperature difference between the diffuse ceiling
lower and upper surface is observed, which reaches
to 10 °C. The simplified geometrical model obtains a
better agreement with the measured data, although
the surface temperature drops in the positions, where
the slot openings are built. The porous media model
fails to predict the surface temperature of the diffuse
ceiling panels, especially when the radiant slabs are
activated (Scenario 2 and 3). This is because the
porous media is treated as a fluid zone in the CFD
software and the diffuse ceiling surfaces are regarded
as interiors between two fluid zones. Therefore,
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instead of predicting surface temperature, the porous
media model calculates the air temperature through
the diffuse ceiling panels. On the other hand, because
the porous media model is incompatible with the
radiation model, the impact of radiation heat transfer
to/from the diffuse ceiling panel is calculated and
treated as an energy source term in the energy
equation. These assumptions cause the disagreement
between the CFD simulations and the experiments.

30

- *
*

Surface temperature
[oC]
= N
w o

[N
o

0 08 16 24 32 4 48

(a) x-direction distance to inlet [m]
30
e
.% 25 —/T\-.~
o
GJ
g520 - - .
g8
- -
§ 15 4
€
a 10 T T T T T

0 08 16 24 32 4 4,8

-
10 . . . . .
0 08 16 24 32 4 438

(b) x-direction distance to inlet [m]
30

g

2 25

g W

o 20 4

i3

4 *

8 15 L] -

g

E 10 T T T T T

0 08 16 24 372 4 48

(C) x-direction distance to inlet [m]

[ 30

2

3 % =

o =

£9 20

g8

Q

8 15 * L]

£

3

w

(d) x-direction distance to inlet [m]

° 30

5 25 - ‘

B 20 | -

o i *

E- o 15 -

@ O 10 -

2

g 5

€ o0

a 5 : : : . : ‘

0 08 16 24 32 4 48

) x-direction distance to inlet [m]



Proceedings of BS2015:

14th Conference of International Building Performance Simulation Association, Hyderabad, India, Dec. 7-9, 2015.

g‘ 30
= 25 A
g -
2 207 *
£ 15 4 *
3 10 -
£
2 5
£ 0]
".z: -5 T T T T T 1
v 0 0,8 16 2,4 3,2 4 4,8
x-direction distance to inlet [m]
[ ] Lower surface measured * Upper surface-measured

Lower surface-CFD

Upper surface-CFD

®

Figure 12 Diffuse ceiling surface temperature
distribution. Scenario 1: (a) Simplified geometrical
model (b) Porous media model; Scenario 2: (c)
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model; Scenario 3: (e) Simplified geometrical model
(f) Porous media model

CONCLUSION

The objective of this research is to develop a
simplified method on predicting the air flow pattern
of diffuse ceiling ventilation in the CFD simulation.
Two numerical models have been presented and
compared, one is a simplified geometrical model and
the other is a porous media model. The measured
data obtained by the full-scale experiments are used
to validate the numerical models.

Both the experimental results and the numerical
results indicate that buoyancy flows generated by
heat sources is the driving force for air distribution in
a room with diffuse ceiling ventilation. The thermal
plume increases the mixing level, creating a uniform
temperature distribution in the occupied zone. A
relative high velocity is observed at the ankle level
near the front wall, however, no draught risk is
predicted in any of the scenarios. A thermal decay of
the supply air is observed in the plenum, due to the
heat exchange between the air and the thermal mass
(concrete slabs and diffuse ceiling panels). On the
other hand, the plenum has a significant pre-heating
or pre-cooling effect, enabling the air to be supplied
into the room with an acceptable temperature.

Generally, the two numerical models reach good
agreement with the measured data on the air
temperature and velocity distribution in the occupied
zone. The porous media model gives better
predictions on the flow characteristic just through
diffuse ceiling, and the air velocity near the floor.
However, the simplified geometrical model shows
superior performance on predicting the diffuse
ceiling surface temperature. This is because of the
limitations of the porous media model in the CFD
software, where it is treated as a fluid zone and is
incompatible with a radiation model.
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ABSTRACT

This paper aims to investigate the performance of diffuse ceiling ventilation in a classroom. An experi-
mental study is carried out in a test chamber to examine the impact of diffuse ceiling opening area on
the system cooling capacity and thermal comfort. The results indicate that diffuse ceiling ventilation
provides a satisfied thermal comfort level in the occupied zone even under a high ventilation rate and a
high heat load condition. A design chart method is adopted to compare different diffuse ceiling configu-
rations, and the results indicate that the system with a 18% diffuse ceiling opening area is able to handle
the highest heat load without discomfort. On the other hand, a CFD model is built where the diffuse ceil-
ing is simulated with a porous media zone. This model is validated by experimental results and further
used to analyze the effect of heat load distribution and room height. The numerical results reveal that
even distribution of heat sources gives a lower draught risk environment than centralized distribution.
In addition, there is a significant increase on the draught risk with increase of room height.

CFD

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, the most widely used ventilation systems in school
buildings are mixing ventilation and displacement ventilation. In
mixing ventilation, air is supplied to the room with high initial
velocity and turbulence, which promotes good mixing with uni-
form temperature and pollution distribution in the occupied zone.
On the contrary, the principle of displacement ventilation is to
replace but not to mix the room air with fresh air, where the fresh
and cold air is supplied close to the floor. Consequently, the high-
est velocity and the lowest temperature occur near the floor, and
there is a vertical temperature gradient in the room [1]. Due to
the concentrated flow through the inlets, draught problem always
occurs in these two ventilation systems when high ventilation rate
isrequired and air is supplied with low temperature [2]. Asreported
by Jacobs [3], high draught risk often leads to insufficient ventila-
tion and poor air quality in the classroom. The indoor environment
of classrooms has significant impact on pupils’ health and learn-
ing efficiency. A recent study found that more than half of school
children have some kind of allergy or asthma in the traditional

* Corresponding author at: Aalborg University, Sofiendalsvej 11, Aalborg 9200 ,
Denmark. Tel.: +45 9940 7232.
E-mail address: cz@civil.aau.dk (C. Zhang).
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school buildings [4]. In addition, with a widespread study of Danish
school, Toftum et al. [5] concluded that there is a strong association
between classroom ventilation mode and learning outcome.

A novel ventilation concept was proposed recently, named as
diffuse ceiling ventilation. In this air distribution system, the space
above a suspended ceiling is used as a plenum and fresh air is sup-
plied into the occupied zone through perforations in the suspended
ceiling panels. Due to the large opening area, air is delivered into the
occupied zone with very low velocity and with no fixed jet direc-
tion, hence the name ‘diffuse’. Diffuse ceiling ventilation was widely
used in livestock buildings due to its low investment cost and high
thermal comfort level [6,7]. Recently, there has been a growing
focus on the application of diffuse ceiling concept in indoor spaces
for humans, especially for offices and classrooms with intense heat
loads and high ventilation demands.

Nielsen et al. [8,9] investigated the performance of diffuse ceil-
ing ventilation in an office room and compared it with five other air
distribution systems. Their investigation showed that diffuse ceil-
ing ventilation presented superior performance on handling high
heat loads with low draught risk in the occupied zone. Hviid et al.
[10] performed an experimental study in a climate chamber with
two types of diffuse ceiling panels. The results were in good agree-
ment with those of Nielsen that no local discomfort in the occupant
zone was observed and the temperature and ventilation effective-
ness were comparable to mixing ventilation. On the other hand,
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they pointed out that a low pressure drop of 0.5Pa to 1.5Pa was
enough to sustain the pressure of the plenum which ensured uni-
directional flow through diffuse ceiling and there was a radiation
cooling potential of the diffuse ceiling. The other advantages such as
modest investment costs, low energy consumption and low noise
level were reported by Jacobs et al. 2] with a pilot study in a Dutch
classroom.

The previous studies have proved that buoyancy flow generated
by heat sources is the dominant flow in a room with diffuse ceil-
ing ventilation [10-12]. Because of the low impulse supply flow, the
mixing in the room is dependent on the buoyance force. A tendency
of displacement effect occurs at low heat loads and a develop-
ment towards fully mixing with increasing heat load, as reported by
Petersen [13]. Venkatasubbaiah et al. [14,15] conducted intensive
studies on the buoyancy-induced flow in the ceiling vented room,
and they revealed that flow behavior is significant influenced by
the size and location of heat source. This finding was verified by
Choder et al. [16] via an experimental study. They observed that
equally distributed heat sources enable a higher cooling capacity
of diffuse ceiling ventilation than the other heat sources locations,
and that heat sources placed at floor level give a higher draught
risk than if placed in the upper zone. Nielsen [17] further proved
the benefit of an even distribution of heat sources and mentioned
that the geometry of a room also impacts the performance of a
diffuse ceiling ventilation.

Unlike the momentum driven ventilation systems, the inlet
opening of diffuse ceiling ventilation is more flexible. As mentioned
by Zhang et al. [18], the diffuse ceiling inlet can be divided into
three types based on their air path. The air can be either sup-
plied through the connection slots between ceiling panels (crack
flow), or through perforations in the ceiling panels, or a combi-
nation of these two paths. In addition, the inlet can either occupy
the whole ceiling area or part of the ceiling. However, the impacts
of different air path and diffuse ceiling opening area on the sys-
tem performance have not been discussed in detail in the previous
studies.

This paper will conduct a parameter study on the supply opening
area of diffuse ceiling with a full-scale experiment of a classroom
layout. Besides thermal comfort evaluation, a design chart method
is applied to compare different diffuse ceiling configurations and to
find the optimal solution. Furthermore, a numerical model is built
and validated by the experimental results. The validated CFD model
is further used to analyze the effect of heat load locations and room
height on the airflow pattern and draught risk in the room with
diffuse ceiling ventilation.

2. Experimental study
2.1. Diffuse ceiling and its physical properties

In this study, the diffuse ceiling is made by cement-wood pan-
els, which are originally for acoustic purpose, as shown in Fig. 1.
Each panel has a dimension of 35mm in thickness, 600 mm in
width and 1200 mm in length. The density of the ceiling panel is
measured to be 359 kg/m3. The porosity is estimated through vol-
umetric measurement, which is 65%. The thermal conductivity is
measured by A\-Meter EP500 based on a guarded hot plate method,
and the value is 0.085 W/m K with a measurement error less than
1.0%.

The ceiling panels are installed in the test room with a specific
suspension system, as illustrated in Fig. 2. Because of the non-
overlapping layout of the panels, it could be predicted that the air
is supplied through both perforations in the panels and the slots
between the panels. The amount of panel flow and crack flow can
be evaluated by a pressure drop measurement.

Fig. 1. Cement-wood ceiling panel.
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Fig. 2. Suspension system of diffuse ceiling.
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Fig. 3. Diffuse ceiling setup.

2.2. Test chamber

The experiments are carried out in a climate cham-
ber with an inner dimension of 4.8mx33mx272m
(length x width x height), which is located at Aalborg Univer-
sity, Denmark. The test chamber is well-insulated and surrounded
by a guarded zone with the purpose of reducing the heat gain or
heatloss from the outside laboratory. The diffuse ceiling is installed
0.35m below concrete slabs with the specific suspension system,
as illustrated in Fig. 3. The diffuse ceiling panels cover the entire
ceiling area and separate the space into two zones: a plenum and
a conditioned space. The air is supplied into the plenum through
three small windows located above the diffuse ceiling, with a total
geometric opening area of 0.0675m?2. The exhaust is mounted
80 mm below the diffuse ceiling in the wall opposite to the inlet,
see Fig. 4. The air is drawn from the test chamber into a connected
cold chamber by means of an exhaust fan, and the air will be
re-supplied into the test chamber after it is conditioned by an
air-handling unit located inside the cold chamber.
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Fig. 4. The test chamber with a classroom layout (a) Front side (b) Back side.
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Fig. 5. Diffuse ceiling layouts and placement of measurement columns (gray panels are air permeable and white ones are covered by vapor barrier) (a) 100% DF (2) 50% DF
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The test room is set up to represent a classroom layout, as shown
in Fig. 4. Eight thermal manikins with a heat load of 80 W each are
used to simulate eight pupils with sedentary activity of 1.2 met. The
thermal manikins are made by hollow black-painted metal barrels
with a diameter of 0.3 m and a height of 1.0 m, and the heat is gen-
erated by an electric fan assisted heater hanging in the middle of
the barrel. Besides eight thermal manikins, there are three elec-
tric radiators placed just below the big windows. They are used to
maintain a desired indoor temperature under different operating
conditions. The heat load of radiators varies in different cases and
is recorded by a power meter.

The primary interest in the experiment is the diffuse ceiling
opening area and its influence on the thermal comfort and system
capacity. The tests are carried out with three diffuse ceiling open-
ing ratios: 100%, 50% and 18%, as shown in Fig. 5. The changing of
diffuse ceiling opening area is done by covering a vapor barrier on
the suspended ceiling panels from the room side, as demonstrated
in Fig. 6. Under each diffuse ceiling configuration, several tests are

conducted with different combinations of air flow rate and sup-
ply air temperature. Five supply air temperatures are determined
to represent the system operation in different climates. In order
to investigate comfort limit of the system, the air flow rate covers
a wide range and reaches a very high value in the tests. Table 1
provides the details of test conditions.

2.3. Measurements

In the experiments, thermal comfort is evaluated by the vertical
temperature gradient and the draught risk. Measurement columns
are located in the critical regions within the occupied zone, which
are determined based on the smoke visualization for each diffuse
ceiling configuration. The placements of measurement columns for
the three diffuse ceiling configurations are illustrated in Fig. 5.
In each column, there are five Dantec hot-sphere anemometers
with built-in thermistors located at five different heights (0.1 m,
0.6 m, 1.1 m, 1.7 m, 2.3 m). The measurement uncertainty of the air
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Fig. 6. Reduced diffuse ceiling area by covering vapor barrier.

Table 1

Test conditions.
Case DF (%) AT=Tex — Tin (°C) ACR (h™1)
1-6 100 10 12-17
7-15 15 4-12
16-22 20 4-12
23-33 25 4-12
34-36 30 7-8
37-39 18 10 11-12
40-42 15 9-10
43-47 20 8-11
48-51 25 9-11
52-55 30 8-11
56-61 50 30 6-11
62-63 25 6-7
64-65 20 9-11
66-67 15 10-11
68-70 10 9-14

Note: AT is the temperature difference between exhaust and supply air.

velocity is +£5%, and the uncertainty of air temperature is +0.1K.
The surface temperature of diffuse ceiling panels and inner walls
are measured using K type thermocouples with an uncertainty of
+0.15K. The pre-heating effect of the plenum is investigated by
measuring the plenum air temperature with nine K-type thermo-
couples evenly distributed in the plenum. All the thermocouples are
scanned every 10s, and the temperatures are logged by a Helios
Fluke data logger. Finally, there are five pressure sensors located
in the plenum and the conditioned space in order to determine
the pressure drop across the diffuse ceiling. The pressure differ-
ence is recorded by FCO510 micromanometer with an uncertainty
of +£0.25%.

2.4. Design chart method

In this study, a design chart method is used to compare the sys-
tem with different diffuse ceiling configurations. The design charts
are drawn based on the measured results from the full-scale exper-
iments.

In order to maintain an acceptable indoor thermal comfort, it is
important to investigate the limit of a ventilation system regarding
the possible air flow rate into the room and the temperature differ-
ence between supply and return in the design phase. A design chart
method is proposed by Nielsen [8,19], which makes it is possible to
compare different systems and find the most suitable one in a cer-
tain situation. The design chart can be expressed asa gy — ATy chart,
which encloses an area that supplies sufficient fresh air and ensures
draught-free air movement in the occupied zone and a restricted
vertical temperature gradient.

As mentioned by Nielsen [20], the limits shown in the design
chart can be found using flow element theory. However, due to the
large area of inlet in the diffuse ceiling ventilation, it may result
in different types of important flow occurring between flow ele-
ments. Therefore, it is impossible to design this kind of systems
based on flow element theory. Experiments and similarity princi-
ple are recommended in this situation [8]. In the room with fully
developed flow, the non-dimensional velocity in the occupied zone
is a function of Archimedes number. This phenomenon is called the
similarity principle and expressed by the following equations:

Imax _ func (Ar) 1)
Up
ar= Bg AT ©)
U

where Ar is the Archimedes number, 8 is the expansion coefficient
(1/K), g is the gravitational acceleration (m/s?), ATy is the temper-
ature difference between supply and return (K), ug is the supply air
velocity and umax is the maximum velocity in the occupied zone

(m/s).
2.5. Experimental results

2.5.1. Thermal comfort

Due to the large amount of test cases, this paper will only include
and present the cases representing the general tendencies. For each
diffuse ceiling configuration, one case is selected. Case 22, Case 65
and Case 47 represent the diffuse ceiling opening ratio of 100%, 50%
and 18%, respectively. All these cases operate with an air tempera-
ture difference AT of 20°C and air change rate of 10.5h~".

Fig. 7 illustrates the vertical temperature gradients with three
different diffuse ceiling configurations. Low vertical temperature
gradients in the occupied zone are observed in all cases. The max-
imum air temperature difference between head (1.7 m) and ankle
level (0.1 m) is 0.88°C, 1.09°C and 0.62°C in Case 22, Case 65 and
Case 47, respectively, which is much lower than the limit of 3°Cin
Category BISO 7730 [21]. Regarding horizontal temperature distri-
bution, an apparent temperature difference can be found just below
the diffuse ceiling. In the 100% DF case, Column 1 is measured as
3-5°C warmer than the other columns at 2.3 m height. This phe-
nomenon can be explained by the airflow pattern predicted by CFD
simulation, as shown in Fig. 11. The plume generated by the electric
radiators forms a thermal layer below diffuse ceiling and blocks the
supply into the occupied zone directly. The thermal plume becomes
weak toward the back wall and enables more fresh air delivering
into the room. In case 47, the temperature difference below diffuse
ceiling even reaches to 17 °C. This is due to the fact that Column 2,
4 and 5 are located just below perforated ceiling panels, thus the
temperature at these positions are close to the supply air tempera-
ture (plenum air temperature). However, Column 1 and 3 are placed
below unperforated panels, where the air temperature is strongly
influenced by the thermal plume. Although the large temperature
difference is observed below the diffuse ceiling, the air tempera-
ture becomes very uniform in the occupied zone which indicates
an effective mixing of thermal plume and fresh air is obtained in
the occupied zone.

Fig. 8 shows the velocity profile in the test room. It needs to
be noticed that these three cases aim to investigate the draught
limit of the diffuse ceiling ventilation; therefore, very high heat
loads (140-154W/m?2) and very high air change rates (10.5h1)
are used compared with normal classroom conditions. Generally,
high velocities are found at the ankle level in the occupied zone and
the positions just below the diffuse ceiling. Although there is a high
velocity at 1.7 m height in Case 47, the reason is not clear, which
could be that the measurement point is too close to the thermal
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manikin and is impacted by the thermal plume. The buoyancy flow
generated by the electric radiators (1580-1770W) is the driving
force in the room. The uprising thermal plume attaches the ceiling
and penetrates to the back side of the room from where it finally
falls down attached to the back wall, which results in a strong vortex
in the entire room. This phenomenon is supported by the velocity
distribution from the CFD simulation, as indicated by Fig. 12. The air
flow enters the occupied zone through the back side of the room at
the floor level, exactly the positions high air velocities are observed
in the experiments, as shown in Fig. 8. These results further prove
that the diffuse ceiling ventilation system does not generate the
draught by itself. Instead, it is the heat sources raising the draught
risk.

2.5.2. Design chart

Fig. 9 shows the design chart for the diffuse ceiling ventila-
tion with different opening areas. The design chart is based on the
maximum velocity in the occupied zone of 0.2 m/s. However, it is

impossible to control the air velocity in the occupied zone directly.
Alternatively, it is calculated from the measured velocity with the
same diffuse ceiling configuration and heat load condition, and it
is assumed that the air flow in the room can be described as a fully
developed turbulent flow [8,17]. Therefore, the similarity principle
introduced in Section 2.4 can be applied.

The dashed line limits the minimum air flow rate of 71/s per
occupant for the indoor air quality purpose required by Category
B CR 1752 [22]. The qo — ATy curve represents the maximum heat
load that can be removed by the ventilation systems without cre-
ating draught. Because of the low vertical temperature gradient
generated by diffuse ceiling ventilation, the limit of temperature
gradient of 2.5 K/m is not considered in this case. The enclosed area
of the design chart satisfies both the thermal comfort and indoor
air quality requirements.

Fig. 9 shows that the cooling capacity of diffuse ceiling ventila-
tion ranges from 40 W/m?2 to 100 W/m?2 depending on the diffuse
ceiling configurations. The system with 18% opening area is able to



92 C. Zhang et al. / Energy and Buildings 111 (2016) 87-97

25 o
LA
)
D 240
20 :
'Q T
15 4 : ‘ ) 180 £
) L \% R E
& : \ =y
3] H \ 3]
< : \ 120 &
10 - . S
° o, i o0
© 18%DF . g
50%DF | . ) 2
5 - | 60 ©
© 100%DF| i k
,,,,,,, 1AQ 3 30
0 H . 10
0 0,03 0,06 0,09 0,12 0,15
qo [m*/s]
Fig. 9. Design chart for different diffuse ceiling opening areas.
3.5
- - -# - Single panel &
& 4 O 18% DF ,
7
-] 50%DF X
o 100% DF il
g25
) -’
; Panel flow - Crack flow o
= 2 o
g - °
.
] x’ %
215 - =7 & o
i W )
é 1 },/ o
& , .
g x
205 M
= -
A 9&
o0& T T T i
0 0.01 0.02 0.03 0.04 0.05

Air flow rate through diffuse ceiling, [m3/s.m?]

Fig. 10. Pressure drop for the different diffuse ceiling configurations.

handle the highest heat load without draught risk compared with
the other two. This could be explained by the heat sources being
located below the perforated diffuse ceiling panels in the 18% case.
Consequently, the cold supply air can directly deal with the ther-
mal plume from the heat sources. On the other hand, 18% of opening
area can produce relatively higher momentum flow than the other
two configurations, which to some extent influences the flow pat-
tern of the room. On the contrary, the system with 100% opening
area has the lowest cooling capacity. However, it can be observed
that the cooling capacity of the system does not keep exactly con-
stant while changing the air flow rate, especially in 100% DF case.
This result indicates that the draught risk in the occupied zone is
not totally independent of air flow rate.

2.5.3. Air path of diffuse ceiling ventilation

The air paths with different diffuse ceiling configurations are
investigated by pressure drop measurements. Fig. 10 shows the
relation between the pressure drop of a single panel and the
pressure drop of the mounted diffuse ceiling. First of all, low pres-
sure drop of the mounted diffuse ceiling is observed in all cases,
even when the air change rate reaches 17h~'. The low pressure
drop associated with diffuse ceiling ventilation allows a significant

reduction in the energy consumption of fan, and even makes it pos-
sible to work by natural ventilation. As reported by Jacobs et al.
[2], the specific fan power decreased by 90-95% compared with
conventional mixing ventilation.

The air path strongly depends on the diffuse ceiling configura-
tion and air flow rate. It is clear that air is mainly supplied through
the perforated panels in the case with 100% DF. The crack flow
becomes more significant while reducing the diffuse ceiling open-
ing area. On the other hand, panel flow is the dominant air path at
low air flow rate. While increasing the air flow rate, the pressure
drop as well as the crack flow increase. The crack flow is partly
attributed to the suspension profile, where the non-overlapping
layout leads to the air jet between panels. Meanwhile, the leakage
through the vapor barrier is inevitable. The crack flow was studied
by Nielsen et al.[11] through the smoke test. Their results indicated
that high entrainment takes place in the micro-jets below the slots
and penetrates to a depth of 0.25m into the room. Therefore, it
requires a distance of at least 0.25 m from the occupied zone to the
ceiling surface.

3. Numerical studies
3.1. The computational fluid dynamic model

3.1.1. Porous media model

In order to further investigate the air flow pattern of diffuse ceil-
ing ventilation, a computational fluid dynamics (CFD) model is built
in the commercial software Fluent [23]. Due to the special structure
of the wood-cement panel (see Fig. 1), it is too complicated to build
the diffuse ceiling model directly. A porous media model is adopted
in this study to simulate the flow through diffuse ceiling instead.
The principle of porous media model is to add a momentum sink
in the governing momentum equation. The source term is com-
posed of two parts: a viscous loss term and an inertial loss term
[24]. In laminar flows through porous media, the pressure drop is
typically proportional to velocity, while at high flow velocity, the
inertial loss will be dominant in the porous media, as expressed by
the following equation:

5= (Lui+ Cogpium) 3)

where: v represent superficial velocity, « is permeability, C;
is inertial resistance factor. The viscous resistance coefficient 1/«
and inertial resistance coefficient C; in the 100% DF cases are cal-
culated to be 1.74e*¥ m~2 and 263,366 m~!, respectively. These
coefficients are determined based on the function between pres-
sure loss through diffuse ceiling and air flow rate obtained by
experiments, as illustrated in Fig. 10.

In terms of the energy equation, modifications have been done
on the conduction flux and the transient term in the porous media
model, as expressed in Eq. (4). An effective thermal conductivity is
introduced by considering the porosity of the medium.

% (vorEr + (1 = y) psEs) +V - (v (prEf +P))

-v. [keffvr - (Z hili) e a)} +5 )

Unfortunately, the porous media model is incompatible with
radiation model because it is regarded as a fluid zone and the diffuse
ceiling surfaces are treated as interiors between two fluid zones. In
order to overcome this limitation, a radiation model is built sep-
arately, where the porous media is replaced by a solid material
with the same thermal properties. The calculated surface temper-
atures (except diffuse ceiling surface temperature) is directly used
as boundary inputs in the porous media model and heat exchanges
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Table 2
Grid independence test.
Mesh 1 Mesh 2 Mesh 3
Grid amount 283,264 613,716 1106,452
Mass balance (%) 0.00 0.00 0.00
Heat flux balance (%) 0.76 0.19 0.22
Average room air temperature (°C) 2227 2258 22.66

between porous media zone and the other zones (plenum and
room) are calculated and treated as an energy source term Sy in
the energy equation (4).

3.1.2. Boundary conditions

The CFD model is built to represent the test chamber as it is phys-
ically. In the experiments, three small windows above the diffuse
ceiling serve as inlet and a ventilation duct located near the back
wall serves as outlet. In order to simplify the geometrical model
and generate high quality structure meshes, the inlet and outlet
are simplified as a rectangular opening with the same opening area
as in the experiments. Pupils and electric radiators are modeled as
blocks with the same surface heat flux as in the experiments. The
U-values of the walls are used as input for all the wall boundaries,
and the measured air temperature in the cooling chamber and the
surrounding zone are used as free stream temperatures.

3.1.3. Turbulence model and numerical methods

In this study, structured meshes are generated in the entire com-
putational domain and the finest meshes are generated in critical
areas such as: diffuse ceiling, inlet, outlet, area closed to the walls
and heat sources. A grid independency study is performed by mod-
els with different mesh densities, as shown in Table 2. The results
indicate that the difference between the results of mesh 2 and mesh
3 is very small; therefore, mesh 2 with 613,716 grids is used for
comparison with the experimental results.

The air flow through the diffuse ceiling with very low velocity
and the flow is almost laminar. However, the convection air flow
generated by the heat sources in the occupied zone increases the
turbulence level. Thus, the Re-normalized group (RNG) k-& model is
appropriate for this situation. The boussinsq hypothesis is selected
to model buoyancy-driven flow, with air thermal expansion coef-
ficient of 0.343 x 10~3 K~!. The simulation uses the finite volume
differencing scheme and SIMPLE numerical algorithm. The criteria
of convergence is set such that the residuals for u, v, w, k, € less than
103, and the residual for energy less than 10-6,

3.2. Validation of the CFD model

The CFD model can be used to study the air flow pattern in the
room with diffuse ceiling ventilation and the model is validated by
the measurement results. Figs. 11 and 12 illustrate the air temper-
ature and velocity distribution across the central plane of the test
room in Case 22. The air flow pattern indicates that the thermal
plume generated by the heat sources is the dominant driven force
in the room with diffuse ceiling ventilation. The uprising buoyancy
flow above the electric radiators interacts with the downward sup-
ply flow through diffuse ceiling generates a strong air recirculation
in the room level. The air vortex enters the occupied zone from the
back side of the room alone the floor. The plume acts as a thermal
blockage for the ventilation air flow, which restricts the fresh air
into the area of occupants directly.

Fig. 13 illustrates the predicted velocity vector across the dif-
fuse ceiling as a function of distance to the plenum inlet. It needs
to notice that the velocity presented in Fig. 13 is the superficial
velocity regardless the impact of porosity. A bi-directional air flow
is observed across the diffuse ceiling. The reverse flow can be

Temperature: 275 277 280 282 284 286 289 291 293 296 298 300

Fig. 11. Temperature contour across the central plane of the room.

Velocity Magnitude: 0.00 0.06 0.13 0.19 0.25 0.32 0.38 0.44 0.51 0.57 0.64 0.70

Fig. 12. Velocity contour across the central plane of the room.
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Fig. 13. Velocity distribution across the diffuse ceiling.

attributed to the strong thermal plume generated by the radia-
tors (1650W) and the low pressure drop between plenum and
the room (0.5Pa). Elmroth et al. [25] found out that the small
pressure drop across the porous insulation makes it difficult to
obtain a uni-directional airflow and uniform heat transfer over the
entire surface area. However, by conducting a tracer-gas measure-
ment under a pressure drop of 1.5-4.5 Pa, Jakubowska [26] did not
observe any reverse flow into the plenum. A similar study was done
by Hviid et al. [10], only insignificant reverse flow was observed
under a pressure drop of 0.5-1.5 Pa. Compared with previous stud-
ies [10,26], the heat load of radiators is much more intense and
centralized, the strong buoyancy flow may enhance the risk of
reverse flow. On the other hand, as the air passing through the
plenum, it is gradually warmed up by the thermal mass of the con-
crete slabs and diffuse ceiling panels, as shown in Fig. 11. Therefore,
it can be predicted that air is supplied through the diffuse ceil-
ing with non-uniform temperature. However, this non-uniform air
supply does not lead to a non-uniform temperature distribution in
the occupied zone, due to mixing by buoyance flow.
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Figs. 14 and 15 shows the comparison between calculated
and measured air temperature and air velocity profiles in the
test room. Generally, there is a good agreement between the
calculated and measured results. Both CFD simulation and exper-
iment show the low temperature gradient in the occupied zone,
which indicates a good mixing in the room. High air velocity
is found at the ankle level, due to the air recirculation enter
the occupied zone alone the floor. However, CFD model seems
overestimate the air velocity in column 3 and 4. CFD model
predicts that there is a temperature and velocity peak 5-10cm
below diffuse ceiling because of the thermal plume from radiators,
especially in column 1 and column 2. However, this flow char-
acteristic is not perfectly captured by the measured data, due to
no sufficient measurement points located below diffuse ceiling.
In further study, a detail measurement on the vertical temper-
ature and velocity profiles below the diffuse ceiling should be

performed.

3.3. Parameter study

Based on the above numerical method, we will further discuss
the effect of heat sources location and the effect of room height. In
the parameter study, diffuse ceiling is modelled with 100% opening
area, and ventilation is operated with an air change rate of 4h~! and
supply air temperature of 15.5°C in all cases.

3.3.1. The location of heat sources
Based on the experimental study, it can be concluded that the

buoyancy flow generated by the heat sources is the dominant flow
in the room with diffuse ceiling ventilation. Therefore, the loca-
tion of the heat sources is very important for the air flow pattern
and also the thermal comfort. This study investigates four differ-
ent heat load distributions (see Fig. 16), including: heat sources
evenly distributed, located in the center, located in the front side of
the room and located in the back side of the room. In each case,
the heat load composes of eight pupils and each pupil releases
80W heat as in the experiments, but electric radiators are not
activated.
Fig. 17 shows the calculated velocity distribution in the verti-
cal plane across the pupils. It is obvious that different heat load
locations generate very different flow patterns. A strong air recir-
culation occurs when the heat sources are placed in one side of
the room and the direction of recirculation is opposite to the heat
source location, as shown in Fig. 17(c) and (d). When the heat
sources located in the center of the room, two air recirculation
zones occur around the heat sources. The air vortexes are asym-
metrical where the stronger vortex occurs in the front side of the
room. In the case with evenly distributed heat sources, no clear air
recirculation is observed in the plane across the occupants. This
results is supported by the findings by Nielsen [17]. By conduct-
ing a smoke test, they found that the flow pattern in the room with
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Fig. 17. Velocity distribution for different heat load layout (a) evenly distributed, (b) centered, (c) front side and (d) back side.

evenly distributed heat source is less stable than the other heat load
layouts. The flow direction is either unclear or not consistent.
Both CFD calculated results and measured results indicate that
maximum air velocity in the occupied zone occurs near the floor.
Therefore, the draught risk is analyzed at the 0.1 m height across
the central plane of the room, as illustrated in Fig. 18. An even dis-
tribution of heat sources gives the lowest draught risk compared
to the others. As a matter of fact, an intense thermal plume occurs
when the heat sources are centralized. The concentrated thermal
plume will generate a strong air recirculation and lead to a large
reverse flow entering the occupied zone at the floor level. On the
other hand, the highest draught risk presents when the heat sources
are located in the back side of the room, where the draught rate
reaches approximate 20% at 0.7-1.2 m away from the inlet. On the
contrary, the maximum draught rate in the case with front located
heat sources is only 15%. This phenomenon indicates that air is
not evenly distributed through the diffuse ceiling. A larger amount
of air is supplied in a short distance to the inlet. Therefore, the
downward air flow from diffuse ceiling meets the uprising thermal

plume and aggravates the recirculation. This could also explain the
asymmetrical vortexes with the central location of heat sources.

3.3.2. Room height

Room geometry is also a crucial parameter when designing a
ventilation system. For instance, displacement ventilation should
be avoided in the room with low ceiling, due to the stratifica-
tion principle. By performing an experimental study under two
ceiling heights 2.5m and 4.1 m, Nielsen [17] revealed that high
ceiling will lead to an increase of velocity level in the room
and a reduction of cooling capacity of the diffuse ceiling ven-
tilation. The impact of room height on the draught risk with
diffuse ceiling ventilation is investigated by CFD simulations in this
study. Three room heights are discussed here: 2.335m (as in the
experiments), 3.0m and 4.0 m. The heat sources are kept evenly
distributed and with constant heat load of 80 x 8 W, as shown in
Fig. 16(a).

The velocity distribution across the central plane of the room
is demonstrated in Fig. 19. The air flow patterns show a similar
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Fig. 19. Velocity distribution across the central plane of the room at different room height (a) 2.335m, (b) 3.0m and (c) 4.0m.
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Fig. 20. Draught risk vs. room heights.

tendency under different room height, an air recirculation is formed
in the room due to the interactions between the warmer buoy-
ance flow and the cold fluid through the diffuse ceiling. However,
the intensity and strength of the recirculation increases dramati-
cally with increase of the room height. This is because the height of
the room has impact on the amount of entrainment. The entrain-
ment of ambient air is significant while the air is recirculated
in the room and creates an additional acceleration of air flow.

Therefore, the draught risk is in direct proportion to the room
height, as shown in Fig. 20. The maximum draught rate in 4.0 m
height room approaching to 20% almost reaches the draught limit
in ISO 7730 Category B [21]. While the draught rate in 2.335m
room is only 12%. However, the highest draught risk is observed
at the same position approximately 1.2-1.4m away from inlet,
where is the position reverse flow entering into the occupied
zone.
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4. Conclusion

The objective of this study is to investigate the performance
of diffuse ceiling ventilation in a classroom. Parametrical analy-
sis is carried out by both experimental and numerical studies. In
the experimental study, three diffuse ceiling configurations with
opening area of 100%, 50% and 18%, respectively, are evaluated
in terms of thermal comfort, cooling capacity and air paths. Gen-
erally, low temperature gradients in both vertical and horizontal
directions indicate a fully mixing in the occupied zone. No draught
risk is observed even with very high flow rate of 10.5h~! and high
heat load of 140-154 W/mZ2. These findings further proves that dif-
fuse ceiling ventilation has a superior performance in the room
with intense heat load and high ventilation demand compared with
conventional ventilation system.

Based on the design chart method, it is found that the sys-
tem with 18% opening area is able to handle the highest heat load
without thermal discomfort compared to the other configurations.
However, it is too cursory to conclude that the smaller the opening
area the higher the cooling capacity will be. Because the location
of heat sources to location of the diffuse ceiling opening also play
a crucial role. It will be interesting to investigate the interaction
between heat sources location and diffuse ceiling opening location
in the further study. On the other hand, the design chart demon-
strates that the cooling capacity of diffuse ceiling is not constant
with air flow rate, which indicates that the air flow rate to some
extent still influences the draught risk in the occupied zone. Finally,
the air path is analyzed by pressure drop measurement. Panel flow
is the dominant path at low flow rate and with fully opening area.
However, the crack flow becomes significant while increasing the
air flow rate and reducing the diffuse ceiling opening area.

In the numerical study, a CFD model is built where the diffuse
ceiling is defined as a porous media zone due to its special con-
struction. The CFD model is validated by the experimental results
and further used to study the effect of heat load distribution and
room height. The air flow pattern indicates that the thermal plume
generated by the heat sources is the dominant driven force in the
room with diffuse ceiling ventilation. The interaction between the
uprising thermal plume and downward supply flow forms an air
recirculation in the room level. Consequently, the air flow pattern
is strongly dependent on the location of heat sources. From the
view of draught risk, it is recommended to even distribution of heat
sources rather than concentrated placement. On the other hand,
high ceiling room leads to a large amount of entrainment while the
air is recirculated in the room, which results a high draught risk
at the floor level. Therefore, it is not recommended to use diffuse
ceiling ventilation in a high ceiling room.
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12 Abstract
ij A novel system combining diffuse ceiling ventilation and radiant ceiling was proposed recently, with the aim
15 of providing energy efficient and comfort environment to office buildings. Design of such a system is
16 challenging because of the complex interactions between the two subsystems and a large number of design
17 parameters encountered in practice. The study aimed to develop a numerical model that can reliably predict
12 the airflow and thermal performance of the integrated system during the design stage. The model was
20 validated by experiments under different operating conditions. The validated model was then applied to to
21 evaluate the impacts of different design parameters on the system performance, including the diffuse ceiling
22 panel, plenum height, plenum length, and inlet configuration. The simulation results demonstrated that
543; diffuse ceiling panels with a high U-value can minimize its impact on the energy performance of radiant
25 ceiling. Low plenum height was beneficial to the energy efficiency but aggravated the non-uniformity air
26 distribution and further led to the draught problem in the occupied zone. This system was recommended to
2; apply in the small offices instead of large, open spaces.
29
30
31 Keywords
gi Diffuse ceiling ventilation, Radiant ceiling, CFD, Parametric study, Thermal comfort, Energy efficiency
34
35
36 1. Introduction
;; Recently, a growing interest has been paid on a new ventilation system - diffuse ceiling ventilation. This
39 ventilation concept uses an open space between ceiling slab and suspended ceiling as a plenum to distribute
40 air. The conditioned air is delivered into occupied space through the perforation on the suspended ceiling
2; panels and/ or slots between ceiling panels. Compared with traditional ventilation systems, diffuse ceiling
43 ventilation has the potential to provide a more comfort environment with less energy cost. Because of the
44 large ceiling area as air diffuser, the system has low- momentum supply flow and does not generate draught
45 even by supplying cold outside air directly[1][2][3]. This ventilation concept is appropriate to the spaces
js with high thermal load and large ventilation demand, like offices and classrooms, where the draught is
48 usually a major concern by using conventional mixing or displacement ventilation[4]. On the other hand, the
49 suspended ceiling as air diffuser requires low- pressure drop due to its large surface area. In addition, the use
g g of plenum eliminates the need for ductwork and the large size of the plenum creates a little restriction to the
52 air flow[5]. Consequently, the amount of energy required to deliver air by this ventilation system is less than
53 that required by fully-ducted system [4][6][7]. However, ventilation is a passive cooling approach, which is
54 determined by the outdoor climate. An additional heating/cooling system is required when natural resources
;Z are inadequate. The radiant ceiling is a promising solution to work together with ventilation systems.
57 Because it deals with heat load by both radiation and convection, it could provide a more comfort
58 environment than the all-air system and able to make use of low-grade energy[8][9][10].
59
60
61
62
63
64

o
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A schematic diagram of the system combined diffuse ceiling ventilation with the radiant ceiling is shown in
Figure 1. In the integrated system, the suspended ceiling covers the radiant ceiling and consequently changes
the heat transfer mechanism between the radiant surface and the rest of the room. Initial investigations have
been done by full-scale experiments under steady-state conditions[11][12]. The results indicated that the
diffuse ceiling ventilation increased the heating capacity of the radiant ceiling but decreased its cooling
capacity. The thermal process in the plenum was more complicated than that with ducted systems. The direct
contact between the supply air and the radiant ceiling enabled heat transfer to or from the air depending on
the air-to-surface temperature difference and airflow rate, which resulted in a temperature variation on the
plenum air. From the standpoint of thermal comfort, due to the preheating/precooling effect of the plenum,
the air was supplied into the room with moderate temperature, which further reduced the risk of draught. The
previous investigations showed that the diffuse ceiling ventilation and the radiant ceiling interact and
complement with each other. Therefore, the system needs properly design and control, to fulfill both energy
saving and thermal comfort purposes.

Figure 1

The most common integrated system is displacement ventilation with cooled ceiling. This combined system
gives a rather superior performance on the air quality and thermal comfort to the VAV system [10][13].
However, the harmony of the combination is the key issue, since cooled ceiling creates a downward motion
of air and suppresses the displacement flow. Therefore, the amount of heat load removed by cooled ceiling
need be properly adjusted in order to maintain a low vertical temperature difference and a high air quality in
the breathing zone [14][15]. At the same time, the entire cooling load needs to be lower than 100 W/m?, and
the room height is required to be higher than 2.5 m [16]. The possibility of radiant floor and displacement
ventilation was also discussed by several studies [17][18]. They mentioned that floor cooling did not lead to
an increase in draught risk, but vertical temperature gradient must be controlled carefully in the cooling case.
Although the integrations of ventilation and radiant systems have been widely studied, the knowledge
regarding the combination of diffuse ceiling ventilation and the radiant ceiling is very limited.

As mentioned above, the design of the integrated system is challenging due to the interactions between its
two subsystems. In this study, the primary objective was to optimize the energy performance of the radiant
ceiling and provided a more uniform air distribution through the diffuse ceiling. The design process would
need to define a large number of parameters, such as diffuse ceiling configuration, plenum geometry, shape
and location of the plenum inlet, obstruction within the plenum, etc., which would have impacts on these
interactions. To explore the effect of different design parameters on the airflow pattern and thermal
performance, one can use experimental and/or numerical approaches. Experimental study is regarded to be
more reliable but also more expensive and time-consuming than numerical investigation. Therefore, it is
desirable to develop a validated numerical model that could provide a reliable prediction of the integrated
system during the design stage.

Numerical evaluation on the two subsystems has been reported in many articles. For diffuse ceiling
ventilation, Fan [2] simplified the diffuse ceiling supply into four slot openings. They observed slight
disparities in the air velocity distribution, especially near the ceiling and the floor. This was because the
simplification of the air pathway resulted in an overestimation or underestimation of the air movement in the
conditioned space. Chodor et al. [19] assumed the outdoor air directly supplied into the room without going
through the plenum, and they also assumed a uniform air distribution through the suspended ceiling. They
oversimplified the inlet boundary conditions and neglected the thermal process within the plenum, which led
to a discrepancy in the airflow prediction inside of the room. Zhang et al. [20] proposed a porous media
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model, which could efficiently predict the airflow characteristics through the diffuse ceiling panels. However,
this study focused on the airflow pattern in the conditioned space, and no detail discussion regarding the
plenum was available. For the radiant ceiling system, Tye-Gingras et al. [21] coupled a semi-analytic radiant
model with a 2D CFD model to analyze the comfort and energy consumption of the radiant ceiling. However,
this study neglected the impact of ventilation on the airflow pattern, and only considered the buoyancy force
from heat sources. Myhren et al. [22] used a validated CFD model to compare different radiant heating
systems, where a surface-to-surface method was implemented to deal with the radiation heat exchange. The
previous studies mainly focus on the individual system, but the study regarding the integrated system was
limited. In addition, the air distribution and thermal process within the plenum should also be addressed in
this study, where the heat exchange between radiant ceiling and supply air mainly takes place.

This study aimed to develop a validated numerical model for the system with diffuse ceiling ventilation and
the radiant ceiling. This model should be able to predict the airflow pattern and thermal performance both in
the plenum and in the occupied zone. This investigation then used the validated model to conduct a series of
parametric studies, including the diffuse ceiling panels, plenum height, room length, and plenum inlet
configuration, for optimal design of the integrated system. It needs to notice that both the experiments and
numerical simulations presented in this study were conducted under steady-state condition, where the effect
of thermal masses (ceiling slab and suspended ceiling) was not the focus of this study.

2. Experimental setup
To develop a validated numerical model, we needed reliable and high-quality experimental data. This
section describes the experimental facility and the measurement technique.

2.1 Test facility
Figure 2

The full-scale experimental facility was an environmental chamber located inside a laboratory. As illustrated
in Figure 2, the environmental chamber consisted of two parts: a climate chamber simulating the outdoor
environment and a test chamber simulating an office with a ceiling plenum. The lower zone in the test
chamber represented an office with an inner dimension of 4.8 m* 3.3 m *2.72 m, see Figure 3. In the office,
there were two workstations with two PC, two lamps as well as two thermal manikins, which corresponded
to a heat load of 450.5 W or 28.4 W/m? floor area.

Figure 3

There were two glazing areas in the facade between the climate chamber and the test chamber. The lower
glazing area, with three panels and overall dimensions of 2.4 m x 1.4 m, was closed during the experiments.
The upper glazing area, with three panels and overall dimensions of 2.4 m x 0.35 m, was opened to function
as plenum inlets. The inlet opening could be controlled by adjusting their opening angle, and it kept a
geometrical opening area of 0.0207 m? (0.01 m x 0.69 m x 3 panels). The exhaust duct was in the lower
corner of the facade and had 160 mm diameter. The exhaust air was drawn into the climate chamber using a
fan, and then treated by an AHU unit when it passed through the climate chamber, finally re-supplied to the
plenum. The facade had an effective U-value of 0.61 W/m2.K and the other enclosures were well insulated
to minimize the heat transfer from the lab.
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2.2 Diffuse ceiling and radiant ceiling

The diffuse ceiling panels were the type of wood-cement panels typically used for acoustic purposes, but
they were permeable to air. The ceiling panels were positioned 0.35 m below the concrete slabs by a
suspension system, which separated the test chamber into a ceiling plenum and a conditioned space as shown
in Figure 4. The diffuse ceiling panels had a thickness of 35mm and a density of 359kg/m®. The thermal
conductivity of the ceiling panels, measured with a A-Meter EP500 by a guarded hot plate method, was 0.085
W/m K. The porosity was estimated to be 65% by means of a volumetric measurement. The high porosity
ensured a low-pressure drop across the ceiling panel. According to previous measurements [23], the pressure
drop through the diffuse ceiling was less than 2 Pa when the airflow rate was less than or equal to 0.03
m3/s'm?. Since there were small cracks between the ceiling panels, the pressure drop across the whole diffuse
ceiling was even lower.

Figure 4

The radiant ceiling was composed of four concrete slabs with embedded water-carrying pipes, each with
dimensions of 3.560 m x 1.197 m x 0.200 m. The water pipes with a diameter of 20 mm were embedded 4
mm above the lower surface of the concrete slab. The water circuit connected to both heating and cooling
units, where a three-way valve used to control the water temperature. The water flow was controlled and
recorded by a Brunata HGQ flow meter.

2.3 Case setup

Measurements were conducted for three cases with different boundary conditions, as shown Table 1. In
winter, the radiant ceiling was operated as a heated ceiling with a surface temperature of 27.34 °C. In
moderate seasons, the radiant ceiling was not activated, and ventilation was used to remove the load for the
entire space. While in summer, radiant ceiling took charge of the whole heat load and ran with a surface
temperature of 10.79 °C. The radiant surface temperature was below the dew point temperature in summer,
and there was a risk of condensation in practice. However, the experimental study aimed to identify the
possibility and limitation of the integrated system, even the case with condensation risk was still tested.

Table 1

The experiments focused on the airflow and thermal performance in both the plenum and the occupied space.
The vertical temperature gradient and velocity gradient in the office were measured with the use of three
moveable poles, in each pole located seven thermocouples and five anemometers, as shown in Figure 5 (a).
During the experiment, each pole was moved to four different positions within the office, so that the
measurements were conducted at a total of 12 locations in the occupied zone. Figure 5 (b) shows the
measuring points in the plenum. A total of nine thermocouples were evenly distributed at the mid-height of
the plenum to measure the temperature variation of plenum air. The surface temperatures of the walls, floor,
radiant ceiling, and diffuse ceiling panels were also measured. The experiment used 115 K-type
thermocouples for monitoring the air and surface temperatures, with an uncertainty of +* 0.15 K. The
thermocouples measured the temperatures every 10 s, and the data was recorded by a Helios Fluke data
logger. The velocities were measured by the hot-sphere anemometers with an uncertainty of + 0.01 m/s +5%
of the readings. The air velocities were recorded by a 54N10 Dantec multichannel flow analyzer.

Finally, the pressure drop through the diffuse ceiling was measured with FCO510 micro-manometers
(uncertainty + 0.25 %) by placing the pressure sensors at various locations in the plenum and in the center of
the office, as shown in Figures 5. Detailed information about the measurements was described in Zhang [11]
and Yu [12].
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Figure 5

3. Numerical models

The numerical study used a CFD model to solve the airflow and temperature distributions in the plenum and
the occupied space. The commercial CFD programme Fluent [24] was used in this study. The CFD
simulations require a suitable model to specify the airflow through the diffuse ceiling panels. As the radiant
ceiling has a large temperature difference from the rest of the surfaces in the room, a suitable radiation model
is essential to analyse the radiative heat transfer in space. This effort would provide the necessary boundary
conditions for the porous media model. The CFD model also requires a suitable turbulence model for solving
the airflow and temperature distribution in the occupied space. This section discusses the numerical models
used for the investigation.

3.1 A porous media model for the diffuse ceiling panels

The diffuse ceiling panels used in this study had a porous property because of the structure of the wood-
cement material. It was impossible to model the air diffusion through the panels directly. A porous media
model was implemented to simulate the air diffusion in this study. As flow through the porous media zone, it
experiences both the viscous resistance and inertial resistance. The porous media model was developed by
adding a momentum source term in the governing equation, based on Darcy-Forchheimer Law [25]. When
the flow goes through the porous panels with very low velocity, the viscous term is dominant. However, for
high-velocity flow, the inertial effect becomes significant. The momentum source term can be expressed by:

1
Sm =—(§V+C25p|v|v) )

The viscous resistance coefficient//a and inertial resistance coefficient C> were determined by the properties
of the wood-cement board, such as porosity and equivalent perforation diameter. These two coefficients were
derived from experimental data in the form of pressure drop as a function of velocity through the porous
media, where 1/o =1.14 x 10°® m? and C,= 33055 m’. Detailed information about pressure drop
measurement and results can be found in Zhang et al.[23].

The energy equation for the porous panels was modified on the conduction flux only, where an effective
thermal conductivity k. was introduced to consider the effect of both the fluid and solid conductivities.

V- (0(prEf +P)) = V- [keysVT + (7- )] + S @)
kerr =vks + (1 —y)ks 3)

3.2 Radiation model

Radiative heat transfers occur between the radiant ceiling, diffuse ceiling panel and the rest of the room
surfaces. Unfortunately, our CFD program with the porous media model treated the diffuse ceiling panel as
flow cells and thus could not calculate the radiative heat exchange directly. In order to determine the
radiative heat exchanges, a separate model was built by specifying the diffuse ceiling panels with the
corresponding solid materials. A surface to surface method was implemented to calculate the radiative heat
transfer between surfaces by use of the Stefan-Boltzmann law and view factors. The radiative heat flux
leaving a given surface is expressed [25]:

Traak = k0T + Pk Z?]=1 FejGraaj @

In the radiation model, the wall boundaries were specified by the U-value together with the outdoor
temperature or called free stream temperature. The radiant ceiling was specified by a uniform surface
temperature, and the temperature decay along the pipe was assumed to be negligible (less than 3 °C in the
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measurements). The internal heat sources were treaded as surface heat fluxes on the manikins, computers,
and task lamps.

The calculated results obtained from the radiation model included the surface temperatures of the walls and
radiative heat flux of the diffuse ceiling panels.

3.3 Boundary conditions

The wall temperatures obtained from the radiation model were then used as boundary conditions in the
porous media model for the detail calculation on the air velocity and air temperature distribution. Instead of
directly specifying the diffuse ceiling’s surface temperature, the radiative heat flux to the diffuse ceiling
panels was applied as an energy source Sk.

The heat sources released heat through both convection and radiation. The effect of radiative heat flow has
been already considered in the radiation model. A feasible approach was to estimate the radiative heat flow
and to specify the convective heat flow boundary condition for the heat sources [26]. ASHRAE Handbook
provides default convective fraction for different heat sources [27]. The convective fraction of occupants
with moderately active office work was approximate 50%, while the values of computers and desk lamps
were 90% and 50%, respectively.

3.4 Turbulence model

The airflow through diffuse ceiling panels could be laminar because of the very low velocity. However, the
room airflow was turbulent because of strong thermal plumes from various heat sources and convective heat
transfer through the room enclosure. The Re-normalized group (RNG) k-¢ model was recommended by Chen
[28] to model the turbulent flow in the indoor environment. Yang et al also proved the accuracy of the k-¢
model for the porous media zone [29].

3.5 Geometrical model

The geometrical model used in CFD, as shown in Figure 6, was a simplified version of the environmental
chamber facility. This model included the plenum, the diffuse ceiling, and the occupied office. The three
lower glazing panels were consolidated as a window and the three upper glazing panels into an inlet. A
ventilation duct located in the lower left corner of the facade was treated as an exhaust. In order to generate
high-quality meshes for the indoor space, the inlet and exhaust were built as rectangular openings with the
effective areas as in the experiment. The air supply through the inlet was assumed to have a uniform profile.
The exhaust was treated as outflow boundary with zero diffusion flux for all flow variables.

Figure 6

3.6 Numerical algorithm for CFD

As shown in Figure 6, structured meshes were built in the entire space. The finest meshes were generated in
the areas with large gradient, for example, the diffuse ceiling, inlet, outlet, walls, and heat sources. Chen et
al. [30] recommended systematically refining the grid size to verify the numerical model. A common
approach is to double the mesh number and then to compare the two mesh solutions. Three mesh solutions
were constructed in the grid independent study, and the results for exhaust air temperature and average air
velocity at position A2 are presented in Table 2. The comparison indicates that the calculation with Mesh 2
produced accurate results for air velocity at A2, and the deviation in exhaust air temperature was less than
0.11% with Mesh 3. The increase in cell number from 760,235 to 1,027,309 did not result in a significant
improvement in the simulated results, but cost more computing time and needed larger computational
resources. Consequently, Mesh 2, with 760,235 cells, was used for further investigation in this study.

The solution method was the SIMPLE algorithm. The convergence criterions were set that the absolute
residuals should be less than 1073 except that for energy less than 10, Table 2 shows the unbalance rate for
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mass and heat flux, where the mass reached a complete balance state and the heat flux unbalance in the range
of 0.09%-0.2%.

Table 2

4. Model Validation

In this section, we will present the computed airflow pattern for the test chamber with the integrated system
and compare the calculated temperature and velocity distributions with the corresponding experimental data.
The objective is to validate the numerical model for predicting the performance of the integrated system.

4.1 Temperature distribution

The vertical temperature profile at position A2 was selected to analyze the temperature distribution in the
office. Figure 7 showed the comparison between the calculated results and the measured ones for the three
cases. The numerical model provided a satisfactory prediction on the temperature distribution in the occupied
zone, with deviations of less than 0.36 °C in all three cases. The largest deviation occurred below the diffuse
ceiling. The CFD model seems to have overestimated the effect of the thermal plume generated by the heat
sources, which led to a 2 °C higher air temperature in this region. It is well known that the wall function used
in the RNG k-¢& model cannot correctly predict the convective heat transfer at solid surfaces. Therefore, to
keep the calculated results sufficiently close to the measured ones for exhaust and average air temperatures, a
high convective fraction was applied to specify the thermal boundary of the heat sources. In addition, the
measurements were not free from errors, which could also have contributed to the discrepancy.

Figure 7

In the integrated system, complex thermal processes take place within the plenum. Therefore, the numerical
model should be able to provide a reliable prediction in the plenum. Figure 8 presented the horizontal
temperature distribution at the mid- height of the plenum for the three cases. It was clear that the CFD model
can predict the relation between air temperature variation and the distance from the plenum inlet. Although
the deviations between the simulated temperatures and measured ones can reach 2 °C in some points,
considering the large temperature range of the supply air from -7 oC to 24 oC, the deviations can be regarded
as acceptable. In winter, the cool supply air entered the plenum from the left. As it passed through the
plenum, it was gradually warmed up by the heat transferred from the radiant surface on the top and from the
diffuse ceiling panel on the bottom (heat conducted from the room side). In the summer, by contrast, the air
in the plenum was gradually cooled down by cooled ceiling. In the moderate season, although the radiant
ceiling was not activated, the air was still warmed up by heat transfer from the upper zone and the room side.

Figure 8

4.2 Air flow pattern and velocity distribution

Figure 9 illustrates the predicted airflow pattern across the central plane in the three cases. The rising
buoyancy flow from the heat source and the downward flow along the wall generated a air recirculation in
the room and caused reverse flow entering the occupied zone along the floor. In different cases, the vortex
moved from one side of the room to the other depending on the operating conditions. In winter, the outdoor
air was supplied to the plenum at a low temperature, and because of gravity, a large amount of air dropped to
the surface of the diffuse ceiling and penetrated into the room at a location close to the plenum inlet. In
contrast, warm supplied air could travel further in the plenum and was gradually cooled down by the thermal
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mass. Therefore, a relatively large amount of air was delivered to the room at the far end. This phenomenon
explains the fact that the air distribution through the diffuse ceiling was not perfectly uniform, which
depended on the supplied air condition and the thermal process within the plenum.

Figure 9

Figure 10 showed the CFD calculated and measured velocities at position A2. Overall, good agreement has
been reached. However, a relative larger discrepancy existed below the diffuse ceiling. As mentioned above,
this was due to the overestimation of the convective flow from the heat sources. Both calculated and
measured results showed low air velocities exist in the occupied zone by using this system. A relative high
velocity occurred at the floor in winter case. However, it was still lower than the limit of 0.18 m/s[31], no
draught risk would be expected.

Figure 10

5. Parameter analysis

Most previous studies have pointed out the need to expose the radiant ceiling to the rest of the room to
optimize energy efficiency. However, in the integrated system, the radiant ceiling is encapsulated by the
diffuse ceiling panels. Therefore, the properties of diffuse ceiling panels have a remarkable impact on the
thermal performance of radiant ceiling. Two different diffuse ceiling panels were analyzed: one was wood-
cement panel as used in the experiment, and the other was aluminum (Al) panel. The Al panel was chosen
as an example because it is the most commonly used type of suspended ceiling in practice, and it has
significantly higher conductivity than does wood-cement panel. The Al panel was expected to perform
differently from the wood-cement panel.

On the other hand, from an architectural standpoint, it is preferable to reduce plenum height in order to
maintain sufficient headroom. It is important to identify the minimum plenum height at which an
acceptable air distribution within the plenum could be achieved. Plenum length is also an important
parameter because airflow may not reach the end of the plenum if the length exceeds a certain value.
Finally, the plenum inlet configuration and location determine the momentum of supply air and the airflow
pattern in the plenum.

This study aimed to identify the impact of different design parameters on the thermal performance and
airflow pattern in the room with the integrated system. The study used the validated CFD model for
investigating the sensitivity of the design parameters, including the diffuse ceiling panel, plenum height,
plenum length, and inlet configuration. This section details our effort.

5.1 The effect of diffuse ceiling panels

Two types of diffuse ceiling panels were compared regarding their impact on system performance under
different operating conditions. One was wood-cement panel, and the other was Al panel. The Al panel had a
thickness of 5 mm and thermal conductivity of 202.4W/m.K, corresponding to a U-value of 40480 W/m?>. K.
The U-value of wood-cement panel was only 2.43 W/m2.K. To limit the number of variables, it was assumed
they had the same porosity and the same pressure resistance. In addition, to avoid the influence of the
materials’ emissivity on the radiative heat exchange, it was assumed that the Al panel was painted into black
and had the same emissivity as the wood-cement panel.

Table 3
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Table 3 presents the CFD results with the two different diffuse ceiling panels. From the standpoint of energy
performance, the diffuse ceiling panel with a high U-value was benefit to the radiant ceiling cooling capacity.
An enhancement of 22% was achieved by using Al panels. This was because the Al panels enabled a larger
temperature difference between the plenum air and radiant surface in the cooling mode. In addition, the
surface-to-surface temperature difference between the radiant ceiling and diffuse ceiling panels also
increased when the Al panels were used, and therefore an increase in radiative heat exchange could be
expected as well.

However, the opposite effect was found in the heating mode, where the heating capacity of the radiant
ceiling was reduced by 13%, from 516 W with the wood-cement ceiling panels to 450 W with the Al panels.
Both convective and radiative heat exchange were reduced by the use of Al panels. This was due to the
decrease in both air-to-surface temperature difference and surface-to-surface temperature difference with the
Al panels in the winter case. In the moderate season, the radiant ceiling was not activated. The diffuse ceiling
had an indirect influence on the heat conducted from the floor above. The Al panels restricted the amount of
heat transfer from the upper zone and maintained a slightly lower indoor temperature than did the wood-
cement panels.

According to previous studies [12][11], the diffuse ceiling ventilation promotes the radiant ceiling’ heating
capacity but decreases its cooling capacity in comparison with the stand-alone radiant system. In summer,
radiant ceiling needed to run with a very low surface temperature to keep an acceptable indoor temperature,
thus limiting the use of renewable energy resources and simultaneously raising the condensation risk. Based
on this parametrical study, diffuse ceiling with a high U-value can minimize this impact and enable the
radiant ceiling to cool down the room with a relatively higher surface temperature. Thus, it is recommended
to utilize diffuse ceiling panels with high U-value, if the system was designed to provide cooling most of the
time.

The U-value of diffuse ceiling panels did not show a notable impact on the airflow pattern. Therefore,
detailed comparison of the velocity and temperature distributions were not discussed here.

5.2 The effect of plenum height

The study was performed on plenums varying from 5 cm to 35 c¢m in height under the boundary conditions
of the winter case. The winter case was chosen as an example because the cold outdoor air would cause
deterioration of the uniform air distribution through the diffuse ceiling and would enhance the draught risk in
the occupied zone, see Figure 9 (a). Thus, this case is more representative than the others.

As depicted in Table 3, a reduction in the plenum height had a positive effect on the energy efficiency of the
radiant ceiling. The convective heat transfer from the radiant ceiling to the plenum increased from 205 W to
461 W when the plenum height decreased from 35 cm to 5 cm. The low-height plenum forced cold supply
air to contact the warm radiant surface directly with a high velocity, which enhanced both the convective
coefficient and the air-to-surface temperature difference. As a result, the convective heat exchange increased
dramatically. Although the radiant heat transfer from the radiant ceiling decreased because of the change in
the diffuse ceiling surface temperature and view factors, the total heating capacity still increased from 516 W
to 636W as the plenum height was reduced from 35 cm to 5 cm. Consequently, the air temperature in the
room increased by approximately 3 °C.

Regarding air distribution, low plenum height reduced the uniformity of the air distribution through the
diffuse ceiling. Figure 11 (a) illustrates the delivered airflow ratio through the diffuse ceiling. A uniform
distribution would result in a delivered airflow ratio of 100% at all distances from the inlet. In all cases, high
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proportions of air were delivered at a short distance from the plenum inlet, and the air delivery gradually
decreased as the distance from the plenum inlet increased. Furthermore, the reduction in plenum height
exacerbated the situation. The distribution variation exceeded 120% with the 5 cm plenum, while the
variation for the 35 cm plenum was less than 100%. The large distribution variation can be attributed to the
low-pressure drop through the diffuse ceiling panels and also to the extremely low supply-air temperature.

Another important design consideration is the need to minimize the variation in supply air temperature.
Figure 11 (b) shows air distribution just above the diffuse ceiling, which could present the supply air
temperature. Because of the heat exchange with the radiant ceiling, the thermal decay on the supply air was
significant in all cases. However, the low height plenum limited the mixing of air in the plenum and
aggravated the temperature variation. When the plenum as low as 5 cm, the cold outdoor air was directly
delivered to the room at a short distance from the plenum inlet, no mixing could be expected in this case.

Figure 11

Plenum height influences the air distribution through the diffuse ceiling, and thus it affects the airflow
performance in the occupied zone. The velocity distributions at a height of 0.1 m were analyzed and
compared under different plenum heights, as illustrated in Figure 12. When the plenum height decreased,
reverse flow with high velocity penetrated from the front of the room to the entire room, and the air velocity
increased significantly. The air velocity reached 0.25 m/s in the case with a plenum height of 5 cm, which
would result in a draught problem. The asymmetric distribution of velocity along the y-axis can be attributed
to two factors. First, the exhaust was at the left corner of the facade (x =0, y = 3.1, z = 0.25), which to some
extent impacted the local air velocity. Second, because of the random and asymmetric nature of the turbulent
flow, the airflow would not have produced a perfectly symmetric pattern [32].

Although the temperature variation in the plenum reached 30 °C, the air temperature in the occupied zone
was very uniform. An effective mixing between supply air flow and convective flow from heat sources was
observed. In order to keep this article brief, the plot of temperature distribution in the occupied zone was not
shown here.

Figure 12

5.3 The effect of plenum length

The effect of plenum length on the air distribution was investigated by doubling the plenum length, and its
effect on the radiant ceiling energy performance was also discussed here. Because the room geometry was
doubled, the heat loads were doubled accordingly and were located symmetrically along the x-axis. In
addition, the air flow rate was doubled to maintain the ACH of 2 h'!. Plenum height was kept at 35 cm, as in
the experimental measurements. Only the winter case was studied, as for the reason discussed in Section 5.2.

The doubled plenum length did not result in an exact doubling of the heat released from the radiant ceiling,
as shown in Table 3. The total heat flow of the radiant ceiling was 965 W when the length of the room was
9.6 m, which was only 87% greater than that at the original length of 4.8 m. As expected, both air velocity
and temperature differences decreased as the air traveling further in the plenum. Consequently, both
convective and radiative heat fluxes were weakened by the increase in plenum length.

Figures 13 showed that doubling the plenum length causes deterioration in the uniformity of the air
distribution through the diffuse ceiling. The variation reached 140% when the room length was 9.6 m, while
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the variation in the 4.8 m case was less than 100%. Furthermore, it can be observed that there were two
“jumps” in the curve at distances of approximately 2.2 m and 6.7 m from the plenum inlet. These jumps were
because that the rising thermal plume reached the diffuse ceiling and acted as thermal blockages for the
ventilation air flow. Therefore, low air delivery was found at these two locations. The temperature variation
increased 3 oC by doubling the plenum length. The degree of temperature variation was determined by the
amount of heat transfer from the thermal mass and also by the residence time of the supply air within the
plenum. The greater the travel distance of the supply air, the larger the temperature variation will be.

Figure 13

Figure 14 presents the velocity distribution at a height of 0.1 m in the room with doubled length. In this room,
the high draught region penetrated approximately half of the room deep. The air velocity in the occupied
zone even reached 0.32 m/s, significantly higher than the limit of 0.18 m/s. The occupants situated near the
facade experienced significantly greater draught than the ones located near the back wall. The temperature
variation along the length of the room was negligible (less than 1 °C). From the standpoint of both energy
efficiency and thermal comfort, it can be concluded that the integrated system is suitable to use in a small
space, for instance, a single office room.

Figure 14

5.4 Effect of plenum inlet configuration

Two different inlet configurations were studied, as illustrated in Figure 15. The original plenum inlet setup
served as a reference, where the glazing opening was simplified as a slot opening located just above the
diffuse ceiling. The other configuration was a square opening located at one corner of the plenum, which
simulated a duct opening. The reason for constructing a square opening instead of a round one was to
simplify the mesh. Both inlets had the same effective opening area, and the plenum height was 35 cm in both
cases.

Figure 15

From the standpoint of energy performance, the squared opening slightly enhanced the energy efficiency of
the radiant ceiling by increasing the convective heat exchange, as shown in Table 3. This can attribute to the
location of the plenum inlet. The slot opening was located just above the diffuse ceiling, resulting in the
distribution of cool supply air along the ceiling panels. The square opening was located closer to the radiant
surface, where the cool supply air had more contact with the warm radiant surface, which led to greater heat
exchange. The increase in the heating capacity resulted in a slight increase in the air temperature in both the
plenum and the occupied space.

A plot of predicted velocity distribution across the diffuse ceiling is shown in Figure 16. Different flow
patterns were generated by using different inlet configurations, as illustrated by the streamline. For the
square opening, a high velocity was observed in the corner of the plenum because of its centralized
configuration. Because of a large recirculation of plenum air, the minimum velocity was found at the other
corner near the fagade. In contrast with the square opening, the slot opening enabled the injected air to be
more evenly distributed along the y- direction. The air velocity gradually decreased as the air traveled along
the plenum, and the minimum velocity was at the far end of the plenum. The temperature variation of the
delivered air was more significant with the square inlet, where the maximum delivered air temperature was
27.7 °C and the minimum temperature was 8.1 °C. The values for the reference inlet were 27.1 °C and 11.8
°C, respectively. To keep this article brief, a plot of the temperature distribution is not shown here.
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Figure 16

Figures 17 present the velocity distributions at 0.1 m height in the room with the square opening. A large
amount of air delivered in the corner through diffuse ceiling caused the penetration of airflow into the
occupied zone at the corner of the room. However, high air velocity occurred only near the wall and did not
increase the local draught risk. The maximum air velocity in the occupied zone was similar to that in the
reference case, which was approximately 0.18 m/s. The lowest air temperature occurred in the corner,
although the air temperature difference in the occupied zone was still less than 1 °C.

Figure 17

6. Conclusions

The objective of this study was to develop a numerical model for the system combined diffuse ceiling supply
with radiant ceiling. The air diffusion through the diffuse ceiling was simulated by a porous media model.
The radiative heat exchange was calculated by a separate radiation model, and then applied as boundary
conditions for the porous media model. The numerical model was validated by measured results from the
full-scale test facility under different operating conditions. The CFD calculated results agreed well with the
measured one on both temperature and velocity. This numerical model was proved that it able to use for
predicting the airflow pattern and thermal performance in the room with the integrated system.

The validated numerical model was further applied in a series of parametric studies, to analyze the effects of
different design parameters. Several conclusions can be drawn:

1. The previous study indicated that the presence of diffuse ceiling increased the heating capacity of the
radiant ceiling but decrease its cooling capacity. Therefore, radiant ceiling needs to run with a low
surface temperature to maintain an acceptable indoor environment. The simulated results in this
study showed that diffuse ceiling panels with a high U-value can reduce its impact on the radiant
ceiling, making it possible to use a high surface temperature for cooling.

2. A low plenum height enabled the supply air to contact the radiant surface directly and enhanced the
energy efficiency of the radiant ceiling. However, the reduction in plenum height caused
deterioration in the uniformity of the air distribution through the diffuse ceiling and thus led to an
increase in draught risk in the occupied zone. Simulated results indicated that a plenum height below
10 cm would result in a significant draught at floor level.

3. Doubling the plenum length had negative impacts on both the energy performance of radiant ceiling
and the comfort level in the occupied zone. The results indicated that the integrated system is
suitable to use in a small office rather than a large, open space.

4. The plenum inlet configuration had an impact on the air distribution in both the plenum and the
occupied zone. To enhance the energy efficiency of the radiant ceiling, the plenum inlet should be
located close to the radiant surface. Additional plenum inlet configurations should be investigated in
the future.

Compared with conventional radiant ceiling and separated ventilation system, the two subsystems interact
and complement with each other in the integrated system. The system showed a promising opportunity as a
heating system and the potential to use the natural cooling resource without compromise thermal comfort.
However, a reduction in the radiant ceiling’s cooling capacity could not be neglected. A dynamic state
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investigation would be interesting in the further study, which focuses on the night cooling potential and the
thermal storage capacity of the ceiling slab and diffuse ceiling panel.

Nomenclature
C, inertial resistance factor [1/m]

E;  total fluid energy [m%/s?]

Fij  view factor between surfaces k and j

ke effective thermal conductivity of the medium [W/m.K]
ks fluid thermal conductivity [W/m.K]

ks solid medium thermal conductivity [W/m.K]
P pressure [Pa]

Gra  radiative heat flux [W/m?]

Sy momentum source term [N/m?]

Sg  energy source term [W/m?]

V  superficial velocity [m/s]

o permeability [m?]

&  emissivity

1 dynamic viscosity [kg/m.s]

y  porosity of the medium

p  air density [kg/m?]

pr  reflection coefficient

shear stress [Pa]

I

o Stefan-Boltzmann constant, 5.67%10°% [W/m2.K*|
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Table

Table

Table 1. Test conditions for the three cases

Radiant ceiling

Case ACH Supply air temp. surface temp. Interior heat load
h'! °C °C w
Winter 2 -6.87 27.34 450.5
Moderate season 2 9.46 - 450.5
Summer 2 24.10 10.79 450.5
Table 2. Grid independence study
Variable Mesh 1 Mesh 2 Mesh 3
Number of cells 353,312 760,235 1,027,309
Exhaust air temperature [°C] 25.95 26.25 26.28
Air velocity at A2 [m/s] 0.065 0.068 0.068
Mass unbalance [kg/s] 0.00 0.00 0.00
Heat flux unbalance [W] 0.56 0.89 0.40
Heat flux unbalance [%] -0.12% -0.20% -0.09%
Table 3. CFD results with different design parameters
Design Parameter Operating condition CFD calculated results
. Radiant . . Radiant ceiling Rafi%ant Rafil'ant
Supply air .- Plenum air Room air . . ceiling ceiling
ceiling heating/cooling S -
Description temp. surface tom: temp. temp. capacit radiative heat  convective
p- pacity flow heat flow
°C °C °C °C W W w
Wood-cement 18.70 25.11 516.61 311.52 205.09
-6.87 27.34
Al 20.24 23.62 449.68 258.69 190.99
Diffuse Wood-cement 19.55 26.72 - - -
ceiling 9.46 -
panel Al 22.20 25.94 - . -
Wood-cement 16.56 24.46 -461.11 -172.29 -288.82
24.10 10.79
Al 17.48 22.17 -556.74 -235.98 -320.76
35 cm 18.70 25.11 516.61 311.52 205.09
Plenum 20 cm 18.82 26.04 540.10 272.66 267.44
X -6.87 27.34
height 10 cm 19.00 27.94 603.86 203.88 399.98
Scm 20.36 28.76 636.44 175.08 461.37
4.8 m 18.70 25.11 516.61 311.52 205.09
Plenum -6.87 27.34
length 9.6 m 18.58 25.05 965.03 576.07 388.96



Original 18.70 25.11 516.61 311.52 205.09
Plenum £ 6.87 27.34
inlet Corner 19.33 25.32 540.67 294.28 246.39




SUMMARY

Diffuse ceiling ventilation is an innovative ventilation concept where the
suspended ceiling serves as air diffuser to supply fresh air into the room.
Compared with conventional ventilation systems, diffuse ceiling ventilation
can significantly reduce or even eliminate draught risk due to the low mo-
mentum supply. In addition, this ventilation system uses a ceiling plenum
to deliver air and requires less energy consumption for air transport than
full-ducted systems. There is a growing interest in applying diffuse ceiling
ventilation in offices and other commercial buildings due to the benefits from
both thermal comfort and energy efficient aspects.

The present study aims to characterize the air distribution and thermal com-
fort in the rooms with diffuse ceiling ventilation. Both the stand-alone venti-
lation system and its integration with a radiant ceiling system are investigat-
ed. This study also presents the development and validation of a numerical
model for predicting the airflow pattern and thermal behavior in the room
with diffuse ceiling ventilation. The validated model is further used to inves-
tigate the effect of different design parameters on the system performance.
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